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Executive Summary

This thesis presents a three year work inside the Compact Muon Solenoid (CMS) collaboration,
mainly focused on data analysis from proton-proton collisions collected by the Large Hadron
Collider (LHC) at a centre of mass energy of 8 TeV (LHC Run-I).

My efforts were dedicated to searches for heavy particles decaying into di-boson pairs exploring
boosted topologies, where the fragmentation products of hadronically decaying vector bosons
(V. = qq’) overlap in the detector, preventing their identification as resolved jets. Several
benchmark scenarios for new physics have been considered, from heavy Standard Model (SM)
like Higgs boson to beyond the SM (BSM) extensions of the Higgs sector and massive gravitons
predicted by Warped Extra Dimension (WED) models.

In order to explore these boosted signatures, I developed specific algorithms to identify boosted
vector bosons decaying hadronically (V-jets), which are also applied in other searches for new
physics characterized high pr jets originating from W /Z-boson, Higgs boson or top quark
decays. These algorithms have been improved and new methods have been tested on detailed
simulation, reproducing the conditions of the present data taking (LHC Run-II), and finally
commissioned with first 13 TeV collisions.

Eventually, I performed feasibility studies for the Vector Boson Scattering (VBS) in view of
the CMS detector upgrade, foreseen for the high luminosity LHC (HL-LHC) data taking. If no
evidence for new physics will be observed with Run-I1I collisions, this rare process would be-
come crucial to search for BSM physics via precision electroweak measurements.

The CMS detector is one of the two general purpose experiments placed along the LHC ring
at Cern, which achieved the Higgs boson discovery. Although no clear hints of BSM physics
have been observed during Run-I, a number of puzzles, such as the origin of dark matter, the
matter-antimatter asymmetry, the hierarchy problem and the electroweak vacuum stability,
suggest that the SM cannot be considered the ultimate theory of nature. The LHC Run-II
represents a unique opportunity for particle physics, where the machine will give access to an
energy range never explored before, since the beam collisions will happen at a centre of mass
energy of 13 TeV, allowing searches for new physics over a broad phenomenology, as well as
to continue the precise measurements of SM processes.

The work presented here is organised in six chapters, where the first two are dedicated to a

vii
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brief introduction to the SM theory and BSM extensions, as well as to a description of the CMS
experiment, while the analyses I performed are detailed in the following ones.

In particular, Chapter 1 presents the fundamental principles of the SM of elementary particles,
focusing also on the experimental measurements inside the Higgs sector. A description of
possible BSM models is reported to provide a concise theoretical background for the searches
presented in the thesis. Finally, the VBS process is described highlighting its role in testing
the electroweak symmetry breaking (EWSB) mechanism.

Chapter 2 is dedicated to the description of the LHC machine and to the key aspects of par-
ticle phenomenology at hadron colliders. The CMS experiment and each sub-detector it is
composed of are also illustrated. Finally, identification algorithms and performances of the
different physics objects (muons, electrons, jets and missing energy) are summarized.

In Chapter 3, I present my studies on identification techniques and properties of hight pr jets
produced by boosted hadronically decaying vector bosons, based on the 8 TeV data collected
during Run-I, which still represent the reference benchmark inside the CMS community. Then,
my work on vector boson jet tagging in view of the LHC Run-II is reported, with a particular
emphasis on jet substructure correlations and performances in a high pileup environment.
In fact, with the increase of the beam intensity foreseen during Run-II, a larger number of
additional strong interactions (pileup), happening together with a hard scattering event, will
degradate the performances and the resolution of jets and missing transverse energy. For
these reasons, I worked also on the commissioning of a powerful pileup rejection method,
called PileUp Per Particle Identification (PUPPI), for high pp jets and missing energy, looking
at the first Run-I1 data.

Chapter 4 is dedicated to a search for heavy resonances decaying into vector boson pairs ex-
ploring semi-leptonic signatures with 8 TeV data. I performed the WW — fvqq analysis, as
well as the combination with other exclusive searches in di-boson final states (ZZ — ¢¢qq and
VV — ¢qqq'q’). With no significant excess observed above the predicted background, upper
limits are produced for massive gravitons predicted by Bulk and Randall-Sundrum WED mod-
els. Eventually, a model independent re-interpretation of the analysis is also performed.

In Chapter 5, a search for a SM-like Higgs boson at high mass, 600 < my < 1000 GeV, in the
boosted semi-leptonic WW final state is presented. The analysis is categorised in exclusive
jet bins to disentangle the gluon fusion production from the vector boson fusion (VBF) mode.
The result is also interpreted in the context of a BSM heavy Higgs scenario, called electroweak
singlet model, which predicts the existence of two Higgs scalars with the mass of the lighter
one being around 125 GeV. Upper limits on these models are set through an unbinned fit to
the reconstructed di-boson invariant mass spectrum (mww), where a deviation with a local
significance of about 2.5 ¢ has been observed in the VBF category for 700 < mww < 800 GeV.
Finally, Chapter 6 presents a preliminary performance evaluation for a Vector Boson Scatter-
ing (VBS) analysis in view of the high luminosity LHC data taking, considering two different
topologies represented by the scattering of same sign W-boson pairs and the fully leptonic
WZ boson one. The ultimate goal is to assess the future CMS sensitivity to the longitudinal
electroweak scattering, to partial unitarized scenarios and to new physics in the EWSB sector,
which is parametrized through anomalies in the vector boson self couplings. In addition, the
difference in the performance between the proposed upgraded CMS detector and the present
one, which will undergo a strong degradation due to radiation damage, is investigated showing
how the upgraded technology allows better performances in all the considered benchmarks.



CHAPTER ].

Theoretical introduction: from the Higgs
boson to BSM physics

Elementary particles and their interactions are described by a fundamental theory called Stan-
dard Model (8M). It is a renormalizable gauge theory developed in the framework of quantum
field physics, which has been confirmed experimentally, up to the TeV scale, by several exper-
iments: from the precision measurements performed by the Large Electron Positron machine
(LEP) [1] to the recent Large Hadron Collider (LHC) era [2, 3, 4, 5]. In this Chapter, the elec-
troweak sector of the SM is presented in Section 1.1, together with the Brout-Englert-Higgs
(BEH) mechanism for the electroweak symmetry breaking (EWSB) in Section 1.2. In Section 1.3,
a summary of the CMS experimental results on the SM Higgs boson are exposed.

In Section 1.4, a brief description of beyond the SM Higgs sector extensions is presented, while,
in Section 1.5, an introduction to extra-dimensions models, considered in searches for heavy
gravitons, are described. Eventually, in Section 1.6, the Vector Boson Scattering (VBS) process
is presented, describing its importance in probing the unitarization of the EWSB mechanism.

1.1 The Gauge theory of weak interactions

Weak interactions at low energy are described by the Fermi effective Lagrangian, which consists
of the product of a vector current and an axial vector one. For example, the transfer operator
responsible for a nucleon § decay is given by [6]:

a¥B _
L= —% : [%7“(1 —a 75)%} [¢e'7u(1 - '75)¢Ve (1.1)

where the parameters G%B)

and « are estimated studying hyperon decays. This theory cannot
be renormalized just from a simple dimensional point of view. In fact, since the action must to
be dimensionless, the Fermi operator contains dimension-six mass terms that don’t guarantee

the unitary of the S-Matrix expansion:
[S] = {/d#L(w,@ud))} = [mass] ™ x [L] [¢] = [mass]% — Gp = [mass| 2 & Op = [mass]°

In order to build a correct theory describing weak couplings, it should be developed in the
framework of local invariant gauge theories, in analogy with Quantum Electro Dynamics (QED).

1



2 1 Theoretical introduction: from the Higgs boson to BSM physics

This gauge theory has to reproduce, in the low energy limit, the local four-fermion interaction
described via the Fermi Lagrangian.
This happens when the interaction, described in a gauge theory by the exchange of a massive
vector boson with mass my, is characterized by a transferred momentum ¢ < m?%. Since
gauge theories are known to be renormalizable, the mass of this intermediate vector boson
acts as a cut-off to the growth of cross section with energy [7]. The theory of electroweak
interactions is defined to be local invariant under the gauge group SU(2); ®U(1)y. The matter
fields, which enter in this theory, are 1/2 spin particles (fermions), whose free Lagrangian is
given by:

LY, 0u) = Wpy"Oputp — miph = Y (p — m)y (1.2)
where an operator v in the spinor representation of the Lorentz group' is assigned to each
fermion. To build a SU(2); symmetry, the following chiral projectors are introduced:

. Pr+Pp=1 . )
Pru=5(149°) > Pr-PL=PL-Pr=0 =v=5(1-7)0+50+7")¥ =1 +vn
P =Pr P =P
where v;, and ¥r are the left and the right chiral component of . For sake of simplicity, one
starts considering a system composed by a charged lepton and its neutrino (¢, 1)"¢):

L= (P —mo)e’ + 4" (P — mu )" = Ui P + r pun oL pUr + OR P
—mg(Yin + rr) — mu, (VLU + UL
Neglecting the mass terms to reproduce the left handed Fermi current, one can assign the left

handed fields to an SU(2) doublet Wy, while the right handed ones remain scalars with respect
to the action of the SU(2), group:

Z
7 7 TV v, Uy, = o SU(Q) S U =0y . e—(tgd:iTi)/2
ST L ] EE

U, YR — SU(2), — ¥, U
(1.3)
where g is a general coupling constant to the SU(2) group, while 7; are the SU(2) generators
in its fundamental representation which satisfy the commutation rule: [7;, 7;] = i€;;,Ts.

1.1.1 Local non-abelian Gauge symmetries

Considering N fields ¢; (scalars or spinors) and a SU(N) local transformation, a generic gauge
theory has to be based on a Lagrangian invariant under such group:

¢i(z) = SUN) = ¢;(z) = Usj(x);(x) (1.4)

In QED, where the invariance gauge group is abelian [U(1)_, — U(x) = €'??(®)] the kinetic term
of the Dirac Lagrangian is not invariant under local phase transformations. The symmetry is
then restored through the substitution of the ordinary derivate with the covariant one [8]:

Dy =0, —igAy ; DL = U(;r)D#U(ac)_l =D, ; AL = A, - ; U(x)_lc'?#U(x)

1 4 are defined as a base of the Clifford algebra. In this chapter, the Chiral or Weyl representation is

considered: 7° = Ipuo ® 01, 7' = 04 ® io2 and ° = iy"y' >



1.1 The Gauge theory of weak interactions 3

where A, is a massless vector field that interacts with fermion through the covariant derivative.
To obtain an invariant Lagrangian, it is necessary to introduce a free kinetic term for the gauge

field A,:

[D;,, D) = U[Dy, D,JU™" = —igU(0, Ay — 8,A) U™ = [Dy, D] [Dy, D] = —igFpu
Thus, in an Abelian gauge theory, the commutator of the covariant derivate is locally invariant
and proportional to the strength F),, of the field A,.

In the non-Abelian case, like for the SU(N) group, the gauge field A, is an NxN matrix that
undergoes the following transformation rule [8]:
D, =U(x)D,U(z)"" = A, =U(2) AU (x) —ig” 'U(x)d,U ()" (1.5)
In analogy with the Abelian case, the gauge field strength is defined to be:
F,, = —ig '[D,, D)) = 0,A, — 8, A, —ig[A,, A (1.6)
that is no longer gauge invariant, but its trace meets the invariance condition:

F,, =UF,U' #F,, Tu(F,F")=T(UF,UUF"U") =Te(UUF,,F") = Tr(F,,F")

The field A, is then expanded over a base of generators t* for the gauge group, obtaining:

1) (t9) =te

2) Tr(t*) =0 A =2 .Tr(A,t°
3) Tr(totb) = to,t%, = % — | F% = 2 Te(Fu,t)
4) [ta,tb] _ Zfabc te

Writing F),,, as a function of A, as in Equation 1.6, and using the Lie algebra definition, one
finds:

Ff, = 0,A5 — 0,A% + gf** Ab A
where a set of gauge fields AZ, introduced in the theory, are massless. Mass terms, which have

the form %m AAZA’[{ , cannot be added without spoiling the local symmetry, as indicated by
the transformation rule reported in Equation 1.5.

1.1.2 Local invariance in the electroweak sector

Starting from the Lagrangian defined in Equation 1.3 and requiring local invariance under the
SU(2); ® U(1)y group, a covariant derivate dependent on four additional gauge fields must
be introduced [9, 10]:

igY
2

D, =0, - 597"1/1/;4 - By, — L = Lxin + Lcc + Lnc (L.7)

/
_ _ Yy o B
Lcc = %\I’Lfy“ TlWl% + T2W5 U, Lnc = %\I’LVHT?’WS\I’L + %B,u 1//27“1#[ + PPyttt



4 1 Theoretical introduction: from the Higgs boson to BSM physics

where the triplet Wli is related to the SU(2) generators, while the singlet B, is connected with
the U(1) symmetry. The charged current Lagrangian Lcc is then written in terms of charged
vector fields Wj:

+ 171 -2
T = g[r £t g - N g o 3

Loc = =W U W] = 2 [JESW T + JEC W 1.8
%ﬁ?ﬁ%imﬂ co =t T Wil = Jgllec Wi+ Jec Wil (18)

where J(’% represents the weak charged current through which left handed fermions are coupled
with charged vector bosons W' and W™:

JhE = eyt Jhe = Piatypt (1.9)

The local gauge invariance under the chosen group originates also a neutral current Lyc,
which is not predicted inside the Fermi model. This contribution cannot be directly identified
with the electromagnetic current, since it contains neutrino terms and it does not involve left-
handed and right-handed fermions with the same weight. For this reason, Lyc is translated
according to the following notation:

ve 0 00 Y(L) 0 0 0
PE 0 -1+ 0 0 0 YL 0 0
U= T3 = 2 Y =
ve “ 1o 0 00 0 0 Y(r) O
Vh 0 0 00 0 0 0  Y(r)
_ _ Y
Lyc = gUFTsWS + g’\Iw“E\I/B# (1.10)

In order to recover the electromagnetic current term, an orthogonal transformation is per-
formed in the two-dimensional space of the neutral gauge fields Wﬁ’ and B:

B,| | cos¥yw sindw| |Ay (1.11)
W3 | —sindyw cosVw Zy '

This depends only on one mixing angle, called Weinberg angle, measured to be sin? dyw =
0.2315 £ 0.0002. In terms of Z, and A,, Equation 1.10 takes the following form:

_ Y - Y
Lnc = Yy* | gsindwTs + ¢ cos ﬁwi] VA, + Wyt [g cos Vw13 — ¢ sin 79W§:| vz, (1.12)
where one can identify A, as the photon field providing:
. , Y
eQ = gsinvwTs + g cosﬁw5 (1.13)

The conventional adopted choice is to set the hypercharge of the left chiral fields as Y(L) =-1.
In this way, from the left-handed terms in Equation 1.13, one obtains the Gell-Mann-Nishijima
formula:

{Vl 0 Isindy — %/ cosw = 0

I —Zgindyw — L costhy = —e
: 2 2 W =

Y
— gsindw = ¢ cosy =e — Q:Tg—i-E (1.14)

Table 1.1 reports all the different matter fields (leptons and quarks), that enter in the SM
picture of elementary particle interactions.



1.2 The Higgs model for the electroweak symmetry breaking 5

Leptons ‘ Q T3 Y ‘ Interaction H Quarks ‘ Q T3 Y Interaction
vf v vl | 0 % -1 Weak ui = wup ¢, 1 % +% % Weak, EM, Strong
er, L, | -1 —% -1 Weak, EM di = d;, s, by —% —% % Weak, EM, Strong
ve vk vx | 0 0 0 | NolInteraction up = ur Cr tr % 0 % Weak, EM, Strong
€RrR LR wm|-1 0 -2 Weak, EM dy= dr sr br —% 0 —% Weak, EM, Strong

Table 1.1: The building blocks of the SM: leptons and quarks.

1.1.3 Vector boson sector

The electroweak Lagrangian must include also the kinetic terms for the gauge fields:

1

B, =0,B,—9,B
ﬁB — _ZB;U/BMV _ lwa WC;LUJ { I 2 1%

4 M Wﬁy _ E)MW,? _ auWﬁ + gf“chfjW,f fabc — eabe
The Lagrangian L£p is usually expressed, through Equation 1.8 and Equation 1.11, in terms of
the physical fields A, Z,, and W:E, showing trilinear and quadrilinear self interactions among
vector bosons, which is a consequence of the chosen non-Abelian gauge group (SU(2)L).
Even if first studies of these interactions have been already performed also at the LHC [11,
12], precision measurements of trilinear (WWZ, WW~) and quadrilinear (WW~~y, WWZZ,
WW~Z, WWWW) gauge couplings represent an important milestones for the future physics
at hadron colliders. So far, fermions and vector bosons are forced to be massless inside the
theory, since mass terms will spoil the local invariance. A possible solution of this conflict
between massless particles, as required by the theory, and massive fermions and vector bosons,
as observed experimentally, is provided by the EWSB mechanism.

1.2 The Higgs model for the electroweak symmetry breaking

One necessary condition for the electroweak theory, to reproduce in the low energy limit the
Fermi model, consists of a non zero-mass prediction for the W-bosons. In fact, one can set
a lower bound to my comparing the u decay amplitude, expressed in the Fermi theory, with
the SM one expressed in the low energy limit [¢? < mZ, = ¢ — 0] [13]:

Gr ( g )2 1
— =—=) — = mw >37.3 GeV
vz \2va/ mf TN T

which is much larger than the actual photon mass upper bound m, < 1.1- 10718 eV [14].
To introduce gauge boson masses in the Lagrangian, the symmetry can be explicitly broken
adding a mass term by hand, which would lead to a non-renormalizable theory.

In a quantum field theory, to any continuous global symmetry of the Lagrangian, a conserved
current and a consequent conservation law is associated. This principle is known as Nother’s
theorem [15]:

L
¢ — d+id0%% —  L'(¢,0u0) = L(p,0up) = JF= 87&;5 c O Jt =0
9(0u9)
where the Lorentz scalar charge Q = [ d3z JO(&,t) is conserved (Q = 0). Taking the Hamil-
tonian H, a global symmetry of the system and its related charge operator Q, then:



6 1 Theoretical introduction: from the Higgs boson to BSM physics

e Wigner-Weyl symmetry: if [Q, H] = 0 and Q\O> = 0, the spectrum falls in multiplets of
the symmetry group, therefore particles belonging to the same multiplet have the same
mass.

e Nambu-Goldstone symmetry: if [Q,H] =0 and Q]O) # 0, the symmetry is not mani-
fested in the spectrum and is said to be spontaneously broken.

The most common way through which a spontaneous symmetry breaking is realized consists
of introducing a set of field operators ¢y, which satisfy a non-trivial transformation under the
gauge group and a non vanishing vacuum expectation value (VEV) (0|¢y|0) = vi # 0.

Since the space is isotropic, the fields ¢ must be scalars otherwise the VEV would be frame
dependent. Furthermore, we must be careful not to break the U(1) invariance related to QED,
to keep the photon massless achieving a unified theory.

Definitely, the easiest way is represented by the minimal Higgs mechanism where, introducing
a scalar field (¢) in the doublet representation of SU(2), a new Lagrangian term Ly invariant
under the electroweak gauge symmetry is added as [16, 17, 18, 19, 20]:

¢ = {i;] ;0 Dy=0u— %T’WZL — %BM ;o Vg, QgT) _ N2¢¢T + >\(¢¢T)2 (1.15)
Lhigss = (Do) (D"¢) = V(9. ¢') (1.16)

The chosen Higgs potential V (¢, ¢7)? depends on u?: for pu? > 0 the scalar potential has a
global minimum at |¢g|?> = (0|¢|0) = 0 while, for 2 < 0, it has an infinite number of global
minima characterized by:
2
ol = (Oloul0) =~ =502 5 =5[]l el =02

where v is the vacuum expectation value for the Higgs field ¢. The expected form of the poten-
tial is sketched in Figure 1.1 where, for 42 > 0, all the minimum configurations are connected
by a gauge transformation, changing the complex phase of ¢ without affecting its modulus.
When a particular configuration is selected, the Higgs field is expanded around the minimum
obtaining a renormalizable perturbation theory. As a consequence, the symmetry is said to
be spontaneously broken. To keep the vacuum unchanged under U(1),,, transformations, the

ol =1d]

Dor=0 ; |ul=v ; Y(@)=1 2 w=0; ju=v ; Y@ =-1 (L17)

2

ieQﬁ x ) l ( ) = — qb
€ ( )¢0 ~ (I2><2 +telax2 - )¢O |: ! :| |:U1:| 1 + Y(¢)
0 D) 9

0 Q2] [v2

where there are two possible solutions to preserve U(1),,, symmetry:

Adopting the first choice Y(¢) =1, Q; = 1 and Q, = 0, one obtains vy = v real and positive.
Expanding ¢ around this minimum, one finds:

_[e*] _ V1 (z) + iz () _ L i 0
o= M } [ﬁwhm +wg<a:>>] Y [h@ +v] (1.18)

2V (0, 0") = 2pdp" + M(do')? is the most general assumption for the Higgs potential which is consistent
with gauge invariance and renormalizability.
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| \/\/¢

Figure 1.1: Form of the Higgs potential V(¢) as a function of on the u? sign, positive on the left and
negative on the right.

where the Goldstone modes ¥(z) are reabsorbed through an SU(2), transformation, resulting
in the so called unitary gauge. Inside the unitary gauge framework, the Higgs potential takes
the following form:
2 2 _ 1 2 2 A 4 Ay

V(g ¢") = ppo’ + Mogh)? = 5(2)«) )-h(z)? + M- h(z)? + 1 h(z)* — 7 (1.19)
where the scalar real Higgs field h(x) acquires a rest mass given by m% = 2)\v?, which depends
on the Higgs self coupling constant A and the VEV v. In addition, there are also cubic (o< h3(z))
and quartic (o< h*(z)) Higgs self couplings and a constant term, called cosmological constant
(prn = Av*/4) that is not relevant for the SM. Substituting this gauge choice inside the covariant
derivative in Equation 1.15, one finds:

D = \}i( [ ), i? (x)] - %(g {W{LT%WQ“ W#_%W;} + g’B”) [h(m§]+ v] ) -

{ (CR S 7 7 i . s
\}i [auf?(w)]_m[v+h(m)] [gﬂé};+%ﬂ N Jli [3#£(x)]_\/§<1+h(1) )) _v gg2+§g'>2 i
therefore:
(Do) (DH¢) = %%h(az)a"h(aﬁ) + [924”2ij# + ;WZ“ZM} [1 + h(v"”)r (1.20)

Thanks to the spontaneous symmetry breaking and the unitary gauge choice, the three degrees
of freedom related to the Goldstone modes ¥ (x) are transferred to the vector bosons (Wj[ and
Z,,) through their mass terms, as reported in Equation 1.20. Thus, each vector boson becomes
massive acquiring one additional polarization mode, keeping unchanged the total number of
degrees of freedom. In particular:

2,2 2(,.2 2 1
mgvz% ; mgzv(g:g) L omy =0 ; v:1/\/§GFva246.22GeV (1.21)

where W and Z-boson masses are quadratically dependent on both the VEV and the weak
coupling constants (g and ¢’), such that m2 = m%;, + v2g'2/4 = m2,/ cos® Y. Always from
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Equation 1.20, cubic and quartic couplings of the Higgs field to pairs of massive vector bosons
(WHW~™ or ZZ) are extracted proportional to 2h(z)/v and h(x)?/v?, respectively. The cubic
coupling strength is proportional to the vector boson rest mass and requires a non null VEV,

in fact:
1g-mg I'(h - WW) 5, My
—=q- . = _ — 14 Iw—s ~ 2.7 (1.22
gh-ww = g -Mw ; Gh-zz 2 cos Uy — I‘(h - ZZ) COS™ Uw m% ( )

Finally, since the Higgs field is coupled to W/Z bosons, the di-boson mass spectrum becomes
sensitive to the SM Higgs presence and properties.

1.2.1 Fermion mass generation

As already described in Section 1.1.2, a Dirac mass term is not locally invariant under the
electroweak gauge group, but it is possible to accommodate an invariant Dirac mass, for both
leptons and quarks, trough the Higgs field. This is performed introducing a generic Yukawa
term, which respects both Lorentz and SU(2); ® U(1)y invariance:

Ly = +UTY6(vp) + Ui (vh) + QLT d(vi) + QLTI o) + hec. (1.23)

where Ly is reported as function of the interaction eigenstates and (I';, 'y, T'y, I'g) are generic
3x3 complex matrices in the three-dimensional generation space of quarks and leptons. Since
neutrino mass is m, & 0, the correspondent term is neglected:

o ‘ . _ .+ 1o . v+ h(x o ,
Qiriosy = [ ey @iy | o [v%@] vy = 0 [T iy ]
~Ni g T (U g Tuyi (Tdye | id wki) wyj _ v+ h(x) TUNTg (U
Qiriowny = | Wy (@) }Fu[ % ](%) =5 @iy

Thanks to the previous equations, one finds:

Ly =1+ hf)} (B M (Y + (D) M7 (i) + () M (647 + he.

Each complex squared matrix M can be diagonalized, obtaining real positive entries, through
a bi-unitary transformation. This implies that it is always possible to find a pair of unitary
transformations (V,U) which map M,, M,, or M, into a diagonal form:

BE)TT g s e - W) = W V)
Ly = [1+ =2 [ VA (VI M U)W+ he § M = (ViR MmUY
(W) = Ugr) ()"

£y = [0+ O OS5 [ BV Y+ i BV mf B ) e} (1.22)

%

Eventually, the Yukawa term inside Equation 1.23 has been re-written in terms of mass eigen-
states instead of weak interaction ones. In this way, both fermion masses and Yukawa couplings
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between fermions and the Higgs field have been produced, which are proportional to the ratio
between the fermion mass and the VEV.

The kinetic part of the electroweak Lagrangian, as well as the neutral current, remain un-
changed moving from interaction to mass eigenstates, thanks to the unitary of Vf{f fl and Ug’g
transformations. This guarantees, at least at three level, the suppression of flavor changing
neutral currents, which are possible only at higher orders in the perturbation expansion. The
only piece affected by this transformation is the weak charged current interaction, because up
and down components, belonging to a SU(2) doublet, transform in different ways:

Tho = QiAt QL = W)y () = () (VR iy UGl () = () " V() (1.25)

where the unitary matrix Voxm = VJLUd,L is called Cabibbo-Kobayashi-Maskawa matrix.
It is responsible for flavor changing in weak charge currents at three level experimentally
discovered, for the first time, in weak decays without conservation of strangeness. The matrix
elements have been measured by different experiments [21].

1.2.2 Theoretical constraints on the Higgs boson mass

Through the BEH mechanism, a new real massive scalar field h(z) is introduced in the elec-
troweak theory. Its mass value is not predicted by the SM, since the Higgs coupling constant
A is a free parameter of the model. However, there are different theoretical arguments that
give an indirect constraint on the Higgs boson mass, in particular:

¢ Perturbative unitary bound: the unitary of the longitudinally polarized VBS amplitude,
Vi Vi, — V1, Vy, gives a direct theoretical constraint on my, [22]:

mp < 800 GeV

The relationship between the Higgs boson and the unitary bound of the VBS will be
better described in Section 1.6.

e Running of A: one loop renormalization calculations state that the Higgs self coupling
constant A must be a function of the renormalization scale p of the analyzed process.
This dependence is extracted by solving the evolution equation (RGE) [23] as follows:
dlog(u?) 1672 v

12A2+gg4+1%(g2+g’?)2—3h§—3xg2—%A(92+g’2)+6m§] hy =
This solution, together with the other ones for the fundamental SM parameters (g(u),
g (1), gs(p), he())?, brings to the results reported in Figure 1.2 (left), where A(u) is
shown for different initial condition. If the initial condition A(up) at po = v or pp = my
is too small, A(x) becomes negative for large renormalization scale values. Since A(u)
is a coupling constant, it has to be positive along the whole energy range in which the
SM validity aims to be extended. This is equivalent to the requirement that the Higgs
potential remains bounded from below, which allows to set a lower limit to my,.

Another important feature is the increase of the coupling constant A(x) with the scale p
as a function of the Higgs mass hypothesis. When A becomes grater than one, the theory

3These are usually obtained with the MS scheme
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Figure 1.2: Left: the running of coupling constant A(u) for different initial values of A(myz). Middle:
lower limit on my, as function of the energy scale A. Right: lower limit on my as a function of m;.

leaves the perturbative domain giving a Landau singularity. Considering a simplified
model, without gauge and Yukawa couplings, the evolution of A is given by:

A 472
5 o) Ao A2 = pdexp ok

A() = (1.26)

where, for every initial condition A(ug), the theory has an upper Ay and a lower scale Aj,
of validity, which correspond to a lower and a upper limit on my, respectively. Taking
my, to lie between [125,150] GeV, the theory is valid approximately up to the Planck
scale ~ 101 GeV as shown in Figure 1.2 (middle and right). Therefore, the SM should be
considered as an effective low energy theory, where the difference between the electroweak
scale, ~ 102 GeV, and the Plank one, ~ 10" GeV, is usually called hierarchy problem.

1.3 Higgs boson measurements at the LHC

The SM Higgs boson production cross section at a proton-proton (pp) colliders is shown in
Figure 1.3 as a function of the Higgs mass hypothesis (my). On the left, the total cross section
is reported for different /s values (7, 8 and 14 TeV), while, on the right, the contribution of
the different leading production mechanisms is displayed [24]. In addition, in Figure 1.4, the
corresponding Leading Order (LO) Feynman diagrams are drawn.

e Gluon fusion (gg — h) is the dominating Higgs production mechanism over the entire
mass range accessible at the LHC. It proceeds mainly with a heavy quark loop (top
quark), as shown in Figure 1.4, since the Higgs coupling to fermions is proportional to
my/v, as stated in Section 1.2.1. The inclusive cross section is known with NNLO+NNLL
QCD and NLO EWK accuracy [24].

e Vector Boson Fusion (¢q¢' — qq’'h) is about one order of magnitude weaker than the
gluon fusion, where the Higgs boson in produced through a direct coupling with vector
bosons (W or Z), which are irradiated by a pair of incoming quarks from the proton
beams. The cross section is known at NNLO QCD + NLO EWK reducing the scale depen-
dence at the level of 1-2% [24]. In addition, the fragmentation of the outgoing quarks
produces two forward hard jets with high invariant mass, which are commonly used to
tag the event.



1.3 Higgs boson measurements at the LHC 11

1027\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\é% 3 T T T ER
oy £ ELI-) F \'s=8 TeV EH
Q [ 1% 2 L g
I 10k - T K 7
? F i F :
g r b 8 1 =
v I ] 5 i 3
E E i ]
g E 107 =
= T 1025 =
TH"\HH\HHMH‘\HH\HH\HH\HH\‘T.f"‘% L . . e
100 200 300 400 500 600 700 800 900 1000 80 100 200 300 400 500 1000
M, [GeV] M, [GeV]

Figure 1.3: (Left) The SM Higgs total production cross section, as a function of its mass (my,), for three
different center of mass energy: /s = 7, 8 and 14 TeV. (Right) The SM Higgs production cross-sections
at /s = 8 TeV for the different production mechanisms: gluon fusion (blue), vector boson fusion (red),
associate production with a W or a Z-boson (green, grey), tf and bb associated production (violet and
magenta respectively). When available, NNLO QCD and NLO EKW corrections are taken into account.

W/Z 8

t

g (a)

Figure 1.4: Leading order Feynman diagrams for the most important production processes of the SM
Higgs boson: (a) gluon fusion, (b) vector boson fusion, (c) Higgs-strahlung and (d) tf associated
production.

e Associated production with W or Z-boson (¢7 — Wh, qg — WZ) have a smaller cross
section than the previous mechanisms but, the presence of additional vector bosons
helps in tagging the events reducing the contamination from other SM processes. This
production mode is sensitive, as well as VBF, only to the Higgs coupling to vector bosons
and the cross section is predicted with NNLO QCD + NLO EWK accuracy [24].

e Associated production with tt pairs (¢q, gg — tth) has the smallest cross section, only
known at NLO QCD [24]. This represents an important process since it is directly sensitive
to the Higgs coupling properties to the top quark.

Depending on the Higgs boson mass hypothesis, different decay channels can be exploited to
detect it. This is reported in Figure 1.5 (left), where the decay branching fractions, including
NLO QCD and EWK corrections, are shown. New channels becomes available once the Higgs
mass hypothesis exceeds a di-lepton/quark or di-boson threshold. Light-fermion decay modes
contribute only in the low mass region, up to mj around 150 GeV, while once the decay into
pairs of vector bosons is accessible, this quickly dominates.

The Higgs boson does not couple to photons and gluons at Leading Order (LO), but such
couplings can arise via fermion or vector boson loops, giving a sizable contribution in the
low mass region. At the same time, the Higgs total width is shown in Figure 1.5 (right). It
quickly increases with the mass due to the opening of new channels, becoming almost as large
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as the Higgs mass itself around 1 TeV and making the definition of the Higgs boson itself as
a particle matter to debate.
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Figure 1.5: (Left) Decay branching ratios of the SM Higgs boson in the different channels as a function
of the mass hypothesis. (Right) Total decay width of the SM Higgs boson as a function of its mass.

In the year 2012, the ATLAS and the CMS Collaborations announced the observation of a
new boson with mass close to 125 GeV [25, 26]. Subsequent studies on production and decay
rates [27, 28, 29, 30, 31] and spin-parity [32, 33] of the new boson showed that its properties
are compatible with those expected for the SM Higgs boson. The CMS measurements targeting
its decay into fermions (bb and 77) or vector bosons (ZZ*, WW*, 4+) and different production
modes (gg — h, VBF, associated production with a vector boson and ¢q, gg — tth) have been
combined to extract the mass of the resonance and its couplings to SM particles [34] *. In Fig-
ure 1.6 (left), the 68% CL confidence regions, obtained from a two-dimensional likelihood scan,
for the Higgs signal strength relative to the SM expectation (1 = o/osy) and its mass (my,) are
shown for h — ZZ — 4¢ and h — v searches, as well as for their combination. Only these two
channels are considered for the mass measurement thanks to their optimal resolution, coming
from the precise measurements of lepton momentum and photon energy. In addition, again in
Figure 1.6 (right), a likelihood scan as a function of my, is obtained introducing independent
signal strengths for each specific production or decay mode, profiling them in the statistical
interpretation. The Higgs boson mass is measured to be m;= 125.021’8:3? GeV.

Fixing the mass value to the best-fit one, the signal strengths have been evaluated grouping
different analysis categories and trying to separate each production or decay mode minimizing
mutual contaminations. Results are shown in Figure 1.7 for both production (left) and decay
modes (middle). In addition, since each Higgs boson production mechanism can be associated
to either coupling to fermions (ggh, tth) or vector bosons (VBF, VH), a proper decorrelation
of channels allows to extract relative signal strengths of the Higgs coupling to fermions and
vector bosons. Figure 1.7 (right) shows the likelihood scan of the data for piver vn/feeh tths
where the best-fit corresponds to 1.25f8:22 which is compatible with the SM expectation.

4Many studies have been developed to give a complete characterization of the Higgs boson properties but,
in this Section, only few of them, which are connected with the topics later explored in this thesis, will be
described.
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Figure 1.6: (Left) The 68% CL confidence regions for the signal strength o/ogy versus the mass of the
boson my, for the h — vy and h — ZZ — 4¢ final states and their combination. (Right) Scan of the
test statistics as a function of the Higgs mass my, for to the same channels.
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Figure 1.7: Values of the best-fit o/ogy for the combined analysis (solid vertical line) and for separate
combinations grouped by production mode (left) and predominant decay state (middle). The green
band shows the total uncertainty on the fitted strength. The horizontal red bars indicate the +1
standard deviation in the best-fit values for the individual combinations. (Right) Likelihood scan as
a function of the ratio ft vBr,vh/lgen tth combined for all channels. The solid curve represents the
observed result in data, while the dashed one indicates the expected median result in the presence of
the SM Higgs boson.

Finally, the Higgs coupling to SM particles is investigated simultaneously in different production
and decay processes, including the possibility of the SM Higgs to be coupled to BSM particles.
To test possible deviations from the SM predictions, production rate scale factors K,ZZ =0, /oM
and decay ones k? = I';;/T3M are fitted to data, where reference values are provided in [35].

The Higgs coupling to massive vector bosons is protected from large radiative corrections by
the electroweak custodial symmetry [36]. Thus, testing the compatibility of these couplings
with the SM expectation is an indirect check of the presence of new physics in the EWSB sector.
In Figure 1.8 (left), a two-dimensional scan in the (kv,x¢) parameter space is shown, where
data are compatible within 68% CL with the SM prediction (kv,x¢) = (1,1). Moreover, Fig-
ure 1.8 (right) reports the coupling scale factors to single particles, where the small uncertainty
on k; is achieved since the Higgs boson is mainly coupled to top quarks in the ggh production.
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Overall, couplings to vector bosons, fermions, gluons and photons® are compatible with the
SM prediction within 95% CL. The current precision in the Higgs couplings to SM particles is
around 15% for vector bosons (W,Z,7), 20% for gluons and 30% for fermions.
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Figure 1.8: (Left) The 68% CL confidence regions for individual channels and for their combination
on ry and sy parameters. The cross indicates the global best-fit value, while the dashed contour
bounds the 95% CL confidence region for the combination. The diamond represents the SM expectation,
(kv,k¢) = (1,1). (Right) Likelihood scans for the coupling scaling factors, one coupling at a time while
profiling the remaining ones: ky (W and Z boson), k; (bottom quark), x, (7-lepton), k; (top quark),
kg (gluon, “effective coupling”) and k- (photon, “effective coupling”).

1.4 BSM extensions of the Higgs sector

The properties of the observed Higgs boson, briefly summarized in Section 1.3, are compatible
with the SM expectation, within the present experimental and theoretical uncertainties, and
consistent with the unitarity constraint of the vector boson scattering amplitude. Because of
the uncertainties, it is still possible that the discovered resonance represents only one piece
of a more extended Higgs sector, only partially responsible for the EWSB. BSM extensions can
be realized in several scenarios, such as the electroweak singlet [37, 38, 39, 40, 41] or the two
Higgs doublet model (2HDM) [42, 43].

In this Section, the simplest case in which an additional Higgs scalar field ¢y is added to the
SM Lagrangian, transforming under a hidden U(1),,, gauge symmetry broken by a non null
VEV, is investigated. This implies that ¢y must be neutral to all the quantum numbers related
to the SM gauge groups. Only renormalizable couplings with original Higgs field are allowed
through a term qﬁ%d)i, where h stands for the interaction eigenstate of the observed boson with
mass of about 125 GeV. Under these constraints, the Higgs Lagrangian becomes:

Ltiiggs = [Dudn|” + [Dudul® + 13, |onl* + 13y, [oul” — Monl* — pléul* — nlon*lul*  (1.27)

5Gluons and photons don’t couple directly with the Higgs boson. An effective coupling is possible only
with heavy quark or vector boson loops, as in shown for the gluon fusion production in Figure 1.4
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where the Higgs doublet ¢, and the singlet ¢y are written as:

_ 191(.%‘) —|—Z"l92(l‘) . i . i
bn = 5 (v + h(z) + i¥3()) ¢ = \/i[H( ) + &+ i0a()] (1.28)

As already described in Section 1.2, Goldstone degrees of freedom can be transferred to vector
boson masses with the unitary gauge choice, while v and £ are the respective VEV used for
breaking the related symmetries:

1 1 1 1
2 _ 2 2.2 2 2 2
v X(_%h — 5N &) &= ;(—%H oY ) (1.29)

Moreover, combining Equation 1.27 and Equation 1.28, the following mass matrix is obtained:

M = [2A”2 ””5} (1.30)

o Lg 2p€?

where by means of a diagonalization, one gets the following mass eigenstates:

0] <[ coma sl [Mo)] as

while the mass eigenvalues are given by:

My g = (W + p€?) £ /(W2 — p€2)? + P3¢ (1.32)

In the most generic case, b’ and H’ couple to both the SM Higgs field h(z) and the hidden
sector H(z). We can reasonably assume from direct Higgs boson measurements that the two
potential parameters (\,p) and the VEVs (v,€) are of similar size, while the off-diagonal param-
eter 7 is moderate. In this way, the properties of h’ remain dominated by the SM component,
while H' is characterized primarily by the hidden Higgs field. The phenomenology of this
model depends on whether the SM Higgs particle is lighter or heavier than the new companion.
The most interesting scenario is obtained placing the new scalar H' in the high mass region,
myg € [130, 1000] GeV, assuming that h’ matches the novel Higgs boson observed at 125 GeV,
decaying only into SM particles at a rate reduced by the mixing parameter. Possible decays of
the heavier boson H' into the hidden sector are suppressed.

In this framework, h’ couplings to SM particles are universally suppressed by the mixing pa-
rameter cos o, which reduces the production cross section ¢ and total width I'*°* with respect
to the SM predictions (oM, I'SM) according to:

o=cos’a-o™M TM =cos? - (TSN 4 T§M) piot — pSM 4 pnew (1.33)

where '™ and cos? « are already constrained by SM Higgs measurements, as described in

Section 1.3, while IV refers to the Higgs invisible width due to h — ZZ — vv decays. It is
common to express Equation 1.33 in terms of the coupling scale factor (k) and the branching
fraction of new physics (BRpew):

r,r; s cos® a cos® o B BRuew BRew
R = . = = n = =
Lot TEMPIM 1 4 Tnew /(TSMcos? a) 1+ Bhew " BRem 1 —BRuew
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where i and j indicate the initial and final state of the considered process. Since x is measured
by SM Higgs direct searches, upper bounds on the mixing angle o and the hidden branching
fraction are set:

oew cos? o
.9 2 2
sin“aa<1—k BRupew <1—rK — o = CO8 a( P 1) (1.34)
which leads to: i
™ - BRpuew
cos’a = i = r = (1.35)

1 — BRpew 'SM (1 — BRpew)?

Looking at the mixing parameter, there are two interesting cases:

e |cosal = 1 and BRyew = 0, where the heavier Higgs is completely decoupled from the
SM one, i.e. the SM couplings and width are not modified by the high mass sector. This
scenario is equivalent to search for a SM-like Higgs boson at high mass.

e |cosal € (0,1), where the low and the high mass bosons are coupled, thus the SM branch-
ing fractions and couplings are modified according to the properties of the new state.
The value of BRyew depends only on the amplitude of the H — hh decay since no decays
into hidden particles are considered.

From direct measurements, an indirect upper limit at 95% CL is measured to be cos? a < 0.28,
which is obtained using the signal strength fits to the h(125) boson, as reported in [34]. On
the other hand, experimental results from direct searches of the extended Higgs sector will be
widely described in Chapter 5.

1.5 Gravitons in warped extra dimensions models

Additional heavy particles, with respect to those expected within the SM, are also predicted
by unified models describing the gravitational interaction inside the framework of quantum
field theory. The SM of elementary particles describes precisely four fundamental interactions
(electromagnetic, weak, strong and Higgs field), while the gravitational one remains out of
this picture. The mass scale that weakens the gravitational force is known as Planck scale,
My = mpl/\/§ = 2.4 x 10'® GeV, while the one for the weak interactions is around 100 GeV.
In the Warped Extra Dimension (WED) theory [44, 45], the effective difference between the
Plank and the weak scale is explained by the existence of an additional finite spatial dimension
in our world that, in this picture, would have a non plain five-dimensional metric. This
five-dimensional space is referred to as the Bulk. Quantum fluctuations of the metric are
interpreted as particles, where fluctuations around its infinite four-dimensional part correspond
to the Graviton field (spin-2), while the ones around the finite fifth dimension give rise to a
spin-0 field called Radion. Therefore, the finitness of the extra dimension introduces in the
four-dimensional effective theory excitation modes, which appear as heavy resonances, usually
called Kaluza-Klein (KK) modes. The mass of the lightest KK-mode of the gravitational field
is expected to be in the TeV range, depending on the size of the ratio between the extra
dimension curvature and the Plank scale (k/m,;).

The metric commonly chosen in WED models brings to a Universe scenario in which, once the
compactification scheme is applied, the extra dimension is described as a finite line connecting
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two four-dimensional infinite branes. Starting from the most generic Lorentz invariant solution
of the Einstein equation in the four-dimensional space:

ds? = e 2@y datda” + r2de? = gunda™Mdz™ (1.36)
the following action can be written:
S= SGravity + STeV + SPlank + SMatter (137)

where Sgravity is the gravitational action, Stev and Spiank are the gravitational actions confined
in the two four-dimensional branes, ¢ is the fifth dimension and gy is the five-dimensional
tensor metric. The gravitational actions are written as:

SGrawty = /d4 / do f ABulk + 2M5R) (138&)
Si—tev/Plank = — | d*z\/g(¢ = 0,m)A, (1.38b)
From the Einstein equation, taking Apux = Aplank = —ATev = A, the exponential warped

factor o(¢) is expressed as:

—A
( )_ c’¢‘ 24M2 Tc’¢’k (1'39)
Finally, integrating out the extra dimension, the Plank mass is defined as follows:
M3
iy = =2 (1= e ™) (1.40)

where k and r., respectively known as curvature parameter and compactification radius, are
free parameters in the theory ruling the hierarchy between the weak and the gravitational
scales. When the Higgs sector is added to the WED context, the Higgs doublet is confined to
live in the TeV brane, which corresponds to the SM world, and the four dimensional VEV of
the Higgs field becomes:

v =e ke, (1.41)

where vy is the five-dimensional VEV, usually assumed to be of the order of the Plank scale.
Therefore, a reasonable separation between weak and gravitational scales is foreseen when
kr. ~ 11. Moreover, gravity particles are generated by quantum fluctuation around the
classical solution for the metric, usually decomposed in the following way:

h;w\ (xv ¢) hu,S(xa ¢):|
h51/| (‘T’ ¢) h5,5 (l’, ¢)
where selecting h, 5 = hs, = 0, also known as axial gauge choice, tensor and scalar pertur-

bations are decoupled. Tensor fluctuations obtained from the Fourier expansion of the action
correspond to Graviton modes, while the scalar ones to the Radion field. Eventually, one

ogun(z, @) = [ (1.42)

obtains the following equation:
kr. = In (:Blk:mpl> (1.43)
e mg

where k7. should range between (10,12) to reproduce a phenomenologically acceptable condi-
tion, which is allowed when k = k/my,; lies within (0.01,1) and m¢ between (100 GeV,2 TeV).
In this context of KK-Gravitons originated from WED, there are two main sub-cases:
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e Bulk scenario in which matter fields can propagate along the extra dimension.

e RS1 scenario in which matter fields are confined in the SM brane, also know as TeV
brane.

1.5.1 Graviton production and decay at the LHC

In analogy with the Higgs boson production at hadron colliders, described in Section 1.3, KK-
Gravitons are mainly produced via gluon fusion, while sub-leading contributions comes from
VBF and associated production of an heavy graviton with a Z-boson.

In Figure 1.9, the predicted cross section for these production mechanisms is shown as a
function of the Graviton mass, for both RS1 (left) and Bulk (right) models, fixing the ratio
k/mp equal to 0.2 [46]. The ranking among the different production modes is similar to the one
observed in the SM Higgs sector, where the ratio between gluon fusion and VBF cross sections
(0ggh/0gqn) is model dependent. In fact, a factor ~10 is expected for the Bulk Graviton
production, while a factor ~100 for the RS1 model.

Given the different phenomenology predicted by Bulk and RS1 scenarios, fixing the same k
value, the predicted cross section for two models are sizably different over the whole mass
range, around 0.1 (100) pb at 1 TeV for Bulk (RS1) gravitons.

a(pb)

-

1~
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=~ 1077 S ‘
400 600 800 1000
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400 600 800 1000 1200 1400
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Figure 1.9: KK-Graviton production cross section with k/m,; = 0.2, (left) RS1 scenario, (right) Bulk
one. The red curves correspond to the gluon fusion production, the green ones to VBF and the blue
ones to the associated production with a vector boson. The dot-dashed, continuous and dashed lines
refer to /s = 14, 13 and 8 TeV, respectively.

Graviton branching fractions to SM particles, for masses above the tt pole, are substantially
different between Bulk and RS1 scenarios. Bulk gravitons mainly decay into massive objects
(tt ~80%, WW ~ 15%, ZZ ~ 8% and hh ~7%), while RS1 ones are mainly decaying into gluons
(~50%), WW (~15%) and ZZ (~8%). This implies that di-boson signatures (WW,ZZ) are
the best sensitive topologies for discovering or excluding particles predicted by WED models.
Furthermore, fixing a common curvature parameter, the total width of RS1 gravitons is two
order of magnitude larger than what is predicted in the Bulk scenario, which is less than 5 GeV
up to mg of 2 TeV. Therefore, for KK-Gravitons predicted in the Bulk model, the total width
is usually small or negligible with respect to the experimental resolution (o,,/mg), which is
typically around 10% for signatures involving jets and genuine missing transverse energy.
Finally, another relevant difference between RS1 and Bulk gravitons lies on the polarization
state of the vector bosons produced by their decay. In fact, RS1 gravitons produce almost
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pure transverse modes, while Bulk only longitudinal ones. A detailed description of dedicated
searches for KK-Gravitons, decaying into di-boson final states, with the CMS experiment at the
LHC, are reported in Chapter 4.

1.6 Vector boson scattering

Vector boson scattering and quartic gauge couplings are fundamental aspects of the SM, which
remain mainly unexplored after the first years of LHC collisions. Evidence for the electroweak
WW production has been reported by both ATLAS and CMS experiments, looking at 8 TeV
data [47, 48]. The observation of the Higgs boson provides a natural candidate involved in
the EWSB mechanism, strongly constraining BSM models like 2HDM, MSSM, NMSSM, composite
Higgs, etc. Anyway, vector boson scattering still represents a model independent benchmark
to precisely test of the EWSB sector, without assuming any specific model of new physics that
could introduce deviations in the VBS spectrum with respect to the SM expectations.

With VBS one refers to purely electroweak processes in which, at LO in the perturbation theory,
starting from two quarks in the initial state, a six parton final state is produced involving only
electroweak vertexes (aS,). Depending on the vector boson content of the final state (ZZ,
WEWT, WEW* or WZ), several diagrams, characterized by the same initial and final state,

are involved:

e Vector boson scattering diagrams are divided into three independent logical steps:
emission of a vector boson pair (W or Z) from the initial state partons, scattering of
the emitted bosons and finally their decay into the final state particles. Examples are
reported in Figure 1.10, which shows how quartic and triple gauge couplings are involved
in these scattering interactions.

e Non scattering diagrams strongly interfere with the scattering ones, making not pos-
sible to disentangle scattering from non scattering processes. Examples are shown in
Figure 1.11.

e Electroweak tt and single-top production for which examples are shown in Figure 1.12.
e Three vector boson production for which examples are reported, as well, in Figure 1.12.

In conclusion, several contributions must be considered when looking for a complete LO esti-
mate of a8, processes. The production times decay approximation is not suitable to obtain a
correct description and the interference with diagrams of the order O(a2,a2) leads, in some

cases, to a sizable effect.

1.6.1 Longitudinal electroweak scattering

In absence of the SM Higgs boson, the amplitudes of the longitudinal electroweak scattering
(VLVL — VL V1) would increase as a function of V5 as § /m?,, violating unitarity [49)].

The Higgs boson observed by the LHC experiments may restore the unitarity, although some
scenarios of BSM physics predict enhancements in the cross sections through modifications of
the Higgs sector or the presence of additional resonances [50, 51]. One possibility is represented
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Figure 1.10: Examples of scattering diagrams contributing to a8, VBS process: (top) generic graphs,
(bottom) VBF Higgs production and Higgs strahlung.
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Figure 1.11: Examples of non-scattering and non-doubly vector boson production diagrams contributing
to al, LO VBS process.

by the electroweak singlet extension described previously in Section 1.4.
The longitudinal polarization 4-vector associated with a vector boson (V) is defined to be:

p* 2my

= 2 ) = ", ) (1.44)

GL(p my ’I’)’Liv - 2(]90)2

Considering as reference frame the center of mass of the incoming di-boson pair, where p; =
—pa, the previous equation becomes:

Iz "
p 2my P 2my
er(p1) = 7mlv T Py €r(p2) = 7772\/ — Tp‘f (1.45)

A similar relation holds also for the momenta of the outcoming vector bosons (k1,k2). Taking as
example W (p1 )W~ (p2) — W (k1)W™ (k2), the scattering Feynman diagrams with a quartic
gauge coupling (4-point vertex), the s-channel and the t-channel exchange of a v or a Z-boson
or a Higgs boson are characterized by the following amplitudes:

z 9 8m
M) = “am? [(s —u)t — 3m3 (s —u) + Tvuﬂ
+Z 92 2
MIT4 = —[s(t—u) —3m (t—u)]
S 4m<1/ \%
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q

Figure 1.12: Examples of other electroweak processes contributing to a8, LO VBS: (top) three vector
boson production graphs, (bottom) tf and single-top electroweak productions.
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Summing up these different terms:

2 k2 2
Mt = MY M M| M= - Y,
4my, 4my,

(1.46)

where, if the couplings to the Higgs boson are purely SM-like, the longitudinal scattering
amplitude will be completely unitarized. On the other hand, if the h — V'V coupling deviates
from the SM prediction, the divergent term (s/m?2) becomes dominant after the Higgs pole,
bringing to a distortion of the di-boson spectrum. It has been shown that the unitarity
violation occurs at /sww = 1.7, 2.7, 3.8 TeV for k% = 0.7, 0.9, 0.95 respectively [52]. In
Figure 1.13, the longitudinal scattering cross section for WTW~ — WTW~ and WrW~ — ZZ
is shown as a function of \/sww for various k2 values.

Due to the small electroweak production cross section O(a$,), the contamination from both
di-boson pairs produced via diagrams of the order O(a2,a?) and from other SM processes with
the same signature, the investigation of EWSB trough VBS will be one of the most challenging
analyses of the future high luminosity LHC (HL-LHC) program [53].

1.6.2 Anomalous quartic gauge couplings

The presence of new resonances in the high mass regime are predicted by different BSM models.
Even if their direct search would not be kinematically allowed at the LHC, a universal way to
indirectly test them consists of precisely measure the vector boson self coupling interactions.
Triple gauge interactions have been already studied at LEP [54, 55|, Tevatron [56, 57|, as well
as with the collisions recorded by the LHC during Run-I [58, 59, 60|, while first attempts of
quartic gauge coupling measurements have just started.

These studies open a new opportunity in the search for BSM phenomenology, since new physics
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Figure 1.13: Scattering cross section for (left) WiW{ — WEWT and (right) WEWT — ZpZp, as a
function of /sww. Different values of §kZ, with respect to unity, are shown and a Higgs boson mass
of 200 GeV is assumed.

effects can be parametrized through anomalies in the vector boson quartic couplings (aQGC),
predicting an enhanced cross section with respect to the SM expectation [61]. This parametriza-
tion is performed in an effective field theory approximation, where only Lorentz invariant
operators without derivative of gauge fields are considered, giving the following Lagrangian:

LYY = VTV + VTV (1.47)
where all the possible operators are given by:
T = g™ g WEWFWIW] Y = gl g W W W
T = g™ W ZsW, Z)) TV = g™ g W Wy 2,2,
T§ = Ty(22) = g*P 9" (20252, 2,)
If the SM is thought as an effective low energy theory, which holds below a certain energy scale
A, the coefficient ¢y and ¢; would become:

oV =i+ g*AqY (1.48)

VV', are generated by higher order operators embedding

new physics effects usually expected to be around the TeV scale. These additional terms should
contain only the Higgs doublet (¢p), D, ¢;, and the field strengths WZW and Bfw.
Dimension-six operators are better constrained by looking at anomalies in the triple gauge

where deviation from the SM case, g?>Ac

couplings, thus the lowest anomalous operators, considered to study aQGC models, are of
dimension eight®. First bounds on the structure of quartic vector boson interactions, in the
framework of dimension-eight effective field theory operators, have been set using 8 TeV
data [48]. Prospects on aQGC limits obtained studying the VBS topology, in the context of
HL-LHC program, will be described in Chapter 6.

SA complete picture of all the possible eight-dimensional operators considered in aQGC models can be found
in the Appendix A of [61].



CHAPTER 2

The CMS detector at the LHC

Despite its success in describing the majority of the measurements performed at particle col-
liders so far, the SM leaves some unexplained phenomena, like the neutrino non-zero mass, the
matter abundance with respect to anti-matter in the Universe and the dark matter indirect
detection. Hadron collisions are one of the most effective ways to search for direct evidence
of BSM physics, thanks to their large centre-of-mass energy and instantaneous luminosity. In
this Chapter, starting from Section 2.1, the LHC project goals and the Cern accelerator system
are illustrated. Then, in Section 2.2, a brief phenomenological summary of hadron collider
physics is reported while, in Section 2.3, a general description of the CMS experiment and its
sub-detectors is given. Finally, in Section 2.4, a description of offline physics object recon-
struction algorithms is presented.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a two-ring superconducting proton-proton (pp) collider
installed at the CERN laboratory, 100 meters underground, in the old 27 km long tunnel of
LEP machine [62]. It is the most advanced High Energy Physics (HEP) project, both for the
reachable center of mass energy (/s = 14 TeV) and for the design instantaneous luminosity
(£ = 15 x 103 ecm~2s7!). The large beam energy of 7 TeV, together with the radius of
the machine, imposed to use a set of superconducting dipole magnets, with a inner magnetic
field of about 8.3 T, to bend the beams. The Nb-Ti magnets work at a temperature of 1.9 K
in a liquid helium bath; inside each of them there are two separate beam pipes for the two
colliding beams. The beam is delivered to the LHC for its final acceleration by a multiple steps
injection chain, where at the beginning protons are extracted from a bottle of hydrogen gas
and accelerated, up to 50 MeV, by a linear machine (LINAC). Then, bunches of protons are
prepared and accelerated, up to 26 GeV, in the Proton Synchrotron (PS) before being injected
in the Super Proton Synchrotron (SPS), where they reach the energy of 450 GeV. Finally, they
are injected into the LHC ring, as shown in Figure 2.1.

During the acceleration phase in the LHC ring, radio-frequency resonant cavities, operating at
400 MHz, give to each bunch a kick of about 0.5 MeV per turn. To reach large instantaneous
luminosity, the beam is composed by approximately 3 - 10® bunches, each containing 10

23
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Figure 2.1: (Left) The CERN accelerating system is shown: from the LINAC to the LHC ring. (Right) A
recent picture of the LHC magnets, taken inside the underground ring.

protons, separated in time by 25 ns. Beams collide in four interaction points along the LHC,
where as many experiments are installed: CMS (Compact Muon Solenoid) [63] and ATLAS (A
Toroidal LHC ApparatuS) [64] are general purpose experiments, ALICE (A Large Ion Colliding
Experiment) [65] is devoted to heavy ion physics (Pb-Pb), while LHCb (the Large Hadron
Collider beauty experiment) [66] is dedicated to flavor physics and CP violation measurements.

2.1.1 Physics goals of the LHC

The LHC already entered in the history of particle physics for the discovery of the Higgs boson
and the first measurements of its properties, as reported in Section 1.3. Anyway, the LHC
program is not only based on Higgs physics.

The LHC was designed to investigate hard scattering processes, characterized by an interaction
energy between 100 GeV and 3 TeV. Within this range, the LHC experiments will search for
new phenomena at the TeV energy scale, like new fundamental symmetries of nature (super-
symmetry), the existence of additional massive quark and lepton generations, the existence
of new heavy gauge bosons (Z',W’), search for particles predicted in extra dimension models,
technicolor, lepto-quarks, etc... Finally, thanks to the high production rate of W and Z-bosons,
bottom and top quarks, the LHC experiments will provide precise electroweak measurements,
as well as in QCD and B-physics, at an energy scale where the SM has never been tested before.

2.1.2 The LHC operation

The first pp collisions were delivered by the LHC in November 2009, at a center of mass energy
of 0.9 TeV and successively at 2.36 TeV, for a total integrated luminosity of 10 ub~' and
4 pub~! respectively. In 2010, the LHC upgraded its colliding energy at /s = 7 TeV, providing
40 pb~! of integrated luminosity. Starting from March 2011, the LHC maintained the same
beam energy with a progressive increase of its instantaneous luminosity delivering, at the end
of the year, 6.10 fb—!.

In the year 2012, LHC operated at /s = 8 TeV, delivering an integrated luminosity of 20 fb=!
at the instantaneous luminosity of 7 - 1033 cm™2s~!, as shown in Figure 2.2. In addition,
Figure 2.2 shows also the time evolution of the integrated luminosity for both 2010, 2011 and
2012.
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Figure 2.2: (Top) Total integrated luminosity versus time for 2010, 2011 and 2012 data taking. (Bottom)
Evolution of the instantaneous luminosity from 2010 to 2012.

During 2013 and 2014, several maintenance interventions have been performed to upgrade the
machine to reach a beam energy of 6.5 TeV. In the early spring 2015, the first collisions at
/s = 13 TeV have been delivered. In Figure 2.3, the display of an event, recorder by CMS
experiment during the first set of 13 TeV collisions, is reported.

2.2 Physics at hadron colliders

In a pp collider, the total cross section is in the range of 100 mb, which is consistent with a
target area calculated taking the typical transverse size of a hadron of about 1 fm.

The total cross section grows slowly with energy, as shown in Figure 2.4, where the NLO
predictions, expected at the LHC, are reported for the most common QCD and electroweak
processes as function of the center of mass energy.

The inelastic cross section is mainly composed of events in which only low pr hadrons are
produced in the final state, usually called minimum bias interactions. The main purpose of
hadron colliders is to look for events with large transferred momentum or, equivalently, short
interaction distance, called hard scattering phenomena.

Cross sections for these events are calculated within the perturbative theory according to
the QCD parton model approach. The incoming hadron is treated as a beam of point-like
constituents, called partons. If the transferred momentum of the interaction is much larger
than the binding energy within the hadron structure, the parton is effectively considered as a
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CMS Experiment at the LHC, CERN
'- . Data recorded: 2015-May-21 07:59:01.776704 GMT

Run/Event/ LS: 245194 / 31876157 / 47

P

Figure 2.3: An event display recorded by CMS during the first run of unstable collisions, at /s = 13 TeV,
happend on Thursday 21%¢ May 2015.

free particle. Thus, the parton model is based on two assumptions: describing only process
at short distance, that is equivalent to high transverse momentum or large scattering angle,
and decorrelating this hard process from the interactions of the hadron residuals.

The inclusive cross section for an hard scattering interaction is calculated through the QCD-
improved parton model formula [67]:

OHH, (P1,P2) = Z/dl“ldfm S @, pg) £ (@, pop) Gi5(@1 - p1, o - pa, piy, ) (2.1)
]

where the main ingredients are:
e op, 1, (p1, p2) represents the hard scattering cross section, such as ¢tt, W or Z production.
e ¢ and j are generic incoming parton indices, indicating quarks, or anti-quarks or gluons.

o fH(z,uys) are called Parton Density Functions (PDF), which represents the probability
to find, inside the hadron structure, a parton of type ¢ with a fraction x of hadron total
four-momentum. The PDF must be measured with collision data.

o 0j(x1 - p1,x2 - P2, pif, fir) is the short distance cross section, which is calculated in the
perturbation theory framework at a given order.

Equation 2.1 depends on two arbitrary scales: the renormalization scale (p,), which scans the
evolution of the strong coupling constant absorbing ultra-violet divergences with the renor-
malization procedure, and the factorization one (pf), that enters in the theory to rule collinear
divergences from initial state emission. This factorization scale acts as a cut-off, where the
finite contribution of the NLO partonic cross section, for ¢ > ,u?r where q is the transferred
momentum, remains in the partonic term while the divergent one, given by ¢ < ufc, is reab-
sorbed inside the hadron structure through the PDFs. Usually, the best scales choice consists
in a common value close to the energy scale of the considered process, such as my for the
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proton - (anti)proton cross sections
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Figure 2.4: NLO cross sections expected at hadron colliders (pp and pp) as function of /s. Dotted
vertical lines mark the collision energies at 2 TeV (Tevatron), and at [7,10,13] TeV (LHC).

Higgs production or my for Drell-Yan. The Scale choice represents an important source of
uncertainty on the final cross section prediction, together with the approximated knowledge
of the PDFs, whose uncertainties are estimated by the PDF for LHC working group [68].

2.2.1 Hadron collider kinematics

Differently from what happens in a e™e™ machine where, both in the transverse and in the
longitudinal plane, the center of mass system is at rest, in a hadron collider the center of mass
is at rest only in the transverse one, since the incoming partons pr are negligible while it is
boosted along the beam direction (conventionally called z-axis) due to the unknown parton
P, = x-p. For this reason, it is useful to look for boost invariant kinematic variables, to better
describe hadron collider kinematics.

A convenient set of observables is given by the transverse momentum pp, the rapidity y and
the azimuthal angle ¢, which are defined as follows:

1 E+p .
pr=y\/patry 5 y=glog L _pz ; Dr=Preosy i pp=prsing (2.2)
z

where pr and ¢ are invariant under longitudinal boost, while the rapidity itself is not in-
variant, but the Ay meets this property. Experimentally, it is more convenient to use the
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pseudorapidity (7) instead of the rapidity (y). The pseudorapidity is defined as the rapid-
ity for a massless particle, i.e. when E =~ |p], which coincides with rapidity (y) only in the
ultra-relativistic limit:

+ P2 1
:?1 _i = —logltan(¥/2)] ; |p]=prcoshn ; p,=prsinhny (2.3)

where ¢ is the polar angle, defined between p and the beam axis.
Finally, in the (7, ¢) plane, one can define a boost invariant metric commonly used to measure

AR = \/An? + Ap? (2.4)
2.3 The Compact Muon Solenoid

11
= — 10
n 9 g

distances between objects:

The Compact Muon Solenoid (CMS) is a general purpose detector installed along the LHC ring.
The detector design and layout were driven by the choice of the magnetic field configuration,
fundamental for charged particles momentum measurement. The core of the experiment
consists of a superconducting solenoid, 13m long and with 5.9m inner diameter, able to
produce a magnetic field of about 3.8 T [69]. This allows to have high momentum resolution,
at the order of few percent for muons with py up to 1 TeV. It is called compact because
three main sub-detectors are placed inside the solenoid: the inner tracking system, which is
the nearest detector to the interaction point, the electromagnetic calorimeter (ECAL) and the
hadronic one (HCAL). The solenoid return field is used to saturate the external iron holding
structure, where four layers of muon gaseous chambers are placed to track outgoing muons.
The CMS structure follows the typical design of collider experiment, where a cylindrical central
section, called barrel, is closed by two endcaps. The whole structure, approximately 22 m
long and 15m high, is shown in Figure 2.5, while a transverse plane section is reported in
Figure 2.6.

The adopted cartesian coordinate system has the origin placed in the nominal interaction
point, coinciding with the geometrical detector center. The x and y axes define the transverse
plane, while the z axis points along the beam direction. Therefore, the azimuthal angle ¢ is
measured on the z-y plane, starting from the x axis, while the polar angle ¥ is measured from
the z-axis and the radial distance r is referred to the beam line.

2.3.1 The tracking system

The CMS tracking system provides a precise and efficient reconstruction of charged particle
tracks, together with a high resolution momentum measurement [70]. The tracker determines
the three-momentum of each charged particle, measuring the curvature of its track in the
transverse plane, thanks to the presence of a 3.8 T magnetic field parallel to the beam axis,
induced by the superconductive solenoid. The trajectory deviation from the straight line
propagation is measured by the sagitta:

In this way, once known the magnetic field B, the track lenght L and the sagitta s, the
transverse momentum pr of the track is measured and, as a direct consequence, also the tree-
momentum |p] = pr/ sin .
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length ~ :28.7 m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
[Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m” ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO,, crystals

HADRON CALORIMETER (HCA

Brass + Plastic scintillator ~7,000 channels

Figure 2.5: The CMS detector in a tridimensional view, where the various sub-detectors and their main
features are also indicated.
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Figure 2.6: The CMS transverse plane: sub-detectors sequence and, as example, the interaction of
different type of particles with the detector is also shown.

The transverse momentum resolution is mainly dependent on the geometric accuracy on the
sagitta (og), through:
Opr _ Os 8

UL L 2.
or s 03BLE P19 (25)

Thus, an optimal pp resolution is provided by a high magnetic field (B) and long reconstructed
track (L). The accuracy of this measurement improves with decreasing pp of the particle.
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The instantaneous luminosity, delivered by the LHC during the 8 TeV campaign, implies an
average of about twenty pp interactions in the same bunch crossing (BX), therefore one of the
main challenges is to operate in this harsh environment with competitive performances. This
will be even more important during the 13 TeV data taking (Run-II), where around 40 pileup
interactions are expected for each BX. Requirements on the granularity, speed and radiation
hardness lead to a silicon based tracker, with the consequence of dealing with high power
detector electronics, which requires an efficient cooling.

In CMS, the tracker is the closest sub-detector with respect to the beam line. It is a cylindrical
system 5.8 m long, with an internal diameter of 6 cm and an external one of 2.2 m, composed
by ten layer of silicon sensors. Its total volume is 24.4m® and the running temperature is
around -10°C. The CMS tracker is composed of two modules: the innermost pixel system and
the strip one surrounding it. A global picture of the whole tracker system is shown in Fig-
ure 2.7. The pixel sub-detector consists of three barrel layers (BPix) and two endcap disks
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Figure 2.7: Schematic summary of the CMS tracker in the r-z plane. Green dashed lines are used to
indicate each tracker subsystems. Strip modules that provide two-dimensional hits are shown by thin
black lines, while those permitting the reconstruction of hit positions in three-dimension are shown by
thick blue lines.

(FPix). BPix layers are located at radii of about 4.4 cm, 7.3cm and 10.2 cm, while the FPix
disks are placed at |z| = £34.5cm and |z| = £46.5 cm.

The estimated position resolution on the single hit is of 10 um for the (r, ) coordinates and
15 pm for z in the barrel, while it is of 15 pm and 20 pum, respectively, in the endcaps. The pixel
detector covers an area of about 1 m? with 66 million channels and the arrangement of barrel
layers and endcap disks gives three hits over almost the full tracker coverage |n| < 2.5 [71].
The hit efficiency is substantially flat, close to 100% up to || = 2.1, then it degrades reaching
50% at |n| ~ 2.5.

Finally, the silicon strip detector is made of two concentric sets of layers in the barrel (TIB
and TOB) and two blocks of forward disks in the endcaps, called TEC and TID, as reported in
Figure 2.7. The strip tracker has a total of 9.3 million strips and 198 m? of active silicon area,
making it the largest entirely silicon-based detector ever built. The single-point resolution is
of about 30 ym in the r-¢ plane and 300 ym in the z direction.

This layout is in conflict with the aim of minimizing the amount of material placed in front
of the calorimetric system, to limit the probability of multiple scattering, nuclear scatter-
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ing, bremsstrahlung and photon conversion, which introduce additional terms in the effective
calorimeter resolution. The radiation length (Xo) is a characteristic of a material, related
to the amount of energy lost by high energy charged particles that interact with it. It is

2 over which an electron reduces its

defined as the mean length, usually expressed in g - cm™
energy by a factor 1/e by emitting bremsstrahlung radiation. The material budget, inside the
tracker active volume, varies from 0.4 Xg at || ~ 0 to 1 Xy at |n| ~ 2.5, with a maximum of
1.8 X in the transition region between the barrel and each endcap placed at |n| ~ 1.5. Its
n-profile is shown in Figure 2.8. This constitutes one of the main source of uncertainty in the
calorimetric measurements of electrons, that loose energy in the tracker volume by means of
bremsstrahlung radiation, and photons, which may convert into e*e™ pairs before reaching

the calorimeter surface.
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Figure 2.8: Total thickness (¢) of the tracker material crossed by a particle, as a function of 1, expressed
in units of radiation length Xy (left) and nuclear interaction length Ay (rigth).

2.3.2 The Electromagnetic Calorimeter (ECAL)

The CMS Electromagnetic CALorimeter (ECAL) [72] is an hermetic and homogeneous system
made of inorganic scintillating crystals, which provides precise electron and photon identifica-
tion and energy measurements. This detector plays a central role in crucial physics searches,
in particular in topologies with hard photons in the final state, like the search for the SM Higgs
boson in the h — 7 channel. ECAL is composed of 61200 lead tungstate crystals (PbW0y),
mounted in the central barrel part, closed by two endcaps including 7324 crystals each. These
crystals are arranged in a quasi-pointing geometry, with their main axis oriented towards the
centre of the detector. A small tilt (about 3°) prevents particles, produced at the nominal
interaction point, from traversing the ECAL surface without crossing any crystal.

e Ecal Barrel (EB): it covers the pseudorapidity range between 0 < || < 1.479, where each
crystal has a truncated pyramid shape with a front face cross section of 22x22 mm? and
23 cm of length, that corresponds to 25.8 Xy. The single crystal coverage is An x Ap =
0.00175 x 0.00175 and the barrel granularity is 360-fold in ¢ and (2x85)-fold in 7.
Crystals are grouped in arrays of 2x5, contained in a very thin 200 pm alveolar structure,
forming a sub-module. Group of 40/50 sub-modules are then arranged in a module and
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groups of four modules are assembled, with metallic cross plates, to form a bigger unity
called super-module. Finally, EB is divided into 36 super-modules, each one with a
coverage of 20° in ¢. A global picture of EB is reported in Figure 2.9.

Ecal Endcaps (EE): it covers the pseudorapidity region between 1.479 < |n| < 3 with
identically shaped crystals, grouped in carbon-fiber structure of 5x5 elements, called
super-crystals. The crystals have a cross section of 28.62x28.62mm? and a length of
22 cm. Figure 2.9 shows the geometry adopted to arrange crystals in the endcaps.

Ecal Preshower (ES): it is placed in front of each endcap, improving 7¥/e and 7%/~
discrimination, as well as electrons and photons position determination. The preshower
is a sampling system with two different layers: two passive lead radiators, that initi-
ate electromagnetic showers from incoming photons or electrons, and two active silicon
strip planes, placed after each radiator, able to measure the deposited energy and the
transverse shower profile. The total material budget corresponds to about 3Xq over the
covered region 1.65 < || < 2.6.

A longitudinal view in the (r, z) plane, showing the geometric organization and the tilt of the
crystal modules in EB and EE, is reported in Figure 2.10.

Figure 2.9: CMS ECAL geometry schema: (left) the ECAL barrel (EB) made of 36 super-modules: 18 in
EB+ (z > 0) and 18 in EB— (2 < 0). (Right) The ECAL endcap (EE) is divided in 4 Dees: 2 Dees in EE+
(2 > 0) and 2 Dees in EE+ (z < 0).

Lead tungstate crystals were chosen as active detector because of their properties:

They are dense (p = 8.2 g/cm?) with a small radiation length (Xo = 0.89cm), which
allows for a compact calorimeter with short crystals (23 cm long).

Small Moliere radius (ry = 2.2 cm) that limits the transverse shower development within
few crystals, which represents an important handle to limit pileup effects.

A fast response to the excitation, in fact around 80% of the scintillation light is emitted
within 25 ns, which complies with the fast LHC collision rate.

They are radiation hard, thus able to withstand the harsh LHC environment.
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ECAL (EE)

Figure 2.10: The crystal tilt in shown in a transverse view of ECAL. To produce a non-pointing geometry
along n, crystal longitudinal axes are all inclined by 3° with respect to the line joining their front face
centre to the interaction point.

The light yield of these crystals is low, around 50 photons per MeV, therefore high-gain pho-
todetectors are necessary for the scintillation light readout. Avalanche Photo-Diodes (APD)
are used in EB, while Vacuum Photo-Triodes (VPT) in EE. The APDs have an active area of
5x5mm? and a pair of them is placed on the rear face of each crystal. Both crystals and APD
responses are sensitive to temperature variations, thus an efficient cooling system is required
to keep the temperature stable at 18°C, with oscillations smaller than 0.1°C.

In addition, a stable power supply system has been designed for the APDs, able to control the
high voltage variations at the order of millivolts, minimizing effects on the energy resolution
at 0.1% level. On the other hand, VPTs have a lower quantum efficiency and an internal gain.
The ECAL electronic readout, called Front End (FE) system, amplifies, shapes and digitalizes
the signal with an ADC stage every five crystals.

The global information coming from matrices of 5 x 5 crystals, called Trigger Towers (TT),
are transmitted to the calorimeter trigger after each bunch crossing. In EB, trigger towers are
classified into three categories, comparing the deposited energy with two chosen thresholds.
A flexible usage of this classification, in terms of thresholds and suppression readout levels,
allows to adapt the readout to the variation of the data taking conditions. High energetic
trigger towers (Ep > 5 GeV) activate the full readout of all their crystals and those in the
neighboring ones (225 crystals for the EB case). In the TT energy lies within 2.5 < Ep < 5 GeV,
only TT crystals are read without applying any energy suppression threshold, while low energy
trigger towers, far from high energetic ones, are readout only if their energy exceed a zero
suppression level, about 30 above the expected noise.

The radiation, produced by the beam collisions, affects the crystal transparency via the cre-
ation of color centers that absorb and scatter the light, while it has almost no impact on the
scintillation mechanism. This damage is dose rate dependent, so crystals loose transparency
during LHC physics runs proportionally to the exposure time, then they recover in periods
without radiation. To follow the damage curve and correct the energy measurement of each
crystal during time, a dedicated laser monitoring system has been implemented, to keep the
calorimeter performance stable in time. A laser light is injected into the crystals via optical
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fibers, at two different wavelengths A\, = 440 nm (blue light) and A, = 530 nm (green light).
The blue light is near to the scintillation peak and it measures the transparency change due
to radiation, while the green one is far from the typical scintillation wavelength and since its
propagation is not affected by transparency losses, it is used as a reference benchmark.

The APD response to laser pulses is normalized and compared with a direct characterization of
the source, made by a reference silicon PN. The ratio between the amplitudes APD(t) and PN(t)
is equivalent to the crystal transparency loss. Laser pulses are sent to ECAL crystals during
the 3.17 us long LHC beam gaps. The time needed to scan the entire detector is of about 30
minutes.

2.3.3 The Hadron Calorimeter (HCAL)

The aim of the hadron calorimeter is the measurement of charged and neutral hadron energies,
which produce shower of particles when they interact with the CMS detector [73]. In fact,
when a hadron interacts with matter, an hadronic shower is developed mainly by a sequence
of inelastic scatterings, producing a multi-particle final state.

To accomplish this goal, the detector must have a high granularity and a good hermeticity,
covering the largest possible n range. The typical scale of the hadronic shower development
is represented by the nuclear interaction length A;, which depends mainly on the material
absorber in a sampling system. Since A; is usually larger than Xy, hadronic calorimeters are
longer and placed behind the electromagnetic ones. The incoming hadron energy is measured
through the energy sum of all the charged and the neutral particles inside the shower but,
differently from an electromagnetic calorimeter, the energy resolution is typically much worse,
due to several effects:

e Hadrons can decay via weak interactions, producing a neutrinos in the final state that
don’t interact with the detector.

e Part of the absorbed energy is used for inelastic nucleus splitting.

e Hadronic showers are mainly composed of pions (7%, 70) thus, thanks to 70 — 7y
decays, a large electromagnetic signal is also produced inside hadronic showers for which
hadronic systems have usually a poor response.

In CMS, HCAL consists of a sampling calorimeter divided into a barrel part (HB, 0 < |n| < 1.3)
and two endcaps (HE, 1.3 < |n| < 3), with a transverse granularity of Anx Ay = 0.087 x 0.087
and An x Ap = 0.17 x 0.17, respectively. HB is radially restricted between the outer radius of
ECAL (r = 1.77m) and the inner extent of the solenoid (r = 2.95m). It is composted of active
layers of plastic scintillators interspersed with brass absorbing ones. The light collection is
performed by wavelength shifters, while the readout adopts a set of hybrid photodiodes (HPD).
The total absorber thickness at &~ 0 is 5.82 A;, then it increases with the polar angle 9 as
1/sin 9, resulting in 10.6 A; at the end of the barrel, while, in the endcaps, the total length is
about 10 A;. In addition, there is also an outer module called HCAL Outer (HO), which is placed
outside the magnet coil, to improve the shower containment in the barrel region |n| < 1.26.

The HCAL geometric coverage is extended from |n| = 3 to |n| < 5.2 by a forward calorimeter
(HF), which is placed at 11.2 m from the interaction point. It is a radiation hard Cherenkov-
base detector, made of quartz fibers embedded in bulky steel with a transverse granularity of
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An x Ap = 0.175 x 0.175. The light readout is performed by photomultipliers. The choice
of this technology is related to its high radiation resistance, needed to survive in the very
forward region. A longitudinal section of the whole detector is presented in Figure 2.11.
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Figure 2.11: Longitudinal view in the (r,z) plane of the CMS detector showing the locations of the
hadron barrel (HB), endcap (HE), outer (HO) and forward (HF) calorimeters.

2.3.4 The muon system

A dedicated muon detection system is placed outside the magnetic coil, which provides cov-
erage for muon reconstruction up to |n| &~ 2.4 [74]. Three types of gaseous detectors are used
to identify and reconstruct muons from a set of hits, according to different radiation environ-
ments along n and profiting from the strong magnetic field, granted by the solenoid return
yoke. The barrel part (|| < 1.2) consists of four layers, with radius between about 4m and
7m, in which drift tubes (DT) and resistive plate chambers (RPC) are installed. These modules
are arranged so that a muon, produced by a collision, traverses at least three detection layers.
On the contrary, in the forward region, cathode-strip chambers (CSC) and RPCs are mounted
perpendicularly to the beam line. In Figure 2.12 a (r, z) view is reported to show the muon
system components. The detector choice has been driven by trigger needs, excellent spacial
resolution and the capability of operation in a dense radiation environment:

e DTs are used in the central barrel part, where the average particle fluence is low. In a DT
chamber, many drift tubes are arranged in two super-layers with a central anode parallel
to the beam line, providing a measurement of the (r,i) coordinates. At the same time,
an additional layer, with the anode perpendicular to the beam line, allows to measure
the z one.

e CSCs are multi-wire proportional chambers in which the cathode plane is segmented
into strips, running across wires. An avalanche collected by a wire induces a charge on
several strips of the cathode plane. Therefore, they can measure two coordinates per
unit, using both the information produced, by the same track, on the wires and on the
segmented plane.

e A RPC consist of a thin double-gap chamber characterized by a poor spatial resolution
with respect to DTs and CSCs but, thanks to a fast collection charge, they have an
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optimal time resolution (< 1ns). Therefore, they are used for trigger purposes and for
an unambiguous identification of the bunch crossing time.
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Figure 2.12: Layout of one quarter of the CMS muon system: RPC, CSC and DT positions are shown.

2.3.5 The trigger system

In a hadron collider, during each bunch crossing a measurable amount of energy is deposited in
the detector. During the LHC Run-1I, a collision rate of 2 GHz was reached, largely dominated
by minimum bias events. Therefore, to collect only interesting data without saturating the
limited storage capability, a trigger system was developed with the purpose of providing a large
rate reduction factor on minimum bias events, maintaining a high efficiency on the interesting
ones [75]. The total output rate is reduced at a level of 300 Hz by means of a two-layer system:
a hardware Level-1 (L1) trigger and a High-Level Trigger (HLT), which is software based.

e Level-1 Trigger: after each bunch crossing, raw data are temporarily stored in pipelines,
waiting for the trigger decision about taking or discarding events, which has to be taken
within 3 us. For each bunch crossing, the L1 decision time is too short to use the whole
detector information, therefore this decision is based only on ECAL, HCAL and the muons
system response. The calorimeter trigger is based on trigger towers, matrices of 5x5
crystals in ECAL, which match the granularity of the HCAL ones, while the muon trigger
is performed separately for each muon detector. The result of muon and calorimeter
triggers is then passed to a global one (GT) that takes the final decision.

e HLT Trigger: it is a fully software trigger system which reconstructs physics objects
only in interesting regions of the detector. This leads to the development of three
virtual trigger levels: the first level uses only information from the muon system and the
calorimeters, the second adds tracks, while the last one is based on a full reconstruction,
where events are selected according to their final state topology.
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2.4 Physics object reconstruction

Raw data, extracted from interesting collisions inside CMS, need to be assembled to provide
offline physics objects for the analyses (electrons, muons, jets .. etc).

In this Section, a short summary of different criteria used for the event reconstruction, after
the HLT decision, is presented. In particular, in Section 2.4.1 muon reconstruction algorithms
are exposed, while in Section 2.4.2 the electron ones. Finally, Section 2.4.4 and Section 2.4.5
are dedicated to jets and missing energy () definitions. In order to be consistent with
the analysis results that will be discussed in the next Chapters, only the techniques adopted
during Run-I are described. Only in a few cases, strategies used for the current data taking
are discussed, as specified in the text.

2.4.1 Muon reconstruction

Muon are detected merging information from the tracking (tracker tracks) and the muon
system (stand-alone muon tracks) measurements, following two possible approaches [76]:

¢ Global muon reconstruction: starting from stand-alone muon tracks, a matching with
tracker ones is found comparing the parameters of the two tracks after a propagation on
a common surface. Then, a global muon track is fitted using a Kalman-Filter algorithm
[77]. This strategy is particularly useful to improve momentum resolution for high pp
muons (pr > 200 GeV).

e Tracker muon reconstruction: all tracks with pr > 0.5 GeV and [p] > 2.5 GeV are
considered as seeds, propagating them untill the muon system surface. If a muon segment
is matched with the track, according to a local Az Ay criterion, a tracker muon is formed.
This strategy is more efficient at low momenta, in particular when pr < 5 GeV.

These two collections are merged into a single one, providing an overall reconstruction effi-
ciency of about 99%. In addition, a new class of muons, called particle-flow muons, is also de-
fined, where further selection criteria are applied using constraints from all CMS sub-detectors.
This helps to improve both reconstruction and identification of muons inside jets, also known
as non-isolated muons. In addition, dedicated procedures for high pr muon reconstruction
and momentum assignment have been designed:

e Tracker plus first muon station (TPFMS) consists of a re-fit of the global track using
only the first hit in the muon chambers, to reduce the sensitivity to secondary showers
inside the muons system.

e Picky track is a re-fit of the global track using only muon chamber hits that are com-
patible, by means of a x? criterion, with the extrapolated trajectory.

Eventually, to further improve momentum resolution, the Tune-P algorithm selects the best
of these alternative measurements, on a muon-by-muon basis, according to the quality of each
fit. This allows, looking at Z — pp events, to keep the muon momentum scale stable as
a function of pr, with a small residual 1 dependence. In fact, Figure 2.13 (left) shows the
stability and the residual differences, between data and simulation, for the reconstructed Z-
boson mass peak in Z — pp events as a function of 7. In addition, in Figure 2.13 (right), the
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muon momentum resolution is reported which varies from 1.5% in the central barrel to 5% in

the outer endcap (n = 2.1).
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Figure 2.13: (Left) Comparison of the differences between the reconstructed Z-boson mass peak in data
and in the simulation, as a function of the pseudorapidity. (Right) Transverse momentum resolution
o(pr)/pr in data and simulation as measured in Z — pup events. Only statistical uncertainties are

displayed.

2.4.2 Electron reconstruction

Electrons are reconstructed associating a charged track, fitted from hits in the tracking system,

with a cluster of energy depositions in ECAL.

2.4.2.1 Electron clustering in ECAL

The electromagnetic shower, developed by an electron interacting with the ECAL detector,
is well contained usually in a small number of crystals. In fact, at the test beam, almost
97% of a 120 GeV electron energy was deposited within a 5x5 matrix of crystals, centered
around the impact position [78]. Unfortunately, relativistic electrons, produced in a hard
scattering phenomena, interact with the tracker material emitting bremsstrahlung radiation,

which distributes the total electron energy among a large number of crystals. Due to the track
curvature in the transverse plane, electron energy is mainly spread along . Thus, to have a
reliable energy estimation, it is necessary to collect bremsstrahlung photons together with the

prompt shower energy. Two independent strategies have been developed to cluster energy in

EB and EE [79]:

e The Hybrid algorithm exploits EB geometry, collecting crystals in a small 7 window but
extended along ¢. This algorithm starts from a single crystal with transverse energy

grater than 1 GeV (seed), then arrays of 5x1 crystals in 1 X ¢ are grouped around it
if their Er is above 0.1 GeV. Contiguous arrays are then merged into basic clusters,
where the most energetic crystal of the cluster must have a transverse energy larger

than 0.35 GeV. Finally, all the basic clusters, belonging to the same 7 x ¢ macro-region,

are gathered together in a super-cluster.

e Multi 5x5 algorithm exploits the EE geometry and starts from a seed crystal defined as
the one with largest energy inside a 5x5 matrix, requiring E;?ed > 0.18 GeV. Around
each seed, starting from the one with the largest Ep, the energy is collected building
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5x5 clusters that can partially overlap. The shared energy is assigned to each cluster
according to their corresponding Ep and the minimum super-cluster energy threshold is
1 GeV. Eventually, ECAL super-clusters are matched with pre-shower ones, summing up
the related energy measurements.

Figure 2.14 shows the effect of these clustering techniques, looking at Z — ee simulated events,
with respect to consider the energy of a simple 5x5 matrix around a seed crystal. It is evident
how the designed clustering strategy allows to better recover the generator level performance
with respect to the 5x5 matrix.
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Figure 2.14: Ratio between reconstructed and generated electron energies produced by Z-boson decays,
comparing the adopted clustering algorithms performance with the energy of 5x5 matrix: (left) EB,
(right) EE.

2.4.2.2 Electron track reconstruction

Since large bremsstrahlung radiation can be emitted by an electron when crossing tracker
material, a dedicated track reconstruction procedure, called Gaussian Sum Filter (GSF) algo-
rithm, has been implemented. It is seeded by either the reconstructed super-cluster position
in ECAL, or by fitted tracks pointing to an already existing super-cluster.

In the first case, an helix is back propagated from the ECAL surface to the pixel detector,
considering both charge hypothesis and assuming an energy equal to the ECAL measurement.
The found pairs or triplets of pixel hits are used as seeds for the GSF track fit. This strategy
is usually more efficient for high pr and isolated electrons. In contrast, tracker based seeding
is particularly important for low pp or non-isolated electrons. Tracker driven electron seeds
are either Kalman tracks that well match, both geometrically and by compatibility with the
measured transverse energy, ECAL super-clusters or tracks pointing to a super-cluster charac-
terized by a bad quality x?, due to bremsstrahlung loss.

The selected seeds, which can be pairs or triplets of pixel hits, are used to initialize the electron
track building. The bremsstrahlung emission probability is approximated by a superposition
of Gaussians, to model a Bethe-Heitler function, which describes the differential cross sec-
tion of QED soft photon emission. At each step, compatible hits are selected on the following
available layer, by means of a navigation module taking into account multiple scattering and
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bremsstrahlung probabilities across tracker material. The compatibility between predicted
and measured hits is determined through an iterative y? fit, performed at each evolution step
using all the track candidate hits collected. At least of five total hits and a maximum x? value
are finally required to create a GSF track.

2.4.2.3 GSF electron candidates

Electron candidates are obtained from the association of a fitted GSF track and a super-
cluster in ECAL. For ECAL driven electrons, the association is done by a simple geometrical AR
matching between the super-cluster position, used to seed the track fitter, and the GSF track
extrapolated to the ECAL surface. For tracker driven ones, a selection on a MVA discriminator
is adopted [79].

The electron momentum is obtained by the combination of tracking and calorimeter informa-
tion. A regression technique identifies, independently for EB-EE and high-low bremsstrahlung
electrons, a weight (w) used to combine super-cluster and track information as p = w - pirack +
(1 —w) - Esc. The regression inputs are the super-cluster energy and its relative uncertainty,
the track momentum and its relative uncertainty, the Esc/pirack ratio and its uncertainty.
Figure 2.15 shows the electron momentum resolution as a function of the generated pr (left) or
energy (right), comparing the super-cluster and the tracking estimate to the combined result.
The improvement is sizable especially for low pp electrons, in both EB and EE.

Figure 2.16 (left) shows the improvement on the reconstructed h — ZZ* — 4e invariant mass
resolution, where the o.ry stands for the RMS of the distribution, while o¢p is the width ex-
tracted from a fit of the lineshape using a convolution between a Breit-Wigner core and a
Crystal-Ball function. Finally, in Figure 2.16 (right) a comparison between the Z-boson mass
peak, reconstructed both in data and in the simulation, is reported.
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Figure 2.15: (Left) Effective electron momentum resolution after combining the Egc and pirack estimates
as a function of the generated pr, where electrons are simulated with a uniform 7 and pp spectrum.
Golden stands for low bremsstrahlung electrons, selected requiring Fsxs/Esc > 0.9, while showering
electrons are obtained inverting the previous condition. (Right) Another comparison between combined
momentum assignment, tracker and ECAL measurements.
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Figure 2.16: (Left) Reconstructed mass of the Higgs boson for h — ZZ* — 4e simulated events
using either the corrected super-cluster energy (open triangles) or the electron momentum obtained
combining Esc and pirack estimates (solid dots). (Right) The di-electron invariant mass distribution
from Z — ee events in data (solid squares) compared with the simulation (open circles) fitted with a
convolution of a Breit—-Wigner function and a Crystal-Ball one.

2.4.3 CMS Particle-Flow

The particle flow (PF) algorithm aims at reconstructing all the stable particles produced in
an event, combining the information coming from all CMS sub-detectors to optimize particle
identification, direction and energy determination. The PF starting elements are fitted tracks
and calorimeter clusters, which must be delivered with high efficiency and low fake rate, re-
quiring advanced tracking and clustering algorithms [80]'. These elements are then connected
to each other by a linking logic, to fully reconstruct single particles. This algorithm produces
a set of blocks according to the following criteria: charged tracks are linked to calorimeter
clusters extrapolating the last hit of the track to ECAL, at a depth equal to the longitudinal
maximum of a shower profile, and to HCAL at a depth equal to one interaction length. All the
clusters, crossed by this extrapolation, are linked to the track. Bremsstrahlung photons are
linked to electron candidates extrapolating, up to the ECAL surface, the tangents to the track
originated from the crossing points between the track and each tracker layer. If the tangent
matches a cluster, this cluster linked to the track.

Calorimeter clusters are linked together if the position of a cluster in ECAL falls within the
boundaries of a HCAL one. Eventually, a link among charged-particle tracks and muon seg-
ments is done looking at the x? of the global track fit. After this, all these blocks are used to
build particle candidates:

¢ Particle-flow muons are composed by all the global muons with a combined momentum
measurement compatible, within 3oiack, With the tracker one, where oy, is the pp
resolution as measured by the tracking system. Finally, all the blocks belonging to the
muons are removed from the input list.

'Details of the iterative tracking procedure and the particle-flow calorimeter clustering, for both ECAL and
HCAL (depth 1 and 2), are skipped since considered out of the scope of this overview on physics object.
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e Particle-flow electrons: each track, belonging to a block, is submitted to a pre-identification

stage, which recognizes possible electron candidates by looking for an ECAL cluster inside
the block. These tracks are then re-fitted via the GSF algorithm, resulting in an electron
candidate and the related blocks are removed before the next step.

e Charged hadrons: the remaining tracks are filtered, requiring o, /pr to be smaller than
or,/Er expected for a charged hadron, giving rise to a particle-flow charged hadron.
By default, tracker momentum and calorimetric energy are built under the pion mass
hypothesis. If the energy of the linked calorimeter clusters is compatible with the track
pr, within uncertainties, the momentum estimate is obtained by a combination of these
measurements through a x? fit.

e Neutral hadrons and photons: in most cases, the calorimeter energy exceed the momen-
tum one in a significant way. A PF photon or a PF neutral hadron is then added to the
final particle collection depending whether the excess is located in ECAL or HCAL blocks.
Clusters not linked to any track give rise to PF photon or neutral hadron candidates.

2.4.4 Jet reconstruction and calibration

Starting from a hard scattering process, quarks and gluons produced by the interaction have
a defined color state, according to the QCD description of strong interactions. This represents
an un-physical system since, in nature, quarks and gluons are confined in colourless particles
called hadrons. At detector level, only the products of their fragmentation, simulated by the
parton shower algorithms, can be observed. This exhibits as a jet of collimated particles which
reflects, most of the time, the energy and the flight direction of the initial parton.
Therefore, a jet is a cluster of charged particle tracks and calorimetric energy deposits, in a
defined local region of the detector. The properties of a jet depend on the algorithm used for its
definition, and the clustering strategy has to provide finite and robust theoretical predictions.
In particular, it must be collinear safe, i.e. jet clustering and properties shall be independent
from collinear gluon splittings, and soft emission safe, i.e. jet clustering and properties shall
not be sensitive to soft particles added to the final state.
In CMS, the anti-k; clustering algorithm [81] is adopted for “standard” jet reconstruction, since
it meets all the conditions previously exposed. Starting from all the reconstructed particles
of a given event, provided by the PF algorithm, considering ¢ and j as generic particle indices,
two distances are defined:

2

AR,
2 . 2 2
d; = pT{J ;s dij = mln(pT}?iuplej) RQZJ ;

anti-k; — p =2

where AR?j is the distance between ¢ and j defined by Equation 2.4, while R is a parameter
that indicates the typical size of a jet in the n-¢ plane (jet radius). The anti-k; algorithm
works as follows:

e Fixing i as proto-jet, if there is another particle j, with i # j, such that d;; < d;, j is
merged with 4 into a new proto-jet.

e If # a j particle such that di; < d;, i is promoted as jet.

e The iterative procedure stops when all the particles are associated to a jet.
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The high instantaneous luminosity at the LHC results in multiple pp collisions (pileup) taking
place within a single bunch-crossing. These additional interactions, occurring within the same
bunch-crossing of the hard scattering, produce additional tracks in the tracker and energy
deposits in the calorimeters. This contribution is usually called in-time pileup.

Moreover, collisions occurring in previous and subsequent bunch crossings also contribute to
the calorimetric energy measurement, due to an overlap between electronic signals, as a conse-
quence of a finite signal decay time in the calorimeters. This term is called out-of-time pileup.
The out-of-time contribution is mitigated at the level of signal processing, while the in-time
one is partially removed using tracking information. In fact, once a criterion is chosen to
identify the primary vertex of an event, i.e the one associated to the hard scattering, charged
tracks not pointing to this vertex are subtracted before running the jet clustering algorithm.
This procedure is called charged hadron subtraction (CHS) and represents the reference bench-
mark for Run-I jet reconstruction. In addition to CHS, other techniques have been tested to
reduced both pileup jet occupancy and residual effect of pileup particles in jets produced by
the hard scattering [82, 83].

Unfortunately, there are many possible sources of residual biases in the jet energy reconstruc-
tion, such as out of cone radiation, non-linear calorimeter response, detector segmentation,
electronic noise, physics noise (pileup and underling event), quark-gluon difference in the frag-
mentation etc... For these reasons, jet energy scale and resolution corrections become crucial
to obtain an unbiased jet energy response [84]:

e Pileup correction: it is applied to subtract residual contributions from neutral pileup
particles, overlapping inside the jet cone, and residual electronic noise.
The electronic noise contribution is measured after zero-suppression acquisition, running
on zero-bias events, while the pileup one is measured in simulated events, comparing
the reconstructed kinematics of the same events generated with and without pileup
contaminations. This correction is usually parametrized as a function of the pileup
energy density (p), the jet area (A) (defined in [85]), jet pr and 7.
In Figure 2.17 (left), the pileup offset, defined as the mean value of the difference between
the pr of a reconstructed CHS jet in events with and without pileup contamination, is
shown as a function of the matched generator level jet pr and for different bins of the
mean number (1) of the additional generated pileup interactions®. Furthermore, always
in Figure 2.17, the pileup correction factor for a (u) = 20 is shown as a function of the
jet pr (middle) and 7 (right).

e True response: it aims at correcting for non-uniformities in the different CMS sub-
detectors, equalizing the reconstructed jet response to the generated one using simulated
events only. Response correction is both 1 and pr dependent:

<p7"600>
Ctruth(pTv 77) = <p€en> (prTeco7 n") (26)
T

The simulated true response corrections are summarized in Figure 2.18.

e Residual corrections: residual scale factors, between data and simulation, are deter-
mined after correcting jets for pileup offset and true response. At first, an additional

2Tn this context, generator level jets are obtained clustering all the stable particles produced by the show-
ering of the hard scattering, before any particle-detector interaction and pileup merging.



44 2 The CMS detector at the LHC
19.7 b (8 TeV) 14 19.7 16" (8 TeV) + 4.9 1b (7 TeV) 14 19.7 167 (8 TeV) + 4.9 fb™ (7 TeV)
= ——— g e 14— e e 1ApTrrrrerre e e e e e e
% 14 cms A:‘t"‘";r' R=0.5 (PF+CHS)) O 1 3L CMS R=05PF+CHS | .S 1 3L CMS R =05, PF+CHS |
g 1of ir][;t::"alzzc e Ion:u.< 10 E § s Preliminary e 20 fb! (8 Tev) | Sé s Preliminary “e. 20 fb" (8 TeV) ]
~ Y 4+ 10=p<20 1 5 12ph=o w5f(7TeV) 4 5 1.2F P, =30GeV e 5 (7 TeV)
£ 100 —+20=p<30 4 O . F(w=200 7 O F (=200 E
= O 30=p<40 1w 11 1 5 E

2 r ——0=p<40 1 k] E ] R} E

8- 1 6 5 E
E R — o o} F 3
6l U 1 =] > |
r e a0 2 Qo El
e e o o E
Alaooo0000 T et ]
R E
2 ;'., cesses oot o oo  * — 0.6 ;7 1 ! 7;
ot Ll L] 0.5C Ll Ll Bl 0,50 b b b b
20 30 100 200 otol 1000 : 20 100 200 1000 "0 05 1 15 2 25 3 35 4 45 5
P2 [GeV] Pr oo (GEV) [

Figure 2.17: (Left) Simulated true offset <p¥PU — p%OPU> as a function of the generator jet pp for
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1.3. The pileup offset correction, with systematic uncertainty band, estimated for the average
condition of () = 20: (middle) PF-CHS R = 0.5 jets at || = 0 versus pr, (right) same jets at
30 GeV as a function of 7.
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Figure 2.18: True response correction derived from simulated events of QCD interactions for PF CHS jets
R = 0.5, compared to corrections extracted from the 7 TeV data taking. The comparison is shown for
central jets as a function of pr (left), and for pr = 30 GeV versus n (right).

correction for the non homogeneous response along 7 is derived from di-jet events, in
which the pr response of a probe jet, outside the barrel region, is equalized to the one in
the reference tag region (|| < 1.3) as a function of the average pr of the di-jet system.
The result of the pr dependent fit is shown in Figure 2.19 (left).

Then, an absolute scale correction is derived inside the reference barrel region (|n| < 1.3).
It relies on a comparison between the transverse momentum of a central jet with the one
of a well reconstructed object, such as pairs of muons or electrons from a Z-boson decay
or hard photons in y+jets events. In Figure 2.19 (middle), data-to-MC scale factors for
the absolute jet response are shown, as a function of jet pp, for the events used in the
analysis. Eventually, a simultaneous fit of these samples is used to extract the ultimate
estimate of the absolute jet energy scale, taking into account systematic uncertainties
as nuisance parameters. Results are shown in Figure 2.19 (right). The whole procedure,
adopted to obtain calibrated jets in both data and simulation, is summarized by:

Ccor

pr = pggw X Cpup(p%?nv P A) X Ctruth(na C1pup : paz}w) X Cres(na C’truth : C’pup : p%w) (27)
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where Cp,, stands for the pileup correction, Ciyn is the inverse of the true response
and Cles is the global residual correction, that should be applied only on data.
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Figure 2.19: (Left) Relative n-dependent corrections, where in each 7-bin the correction is fitted with a
log-linear average pr dependence : pg + p; - log(pr). (Middle) Comparison of the absolute jet response
obtained from from Z — pu, Z — ee and y+jets events. (Right) Global fit of the data-to MC absolute
scale corrections.

2.4.5 Missing transverse energy [

The missing transverse energy (J7) is reconstructed through the PF algorithm, defined as the
negative vector sum of the transverse energy of all PF candidates in a given event [86]:

-PF Ner
Ep == Er (2.8)
1

The missing transverse energy is the common physics quantity, defined at hadron colliders,
used as a signature for invisible particles like neutrinos. It is susceptible to detector effects,
such as reconstruction inefficiency, geometric acceptance, calorimeter thresholds, non-linear
responses and finite energy resolution. The PF [ bias is significantly reduced after jet energy
calibration, as described in Section 2.4.4. This is achieved through the following formula:

jets

= > ("

1

-PF F

=P

—COrITr

T (2.9)

. -P
— Djets = Er — [prli)
where the sum is performed over all the corrected jets with pr > 10 GeV. This propagation of

jet energy calibration to the missing energy is also known as Type-I correction. In addition,

other specific 7 corrections can be considered:

e Pileup correction: assuming an isotropic distribution of the particles produced by a
pileup interaction, the pileup contribution to the missing energy measurement is ex-
pected to be close to zero. Therefore, the measurement of charged particles from pileup
vertices (0 = Zf}grged pr) should be well balanced by the neutral one. This constraint
is used to induce the contamination of neutral pileup particles to the Fp:

PU
L

—CorT -PF -PF

Er =Fp —Apu=FErp (2.10)
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where the correction function f(%) is parametrized as c¢;(1 4 erf(—c2|7|®)), where ¢, o
and c3 are extracted from simulated minimum bias events.

e p-modulation: although all the particles are distributed uniformly along ¢, some asym-
metry is observed in the PF candidate pr sum, in both data and simulated events, due
mainly to a not perfect detector alignment and to a shift of the nominal interaction
point. A correction on x and y components of the missing energy has been designed to
cure this effect, tuned as a function of the reconstructed number of vertices:

E;orr _ Ea; o (C:co 4 stNvtx) E;Ofr _ Ey _ (Cyo + CySNth) (211)

Other more sophisticated missing energy determinations, in particular devoted to improve the
resolution, like the No-Pileup MET or the MVA-MET [86], will not be discussed in this Section
since they are not used later in the thesis.

In Figure 2.20, the PF missing energy distribution, obtained after applying the Type-I, pileup
and ¢ corrections, is shown for selected Z — pu events. Since the presence of a well measured
boson defines a unique axis (gr) in each event, the hadronic recoil (@7) is decomposed into an
orthogonal (u)) and a parallel (u)) components. The scalar quantity — <UH> /qr is referred

to as 7 response, while the width of u) + qr and uy are used as estimates of the missing
transverse energy resolution. The response curves (— <uH> /qr), extracted from the data as a
function of the vector boson boost ¢r, are shown in Figure 2.20 (middle), where deviations
from unity indicate a bias in the hadronic recoil determination, which is well recovered for
qr > 40 GeV. Finally, in Figure 2.20 (right), the distribution of o(v)|) as a function of gr is
reported. The resolution linearly increases with the Z-boson boost, while data and simulation
remain in good agreement in each control sample.
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Figure 2.20: (Left) PF |IE’T| distribution in Z — pup events where they grey band represents the

systematic uncertainty on the simulation expectation. (Middle) Response curves for f;- in events with
a Z-boson or a prompt photon (y+jets). The upper frame shows the response in data, while the lower
one shows the ratio between data and simulation. (Right) Parallel recoil resolution o(u) related to
the PF missing energy estimate. Again, the upper frame shows the resolution in data, while the lower
one shows the ratio between data and simulation.



CHAPTER 3

Identification of highly boosted hadronically
decaying vector bosons

In searches for new physics beyond the SM at high mass, which involve objects with large
transverse momenta, it is crucial to distinguish hard prompt jets, originating from the decay
products of heavy particles, from the ones obtained by the fragmentation of single quarks or
gluons. In final state topologies with W=, Z or Higgs bosons, to achieve high signal selection
efficiency, it is common to look for hadronic or semi-leptonic signatures. When the boost
becomes large, above order of pr > 200 GeV, the hadronization products of a V — ¢¢’ decay
overlap to each other inside a single clustered jet, where traditional analysis techniques, rely-
ing on resolved jets, are no longer applicable.

In this context, the analysis of jet substructures, i.e. the internal components of a jet, plays
a key role to identify these objects, arising from heavy boson decays, against quark or glu-
ons jets usually referred to as QCD jets'. In fact, the characteristic two-body decay of a high
pr vector boson result in a hard substructure, which is absent in typical high pr QCD jets.
These subtle differences are resolved more clearly by removing soft QCD radiation from jets.
Such adaptive modification of the jet algorithm or selective removal of soft radiation during
the clustering is generally referred to as jet grooming [87, 88]. On the other hand, at pp
colliders, hadronic signatures are faced with the relatively poorer reconstruction of jets and
large multi-jet background from QCD processes. Thus, an efficient identification of hadronic
V-boson decays through jet substructure observables allows to profit from the substantially
larger branching fraction of hadronic channels, providing significant gains in searches for new
physics.

Measurements of substructure observables, related to identification of W-boson jets, have been
already performed with 7 TeV data by both CMS [89, 90] and ATLAS [91, 92] collaboration.
This Chapter is organized as follows: in Section 3.1, a general overview on the algorithms
adopted for V-jet identification is reported, then, in Section 3.2, performance studies on these
jets, looking at 8 TeV data collected by the CMS experiment, are described [93].
Furthermore, in Section 3.3, the expected performance on V-jet tagging is investigated in light
of the 13 TeV data taking (Run-II) of the LHC operations [83, 94].

!Since the masses of W and Z-bosons are rather close to each other and the experimental resolution on
large cone jets is not optimal, these two resonances cannot be perfectly distinguished. Thus, it is common to
refer to them as V-jets, where V indicates a W or a Z-boson.
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Eventually, Section 3.4 describes the commissioning of the PileUp Per Particle Identifica-
tion (PUPPI) algorithm performance with the first Run-II data, used to mitigate pileup con-
taminations on large cone jets and missing transverse energy.

3.1 Algorithms for V-jet identification

Since the mass of a vector boson (W,Z) is larger than the one of a typical quark-gluon (q/g)
jet, the jet mass itself represents the primary observable to distinguish a heavy hadronic
resonance from the hadronization products of a single parton. The bulk of the V-jet mass
arises from the kinematics of the two jet cores, corresponding to the fragmentation of the
two quarks produced in the decay, while the one of a QCD jet originates mostly from soft
gluon radiation. Grooming methods are commonly adopted to improve the discrimination
by removing the softer radiation, shifting the jet mass of QCD jets to smaller values, while
maintaining the one for V-jets close to the expectation. Therefore, grooming algorithms change
the jet constituent composition without affecting the overall jet production cross section, giving
a infrared collinear (IRC) safe result. Starting from a large cone jet that contains the whole
decay products of a vector boson, typically clustered with the anti-k; (AK) or the Cambridge-
Aachen (CA) [95] algorithm, the following grooming techniques have been considered:

e Filtering: the constituents of the input jet are reclustered with the CA algorithm, using a
smaller distance parameter (Rf;;) and keeping only the first Ny;; leading subjets® [87].

e Trimming: the input jet is reclustered via the kp algorithm [81], adopting a smaller
radius Ryrim and keeping all the hard subjets passing a transverse momentum selection,
defined as: p;"bj It > p%mc [96].

e Pruning: it is based on a CA reclustering of the input jet constituents, in which the
iterative sequence is modified to remove soft and wide angle protojets (single particles
or group of particles already combined in previous steps) [97]. At each stage of the CA
algorithm, two quantities are computed:

SR S |
g = w ; ARZ']' = AU% + A(P%j (3.1)

P+ pr
The protojet with lower pr is ignored if the hardness (z) is below a chosen threshold

(zcut) or if it is sufficiently distant from the harder one (AR;; > o-m/pr), where m and
pr are, respectively, the mass and the transverse momentum of the original jet.

e Soft drop: as any other grooming method, soft drop declustering removes wide-angle
soft radiation from a jet, to mitigate the contaminations from initial state radiation
(ISR), underlying event (UE) and multiple hadron scattering (pileup), according to the
following selection [98]:

. i
min(p7, py)
i J
D + D
2Subjet stands for a protojet obtained by undoing the jet clustering sequence, following the inverted jet
history.

AR;; )ﬁ

i (3.2)
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where 7 and j are two protojets, R is the input jet radius, while z.,; and [, respectively
called hardness threshold and angular exponent, rule the behavior of the algorithm.
Differently from other groomers, soft drop removes protojets during the declustering
stage, following the inverse clustering history of the input jet. When g > 0, soft drop
removes soft radiation while maintaining a fraction of the soft-collinear one, acting as
a groomer. In contrast, when § < 0, it removes both soft and collinear contributions
behaving as a “tagger”, vetoing jets that do not have two well separated hard prongs.
The boundary point, when 8 = 0, is called modified mass drop tagger (MMDT) [99], where
soft drop behaves like a tagger at any fixed-order in the g expansion, giving a “Sudakov
safe” groomer [100].

Besides groomed masses, additional discrimination between V-bosons and QCD jets is obtained
from a more extensive use of jet substructure, considering jet shape based observables:

e Mass drop () is defined as the ratio of the highest mass pruned subjet (m1), obtained
by undoing the last iteration of the CA clustering after pruning, and the total pruned
jet mass (Mprunea) [87]. Since a V-jet is formed by merging the showers of two decay
quarks, the mass of each subjet is much smaller than the whole jet one. In contrast, a
massive QCD jet is formed through continuous soft radiation, thus the subjet with larger
mass contains the bulk of the jet constituents, pushing the mass drop close to unity.
The separation power of this observable depends mainly on the ability to resolve subjets
inside a large cone one, thus is observed to be strongly dependent on the boost of the
system.

e N-subjetttiness (7y) is a generalized jet shape observable, computed under the assump-
tion that a jet is composed by N subjets. It is the pp-weighted AR distance between
each jet constituent and its nearest subjet axis [101, 102], defined as:

1
™ = dio ZPT’k . min(ARl,k, ARQ’]C...ARN’]C) (33)
k

where dj is a normalization factor, defined as dy = ), pr - Ro, while Ry is the original
jet distance parameter. The 7y observable has a small value if the jet is consistent with
having N or fewer subjets, as almost every jet constituent will be close in AR to its
own true subjet. Assuming N subjets inside the jet, their related axes are obtained by
re-clustering the input jet with the exclusive kp algorithm [103], reversing the last N
clustering steps. The axes choice is usually optimized to minimize the N-subjettiness
value, increasing the related separation power. To discriminate between a V-jet, which
is expected to have two prong subjets, and a QCD one, usually consistent with a single
subjet, the ratio 7o/ is particularly useful as it tends to maximize the separation.

e Q-jet volatility (I'g;e) is a statistical measure of a sample of similar jet clustering se-
quences [104]. A jet is defined by its own cluster sequence, which is topologically equiv-
alent to a recombination tree. During the clustering stage, the protojet recombination
scheme is randomized and the pruning algorithm is run for each jet tree. In this way, a
statistical set of trees for each jet is obtained and used to compute a jet mass distribu-
tion. The continuous soft radiation that forms massive QCD jets is more susceptible to
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fluctuations, since a small deviation in the soft radiation can result in a very different
order of assembling the jet. In contrast, V-jets are characterized by two strong jet cores
and small perturbations usually yield nearly identical clustering sequences. Therefore, a
large volatility is a characteristic of QCD jets and can be used to distinguish them from
signal V-jets.

The algorithm works as follow: fixing a chosen number of alternative recombinations
(Niree), at each step of the clustering a weight wi; is assigned to each constituent pair

according to:

di
Wij = exp ( —a- 2 (3.4)

dmin

where d;; = AR?j, while d,ip, is its minimum over all pairs involved in this procedure

and « controls the level of randomness. A random number is used to select the con-

stituent pair to be merged, according to their probabilities w;;/ zij wij. Finally, the

Q-jet volatility is defined by the ratio between the variance and the mean value of the

pruned mass distribution obtained from the Ny... recombinations of each jet:
U(mpruned)

Tt = ——m—m-= 3.5
et <mpruned> ( )

Energy correlation functions are defined in [105] and are usually combined into dimen-
sionless double ratios (02,8 ) as:

5 Yicjer Pri prj ok (RijRicRin)® 32, pr
Cy = R (3.6)
[ Zi<j Pty PT,j Rij ]

where 4, j and k run over all the jet constituents, satisfying ¢ < j < k. Similarly to
T9 /71, the numerator quantifies how likely a jet is composed of two subjets, while the
denominator gives a probability for being composed of a single one.

Jet charge is a measure of the electric charge of the parton that originates the jet
[106], originally introduced for flavor tagging of neutral B-mesons. It is defined as the
pr-weighted average charge of the jet constituents:

- 2 i pl}’i

k
pT,jet

Q" (3.7)
where i refers to all particles in a jet. The parameter k is used to enhance the discrimi-
nation among quarks, gluons and V-jets.

Quark-Gluon Likelihood (QGL) has been introduced by the CMS collaboration in [107]
and it is a likelihood-based discriminator designed to distinguish between jets originating
from quarks and gluons. It is applied on both groomed jets and their leading subjets.

Planar flow, with R = 0.5, and trimmed grooming sensitivity have also been considered
in the following performance studies. Planar flow characterizes the geometric distribu-
tion of the energy deposition from a jet, where QCD jets are expected to be more isotropic
than V-jets. Trimmed grooming sensitivity is defined as the ratio between the trimmed
and the original jet mass, when the trimming algorithm is applied to a V-jet candidate.
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3.2 V-tagging performance with 8 TeV data

To precisely investigate V-jets identification performances, a number of different event topolo-
gies have been considered, providing inputs for a large class of physics analyses. In particular,
semi-leptonic £ events (tf — bW~ bW™T — (*v + jets) provide a relative pure sample of W-
jets, which is used to compare the V-tagging efficiency, mass scale and resolution between
data and simulation. In contrast, the semi-leptonic W-jets topology and the inclusive di-jet
one are used as source of high py QCD jets, to study the fake rate model in both data and
simulated events. These are also useful benchmarks for searches where the SM W+jets and
multi-jet productions are leading backgrounds. The W+jets sample allows to access, with
high statistics, the low boosted regime, while the di-jet one is used to study q/g jets with a
transverse momentum up to the TeV scale. In Figure 3.1, the fraction of the leading pr jets,
originating from the hadronization of single quarks or gluons, is reported for W+jets events
(left) and di-jet (right), as a function of transverse momentum. The W+jets control region is
largely dominated by light flavor quark jets, while multi-jet composition switches from gluon
to quark enriched going moving from low to high jet pr regime.
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Figure 3.1: Leading pr jet fraction in W+jets events (left) and multi-jet (right), irradiated by a quark
or a gluon as a function of the jet pr. In a small fraction of events, the leading jet is not matched to
a parton produced by the hard scattering within a cone of AR < 0.3.

3.2.1 Data and simulated events

Data were collected with the CMS detector from pp collision at a center-of-mass energy of
/s = 8 TeV, thanks to a set of single lepton and jet activity triggers accumulating an in-
tegrated luminosity of 19.7 & 0.5 fb=! [108]. The selected single lepton triggers require the
presence of at least one identified lepton with large transverse momentum, pr > 40 (80) GeV
for p (e) final state, while multi-jet triggers are based on requirements on the transverse mo-
mentum scalar sum (Hr) of all the reconstructed jets in the event and on the invariant mass
of the two leading ones (m;;).

As a source of simulated V-jets, a generic heavy resonance decaying into a pair of longitu-
dinally polarized W-bosons is considered. These events are simulated considering either a
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Bulk graviton, predicted in WED models, or a SM-like high mass Higgs boson. The former are
generated via JHUGen 3.1.8 [109], while the latter by POWHEG 1.0 [110, 111], both interfaced
with Pythia 6 [112] with Tune Z2* [113] for parton showering and underlying event simulation.
In addition, to study the effect of vector boson polarization on jet substructures, a BSM model
with SM-like Higgs boson couplings is compared with a pseudoscalar resonance, which origi-
nates only transversely polarized bosons in the decay.

The background is modeled considering QCD multi-jet, inclusive semi-leptonic W+jets, Drell-
Yan pairs (Z/v* — 0), tt, single-top and di-boson (WW /WZ/ZZ) productions. To estimate
the agreement between different simulation models and the data, three alternative multi-jet
samples are considered: MadGraphv5.1.3.30 [114] showered with Pythia6, Herwig++ [114]
with Tune 23 and Pythia8 [115] with Tune4C [116]. MadGraph and Pythia samples use
CTEQ61L [117] parton densities, while Herwig++ adopts MRST2001 [118].

Moreover, two different W+jets samples are generated via MadGraph, interfaced with Pythia6,
and Herwig++. A similar choice is adopted also for the tt generation, where a POWHEG+Pythia 6
sample, using CT10 as PDF [119], is compared to MCONLO [120] evolved with Herwig++, using
CTEQ6M PDF [117]. Finally, single-top quark production is simulated with POWHEG, while the
di-boson samples are obtained from Pythia6.

A summary of the background samples used in this study and the related production cross
sections are reported in Table 3.1. Generated events are then processed through a GEANT4 [121]
based simulation of the CMS detector, adding an average of 22 pileup interactions, to match
the additional particle production observed in data.

Process Generator Cross section (pb)
QCD MadGraph + Pythia6 -
QCD Herwig++ -
QCD Pythia8 -
W+jets (pr > 100 GeV) | MadGraph + Pythia6 228.9
W+jets (pr > 180 GeV) | MadGraph + Pythia6 26.4
W+jets (pr > 100 GeV) Herwig++ 237.2
DY+jets (my« > 50 GeV | MadGraph + Pythia6 3503
tt POWHEG + Pythia6 245.8 (NNLO)
tt MC@NLO + Herwig++ 245.8 (NNLO)
WW Pythia6 54.8
WZ Pythia 6 33.2
77 Pythia6 8.1
single-top: s-channel POWHEG + Pythia6 87.1
single-top: t-channel POWHEG + Pythia6 5.5
single-top: tW-channel POWHEG + Pythia6 22.4

Table 3.1: Summary of the simulated samples considered in the analysis, where no cross section is
reported for the background samples that will be normalized to data.



3.2 V-tagging performance with 8 TeV data 53

3.2.2 Event selection

Di-jet and W+jets topologies are selected to investigate background QCD jets inside the kine-
matic regime typically considered in searches for new phenomena at high mass, while the
semi-leptonic tf signature represents the only pure source of boosted W-jets in data. In these
topologies, one W-jet candidate is selected for each event as the highest pr jet, reconstructed
via the CA algorithm (R = 0.8) implemented in the FastJet package [122], requiring |n| < 2.4
so that the jet core falls within the tracker acceptance.

A large distance parameter (R) increases the efficiency to reconstruct a poorly boosted W-
boson as a single jet, since the average distance between its decay products is inversely pro-
portional to the boson pr, i.e. AR(qq’) = 2mvy/py.

The chosen value of R provides high reconstruction efficiency for W-bosons characterized by a
small boost, ensuring that no performance is lost in the transition between a resolved analysis,
in which two independent jets are associated to a V — qq’ decay, and its reconstruction as a
single large cone jet at high transverse momentum. In addition, R = 0.8 allows a to collect
a sufficiently large sample of W-jets in ¢t data for validating the V-tagging strategy. In fact,
if the R value is too large, the b-jet produced by ¢t — Wb decay tends to merge with the
W-boson one, spoiling the typical substructure properties of a boosted V-jet.

Figure 3.2 compares, as a function of the vector boson pr, the reconstruction efficiency of a
hadronic W-boson from two resolved R = 0.5 jets to the one obtained from CA8 clustering.
When the W-boson pr is larger than 200 GeV, the CA8 choice becomes more efficient, exceed-
ing 90% efficiency after 400 GeV.

8 TeV

3 ! I o v

c B o . CMS

Q - Simulation
S - i
£ 08f |
Q) 7:@:,.@_ -
5 0.6 B —49— Merged jet efficiency ,
-— o N
g B single CA R=0.8 jet i
b B -
8 I AR (W,jet) < 0.1 4
o 04— 7
8 r & —f- Resolved jets efficiency -
o 0.2 I two AK R=0.5 jets -
I e AR (q,jet) < 0.1 1

-+

B -+ 4

: e
%0 400 600 80 1000 1200
W boson P, (GeV)

Figure 3.2: Efficiency to reconstruct a CA8 jet matched within AR < 0.1 with a generated W-boson
(black points), and the efficiency to reconstruct two AK5 jets within AR < 0.1 of the generated quarks
(red ones), obtained from hadronic decays of longitudinally polarized W-bosons, as a function of the
transverse momentum.

To select pure samples of signal (V-jets) and background (QCD) jets, a set of specific require-

ments are applied in these three phase spaces:

e Dijet selections: events are initially selected requiring two AK5 jets with pr > 30 GeV
and |n| < 2.4, with a separation of |An;;| < 1.3 and an invariant mass mj; > 890 GeV,
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following the selection criteria typically applied in fully hadronic di-boson searches for
BSM physics [123]. In this set of di-jet events, W-tagging studies are performed adopting
the leading CA8 jet as W-jet candidate, considering two independent pr bins: 400 <
pSi® < 600 GeV and 1.1 < p$A® < 1.4 TeV.

W-jets selections: the goal is to isolate events in which a boosted leptonically decaying
W-boson recoils against a high pr jet. On the lepton side, the event should contain one
muon with pr > 50 GeV and |n| < 2.1 or one electron with pr > 90 GeV and |n| < 2.5,
reconstructed with the prescriptions given in Section 2.4.1 and Section 2.4.2, respectively.
Muons are identified according to the high-pr selection [76], which requires that each
reconstructed muon must be both a tracker and a global muon, with at least one pixel
hit in the fitted track, at least one matched muon station, more than eight valid tracker
hits, a transverse impact parameter (|d,y|), with respect to the selected primary vertex,
smaller than 2mm and a longitudinal one (|d|) smaller than 5mm. Finally, the muon
candidate shall be also isolated from charged hadron activity in the detector, requiring
the relative sum of tracks pr, within a cone of AR = 0.3 around the muon track, to be:

Itk Dlictrack PT
pr(p) pr(p)

At the same time, each reconstructed GSF electron is identified by means of the HEEP
criterion [124], which requires more than two hits in the fitted track, a super-cluster
with Ep grater than 35 GeV, both 7 and ¢ separation between the GSF track and the
super-cluster position smaller than 0.005 and 0.006 respectively, a ratio between HCAL
and ECAL energies (H/E) smaller than 5%, |dg,| < 0.2 (0.5) mm for EB (EE), to have
either Eaxs/FEsxs > 0.94 or E1y5/Esx5 > 0.83 3, I;, < 5 GeV and :

<0.1 (3.8)

EB: 2GeV +0.003E
Lo + Tnad — AR x p] < ¢ T (3.9)
EE : 2.5 GeV

where, I.,, and Ij,q are the electromagnetic and the hadronic Ep sums inside the isola-
tion cone, except for the contribution associated to the electron candidate.

Events containing additional loosely identified muons or electrons, defined relaxing iso-
lation requirements, with pr > 20 GeV are rejected to improve the purity of the W+jets
sample against contaminations from Z/v*+jets events.

The missing transverse energy is required to be larger than 50 or 80 GeV for the muon
and electron channel, respectively, to suppress the contamination from QCD multi-jet
background where a jet is mis-identified as a lepton. Furthermore, the transverse mo-
mentum of the leptonicglly decaying vector boson, given by the sum of the lepton pr
and the missing energy Fr, and of the highest p7 CA8 jet (W-jet candidate) are required
to be larger than 200 GeV.

Additional criteria are applied to ensure that the W-boson and the CA8 jet are mostly
back-to-back in the transverse plane: the AR between the lepton and the CA8 jet must
be larger than 7/2, the azimuthal distance Ay between Fp and the W-jet must be
greater than two radians, as well as the distance between the V-boson and the CA8 jet.

3These quantities refer to the energy sum of all the crystal within a matrix n x m around the super-cluster

seed position.
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A cutoff on the additional jet activity is also applied vetoing the presence of b-tagged
AK5 jets, lying outside the CA8 jet cone (ARjcas > 0.8) and identified using the CSV
algorithm [125], according to a selection that provides about 70% efficiency on simulated
b-jets and less than 1% of mis-tag rate. Eventually, only events with a moderate boosted
W-jet candidate, 250 < p%AS < 450 GeV, are considered.

e tt selections: the same selections used for the W-jets topology are adopted, except for
the b-veto condition which is inverted requiring at least one b-jet with pp > 30 GeV.
In addition, if two CA8 jets are found in the same event with py > 200 GeV, the one
with highest mass is kept as the W-jet candidate and no back-to-back topology cuts are
applied.

3.2.3 Substructure performance in the simulation

To understand the performance of jet substructure algorithms with the CMS detector, two
dominant effects on boosted jet observables are investigated: particles from multiple overlap-
ping pileup interactions, detector efficiency and resolution in reconstructing jet constituents.
To prove the separation power of the substructure observables listed in Section 3.1, BSM res-
onance masses, which are decaying into pairs of boosted W-bosons, are chosen to obtain a
falling shape for the W-jet candidate pp distribution in the different analysis pr bins, similar
to one expected for QCD background jets in W+jets and multi-jet events.

Therefore, when the jet pr is within 250-350 GeV, a SM-like Higgs boson with a mass of
600 GeV is considered, while, when p%AS is in the range between 400 and 600 GeV in the
di-jet topology, a Bulk graviton with a mass of 1 TeV is adopted.

In Figure 3.3, the pruned jet mass distributions for W-jets and QCD ones are shown compar-
ing the generator level results with the full CMS simulation, as a function of different pileup
scenarios. The convolution of both pileup and detector effects results in a broadening of the
W-boson mass peak and a slight bias to higher values. The pileup dependence, comparing
two scenarios with averages of 12 and 22 pileup interactions, is small thanks to the effect of
the pruning algorithm. Thus, to discriminate boosted W-bosons from QCD jets background,
one can select events falling in a defined window around the W-boson mass peak, as done
in already published searches [126, 127]. In this study, the chosen jet mass window is fixed
to range from 60 to 100 GeV. Finally, looking at the Wjets topology, there are few signal
events with a pruned mass close to zero. They correspond to cases in which the WW system
is decaying fully leptonically, where one lepton is reconstructed, together with UE and pileup,
as a jet with few constituents failing the isolation requirement, having therefore a very low
mass value since composed by almost a single high pr object.

Figure 3.4 (left) shows the mass drop variable in the W+jets topology. As expected, it peaks
at lower values for V-jets since it represents the ratio of the pruned subjet mass coming from
a quark to the much larger W-boson one. In addition, Figure 3.4 (right) shows the mass drop
shape considering only the events falling in the pruned mass window previously defined. The
discrimination power of the mass drop is strongly reduced due to a high correlation between
these two observables, particularly for QCD jets. Figure 3.5 shows the 79/71 variable, in the
W+jets topology, before (left) and after (right) the W-boson pruned mass selection. The
separation power is evident and the overall performance looks better than the mass drop one,
with a less pronounced correlation with the pruned mass. Furthermore, Figure 3.6 shows the
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Figure 3.3: Pruned mass distribution in simulated samples of highly boosted longitudinally polarized
W-bosons and QCD jets, expected in the W-jets (left) and QCD multi-jet (right) topologies. Thick
dashed lines represent the generator level predictions without pileup interactions and CMS detector
simulation. The continuous histograms are the expected distributions after full CMS simulation, in a
pileup scenario corresponding to an average number of 12 and 22 interactions, respectively.
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Figure 3.4: The mass drop distribution in simulated samples of boosted W-bosons and QCD jets before
(left) and after (right) a selection on the pruned jet mass. Thick dashed lines represent the generator
predictions without pileup interactions and CMS simulation. The continuous histograms are the expected
distributions after full CMS simulation, in a pileup scenario corresponding to an average number of 12
and 22 interactions, respectively.

double ratio of energy correlation functions CQB =17 While the discrimination is visible at
generator level, it is much reduced after pileup and detector simulation.

Eventually, Figure 3.7 (left) shows the jet charge distribution for positively and negatively
charged W-boson jets, as well as the one for background QCD jets. Both pileup and detector
resolution effects are quite limited on this observable, since it is defined only using charged
hadron tracks from the leading vertex in the event. To assess the separation power between
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Figure 3.5: The 75/7; observable in simulated samples of boosted W-bosons and QCD jets before (left)
and after (right) a selection on the pruned jet mass, 60 < Mpruned < 100 GeV. Thick dashed lines
represent the generator predictions without pileup interactions and CMS simulation. The continuous
histograms are the expected distributions after full CMS simulation, in pileup scenario corresponding to
an average number of 12 and 22 interactions, respectively.
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Figure 3.6: The Cg distribution in simulated samples of boosted W-bosons, from a heavy BSM resonance
decay, and QCD jets in leptonic W+jets events before (left) and after (right) a selection on the pruned
jet mass. Thick dashed lines represent the generator predictions without pileup interactions and CMS
simulation. The continuous histograms are the expected distributions after full CMS simulation, in
pileup scenario corresponding to an average number of 12 and 22 interactions, respectively.

W and W™ via the jet charge, a hypothesis test has been performed, where the two jet charge
distributions are first fitted with a Crystal-Ball function, then these are used as templates to
generate pseudo-experiments (PEs). For each PE, a Xi (x%) is calculated with respect to the
positive (negative) template and the AxZ is used as a test statistics. The hypothesis separa-
tion, estimated according to Gaussian quantiles, is reported in Figure 3.7 (right) as a function
of the average number of events generated in each toy experiment. The separation between
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two W-boson charge hypotheses is around 3 ¢ for £ = 0.3 and about 20 events per PE. Similar
results are also obtained in the higher pr bins, exploring the di-jet signature.
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Figure 3.7: (Left) Jet charge distribution in simulated samples of boosted W-bosons, produced by a
heavy resonance decay, and QCD jets in leptonic W-jets events for k = 1.0, after a selection on the
pruned jet mass (60 < Mprunea < 100 GeV). (Right) Separation, in terms of Gaussian o, between Wt
and W™ hypotheses, for different values of k, as function of the average number of events per PE.

3.2.4 Algorithm performances

The performance of several substructure observables used to identify V-jets are compared with
the aim of establishing which provides the best signal-to-background discrimination. Since the
groomed masses are the best discriminants, as shown in Section 3.2.3, the performance of other
observables are tested only for jets with 60 < mprunea < 100 GeV. The adopted figure of merit
is the background rejection efficiency as a function of the signal one, also known as “receiver
operating characteristic” (ROC) curve.

Figure 3.8 shows the observable performances in the W+jets final state, where the W-jet
candidate pr is required to be in the range between 250-350 GeV. The performance of 75/71,
pruned 72 /711, exclusive-kr 72/71, T gjet, C’g , mass drop and jet charge are compared. For the jet
charge, a positively charged lepton is required in the event, therefore the separation between
negatively charged W-jets and QCD ones is displayed. The best performing variable is 75/7
up to a signal efficiency of 75%, then I'jet is slightly better, while pruned and 75 /7 without
axes optimization are worse. The least performing variables are the mass drop, C’g :1'7, and
the jet charge.

In addition to the individual observable discrimination power, a multivariate combination
of them is performed using the TMVA package [128]. This combination is performed with
both a naive Bayes classifier and a Multilayer Perceptron (MLP) neural network discriminant.
Additional variables with respect to those reported in Section 3.2.3 are considered, trying
to increase the final discrimination power. The variables used in both discriminants are the
mass drop, Lqjet, 72/71, C’QB, the planar flow (R = 0.5), the number of jet constituents, AR
between the two leading pruned subjets, trimmed sensitivity and the number of reconstructed
vertices in the event. The MVA methods are trained using as signal sample a SM-like Higgs
resonance, decaying into a pair of longitudinally polarized W-bosons, while the background
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sample consists of the leading jet in W+jets events generated with MadGraph. FEvents are
equally split between the training and the test sample to compute the ROC curve. Comparing
the MVA results with the performance of 7o/71, about 15% improvement, at a fixed signal
efficiency of 50%, is obtained. This relative small gain is limited by the large correlation
between 79/71, which is the most sensitive variable over a large range of efficiencies, and
several of the other substructure observables, as reported for both signal and background
events in Figure 3.9.

8 TeV
T T
CMS -

Simulation |

1

T ‘ T T T ‘ T

(22
X
Kol
w
1
~—

0.8

CAR=0.8 .
" 250 <p, <350 GeV -

0.6 Il <2.4

| 60 < Mgy < 100 GeV - ., 2 i
MLP neural network
Naive Bayes classifier
A

- = Lgjet

L — /T, pruned

1,/T, no axes optimization
L C, (p=1.7)

| —— Mass drop

I Jet charge (k = 1.0) W*

o 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1
0.2 0.4 0.6

0.4

0.2
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3 Identification of highly boosted hadronically decaying vector bosons

Therefore, the baseline W-tagger is built on a simple rectangular selection on pruned jet mass
and 72/71, requiring 60 < mpruned < 100 GeV and 7 /71 < 0.5, which represents the optimal
value for a reference significance estimator defined as e5//eg, where €5 and ep are the signal
and the background selection efficiency, respectively.

The simulated pr and pileup dependence of the defined W-tagger has also been studied. In
particular, Figure 3.10 (left) shows the efficiency of this tagger on simulated signal W-jets.
At low transverse momentum, the efficiency increases thanks to the better containment, into
a single CA8 jet, of the showers produced by the fragmentation of the W-boson decay quarks.
Above 600 GeV, the efficiency starts to decrease, since at larger pr the PF reconstruction
degrades in resolving the jet substructure, so that the pruning algorithm removes a too large
fraction of the jet mass. Furthermore, also the efficiency of the 72 /71 selection drops at high pr,
loosing around 20% signal efficiency at 1 TeV with respect to the maximum, placed for a jet
pr around 600 GeV. In Figure 3.10 (right), the signal efficiency of the pruned mass selection is
reported as a function of the number of reconstructed vertices, which decreases by 6% moving
from 5 to 30 reconstructed vertices, whereas the additional N-subjettiness selection efficiency
drops by 12% over the same range. However, the mistagging rate of the background also
decreases with pileup when the same selections are applied, yielding a similar discrimination
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latter case, also the mistagging rate for QCD jets, estimated from the W+jets background sample, is
shown. The error bars represent the statistical uncertainty in the MC simulation.

3.2.5 Vector boson polarization

Jet substructure observables are particularly sensitive to the polarization of the decayed vector
boson, which can be used as additional information to detect possible new physics scenarios,
like searches for new resonances decaying into vector boson pairs, W-boson helicity at large
tt masses or VBS measurements. To study the V-jet tagger potential in this field, X — WW
samples are generated fixing the W-bosons to be either purely longitudinally or transversely
polarized, by means of the JHUGen generator. The key observable is represented by the helicity
angle of the W — ¢g system (cos1;), defined as the polar angle between the decay quark and
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the W-boson flight direction in the W-boson rest frame. At parton level, where quarks are
treated as final state particles, the helicity angle of the hadronic W-boson is computed and
shown in Figure 3.11 (left), separately for transverse and longitudinal modes. After showering,
hadronization, pileup, detector simulation and reconstruction, the same quantity is computed
and reported in Figure 3.11 (right), considering the two leading subjets after pruning. Since
after reconstruction it is no longer possible to distinguish between quarks and anti-quarks, i.e.
to have an unambiguous subjet charge assignment, the absolute value of cos; is reported.
This shows how a transverse polarized vector boson decays with subjets more aligned with its
direction of flight. The depletion of events at | cos®;| around 1 is due to acceptance effects.
When 9 is close to zero, the two subjets overlap, preventing their reconstruction. On the
other hand, when ¥; is around 7, one subjet becomes much softer than the other one, causing
a drop in the identification efficiency.

In fact, after the pruned jet mass selection, the ratio between the trailing and the leading
pruned subjet transverse momenta pra/pr,1 is shown in Figure 3.12, for W-jets belonging to
two different pp regimes, 250 < pr < 350 GeV on the left and 400 < pr < 600 GeV on the
right. Pruned subjets from transverse polarized W-bosons are less balanced in pr with respect
to the longitudinal case.
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Figure 3.11: (Left) Generator level cosd; distributions for purely longitudinally and transversely po-
larized W-bosons. (Right) Pruned subjet angular distributions, after requiring the pruned jet mass in
the range 60 < Mpruned < 100 GeV, for pure Wy, or Wr and for jets with 250 < pr < 350 GeV.

Finally, to test if the polarization of hadronic W-bosons can be used as a discriminant in
the data analyses at the LHC, the experimental resolution on cos; is measured through the
difference between the one reconstructed from subjets and the one from parton level quarks.
The experimental angular resolution is measured to be around 10 mrad in the laboratory
frame, which translates into a resolution of about 65 mrad in the W-boson rest frame, which
remains relatively constant over a large W-jet pr range.

3.2.6 Systematics effects on substructure performances

In this section, different systematic effects are analyzed in terms of changes in the ROC re-
sponse, looking at the di-jet topology for jets with 400 < pr < 600 GeV, where the Herwig++
sample is used to describe QCD jets, since it models the pruned jet mass in data better than
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Figure 3.12: Pruned subjets pr ratio distribution, obtained after the pruned jet mass selection, for pure
Wi, and W samples: (left) W-jets with 250 < pr < 350 GeV, (right) W-jets with 400 < pr < 600 GeV.

Pythia6. Figure 3.13 reports a set of 79 /71 ROC curves, showing the impact of different system-
atic sources on the previously defined V-jet tagger. Signal efficiency and background rejection
of the pruned mass requirement only, 60 < Mmpruned < 100 GeV, is indicated by filled circles,
while its combination with 75 /7 < 0.5 by filled rectangles.

In Figure 3.13 (left), the pileup and boost dependence of the V-tagger are displayed. Moving
from an average of 12 to 22 pileup interactions, no changes in the ROC response are noticed,
which means that pruning and N-subjettiness are quite insensitive to pileup up to 30 re-
constructed vertices. The signal efficiency versus background rejection can be kept constant
adapting the working point as a function of the pileup condition, as indicated by the difference
between the green and the red filled rectangles. In addition, also the generator level prediction,
without pileup and detector reconstruction effects, is compared with the full CMS simulation
with pileup, showing a small degradation in performance although 7o /71 shape is significantly
shifted, for both real W-jets and QCD ones, to higher values by these contributions.
Furthermore, in Figure 3.13 (left), the ROC curve for jets with pr between 0.8 and 1.2 TeV,
coming from a BSM resonance decaying to WW with a rest mass of 2 TeV, is almost indistin-
guishable from the one derived inside the lower pr range 400-600 GeV, except for both the
position of the pruned jet mass and 79/7; working points, which are placed at lower signal
efficiency. Consequently, a fixed working point will degrade the signal efficiency with increas-
ing jet pp, but, since the ROC lines are overlapped, the same performance can be achieved
moving the selection values. In particular, comparing the pruned mass and the N-subjettines
distributions as predicted at generator level in different pr bins, one notes that substructure
performances are almost stable as a function of the boost, as indicated in Figure 3.14.

The performance loss seen at detector level is related to the degradation of the CMS particle-
flow resolution in resolving jet substructure at high pr. This brings the pruning algorithm to
reject a too large fraction of particles inside a W-jet, leading to events with pruned jet mass
in the range between 40-60 GeV, as shown in Figure 3.14 (left). This effect is also visible for
the N-subjettiness 75 /7.

Figure 3.13 (right) compares signal-to-background discrimination of the W-tagger for pure
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Figure 3.13: Systematic effects on the performance of the pruned jet mass and 75 /71 in the high jet pr
bin of 400-600 GeV. The performance of the pruned jet mass selection 60 < Mmprunea < 100 GeV, in the
various scenarios, is indicated as a filled circle, while its combination with 75 /71 < 0.5 is indicated as a
filled rectangle. The lines correspond to the ROC curves obtained with a selection on the N-subjettiness
in addition to pruned jet mass requirement. The solid red line corresponds to the standard scenario,
with an average of 22 pileup interactions and longitudinally polarized W bosons (Wr,).

Wi, and W signal samples. The pruned jet mass selection is less efficient, around 15%, on
transversely polarized W-bosons, which is in agreement with both Figure 3.11 and Figure 3.12,
where W-jets with | cos ;| = 1 are removed by the pruned mass selection due to either a large
pr unbalance between the generated quarks or a small angular separation between subjets.
In addition, the AR seperation between pruned subjets for pure W, bosons is smaller than
in the transverse case, thus it is more likely for a low boosted Wy, boson to be identified as a
single CA8 jet. The N-subjettiness power is also slightly degraded for the transverse case by a
smaller degree than the jet mass.

Finally, also the QCD background composition has an impact on the W-tagging performance.
In fact, gluons tend to produce jets with larger masses which are less suppressed by pruning
with respect to light quark jets, as shown in Figure 3.13 (right). On the contrary, 72/7; rejects
more gluon jets, since their shape is usually more similar to a single substructure than the
one for quarks. In the end, a similar performance is achieved through the adopted W-tagging
strategy for both gluon and quark initialized jets. In Figure 3.15, the pruned jet mass and
the 7o/7 distributions, obtained from a W+jets sample showered with Pythia6, are reported
separating gluon jets from light flavour quark ones.

3.2.7 Comparison of data and simulation

The comparison between data and simulation for the two observables adopted in the V-jet
tagging definition, namely 79 /71 and the pruned mass, is of fundamental importance to assess
the reliability of the simulated events used in the analysis, as well as to introduce calibration
factors when needed. This comparison is performed in three different control regions: inclusive
di-jet and W+jets for q/g jets, while semi-leptonic ¢t for signal W-jets. W+jets and di-jet
events are compared in two different jet pr bins of 250-350 GeV and 400-600 GeV respectively,
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Figure 3.15: Pruned jet mass and 79/71 distributions, obtained after cutting on the pruned jet mass,
for quark and gluon jet simulated with Pythia6.

while, in the ¢t sample, looking at W-jet candidates with pr > 200 GeV. Starting from
Figure 3.16, pruned jet mass and 72 /71 distributions are shown in the W+jets topology, which
clearly corresponds to a QCD jets enriched region. In Figure 3.17, the same distributions are
reported for the di-jet sample. In the W+jets control region, Herwig++ agrees better with
data with respect to Pythia6, while, in the di-jet one, the best substructure modelling is
provided by Pythia8.

To test the description of W-jets, a control sample of pure hadronic W-bosons in data is
obtained from high py semi-leptonic ¢t events. Applying the t¢ event selection described in
Section 3.2.2, Figure 3.18 shows the pruned jet mass and the N-subjettiness 7o/ for W-jet
candidates in this region. Both systematic and statistical uncertainties are included in the error
band, where systematics are coming from the theoretical uncertainties on di-boson, single-top
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Figure 3.16: Pruned jet mass (left) and N-subjettiness 72 /71 (right) distributions in data and simulation
for W+jets events. Below each figure the relative deviations, between data and MC, are reported.
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Figure 3.17: Pruned jet mass (left) and N-subjettiness 7o /7 (right) distributions in data and simulation
for di-jet events. Below each figure the relative deviations, between data and MC, are reported.

and tf production cross sections, when evaluated in a boosted regime. The agreement between
data and simulation shows discrepancies at the level of about 20%, where POWHEG + Pythia6
provides a slightly better description with respect to MCGNLO + Herwig++.

Finally, the jet charge distribution for W-jets is reported in Figure 3.19, always considering
events in the semi-leptonic ¢t control region. By selecting a negatively or positively charged
lepton, one can effectively tag a W' or a W™ jet. As expected from simulation based studies
in Section 3.2.4, charged V-jets cannot be distinguished on an event-by-event basis.
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Figure 3.18: Pruned jet mass and 7o/7; distributions inside the semi-leptonic ¢t control sample, con-
sidering only muon + jets final state. Below each figure the relative deviations, between data and
simulations, are reported.

3.2.8 Mis-tagging rate measurement

The di-jet sample is used to measure, over a wide pr range, the rate of QCD jets passing
the W-tagging selection, also known as mis-tag rate. The measurement performed in data
is compared with both Herwig++, Pythia6 and Pythia8 simulations. In Figure 3.20, the
fraction of QCD jets passing the pruned mass requirement, 60 < Mprunea < 100 GeV, as
well as the simultaneous mpruned and 72/71 selections are shown as a function of the jet
transverse momentum and the number of reconstructed primary vertices. The mistag rate of
the pruned mass criterion is better reproduced by both Herwig++ and Pythia 8, while Pythia 6
underestimates it. In addition, when both pruned mass and N-subjettiness requirements are
applied, the fake rate in data is better modelled by the Pythia 8 simulation. The pruned mass
fake rate is stable, around 1% level, as a function of pileup, while it drops when the 15/7;
selection is applied, as explained in Section 3.2.3.

3.2.9 Data-to-MC scale factors and jet mass resolution

The ¢t control region is used to extract data-to-simulation correction factors for the W-jet
tagging efficiency, as well as to measure possible miss-modelling of W-jet mass scale and
resolution. These corrections are derived using as a benchmark POWHEG plus Pythia6 tt
simulation, as it has been adopted as reference sample in the analysis described in Chapter 4
and in Chapter 5. Since one is concerned only with efficiency, mass scale and resolution for
pure W-jets, background contamination must be identified and properly subtracted.

Minor background sources, coming from W-+jets, single-top and di-boson productions are
estimated from the simulation. Once these contributions are subtracted, the remaining ¢t
events are not representing a pure set of W-jets. In fact, there is still the presence of a
combinatorial background mainly due to additional jets that can be wrongly selected as W-jet
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Figure 3.19: Jet charge distributions in the ¢ control sample for W and W™ jets, selected by requiring
negatively and positively charge leptons, respectively. Simulated distributions reflect the sum of ¢t
(POWHEG interfaced with Pythia6) and all other background processes. Below each figure the relative
deviations between data and simulation is reported.

candidates or, when the top quark is highly boosted, the b-jet closest to the hadronic W-
boson is partially clustered inside the CA8 cone, changing the jet shape. For this reason, two
additional requirements are imposed:

e To reduce the effect of partial merging between the b-jet and W-jet one inside the CA8
cone, the pruned mass window is shifted up by 5 GeV, to be 65 < mprunea < 105 GeV.
This size of this shift has been estimated looking at ¢t simulated events.

e To reduce the combinatorial contribution related to a wrong W-jet selection, the angular
distance AR between the W-jet candidate and the closest b-tagged AK5 jet, identified
through the CSV algorithm, is required to be less than 2.0. This allows to exclude the
events in which the b-jet closest to the leptonically decaying W-boson or additional q/g
jets have both high transverse momentum and pruned mass close to W-boson one. This
selection reduces the scale factor uncertainty by around 20%, enhancing the purity of
the selected W-jet sample.

To extract the pure W-jet selection efficiency, the mass scale and resolution, a simultaneous
unbinned fit to the pruned mass for events passing or failing the V-tagger selection is used.

To have a correct model for the pruned mass shape of real W-jets and the combinatorial back-
ground, each simulated hadronic W-boson candidate is matched to the corresponding gener-
ated one, within a cone AR < 0.3. Matched jets represent real W-jets, while unmatched ones
are used as a proxy for the combinatorial background. Furthermore, since the N-subjettiness
criterion, 7o/71 < 0.5, is not fully efficient in selecting real W-jets, independent matched and
un-matched shapes are extracted for both events passing or failing the 75/71 selection. These
generator level distributions are parametrized according to the following analytical functions:
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Figure 3.20: Fraction of jets passing the mprunea and the 7o/7; selections in di-jet data and simulation
as a function of the W-jet candidate jet pr (left) and the number of reconstructed vertices (right). The
data over simulation ratio is shown only for the mpruned + 72/71 tagger.

e Distributions of the pruned mass for un-matched jets are fitted with:

1+ Erf((mpruneda — @) /b .
fun—match(mpruned> = (( p2u z )/ ) - e¢MMpruncd (310)

e The pruned mass for jets matched with generator level W-bosons, failing the N-subjettiness
selection, is fitted with combination of a Gaussian function and a polynomial background:
Ifs;ltch(mpruned) = Gaus(Mpruned, M, 0) + (@ + b Mpruned + ¢ - m?)runed) (3.11)

e Events passing 75 /7 selection and matched with simulated W-bosons are parametrized
with a double Gaussian:

pass

match (mpruned) = Gaus(mpruneda m, U) + Gaus(mpruneda mi, 01) (312)

Figure 3.21 shows the results of the fits to simulated events for matched (upper line) and
un-matched (bottom line) events that pass (left) or fail (right) the N-subjettiness selection.
Finally, splitting the selected semi-leptonic t¢ events according to the lepton flavor (u+jets or
e+jets), a simultaneous fit to the pruned jet mass, for events that are passing or failing the
To/T1 criterion, is performed by means of the product of the following likelihoods:

Npass bkg
— Nyy-e +Ncom + b'k:g N; pass pass j
gpass =¢€ (Nwew ’ Z] ) H NW.6W.fmatch(m)+Ncomb'fun—match(m)—'_2 :Nj'fl?)ass
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) Sk Nrail bkg
_— (N (l—ew)+ N+ N fail / fail 1.
-’%fail =e€ (N ( w) b J 7 H |:NW(1_5W) match(m)+Ncomb' un-match(m)+z Nj'ffail:|
i J
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where m is the pruned jet mass, Ny stands for the number of real W-jets in the ¢t sample,
ew is the W-tagging efficiency, j loops on the minor backgrounds (di-boson, single-top and
Wjets), Neomp and N/ . are the number of the selected combinatoric jets. In addition, Nyy,
ew and the Gaussian parameters (7, o), used to model the resonant part of the pruned mass
shape, correlate events passing or failing the 79/7; selection, as well as the two lepton flavor
categories. Eventually, the W-tagging scale factor is defined as:

Edata

SFy = (3.13)

EMc
Results of this simultaneous fit are displayed in Figure 3.22, where top (bottom) plots show
the fit in the muon (electron) category, while left (right) column refers to events passing (fail-
ing) the N-subjettiness requirement. A nice agreement between data and simulation is shown
for events which fulfill the W-tagging requirements, while the sample for which 9/7; > 0.5 is
not well modeled by the MC simulation, in particular when the W-jet candidate is not com-
ing from a boosted W-boson but from a quark or a gluon jet. The scale factor, as defined in
Equation 3.13, is measured to be 0.93 4+ 0.06, where the uncertainty is purely statical from the
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Figure 3.21: Matched (top) and un-matched (bottom) W-jet candidates, with respect to the generated
hadronic W-boson, for simulated ¢t events passing (left) and failing (right) the selection 72/ < 0.5.
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fit. The pr dependence of this scale factor has been studied, taking into account the limited
statistics of events surviving the analysis selections. Considering two pr bins of 200-265 GeV
and of 265-600 GeV, the measured scale factors are 1.00 + 0.09 and 0.92 + 0.10, respectively.
Thus, no significant dependance, as a function of the jet transverse momentum, is observed.
Corrections for the pruned jet mass scale and resolution are derived comparing the Gaussian
mean m and width o, used to model the W-boson peak in both passing and failing events,
between the values extracted from a fit to the data and the ones coming from the simulation.
The resulting parameters are reported in Table 3.2. Mass scale and resolution are larger in
data than in the MC, therefore the scale must be shifted by (1.7 + 0.6)% and the resolution
must be enlarged by (11 + 9)% in the simulation.

Parameter ‘ Data Simulation  Data/Simulation
(m) 84.1+0.4 GeV 82.7+0.3 GeV 1.017 £ 0.006
o 84+0.6 GeV  7.6+0.4 GeV 1.11+0.09

Table 3.2: Summary of the fitted W-boson mass peak model parameters in semi-leptonic tf events.

In searches exploring signatures with high pr V-jets, it is common to recover the V-tagging sig-
nal inefficiency introducing a low purity category, grouping events with a lower N-subjettiness
value 0.5 < 79/71 < 0.75. This sample is usually statistically combined with the so called high
purity one (m5/71 < 0.5), enhancing the analysis performance.

In this way, events are classified into three categories depending on the W-jet candidate
N-subjettiness value: high purity, low purity and failing events (72/71 > 0.75). Since for prob-
ability conservation eyp 4+ erp + €51 = 1, the scale factor for low purity category is defined as:

data data

1—¢ — &g
SFLp = Ry (3.14)
1—eify — ey

where 5?;;}& and E%\;[E are obtained fitting the event sample with 7 /7 > 0.75 with a likelihood

given by the superposition of two exponential shapes, one for failing matched W-jet candidates
and another one for the un-matched ones. Finally, the scale factor for this low purity category
is measured to be 1.28 £+ 0.30, when muon and electron channels are simultaneously fitted.

3.2.10 Systematic uncertainties

Several systematic uncertainties affecting the scale factor estimation are considered: parton
shower modeling of boosted V-jets, PDF used in the simulation, vector boson polarization,
pileup simulation, contamination from nearby jets, jet mass scale and resolution, jet energy
scale and resolution, as well as less dominant effects like uncertainties in lepton identification,
b-tagging and Fr.

The joint effect of parton shower modeling and parton densities is measured by the difference
between W-jet efficiencies evaluated from POWHEG, interfaced with Pythia 6, and a sample
generated with MCONLO interfaced with Herwig++. Furthermore, the effect related to the
underlying event simulation is estimated comparing the predictions from three alternative
Pythia6 tunes: Z2*, AMBT1 [129] and AMBT2 [130], taking the maximal observed difference
as an estimate of this contribution. The vector boson polarization has an important impact
on the W-tagging performance, that has to be taken into account when the ¢t scale factor is
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Figure 3.22: Pruned jet mass distribution in the ¢ control sample that pass (left column) or fail (right
column) the 75/ < 0.5 selection for muon (top line) and electron (bottom line) channels. The result
of the fit to data and simulation are shown, respectively, by the solid and long-dashed line, while the
background components of the fit are shown as dashed-dotted and short-dashed line.

propagated to specific analysis final states. W-bosons polarization in ¢¢ has been measured
by CMS [131], with a precision of 4%. Although the agreement was found to be better respect
to the quoted precision, this number is used as an upper bound and is included in the final
W-tagging uncertainty.

The effect of the pruned jet mass scale and resolution are evaluated by shifting or smearing
each simulated W-jet candidate, using the uncertainty extracted from the fitted W-boson
peak mean 7 and resolution o, which are listed in Table 3.2. The effect on the efficiency
is small, since the W-boson mass peak is well contained inside the pruned mass window
65 < Mprunea < 105 GeV, adopted for the baseline W-tagger definition. Similarly, the jet en-
ergy scale and resolution are changed according to their pr and 7 dependent uncertainties [84].
The contribution from pileup is determined by changing the minimum bias cross section within
its measured uncertainty of about 6% [132]. The scale factors for lepton and b-jet identifica-
tion, used to cover discrepancies between data and simulation, are also changed within their
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uncertainties to estimate the effect on the W-tagger.

Finally, the impact of nearby jets on the scale factor is estimated by comparing the central
prediction to an alternative evaluation, performed with an explicit requirement on the angular
distance between the closest AK5 jet and the W-jet candidate of AR > 1.3.

Results are summarized in Table 3.3, where the dominant systematic effect comes from mod-
eling of the parton shower and PDF, measured to be around 6%. Assuming that systematic
sources are un-correlated each other, their quadratic sum leads to a total systematic uncer-
tainty of 7.6%, which is comparable to the statistical one of about 6.4%.

Source Effect on the scale factor

Parton shower + PDF 6.0%

Underlying event < 0.5%
W-polarization 2.0%
Pileup 1.8%
Nearby jets 2.4%

Jet mass scale < 0.5%
Jet mass resolution 1.6%
Jet energy scale 2%
Jet energy resolution 0.9%

Lepton ID < 0.5%

b-tagging < 0.5%

Er < 0.5%
Total systematic 7.6%
Statistical 6.4%
Total 9.9%

Table 3.3: Summary of systematic uncertainties on the W-jet identification efficiency scale factor as
measured in the t¢ control sample.

3.2.11 Scale factor at high pr

The V-tagging scale factors aim to correct the effect of mis-modelings of jet substructure
variables on the estimated signal efficiency in simulated events. These are mainly due to
imperfections in the parton shower simulation, as it represents the most relevant systematic
source in the scale factor computation. The scale factors are extracted from a tt control sam-
ple that, because of limited statistics in the dataset and W-jet/b-jet merging for boosted top
quarks, covers only a limited W-jet transverse momentum range. Therefore, it is not possible
to control whether the quality of the parton shower simulation is stable over a large range of
jet transverse momenta, useful for searches of new physics with jets in the TeV range.

The baseline analysis uses Pythia 6 as benchmark, considering Herwig++ as alternative refer-
ence. One starts from the same parton-level generation of Bulk graviton events produced by
the JHUGen generator, which are considered as source of W-jets, scanning a wide range of jet
pr by changing the input mass hypothesis. These events are then showered and hadronized
by the two aforementioned showering models. Differences between the two shower approaches
are visible especially in the description of the 7o/71 distribution, where Herwig++ shows a
shift to higher values. To assess the pr-dependence of the V-tagging selection, the ratio of
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the efficiencies derived from these alternative models is studied as a function of the resonance
mass, which is highly correlated with the pr of the W-jet candidate. This trend must be
consistent within the uncertainty already measured on the V-tagging scale factors at low pr,
i.e. 8% for the high purity selection and 30% for the low purity one.

In the high purity category, no clear dependence versus the resonance mass is observed, while
in the low purity one a trend is observed, but its size is still of the order of the measured
systematic uncertainty. Numeric values are reported in Table 3.4. Based on this observation,
any further systematic has to be applied when high pr simulated V-jet are considered.

m¢g (TeV) Category e5(Pythia6) eg(Herwig++) ‘ Ratio (Herwig++/Pythia6)

1.0 HP 40.9% 39.9% 0.976 £ 0.013
1.8 HP 33.9% 33.9% 0.981 £ 0.020
2.5 HP 24.2% 23.4% 0.964 £+ 0.025
1.0 LP 10.8% 15.3% 1.415 + 0.039
1.8 LP 12.5% 15.8% 1.260 + 0.044
2.5 LP 13.6% 15.7% 1.154 4+ 0.040

Table 3.4: V-tagging efficiencies for Bulk graviton events hadronized with Pythia6 or Herwig++,
calculated summing up the electron and muon channels. sSatistical only uncertainties are considered
with binomial error propagation.

3.3 V-tagging performance in view of LHC Run-II

In this Section, the expected performances of V-tagging techniques are studied on a set
of dedicated simulations at /s = 13 TeV, with a pileup scenario foreseen during the LHC
Run-II [83, 94]. The increase of beam intensities, producing possibly up to fifty interactions
per bunch crossing, will generate conditions that adversely affect the performance of substruc-
ture quantities. Moreover, the increase in center of mass collision energy, from 8 to 13 TeV,
will raise the production rate and energies of highly boosted objects. Therefore, the joint effect
of higher pileup and higher boost represents a challenge for the jet substructure algorithms.
To investigate V-tagging strategies in this new set of conditions, the multi-jet topology is
considered as a benchmark. For each event, the leading PF-CHS jets with pr > 300 GeV,
clustered via anti-k; R = 0.8, is considered as V-jet candidate. Background jets (q/g jets) are
taken from QCD multi-jet events generated via Pythia 8, while signal W-jets are produced by
RS gravitons decaying into WW pairs.

In contrast with what was done with 8 TeV data, where a single set of grooming parameters,
suggested by phenomenological studies, was adopted, several algorithms are compared as a
function of different possible configurations, as reported in Table 3.5. Groomed masses are
corrected for pileup contamination through a four-vector “safe” subtraction [133], which is an
extension of area subtraction including a correction for jet masses [85, 134]:

Pl =P = p - A" = pm - AT, (3.15)

where p and p,, are measures of the average pileup density. In particular, p,, is used to account
for the non-zero hadron masses of particle-flow inputs. Since CHS is applied, a special care is
required to estimate p,, from neutrals candidates only when jets reconstructed in the central
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Grooming algorithm ‘ Parameters

Ririm = 0.2, pJ7® = 0.05
Ripim = 0.2, pi7® = 0.03
Ripim = 0.1, pi7™ = 0.03
Ririm = 0.3, pJ7® = 0.03
Zeut = 0.10, Deut = 0.50
Zzewt = 0.05, Doyt = 0.50
Zewt = 0.10, Dowy = 0.75
Zeuwt = 0.05, Douy = 0.75

Zeut — 01,5 =0

et = 0.1, B =1

Zewt = 0.1, B = 2

Trimming [96]

Pruning [97]

Soft drop [98]/MMDT [99]

Table 3.5: Summary of grooming parameters considered for trimming, pruning and soft drop algorithms.

region |n| < 2.5 are corrected, while using the full n acceptance to correct forward jets. In
the cases of soft drop, modified mass drop tagger and trimming, the four-vector subtraction
corrects both jet pr and mass at each step in the clustering algorithm, while for pruning, the
correction is applied to the final jets using the pruned jet area. Different figures of merit are
used to judge each algorithm and the possible configurations:

e Pileup sensitivity: it is used to evaluate the robustness of each algorithm setup, looking
at the performance stability as a function of the amount of pileup.

e Mass response: it measures the accuracy of the algorithm in reconstructing the jet
mass with respect to the generator level prediction (mgen), matching the reconstructed
jet with the generated one within AR < 0.3.

e W-jet mass resolution: the ability to reconstruct, with high resolution, the W-boson
mass peak is an indirect measurement of the separation power between signal and back-
ground jets.

The goal consists in finding the configuration which allows to push QCD jets to lower mass
values and, at the same time, to preserve a stable performance and resolution for signal jets as
a function of pileup. In Figure 3.23, the jet mass distribution, obtained for each groomer, is
shown for high pr QCD jets as a function of parameter configurations listed in Table 3.5. The
best performing setups are soft drop (5 = 0), pruning (zeyt = 0.1, D¢y = 0.5) and trimming
(Ririm = 0.1, p{fac = 0.03), since they tend to move the bulk of the groomed mass distribution
to smaller values.

Moreover, in Figure 3.24, to investigate the pileup dependence of each algorithm, the average
jet mass for QCD jets is shown as a function of the number of reconstructed vertices (Npy).
For trimming and soft drop, the jet mass is perfectly stable versus pileup thanks to the four
vector subtraction, while pruning shows, for all the considered setups, a worsening in the
performance in a high pileup environment. Simultaneously, the effect of each groomer on
W-jets is evaluated by looking at the RMS of the mass response distribution as a function of
Npy. Trimming shows a slight improvement in the mass resolution with respect to the other
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Figure 3.23: Groomed QCD jet mass distributions obtained applying trimming (left), pruning (middle)
and soft drop (right) as a function of the parameter scan reported in Table 3.5.

techniques, as reported in Figure 3.25.

Finally, to quantify the expected separation power between signal and background jets, the
W-jet mass scale is extracted, noting that trimming shows an offset to negative values, while
pruning and soft drop preserve, within the experimental resolution, the generated W-boson
lineshape. In addition, trimming is a fixed cone algorithm, which means that its parameters
have to be carefully adapted as a function of the considered boosted regime. For these reasons,
soft drop (8 = 0) and pruning (zeyt = 0.1, Deyt = 0.5) still represent the favorite groomers for
future V-tagging strategies.
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Figure 3.24: Pileup dependence of the average jet mass for PF+CHS jets for several grooming algorithms
and parameters, evaluated in a QCD jet enriched region. From left to right: trimming, pruning and soft
drop.

3.3.1 V-tagging performance vs pileup

Considering only jets in a moderate pr regime 475-600 GeV, to select a phase space where
signal and background events have almost the same falling jet pr spectrum, the performance
of groomers and jet substrcture observables are compared in two pileup conditions: a low
pileup region, requiring Npy < 40 with an average pileup of 31 interactions, and a higher one,
where Npy > 40 which has a mean of 47 pileup events. The “out-of-time” contribution, which
occurs when the integration time of signals from calorimeters is longer than the time difference
between two consecutive bunch crossings, is expected to be less important the in-time one,
thus it has not benn addressed by these studies, where no out-of-time contribution has been
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Figure 3.25: Pileup dependence for the W-jet mass resolution, evaluated only for reconstructed jets
matched to the generated W-bosons, for various parameters of the grooming algorithms. Both the RMS
and the o, extracted from a Gaussian fit to the mass response distribution, are reported. From left to
right: trimming, pruning and soft drop.

simulated.

In addition to the observables listed in Section 3.1, constituent subtraction is also considered,
which involves a local subtraction of pileup particles at the level of jet constituents [135].
Figure 3.26 shows the ROC curves (g4i9 VS Epkg) for different groomed mass observables in both
the low (Npy < 40, left) and high (Npy > 40, right) pileup regions. The performance of raw
jet mass, trimming (R = 0.1, p{fac = 0.03), pruning (z¢yt = 0.1, D¢y = 0.5), constituent
subtraction and soft drop (8 = {0,1,2}) are compared. While, in Figure 3.27, the perfor-
mance of 1o /711, T2, 71, C2(8 = {1,1.5,2}), Tqjer and QGL discriminator, applied on the pruned
jet and on the trailing pruned subjet, are reported. For both cases, no significant degradation
in the performance is found at larger pileup.

Considering a signal efficiency benchmark of €4, = 50%, the best performing mass variables
B=0,1

softdrop
one extends to higher pp, since it relies on a fixed cone subtraction. In addition, looking to

are m and the pruned mass, while the trimmed mass is known to be less powerful as
the various substructure variables, 7o/ is clearly the best performing one.

To study the performance of a tagger which employs a combination of different observables,
an MVA based on a Boosted Decision Tree (BDT) is adopted. The working point that maxi-
mizes the background rejection, for a signal efficiency of 50%, is taken as a benchmark for
performance comparisons and the score Z, defined as the inverse of the background efficiency,
is used as figure of merit. To determine the relevant minimal set of variables that performs
at best and the corresponding pileup dependence, a training is developed for all the possible
pairs and triplets of observables, where for triplets only all the possible pairs combined with
the pruned mass are considered, in each of the two pileup bins. To calculate the uncertainty
on the metric Z, two sources must be accounted for: the first is due to statistical fluctuations
in the background efficiency evaluation, while the second originates from the uncertainty in
the BDT training, due to a limited event sample, which is assumed to be of the order of the
former one.

Figure 3.28 (left) shows the score Z for all BDTs trained on pairs of different observables in
the low pileup bin. The best discrimination is achieved by combining jet mass variables, like
msﬁ O:ft%mp OF Mpruned, With 75/71, which is consistent with results obtained in 8 TeV data and
simulation. The second most powerful combination of variables comes from groomed masses
and the newly introduced subjet QGL. Figure 3.28 (right) shows BDT performance combining
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Figure 3.27: Comparison of various substructure observable performance in the 475-600 GeV jet pr
bin, considering W-jet in RS G — WW (mg = 1 TeV) events as signal. (Left) Comparison in the low
pileup region Npy < 40, (right) high pileup one Npy > 40.

triplets of observables, in events with leading jet pr between 475 and 600 GeV. It’s hard to
identify the best combination of triplet variables, since a large class of observables lead to
roughly the same discrimination power. These include mpruneq With /71 and T gjess, Or T2/71
and a second mass variable, or subjet QGL with Cg =1 The expected difference on the Z score,
between the best triplet and the combination of all the observables into a single BDT, labelled
as “all” in Figure 3.28 as well as in the following ones, is around 15-20%.

When extending to higher pileup, a degradation of the overall discrimination is observed. The
performance loss of each variable is assessed by taking the ratio between the Z score, evaluated
in high pileup scenario (Npy > 40), and the one in the low pileup region (Npy < 40). This
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Figure 3.28: Performance score Z for V-tagging using BDT based on different pairs (left) and triplets
(right) of substructure observables, in events with leading AK8 jet pr in the range 475-600 GeV, for
the low pileup bin Npy < 40. The score Z is defined as 1/ep, where e is the background efficiency
for a signal efficiency of 50%. “All” stands for the performance achieved combining all the considered
observables into a single BDT.

ratio is shown in Figure 3.29, in the form of a two-dimensional map for BDT pair and triplet
trainings. The W-tagging performance degradation with pileup is limited at the level of 20%,
when all variables are combined into a single discriminator. This difference is statistically
significant since the uncertainty on the Z score, associated to each pairs of triplets, is around
5-T%. A few variables show a rather large degradation in the pileup performance, where the
worst cases are represented by I'gjer and the energy correlation function 02/3 =1 Both these
variables lead to degradation around 30-40%, over a change in the average pileup of 16 inter-
actions. This study was also extended to lower pr jets, between 300-450 GeV, where a smaller
degradation as a function of pileup was found.

Eventually, correlations represent an important means through which the discrimination of
the individual observables is better understood, providing an estimation of their ranking when
they are combined into multi-dimensional discriminators. To minimize the effect of hidden
non linear correlations, each variable is transformed by running a BDT training, which trans-
forms the input observable into a monotonically increasing function in signal yield versus
background one. The resulting discriminant is used as an input to the following correlation
study. Measuring the degree of linear correlation between single BDT variables and the total
combination, observables are ranked in terms of separation power. First, mass variables ap-
pear as strongly correlated between each other, then subjet QGL is not correlated with any
of the other observables. Finally, energy correlation functions CZB are also correlated with
each other, but show limited correlations with other variables. As already shown in both Fig-
ure 3.28 and Figure 3.29, this indicates that building larger dimensional discriminators will
benefit from additional information, associated with these uncorrelated variables.

To determine the effect of pileup, independent correlation matrices are extracted and compared
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Figure 3.29: Percent ratio in Z score between high and low pileup scenarios: (left) result on BDT trained
on pairs of variables, (right) result on BDT trained on triplets. The triplet includes all the pairwise
combinations with Mpruned-

between the two pileup regions, as reported in Figure 3.30 for both signal and background
events. The variables which show the largest correlation reduction are Cg =! and the sub-
jet quark gluon discriminators, implying that their pileup dependence is causing the overall
degradation in performance of the global discriminant. Finally, the largest positive correlation
between single observables and the total combination is coming from the pruned mass and

soft drop (8 =1).

Mgp(B=1)
MSD(ﬁ=0)
MPrune

Meonst

Mgiean

Qet

QGL Combo
Subjet 2 QGL
Subjet 1 QGL

C,(p=1.5)

Subjet 1 QGL

Subjet 2 QGL |
QGL Combo

CMS simulation Preliminary

QGL Combo
Subjet 2 QGL

Subjet 1 QGL [

QGL

C,(B=2) [

C,(p=15)
C,(B=1)

CMS Simulation Preliminary

T

Subjet 1 QGL

Subjet 2 QGL
QGL Combo

Tojet
MCIean

Figure 3.30: Difference between high pileup (Npy > 40) and low pileup (Npy < 40) in the correla-
tion matrix of the BDTs, trained on single variables, with respect to each other for signal (left) and

background (right) jets.
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3.3.2 V-tagging at high transverse momentum

With the increase of center of mass energy from 8 to 13 TeV, searches and measurements of
jets with transverse momentum up to 4 TeV will be kinematically allowed. From the 8 TeV
measurements, described in Section 3.2.4, the observed loss in the V-tagging performance
for high pr jets is related to breakdowns in the PF reconstruction, rather than substructure
algorithms. PF jet reconstruction is based on a topological link between calorimetric clusters
and tracker tracks, as illustrated previously in Section 2.4.3. In high pp jets, particles are
collimated with high momentum, thus track resolution becomes poor and the HCAL granularity
is not sufficient to measure their direction. Since ECAL granularity is roughly five times better
than the HCAL one, this can be used to improve the spatial resolution needed for substructure
at high pp. After reconstructing charged hadrons, if an energy excess is found in ECAL or
HCAL, three different strategies have been tested:

e Merge neutrals: the excess is assigned to a single merged neutral candidate, which is
either a photon or a neutral hadron.

e Split photons: in case of an ECAL only excess, a photon candidate is created for each
ECAL PF cluster.

e Split photons and neutrals: in case of an excess in both HCAL and ECAL, neutral hadrons
and photons are created in the direction of each ECAL cluster. The total calorimetric
energy is distributed to neutral hadrons according to the energy fraction of each cluster
with respect to the total ECAL energy.

The effect on the performance of jet substructure reconstruction is quantified by analyzing
the pruned jet mass and the N-subjettiness 75/71. Figure 3.31 shows how the three scenarios
of neutral particle reconstruction perform for W-jets of pr around 2 TeV. The pruned mass
resolution is significantly improved by splitting both photons and neutral hadrons, while
T9/71 distribution is pushed to lower values close to generator level predictions, improving
the discrimination with respect to QCD jets. This means that ECAL granularity dominates jet
substructure reconstruction when tracks are not fitted with a good resolution, reaching similar
performance achieved in the standard tracking-dominated reconstruction.

In addition, Figure 3.32 shows the pruned jet mass scale and resolution as a function of
the W-jet candidate pp. The scale and resolution are obtained by fitting the mass response
distribution with a Gaussian function, in the range of £ 1.5¢ around its mean value. The
pruned jet mass scale appears to be stable up to the highest jet pr, for both W-jets and
quark/gluon ones. In contrast, the mass resolution increases from 5 to 8 GeV, while increasing
the jet pr from 0.5 to 3.5 TeV. The pruned jet mass resolution for quark/gluon-jets is about
4 GeV higher than the one for W-jets, due to the fact that QCD jets have lower masses fixing
the same pr range.

Finally, in Figure 3.33, the W-tagging efficiency and fake rate, defined requiring the pruned jet
mass to be within 60 < Mmpruned < 100 GeV and 75 /71 < 0.6, is shown. The pruned jet mass
selection efficiency increases up to a pr of 1 TeV, because in a low boosted regime the jet cone
does not fully contain the shower products of the two quarks produced by the W-boson decay,
while the fake rate remains roughly constant up to pr of 3 TeV. When the pruned mass is
combined with 75 /71, the efficiency drops of about 10-15% moving from 1 to 3.5 TeV, while the
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Figure 3.32: Reconstructed pruned jet mass scale (left) and resolution (right) of W-jets and
quark/gluon-jets, with and average of 40 simulated pileup interactions.

fake rate remains still approximately constant. This feature is attributed to jet properties and
not to detector effects, since one observes that the generator-level distribution shifts as well
as a function of pp. Thus, the W-tagging performances are expected to be, differently from
what observed during 8 TeV data taking, roughly stable up to jets with transverse momentum
of 4 TeV, providing substructure observables across the full phase space covered by Run-II
data.

3.4 PUPPI commissioning with first Run-Il data

Several methods for dealing with pileup have been proposed and successfully applied by both
ATLAS and CMS experiments on Run-I data. Many of them, such as four vector area sub-
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pr-

traction [85], four vector safe subtraction [134], grooming techniques and pileup jet identifica-
tion [82], follow a “global approach” trying to subtract pileup from high level objects which
are obtained clustering the reconstructed particles into jets or during the clustering stage.
PileUp Per Particle Identification (PUPPI) attempts to combine global information of the event
with local ones to identify pileup contamination at particle level, rather than just correct jet
quantities, giving a new interpretation of the event filtering away pileup candidates [136]. In
fact, PUPPI re-weights each particle four momentum by means of a measurement of its proba-
bility to be produced by a pileup interaction, estimated through a pileup sensitive metric ().
This leads to a pileup corrected event, where one can apply jet finding algorithms, evaluate jet
shapes, compute lepton isolations and missing transverse energy ideally without any further
pileup corrections. The algorithm works as follows:

e A local metric «, evaluated for each particle of the event, is used to distinguish hard
scattering products from pileup radiation:

Nevt
Prj \?2
o = log Z (ARZ) @(Rmm S ARZ']' S Ro) (3.16)
J

where Ney; is the number of particles reconstructed in the event, while AR;; is the
distance, in the n-¢ plane, between the particle ¢ and another PF candidate inside a Ry
cone around ¢, optimized to be Ry = 0.4. In addition, particles closer to ¢ than R,,;, =
0.01 are discarded to avoid divergences due to collinear emissions, while if no particles
enter in the sum the infrared divergence is solved fixing «; to zero, i.e. the particle ¢
is assumed to come from a pileup interaction. Due to the strong collinear emissions
from the parton shower, a particle ¢ belonging to the hard scattering is usually close to
other ones, so that a; tends to be large. In contrast, a; tends to be smaller for pileup
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particles, since they originate mainly from soft QCD interactions and are uncorrelated
with the hard scattering products.

e In the central region (|n| < 2.5), tracking information allow to distinguish charged
particles from the leading vertex with respect to pileup ones. Thus, the density of
primary vertex charged particles around a candidate ¢ is used to increase the performance
of the algorithm, changing the metric definition as:

Nch
pr,
= log Z (ARZ) (Rmin < ARij < Ro)  |n;] < 2.5 (3.17)

where NCV are the charged particles associated to the leading vertex of the event.

e To define a pileup-like weight for a particle i, the following x? is computed:

Y
X? = M O — apy) (3.18)

Opu
where apy represents the median of the event based «; distribution evaluated consider-
ing only pileup particles, i.e. charged tracks originating from pileup interactions. Since
the pileup density varies along n, a proper extrapolation, based on minimum bias inter-
actions, is used to move from (apy, o2y) evaluated in the central region to the forward
one. Fluctuations below the median are considered to be pileup-like, assigning a weight
equal to zero. Assuming «; to be Gaussian distributed, the particle weight is defined as:

wi = F2 pae-1 (X) (3.19)

Leading vertex information are almost ignored by the algorithm to minimize any sample
dependance, resulting in a robust algorithm over different physics topologies.

e The probability, defined by Equation 3.19, is used to re-scale particles four momentum
as pi’ — w;p!’. Charged particles compatible with the primary vertex are not re-weighted
(wg{, = 1), while charged pileup candidates are removed (wgl, = 0). Particles with a
weight w; smaller than 1% are rejected, as well as neutral soft ones. The selection on
the scaled pr of neutral candidates is tuned in three different n regions, following the
changes in the CMS granularity, as a function of the number of reconstructed vertices

(Npy) to keep both jet pr and mass responses close to unity against pileup:

pr > (0.140.015 - Npy) GeV  for: |n| < 2.5
pr > (L5 +0.070 - Npy) GeV  for: 2.5 < || < 3.0 (3.20)
pr > (2.0 4 0.070 - Npy) GeV  for: |n| > 3.0

3.4.1 Performances on large cone jets

PUPPI performances are investigated first on large cone jets in simulated events, clustering the
reconstructed PF candidates via the anti-k; algorithm with R = 0.8. For both PF and PF+CHS
jets, four momenta are corrected with the safe 4-vector area subtraction [134]. The leading
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AK8 jets in simulated RS graviton events, decaying into a pair of W-bosons, are considered as
W-jet candidates (signal jets), while multi-jet production is taken as source of high pp QCD
jets. Only events with at least one reconstructed AK8 jet with pr in the range 200-600 GeV
are considered.

Figure 3.34 shows the leading jet mass response with respect to the generator level prediction
for different pileup mitigation algorithms, where PUPPI provides the best mass response and
resolution for both signal and background jets. Moreover, the W-jet mass peak and resolution
dependence on pileup is reported in Figure 3.35. PF+CHS shows a stable response against
pileup, but it suffers from the largest bias in the reconstructed mass, while PUPPI provides
the best mass resolution as well as a good stability as a function of Npy in both scale and
resolution, which can be improved by a further tunings of the algorithm parameters.
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Figure 3.34: Comparison of the leading AK8 jet mass response, with respect to the generator level
prediction, for different algorithms in simulated QCD multi-jet events (left) and for W-jets produced by
the decay of RS gravitons (right).
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Figure 3.35: Mass response (Myeco — Mgen) (left) and resolution (right), defined as the RMS of the
Mreco—Mgen distribution, for simulated W-jets as a function of the number of reconstructed vertices.

After this, PUPPI performance on high pr jets has been tested looking at the first Run-II
collisions at /s = 13 TeV, performed with 50 ns buch spacing. Data are collected from a
set of multi-jet and Hy triggers, for a total integrated luminosity of about 40 pb~'. Events
are selected offline requiring at least one reconstructed AK8 jet with pr > 100 GeV and
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|n| < 1.3, which consists in selecting a sample enriched of high pr QCD jets. Due to the
trigger pre-scales, simulated multi-jet events are normalized to the measured yields in data.
Dedicated jet energy correction are applied on both data, including residual AK8 corrections,
and simulation for PF+CHS jets, while PUPPI jets are not calibrated since no AK8 PUPPI jet
corrections were available so far. Figure 3.36 shows the AK8 jet mass distribution (left) as
well as the dependence of the mean jet mass value as a function of Npy (right). PUPPI shows
both stable performances against pileup and lower jet mass values, close to the Sudakov mass
peak produced by the parton shower. A reasonable agreement between data and simulation
is observed for the jet mass shape, where discrepancies in case of PUPPI jets will be mitigated
once jet energy residual corrections will be applied.
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Figure 3.36: Comparison between data and simulation for the jet mass distribution (left) and the jet
mass pileup dependance (right) for leading AK8 jets with pr > 100 GeV and |n| < 1.3, reconstructed
by PF+CHS and PUPPI in a QCD enriched sample.

3.4.2 Performances on missing transverse energy

The missing transverse energy measurement plays a crucial role in many searches for new
physics at the LHC, representing the primary experimental signature for supersymmetric and
dark matter candidates. The F evaluation is sensitive to pileup contamination, as well as
to various detector and reconstruction effects resulting in mis-measurements of particle trans-
verse momenta. To investigate the performance of PUPPI on the E’T scale and resolution, a
pure sample of Z/v* — uu events is used, which is characterized by a well defined reference

object pr(up) and ET expectation. The bulk of Z/4* — uu events contain no genuine ET,

where the hadronic balance to the well measured vector boson dominates the measured ET
properties. In fact, noise in the calorimeters, particle mis-reconstruction, finite detector and
jet energy resolution can generate large E]T in the event, as well as the presence of pileup and
underlying event activity.

These Z/v* — uu events are collected from an online trigger which requires the presence of
two identified muons with pr larger than 17 and 8 GeV, respectively. Only certified runs at
/s = 13 TeV with 50 ns bunch spacing are considered, for a total integrated luminosity of
about 42 pb~!'. Two opposite charged muon candidates must be reconstructed both in the
tracker and in the muon chambers, with transverse momentum pr > 25 (20) GeV and |n| < 2.4
to ensure to be on the trigger efficiency plateau, and isolated from additional activity in the
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detector to veto muon candidates from non-prompt sources. Eventually, additional loosely
identified leptons (e or p) are vetoed and the selected di-muon pair is required to have an
invariant mass around the Z-boson one, between 60-120 GeV.

Simulated Z/v* — ¢ events (¢ = e,pu,7) are generated via amc@nlo at NLO QCD [114], us-
ing NNPDF 3.0 [137] and interfaced with Pythia8. Background contaminations come from
fully leptonic ¢t events, which are generated with POWHEG+PYTHIA 8 and WZ/ZZ productions
simulated via POWHEG and Pythia8, respectively. For all processes, the detector response is
modelled using a detailed description of the CMS experiment based on GEANT 4. The selected
simulated events are re-weighted to represent the pileup distribution as measured in the data.
Jets are clustered from reconstructed PF candidates through the anti-k; algorithm with R =
0.4, while PUPPI jets are obtained applying the same clustering on the particles produced by
the PUPPI algorithm. Both PF and PUPPI jets four momenta are corrected for by dedicated
jet energy calibrations as E}escribed in Section 2.4.4.

Particle-flow and PUPPI J; are corrected for jet energy calibration (Type-I) according to
Equation 2.9, where the threshold on the corrected jet pr has been optimized to be 15
(20) GeV for PF (PUPPI) jets. Particle-flow candidates with || > 3 are not considered in

the Fp evaluation, since HF calibration is not commissioned for the analyzed data.

The identified muon pair is removed from the event before running the PUPPI algorithm. In
fact, since in the selected events muon candidates are required to originate from the leading
vertex, pileup particles close to them_‘will be interpreted by PUPPI as primary vertex like,
causing a slightly degradation of the J response and resolution in events with low boosted
Z-bosons, where the Ji’T measurement is dominated by pileup.

Figure 3.37 (left) shows a nice agreement between data and simulation for the invariant mass
distribution of the selected Z/v* — pp candidates, while, on the right, the comparison is
presented for the measured J; obtained from the PUPPI algorithm.
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Figure 3.37: (Left) Di-lepton invariant mass distributions for events surviving the Z/v* — uu selections

in both data and simulation. (Right) Comparison between data and MC of the measured PUPPI Fy in
a Z/v* — up enriched phase space.

Using the di-muon transverse momentum as reference object pp(Z), the hadronic recoil p
is defined as the vector sum of the transverse momentum of all the particles in the event,
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except the vector boson candidate. The hadronic recoil is then projected with respect to the
pr(Z) axis, yielding a parallel (u)|) and a perpendicular (u ) component. These kinematic
definitions and related projections are displayed in Figure 3.38.
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Figure 3.38: Illustration of Z/y* — ¢£ event kinematics in the transverse plane. The vector @ denotes
the vectorial sum of the transverse momentum of the all particles reconstructed in the event except for
the two leptons produced by the Z-boson decay.

Figure 3.39 (left) shows a comparison between data and simulation for the u distribution,
computed starting from the PUPPI recoil. It is expected to be centered at zero and sym-
metric since it arises mainly from pileup and random detector effects. At the same time,
the |pr|(Z) + )| distribution is reported in Figure 3.39 (right), which is also expected to be
centered around zero but particularly sensitive to the jet energy scale.
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Figure 3.39: Distributions of uy (left) and [p7|(Z) + w) (right) for the PUPPI recoil in the selected
Z/v* — pp events for both data and simulation.

3.4.2.1 j}z‘T performance in simulated Z/v* — uu events

Particle-flow E‘T performances are compared to PUPPI ones on the basis of Z/v* — ¢ simu-
lﬁted events, which include the small contamination from leptonically decaying 7-leptons. The
Er response, defined as -(u) /pr(Z) as a function of pr(Z), is shown in Figure 3.40 (left) for
both raw and Type-I corrected missing transverse energy. Type-I corrected recoils show a
stable plateau around 85% for pp(Z) larger than 50 GeV, where the bias from unity originates
from exploiting only particles reconstructed within |n| < 3 in the missing energy estimation.
In contrast, raw PUPPI response show a much larger bias than PF one. Below 50 GeV, the
uncorrected unclustered energy contribution, due to particles not contained within jets, starts



88 3 Identification of highly boosted hadronically decaying vector bosons

to be significant compared to the one from recoiling jets, leading to an underestimation of
the response. The bias in the low boosted region is much larger for PUPPI than PF, which is
probably too aggressive in removing soft and isolated neutral particles produced by the parton
s_}}ower. Furthermore, the larger bias is also related to a higher pr threshold adopted for PUPPI
FEp Type-1 correction, which is motivated by a not well tuned set of corrections for low pr
PUPPI jets. At the same time, Figure 3.40 (right) reports the E‘T response as a function of the
number of reconstructed vertices for events with pp(Z) > 50 GeV, where either PF or PUPPI
show a stable performance.
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Figure 3.40: Response curves as a function of pp(Z) (left) and Npy (right) for both PF and PUPPI ET
in simulated events where a Z-boson decays into a muon pair.

The transverse resolution in bins of p7(Z) (left) and Npy (right) is shown in Figure 3.41, which
is estimated as the width of Gaussian fits to the u  distribution. The perpendicular resolution
(01 ) slightly increases as a function of pp(Z), which is much more evident for PUPPI than PF

-

Fr. PUPPI provides an important gain in resolution, from 40% to 20% when pr(Z) ranges
between 40-200 GeV. In addition, PUPPI provides an almost stable performance as a function
of pileup, while PF perpendicular resolution degrades by 40% moving from 6 to 24 additional
pileup interactions, considering only events lying on the response plateau (pr(Z) > 50 GeV).
The degradation in the resolution after applying the Type-I correction is correlated to the
increase in the E)T response.

Eventually, Figure 3.42 shows the same trends for the resolution of the longitudinal recoil
component (u|). Also in this case, PUPPI is better performing than the standard particle-flow
measurement especially for events with a low boosted Z-boson candidate. Then, PUPPI per-
formance approches asymptotically the PF one since the resolution becomes dominated by the
one of the hard recoiling jets. Finally, PUPPI u resolution shows a stable performances as a
function of pileup, while PF one degrades by 30% when Npy ranges from 5 to 25.

3.4.2.2 PUPPI ET performance in data

As already shown in Figure 3.37 and Figure 3.39, a good agreement between data and simula-
tion for PUPPI Fp, in terms of both shape and absolute normalization, is observed, although
the comparison for pp(Z) > 100 GeV is limited by statistics. Background contamination is
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Figure 3.41: Resolution on the perpendicular recoil component (u ] ) as a function of pr(Z) (left) and the
number of primary vertex (right) for simulated events where a Z-boson decays into a muon pair. The
lower frame shows the ratio of alternative recoil resolutions with respect to the PF Type-I estimate.
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Figure 3.42: Resolution on the longitudinal recoil component (u|) as a function of pr(Z) (left) and the
number of primary vertex (right) for simulated events where a Z-boson decays into a muon pair. The
lower frame shows the ratio of alternative recoil resolutions with respect to the PF Type-I estimate.

expected to be small except for events belonging to the upper tail of the ]@T distribution, as
reported in Figure 3.38. Figure 3.43 shows a comparison between data and MC for both PF
and PUPPI missing transverse energy, which proves how the PUPPI algorithm is able to reduce
the measured J; consistently between data and simulation, even for events in the tail.

Moreover, Figure 3.44 shows the pileup dependance of PF and PUPPI transverse recoil reso-
lution for events in which the selected Z;boson pr is larger than 50 GeV. In this case, the
resolution is corrected for the non unity J response in each Npy bin, to recover the correct
recoil energy scale. A nice agreement is visible between data and simulation for both PF and
PUPPI quantities and, as already proved by simulation only studies, PUPPI is able to mitigate
at best pileup effects yielding to a stable performance as a function of pileup. Eventually,
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Figure 3.43: J; distributions as obtained in data and simulation through the PF and the PUPPI algo-
rithms. On the left, distributions are reported in linear scale, while, on the right, in logarithmic one
to better compare tail events.

PUPPI [, will represent an important tool for the next Run-II collisions, where the instanta-
neous luminosity is going to increase providing an average of 30-40 in-time pileup interactions
per bunch crossing.
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Figure 3.44: Comparison between data and simulation for the measured perpendicular u, recoil and its
resolution, obtained from both PF and PUPPI, as a function of the number of primary vertexes in the
selected Z~v* — pp events. The lower frame shows the performance of the different methods relative
to the PF recoil resolution as extracted from simulated events.



CHAPTER 4

Search for exotic particles decaying into
semi-leptonic V-boson pairs

In this Chapter, a search for new resonances decaying into pairs of vector bosons (WW, WZ,
Z7) are presented, in final states where one of the two V-boson decays leptonically, while
the other one goes into hadrons. Results are based on the data recorded in pp collisions
at /s = 8 TeV by the CMS experiment [138], corresponding to an integrated luminosity
of 19.7 fb~!. In many theoretical extensions of the SM, the spontaneous breaking of the
electroweak symmetry is associated with a new strong dynamic appearing at the TeV scale,
which predicts the presence of new heavy resonances coupled with massive vector bosons. As
described in Section 1.5, the production of Kaluza-Klein (KK) excitations of spin-2 bosons,
in particular Randall-Sundrum and Bulk gravitons, decaying into vector boson pairs can be
sizable and detected at hadron colliders.

The final states considered in this study are either fvqq’ or £7¢~ qq, resulting in events with a
charged lepton, a neutrino and a single boosted V-jet (fv+V-jet channel) or two same flavor
opposite charged leptons and a single V-jet (£/+V-jet channel). In particular, the search is
limited to final states where £ = p or e, implicitly including the cases where W — 71v or
Z — 77 and the 7-lepton is then decaying leptonically (7 — fvv).

Even if my work was focused on the single lepton channel, the £/+V-jet analysis is also
reported since I participated to the £¢+V-jet/lv+V-jet combination, to part of the software
development and for a better description of the physics context.

Only the gluon fusion production has been considered, since its predicted cross section is about
ten times larger than the VBF one, as shown in Figure 1.9. Figure 4.1 shows two Feynman
diagrams related to the gluon fusion production and decay of a generic resonance (X). The
analysis is optimized for resonances decaying into WW and ZZ pairs, although the requirement
on the pruned jet mass and the V-jet mass resolution brings it to be also sensitive to charged
resonances decaying into WZ pairs.

In Section 4.1, an overview of the simulated samples, datasets and triggers used in the analysis
is presented. Then, Section 4.2 provides a description of the object reconstruction and the
event selection, while Section 4.3 is dedicated to signal modeling. Section 4.4 and Section 4.5
describe, respectively, the background estimation and the determination of the systematic
uncertainties considered in the ultimate statistical interpretation.
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Eventually, the result of a search for Bulk gravitons and its model independent re-interpretaion
are presented in Section 4.6. In the former case, these semi-leptonic analyses are combined
with limits derived in a companion CMS search for resonances decaying in the fully hadronic
channel [123].

g 1 g =

g 7 g 7

Figure 4.1: Two Feynman diagrams for the production of a generic resonance X decaying into the final
states considered in this study: (left) fv+V-jet channel, (right) ¢¢+V-jet one.

4.1 Simulated samples, datasets and triggers

The RS1 and Bulk graviton models are used as benchmark signal processes, with the graviton
forced to decay into WW or ZZ pairs. In the former case, vector bosons are produced with a
transverse polarization (V) in more than 90% of cases, while in the latter mostly a longitu-
dinal one. The considered mass hypotheses lie in the range between 600 and 2500 GeV.
Bulk gravitons are generated with JHUGen 3. 1.8 interfaced with Pythia 6, while the RS1 model
is fully simulated via Pythia 6 or with MadgGraph interfaced with Pythia 6. Figure 4.2 shows
the pp — Gpur — WW(ZZ) — (v(€l) + qq' cross section, calculated at LO with CalcHEP
3.4.1 [139], as a function of the graviton mass and for k = (0.2,1).

A summary of the different signal samples considered in the analysis is listed in Table 4.1.

Model ‘ Generator ‘ k=k/my ‘ mg (TeV) ‘ I'c/mg (%)
Bulk JHUGen 0.2,0.5 0.6-2.5 TeV in steps of 0.1 TeV | I'c < 1 < 0exp
Bulk JHUGen 0.2,0.5 (1, 1.5, 2.1] TeV [5, 15, 30]%
RS1 Pythia6 0.05 [0.75, 1, 1.25, 1.5, 1.75, 2] TeV | T < 1 < Gexp
RS1 MadGraph 0.2 [0.6, 1, 1.5] TeV e €1 <K 0exp

Table 4.1: List of signal samples used in the analysis, for both Bulk and RS1 scenarios, as a function
of graviton mass, k and resonance width. Events have been generated for both semi-leptonic WW and
Z7 final states, taking into account vector boson decays into the three possible lepton flavors (e,u,7).

The adopted background samples are already listed in Section 3.2.1. In the fv+V-jet anal-
ysis, the largest background contribution is represented by a leptonically decaying W-boson
produced in association with jets (W+jets), while for the £/4V-jet channel the largest one
corresponds to Drell-Yan (DY+jets) pairs produced in association with jets.

The 19.7 fb—! data used in the analysis are obtained from the event reconstruction performed
after the end of Run-I data taking.

In the fv+V-jet channel, signal candidates are selected online with a trigger requiring either
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Figure 4.2: The cross-sections for the pp — Gy — WW(ZZ) — Lv(£€)+qq’ process at a centre-of-mass
energy of 8 TeV calculated by CalcHEP at LO.

one muon or one electron, without any isolation requirements and applying a loose identifica-
tion criterion. The transverse momentum, measured online, must be larger than 40 GeV for
muons, while the minimum transverse energy threshold is 80 GeV for electrons. These triggers
have been designed to be fully efficient for BSM resonance searches with mass above 1 TeV. The
trigger selection is not applied on simulated events, thus its efficiency, evaluated with respect
to the offline lepton selection criteria, is estimated from data with a tag-and-probe technique
on Z — pp and Z — ee candidates, as described in [140]. Simulated events are corrected
accordingly using the measured trigger efficiency as an event weight. Single-muon trigger ef-
ficiency varies from 82% to 94% as a function of 1, while the efficiency for the single-electron
one is above 98%.

In the ¢/+V-jet channel, events are selected online with a trigger requiring either two muons
or two electromagnetic energy deposits (ECAL super-clusters), applying a loose identification
criteria in both cases. No lepton isolation requirements are applied at the trigger level. The
pr thresholds are 22 GeV for the leading muon and 8 GeV for the trailing one, while the trans-
verse energy threshold for the ECAL clusters is set at 33 GeV. The efficiency of the double-muon
trigger varies between 80% and 98%, as a function of 7, while the double-electron one is above
99% [141] over the whole (pr,n) spectrum.

4.2 Event selection and reconstruction

All the events, selected by the chosen online triggers, are required to have at least one primary
vertex reconstructed within a 24 cm window, with respect to the estimated interaction point,
along the beam axis (dz) and with a transverse distance of less than 2cm (dp). In addition,
each fitted vertex is required to have a number of degrees of freedom larger than four [71]. If
more than one reconstructed vertex is surviving these requirements, the primary interaction
vertex is selected to be the one with highest > pgp, summing over all its associated tracks.
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The selected simulated events are re-weighted to represent the pileup distribution as measured
in the data. Different strategies for lepton selection and identification are applied in the WW
and ZZ channels:

e /v + V-jet channel: muons are identified by means of the high-pr selection, while for
electrons the HEEP selection is considered, as already described in Section 3.2.2. Fur-
thermore, a veto on additional leptons is also required to reduce the contamination from
DY+jets events.

e /0 + V-jet channel: when a resonance with a large mass decays into Z-boson pairs, the
two charged leptons produced in the decay are highly collimated because of the Lorentz
boost, with a consequent small angular separation (AR).

The same selection criteria adopted for the fv 4 V-jet channel are also used to identify
lepton pairs in the ZZ one, except for muons. In this case, one of them is required to
be reconstructed by the global algorithm, while, on the other leg, a looser selection is
applied requiring only a muon track.

In addition, since lepton reconstruction and identification at high py are optimized for
the case of well separated leptons, a loss of efficiency is observed when two muons or two
electrons are close to each other, due to a mutual overlap inside the same isolation cones.
For this reason, the contribution from any other muon or electron candidate inside it
has to be excluded, to retain high selection efficiency also in the boosted configuration.
Figure 4.3 (left) shows the relative isolation distribution with and without the lepton
veto inside the isolation cone.

Events with at least two opposite charged muons with |n| < 2.4 and pr > 40 (20) GeV
are considered to define the muon channel, while events with two opposite charged
electrons with pr > 40 GeV and |n| < 2.5 are selected in the electron one. Figure 4.3
(right) shows the ultimate di-muon selection efficiency as a function of the Z-boson pr
for different leading muon 7 bins.

Jets used to identify the hadronically decaying W and Z-bosons are clustered using the
Cambridge-Aachen algorithm, with a distance parameter R = 0.8, following the outcome
of the V-jet tagging studies described in Chapter 3.

To identify b-jets in order to to reduce the ¢t background in the fv + V-jet channel, anti-k;
jets, clustered with a distance parameter R = (.5, are considered and the combined secondary
vertex b-tagging algorithm is applied. The ratio between b-tagging efficiencies measured in
data and in simulated events is used as a scale factor to correct the simulation prediction. Ded-
icated jet energy corrections are applied to both AK5 and CA8 jets, where additional quality
criteria are used to remove spurious jet-like features originating from isolated noise patterns in
the calorimeters or in the tracker system. The efficiency of these requirements for real prompt
jets is above 99%. Furthermore, the CA8 (AK5) jets are required to be separated from any
identified electron or muon by AR > 0.8(0.3).

The missing transverse energy [, modified to account for AK5 jet calibration (Type-I cor-
rection) and corrected for the observed ¢-modulation as described in Section 2.4.5, is required
to be larger than 40 (80) GeV for the muon (electron) channel in the fv+V-jet analysis, while
no selections are applied in the ¢/4V-jet one.
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Figure 4.3: (Left) Isolation variables for muons identified in simulated signal events (Bulk Graviton
with mg = 1.5 TeV): (black) standard track-based isolation, (blue) PF isolation with pileup correction,
as defined in Equation 3.9, and (red) tracker based isolation, modified removing additional leptons
inside the isolation cone. (Right) Selection efficiency obtained requiring one global and one tracker
high-pr muons as function of Z-boson pr and for different intervals of leading muon 7.

4.2.1 W— fv and Z— ¢£ reconstruction and identification

In the fv+V-jet channel, the identified electron or muon is associated with the lepton produced
by the W-boson decay (W — fv). The transverse momentum of the undetected neutrino is
therefore assumed to be equal to the missing energy Fp. The longitudinal component of
the neutrino four-momentum (p%) is obtained by constraining the lepton-neutrino invariant
mass to be equal to the known W-boson one [142], which leads to the following second order
equation:

mi +m}, +2- (BB, — pipl — pyply — pept) = miy = (80.4)* GeV? (4.1)

In case of two real solutions for p7, the one with the smaller absolute value is chosen, while
if there are two complex solutions, only the real part is considered. The same procedure is
also applied for W — 7v candidates, where the 7-lepton decays to one electron or muon and
two neutrinos. In this case, the Jp represents the transverse momentum of the three-neutrino
System.

In the £¢4-V-jet channel, the leptonic Z-boson candidate is reconstructed by combining two
opposite charged lepton candidates, and the invariant mass of the di-lepton system is required
to be consistent with the Z-boson one, in the range between 70 and 110 GeV. This allows for
a significant reduction of Drell-Yan and top-quark backgrounds, at the cost of suppressing
the small signal contribution from Z — 77 — (fvv)(fvv).

4.2.2 W— qq and Z— qq identification using substructure

In X — WW events, the boost factor « of the W-boson is approximately given by mx /2myy [143].
A large boost factor implies that the decay products will be predominantly emitted with a
small angular distance AR &~ 2my /p¥, which means that for resonances with mass greater
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than 1 TeV the boosted topology is by far the dominant one. The hadronic W or Z-boson
candidate is therefore reconstructed as a single massive CA8 jet and substructure techniques,
described in detail in Chapter 3, are adopted to identify and select the hadronically decaying
boosted V-jets.

4.2.3 Final event categorization

After reconstructing the two vector bosons, in the fv+V-jet (¢/+V-jet) channel both leptonic
and hadronic V-boson candidates must have a py larger than 200 (80) GeV. Higher thresholds
are used in the fv+V-jet case because of the larger online single-lepton trigger thresholds, as
well as the larger multi-jet background contamination in the low boosted regime.

In contrast, the looser selections adopted in the £/+V-jet channel allow to access to lower
masses, even if the acceptance of the boosted category is not optimal for low boosted Z-jets.
Thus, the minimum requirement on myy is equal to 700 (500) GeV for the fv+V-jet (£0+V-
jet) channel.

To further reduce the presence of the semi-leptonic ¢t background in the fv+V-jet final state,
events are rejected if there is at least one b-tagged AK5 jet with pp > 30 GeV, using a working
point tuned to provide a mis-identification rate of light-quark and gluon jets of 1% and a
b-jet efficiency of about 70%, preserving about 90% of signal events. To enhance the analysis
sensitivity, two V-jet categories are defined:

e High-purity category (HP): 65 < mg‘iuned < 105 GeV (70 < mgruned < 110 GeV) and
7’2/7’1 < 0.5;

o Low-purity category (LP): 65 < mZ 4 < 105 GeV (70 < mZ 4 < 110 GeV) and
0.5 < TQ/Tl < 0.75.

Even if the HP category dominates the total sensitivity of the analysis, the LP is retained to
recover signal events produced by the decay of large mass resonances, that are not accepted by
the standard W-tagging selection due to reconstruction limitation in resolving jet substructure
at high pp, as already investigated in Section 3.2.4.

Eventually, the event categorization is based on four classes of events, depending on the
lepton flavor (u or e) and V-jet purity (HP and LP). The transverse momentum and the
N-subjettiness 7o/71 distributions for the hadronic W (Z) boson candidate in the fv+V-jet
(£0+V-jet) channel is shown in Figure 4.4 (Figure 4.5), after requiring 65 < mprunea < 105 GeV
(70 < Mprunea < 110 GeV). The 75/7; distribution shows some disagreement between data and
simulation, consistently with what reported in Section 3.2.7. Finally, a summary of the final
kinematic and jet substructure selection criteria used in the fv+V-jet and ¢¢+V-jet channels
are presented in Table 4.2 and Table 4.3, respectively.

4.3 Signal modeling

Bulk graviton events, generated with k= (0.2,0.5) for several mass hypotheses, are used
for modeling the lineshape of the reconstructed di-boson invariant mass distribution (myv).
Figure 4.6 shows the width of the signal lineshape, as predicted in both Bulk and RS1 models,
as a function of the curvature parameter (l;:) and different mass hypotheses.

For cases in which k& < 0.5, the relative width of the Bulk graviton resonance (I'g/mg) is
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Figure 4.4: Hadronic W-boson pr and N-subjettiness ratio 7o /71 distributions obtained requiring 65 <
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the data sample. The W+jets background is rescaled so that the total number of background events
matches the number of events in data.
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Figure 4.5: Hadronic Z-boson pr and N-subjettiness ratio 72 /71 distributions obtained requiring 70 <
Mpruned < 110 GeV after merging muon and electron channels in the £¢+V-jet. The di-boson and tt
backgrounds are taken from simulation and are normalized to the integrated luminosity of the data
sample. The DY+jets background is rescaled so that the total number of background events matches
the number of events in data.

small enough, below 1%, to be neglected when compared to the detector resolution over the
whole explored mass range, from 0.6 to 2.5 TeV, making the analysis a search for narrow
width resonances along the di-boson invariant mass spectrum. Thus, the modeling of detector
effects on the signal lineshape results to be independent from the benchmark k value used for
generating the events.
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Selection

Value

Comments

Tight Lepton selection

Muon pr and n
Electron pr and n

pr > 50 GeV, |n| < 2.1
pr > 90 GeV, |njsc < 2.5

avoiding ECAL gap

Loose Lepton selection

Electron pr

Muon pr

pr > 35 GeV
pr > 20 GeV

CA8 jet selections

Jet pr and 7

pr >80 GeV, |n| < 2.4

hadronic W-boson

AK5 jet selections

Jet pr and 7 pr > 30 GeV, |n| < 2.4 used for b-veto
Fr selections
FEr (electron ch.) Er > 80 GeV
F1 (muon ch.) Er > 40 GeV
V-Boson selections
Leptonic W pr pr > 200 GeV
Hadronic W pr pr > 200 GeV

Di-boson invariant mass

Back-to-back topology

mww > 700 GeV

AR, Whaa) > 7/2 , A¢p(Whaa, Br) > 2

A¢(Whad7 VVlep) > 2

Veto

Number of additional leptons

Number of b-tag jets

CVS epjer = T0%

W-jet selections

Mpruned
N-subjettiness ratio (high purity)

N-subjettiness ratio (low purity)

65 < Mpruned < 105 GeV
’7'2/7'1 < 0.50
0.50 <7/ < 0.75

Table 4.2: Kinematic selections used in frv+V-jet analysis for the final event classification.

The final analysis strategy relies on an unbinned fit of the signal and background models to
the reconstructed di-boson invariant mass spectrum, where both the discovery potential and
the exclusion power depend on an accurate description of the signal shape.

Since an analytic description of the signal shape provides a much easier access to lineshapes
for mass hypotheses not directly covered by the simulation, a double-sided Crystal-Ball (CB)
function' is adopted to parametrize the CMS detector resolution. In contrast, simulated signal
binned templates are less suitable to achieve this goal, since the small number of available
simulated samples necessitates long mass range interpolation between different templates. To
take into account differences between muon and electron momentum resolutions, the signal
invariant mass distribution is parametrized separately in the two lepton flavor categories. No
appreciable differences have been observed in the my signal shape between low and high
purity categories.

The typical width of the Gaussian core is about 3-5% of the nominal mass in the £/+V-

!A double-sided Crystal-Ball (CB) function is given by a Gaussian core with power law tails on both
sides [144].
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Selection Value Comments

Lepton selections

Leading lepton pr pr > 40 GeV for both p and e.
Subleading lepton pp pr > 40(20) GeV for p (e).
Electron 7 In| < 2.5 avoid the ECAL gap.
Muon 7 In| < 2.4
Jet selections
Jet pr and n pr > 30 GeV, |n| < 24
Veto
Number of additional leptons 0
V-Boson selections
My 70 < myp < 110 GeV
Leptonic Z-boson pr pr > 80 GeV
Hadronic Z-boson pr pr > 80 GeV
Di-boson mass myy, mzz > 500 GeV

Z-jet selections

Mpruned 70 < Mpruned < 110 GeV
N-subjettiness ratio (high purity) To/T1 < 0.50
N-subjettiness ratio (low purity) 0.50 < 12/71 < 0.75

Table 4.3: Kinematic selections used in £/4V-jet analysis for the final event classification.

jet channel, dominated by CA8 jet energy resolution, while it is at the level of 4-6% in the
lv+V-jet one, dominated by both jet and £ contributions. Figure 4.7 shows two examples
for the fitted lineshapes through a double-sided Crystal-Ball for Bulk gravitons with mass
mg = 1.5 TeV in the HP muon (left) and electron channel (right) in the fv+V-jet analysis.
The signal selection efficiency, evaluated for each category, is defined as the number of selected
signal events over the number of generated ones, taking into account all the possible lepton
flavours (e, p and 7). The efficiency trend as a function of the mass hypothesis is parametrized
with a continuous polynomial function, to obtain an analytic interpolation between mass points
in each flavor and purity category. The dependence reflects the W-tagging efficiency shape
already shown in Figure 3.10. In fact, considering the selection efficiency in the HP category, it
reaches a global maximum close to 20% for mg around 1.2 TeV in both fv+V-jet (£4+V-jet)
and muon (electron) cases. A turn-on is placed at lower masses due to an inefficiency in
the merged jet reconstruction for low boosted V-boson, while it drops at high masses due to
W-tagging efficiency loss for high pr V-jets.

4.4 Background estimation

After the full selection, summarized in Table 4.2 for the fv+V-jet channel and in Table 4.3 for
the £/+V-jet one, the dominant background comes from SM V+jets events as shown in Fig-
ure 4.4 and Figure 4.5. Since both normalization and shape discrepancies are visibile between
data and simulation, a data driven method has been developed to estimate this background
component. Other minor sources, such as tt, single-top and di-boson production, are estimated
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Figure 4.6: (Left) Intrinsic width of gravitons as a function of the coupling constant k and for various
mass hypotheses for both RS1 and Bulk WED models. (Right) The same dependence is expressed as
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Figure 4.7: Modeling of the reconstructed signal shape with a double-sided Crystal Ball function for
Bulk gravitons in the fr+V-jet analysis: HP muon category (left), HP electron one (right). In both
cases, a Bulk graviton sample with a generated mass mg = 1.5 TeV is considered.

using simulated samples, after applying correction factors for residual data-to-simulation dis-
agreement measured in control samples selected in data.

The discrepancy observed between data and simulation in both the pruned jet mass and the
N-subjettiness 7o /71 could bias the signal efficiency estimated from the simulated samples. For
this reason, it is crucial to study this mis-modeling in a V-jet enriched control sample, similar
in kinematics to the event characteristics expected for a genuine signal. In this sample, cor-
rection factors for the signal efficiency and lineshape are calculated from a direct comparison
between data and simulation, as well as their systematic uncertainties. The adopted strategy
consists of selecting a sample of high-pr W-jets in boosted ¢t semi-leptonic events, applying
the same requirements described in Section 3.2.7.
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Figure 4.8 shows the N-subjettiness 72/71 (left) and the pruned jet mass distribution (right)
obtained applying 75 /71 < 0.5 selection. The only difference with respect to Figure 3.22 stands
in removing the AR selection between the W-jet and the closest b-jet.

CMS L=19.7fb" at (s =8 TeV CMS L=19.7fo" at (s =8 TeV
L A AA
r 7 700 -
sool. ¢ CMS Data (w) B F ¢ CMS Data (wv HP) ]
- Ot ] ool I t E
r [ Single t ] > r [ Single t 1
a 400~ [ W+Jets 7 O 500 [ W+Jets E
=) - Wwwz/zz 1 O r I Wwwz/zz ]
o [ 1 o ]
~ 300 HH — — 400[~ -
§2] L ¢ ] 2 r ]
S ] C 300 3
> 2001 - “>> r ]
w r ] W 200 3
100 4 - ]
[ ] 100~ —

: Pl I e i W |
0O 01 02 03 04 05 06 07 08 09 1 50 60 70 80 90 100 110 120 130
N-subjettiness ratio t,, Pruned jet mass [GeV]

Figure 4.8: Distributions from the semi-leptonic ¢t enriched control sample in the muon channel. (Left)
N-subjettiness ratio 7o/71, (right) pruned jet mass mprunea after requiring 72/m < 0.5. The distribu-
tions show some disagreement between data and simulation, in particular for events that are failing
the N-subjettiness requirement. The simulation is corrected for these discrepancies, ensuring that the
analysis is robust against differences between data and simulation, independently of their sources.

Since jet substructure observables depend on the parton shower model, in this case Pythia6
is considered as a benchmark, as it is adopted to generate signal simulated events. Specific
corrections for pure W-jets in this sample are derived from a simultaneous fit to the pruned jet
mass distribution, for events passing or failing mpruned and 72/71 requirements, as previously
detailed in Section 3.2.9. The ratio of the efficiency in data and simulation yields W-tagging
scale factors used to correct the total signal efficiency predicted by the simulation, measured to
be 0.93 + 0.06 (1.28 + 0.30) for the HP (LP) category, combining muon and electron channels.
Eventually, the W-jet mass peak and resolution, which are extracted from the same fit, are
used to correct the pruned jet mass shape in t¢, di-boson and signal simulated events in the
signal region phase space. The same corrections are adopted also in the case where the V-jet
is assumed to come from a Z-boson decay, since the kinematic properties of W and Z-jets are
similar and the agreement between data and simulation is expected to be equally good.

At the same time, from the comparison between data and simulation predicted yields, a nor-
malization correction factor for ¢f and single-top backgrounds is evaluated for events in the
pruned mass region 65 < Mpruned < 105 GeV. The measured scale factor is 0.97 £ 0.02
(0.96 £+ 0.03) in the muon (electron) channel for the HP category, while it is measured to be
1.31 £ 0.05 (1.39 =+ 0.08) in the LP one. These scale factors, including both the resonant and
the combinatorial contributions, are used directly to correct the normalization of the ¢t and
single-top simulated backgrounds in the analysis signal region, since data-to-MC differences,
introduced by the inversion of the b-tag selection when moving from the ¢¢ control sample
to the signal region, are taken into account by a re-weighting simulated events with proper
b-tagging scale factors [145].

To estimate the V+jets background from data, signal free mpruneq sideband regions are consid-
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ered. In the fv+V-jet channel, lower and upper sidebands are defined when the mpryneq ranges
within [40,65] GeV and [105,130] GeV, respectively. In the £/+V-jet case, the two regions are
defined when mpryned lies between [50,70] GeV or [110,130] GeV. The width of the mpruned
signal region, 20 GeV around the expected W-jet (Z-jet) pruned mass peak, allows to keep
the signal contamination inside the sideband regions below 3% over the whole graviton mass
hypothesis range, since it corresponds to roughly 2.5 times the W-jet (Z-jet) mass resolution
as measured in Section 3.2.9.

The normalization of the V4jets background inside the signal region is estimated from a
fit to the myruneq distribution, using only observed data in the lower and upper sidebands.
The analytical parametrization for the V+jets is chosen from a preliminary fit to pure sim-
ulated V+jets events, performed over the full mpyneqa range [40,130] GeV. In contrast, the
other backgrounds (t¢, di-boson and single-top) are estimated from simulation, after applying
both normalization and the pruned mass shape corrections previously described. As expected
the mpruned shapes are independent from the lepton flavor, but strongly dependent on the
N-subjettines category, the final state topology (fv+V-jet or £¢+V-jet channels) and on the
threshold applied on the reconstructed di-boson invariant mass (myv). A summary of the an-
alytical functions used to parametrize the mp,neq distribution are listed in Table 4.4, defined

as follows:
1+ Erf((x —a)/b
Famole) = o L B = 0
FExpGauS(l‘) = 7. Gaus(:x, X1, 0'1)
1+ Erf((x — b
FErfExp2Gaus(fL’) _ eCoT + br ((1’ a)/ ) +e- Gaus(:c,ml, 01) +cy - Gaus(:z:, x9, 0-2)

2

FyGaus() = ¢1 - Gaus(z, x1,01) + co - Gaus(z, x2, 02) + c3 - Gaus(x, x3, 03) + ¢4 - Gaus(z, x4, 04)

Channel myvy (TeV) Category V4jets tt single-top di-boson
&/—FV—jGt [07‘30] HP FErfExp FErfEprGaus FExpGaus F4Gaus
£V+V'j et [07'30] LP FErfExp FExpGaus FExpGaus FExpGauS
€€+V'jet [05'28] HP FErfEXp FExpGaus FEXpGaus F4Gaus
££+V‘jet [05‘28] LP FErfExp FExp FExpGaus FExpGaus

Table 4.4: Summary of the shapes used to fit the mpruned spectra of each background component taking
into account: myvy fit range, N-subjettines category and final state topology.

Figure 4.9 and Figure 4.10 show the result of this fit procedure for the fv+V-jet and £/+V-jet
analyses, respectively, while Table 4.5 and Table 4.6 report the predicted number of back-
ground events inside the pruned mass signal region, comparing them to data.

The mvv shape for the V+jets background inside the signal region is extracted from the low
mass Mpruned Sideband through an extrapolation function anic(myyv), which is derived from
V+jets simulated events as:

F h\AlajsseﬁS(mvv)

.
F M(t?]?(mVV)

(4.2)

anc (mvv) =
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Figure 4.9: Distributions of the pruned jet mass, mpruned, in the fv+V-jet analysis for the electron
channel, where the left (right) panel shows the HP (LP) category. The prediction of the non-resonant
W+jets background comes from a fit excluding the signal region (limited by vertical dashed lines), while
the minor background yields come from the simulation. The MC resonant shapes are corrected using
the differences between data and simulation in the W-jet peak position and resolution as measured in
a dedicated ¢t control region. At the bottom of each plot, the bin-by-bin fit residuals, (data-fit)/oqata,
are reported together with the uncertainty band of the fit normalized by oqata.
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Figure 4.10: Distributions of the pruned jet mass, mpruned, it the £+V-jet analysis for the di-electron
channel, where the left (right) panel shows the HP (LP) category. The prediction of the non-resonant
Z+jets background comes from a fit excluding the signal region (marked using vertical dashed lines),
while the minor background yields come from the simulation. The MC resonant shapes are corrected
using the differences between data and simulation in the Z-peak position and resolution as measured in
a dedicated tt control region. At the bottom of each plot, the bin-by-bin fit residuals, (data-fit)/oqata,
are reported together with the uncertainty band of the fit normalized by oqata-
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pv + V-jet HP pv + V-jet LP  ev + V-jet HP  ev + V-jet LP

Observed yield 1483 1546 892 988
Expected background 1434 + 38 1644 £+ 41 878 + 30 978 + 31
Craviton (k = 0.5) Signal expectation (MC)
mg = 0.8 TeV 12.8 5.1 10.1 3.9
mg = 1.2 TeV 0.92 0.43 0.79 0.37

Table 4.5: Observed and expected yields for the /v+V-jet analysis, quoted in the range 0.7 < mww <
3 TeV. The expected W+jets background is obtained from the sideband procedure. The uncertainties
in the background prediction are statistical in nature, as they mainly depend on the selected number
of events in the sidebands. Statistical uncertainties in the signal expectations are negligible.

pp+ V-jet HP pp + V-jet LP ee + V-jet HP  ee + V-jet LP

Observed yield 575 338 360 233
Expected background 622 + 29 338 + 22 370 £+ 22 207 £ 17
Graviton (k = 0.5) Signal expectation (MC)
mg = 0.8 TeV 2.4 0.5 2.0 0.4
mg = 1.2 TeV 0.16 0.04 0.14 0.035

Table 4.6: Observed and expected yields for the £/+V-jet analysis, quoted in the range 0.5 < myzz <
2.8 TeV. The expected Z+jets background is obtained from the sideband procedure. The uncertainties
in the background prediction are statistical in nature, as they mainly depend on the selected number
of events in the sidebands. Statistical uncertainties in the signal expectations are negligible.

where Fl\\/[/ér jseés(mvv) and Fl\\/fg jgf(mvv) are the probability density functions which parametrize
the simulated di-boson invariant mass spectra in the low mass sideband region and in the sig-
nal one, respectively.

The high mprunea sideband is not considered to exclude possible contamination from BSM res-
onances decaying into a V-boson and a SM Higgs boson, as well as it suffers from a larger
tt contamination. This contribution from X — AV resonances, in which the Higgs boson is
reconstructed as a single jet in the CMS detector (b — bb or h — WW* — 4q) and the V-
boson decays leptonically, would populate the high mass sideband region of both the fv+V-jet
(Mpruned in 105-130 GeV) and the £/4+V-jet (Mprunea in 110-130 GeV) analyses.

Since the lower sideband region does not represent a perfectly pure sample of V-+jets events
in data, the presence of minor backgrounds is subtracted from the observed my~ distribution
relying on the simulation prediction, to obtain an estimation of the V+jets shape in the side-

band control region Fg;{iﬁg%(mvv). Finally, the shape of the V+jets background distribution
in the signal region is obtained by rescaling F&Eg;(mvv) with ayc(myy). The ultimate

background prediction into the signal region, Ngﬁg (myv), is given by:

bk j '
NG (mvv) = Ngg 7 x ange(myv) x FRa (mv) + >0 NE < Bl ar(myy)  (4.3)
P

where k£ runs over the non V+jets background contributions, Ns\grje‘cs and N¥, represent the
yields of the dominant V+jets and of the other minor sources estimated inside the analysis
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signal region, respectively. The ratio ayc(myy) accounts for small kinematic differences
between the signal region and the sideband one, which are mostly independent from the
cross section prediction. The sample produced via Herwig++ has been used to determine this
sideband-to-signal region correlation function, since it is known to better describe the pruned
mass than Pythia6, as shown in Figure 3.16.

4.4.1 Validation of V+jets background extraction

To maximize the stability and the performance of the analysis results, minimizing possible
sources of bias in the signal estimation along the explored my~ spectrum, different tests have
been performed:

e The myy range adopted in the fit determines the region of masses probed by these
searches. This range is chosen to ensure a smoothly falling background spectrum, suffi-
ciently far from the kinematic turn-on generated by the acceptance selections, allowing
for a good stability and a robust control of the background estimation. For the fv+V-jet
analysis, the fits are performed in the range 0.7 < myy < 3 TeV, while in the £/+V-
jet channel the ranges for the HP and LP categories are 0.5 < myy < 2.8 TeV and
0.65 < myy < 2.8 TeV, respectively.

e To parametrize this smoothly falling background distribution, a generic exponential
function, called leveled-exponential parametrization, is adopted:

(4.4)

flmvw) = N xexp ( vy )

a+b-myy+c-miy

For each analysis category, considering both data in the low sideband region and V+jets
simulated events in the signal one, a set of unbinned fits is performed using alternative
class of functions with an increasing number of degrees of freedom (dof). To estimate
how many parameters are needed to properly describe this background, a F-test has
been performed [146]. In particular, taking two alternative models with different dof
belonging to the same class of functions (exponential, polynomials or power laws), the
model with more parameters will be able to fit the data better than the alternative
one, but it is not guaranteed that the improvement is significant. Considering, as a null
hypothesis (hg), that the model with less parameters is enough to correctly describe the
data, the following test statistics is used for testing against the null hypothesis:

(>i(data; — fit(ho)i )* — >2,;( data; — fit(hy); )*)/(n(h1) — n(hg))
>_i( data; — fit(ho)i )?/(N —n(h1))

Assuming that F'(hy, ho) follows asymptotically a Fisher distribution with (n(h1)-n(hg),N-
n(hy)) degrees of freedom, an confidence level is computed as:

F(hi,ho) =

(4.5)

F(h1,ho)
CL(ho, hl) =1- / Fisher(nl — no, N — nl) (46)
—00
where the null hypothesis is rejected when the observed confidence level is smaller than
0.05. Results show that a leveled-exponential function with two parameters represents
the best compromise for all the categories. This test is also applied to study the shapes of
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minor backgrounds, relying only on simulated events. Eventually, V+jets and di-boson
events are parametrized through a leveled exponential with two parameters, while single-
top and tf with a simple exponential shape.

e To test the validity and the robustness of the data driven method for the V+jets, clo-

sure tests are performed extracting this background from a sideband inside a signal free
control region, where the compatibility in both shape and normalization with data can
be measured. The first test is performed dividing the low mass sideband into two parts:
40 < Mpruned < 55 GeV is used as sideband (4), while 55 < Mmpruned < 65 GeV is consid-
ered as a signal region (B), so that the W+jets rate is predicted fitting data in (A) and
extrapolating the fit result inside (B) through a proper ayic(myv) function. In contrast,
the same test is performed extrapolating W+jets events from the low mass sideband
into a sub-region of the upper one, defined by 105 < mpruned < 115 GeV (C).
Figure 4.11 (left) shows the pruned jet mass fit to data using only uv-+W-jets HP events
inside the region (A) and the upper sideband (US), indicated by solid colors, to extract
the W-jets prediction inside the region (B). At the same time, Figure 4.11 (right) shows
the fit obtained when only events in the low mass sideband (LS) and in the region
115 < Mpruned < 130 GeV (D) are considered.
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Figure 4.11: Fit to the pruned mass distribution inside the pr+V-jet channel considering only events
in data with pruned mass between 40-55 GeV (A) or 105-130 GeV (US) on the left, while pruned mass
within 40-65 GeV (LS) or 115-130 GeV (D) on the right.

Figure 4.12 (left) shows the anc(mww) function obtained from a simultaneous fit of
W+jets simulated events in the sideband (A) and in the region (B), using the leveled-
exponential parametrization defined in Equation 4.4. Figure 4.12 (right) shows the
mww distribution for events in data with 40 < Mmprmed < 55 GeV (region A) in the
ev+V-jet HP category, where the Wjets shape is parametrized again according to a
leveled-exponential function.

Finally, Figure 4.13 shows a comparison between the predicted total background, ob-
tained through Equation 4.3, with the data inside the signal free region B (left) and C
(right). Looking at the bin-by-bin fit residuals, (data-fit)/oqata, & good agreement is
found over the whole mvv range for both the extrapolations. The test is repeated in
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all the different analysis categories showing always consistency between the predicted
background and the one observed in data. Thus, the test closes validating the proposed
strategy for the V+4jets background estimation.

e The effect of using alternative functional forms for the background extraction has been
investigated. No significant biases are measured on the predicted number of background
events when different parametrizations, leveled-exponential or power laws, are adopted.
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Figure 4.12: (Left) The extrapolation functions apnc(mww) obtained by simultaneously fitting the
simulated myy distributions inside the sideband (A) and signal region (B). (Right) Di-boson invariant
mass distribution mww for events with 40 < mprunea < 55 GeV (4). The W+jets shape is fitted, after
subtracting contaminations from minor backgrounds, by means of a leveled-exponential function.
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Figure 4.13: Distributions in mww for data and the expected backgrounds in the ev+V-jet (HP) category
inside the pruned mass region defined by 55 < Mmprunea < 65 GeV (left) and 105 < Mpruned < 115 GeV
(right). The W+jets background shape has been extracted using events within 40 < mpruned < 55 GeV
in the former, while adopting the entire low mas sideband in the latter.
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4.4.2 V+jets background extraction

Figure 4.14 shows the ayc(myv) obtained in the HP and LP category in the prv+V-jet channel.
The blue and the red dashed dotted lines are the fits to the myy distribution in the signal
and in the low-mass sideband region, performed using the two parameters leveled-exponential
function. These two samples are simultaneously fitted and, to account for any correlation
between them, the parameters used to model the signal region shape are correlated with the
sideband ones. The obtained extrapolation funcrion ayic(myy) is shown as a solide black
line, while the dark (light) shaded region corresponds to the 1o (20) uncertainty bands of
the fit. The structure of the uncertainty band is related to the function used to model the
myv spectrum and it represents only the shape uncertainty of the function, since additional
normalization uncertainties are not displayed.

In Figure 4.15, the fit result to the data in the mpuneq low-mass sideband is shown for the
HP (left) and LP (right) urv+V-jet category. Results of the final background extraction in the
signal region will be presented in Section 4.6.
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Figure 4.14: The extrapolation function ayic(myy) from the low mass sideband to the signal region is
shown for high (left) and low (right) purity ur+V-jet category. The grey area displays the statistical
uncertainty band of the fit parameters, while systematic effects related to parton shower and fit function
models are indicated by a dashed purple and a dashed yellow line, respectively. The shape uncertainty
becomes close to zero around 2 TeV as a consequence that anc(myy) is a probability density function.
In fact, the extremes of the envelope have to cross each other to conserve the total probability.

4.5 Systematic uncertainties
Systematic uncertainties are described here separately for signal and background predictions.

4.5.1 Systematic uncertainties on the background estimation

Uncertainties in the estimation of the background affect both the normalization and shape
of the myvy distribution. The uncertainty on the V+jets background normalization is mainly
statistical in nature, related to the uncertainties on the parameters extracted from the pruned
jet mass sideband fit. This strongly depends on the amount of data in the pruned mass
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Figure 4.15: The fits to estimate Fyata,sB(myv) for both high (left) and low (rigth) purity categories in
the pv+V-jet channel. Minor backgrounds (¢, di-boson and single-top) are estimated from simulation,
while the W+jets shape is the fit result from the data.

sideband regions. Additional smaller effects are also considered and added in quadrature to
the pure statistical term: differences in the V+jets estimation arising from a different pruned
mass shape prediction between Herwig++ and Pythia6, as well as differences arising when
alternative parametrizations are adopted to model the V+jets mpruneq distribution. The total
uncertainty on the V+jets yields remains below 10% in all the explored final states.
Furthermore, systematic uncertainties in the V+jets shape are estimated from the covariance
matrix of the fit to the data performed in the low mass sideband (40 < Mprunea < 65 GeV)
and from the uncertainties in the modeling of ayic(myy). They are both mainly statistical
in nature, as they are driven by the available amount of data in the sideband and by the
number of simulated V+jets events fulfilling the analysis selection, as shown in Figure 4.15
and Figure 4.14, respectively.

In addition, differences in the extrapolated V-+jets shape due to alternative shower models,
used for the ayc(myy) estimation, or alternative parametrizations of the myy spectrum are
accounted for by enlarging the fitted parameter errors to cover their effects. To perform this,
the covariance matrix of the fitted parmeters is diagonalized by means of a suitable eigenvector
base, then to each transformed shape parameter a Gaussian contraint is associated where its
width is properly enlarged to cover the estimated systematic effects.

The systematic uncertainty in the ¢£ normalization comes from the uncertainties in the data-to-
simulation scale factors evaluated in the top-quark enriched control sample, which is measured
to be around 6%.

The uncertainty in the WW inclusive cross section in this boosted regime is assigned to be
20%, estimated from the uncertainty on the published CMS cross section measurement at
Vs = 8 TeV [5]. In addition, the uncertainty on the V-tagging scale factor, described in
Section 3.2.10, is considered also for the WW background. The same uncertainties derived for
WW production are also used for WZ and ZZ processes.

The lepton trigger, reconstruction and identification efficiencies and the related uncertainties
are estimated with a dedicated tag-and-probe analyses, looking at Z — uu (ee) events. The
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uncertainties in trigger and identification efficiencies for high-pr muons are estimated to be
3% and 4%, respectively, while the total uncertainty in the electron trigger, reconstruction
and identification efficiency is 3%.

An additional systematic, affecting the normalization of non data driven background, is repre-
sented by the uncertainty in the data-to-simulation scale factors for b-jet identification, derived
following [125]. The uncertainty related to the total integrated luminosity is 2.6% [108].

The accuracy on energy and momentum measurements for leptons and jets represents an im-
portant source of systematic uncertainties for simulated backgrounds samples. In particular,
muon momentum scale and resolution, electron energy scale and resolution, jet energy scale
and resolution, and the unclustered energy in the event are considered.

Leptons four momenta are varied within one standard deviation according to the muon mo-
mentum scale [147] or the electron energy scale [79] uncertainties, or applying a Gaussian
smearing in case of resolution uncertainties. For each variation, the event selection is re-
applied. The largest relative change in the background efficiency compared to the default
value is considered as the systematic uncertainty for that specific source. The same procedure
is also applied for the jet four-momenta using the corresponding energy scale and resolution
uncertainties [84]. During this procedure, variations in the lepton and jet four-momenta are

propagated coherently to the Fp through:

objects

Er=Er+ 3 (5r—57) (4.7)

where p7. stands for the transverse momentum obtained after the objects, lepton or jets, vari-
ation (shift or smear).

Eventually, Table 4.7 reports a complete summary of all the normalization uncertainties con-
sidered for each single background contribution in both ¢v + V-jet (€€ 4+ V-jet) channels and
HP (LP) categories.

4.5.2 Systematic uncertainties on the signal estimation

As described for the background processes the previous Section, muon momentum scale and
resolution, electron energy scale and resolution, jet energy scale and resolution uncertainties
are sources of systematic uncertainty also on the signal efficiency. They are evaluated inde-
pendently for each considered signal sample as a function of the graviton mass hypothesis.
Furthermore, uncertainties on lepton trigger and identification efficiencies, V-tagging scale
factors and luminosity are also considered and their effect on the signal event prediction is
estimated. The systematic contribution from the pileup model is evaluated by re-weighting
the simulated signal samples so that the distribution of the number of interactions per bunch
crossing is shifted up and down by the uncertainty on minimum bias cross section, using what
has been measured in data [132].

The impact of the proton PDF uncertainties on the signal acceptance is evaluated following
the PDF4LHC [68] prescription, using MSTW and NNPDF PDF sets.

Finally, the effect of scale and resolution uncertainties of physics objects on the reconstructed
myv signal shape has been evaluated, showing a small effect on both peak position and width
of the Gaussian core. The jet energy scale and resolution introduce a relative uncertainty of
about 3% (2%) in the signal width for the v 4 V-jet (£ + V-jet) channel. In the fv + V-jet
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Source V+jets tt Single-top Di-boson
WV 04V [ WwFV U4V sV 0+V] WtV __0+V
Experimental sources
Luminosity - - 2.6% 2.6% 2.6% X 2.6% 2.6%
Muons trig+ID - - 2% 5% 2% X 2% 5%
Ele trig+1ID - - 3% 3% 3% X 3% 3%
Muon scale - - 0.1% 0.2% | 0.12% X 0.15% 0.2%
Muon resolution - - <01% 0.3% | <0.1% X <0.1% 0.5%
Ele scale - - <01% 02% | <0.1% X <0.1% 0.15%
Ele resolution - - <0.1% 0.15% | <0.1% X <0.1% 0.21%
Jet scale - - 1.5% 2% 2.5% X 2.1% 1.8%
Jet resolution - - 0.45%  0.5% 0.5% X 0.35% 0.4%
V-tagging - - - - - X 9(2)% 9 (24)%
b-tagging - - 2.5% 2% 1.5% X - -
Background estimate
V+jet norm. 6(7.2)% 7.5 (8.5)% - - - X - -
tt norm. - - 5(6)% 5 (6)% - X - -
Single-top norm. - - - - 20% X - -
Di-boson norm. - - - - - X 20% 20%

Table 4.7: Summary of the systematic uncertainties affecting background yields, relative to the expected
number of background events. All systematic uncertainties in the list are treated as uncorrelated, with
log-Normal priors in the ultimate statistical interpretation. Numbers inside square parenthesis refer
to specific LP category values. Systematic effects that are varying the yield of a background source by
less than 0.1% are neglected.

channel, the unclustered energy scale introduces a 1-3% uncertainty in the signal width, larger
at low resonance masses. In the £/ + V-jet channel, the muon resolution causes an additional
relative uncertainty of 2% in the signal width.

The uncertainty in the peak position of the signal is estimated to be less than 1%, except for
the jet energy scale contribution which reaches at most 1.5%. Only the significant sources that
are affecting the signal shapes are considered and treated as nuisance parameters in the final
statistical interpretation. In Table 4.8, the primary uncertainties in both the signal shape and
normalization are presented.

4.6 Statistical interpretation

Figure 4.16 shows the final observed myw spectrum for the selected events in the four cate-
gories of the fv+V-jet analysis. The observed data and the predicted background agrees with
each other. The highest-mass event in the fv+V-jet channel is selected in the electron LP
category, with a reconstructed myw around 3.2 TeV. This event is not included in the final
statistical interpretation, which is performed up to a reconstructed mass of 3 TeV. The impact
of this excluded event on the reported result is negligible since it belongs to a low sensitive
category and limits are first interpreted in a narrow bulk graviton scenario, with a resonance
mass up to 2.5 TeV. The observed event is compatible, at the 1o level, with the background
prediction for mww above 2.5 TeV.

The di-boson invariant mass myzz distribution of the selected events in the £/4+V-jet analysis is
presented in Figure 4.17. Also in this case, an overall good description, in both normalization
and shape, of the data by the background only estimation is observed. The highest mass event
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Source Normalization Shape

lv+ V-jet 00+ V-jet | peak position  width
Experimental sources
Luminosity 2.6% 2.6% - -
Muons trig+1ID 2% 5% - -
Muon scale 1% 2% <0.1% <0.7%
Muon resolution <0.1% 0.5% <0.1% <0.1%
Electrons trig+ID 3% 3% - -
Electron scale 0.5% 0.5% <0.1% <0.2%
Electron resolution 0.1% 0.1% <0.1% <0.1%
Jet scale 1-3% 1% <1.5% <3%
Jet resolution <0.5% <0.1% <0.1% <2.5%
Unclustered energy scale <0.5% - <0.1% <3%
Pileup 0.5% 0.5% - -
V-tagging 9 (24)% 9 (24)% - -
Theoretical sources
PDF | <05% <0.5% | - -

Table 4.8: Summary of systematic uncertainties affecting signal yield, relative to the expected number
of observed signal events, and lineshape estimated after the full analysis selections. All systematic
uncertainties in the list are treated as uncorrelated in the ultimate statistical interpretation. Their
values for each specific mass point are not indicated, only the maximum range of variation as a function
of the graviton mass is reported.

in the £¢+V-jet channel belongs to the electron HP category, whichhas myy; = 2.6 TeV.

To test the presence of a resonance decaying into vector bosons, a comparison between the
myvy distribution observed in data and the background prediction is used. Upper limits on
the production cross section of a heavy narrow resonances decaying into the WW or ZZ pairs
have been set, by combining the four event categories of the fv+V-jet analysis or the £/+V-jet
one, respectively. The modified frequentist method (CLg method), described in [149, 150], is
adopted where signal and background yields are extracted by an unbinned shape analysis of
the mvyv spectrum. Systematic uncertainties are treated as nuisance parameters and profiled
in the statistical interpretation using log-normal priors, while Gaussian priors are used for
shape parameters only.

4.6.1 Upper limit on narrow Bulk gravitons

Exclusion limits are set in the context of the Bulk graviton model, under the assumption of
an intrinsic width negligible with respect to the experimental resolution. Figure 4.18 shows
the expected and the observed 95% confidence level (CL) exclusion limits as a function of
the graviton mass hypothesis, for the fv+V-jet (left) and ¢¢+V-jet (right) channels. These
limits are compared to the cross section multiplied by the branching fraction to WW and ZZ
predictions for a Bulk graviton with k=0.2and k= 0.5.

These results were cross-checked with an alternative background estimation, directly extracted
from data fitting to the mvyv distribution for the same selected events in the signal region
with a smoothly falling function. This approach, already adopted in previously published
CMS searches [127, 123, 151], provides results very close to the baseline method previously
described, further strengthening our confidence in the robustness of the adopted background
estimation method.
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Figure 4.16: Final distributions in mww for data and expected backgrounds for both the muon (top)
and the electron (bottom) channels, HP (left) and LP (right) categories for the fv+V-jet final state. On
data points, the 68% error bars for Poisson event counts are obtained from the Neyman construction
as described in [148]. An hypothetical Bulk graviton signal, with a mass of 1 TeV and k = k/m,; = 0.5
is shown with a dashed black line. The normalization of the signal distribution is scaled up by a factor
of 100 for a better visualization.

Eventually, fv+V-jet and £¢+V-jet analyses are combined with a complementary CMS search in
the VV — (¢q')(qq’) final state [123] (di-V-jet channel), to enhance the sensitivity of the search
for this specific model. The fully hadronic analysis uses the same techniques to identify V-jets
and the systematic uncertainties in jet energy scale and resolution, V-tagging scale factors
and luminosity are considered correlated among the three channels in the final combination.
The systematic uncertainties in electron and muon identification and energy scale/resolution
are considered fully correlated between the fv+V-jet and £0+V-jet channels. The resulting
95% CL upper limits on the signal cross section are shown in Figure 4.19 (left). The £/+V-jet
channel is the only one contributing to the limit for resonance masses below 800 GeV. Then,
in the range 800-2500 GeV, the fv+V-jet channel dominates the sensitivity, as shown in
Figure 4.19 (right), although the £/+V-jet and di-V-jet channels give significant contributions
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Figure 4.17: Final distributions in myz for data and expected backgrounds for both the muon (top)
and the electron (bottom) channels, HP (left) and LP (right) categories for the £/+V-jet final state. On
data points, the 68% error bars for Poisson event counts are obtained from the Neyman construction
as described in [148]. An hypothetical Bulk graviton signal, with a mass of 1 TeV and k = k/m; = 0.5
is shown with a dashed black line. The normalization of the signal distribution is scaled up by a factor
of 100 for a better visualization.

to the combined limit in the region below and above 1.3 TeV, respectively. Because of the
combination, the expected upper limits on the cross section becomes more stringent by about
15-20%, compared to the individual fv+V-jet one, depending on the resonance mass. The
integrated luminosity of the sample is not enough to reach the exclusion sensitivity of the Bulk
graviton models with k/m,; = 0.2 or 0.5. No excesses, with local significances larger than two
standard deviations, are observed over the entire mass spectrum.

4.6.2 Model independent limits

As presented in previous Section 4.6.1, the analysis is specific to the case of a narrow Bulk
graviton production, which is not the only possible extension of the SM predicting massive
resonances decaying into vector boson pairs. Although gravitons are spin-2 particles, this
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Figure 4.18: Observed (solid) and expected (dashed) 95% CL upper limits on the narrow Bulk graviton
production cross section times the branching fraction of Gpux — wWw (left) and Gpux — 2z (right).
The predicted cross section times branching fraction for the Bulk model is shown as a red solid (dashed)
curve for k = 0.5(0.2), respectively.

result can be interpreted in a generic spin-independent scenario since the selection strategy
does not rely on the spin related properties, like angular correlations between decay products.
Thus, to produce a model independent result without making any assumption on the reso-
nance decay widths, exclusion limits on the visible number of signal events are evaluated. The
final result becomes reproducible only if reconstruction and identification efficiencies for the
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Figure 4.19: (Left) observed (solid) and expected (dashed) 95% CL upper limit on the Bulk graviton
production cross section obtained combining fv+V-jet and ¢/+V-jet channels with the all-hadronic
analysis [123]. The cross section for the production of a Bulk graviton with k = 0.5 is shown as a red
solid curve. In region I, only the ¢¢+V-jet channel contributes thanks to lower online thresholds. In
the region II, both £¢+V-jet and £/+V-jet channels contribute. Finally, in region III, both the semi-
leptonic and all-hadronic analysis are combined. (Right) Observed (solid lines) and expected (dashed
lines) 95% CL upper limit for each exclusive di-boson search (fv+V-jet, £+V-jet and di-V-jet), as well
as their statistical combination. The combination is shown only in the mass range where at least two
analyses contribute.
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final state objects, measured inside the kinematic acceptance of the analysis, are provided.
Furthermore, to avoid any dependence on the assumptions used to define the analysis catego-
rization, the event classification is reduced to one single category. Muon and electron channels
are merged and the LP category is dropped, since the signal population in the N-subjettiness
categories depends on intrinsic properties of the resonance model, like V-jets pr spectrum and
polarization.

Since a generic model cannot restrict to narrow lineshapes, limits in a bi-dimensional plane,
as a function of both mass (mx) and natural width (I'x) of the new resonance, are provided.
The generated signal lineshape is parametrized according to a Breit—-Wigner function (BW)
with an intrinsic width I'x. The BW core is then convoluted with a double-sided CB, which is
used to model the detector resolution. While different values of I'x are scanned for a given
mass point, the parameters of the double-CB function are kept fixed to those determined in
the narrow-width approximation. The scan is performed at regular steps of the relative width
(I'x/mx), starting from the narrow width limit up to I'x/mx = 0.40, in steps of 0.05. It was
checked, on specific simulated samples listed in Table 4.1, that the parametrization of the
detector resolution factorizes from the resonance width, being stable when I'x increases.
Selection efficiencies are evaluated as a function of the vector boson kinematics (pr,n), as they
depend significantly on the production and decay properties of the new resonance. These
efficiencies are extracted from Bulk graviton samples, generated for the baseline analysis.

At first, simulated signal events are pre-selected according to the acceptance requirements of
the analysis, reported in Table 4.9, which are applied on generator level objects.

Object Selections
lv4-V-jet U+ V-jet
Muons In| < 2.1 In| < 2.4
pr > 50 GeV pr(f1) > 40 GeV
pT(fg) > 20 GeV
Electrons Inl < 2.5 In| < 2.5
pr > 90 GeV pr > 40 GeV
> pr(v) (Muon ch.) Er > 40 GeV X
> pr(v) (Electron ch.) Fr >80 GeV X
W— v or W— 1v — lvvv py > 200 GeV X
Z— 00 X p% > 80 GeV
X 70 < myge < 110 GeV
V— q¢ Inw| < 2.4 Inz| < 2.4
pyY > 200 GeV p% > 80 GeV
65 < myy < 105 GeV 70 < myy < 110 GeV
VV system 0.7 < mww <3 TeV 0.5 <mygz < 2.8 TeV
AR(W g, 0) > m/2 X
Ap(Wog, > pr(v)) > 2 X
A¢(qu/,Wgy) > 2 X

Table 4.9: Generator level requirements used to define the acceptance region for the WW and ZZ
analysis. The vector sum of the transverse neutrino momenta »  pr(v) is taken over all the neutrinos
in the final state, coming either from W — /v or W — 7v — fvvr decays, where £ = p, e.
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Then, starting from pre-selected events, the reconstructed V-boson candidates are indepen-
dently checked to fulfill the analysis selection, evaluating the efficiency in bins of pr and n of
the V-boson prior to any simulation of detector effects. The binning is optimized in order to
minimize the statistical uncertainty and bins with less than 25 events passing the selections
are excluded from the final fit. The impact of these regions is very limited, since they are
located in extreme corners of phase space. The V-boson efficiency parametrization includes
also all the residual tunings of the simulation to the data, like lepton identification, trigger
efficiencies, b-tagging and V-tagging scale factors. The efficiencies of the additional lepton
and b-jet vetoes in the fv+V-jet analysis are found to be independent to the di-boson system
kinematic, thus a constant efficiency of 91.5% for the b-jet veto and 98.3% for the second-
lepton veto are used.

Eventually, the total signal efficiency and the pre-selection acceptance are found to be weakly
dependent on the resonance width I'x. Figure 4.20 and Figure 4.21 show the resulting ef-
ficiencies for both leptonically and hadronically decaying W and Z-bosons, considering only
longitudinal polarization state. No contribution from Z — 77 — 2¢4v is taken into account,
since hugely suppressed by the my, requirement.

As already detailed in Section 3.2.6, V-tagging performances are strongly affected by the
decaying V-boson polarization, thus a special care must be given to transversely polarized
vector bosons. This effect is studied comparing the efficiencies reported above, with the ones
obtained from a set of MadGraph RS1 graviton events, where V-bosons produced from their
decays are transversely polarized in more than 90% of the cases. For leptonically decaying
W or Z-bosons, the generator level selections embed polarization effects inside the acceptance
definition. On the V-jet side, the loss in efficiency has been measured to be largely indepen-
dent of the V-boson kinematic properties, so that the effect of the transverse polarization is
adequately modeled by a constant scale factor of 85%, independent from the kinematic prop-
erties (pr and 7)) of the V — ¢q¢’ decay system.

To validate the procedure, the resulting parametrized efficiencies are used to predict the total
signal efficiency for reconstructing Bulk or RS1 gravitons, comparing this estimation with the
exact number obtained from the baseline analysis performed on the fully simulated samples.
In all cases, the predicted signal yields from the two methods agrees within 15%, and this
deviation is considered as conservative systematics uncertainty on the signal rate when eval-
uating the model independent limits.

Exclusion limits at 95% CL on the number of signal events are reported in Figure 4.22 for both
the model independent fv+V-jet analysis and the £/4+V-jet one.

Results are not combined to avoid assumptions on the branching fractions of the hypothetic
resonance decaying to both WW and ZZ channels. The limits are calculated using an asymp-
totic approximation of the CLg method [152]. Under the narrow-width approximation, it is
explicitly checked that the central values for the expected and observed limits obtained with
the full frequentist method and the asymptotic approximation match over all the mass range.
All the systematic uncertainties, considered in the baseline analysis, are included in the cal-
culation of these limits. With increasing width I'x, statistical fluctuations in the limit tend to
be smoothed out while the overall performance degrades. In fact, for relative widths (I'x /mx)
larger than 0.25, the deterioration of the limit is very mild because the sensitivity, coming
from the knowledge of the signal shape, is diluted by the large width.

Finally, although optimized for WW and ZZ final states, these analyses are also sensitive to
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Figure 4.20: Reconstruction and identification efficiencies for W — pv and W — 7v — pvvv (top left),
W — evand W — 7v — evvv (top right), Wi, — ¢’ (bottom left) and Zy, — ¢g (bottom right) decays
as function of generated pY. and |nyv| using the W-tagging requirements for the hadronic V-boson.

charged resonances decaying to WZ semi-leptonic final states (£/+W-jet or fv+Z-jet), because
of the poor V-jet pruned mass resolution which prevent to separate at best W and Z-boson
jets. The efficiencies to identify a longitudinally polarized W (Z)-boson using V-tagging re-
quirements are computed from the Bulk graviton samples, as already shown in Figure 4.20
and Figure 4.21. The effect of the transverse polarization of the vector bosons is modeled by
multiplying the aforementioned efficiencies by the constant scale factor, measured to be 0.85.
In addition, in the fv+V-jet channel, the combined efficiency of the second-lepton veto and
b-jet veto is equal to 81%, because of the presence of Z — bb decays, which are rejected by
the requirement of the analysis that no jet is tagged as coming from a b-quark.

4.6.3 Generic model independent re-interpretation

The results presented in the previous Section can be used to evaluate the signal yield expected
to be observed in the CMS detector coming from a generic model, that predicts a resonance
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Figure 4.21: Reconstruction and identification efficiencies for the Z — uu (top left), Z — ee (top right),
Z1, — qq (bottom left) and Wy, — ¢g (bottom right) decays as function of generated py. and |nyv| using
the Z-tagging requirements for the hadronic V-boson.

X decaying into fv+V-jet or £0+V-jet final states. The computed efficiencies are applied as
follows:

e According to the chosen model, a set of events are simulated for a given mass (mx) and
width (T'x) decaying into a final state with leptons and quarks.

e Generated events are filtered applying the selections listed in Table 4.9, which define the
acceptance region of the analysis.

e For each surviving event, the efficiency of reconstructing the leptonically decaying vector
boson (g¢) is evaluated, as well as the one for the hadronically decaying leg (g,), taking
into account the V-boson polarization state.

e Each event is then weighted by the product of the two identification efficiencies (g4 x &¢).
In case of the semi-leptonic WV final state is considered (X — WW — fv+V-jet), the
efficiencies should be combined also with the b-jet and second lepton veto ones.
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Figure 4.22: Observed exclusion limits at 95% CL on the number of signal events coming from a
resonance decaying into WV — fv+V-jet (left) or ZV — £¢+V-et jet (right), as a function of its mass
(mx) and normalized width (I'x /mx).

e The sum of weights divided by the total number of events in the acceptance region
provides an estimation of the total efficiency for the given model.

e The number of signal events, extracted from this procedure, can be compared with
the observed limit reported in Figure 4.22 to estimate the exclusion sensitivity to the
considered model.

4.7 Conclusion

A search for new heavy resonance decaying into WW, ZZ or WZ pairs has been presented,
in which one of the vector bosons decays leptonically and the other one hadronically, i.e.
considering fv+V-jet or ¢{+V-jet final states (£ = p,e). Jet substructure are used to reduce
backgrounds from V+jets, ¢, di-boson and multi-jet processes.

No significant excess over the background prediction is found, thus upper limits on the pro-
duction cross section are evaluated as a function of the resonance mass hypothesis, in context
of narrow Bulk gravitons. For this specific case, the semi-leptonic channels are combined with
complementary fully hadronic searches, resulting in upper limits on the narrow (l% < 0.5) Bulk
graviton production cross section in the range from 700 to 10 fb for masses between 600 and
2500 GeV, respectively.

Finally, the semi-leptonic analyses are re-interpreted in a simplified scenario, providing model-
independent limits on the observed number of excluded events at 95% CL. The re-interpretation
of these exclusion limits in a generic phenomenological model, including charged resonance
decaying into WZ final states (W' — WZ), is allowed by the V-boson reconstruction and
identification efficiencies defined in the kinematic acceptance of the analysis.



CHAPTER 5

Search for a SM-like Higgs decaying into
WW — frqq’ in exclusive jet bins

The observation of a Higgs boson, with a mass of about 125 GeV and properties (production
and decay rates, spin-parity quantum numbers) compatible with those expected from the SM,
is consistent with the unitarity constraints on di-boson scattering at high energies [49, 153,
154, 155]. Nevertheless, there is still a possibility that the newly discovered particle is part
of a larger Higgs sector, only partially responsible for the EWSB. Several BSM scenarios predict
the existence of additional massive resonances, with couplings similar to the SM Higgs boson
ones, as described in Section 1.4.

Previous searches at the LHC for heavy SM-like Higgs bosons have been reported by both the
ATLAS and the CMS experiments. ATLAS measurements excludes, at 95% CL, the existence of
a SM-like heavy Higgs boson within the mass range 131 < myg < 559 GeV [156]. The CMS
collaboration reported a search in the WW and ZZ decay channels, combining 5.1 fb~! at
Vs =7 TeV with 5.3 fb~! at \/s = 8 TeV, exploring the mass range 145 < myg < 1000 GeV
and excluding SM-like Higgs boson masses up to 710 GeV [157].

This Chapter reports the search for a SM-like Higgs boson decaying into W-boson pairs in the
mass range 600 < myz < 1000 GeV, looking at the semi-leptonic decay mode and considering
both gluon fusion and VBF productions [158]. The semi-leptonic topology is triggered and
separated from the QCD multi-jet production thanks to the presence of one high pr lepton
(¢ = p,e), coming from the leptonic decay of one W-boson. In addition, this decay mode
shows the largest branching fraction for high mass heavy Higgs searches, due to the hadronic
decay of the other W-boson. Because of the large invariant mass searched for, the W-bosons
have a large transverse momentum, which causes the hadronic decay products to be collimated
to the point of being reconstructed as a single jet in the detector. Jet substructure techniques
are therefore employed for identifying single jets originating from a highly boosted hadronically
decaying W-boson, as adopted in the searches described in Chapter 4.

This analysis also features the first selection of the vector boson scattering topology at high
masses, paving the way for future investigations of the WW scattering process in the boosted
semi-leptonic final state.

The analysis has been performed on the LHC pp collision data recorded by the CMS detector at
the center-of-mass energy of 8 TeV, corresponding to an integrated luminosity of 19.3 fb~ .
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The obtained results are interpreted as a search for a SM-like heavy Higgs boson, as well as in
the context of an electroweak singlet extension of the SM, based on an effective theory where
a second scalar boson, besides the resonance at 125 GeV, completes the unitarization of the
WW scattering, as already described in Section 1.4.

In Section 5.1 and Section 5.2, an overview on the background and the signal simulated
samples, datasets and triggers is given, with particular emphasis on how the interference
between the Higgs signal and the continuum SM di-boson production has been accounted for,
for both gluon fusion and VBF production modes. Section 5.3.3 is dedicated to the description
of the analysis strategy, the event selection and categorization.

In Section 5.4, the adopted signal modelling is described, while Section 5.5 is focused on
the background extraction. Systematic uncertainties and the statistical interpretation are
reported in Section 5.6 and Section 5.7, respectively.

Eventually, in Section 5.8, the ultimate CMS combination, performed in the mass range 145 <
my < 1000 GeV, is presented [159] exploiting both H - WW and H — ZZ decay channels and
considering integrated luminosities of up to 5.1 fb~! at /s = 7 TeV and up to 19.7 fb~! at
Vs =8 TeV. In the case of a Higgs candidate decaying into a pair of W-bosons, fully leptonic
(H - WW — {vly) and semi-leptonic (H — WW — lrqq’) final states are considered,
while for a Higgs boson decaying into two Z-bosons, final states with four charged leptons
(H — ZZ — 202¢"), two charged leptons and two quarks (H — ZZ — 2¢2q) and two charged
leptons and two neutrinos (H — ZZ — 2(2v) are used, where ¢ = (e, ) and ¢ = (e, i, 7).

5.1 Datasets, triggers and background simulation

The datasets used in the analysis corresponds to an integrated luminosity of 19.3 fb~!. Data
have been collected by the CMS experiment via single lepton triggers, with a typical on-line
pr threshold of 24 GeV for muons and 27 GeV for electrons. The pseudorapidity range for
muons (electrons) extends up to |n| < 2.4 (2.5). The trigger efficiency is around 94% (90%)
for muons (electrons) and it is used to correct simulated events taking into account its small
dependence, at the level of few percent, measured as a function of pr and 7.

The adopted simulated background samples are reported in Section 3.2.1, since also in this
analysis the boosted fv+V-jets topology is explored. As observed in the search for heavy
gravitons in the fr+V-jet final state, described in Chapter 4, the largest background con-
tribution is represented by leptonically decaying W-bosons produced in association with jets
(W+jets), followed by semi-leptonic decays of top quark pairs. In addition to the background
samples listed in Table 3.1, exclusive W-boson production in association with two, three or
four jets at matrix element are considered, to increase the available MC statistics in the VBF
analysis, as well as tf and WW electroweak productions (O(a8,,)) generated via Phantom [160].

5.2 Signal simulation

The SM-like Higgs boson signal samples have been produced with POWHEG, at NLO QCD+EWK,
interfaced with Pythia 6 for parton showering and underlying event simulation, considering
both the gluon fusion (ggH) and the vector boson fusion (ggH) mechanisms.

The Higgs lineshape is re-weighted according to the complex pole scheme (CPS) calculation
for the Higgs boson propagator [161, 162, 163] for all the considered mass hypotheses, ranging
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from 600 to 1000 GeV. The lineshape of an unstable particle is usually well described by a
Breit-Wigner distribution, within an uncertainty of the order of I'/m, which means that this
model breaks down in the high mass region, in particular when my > 600 GeV. For this reason,
the Breit-Wigner approximation must be overtaken through the CPS re-weighting, which is
computed and applied on an event-by-event basis during the generation. The gluon fusion and
VBF inclusive cross sections are normalized to the NNLO QCD and next-to-next-to-leading-log
(NNLL) predictions, as reported in Section 1.3.

5.2.1 Higgs interference with the di-boson production

The background continuum (gg, gq¢ — WW) and its interference with heavy Higgs production
are only known at LO [35], which is not consistent with the NLO signal amplitude accuracy
provided by POWHEG. To embed higher order corrections in an effective way, providing the
correct signal shape and minimizing the uncertainty due perturbative orders in the calculation,
three alternative options are considered to correct the Higgs lineshape for interference effects:

e Additive correction:

doN© oo do{© do®

(5.1)

where doi© /dmyw stands for the NLO heavy Higgs lineshape, dot©/dm ww is the LO
interference, while do5° /dmww is the LO background only generation (gg,qq — WW).

e Multiplicative correction:

doNtO do&© doi© do® do5™© | dok°
= kNLO : ( ) kNLO = (52)
dmww dmww  dmww dmyyw dmww ' dmww
e Intermediate correction:
dO’NLO dO’LO dO'LO dO‘LO
= knio - ( = ) + VknLo - ——— + —2 (5.3)

where the intermediate option is used as central value for the lineshape, while the difference
between the additive and the multiplicative ones gives the uncertainty on the interference
estimate.

For the gluon fusion production, signal normalization and lineshape are corrected for the
interference with the SM gg — WW — lvqq production, whose effect increases as a function
of the Higgs mass hypothesis. The interference contribution is evaluated with MCFM v6.4 [164]
at LO, where the resulting cross section is written as:

5 2
5 —my

(8 —m§)? +mily

A 1 mul'y it

déy = Re(24uds) + m(24ud;) (54
I ) G e g ) G

where the second term is always positive and proportional to the Higgs width, while the first

one is constructive only for § < m%, destructive for larger § values.

Figure 5.1 (left) [35] shows a comparison between different simulations: MCFM ggH at LO (red),

ggV'V background only at LO (pink) and the total generation with interference (S+B+1I at

L0), considering a SM-like Higgs with myg = 900 GeV. The interference term is separated by
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subtracting signal and background distributions from the S+B+I generation. Then applying a
set of NLO k-factors (knpo) as a function of myy, the interference corrected Higgs lineshape is
reported in Figure 5.1 (right), where the three different corrections previously described are

compared.
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Figure 5.1: (Left) Invariant mass of the di-boson system in gg(H) — VV events for high mass SM-
like Higgs production (red), with myg = 900 GeV, di-boson continuum background (pink) and sig-
nal+background+interference (blue). (Right) Comparison between the Higgs boson lineshape at NLO
before any interference correction (black dashed) and interference corrected ones, applying additive or
multiplicative or intermediate corrections.

Thus, the interference has a huge impact at LO, changing both the normalization and the
signal shape as expected from Equation 5.4.

Also in the VBF Higgs production, the interference effects with the continuum SM g — WWgqq
production have to be included to obtain a correct description of the signal lineshape, in
particular when the intrinsic width of the Higgs candidate becomes large. Also in this case,
the adopted strategy consists in re-weighting the POWHEG NLO generation as follows:

e Generate background only events (B, gqg — ggWW) at LO in O(a,,s) and O(a2,a?)
with Phantom.

e Generate Signal+Background+Interference (Sy + B + Iy via Phantom, always at LO in
both O(a,s) and O(at,a?).

e Generate signal only events (Sy) at LO through MadGraph, since a VBF Higgs signal-only
generation was not available in the considered Phantom version.

e The interference between the high mass scalar (H) and the low mass SM Higgs boson (h)
is neglected, since the off-shell Higgs boson contribution is rather small compared to the
qq — qqWW production, thus this interference term is expected to be small.

By subtracting the background only contribution, the generated mww distribution for Sy + Iy
and Sy are fitted with suitable parametrizations, as shown in Figure 5.2 for my = 800 GeV.
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Finally, the interference weight factor is calculated as a continuous function of myw:

() = 51T I (mwnw) (5.5)

SH (mww)

The uncertainty on the interference weights is evaluated by varying the renormalization and
factorization scales in the range mu/2 < (ur, y) < 2 - my, showing an effect at the order of
10% on the normalization with a much smaller shape variation.
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Figure 5.2: Di-boson invariant mass distribution (mww) for Sy + Iy (left) and Sy (right) as generated
at LO by Phantom and MadGraph, respectively, considering a SM-like Higgs boson with my = 800 GeV
produced via VBF.

5.2.2 Electroweak singlet lineshape

In the BSM electroweak singlet model, a heavy scalar boson mixes with the low mass Higgs
state and, phenomenologically, the couplings of the two gauge eigenstates become related
by unitarity. Thus, the effective coupling strength of the light Higgs boson is reduced with
respect to the pure SM case. Defining Cy (CY;) as the scale factor couplings of the low (high)
mass Higgs to vector bosons, the unitarity condition is expressed as CZ + C{? = 1, which has
to be preserved to avoid unitarity violation in the VpVy, — V.V scattering. In addition,
to preserve the unitarization of the SM also when couplings of the two Higgs states with
fermions are considered, C; and C’f respectively, the following constraint is also required:
When a common scale factor for both fermions and V-bosons is considered, C' = Cy = C,
the heavy scalar signal strength (1/) and width (I') are defined according to Equation 1.35,
where k = ' /sy and cos C? = o

/ 12 SM new 0/2 SM I o' -BR' 12

I'=C" . T°M 1oV = T BR_ BRneWP wo= oor BRow C™(1 — BRyew) 1t (5.6)
Indirectly, an upper limit at 95% CL is set on C’? to be less than 0.28, from the signal strength
fits to the SM Higgs boson at low mass, as exposed in Section 1.4.

Equation 5.6 states that the considered BSM scenario can be obtained by the SM-like one by a
re-weighting of the Higgs lineshape to an arbitrary width. The BSM re-weighting is applied on
top of the CPS correction, before any inclusion of interference effects, since these strictly depend
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on the signal width. The re-weighting is performed analytically, fitting the CPS lineshape with
a proper model represented by a Breit-Wigner with a running width defined as:
s-T'/my

FBW(S = m%’VW) = (S _ m%)Q + (S i F/mH)2 (57)

The fitted width I is scaled according to Equation 5.6 for each chosen combination of C’? and
BRpew. In Figure 5.3, for gluon fusion Higgs production with my = 700 GeV and 900 GeV,
black points represent the mww distribution as generated by POWHEG, while the red and blue
dots are the complex pole scheme and CPS plus interference shapes, respectively. Moreover,
the dashed red line represents the analytic fit to the CPS lineshape, while the green lines are
obtained by scaling the width according to the chosen C’? and BRcy values.
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Figure 5.3: SM-like Higgs lineshapes for myg = 700 GeV (left) and 900 GeV (right): black points
represents the mww distribution as generated by POWHEG, while red and blue points are the result
obtained after CPS and CPS plus interference re-weight. Dashed red line is the Breit-Wigner running
width fit to the CPS Higgs lineshape, dashed green lines are the BSM lineshapes obtained scaling the
fitted width according to: ' = TSM . C"2/(1 — BRpew)-

The interference correction must be recomputed for both ggH and ggH production modes after
modifying couplings and signal width. For gluon fusion, MCFM is used again to evaluate this
contribution for each set of (C’, BRyew) values considered in the analysis, then interpolated on
the whole (C’, BRyew) plane for each mass value. As expected, the effect of the interference is
much reduced on both shape and normalization for low C’ and BRyew values since the intrinsic
signal width is lower.

Eventually, in the VBF channel, the electroweak singlet model implemented in Phantom is
used to correctly generate the interference term for each (my, C’ 2, BRyew) point considered in
the analysis, then interpolated to the complete grid. To correctly account for the unitarity
constraint, the VBF SM Higgs off-shell contribution (Sy) and its interference with ¢¢ — ggWW
SM background (I,) are included, where S;, + B + I;, is computed with Phantom while the
off-shell Sy, in MadGraph. In this BSM scenario, the interference weight function becomes:

[(Su + In + B)(mww) — Blmww)] + [(Sp + In + B)(mww) — (Sp + B) (mww)]
SH(mww)

w(mww) =
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where the SM Higgs off-shell contribution is small and subtracted from the numerator through
the MadGraph prediction, while its interference with the SM q¢ — ggWW background is ab-
sorbed in the signal re-weighting, neglecting any mutual interference between the two Higgs
states.

5.3 Analysis strategy and event selection

The final state signature of the H — WW — frqq’ decay is characterized by an isolated charged
lepton, either a muon or an electron, missing transverse energy (£1) and a jet containing the
entire hadronic decay of a high pr W-boson.

Events are categorized depending on the lepton flavour and the additional jet activity outside
of the W-jet candidate cone, to enhance the analysis sensitivity over the explored mass range.
The analysis is performed studying the distribution of the reconstructed invariant mass of the
WW system, mww, to distinguish between a peaking shape for the expected Higgs signal,
increasing in width as a function of the mass hypothesis, and a smooth non-resonant falling
background.

A heavy SM-like Higgs boson may be produced through gluon-gluon fusion or VBF mechanisms,
where the VBF production is expected to play a big role in the high mass region, reaching almost
50% of the total production cross section for my = 1 TeV, as shown in Section 1.3. For this
reason, the analysis is divided into bins of additional jet activity, to classify if the event is
consistent with the ggH or g¢H topology. This improves the sensitivity over an inclusive CMS
analysis [165] and the VBF category shows a first benchmark of future di-boson scattering
measurements in the considered final state.

5.3.1 W— fv reconstruction and identification

Muons are measured by means of both the tracker and the muon system, within |n| < 2.4,
while electrons are detected as tracks pointing to energy clusters in ECAL, within |n| < 2.5,
excluding the transition region between the barrel and the endcaps, 1.44 < |n| < 1.57.
Muons (electrons) are required to have a momentum transverse to the beam direction greater
than 30 (35) GeV. Lepton candidates are required to be isolated from other detector activities
and compatible with the primary vertex of the event, which is chosen as the one with the
highest > p% of its associated tracks. According to the simulation, this requirement provides
the correct assignment for the primary vertex in more than 99% of cases in signal events.
Muons are identified through orthogonal selections with an average efficiency of 80% (tight
muon identification) [76], while electrons according to a dedicated MVA selection [79], in contrast
to the identification strategies described in Section 3.2.2 and adopted in the analysis previously
exposed.

In fact, the tight muons identification differs from the high py one by requiring the normalized
x? of the global track to be less than ten and to fit at least five hits in the tracker layers. The
electron MVA identification is based on a BDT taking as inputs both super-cluster and track
information. The adopted working point guarantees an almost flat 80% efficiency on real
prompt electrons over a large range of transverse momentum.

The lepton isolation is ensured by applying requirements on the sum of the transverse energies
of all reconstructed PF candidates (charged particles, photons and neutral hadrons) within a
cone of AR < 0.4 (0.3) for p (e) around the lepton direction, after subtracting the average
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pileup energy estimated using a jet area technique on an event-by-event basis [85].

To reduce the background contamination from the DY lepton pairs and SM di-boson production,
additional loosely identified leptons are vetoed in the event, with pr > 20 GeV for electrons
and pr > 10 GeV for muons.

The leptonic W-boson candidate is obtained combining the lepton momentum with the missing
transverse energy measured in the event, obtained from the PF reconstruction with Type-I
correction, as described in Section 2.4.5. Finally, the unmeasurable longitudinal component
of the neutrino momentum is reconstructed by requiring the lepton-neutrino pair to have the
invariant mass of a W-boson, using a kinematic constraint as already done in Section 4.2.1.
The ambiguity in the involved second-order equation is resolved by taking the solution that
yields the smallest |p,| value which, when evaluated in simulation, is closest to the true [p,|
approximately 75% of the times.

5.3.2 W— qq identification using jet substructure

Two different clustering algorithms, the anti-k; and the Cambridge-Aachen (CA), are used to
reconstruct jets in the event, considering the whole detector pseudorapidity coverage up to
In| < 5. Cambridge-Aachen jets are clustered with a distance parameter of R = 0.8 (CA8) and
are used for reconstructing the hadronically decaying W-boson (W-jets), while anti-k; jets,
clustered with R = 0.5 (AK5), are used for categorizing events as a function of the additional
jet activity, as well as for b-quark jet tagging.

Any reconstructed jet that overlaps with an identified lepton, within AR = 0.5 (0.8) for
AK5 (CA8) jets, is removed to avoid double counting of leptons as a jets. The hadronic W-boson
candidate is therefore reconstructed as a single massive CA8 jet and substructure techniques are
adopted to tag hadronically decaying boosted V-jets, adopting the same W-jet identification
strategy optimized and described in Chapter 3.

5.3.3 Event selection

The large invariant mass of the heavy Higgs resonance translates into a large transverse
momentum of the W-bosons produced in the decay. Therefore, the transverse momentum of
both the reconstructed leptonically decaying W-boson and the hardest CA8 jet in the event
are required to be larger than 200 GeV. At the same time, the missing transverse energy is
required to be above 50 (70) GeV for the muon (electron) channel, to further suppress possible
contribution to the analysis phase space from QCD multi-jet events.

In addition, other specific topological requirements are added to the event selection, requiring
the two W-boson candidates to be back-to-back. In fact, the distance between the lepton and
the W-jet should be AR(¢, Wy,q) > /2, the azimuthal distance between the missing energy
and the W-jet should be Ap(F, Wpaq) > 2.0 and, finally, the azimuthal distance between the
leptonically decaying W-boson and the W-jet should be Ap(Wp, Whaq) > 2.0.

Considering the reconstructed AK5 jets with pr > 30 GeV and AR > 0.8 from the leading
CA8 jet, events are rejected if there is at least one b-tagged jet to reduce the amount of ¢t
background, adopting a b-tagging working point that provides 70% efficiency on prompt b-
jets. This b-veto is only possible inside the tracking-covered region of the detector, up to
In| < 2.5.

Each event is then categorized according to the additional number of AK5 jets with pp >
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30 GeV. If there are zero or one AK5 jets, the event is classified in the 0+1-jet channel,
otherwise if there are two or more AK5 jets, it falls in the 2-jet category. This strategy based
on first selecting the W-jet candidate as the leading CA8 jet, then look for additional no
b-tagged jets to identify the VBF tag-jets, has been tested against alternative assignments,
showing the best signal efficiency for the VBF production mode minimizing the gluon fusion
contamination inside the 2-jet category.

To profit at best of the available statistics, the 041-jet sample is split between lepton flavors
(ev+W-jet and puv+W-jet), while in the 2-jet bin case the two lepton flavors are lumped
together.

Figure 5.4 shows a comparison between data and simulation for the number of AK5 jets in the
event, used to split gluon fusion and VBF categories after the kinematic selections previously
described. In the left plot, the boosted inclusive W+jets sample is adopted, generated via
MadGraph interfaced with Pythia 6, which shows a poor agreement with data. In contrast, in
Figure 5.4 (middle), a good agreement is visible in the ¢t enriched sample, obtained inverting
the b-veto selection. Finally, when using the exclusive W+jets generation (W+2, W+3 and
W+4 jets at matrix element), adopted for the W+jets simulation in the 2-jet bin category,
data-to-MC agreement improves as shown in Figure 5.4 (right) in the high jet multiplicity bins.
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Figure 5.4: Comparison between data and simulation for the number of AK5 jets in the event, with a
pr > 30 GeV and reconstructed outside of the leading CA8 jet cone. (Left) The inclusive MadGraph
+ Pythia 6 W+jets sample is considered in the b-vetoed region, (middle) top enriched control region
and (right) the 2-jet category when MadGraph + Pythia6 W+jets exclusive generation is adopted.

5.3.4 Comparison of data and simulation in the 0+41-jet category

After applying the kinematic selections previously described, without jet substructure re-
quirements except a loose selection on the W-candidate pruned jet mass to be in the range
40-130 GeV, data are compared with the expectation from simulation inside the 0+1-jet cat-
egory. In Figure 5.5, the lepton pr (bottom left), the transverse momentum of the leptonic
W-boson pjvy ‘ (top left), the W-jet candidate pr (top right) and its N-subjettiness 72 /71 (bot-
tom right) are shown in the 0+1-jet bin for the pur+W-jet final state.

Since a sizable disagreement between data and Pythia 6 q/g jets simulation is observed for the
pruned mass distribution, as discussed in Section 3.2.7, the W+jets background is normalized
to yields in data. This disagreement in the 0+1-jet category is anyway irrelevant because
ultimately the W+jets contribution is determined with a data-driven method.
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Figure 5.5: Comparison between data and simulation for the muon channel in the 0+1-jet category:
leptonic W-boson pr (top left), leading CA8 jet pr (top right), muon pr (bottom left) and N-subjettiness
of the W-jet candidate (bottom right). Comparisons are done after a loose mass selection, requiring
the leading CA8 pruned mass to range between 40-130 GeV.

5.3.5 Optimizing a VBF selection

In the 2-jet bin, after applying the basic kinematic selections described in the previous Section,
a loose pruned mass requirement (40 < Mpruned < 130 GeV) and the N-subjettiness selection
T2/T1 < 0.5, a good agreement between data and simulation is observed, where the largest
background is represented by semi-leptonic ¢ production.

To reduce the ¢t component, a top quark mass veto is adopted in addition to the b-veto re-
quirement. In fact, combining the leptonic and the hadronic W-candidate four momenta with
the corresponding nearest AK5 jet, ¢t and single-top events show an invariant mass for the
W-boson+jet system peaking around the top-quark one. These distributions are reported in
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Figure 5.6, where the uncertainty band on the simulation prediction is obtained by combining
the statistical uncertainty, due to the limited MC statistics, with a systematic one for the pre-
dicted cross section of each background component, estimated to be around 30% for W+jets
and di-boson, 15% for single-top and 10% for tt. Requiring both m(Wyaq,7) and m(Wy, j) to
be larger than 210 GeV allows to reduce the top background contamination by a factor four,
loosely affecting the VBF signal acceptance as reported in Table 5.1 for a single generated mass
point.
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Figure 5.6: Invariant mass of the W-boson candidate and the nearest AK5 jet for the hadronic leg of
the decay (left) and the leptonic one (right) in the 2-jet bin category, considering only events with one
isolated muon in the final state.

Selection ‘ €ggH ‘ €qqH ‘ Esing-t ‘ Evv ‘ EW+jet ‘ Eit ‘ SggH+qqH/B
b-veto 091 | 094 | 044 [0.89 | 0.82 | 0.40 1.8x1072

m(Whaa,7) | 0.82 | 096 | 0.60 |0.78 | 0.69 | 0.44 2.8x1072

m(Wy,j) | 0.72 | 0.96 | 045 | 0.68 | 0.64 |0.37 4.0x102

Table 5.1: Top killing selection efficiencies for a SM-like Higgs signal with my = 800 GeV and each
background source. Purity, defined as S/B, is reported after each selection, which are applied sequen-
tially. The b-veto efficiency refers to all the selected events in the 2-jet bin category, after applying
acceptance requirements and W-jet identification selections, while the top mass selections are applied
In the purity evaluation, the myww of the final decay system is required to be between 550-1500 GeV.

Finally, additional selections are applied to the exclusive 2-jet bin category to further isolate
the VBF signal topology, which is characterized by two hard tag-jets with large invariant mass
(mj;) and n separation (Anj; = |1, — 1j,])-

Alternative VBF jet selections are tested by taking the two jets with largest invariant mass or
71 separation, which show worse performances, in terms of both matching efficiency with gen-
erator level partons and signal over background ratio, with respect to the largest pp criterion.
After rejecting a good fraction tt events through the top mass veto requirement, uv+W-jet and
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ev+W-jet events are merged together and a simultaneous rectangular selection on m;;-An;; is
optimized. A working point that allows 80% gqH signal efficiency is chosen, which corresponds
to require m;; > 250 GeV and Anj;; > 3.

In Figure 5.7, the Anj; (left) and my; (right) distributions are shown in the 2-jet bin category
before any VBF-like requirement, considering only events with an isolated muon in final state.
In contrast with the O+1-jet case, where the background is predominantly due to the W+jets
production, in the 2-jet channel there is a more even fraction of W+jets and ¢t backgrounds,
although the ¢t is further reduced when both VBF and top mass requirements are applied.
The analysis signal region is defined, in both 0+1-jet and 2-jet categories, requiring the pruned
jet mass to range between 65-105 GeV, while the two regions 40 < Mmprunea < 65 GeV and
105 < Mpruned < 130 GeV are used as sidebands, as already done in other high mass searches
described in the Chapter 4. A summary of the final kinematic selection used in the 0+1-jet
and 2-jet categories are listed in Table 5.2.
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Figure 5.7: Absolute pseudorapidity difference An;; (left) and invariant mass m;; (right) of the selected
VBF tag-jet system in the 2-jet bin category, for events with an isolated muon in the final state, after
the kinematic selection requirements previously described.

5.4 Signal modeling

The final analysis strategy relies on an unbinned fit to the reconstructed di-boson invariant
mass spectrum (mww), where both the discovery potential and the exclusion power depend
on an accurate description of the signal shape. The reconstructed gluon fusion lineshape,
obtained in both the 0+1-jet and in the 2-jet category, after applying the event selection, is
well modelled by a one-sided Crystal-Ball function, since interference effects are covered by
the experimental resolution even for the highest mass points.

Figure 5.8 shows the Crystal-Ball fits to the reconstructed ggH mww spectrum predicted for
a SM-like Higgs with my = 800 GeV in both 0+1-jet bin (left) and 2-jet category (right).

In contrast, for the VBF case, a composite model given by the product of a Crystal-Ball peak
and a falling exponential function is more suitable especially at high mass, where interference



5.4 Signal modeling

133

Selection

Value

Comments

Tight Lepton selection

Electron pr and n
Muon pr and n

pr > 35 GeV, |n|sc < 2.5 except [1.44, 1.56]
pr > 30 GeV, |n| < 2.4

avoid the ECAL gap.

Loose Lepton selection

Muon (Electron) pr

pr > 10 (20) GeV

CA8 jet selections

Jet pr and n

pr > 80 GeV, |n| < 2.4

hadronic W reconstruction

AK5 jet selections

Jet pr and n

pr > 30 GeV and |n| < 2.4

used for b-tag and VBF tag-jet

I selections

Fr 1 (e) channel

Er > 70(50) GeV

V-Boson selections

Leptonic W pr
Hadronic W pr
Back-to-back topology

pr > 200 GeV
pr > 200 GeV
AR(l,Whaa) > /2, A¢(Whaa, Br) > 2
AG(Whad, Wiep) > 2

Veto

Number of loose leptons

Number of b-tag jets

besides the tight lepton

CSV medium w.p.

W-jet selections

Mpruned

N-subjettiness ratio

65 < Mpruned < 105 GeV
7'2/7'1 < 0.5

Number of jets

Number of jets

041-jet (< 1), 2-jet (> 2)

event categorization

Top mass veto

m(Whad, ])
m(We, 7)

m(Whad, 7) > 200 GeV
m(Wy, j) > 200 GeV

2-jet, category only
2-jet category only

VBF jet selections

VBF tag-jets
VBF jet invariant mass
VBF jet eta separation

at least two jets with pr > 30 GeV
msjj > 250 GeV
Anjj > 3 GeV

two highest pr jets
2-jet category only
2-jet, category only

Table 5.2: Kinematic selections used in the 0+1-jet and 2-jet analyses for the final event categorization.

effects are stronger. Figure 5.9 reports the fits to the qqgH mww distribution for a SM-like
Higgs with my = 800 GeV in both 0+1-jet (left) and 2-jet channel (right).

The signal shape and normalization for the SM-like case are estimated from the POWHEG sim-
ulation, re-weighted to account for interference effects, as described in Section 5.2.1, while
BSM scenarios are produced after the additional width re-weighting described in Section 5.2.2.
Furthermore, data-to-simulation corrections are applied to account for discrepancies in the
pruned mass scale, pruned mass resolution and W-jet tagging efficiency, evaluated in the ¢t
control sample, as well as for lepton identification, b-tagging and trigger efficiency.
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Figure 5.8: Crystal-Ball fit to the reconstructed lineshape of gluon fusion SM-like Higgs events, generated
fixing my = 800 GeV, after applying 0+1-jet category selections (left) and 2-jet bin ones (right). Events
are re-weighted applying all the considered data-to-MC corrections, without normalizing them to the

luminosity of data sample.
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Figure 5.9: Fit to the reconstructed lineshape of VBF SM-like Higgs events, generated fixing mpy =
800 GeV, after applying 0+1-jet category selections (left) and 2-jet bin ones (right) using a product
between an exponential function and a Crystal-Ball shape. Events are re-weighted applying all the
considered data-to-MC corrections, without normalizing them to the luminosity of data sample.

5.5 Background estimation

An important difference between this search and the one described in Chapter 4 stand in the
online trigger strategy, which brings to lower pr thresholds on leptons, and in different muon
and electron identification criteria. This allows to move the kinematic acceptance turn-on
to lower myw values, resulting in a smooth falling background shape starting from mww >
500 — 550 GeV in all the analysis categories. This choice is motivated by the need of being
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sensitive starting from a resonance with mass around 600 GeV, where boosted searches usually
start to dominate.

Since jet substructure observables reproduced in simulated events crucially depend on the
parton shower and underlying event model, a sample of hadronically decaying W-bosons is
isolated in data to study the effect of jet selections. By applying the analysis selection strategy,
but requiring at least one b-tagged jet in the event, a sample of boosted W-jets is isolated in
a region of nearly pure tt events. The ¢t selection and the extraction of dedicated scale factors
for pure W-jet sare performed following the same strategy described in the previous analyses,
in particular in both Section 3.2.2 and Section 4.4.

In the 0+1-jet category, the ¢t normalization correction is measured to be 0.91 + 0.08 (0.89 +
0.09) in the muon (electron) channel, while, in the 2-jet one, the scale factor is 1.09 £ 0.25.
The larger uncertainty in the 2-jet category comes from a reduced amount of statistics after
applying VBF requirements.

Furthermore, looking at only events with 65 < Mmprunea < 105 GeV, data are compared to
simulation considering two alternative tt generations, performed with POWHEG interfaced to
Pythia 6 and MC@NLO interfaced to Herwig++, as a function of successive VBF selections:

At least two additional AK5 jets (VBF jets) outside the W-jet candidate cone, with one
of them b-tagged — (a).

(a) + top mass veto [m(Whyad,7) and m(Wy, j) > 210 GeV] — (b).

(a) + VBF selections [mj; > 250 GeV and An;; > 3] — (c).
e (a) + top mass veto + VBF selections — (d).

Inside these regions, data-to-simulation normalization corrections are measured to be consis-
tent, within the statistical uncertainty, with the scale factor derived in the 0+1-jet category
and between alternative matrix-element or parton-shower simulations.

Once single-top and tt are corrected for to match yields in data, the reconstructed myw
obtained from both POWHEG+Pythia6 and MCONLO+Herwig++ simulations are compared to
what observed in data, as shown in Figure 5.10. No significant discrepancies between the two
generations are found, despite different matrix element and parton shower choices. Further-
more, as a function of the different event selections, the overall data-to-MC agreement is not
significantly different and pretty much consistent within uncertainties. Thus, it is reasonable
to assume that tf simulation is able to well model the myw distribution observed in data,
once the normalization corrections are applied.

Finally, the simultaneous fit to the pruned mass distribution, used to extract the W-tagging
scale factor as described in Section 3.2.7, is performed again to be consistent with the object
selections applied in this analysis. It is measured to be 0.93 £ 0.09, while the jet mass scale
needs to be shifted by +1.4 GeV and the resolution enlarged by 10%. These correction fac-
tors are also applied on other simulation based samples, like ggH and ggH productions and
di-boson backgrounds (WW/WZ/ZZ).

5.5.1 W-+jets background estimation

The W+jets contribution, which represents the leading background in the 0+1-jet channel
and around 50% of the total background in the VBF category, is extracted from data in
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Figure 5.10: Di-boson invariant mass distributions (mww) for events with 65 < Mpruned < 105 GeV in
the top enriched control region, evaluated after a different set of selections: basic tt sample definition
(top left) (a), basic tf + top mass veto (top right) (b), basic ¢t 4+ VBF selections (bottom left) (c) and
basic tt + top mass veto + VBF selections (bottom right) (d).

both shape and normalization via a sideband method. The signal region (SR) is defined
around the hadronic W-boson mass peak, requiring the pruned jet mass to fall in the range
65 < Mpruned < 105 GeV, while an event belongs to the lower sideband (LSB) when W-jet
pruned mass lies in 40 < Mmpruned < 65 GeV, or the upper one when 105 < mpruned < 130 GeV.
The same strategy is applied in both the 0+1-jet and the 2-jet category, with the only differ-
ence of combining electron and muon final states in the 2-jet case, to minimize the statistical
uncertainty related to sideband fit extrapolation improving the analysis performance. Fur-
thermore, both the W+jets sideband definition and the background estimation strategy are
equivalent to the ones introduced in Section 4.4.

The W-jets rate is obtained from a sideband fit of data to the mprunea spectrum, where data
inside the signal region are not considered by the fit. The fit is unbinned and the functional
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parametrization of each background component, namely di-boson, single top, tt and W+jets,
are chosen via pre-fits on simulated events. Single top, di-boson and ¢t contributions are taken
from simulation after applying the data-to-simulation corrections already described.

The set of empirical functions used to model each contribution are summarized in Table 5.3,
where Fpowo is defined to be:

[1 = (Mprunea/a)]™

(Mpruned/a)P!
Figure 5.11 and Figure 5.12 show, respectively, fits to the mpqyneq distribution for simulated
events of tt, di-boson and W+jets processes in the 0+1-jet muon category and in the 2-jet
one, where the uncertainty band is related to uncertainty on the fitted parameters describing
both the shape and the normalization of each background.

FPOW2 =

Channel mww (TeV) W+jets tt Single-t  Di-boson
0+ l’j et M"H et [0 .55-1. 5} FErfExp 7FPow2 FErfEprGaus FErfExpGaus F2Gaus
0+ljet6+ﬁ¢ [0554~m FEﬂEmnFPmﬁ FEﬁEmﬂGmm FEﬁ&mem FéGmm

2'j et [055'1 5] FErfEXp7FPOW2 FErfEprGaus FErfExp F2Gaus

Table 5.3: Summary of the shapes used to fit the mprunea Spectrum of each background component,
most of them already defined in Section 4.4, taking into account both the mww range and the final
state topology (0-+1-jet or 2-jet bin).
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Figure 5.11: Fits to the pruned jet mass spectrum of simulated events with a reconstructed di-boson
invariant mass (mww) in the range 0.55-1.5 TeV for the 0+1-jet ur+W-jet category. From left to
right: t¢, di-boson (WW/WZ/ZZ) and W+jets (Frrmxp) processes, which are re-weighted applying all
the considered data-to-MC corrections, without normalizing them to the luminosity of data sample.

Figure 5.13 shows the final result of the mpruneq sideband fit for the 0+1-jet muon category
(left) and the 2-jet one (right). Two possible parametrizations, Fgfrxp and Fpows, are chosen
as possible candidates to model the W+jet mpruneq distribution, showing similar predictions
inside the signal region on both data and W+jets simulation.

Possible biases in the W+jets normalization extraction, due to a mismodel of the pruned mass
shape, are assessed by generating toys under one model and applying the full fitting procedure
with the alternative one, using post-fit parameters from data to seed the toy generation. The
best choice is represented by the parametrization showing the least bias and the uncertainty
on the W+jets contribution is enhanced according to the difference between the injected and
the fitted W+jets rate.
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Figure 5.12: Fits to the pruned jet mass spectrum of simulated events with a reconstructed di-boson
invariant mass mww in the range between 0.55-1.5 TeV for the 2-jet category. From left to right:
tt, di-boson (WW/WZ/ZZ) and W-Hjets (Fgrxp) processes, which are re-weighted applying all the
considered data-to-MC corrections, without normalizing them to the luminosity of data sample.
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Figure 5.13: Distributions of the pruned jet mass (Mmpruned) in the 0+1-jet muon category (left) and
in the 2-jet one (right). The prediction of the non-resonant W+jets background comes from a fit
excluding the signal region (marked through vertical dashed lines), while the minor background yields
come from the simulation. The simulated resonant shapes are corrected using the differences between
data and simulation in the W-boson mass peak position and width, which are measured in the ¢t
control region. At the bottom of each plot, the ratio between event the observed rate in data and the
predicted background is reported.

Thus, the background normalization uncertainty is increased by 15% in the 2-jet bin and by
9% in the 0+1-jet one.

The W+jets shape in the signal region is determined from data in the lower sideband since
in the upper one, with 105 < mpyruned < 130 GeV, heavy resonances decaying into X — hW
system can contribute biasing the shape extrapolation from data. In addition, the upper
sideband suffers from a higher contamination from ¢t events, in particular for the 2-jet bin as
displayed in Figure 5.13.

In both the low mass sideband and the signal region, background events fulfilling the selection
criteria are characterized by a falling mww distribution over the range between 550-1500 GeV.
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This falling spectrum can be parametrized by different class of functions, such as exponentials,
power laws or polynomials. In each of these class of models, a representative candidate is
chosen through an F-test, as described in Section 4.4. This test is performed using data in
the W+jets sideband region, since it represents a pure sample of W+jets events in data as
well as a good proxy for the final analysis signal region. According to a reference confidence
level 4.4.1, the best models in the 0+1-jet category are represented by an exponential function
and a power law with two parameters, while in the 2-jet one a single parameter power law is
enough (z = mww):

Fixp(z) = N €97 5 Fpoya(z) = N- x0T 1 Fp () = N - 2% (5.8)

In the W+jets sideband region, the non-dominant backgrounds contaminations are estimated
fixing by their normalizations and shapes from simulation when fitting data. The fits to
sideband data (ngttégg(mww)), performed adopting an exponential function, are shown in
Figure 5.14 for the 0+1-jet bin pr+W-jet channel (left) and the 2-jet category (right), where
the uncertainty band reflects the fit parameter errors.
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Figure 5.14: The fits for F&gf;;(mww) for 0+1-jet ur+W-jet (left) and 2-jet (right) categories. Minor
backgrounds (¢, di-boson and single top) are estimated from simulation, while the W+jets shape is
obtained from the fit to the data.

Finally, the W+jets shape in the signal region is obtained scaling ngggt];(mww) through

the extrapolation function anic(mww), derived from W+jets simulated events as defined
in Equation 4.2. In this case, since no Herwig++ W+jets exclusive samples are available,
MadGraph + Pythia 6 prediction is used as benchmark in the 2-jet category, while Herwig++
is adopted in the 0+1-jet bin since it is known to better describe the pruned jet mass. The
shapes of ayc(mww) are reported in Figure 5.15 for the 0+1-jet category (left) and the 2-jet
one (right). The shaded regions correspond to the 10 (20) bands of the fit parameters. For
the 0+1-jet bin, the difference between the Herwig and Pythia determinations is taken as an
additional systematic uncertainty, labelled as “alternate PS” in Figure 5.15. The systematic
uncertainty associated to the chosen fit function is also considered and shown as “alternate
function” in Figure 5.15, together with systematic effects due to uncertainties in the jet energy
scale and resolution measurements.
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The ultimate total background prediction in the signal region is obtained through Equation 4.3
and presented in Section 5.7, together with the statistical interpretation of the analysis.
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Figure 5.15: The W+jets extrapolation function ayc(mww) from the pruned mass sideband to the
signal region is shown for the 0+1-jet (2-jet) category on the left (right). The shaded grey (green) band
represents the 10 (20) effect of the statistical uncertainty of fit parameters, while dashed colored lines
refer to systematics related to parton shower, fitting function model, jet energy scale and resolution
uncertainties. The original sideband and signal region fits for myww are also shown with dash-dot lines.

5.5.2 Bias tests for the m, background model

The described background estimation is based on the assumption of properly model each back-
ground contribution through an empirical continous shape. Since alternative parametrizations
show potentially similar behaviors, a set of toy experiments is performed to select the best
background model for the signal region, generating pseudodata to build a data sample corre-
sponding to the expected statistics in the analysis.

As a first test, considering as benchmark background models an exponential function or a
single parameter power law, background-only (B) and signal plus background (S+B) toys are
generated and fitted adopting a chosen background model, fixing the nuisance parameters to
their pre-fit value in the generation. Considering the fitted yields of each expected process,
the pull distribution, defined as the difference between the fitted and the injected rate divided
by the mean uncertainty of the fitted rate, is considered as figure of merit to estimate possible
biases. The test is performed independently in each event category and for each considered
my hypothesis, when a non null signal strength is injected. This self-bias is found to be neg-
ligible, less than 5% for each my hypothesis when S+B toys are performed, proving that the
analysis is able to correctly detect a possible signal when the injection strength is comparable
to the analysis sensitivity.

Then, the same test is performed to check the robustness of the background model, generating
toys under one parametrization and fitting the obtained set of events with the alternative one
(exponential or power law). The interesting parameter in these tests is represented by the
fitted signal strength, where the considered signal model is represented by SM-like Higgs of
various masses, in both toys with and without signal injection.



5.6 Systematic uncertainties 141

The measured bias is always below 12% for each mass point in both the 0+1-jet and the 2-jet
category. As example, in Figure 5.16, the bias on the fitted signal strength (S+B fits) is shown
for the 0+1-jet category (left) and the 2-jet one (right) as a function of the SM-like Higgs mass
for background-only toys. In contrast, Figure 5.17 shows the same results in case of a sizable
signal injection, three-times grater than the analysis exclusion sensitivity.
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Figure 5.16: Bias estimation, as a function of the SM-like Higgs mass hypothesis, for events generated
with a power law background model inside the signal region and fitted with an exponential function:
0+1-jet category (left), 2-jet one (right). S+B fits are performed on B-only toys. The bias is defined as
the shift of the signal strength pull distribution.
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Figure 5.17: Bias estimation, as a function of the SM-like Higgs mass hypothesis, for events generated
with a power law background model inside the signal region and fitted with an exponential function:
0+1-jet category (left), 2-jet one (right). S+B fits are performed on S+B toys, injecting three-times
the signal rate expected to be excluded by the analysis. The bias is defined as the shift of the signal
strength pull distribution.

5.6 Systematic uncertainties

In this section, systematic uncertainties affecting both the background prediction, in Sec-
tion 5.6.1, and the signal one, in Section 5.6.2, are investigated and described.

5.6.1 Systematics on the background estimation

The systematic uncertainty on the W-jets background normalization is dominated by the
pruned mass fit uncertainty, associated with the amount of data inside the sideband regions.
A residual biase due to the adopted shape parametrization is also taken into account and
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added in quadrature to the statistical term. This combined uncertainty is measured to be
5 (8)% in the 0+1-jet category for muon (electron) channel, while at the level of 22% in the
VBF one.

The uncertainty on the ¢ normalization comes from the one on the data-to-simulation scale
factors derived in the top-enriched control sample, which is estimated to be 6.5% in the 0+1-
jet bin and 26.5% in the 2-jet one.

Then, uncertainties on the single lepton trigger and lepton identification efficiencies, derived
through dedicated tag and probe studies on Z — uu and Z — ee events, are equal to 1% (1%)
and 2% (2%) for p (e) final states. The uncertainties coming from the lepton energy scale and
resolution are found to be small, less than 1.5%, for all the background samples, as well as
the uncertainty related to data-to-MC scale factors used for the b-tagging (< 3.5%).
Systematics due to jet energy scale and resolution are summarized in Table 5.4 and are at the
level of 1-7%, depending on the processes and the jet bin category (0+1-jet or 2-jet bin).
The uncertainty in the WW inclusive cross section in this boosted regime is assigned to be
20%, estimated from the uncertainty on the published CMS cross section measurement at
Vs = 8 TeV [5]. In addition, the uncertainty on the V-tagging scale factor, described in
Section 5.5, is considered also for the WW background. The same uncertainties derived for
WW production are also used for WZ, ZZ and WW electroweak processes (O(a$8,)). The
uncertainty related to the total integrated luminosity is 2.6% [108].

The systematic uncertainties on the W-jets mww shape in the signal region come from two
independent contributions: the uncertainty on the extrapolation function ayc(mww) and the
one on the fit to the mww spectrum in the low-mass sideband. The uncertainty on ayc(mww)
derives from the ones on the mww fits defining the numerator and the denominator of the
ratio, as shown in Figure 5.15, which is proportional to the statistics of simulated events sur-
viving the analysis selections in both sideband and signal region.

The pink and the yellow dashed lines denote, respectively, the ayc(mww) functions derived
from the alternative parton shower model and an alternative fit parametrization. To account
for these additional shape variations, the Herwig-based uncertainties (shaded bands) are en-
larged by a factor of two, so that the o parameters are weaklier constrained in the final fit.
In the same way, to reduce potential bias in the final limit extraction due to a possible wrong
description of the W+jet shape, the uncertainty on the W+jet shape parameters fitted in
sideband region is increased by 20%, as studied in Section 5.5.2.

5.6.2 Systematics on the signal model

The systematic uncertainties on the signal cross section upper limits include the uncertainty
on the integrated luminosity of the data sample, the theoretical description of the signal model
as well as the ones related to the event reconstruction in the detector.

Uncertainties on the heavy Higgs production cross section arise from the combined choice of
PDFs and a, as well as from the renormalization (4,) and factorization (uf) scales. They are
typically around 6-7% and 7-12%, respectively, for the ggH production mechanism, 1-2% and
2-5% for qqH process.

Uncertainties on the signal lineshape due to the interference modeling varies for the ggH
and ggH modes. For the gluon fusion, the prescription described in [35] is adopted, which
considers the NNLO contribution to the signal interfering with the gg — VV background pro-
cess. In contrast, for the VBF production, the uncertainty is assigned with LO precision from
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Source W+jets tt Single-t Di-boson WW ok
0+1-j 25 [ 0+1-j 25 | 0+1-j 2-j | 0+1-j 25 [0+1l5 2
Experimental sources
Lumi - - 2.6% 2.6% 2.6% 2.6% 2.6% 2.6% - 2.6%
Etrig - - 1% 1% 1% 1% 1% 1% - 1%
Ej;d - - 2% 2% 2% 2% 2% 2% - 2%
Ebtag - - 1.7%  1.5% | 3.3% 3% 0.6%  0.5% - 0.7%
£ scale - - 0.4% 05% | <0.1% <0.1% 1% 1.5% - 1%
{ res. - - <0.1% <0.1% | <0.1% <0.1% | <0.1% <0.1% - <0.1%
Jet scale | 25% 2% 4% 4% 4% ™% 3% 7.5% - 4.6%
Jet res. 1% 1.9% | 0.4% 3% 0.9% 8.3% 0.7% 4.3% - 6.3%
V-tag - - - - - - 9% 9% - 9%
Background estimation
Ntop - - 6.5%  26.5% 6.5%  26.5% - - - -
Nwtjet 5-8%  22% - - - - - - - -
Nyv - - - - - - 20% 20% - 20%

Table 5.4: Summary of systematic uncertainties in the background yield, relative to the expected
number of background events. All systematic sources in the list are treated as uncorrelated, with
log-normal priors in the statistical interpretation. Systematic effects, that are varying the yield of a
background source by less than 0.1%, are neglected.

renormalization and factorization scale variations in the Phantom generation, as described in
Section 5.2. Another important source is represented by the knowledge of the ggH cross sec-
tion inside the different exclusive jet bins in which the analysis is categorized, which is around
20-25%.

The experimental sources affecting physics objects properties are represented by jet energy
scale and resolution, electron and muon energy scale and resolution and un-clustered particles,
which contribute to the missing energy measurement. To evaluate them, the event selection
is applied to signal events after varying leptons and jets four-momenta within one respec-
tive standard deviation (or applying an appropriate energy/momentum smearing in case of
resolution uncertainties) of the corresponding uncertainty on energy or momentum scale and
resolution. In this process, variations on the lepton and jet four-momenta are propagated
consistently to the F- vector. The largest relative change in the signal efficiency, compared to
the central value, is taken as a measurement of the systematic effect for that specific source.
Uncertainties on data-to-simulation scale factors for W-jet tagging, lepton trigger, lepton iden-
tification and b-jet tagging are also considered.

Uncertainties on physics objects scale and resolution are affecting also the myw signal shape.
In fact, after applying the analysis selection, the largest relative changes in the peak position
and width of the fitted signal shape, compared to the default one, are taken as systematic
uncertainty on the parameters of the adopted signal model. The dominant systematic source
on the mywyw signal shape comes from the jet energy scale (resolution), approximately 3% (2%)
on the peak position for the 0+1-jet category and 4% (3%) for the 2-jet one, 2% (5%) on the
width for 0+1-jet bin, 5% (10%) on 2-jet one.

A summary of the impact of all the systematic sources on both signal rate and shape is pre-
sented in Table 5.5.
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Source ggH-Rate qqH-Rate ggH-Shape qqH-Shape
0+1-jet  2-jet \ 0+1-jet 2-jet, \ peak width \ peak width
Experimental sources
Luminosity 2.6% 2.6% 2.6% 2.6% - - - -
£ scale 2% 3.5% 1.5% 1.8% <0.1% <01% | <0.1% <0.1%
Etrig 1% 1% 1% 1% - - - -
gbd 2% 2% 2% 2% - - - -
Ebtag 0.5% 0.2% 0.5% 0.2% - - - -
Jet scale 3-4% 4-5% | 4-4.5%  4-4.5% 2-3%  1.5-2% | 3.5-4%  3.5-5%
Jet resolution | 2-2.5%  7-8% | 3.5-5% 8.5-10% 2% 4-5% | 2.5-3% 8.5-10%
V-tagging 9% 9% 9% 9% - - - -
Theoretical sources
PDF+a, ggH 9-12%  9-12% - - - - - -
PDF+a, qqH - - 3.5-6% 3.5-6% - - - -
Interf. ggH 10% 10% - - - - - -
Interf. gqqH - - 10% 10% - - - -
ggH 0+1-jet 26% - - - - - - -
ggH 2-jet 6% 20% - - - - - -

Table 5.5: Summary of systematic uncertainties affecting signal yield, relative to the expected number
of signal events, peak position and width after the analysis selection. All systematic sources in the list
are treated as uncorrelated. Their values for each specific mass point is not indicated, only the range
of variation as a function of the Higgs mass is reported.

5.7 Statistical interpretation

Combining the background estimate, described in Section 5.5, with the signal modelling, re-
ported in Section 5.4, Figure 5.18 shows the final mww distributions in the signal region for the
0+1-jet puv+W-jet category (left), the ev+W-jet channel (middle) and the 2-jet bin (right).
The uncertainty band takes into account both the fit uncertainty on the mwyw spectrum in
the Mpruned sideband region, the uncertainty on the extrapolation function (cmc(mww)) and
the normalization uncertainties for all the background contributions, which are detailed in Ta-
ble 5.4. These three categories are used simultaneously in an unbinned maximum likelihood
fit to extract upper limits on the model parameters, as a function of different my hypotheses,
through a modified frequentist method referred to as the CLg method [149, 150], where a
likelihood ratio test statistics is adopted and nuisance parameters are profiled. In the likeli-
hood ratio, the total number of observed events is compared to the signal and the background
predictions by means of a product of Poisson probabilities.

The predictions are subject to the multiple uncertainties described in Section 5.6, which are
handled by introducing nuisance parameters with log-normal priors, that modify parametri-
cally the expectations for both signal and background processes. A signal strength modifier (u)
is used to scale the Higgs boson cross section for all the production mechanisms by a common
factor with respect to the SM predictions, keeping the decay branching fractions unchanged.

5.7.1 SMe-Ilike Higgs boson search

The combined results obtained for a heavy Higgs boson with SM-like couplings is shown in
Figure 5.19 (left), where the expected and the observed exclusion limit at 95% CL are set
on the signal strength modifier. Then, in Figure 5.19 (right), the expected and the observed
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Figure 5.18: The final mww invariant mass distribution for the 0-+1-jet bin category muon channel
only (left), electron one (middle) and for the 2-jet bin (right). Points represent the observed data,
shaded graphs represent the background and dashed graphs represent five times the expectation for a
SM-like Higgs boson with my = 800 GeV produced via ggH and g¢gH mechanisms, separately.

upper limits obtained combining the three analysis categories are compared to the individual
inputs from 041-jet and 2-jet channels. The observed sensitivity is driven by 0-+1-jet category
for low myg values, up to 800 GeV, then the VBF one becomes more performant due to the
increase of qgu production cross section and a better signal-to-background ratio. The observed
exclusion limit for the SM-like Higgs boson hypothesis varies from 1.1 times the SM cross-section
for myx = 600 GeV to 5 times the SM expectation at 1000 GeV.
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Figure 5.19: (Left) Observed (solid) and expected (dashed) 95% CL upper limit on 1 = 0/0sm, obtained
via the asymptotic CLg technique, for a SM-like Higgs boson decaying into WW— fvqq’. The 68% and
95% ranges of expectation for the background-only model are also shown with green and yellow bands,
respectively. The solid horizontal red line at unity indicates the expectation for a SM-like Higgs boson.
(Right) Comparison between esclusion limits for the single categories.

Since the observed limit reaches the edge of the 2 0 band between 700-900 GeV, mainly driven
by an excess in data with respect to the background-only prediction in the 2-jet category, the
local significance has been computed as a function of my.
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This observed p-value is defined as the probability for the background-only hypothesis to
fluctuate up to the local excess measured in data. Low p-values indicate a large incompatibility
with the background-only hypothesis, while a p-value equal to 0.5 is assigned when data under-
fluctuates with respect to the predicted amount of background.
Figure 5.20 shows the observed and the expected (for p = pgy) p-values for the 0+1-jet bin
(left), 2-jet category (middle) and the ultimate combination (right). Local excesses of 2.6 o
and 2.4 0 are observed in the mass range between 700 and 800 GeV.
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Figure 5.20: Expected and observed local p-values for a SM-like Higgs boson as a function of my:
(left) 0+1-jet category, (middle) 2-jet one and their combination (right). The expected p-values are
computed considering a possible signal with strength equal to the SM expectation.

5.7.2 Electroweak singlet interpretation

The re-interpretation of the SM-like Higgs results in the context of the electroweak singlet
model is performed only where C"? < (1 — BRyey), that corresponds to the cases where the
new state is expected to have an equal or narrower width with respect to the SM scenario.
Results are presented distinguishing between BRyew = 0 and BRypew > 0 cases.

Under these hypotheses, signal samples with different Higgs boson widths are generated,
scanning the two dimensional C’> and BRyew space. For these discrete set of points, a limit
and a local p-value are computed as a function of the new resonance mass. No significant
excesses are observed and the local p-value remains always around 2.5 ¢ in the myww between
700-800 GeV.

Figure 5.21 and Figure 5.22 show, respectively, the 95% CL observed and expected exclusion
limits on the BSM signal strength as a function of my and C'2, for three different BRyeyw
configurations (BRpew = 0.0,0.2,0.5). Since the sensitivity of this analysis is not enough to
exclude the predicted signal strength, observed and expected exclusion contours for three and
four times the expectation are reported.

5.8 Higgs high mass combination

The results presented in this Section are obtained by combining searches exploiting different
Higgs boson production modes and final state topologies [159], which are listed in Table 5.6.
All the final states are exclusive, thus there is no overlap of events among different channels.
Individual analysis strategies are not detailed here, since this would go beyond the scope of
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Figure 5.21: Observed upper limits at the 95% CL on the electroweak singlet model. Upper limits are
displayed as a function of the heavy Higgs boson mass and the model parameter C'2, for different values
of BRyew. From left to right, limits for BRyew = 0.0,0.2,0.5. Observed exclusion contours for three
and four times the expected signal strength are shown as solid and dashed black lines, respectively.
CMS Preliminary L=19.3fb"at [s=8TeV

CMS Preliminary L=19.3fb"at (s=8TeV CMS Preliminary L=19.3fb"at [s=8TeV

8x 0y, 95% C.L. Limi

0.1 =gR.. =0.

signal strenght excluded at 95% C.L.
signal strenght excluded at 95% C.L.
signal strenght excluded at 95% C.L.

--4x o 95% G

|
800 650 700 750 800 850 900 950 1000

800 650 700 750 800 850 900 950 1000 800 650 700 750 800 850 900 950 1000

my (GeV) my (GeV) my (GeV)

Figure 5.22: Expected upper limits at the 95% CL on the electroweak singlet model. Upper limits are
displayed as a function of the heavy Higgs boson mass and the model parameter C’2, for different values
of BRyew. From left to right, limits for BRyew = 0.0,0.2,0.5. Expected exclusion contours for three
and four times the expected signal strength are shown as solid and dashed black lines, respectively.

this thesis. The combination requires a simultaneous analysis of all the categories, accounting
for both statistical and systematic uncertainties and their correlations. Also in this case, upper
limits are obtained through the frequentist CLg method.

The combined results for the SM-like Higgs boson search are displayed in Figure 5.23 (left),
where the observed upper bound on the signal strength is shown for each final state channel.
The expected combined 95% CL limit of the six channels is plotted as a dashed black line,
while the yellow shaded region is the +2 ¢ uncertainty on the expected limit. On the right
hand side, the observed and expected performance are reported separately for each final state,
exploiting WW (on top) and ZZ (on bottom) signatures.

In the lower mass region, the most sensitive channels are H — Z7Z — 4/ and H - WW — 202v.
At the highest masses, the H — ZZ — 2/2v channel has the best sensitivity, while H - ZZ —
4, H—- WW — 202v, H - WW — frvqq and H — Z7Z — 202q contribute significantly.
Features in the combined observed limit are due to corresponding ones in the limits of the
individual channels. In fact, below 400 GeV, there are oscillations in the observed limit due
to the high resolution of the most sensitive channel, H — ZZ — 4/, and the narrow width
of the Higgs boson candidate in this mass range. An excess in the combined limit around
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Decay Production Final states N, | my range [GeV] O'mH/mH
WW — (vl un-tag ((ee, ), ep) + (0/1-7) 4 145-1000 *° 20%
VBF tag ((ee, pp), en) + (jj)ver 2 145-1000 *b 20%
WW — lvqq un-tag (ev, pv) + (j)w 2 180-600 5-15%
un-tag (ev, pv) + (J)w + (0+1-5) 2 600-1000 ° 5-15%
VBF tag (ev, pv) + (Nw + (j)ver 1 600-1000 ° 5-15%
77 — 2020 un-tag de, 4p, 2e2p 3 145-1000 1-2%
VBF tag (de, 4p, 2e2p) + (jj)vBr 3 145-1000 1-2%
un-tag (ee, pp) + (ThTh, TeTh, TeTe) 8 200-1000 10-15%
77 — 202v un-tag (ee, pp) + (0 or > 1 jets) 4 200-1000 %
VBF tag (ee, pr) + (Gj)vBrF 2 2001000 7%
77 — 202qq un-tag (ee, pp) + (jj)y 28 6 230-1000 © 3%
un-tag (ee, pp) + (1)1 2Pree 6 230-1000 © 3%
VBF tag (ee, pp) + Gi)y 2" + (if)vee | 6 230-1000 © 3%
VBF tag (ee, up) + ()92 8 4 (Gj)ver | 6 230-1000 © 3%

Table 5.6: Summary of the analyses included in the combination. The main contribution in the untagged
categories is always from ggH, while the (jj)vpr refers to a di-jet pair consistent with the VBF topology.
In contrast, (jj)w(z) and (J)w(z) refer to a di-jet pair and single merged jet with an invariant mass or
a pruned mass consistent with a W (Z) hadronic decay. The superscript “0,1,2 b-tags” refers to the
three possible categories of b-tag multiplicities.

“Electroweak singlet model interpretation starts at 200 GeV to avoid contamination from SM Higgs.
’600-1000 GeV for /s = 8 TeV only.
‘For /s = 8 TeV only.
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Figure 5.23: Upper limits at the 95% CL for each of the contributing final states and their combination
(left). The observed and expected limits of the six individual channels are compared with each other
and with the combined results (right), for H — WW channels (top right panel) and H — ZZ ones
(bottom right panel) separately.

280 GeV is related to a simultaneous excess in both four leptons and H — WW — 2/2v
channel. Moreover, the small excess of observed around 700 GeV in the boosted semi-leptonic
H — WW analysis is not supported by the other channels and is reduced to less than 0.5
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in the combination. The combined upper limit, at the 95% CL, on the product of the cross
section and branching fractions exclude a Higgs boson with SM-like couplings in the full search
range 145 < my < 1000 GeV.

Finally, also this combined result is interpreted in the electroweak singlet model framework.
Figure 5.24 shows the expected and observed contours at 95% CL on the singlet scalar cross
section, with respect to its expectation, in the (my,C’?) plane for various values of BRyey. A
large region of the parameter space foreseen has been excluded. In Figure 5.24, the indirect
constraint from the direct measurement of the Higgs coupling to V-bosons is also reported,
C”? < 0.28 for BRyew = 0, showing a significant improvement in the exclusion sensitivity
through this combination of direct searches. Eventually, Figure 5.25 (right) shows the observed
excluded cross section (in pb) as a function of the BSM resonance mass and its relative intrinsic
width with respect to the SM expectation.

N CMS upto5.1 b (7 TeV) + up to 19.7 fb” (8 TeV)
O r —Obs., B, =0.0 -- EXp., By, =0.0 F
0.6— —Obs., B,ew =0.2 ---EXp., By =0.2 Co—

- —Obs., B, =0.5-- Exp., B, =0.5 P
| FET (B 08— T T T T Ty T ",-._._.‘,'_._

0.4 ’ —
0.2 —

200 300 400 500 600 700 1000
m,, [GeV]

Figure 5.24: Upper limits at the 95% CL on the electroweak singlet extension of the SM from the
combination of the di-boson final states (WW-ZZ), displayed as a function of my and the model
parameter C'? for different values of BRyew. The upper dash-dotted line indicates where, for BRyew =
0.5, the width of the BSM Higgs boson reaches the width of a SM-like one. The lower dash-dotted
line displays the indirect limit, at 95% CL, on C'? from the measurement of the SM Higgs coupling to
V-bosons.

5.9 Conclusion

A search for a new SM-like heavy Higgs boson decaying into WW pairs has been presented,
in which one of the W-bosons decays leptonically and the other one hadronically, considering
a lv+W-jet (¢ = p,e) final state. This channel has the largest cross section times branching
fraction predicted for a SM-like Higgs, with my > 180 GeV, although the final state is con-
taminated by large background events from SM sources, mainly W-+jets and ¢t.

Jet substructures are used to reduce these backgrounds identifying high pr jets containing the
fragmentation products of a boosted hadronically decaying W-boson.

Events are then categorized according to the additional number of reconstructed jets with
pr > 30 GeV, to enhance the analysis sensitivity trying to disentangle signal candidates
produced by gluon fusion or VBF mechanism. A crucial aspect is represented by the Higgs
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Figure 5.25: Upper bounds on the signal cross section (in pb) are reported as a function of Higgs mass
and relative width of the resonance I'/T'gy.

lineshape model, which should account for the correct Higgs boson propagator description,
known as Complex-Pole-Scheme (CPS), as well the interference effect between the heavy Higgs
and the continuum di-boson production.

With no significant excess observed above the predicted background yield, an upper limit on
the SM-like Higgs boson production cross-section is set through an unbinned fit to the recon-
structed di-boson invariant mass spectrum (mww). A deviation with a local significance of
2.6 o is observed, mainly driven by an excess in the two-jet-bin (VBF) category in the range
700 < mww < 800 GeV.

The result is also interpreted in a BSM heavy Higgs scenario, called electroweak singlet model,
based on an effective theory which predicts the existence of two Higgs-like scalar particles,
with the mass of the lighter one being around 125 GeV.

Eventually, the analysis has been combined with other exclusive searches for a heavy Higgs
boson, covering all the accessible WW and ZZ decay signatures. In the case of a heavy Higgs
boson with SM-like couplings and decays, its existence has been excluded over the entire ex-
plored range of 145 < myg < 1000 GeV. While, for the electroweak singlet partner of the SM
Higgs, the large part of the C'? versus mass parameter space is excluded for various values of
BRyew, giving tighter constraint than indirect limits from measurements at Higgs pole.



CHAPTER 6

Vector Boson Scattering in view of the CMS
upgrade for the HL-LHC

In the physics collisions provided by the LHC during Run-1I, an integrated luminosity of 25 fb~!
has been collected at /s = 7,8 TeV. While no evidences for BSM physics has been seen yet,
the results obtained so far have dramatically changed the landscape for these searches through
the measurement of the Higgs boson properties and first direct or indirect exclusion for new
physics. In fact, many models have been totally excluded, others have their parameters sharply
limited. To enhance the sensitivity of CMS to new physics phenomena and to provide precise
measurements in the Higgs sector, a powerful demand for higher instantaneous luminosity is
mandatory.

The LHC machine group aims to achieve higher peak and integrated luminosity, well above
those for which CMS was designed. Thus, the CMS detector requires upgrades (Phase-II) to
preserve the optimal efficiency and resolution also in these conditions [166].

In this Chapter, the main goals of the high luminosity LHC programme (HL-LHC) are described
in Section 6.1, while, in Section 6.2, a brief overview on the proposal for the CMS Phase-II
upgrade is presented. Then, in Section 6.3, a description of the Delphes framework [167]
is exposed together with its commissioning and tune to correctly reproduce the CMS detec-
tor performance in different scenarios. Section 6.4 gives an introduction to Vector Boson
Scattering (VBS) measurements in view of the HL-LHC, as well as detailed information on the
event simulation, while Section 6.5 describes the general event reconstruction and the selec-
tion strategy adopted in the analysis. Section 6.6 describes how backgrounds, arising from
jets mis-identified as leptons, are estimated. Then, Section 6.7 and Section 6.8 are dedicated
to the fully leptonic same sign WW and to the fully leptonic WZ bosons scattering analysis,
respectively. Eventually, in Section 6.9, the ultimate expected sensitivity to the longitudinal
scattering cross section is presented by combining same sign WW and WZ bosons channels.

6.1 High luminosity LHC physics programme

The current plan of the LHC operation is based on a set of long data taking periods inter-
leaved with long shutdowns, as summarized in Figure 6.1. Run-II has just begun and it will
25! with 25 ns bunch spacing,

experiencing an average of about 25 pileup interactions per bunch crossing, which coincides

operate at the instantaneous luminosity of .2 =1 x 1034 cm™
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with the operating scenario for which CMS was designed. This data taking period will provide
around 300 fb~! of data and the CMS experiment will undergo a series of upgrades from LS1
to LS2, called Phase-I upgrade [168].

The high luminosity period that follows the LS3 is referred to as HL-LHC or Phase-II. In this

operating scenario, the instantaneous luminosity will reach 5 x 1034 cm ™2

s~!, from a potential
peak value of 2x10%% ecm™2s~! at the beginning of fills, delivering 250 fb~! per year for further
10 years of operation. Under these conditions the pileup will rise substantially to the point of
becoming a major challenge for the experiments and the performance degradation due to the

integrated radiation dose will need to be addressed.
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Figure 6.1: Schedule of the LHC operations towards 2035, showing preliminary dates for long shutdowns
of the LHC and projected luminosities.

The CMS physics program at the HL-LHC will be based on the results obtained from the 300 fb=!
of data collected during Run-II, in terms of both precision measurements and searches for
new physics. The study of the Higgs boson will be central in this program, through precise
measurements of its couplings at percent level, as shown in Figure 6.2 (left), probing its tensor
structure and measuring differential rates. In addition, the measurement of its coupling to
the second generation of fermions will be possible via h — pu decays, as well as the study of
Higgs self coupling through the di-Higgs production cross section.

The role of the Higgs boson in the EWSB sector will be tested studying the VBS process, which
is also sensitive to new physics via anomalies in triple and quartic gauge couplings (aTGC and
aQGC respectively).

New particles are expected at the TeV scale but have not yet been seen, thus the very high
integrated luminosity collected at the HL-LHC will extend the reach of searches for new heavy
bosons, very narrow width resonances predicted in models like extra dimensions, composite-
ness andlepto-quarks, up to 6 TeV or more.

Moreover, indirect searches of Dark-Matter (DM), by means of either searches for SUSY particles
or exploring mono-object signatures (jet, photon, V-boson, top, Higgs), are expected to be
competitive to direct experiments if the missing transverse energy resolution will br kept at
similar level of the present data. New physics can also be detected through the study of rare
B-meson decays, such as By — putpu~ and By — ptp~, for which a high integrated luminosity
is fundamental as proved in Figure 6.2 (right).
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Finally, many interesting SM measurements will be performed during the HL-LHC, such as the
measurement of the W-boson mass, the strong coupling constant as and the effective lepton
mixing angle, as well as double differential cross sections of events with jets, top quarks, W
and Z-bosons.
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Figure 6.2: (Left) Projected precision on Higgs boson couplings as a function of boson or fermion masses
after 3 ab—! of data. (Right) Projections of the mass fits for the Bs 4 — ™~ measurements to 3 ab™?
of integrated luminosity, assuming CMS Phase-II performances for barrel only.

6.2 The Phase-Il upgrade of the CMS detector

The goal of the Phase-II upgrade is to keep unchanged the performances, showed by CMS
during Run-I, in terms of reconstruction efficiency, energy resolution and background rejec-
tion for all the physics objects (electrons, muons, photons, taus, jets and missing energy).
The major challenge is represented by developing sensors able to overcome the radiation dam-
age, due to the large integrated luminosity collected, measuring hard scattering products in a
high pileup environment.

The LHC will produce collisions at a rate of about 5 x 109 Hz, where the flow of the particles
through the detector will cause a significant damage on both the active materials and the
on-board electronics, resulting in a progressive degradation of the performances.

To design a detector able to collect 3 ab~! with stable performances, predictions of the dose
rate and particle fluence are needed, as well as to know their effects on the different sub-
detectors. Test beams and Run-I data are used to tune a specific set of simulations. The
damage produced in the detectors by particle radiation depends on both the sensor technol-
ogy and the total amount of the absorbed dose, which increases as a function of 7.

In silicon sensors, radiation damages the lattice increasing the dark current and forming trap-
ping centers that reduce the charge collection efficiency.

For the PbW04 crystals of ECAL detector or the plastic scintillators used in HCAL, the effect is
a loss in the trasmission efficiency, reducing the scintillation light especially in the endcaps,
where the loss reaches more than 90%.

At the nominal luminosity foreseen for the HL-LHC, an average of 140 pileup interactions is
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expected, which degrade triggers and offline reconstruction performances producing additional
hits in the tracking system and energy depositions in the calorimeters. Figure 6.3 (left) shows
the track multiplicity for an event recorded during Run-I with 78 reconstructed primary ver-
tices. Figure 6.3 (right) gives an illustration of the out-of-time pileup, which affects pulses
produced by scintillators (silicon devices are usually fast in response with respect to the buch
spacing of 25 ns).
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Figure 6.3: (Left) Track occupancy in an event with 78 reconstructed vertices recorded during 2012.
(Right) Individual pulses from a calorimeter as a function of time. The signal from the triggered buch
crossing is located at 0 ns, bounded by the green vertical lines, while in red are early (late) pulses
falling inside the signal window. Pulses are not stacked one on top the other.

The nominal operating scenario consists of collisions with 25 ns bunch spacing, an aver-
age of 140 pileup interactions per bunch crossing and an instantaneous luminosity of .Z =
5 x 1034 cm~2s~!. Considering these conditions and the expected radiation damage, both the
tracker and the endcap calorimeters need to be replaced for the Phase-II.

In addition, the precise measurement the Higgs boson properties requires the ability of effi-
ciently trigger low pr leptons and photons. Thus, both the trigger electronics (L1 trigger) and
the software one (HLT) must be upgraded too. In particular:

e Tracker upgrade: to maintain high track reconstruction efficiency in the new pileup
conditions, the granularity of both pixel and outer strip tracker will be increased by a
factor four. In the strip tracker, this goal will be achieved by shortening the sensor length
without changing the pitch. Moreover, a set of design changes will lead to an important
decrease of the material budget, providing better pr resolution and a lower rate of photon
conversions. Pixel layers will be replaced with smaller and thinner sensors, to improve
the resolution on the impact parameter with direct consequences on b-tagging and high
pr tracks for jet substructure. The system coverage will be extended in the forward
region up to n = 4, to better match the calorimetry coverage and to provide better
reconstruction of forward jets produced by VBS processes, described in Section 1.6.

e Endcap calorimeter: ECAL and HCAL endcaps will be replaced by the High Granularity
Calorimeter (HGCal), which has both electromagnetic and hadronic sections with an ex-
cellent transverse and longitudinal segmentation, providing a three-dimensional picture
of the shower development. The electromagnetic section consists of 30 tungsten plates
interleaved with active material of silicon sensors, corresponding to 25 Xg and 1 A.
The hadronic part has a front section of 12 brass and copper plates interleaved with sili-
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con sensors for a total depth of 3.5 A;. After this, a more standard sampling calorimeter
is placed, made by brass plates and plastic scintillators and readout by wavelength shifter
fibers to reach 10 A\ for the full calorimeter.

e Endcap muon system: to keep an optimal L1 trigger acceptance in the endcap region,
four new muon stations will be added. Two innermost layers using Gas Electron Multi-
plier (GEM) chambers, which have a better spatial resolution, and two outer ones using
RPC with an excellent time resolution to mitigate background effects.

Additional GEM stations will be also added to increase the coverage up to n = 3.

e Trigger upgrade: the present L1 trigger deadtime is limited to 3.4 us by the tracker
readout. For the Phase-II operation, the deadtime will be increased up to 12.5 us to
allow track reconstruction at L1, aiming to reduce the combinatorial background due to
pileup. The proposed L1 trigger acceptance will be of 500 kHz, thanks to an upgrade
of the electronics in each sub-detector, allowing to keep similar thresholds to the ones
adopted during Run-TI.

At the same time, the Data Acquisition (DAQ) will be upgraded to increase the total
bandwidth and computing power to accomodate both larger event size and rate, since
the HLT will run at about 5 kHz.

A full simulation of the upgraded detector geometry was implemented, based on GEANT4 [121],
to evaluate and compare the proposed upgrade with the Run-I performance. In particular,
three different configurations are considered:

e Phase-l detector operating at an average of 50 pileup events (£ = 103* cm~2s71)
without radiation aging. It is used to assess a default performance benchmark.

e Phase-ll detector operating at an average of 140 pileup events (£ = 5x103* em2s71),
in which detector upgrades are assumed not to degradate with radiation, while an in-
termediate aging after 1 ab~! is adopted for the barrel calorimetric system.

e Phase-l aged detector operating at an average of 140 pileup events, where the effects of
radiation damage after 1 ab~! are simulated for the muon system, the barrel calorimeter
and tracker, while a damage after 3 ab™! is used for the outer tracker and the endcap
calorimeter.

These setups are used to optimize physics object reconstruction and identification techniques,
while feasibility studies for HL-LHC analyses are performed on simulated events based on
Delphes, in which a simplified CMS geometry is implemented together with an analytical
parametrization of efficiencies and resolutions that are applied on generator level particles.
No particle-matter interactions are simulated in constrast with a GEANT4 based simulation.

6.3 Delphes: fast simulation for collider experiments

The Delphes framework [167] is designed for feasibility phenomenological studies, taking as
input particles produced by a given generator (ME+PS) and performing a realistic simulation
of a general purpose detector.

In fact, Delphes simulates the response to particles produced in a collision of a detector
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composed by a inner tracking system surrounded by electromagnetic and hadron calorimeters,
as well as a muon system. The detector simulation is obtained as follows:

e Pileup simulation: starting from a generated hard scattering, a set of minimum bias

events are superimposed to obtain a realistic hadron collider event. The number of in-
time pileup events is generated according to a Poisson distribution, which central value
is defined by the chosen luminosity scenario.
After this, the hard scattering is placed, by definition, at the nominal interaction point
(z,y,2) = (0,0,0), while additional pileup events are randomly spread in space according
to a Gaussian resolution function with a width defined by the beam spot resolution
(x,y,2) = (0,0,Gaus(0,059)). All these additional pileup events are generated in-time
with the hard scattering, thus no out-of-time contribution is simulated via Delphes.
Finally, if the distance between two vertices is less than the expected spatial resolution
(Az < o), they are merged into a single one which position, along the z-axis, is given
by a pr weighted average of the two input ones.

e Tracking simulation: long lived particles are propagated through an ideal uniform
solenoidal magnetic field, parallel to the beam direction and placed inside the tracker
volume only. The trajectory of a charged particle is assumed to be helicoidal up to the
surface of the calorimetric system. Charged tracks (muons, electrons and stable charged
hadrons) have a defined probability of being reconstructed inside the tracker volume (re-
construction efficiency) and their generated transverse momentum is smeared according
to a parametric description of the tracker resolution. Efficiencies and resolutions are
usually parametrized as a function of the particle type, pr and 5. Finally, no fake tracks
are simulated.

e Vertexing simulation: each track, independently whether it comes from the hard scat-
tering or from a pileup interaction, is always associated to the right generated vertex.
Thus, vertexes are not fitted from the single tracks and both vertex reconstruction effi-
ciency and track-vertex wrong assignment are completely neglected.

e Calorimeter simulation: the electromagnetic calorimeter is responsible for the mea-
surements of electron and photon energy, while the hadronic one measures the energy
of stable charged and neutral hadrons. In both cases, these particles are completely
stopped in these sub-detectors and only muons are allowed to reach the outer muon sys-
tem. The calorimeter granularity is finite and defined to be exactly the same between
the hadronic and the electromagnetic systems.

The (1, ¢) dimension of each cell can be easily defined and changed. Since no hadronic
and electromagnetic showers are simulated, each particle is assumed to be fully con-
tained by a single calorimeter cell (calo-tower). The coordinates of an energy deposit in
the calorimeter are obtained by a uniform smearing along the (1,¢) tower surface.
According to the particle type, particles interacting with the calorimeters deposit a fixed
fraction of their energy in the corresponding ECAL or HCAL cell. By default, electrons
and photons release their energy inside ECAL, stable hadrons like charged pions deposit
their energy completely in HCAL, while unstable particles like kaons and lambdas leave
30% of their energy in ECAL and 70% in HCAL. Finally, muons and neutrinos are not
releasing energy inside the calorimetric system.
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Energy resolutions for ECAL and HCAL are independently parametrized according to the
following empiric formula [169]:
\/ —F= EB —" @ c(n) (6.1)

where a(n) is called stochastic term, b(n) is the noise term and ¢(n) is the constant one,
which rules the calorimeter resolution for high energetic objects. Therefore, ECAL and
HCAL energies are independently smeared through a log-normal distribution with a width

equal to the expected energy resolution.
The ultimate energy of a calorimetric tower is given by:

Eor = Z {log(EZ- - fecar, ovcaL(Ei, mi)) +10g(E; - fucar, oucar (Ei, Th))] (6.2)

ieCT

where the sum runs over all the particles that are pointing to the same calorimetric
tower, while frcar and frcar are the corresponding particle energy deposit fractions.

e Particle-flow simulation: a simplified PF approach is implemented in which tracking
and calorimeter information are combined together to perform particle identification.
Starting from the transverse momentum of each track as measured by the tracker system,
ECAL and HCAL energies of the associated calorimetric tower are also computed. At this
point, the track momentum is compared to the calo-tower energy and if the energy
measured by ECAL is significantly larger than the one associated to the track:

Ercar — EE’EAL > 2 - opcaL(E,n) (6.3)

where B .1 = frcar - PiF, a photon candidate pointing to that tower is created. In a
similar way, if an excess is measured in HCAL a new neutral hadron is generated with
energy equal to the difference between the calorimeter and the tracking measurements.
If no excesses are found either in ECAL or in HCAL, only a charged track is kept. Finally,
if no tracks are pointing to a calorimetric tower and if the energy of that tower measured
by ECAL (HCAL) is above a minimum threshold, usually called zero-suppression placed at
3 Onoise; @ photon (neutral hadron) candidate is added to the event.

e Mitigation of pileup from charged particles: the easiest strategy to reduce in-time
pileup effects at hadron colliders is represented by the so called Charged Hadron Sub-
traction (CHS), already described in Section 2.4.4, which is also implemented in Delphes.

e Mitigation of pileup from neutrals: the average energy density related to neutral parti-
cles from pileup interactions is estimated starting from CHS particles and used to apply
residual corrections on jet and lepton isolation. Two main approches are possible: jet
area method [85] and grid median estimation [170], as implemented in FastJet [122].
In the former case, the event is clustered according to a jet algorithm, for this analysis
k: with R = 0.4, where the pileup density is evaluated as the median value of the ratio
between the jet transverse momentum and its area, skipping jets with very low pr or
with a null area. In the latter one, the (7,) plane is divided into a fixed number of
rectangular cells, so that the median value of the ratio between the total momentum
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inside the cell and its area is considered a measurement of the pileup energy density.
The estimations from these alternative methods are usually compatible and the second
one is adopted since it requires less computing resources.

e Electron and muon reconstruction and identification are parametrized in Delphes by

means of a set of defined probabilities dependent on the particle kinematics, which
are derived from the full GEANT4 based CMS simulation. This strategy is also used to
properly smear their momentum /energy to account for detector effects, which are usually
described by continous functions in the (pr,n) plane.
In addition, for each identified lepton (i or e), energy deposits related to particles falling
inside a chosen isolation cone around its direction are calculated, dividing them into
three types: energy from charged hadrons (ch) pointing to the primary vertex, energy
from photons (ph) and energy from neutral hadron candidates (nh). Residual pileup
contributions associated to neutral particles are subtracted according to:

T[S bt max0, Y o+ 3 - )] (6.4)
i=ch,PV i=ph i=nh
where i = (ch,nh,ph) indicates different classes of particles inside the isolation cone,
while p is the average pileup energy density.

e Jet reconstruction: jets are obtained clustering the Delphes PF particles according to
a given clustering algorithm using the FastJet package. Jets are cleaned by identified
leptons, according to a geometric AR matching.

Pileup jet occupancy is reduced by considering CHS jets, while residual pileup effects in
jet are corrected by the L1 subtraction, as defined in Section 2.4.4. In Delphes, although
every reconstructed particle has a response close to unity, since the energy /momentum
smearing is, in most of the cases, simply Gaussian, the average reconstructed momentum
of a jet is not perfectly matching the generated one due to reconstruction inefficiencies
and a partial pileup subtraction. Thus, a residual calibration is still possible, but the
typical size of these corrections are pretty small. For this reason, no additional L2
corrections has been applied in the following Delphes based studies.

In addition, the MC flavor of a jet is assigned depending on the flavor and the energy of
partons clustered inside the jet by the reconstruction algorithm. Only simulated partons
not coming from the matrix element, with at least one parton daughter are considered.
If a b-quark or a c-quark is associated to the jet, the jet is assigned to be a b-jet or a
c-jet, respectively, while in the other cases the flavour is assigned to be the one of the
associated parton with the highest pr. The probability for a jet with a certain flavor ¢
to be b-tagged is obtained through a parametric description, as a function of jet n and
pr, of b-tagging efficiency and mis-tagging rate.

¢ Missing energy is obtained by the negative vector sum of all the Delphes PF candidates.
No further corrections are applied, since jet energy corrections are expected to have a
limited contribution on the missing energy performance in Delphes.

6.3.1 Delphes tune for CMS Phase-| detector

The performances of the Delphes simulation have already been tuned and validated looking
at 8 TeV CMS full simulation, considering the Phase-I geometry and an average number of
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pileup interactions (Npy) = 20. To properly compare the two detector descriptions, a com-
mon sample of events generated with MadGraph interfaced with Pythia 6 is used as input.
Figure 6.4 (left) shows the muon transverse momentum resolution as measured in Z/v* — upu
events, where the resolution is estimated as the variance of the relative difference between the
reconstructed and the generated muon transverse momentum (p°° — p§") /p’€°, considering
all the reconstructed muons matched to generated ones within AR < 0.2. At the same time,
electron and photon resolutions are shown in Figure 6.4 (right).
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Figure 6.4: Comparison between CMS Phase-I simulation and the related Delphes tune for muon
momentum resolution (left) and electron energy one (right), considering Z/v* — pp and Z/v* — ee
events, respectively [167].

The validation of jet performances is performed on QCD events, comparing PF+CHS jet energy
resolution for AK5 jets as a function of pr, as reported for jets in the central barrel in Fig-
ure 6.5 (left). The agreement is good for jets with pr > 30 GeV, while in the low pr region
some discrepancies are visible.

Moreover, missing energy performance is studied in events with genuine [, where neutrinos
are produced by fully leptonic ¢t events. Figure 6.5 (right) shows the PF missing energy res-
olution as a function of the 1 value, where the generator level missing energy is defined as
the vector sum of the final state neutrinos.
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Figure 6.5: Comparison between CMS Phase-I simulation and the related Delphes tune for jet energy
resolution (left) and missing energy one (right), considering QCD and fully leptonic ¢t events, respec-
tively [167].
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An extensive validation of Delphes Phase-I simulation is performed considering pp collisions
at /s = 14 TeV with an avergage of 50 pileup interactions per bunch crossing. Two bench-
mark processes are considered: gg — h — 44 events produced via POWHEG interfaced with
Pythia 6 and the electroweak VBS of same sign W-bosons decaying into a fully leptonic final
state (q¢' — WEW= (¢§') — 20720 ().

Figure 6.6 (top) shows the h — ZZ* — 4y signal efficiency as a function of the different
selections adopted in the analysis to define the signal region, comparing the Delphes Phase-I
prediction to the official CMS simulation. The, in Figure 6.6 (bottom), the four lepton invariant
mass (my,,) distributions are compared between Delphes and the CMS simulation, normalizing
both signal and background (SM ZZ* — 4/) to an integrated luminosity of 3 ab™!.

CMS Simulation 2014 Vs =14 TeV
5\ [ T T T T T T T T T T T ]
5 11— H— 4u —
L r Delphes Phasel PU50 ]
i C FullSim Phasel PUSO 7
c 08— —
il o -
“5 - -
o - -
[0 0.6— —
(] [ B
E - -
c - -
2 04— —
0 [ B
02— —
0 L Ve , Fin : Yol . 707 . o, , (* Mfeel B : kD) ; Mreel [N I M(«a_
nts 4"%@% o SIOSna/r) ey vgg@;f’%paw’vgo Gey : meoGevNGeV(OcD)i e N ) %Gsl/
CMS Simulation 2014 Vs=14TeV L = 3000 b
> 1000 T T T T R e L S
8 900 - Delphes Phase | PU 50 vs Fullsim Phase | PUS0 E
o 800 F —_— Dellphes: H—=2Z7"—4u i
X 700 E- C— Fullsim:H > 77"~ 4y E
0 Dellp_hes: Z/ZZ — 4
c 600 E- C— Fullsim: Z/ZZ — 4 E
o 500 F -
1w 400 F- E
300 _
200 L -
100 premTR e e E
0 t-f‘“’Fxx|Iqxx!’?«,xlx—,'T'IJ:HXH‘lu‘lu‘l‘iil‘—\'r
80 100 120 140 160 180 200 220 240 260 280 300
M, [GeV]
o 228 e 1 e 3 e B e
= 1 o + + + e eatonsd by tat el ++
o RO L) *e * * oo ¢
L XTI

e b b b b b b b b a1y
80 100 120 140 160 180 200 220 240 260 280 300

Figure 6.6: (Top) Signal efficiency calculated at each step of h — ZZ* — 4y event selection, comparing
CMS simulation with Delphes Phase-I tune. (Bottom) Four muon invariant mass distribution (my,)
normalized to 3 ab=! for h — ZZ* — 4¢ (blue line and red dots) and ZZ — 44 background (black
line and green dots). Dots refer to Delphes, while solid lines to the CMS simulation at (Npy) = 50
interactions.

In the VBS case, CMS full simulated events are produced at LO O(a$,,) starting from MadGraph
interfaced with Pythia6. Then, they undergo the GEANT 4 based simulation of the CMS de-
tector. In contrast, the events considered as inputs for the Delphes Phase-I simulation are
obtained from Phantom LO generation O(al,) interfaced with Pythia8

Minimum bias events used to simulate pileup interactions are obtained via Pythia6 with
Tune Z2* and Pythia8 with Tune CUETP8S1 [171] based on CTEQ6L1 [117], respectively. Be-
sides some differences in both hard scattering and pileup generation, Figure 6.7 (left) shows
the absolute selection efficiency, evaluated as a function of typical requirements used to ex-
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plore the WW same sign scattering [48], between Delphes Phase-I (dashed red) and full CMS
simulation (solid blue) merging di-muon and di-electron final states. Since the signal extrac-
tion strategy involves both leptons (u or e€) and VBS jets reconstruction and identification, as
well as specific kinematic requirements, the reasonable agreement, around 10%, observed on
the “inclusive” signal efficiency proves the reliability of using Delphes Phase-I simulation for
feasibility studies in this scenario.

The largest discrepancy is observed when reconstructed jets are matched to generated ones,
which is related to a slightly different pileup simulation and jet resolution between full simu-
lation and Delphes.

Figure 6.7 (right) shows the combined efficiency of matching the two leading reconstructed
jets with generator level ones as a function of their 7 seperation (An;;). A flat difference of
about 5% is visible, except for the high An;; region where Delphes efficiency drops by 15%.
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Figure 6.7: (Left) Absolute efficiency evaluated on a dedicated WW same sign fully leptonic scattering
sample as a function of typical VBS selections, comparing Delphes Phase-I tune to CMS full simulation
in events with two muons or two electrons in the final state. (Right) Efficiency for matching the
two leading reconstructed jets with a pair of generator level jets as a function of An;; after the CMS
simulation (blue dots) or the Delphes Phase-I approximation (red dots).

Finally, the distributions of the most interesting observables are compared for events surviving
VBS-like selections in the di-muon final state. Figure 6.8 shows such comparison for the WW
same sign scattering in terms of normalized shapes, where both Delphes Phase-I and CMS
simulation are considered. Generator level quantities are displayed together with the corre-
sponding ones after detector simulation and reconstruction. The main differences are located
already at generator level, since slightly different setups have been considered.

Anyway, given the scope of the feasibility study described in the next Sections, discrepancies
at the level shown here will not alter the outcome of the analysis.

6.3.2 Delphes tune for CMS Phase-Il detector

A dedicated Delphes Phase-II scenario has been setup implementing the geometry of an
upgraded CMS detector close to the one described in Section 6.2. Considering the same VBS
event generation used in the previous Section, the GEANT 4 based CMS Phase-II simulation
and reconstruction is compared to a specific Delphes Phase-ITI tune.
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Figure 6.8: Distribution of relevant observables after VBS-like selections showing a comparison between
Delphes Phase-I and CMS full simulation for WW same sign scattering events. From left to right:
leading lepton pr, invariant mass of the selected VBS tag-jets (m;;) and An;;. Generator level quantities
are shown with green (Delphes) and yellow (CMS) solid lines, while reconstructed objects with red
(Delphes) and blu (CMS) lines.

Figure 6.9 (left) shows the absolute signal efficiency obtained after applying a set of selections
used to isolate a VBS WW same sign enriched region. The two simulations are in good agree-
ment since the efficiencies differ at most by 7%.

In contrast with the Delphes Phase-I tune, differences in the reconstructed VBS tag-jet kine-
matics are less pronounced since the discrepancy in matching reconstructed to generated jets
is limited. In fact, Delphes Phase-II predicts a more correct VBS jet reconstruction efficiency
in each bin of An;;, as reported in Figure 6.9 (right).
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Figure 6.9: (Left) Absolute efficiency evaluated on a dedicated WW same sign fully leptonic scattering
sample as a function of typical VBS selections, comparing Delphes Phase-II tune to CMS Phase-IT full
simulation in events with two muons or two electrons in the final state. (Right) Efficiency for matching
the two leading reconstructed jets with a pair of generator level jets as a function of An;; after the full
CMS simulation (blue dots) or the Delphes Phase-II approximation (red dots).

The reliability of Delphes Phase-II tune in correctly describing the kinematics of VBS events
is proved by Figure 6.10, where normalized distributions of the leading lepton pr, m;; and
Anj; of the VBS tag-jets are compared between the CMS Phase-II simulation and the Delphes
one.
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Figure 6.10: Distribution of relevant observables after VBS-like selections, showing a comparison between
Delphes Phase-II and CMS full simulation for the electroweak WW same sign scattering. From left to
right: leading lepton pr, invariant mass of the selected VBS tag-jets (m;;) and An;;. Generator level
quantities are shown with green (Delphes) and yellow (CMS) solid lines, while reconstructed objects
with red (Delphes) and blu (CMS) lines.

Eventually, no Delphes tune for the CMS Phase-I Aged scenario has been studied yet, thus, in
the next Sections, the performance expectations for this case are obtained from the Phase-I1I
results re-scaling the signal yields by the relative loss in the selection efficiency measured on
CMS full-sim samples.

6.4 Vector Boson Scattering at the HL-LHC

In Section 1.6, a brief introduction about the role of the VBS for testing the EWSB sector of the
SM was given. Here, a dedicated study on the electroweak scattering of massive vector bosons
is reported in view of the HL-LHC data taking.

In pp collisions, VBS can only be detected in the topology pp — VV jj, where vector bosons
are irradiated by a pair of incoming quarks, which get deflected originating two hard jets in
the final state referred to as VBS tag-jets. The electroweak scattering interaction happens
through a variety of possible mechanisms, O(a®,) at L0, which reflect the SM gauge structure
including triple and quartic gauge couplings (TGC,QGC), ¢t-channel Higgs boson exchange, s-
channel Higgs production, also known as VBF production, as well as a variety of non-scattering
processes producing the same final state like tf, single-top, Vv, etc.

Individually the amplitude of the electroweak scattering interactions rises quickly with the
energy, violating unitarity at the TeV scale. The effect of mutual strong interferences results
in a finite total cross section. Thus, the scattering topology is particularly sensitive to new
physics inside the EWSB sector, since any additional diagram or difference with respect to the
SM coupling structure would alter this cancellation at high scattering center of mass energy
(\/g) This is detectable through observables sensitive to \/§, such as the di-boson invariant
mass, the vector bosons transverse momenta and the VBS jet kinematics. In parallel, angular
correlations between the scattering products are sensitive to the polarization of the outgoing
vector bosons, which may give fundamental information about the new physics involved.
Finally, di-boson signatures are also explored for direct searches of new resonances, in par-
ticular looking for massive neutrals, singly or doubly charged Higgs bosons predicted in BSM
models like 2HDM or Higgs-Triplet-Model [172, 173].

The scattering phenomenology is characterized by the properties of the VBS tag-jets, which
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are highly energetic, with a large n separation (An;;) and invariant mass (m;;). The two
reconstructed jets with the highest transverse momentum are usually adopted to identify the
fragmentation products of the deflected quarks.

Because of the scattering topology, the n coordinates of the two tag jets (n1,72) determine a
relevant metric in the analysis, since a limited activity is expected in the geometrical region
between the VBS jets due to the absence of color flow among the vector boson decay prod-
ucts [174].

In this study, only fully leptonic decays of the vector bosons are considered to select signatures
with an expected low background contamination, avoiding also ambiguities in the separation
between tag-jets and jets produced by hadronically decaying vector bosons. In particular, two
alternative final states are explored:

e Same sign WW scattering (pp — WEW® jj — 20+ jj), where the two vector bosons
decay into two same charged leptons (u or e), either with the same flavor (SF) or a dif-
ferent one (OF). Backgrounds come from irreducible sources, as same sign production of
W-bosons from O(a?,a?) processes and WZ+jets events at O(a2,a?) or O(ab,), when
a lepton from Z — ¢/ is out of acceptance or not reconstructed.

In addition, reducible backgrounds are represented by semi-leptonic ¢ and leptonic
W-jets events when one jet is mis-identified as a lepton. Fully leptonic decays of op-
posite sign WW pairs, t¢ and DY+jets (Z/y* — ¢f) events contribute as backgrounds
when the charge of one of the two leptons is wrongly reconstructed. Finally, this final
state is expected to be particularly sensitive to the scattering of longitudinally polar-

ized vector bosons, since the contaminations to the pure Wfo — W%Wf component

+

T s WE—LWf) and non scattering diagrams

arising alternative spin correlations (WfTEW
are expected to be particularly small [175].

e WZ boson scattering (pp — W*Zjj — 30v jj), where the final state is characterized
by three leptons in the detector, two of them with the same flavor, opposite charge
and invariant mass compatible with a Z — £¢ decay. Besides the major background
represented by irreducible pp — W*Z jj O(a?,a?) production, Drell-Yan lepton pairs
produced in association with jets and fully leptonic ¢f contaminate the signal region
when one jet is mis-identified as a lepton.

Then, ZZ pair production arising from both O(a$,) and O(a?, a?) interactions shows

ew s
the same signature of the signal when one lepton is outside the detector acceptance or
is not reconstructed. Even if the signal-to-background ratio disfavors this channel with
respect to the WW same sign one, a kinematic constraint allows the reconstruction of
the full event kinematics, adding separation power once the angular correlations between

decay products are exploited.

The cross sections for both same sign WW and WZ electroweak scattering are predicted with
NLO accuracy [176, 177].

Studies of same sign W-boson scattering have been performed by both ATLAS [47] and CMS [48]
experiments with Run-I data, while only prospects for the observation of the electroweak WZ
scattering, as well as aQGC sensitivity, were previously studied by CMS [178].
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6.4.1 Analysis benchmarks

The determination of the VBS cross section is an independent confirmation of the SM nature of
the Higgs boson recently discovered, where any deviations from the expected predictions are
indications of new BSM phenomena. To assess the sensitivity of the upgraded CMS experiment
to the VBS, several benchmarks are considered:

¢ Inclusive scattering cross section: the expected uncertainty on the inclusive electroweak
scattering cross section is estimated for both same sign WW and WZ bosons channels.

e Longitudinal scattering component: looking at the VBS kinematics and topology, a set
of observables sensitive to final states with two longitudinally polarized vector bosons
is used to predict the expected sensitivity on the longitudinal component in both WW
and WZ bosons channels.

e Anomalous QGC measurement: the SM Lagrangian can be modified through the addi-
tion of high order operators predicted in an EFT framework (8-dimensional operator for
aQGC), as described in Section 1.6.2. Selecting an observable sensitive to the anomalies,
same sign WW events are fitted to a BSM model parametric in the additional operators.

e Partial unitarization scenario: different BSM models predict the possibility that the
spontaneous breaking of the electroweak symmetry is realized via a mechanism which
involves more than one Higgs boson, presenting a phenomenology in which the discov-
ered Higgs only partially fulfills to the unitarization of the VBS. Assuming that any of
these new resonances will appear along the same sign WW bosons spectrum, the VBS
measurements would show an intermediate behaviour between the SM case, where the
EWSB is granted by the Higgs boson, and a Higgs-less scenario.

6.4.2 Simulated samples

Signal samples have been produced with L0 generators O(a$,). In particular, Phantom [160],

able to generate events with two partons in the initial and six objects in the final state through

6 4 2

ow OF O, 0%, is adopted to simulate both signals, same sign WW

and WZ bosons scattering at O(a8,), and irreducible backgrounds (ZZ scattering, same sign
WWtjets and WZ4+jets at O(a?, a?), fully leptonic tf as well).
Phantom is also used to generate partial unitarized scenarios in which the SM Higgs boson

partially contributes to the unitarization, through rescaling its couplings to vector bosons.

an exact LO calculation in «

In contrast, MadGraph is used to produce same sign WW and electroweak WZ bosons events
up to un-decayed V-bosons providing, as additional information, their polarization state V-
bosons. To preserve the polarization information, vector bosons are decayed using the Decay
package instead of MadSpin. This represents an approximation since the interference is calcu-
lated up to the V-boson level, instead of considering the stable particles produced in the final
state.

When signal or irreducible background events are generated via Phantom, a set of preselections
are applied on generator level particles (quarks, leptons and neutrinos), as listed in Table 6.1.
For MadGraph generation a set of similar selections are considered too.

Figure 6.11 shows a comparison, performed considering matrix element particles, between
MadGraph and the complete Phantom calculation for the same sign WTW? scattering after
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applying the preselections listed in Table 6.1. The agreement is found to be reasonable, within
10%, for both the same sign WW and the WZ bosons electroweak scattering, where the W~y
contribution under the Z-pole and its related interference should be added to the event gen-

eration.

Observable Selection
minimum jet pr 20 GeV
maximum jet n 6.5
minimum jet energy 20 GeV
minimum lepton pr 20 GeV
maximum lepton 7, 4.0
minimum di-boson invariant mass (myy) | 130 GeV
minimum di-jet invariant mass (m;;) 300 GeV
minimum di-jet rapidity difference (An;;) 2
minimum di-lepton invariant mass (mg)“ 4 GeV

Table 6.1: List of selections applied during Phantom generation for signals and irreducible backgrounds.

“Applied only in the WZ and ZZ bosons generations.
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Figure 6.11: Comparison between Phantom and MadGraph predictions at matrix element obtained after
applying the selections listed in Table 6.1 for the same sign WW scattering: (left) leading lepton pr,
(I‘lght) A’I]jj.

The gauge bosons anomalous couplings are parametrized using the effective field theory ap-
proach described in Ref. [179], as implemented in MadGraph that calculates matrix element
coefficients used to weight each event of a single generation to reproduce different settings of
the EFT operators.

Semi-leptonic tt events are generated with POWHEG at NLO QCD, while W+jets and DY-+jets
samples, up to three jets at matrix element, are generated via MadGraph. Finally, electroweak
O(a8,) and QCD O(a?,a?) opposite sign WW+2 jets events are simulated with Phantom, which
are used to evaluate the mis-charge contribution from fully leptonic ¢ and WHW™ produc-
tions in the same sign analysis. MadGraph and Phantom generations adopt CTEQ6L1 [117] as

PDF, while POWHEG uses CT10 [119].
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A summary of all the generated samples with the related cross sections are listed in Table 6.2.
In both signal and background simulations, only decays into muons or electrons are allowed,
thus exclusive decays of the vector bosons to 7-leptons are discarded. The contribution from
leptonic 7 decays is expected to be small, altering the selected signal and background rates
by few percent without changing the results of this feasibility study.

The interference between electroweak O(a$,) and QCD O(a?,a?

cw5) processes shows a small im-

pact, around 5% of the signal cross section, for both same sign WW and WZ boson cases
after applying the preselections listed in Table 6.1. For this reason, to have a more efficient
event production, electroweak and QCD events are generated independently negleting mutual
interference effects.

Eventually, all the generated events are then interfaced with Pythia8 [115] for parton show-
ering, hadronization and underlying event simulation.

Process ‘ Generator ‘ Cross Section (fb)
WW.ur SS O(al,) k3 =1¢ Phantom 8.252 + 0.004
WWeur SS O(a8,) k2 = 0.9¢ Phantom 8.288 + 0.004
WW.ur SS O(a8,) k3 = 0.8 Phantom 8.331 + 0.004
WW.yr SS O(a8,) k3 = 0.79 Phantom 8.404 £ 0.004
WW.ur SS O(a8,) k3 = 0.6 Phantom 8.457 + 0.004
WWeur SS O(a8,) k2 = 0.5¢ Phantom 8.528 4 0.004
WWeur SS O(a8,) k3 =0 Phantom 8.984 + 0.004
WWaep SS O(ad,a?) Phantom 2.126 + 0.004
WW,,r OS O(a8,) k3 =1 Phantom 57.88 +0.03
WWqep OS O(al,a?) Phantom 1419.2 +0.7
WZewr O(al,) k% =1 Phantom 7.848 £ 0.004
WZewr O(al,) k2 =0 Phantom 8.044 £ 0.004
WZqep O(al,a?) Phantom 32.52 4 0.02
27w O(aS,) K% =1 Phantom 0.281 4 0.001
ZZqcp O(ad,a?) Phantom 1.265 £ 0.001
WWeui SS O(a8,) k2 = 1 EFT Madgraph 11.24
WW.ur SS O(a8,) k3 = 1 Polarized | Madgraph 11.24
WZewr O(al,) k3 = 1 Polarized Madgraph 8.71

tt — WWbb — (v 55 bb POWHEG" (242.5 £0.2)10°
W3 jets © Madgraph 6.35 - 103
DY+2jets Madgraph 28.82 - 103
Z+3jets® Madgraph 0.61-103

Table 6.2: List of the simulated samples used for the analysis together with the generator and the
corresponding cross section in fb. Specific selections are applied in each generation to enriched the
analysis phase space. The uncertainty on the cross section, when indicated, corresponds to the the
accuracy of the generator for a chosen configuration of scales and PDF. SS stands for same sign lepton
pairs, OS for opposite sign.

k% is the strength of the Higgs couplings to vector bosons with respect to the SM prediction.

Preselections listed in table 6.1 not applied in this case.
“Specific preselections are adopted to generate these background samples, to boost their acceptance effi-
ciency in the analysis phase space.
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6.5 Event reconstruction

Based on the studies performed for the HL-LHC [166], events are assumed to be collected by
double-lepton triggers which require thesholds on the lepton transverse momentum of 20 and
10 GeV, respectively, assuming a trigger efficiency close to 100%. No corrections for trigger
inefficiencies are applied on simulated events as a theshold of pr > 20 GeV is required on all
the reconstructed leptons in the final state (e or u).

The CMS full simulated samples are used to parametrize efficiencies and resolution of leptons,
jets, missing energy as well as b-jet tagging efficiency, which are implemented in Delphes [167]
for each different detector scenario, as described in Section 6.3.1 and Section 6.3.2.

Leptons coming from electroweak interactions are expected to be isolated from additional
hadronic or electromagnetic activity in the detector, while leptons coming from QCD sources,
such as semi-leptonic b-quark decays and fake leptons (jets mis-identified as leptons), are often
accompanied by charged and neutral particles. In Delphes, both muons and electrons are
required to be isolated according to Equation 6.4, where the isolation calculated considering
R = 0.3 is required to be less than 0.25 (0.6) in case of 50 (140) in-time pileup scenario.

To veto additional leptons with respect to the ones expected from the decay of WW or
WZ boson pairs, “loose” leptons are defined adopting the same identification working point
but relaxing the isolation requirement to 0.35 (0.75). Combining the identification and the
isolation criteria, the selection efficiency for muons (electrons) is stable around 80% (75%)
for pr > 20 GeV and |n| < 1.5. Then, it drops in the endcap region up to 65% (55%) at
In| = 2.5. In the Phase-II scenario, these efficiencies propagate quite stably in the extended
n coveraged region up to |n| = 4.

Jet reconstruction starts from all the Delphes PF candidates removing the charged ones that
are not associated to the primary vertex, partially mitigating pileup effects in the tracker
covered region up to |n| = 2.5 (4.0) for the Phase-I (Phase-II) detector. Remaining particles
are clustered via the anti-k; algorithm with R = 0.4. To mitigate residual pileup effects from
photons and neutral hadrons, a jet median area subtraction [85] is applied independently in
three n bins: |n| < 2.5, 2.5 < |n| < 3.0 and |n| > 3.0.

After this, only jets with ppr > 30 GeV, |n| < 4.7 and not in geometrical overlap to identified
leptons inside a cone of AR = 0.3 are considered in the analysis. To identify jets produced
by the hadronization of b-quarks, the properties of the Combined Secondary Vertex (CSV)
algorithm [125] are parametrized in Delphes, considering a working point that provides about
70% efficiency for b-quark jets and a mistag rate of 1% for light flavours and gluon ones.

6.6 Mis-identified lepton background

A major source of background in fully leptonic VBS searches is represented by the mis-
identification of jets as leptons (e or ). In the same sign WW analysis, this is mostly
due to semi-leptonic tf production (tf — bb WTW™ — bblvjj), where b-quark jets are not
identified by the CSV algorithm. Each jets produced by the showering of the matrix element
event could be mis-identified as a lepton. A smaller contribution is also coming from the
W-boson production in association with at least three jets (W+jets).

In contrast, in the WZ boson analysis this could happen when a Z-boson is produced in asso-
ciation with at least three jets or in fully leptonic ¢¢ pairs in association with at least one jet,
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when two leptons in the event have same flavor, opposite charge and invariant mass compati-
ble with the Z-boson one.

To quantify this background, the probability for a jet with a given kinematics (pr,n) and
flavor (f) to be identified as a lepton (e or p) with (p/,n") has to be estimated (fake lepton
probability). The mis-identified lepton kinematics is not necessarily the same of the jet one,
as the lepton transverse momentum p/. is usually expected to be lower of than the jet one.
This poses the problem of the universality of the fake rate, since it introduces a dependence
on the jet pr spectrum used for the mis-identification probability measurement.

The fake rate is measured starting from a high statistics sample, showing a similar kinematics
to the real fake lepton background properties expected in the VBS analysis, through a full scan
of n and pr phase space. As a baseline, a large inclusive ¢t sample, simulated at a center-of-
mass energy /s = 13 TeV with an average of 20 in-time pileup interactions, is considered.
Events are selected requiring the presence of at least one identified and isolated lepton (i or e),
called tag-lepton (¢444), which should be also matched to a generator level lepton produced by
a W-boson decay. Jets overlapping to the tag-lepton within a cone of AR = 0.3 are discarded.
At the same time, the remaining jets are required to come from the primary interaction by
matching reconstructed AK4 jets with the ones obtained by clustering generator level particles,
to assess to the jet parton flavor information. In this way, jets from pileup interactions, for
which is not possible to associate a flavor from generator level information, are not considered
in the measurement of the mis-identification probability.

The “fake rate” is defined as follows:

(Ktagap%r(ijM% (4, M), fin (4, M))
N(gtag’plT(j% nk(j)a fm(]))

P (Pl ey fm) = N (6.5)

where N (Ciag, D(5), Mk (4), fn(j)) is the number of times in which, in an event with a tag-
lepton, a reconstructed jet with (pr,n) and associated parton flavor (f) falls in the i-th,
k-th and m-th bin, respectively, while N (¢iag, pir(j, M), 7% (4, M), fin (4, M)) is the number of jets
belonging to the same bin matched to an identified lepton within a cone of AR = 0.3.

This mis-tag probability is measured independently for two jet flavors, b-jets and non b-jets
(light quark or gluon jets) as they show different properties due to the possibility for a b-
quark to decay semi-leptonically (b — ¢ fv) during its fragmentation. In addition, jets from
b-quarks are also more collimated on average than light flavor or gluon jets due to the different
structure of the QCD radiation emitted by the initial quark.

Figure 6.12 (top) shows the measurement of the probability in bins of (||, pr) for a b-jet to be
identified as a “tight” muon, which is of the order of 5 x 104, The corresponding projections
are reported in the bottom part of Figure 6.12. The bulk of the probability for a b-jet to be
identified as a muon arises when the b-quark decays semi-leptonically. Since the jet is more
collimated for large transverse momentum, the fake rate decreases as a function of the jet pp
because the muon becomes less isolated. At the same time, the fake rate increases along |7|
moving from the barrel towards the endcap region.

The same trends are observed measuring the b-jet fake rate to electrons, where the magnitude
of the effect is a factor two weaker than the muon case thanks to ECAL cluster shapes and H/E
requirements that are more agressive in rejecting electrons produced inside jets.

Figure 6.13 shows the (n,pr) dependent measurement of the light-quark and gluon jets fake
rate into electrons. Here, the mis-identification probability raises as a function of the jet
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Figure 6.12: Probability to mis-identify a jet, originating from the fragmentation of a b-quark, as a
muon as a function of the reconstructed jet n and pr (top). The projection of the two-dimensional
map along pr (|n]) is shown in the the bottom left (bottom right) plot.

transverse momentum since, even if the electron track candidate appears to be less isolated at
higher pr, the properties of ECAL and HCAL deposits become more electron-like. In addition,
the fake rate is stable in the barrel region, around 3.5 x 10~4, while it decreases in the endcap
one. Similar properties are also shown by the fake rate of the light-quark and gluon jets into
muons, which is around ten times smaller than the electron one.

Since the probability for a b-jet to mis-identified as a lepton (e or p) is larger than the one
for non b-jets, the semi-leptonic ¢ background is expected to be the largest contribution to
the fake lepton background in the same sign WW analysis, while the W+jets contamination
is expected to be more important in final states with electrons.

The direction of the matched jet and the fake lepton are checked to be almost identical,
while this, as expected, is not the case for the transverse momentum. For this reason, the pp
migration between the jet and the fake lepton has been evaluated as a correlation matrix:

4 (0
My (i k) = Pr( ) ne =1n; [ = b-jet, non b-jet (6.6)
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Figure 6.13: Probability to mis-identify a jet, originating from the fragmentation of a light-quark or
a gluon, as an electron as a function of the reconstructed jet n and pr (top). The projection of the
two-dimensional map along pr (|n|) is shown in the bottom left (bottom right) plot.

Figure 6.14 shows the jet-to-lepton pr migration as determined in the t¢ sample for b-jets
mis-identified as muons (left) and light-flavor quark/gluon jets to electrons (right).

As a second step, the fake rates and the migration matrixes are applied to all jets, before any
selection, in tf, W+jets and Z+jets events according to their kinematics and flavor to predict
the expected fake lepton background in the VBS analyses.

To validate these values and estimate their possible dependence with /s and the detector or
the reconstruction scenario, the same strategy is applied on a large tf sample produced at
/s =8 TeV, with similar pileup conditions as in the 13 TeV one.

The fake rate trends as a function of jet pr and 7 are in agreement between the two cases, while
the normalizations are within at most a factor two, which can be explained by the different
lepton reconstruction and identification strategies adopted in the two scenarios. This suggests
that the fake rate estimate does not strongly depend on /s and that the values obtained at
13 TeV can be used in the analysis, without a dedicated extrapolation to 14 TeV.

In addition, to further check if the fake rate estimate can be used also for the different up-
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Figure 6.14: Profile of the pr migration matrix obtained from ¢¢ events for b-jets to muons (left) and
non b-jets to electrons (right). The error bars are set as the uncertainty on the mean value of the
difference between the lepton and the jet pr, where empty bins are discarded.

grade scenarios, the same quantities were calculated using smaller ¢¢ productions for Phase-I
(Phase-II) detector at 50 (140) pileup interactions in larger bins of pr and 1. Also in these
cases, shapes are found to be in agreement within the large statistical uncertainties. Thus, it
looks reasonable to use a common estimate for the fake rate performed at 13 TeV, where the
largest MC sample was available to minimize statistical uncertainties.

Finally, since discrepancies on the fake rate normalization have been observed during Run-I
between data and simulation, results will be presented as a function of a global fake rate scale
factor to account for an unknown data-to-simulation shift, assuming to have at least a correct
prediction for the fake lepton background shape.

6.7 The same sign W*W= bosons scattering

To select with the best efficiency fully leptonic same sign WW bosons scattering events, reduc-
ing the background contamination as well as enhancing the electroweak scattering component
relatively to the QCD O(az,a?) one, a dedicated set of selections is optimized.

First, two same-sign identified and isolated leptons, either electrons or muons, with py > 20 GeV
are required to be present in the detector. Additional loose leptons in the event are vetoed
to reduce pp — WZjj — 30v jj contamination, according to a looser isolation criterion in-
troduced in Section 6.5. This background, together with events due to Z/y*+jets associate
production, is further reduced by a Z-boson mass veto, requiring myy to be outside the window
my £+ 10 GeV for the same flavor final state.

To suppress the possible presence of QCD multi-jet background arising from double fake lep-
tons, the di-lepton mass (myge) has to be larger than 40 GeV, as well as the missing energy
(Er), which are also useful to reduce W+jets and Z/v*+jets contributions, respectively.
Furthermore, a sizable reduction of the same sign WW O(al,a?) background is achieved re-
quiring the 7 separation between the two identified leptons to be less than 2 units (Angy).
To suppress the tt contribution, no jet with pr > 30 GeV should be identified as coming from
a b-quark by the CSV algorithm, as already described in Section 6.5. Events are also discarded
if a muon with pr > 5 GeV is found inside a reconstructed jet, with pr > 20 GeV, within
AR < 0.4. Considering AK4 jets with pr > 1 GeV obtained clustering only the tracks associ-
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ated to the primary vertex, except for the identified leptons, the scalar sum Ht = Zj p7T is
adopted as an estimator of the total hadronic activity of the event, showing a good separation
against the ¢t production. The Hr value is required to be less than 125 (150) GeV for Phase-I
(Phase-II) scenario, according to the tracker coverage along 7.

Then, at least two CHS jets with pr > 30 GeV are required, where the two leading pr one
are selected as VBS tag-jets. Their pseudorapidity separation (An;;) has to be larger than 2.5
units, while the invariant mass of the tag-jet system (m;;) should be larger than 850 GeV. In
contrast, since events with longitudinally polarized vector bosons show lower lepton and jet
transverse momenta, as well as lower An;; and m;;, a relaxed selection mj; > 650 GeV allows
to optimize the sensitivity to the longitudinal scattering, estimated as S/v/S + B where S and
B are the expected signal and background yields surviving the analysis selections, respectively.
Eventually, the distance between the di-lepton and the tag-jet systems AR(¢/, jj) should be
less than 6 units, as well as the leptons are required to be within the tag-jets along the n di-
rection through a selection on the Zeppenfeld variable (Z;, < 0.5), which is defined as follows:

1 15,1+ 15,2
Anjj 2 (6.1

To increase the total sensitivity of the analysis, selected events are categorized depending on
both lepton flavor (uu, pe, ep and ee), where leptons are sorted in pr, and the final state
charge (++ or — —) yielding to eight independent categories. The reason of such classification
is related to a different background composition among the flavor categories, for example the
fake lepton probability is not the same between muons and electrons, and to take advantage of
a charge asymmetry in the signal production. In fact, since the LHC is a pp collider, the cross
section of the same sign W W™ production is larger than W~ W™ one of about a factor seven,
while the probability for a jet to be mis-identified as a positive or a negative charged lepton
are consistent within the systematic uncertainty of the fake rate method. A summary of the
selections and the event categorizations adopted in this analysis is reported in Table 6.3.
Figure 6.15 shows examples of distributions for several observables obtained merging all the
event categories after the full analysis selection, considering the CMS Phase-II detector and
an integrated luminosity of 3 ab™?.

The mis-identified lepton background results from the application of the fake rate and the
migration matrix to semi-leptonic t¢ and W+jets simulated events, while the “
contribution is obtained applying the mis-charge probability measured in 8 TeV data [180] to
Z+jets, WEWT and tf fully leptonic decays. The signal is displayed including (full blue line)
or excluding (dotted red line) the Higgs boson in the VBS stacked on top of the backgrounds,
while the full red line shows the difference between these two cases.

Eventually, merging the event categories into a single one, Table 6.4 reports the event yields for
both signal and each background contribution obtained after the analysis selections normalized

wrong charge”

to 3 ab~! for each detector scenario (Phase-I, Phase-II and Phase-I Aged).

Since no Delphes simulation is available for the aged detector, the Phase-I Aged prediction
is obtained by rescaling the Phase-II signal yields with the inclusive signal efficiency loss
measured with fully simulated events, assuming no difference in the shapes.

Even if it is reasonable to expect that the fake lepton background would be larger with an
aged detector, no specific rescaling of the fake lepton background is implemented. Anyway,
the degradation of the analysis performance with the increase of the mis-identified lepton
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Selection

Value

Comments

Tight Leptons

Electron pr and n
Muon pr and 7
Isolation as Eq. 6.4

pr > 20 GeV, |n| < 2.5 except [1.44, 1.56]
pr > 20 GeV, |n| < 24
Lot < 0.25 (0.65)

avoid ECAL gap.

Phase-I 50PU (Phase-II 140PU)

Loose Leptons

Lepton pr, Isolation

pr > 20 GeV, I < 0.35 (0.75)

no loose leptons

Jet selection

Jet pr and 7

pr > 30 GeV, |n| < 4.7

CHS + jet area median correction

Event selections

Num. Tight leptons

Num. Loose leptons

Missing energy Fr
Di-lepton invariant mass mg,
Lepton Separation Ay,

Num. jets pr > 30 GeV
Num. b-jets

Num. soft-u pr > 5 GeV
Hr = ngt p%“

AR, jj5)

Zeppenfeld (Z;)

2
0
Er > 40 GeV
mee > 40 GeV and myes # my £ 10 GeV
A’r]u <2

2
0
0
Hr < 125 (150) GeV for Phase-I (II)
AR(tL, jj) < 6
Zy, < 0.5 and Zp, < 0.5

same charge

reduce multi-jet and Z/~v"+jets
reduce multi-jet, W and Z/v*+jets
reduce W¥W* qcp

reduce tt using CSV
reduce tt
reduce tt

VBS jet selections

Jet separation An;;
Di-jet invariant mass m;;

A’I]jj > 2.5
mj; > 850 (650) GeV

reduce tt and Wjets
reduce tt and W+jets

Event categories

Lepton flavor
Lepton charge

i, pe, ep, ee

(++), (=—)

leptons are sorted in pr
WW 0O(a$,,) mostly (++)

Table 6.3: List of the selections and the event categories used in this analysis to enhance the sensitivity
to the same sign WW bosons scattering signal against reducible and irreducible backgrounds.

background is studied for each detector scenario, in fact the final results are quoted as a

function of a global fake rate scale factor.

Scenario ‘ WW af, ‘ WW a2, a? WZ af, WZ as,a? | fake lepton | mis-charge
Phase-I | 2911+54 64+8 115.44+10.7 | 208.1+14.4 | 1270+ 382.6 | 60.5+19.7
Phase-II | 3040£55 | 71.24+84 | 118.7£10.9 | 175.6£13.2 | 1328 £400.1 | 85.0+27.1
Phase-I A | 2128 +46 49+7 118.7£10.9 | 175.6 £13.2 | 1328 £400.1 | 85.0+27.1

Table 6.4: Signal and background yields after the full selection where only Poissonian statistical un-
certainties are reported, except for fake lepton and mis-charge backgrounds for which a systematic
uncertainty of 30% is added in quadrature.

6.7.1 Systematic uncertainties

As the final results will be derived through a binned likelihood template fit, shape and nor-
malization uncertainties for each process involved must be estimated. Shape uncertainties are
evaluated by re-applying the analysis selections and reproducing the distribution of a given
observable after considering the systematic variations for each source of uncertainty.
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Figure 6.15: Distributions of different observables obtained merging all the event categories after the
final selections. Signal and background expectations are reported normalized to an integrated lumi-
nosity of 3 ab=! for the CMS Phase-1I1I detector. (Top line) from left to right: leading lepton transverse
momentum (p7 ), di-lepton invariant mass (mg) and Agg. (Bottom line) from left to right: pseudo-
rapidity separation between VBS tag-jets (An;;), VBS jets invariant mass (m;;) and R-variable defined

ANy Y
as R = (Ipp' |- oy )/ (197" - 157°])-

The lepton trigger, reconstruction, and selection efficiencies are usually measured comparing

data and simulation in a Z/~4* — ¢ enriched sample. The estimated uncertainty is taken

from the 8 TeV analysis [48] measured to be 2% per lepton (e or p). The uncertainties due

to the momentum scale and resolution for electrons and muons are also taken into account

by shifting or smearing lepton momenta before re-applying the analysis selection. The uncer-

tainty on the knowledge of the muon (electron) energy scale and resolution is obtained from

Phase-I simulation. The uncertainties on the jet energy scale and resolution vary from 1% to

3% as a function of the jet n and pr. In this process, variations on leptons and jets momenta

are propagated consistently to the J; vector. The largest relative change in each template

bin, compared to the nominal prediction, is taken as a measurement of the systematic effect

for that specific source. The systematic related to the b-veto selection is determined to be

4%, while the uncertainty on the luminosity is equal to 2.6% as measured during 8 TeV data

taking [108]. The statistical uncertainty in the yield of each bin and is taken into account in

the statistical interpretation.

These systematic sources related to the CMS Phase-I detector are also adopted for the Phase-I1
scenario, since the properties of physics objects are similar between Phase-I 50 PU and Phase-11
140PU simulations. In contrast, for the Phase-I Aged scenario, several systematics are

degradated according to comparisons between the Phase-II and Phase-I Aged full simu-

lations [166].



176 6 Vector Boson Scattering in view of the CMS upgrade for the HL-LHC

For the mis-identified lepton background, the normalization uncertainty is assigned to be 30%,
as measured in 8 TeV data [181].

The theoretical uncertainty related to the partial knowledge of the cross section, due to missing
higher order corrections in the perturbative expansion, is estimated by varying renormalization
and factorization scale up and down by a factor of two with respect to the nominal value used
in the simulation. It is found to be around 3-5% for both WW (WZ) electroweak scattering
and QCD production. The uncertainty on the normalization of the same sign WW boson signal
and WZ processes related to the PDF is assigned to vary between 5-7%, as estimated in the
8 TeV VBS search [48]. Finally, an acceptance uncertainty of 2% on the signal normalization
is also considered.

The systematic sources affecting the same sign W¥WT scattering analysis are summarized in
Table 6.5 for each detector scenario and process.

Source WW o, WW ot a? WZ b, & ot a? | fake lep | mis-ch.

P-I/P-II | P-I A | P-I/P-II | P-I A | P-I/P-II | P-I A

Experimental Sources

Jet scale 1-3% 1.5-4% 1-3% 1.5-4% 1-3% 1.5-4% - -
Jet res. 1-3% 1.5-4% 1-3% 1.5-4% 1-3% 1.5-4% - -
u scale 1% 2% 1% 2% 1% 2% - -
[ Tes. 1% 2% 1% 2% 1% 2% - -
e scale 2% 4% 2% 4% 2% 4% - -
e res. 2% 4% 2% 4% 2% 4% - -
Lep. off, 2% 2% 2% 2% 2% 2% . ;
b-tag eff. 4% 5.5% 4% 5.5% 4% 5.5% - -
Fake lept - - - - - - 30% -
Mis-ch. - - - - - - - 30%
Lumi 2.6% 2.6% 2.6% 2.6% 2.6% 2.6% - -
Theoretical Sources
Acceptance 2% 2% - - - - - -
QCD scale 3% 3% 3% 3% 5% 5% - -
PDF ™% ™% ™% 5% 5% 5% - -

Table 6.5: The systematic sources considered for the WEW* scattering analysis divided between
experimental and theoretical sources and quoted for each detector scenario. Systematics on energy
scale/resolution of leptons and jets, as well as the fake lepton and the mis-charge ones, are also affecting
the shape of the observables used in the statistical interpretation.

6.7.2 Same sign WXW+ scattering result

Once the final event selection is applied, the expected analysis performances for each detector
scenario are evaluated by likelihood template fits, where the different templates are derived
from simulation treating the systematics as nuisance parameters. Starting from a template
with Ny, bins, the adopted likelihood function is defined as follows:

Nbins
L(DatalS,B) = ] [Poisson(Ni]u - S(d) + Bi(ﬁ))] x [ Gaus(9x/0,1) x [] LeN (9,11, 09,)
i k J
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where N;, S; and B, represent the observed, expected signal and background rates in the bin
1. The number of events observed in each bin is assumed to be Poissonian-distributed with
an expected rate given by 1+ S;(J) + B;(J), where ¥ represents the set of nuisance parameters
while p is the signal strength which rules the overall normalization of the signal with respect
to the pre-fit prediction.

Nuisance parameters (systematic uncertainties) affecting only the global normalization of sig-
nal or background processes are added to the model through log-normal priors (LgN(¥|1, 0y)),
where the widths are fixed to the values described in Section 6.7.1.

At the same time, shape uncertainties are accounted for introducing a vertical morphing of
each bin content, using a Gaussian prior on each morphing parameter [182] (Gaus(|0,1)).
The fit is performed in each of the eight di-lepton categories, then results are combined fol-
lowing the same method developed by ATLAS and CMS collaborations in the context of the LHC
Higgs combination group [183, 184]. Templates from different observables are considered and
listed in Table 6.6, both one and two-dimensional likelihood fits are performed exploring all
the possible pairwise combinations of variables.

Description ‘ Definition
pr of leading and trailing leptons prl’ pl}Q
pr of leading and trailing jets vy, vy
. {4 14 j j
R-variable R=(Ipf |- [p7))/(lpp| - 7))
1 separation between tag jets Anjj
Invariant mass of tag jets system m;j
Invariant mass of di-lepton system My
Missing transverse energy Er
Angular separation along ¢ App, Apjj, ASDM,ETv Apu,jj
Jet asymmetry asim; = (IPZTII - \pf!)/ (IP;TI\ + !pfl)
Lepton asymmetry asimy = (|pp| — |p7)/(Ip7 | + Ip£])
Reconstructed invariant mass Mg i for
Razor mass mg = \/(Egl + Ey,)? — (Pgl +P£2)2
Transverse mass mr = \/ngngT (11— COS(AW&ET))
Transverse Razor mass mit = \/[ET(pfipl —i—p[%) —Er- (ﬁp1 + ]553)]/\/§

Table 6.6: Main observables considered in the same sign WEW¥ scattering analysis.

Figure 6.16 (left) shows the expected uncertainty on the inclusive electroweak scattering cross
section measurement, obtained combining all the event categories, when different observables
are considered. Both 1 ¢ and 2 o confidence belt on the fitted signal strength are reported. To
evaluate the expected performances a signal plus backgrund fits are adopted, where pseudo-
data are generated injecting a signal rate compatible with SM prediction, while the nuisance
parameters are fixed to the pre-fit estimation.

The inclusive cross-section is determined by fitting the two-dimensional distribution of (R, my),
where R is defined according to Table 6.6. Figure 6.16 (right) shows the impact of the most
relevant nuisance parameters on the estimated cross section uncertainty, when signal and
background yields are normalized to 3 ab~! for the Phase-I scenario. The dashed red line
refers to the uncertainty as obtained by the complete likelihood fit (6%), empty dots are the
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uncertainties obtained by removing one nuisance parameter, indicated by the bin label, while
full black dots are the ones coming from a simplified model in which only one nuisance is
considered. Finally, the solid red line refers to the fit without any systematic source.

The result is mainly affected by systematic sources involving the signal normalization, such
as b-tagging, acceptance, luminosity and jet energy scale, then by the uncertainty on the
mis-identified lepton rate.

Finally, the combined expected uncertainty for each detector scenario, evaluated by fitting the
(R, myg) template, is shown in Figure 6.17 as a function of several possible scale factors for the
mis-identified lepton background (left) and the integrated luminosity (right), fixing the fake
rate scale factor to unity. After 3 ab~! of data, this measurement appears to be dominated
by the systematic uncertainties, where the cross section is measured with a precision of about
6% for both Phase-I and Phase-II. This degrades to 8% when the Phase-I Aged detector is

considered.
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Figure 6.16: (Left) The expected total uncertainty for the same-sign WW scattering cross section
measurement after 3 ab~!, as obtained by a template fit on different observables. (Right) A detailed
study of the impact of the most relevant systematic sources on the cross section measurement. Empty
dots refer to the uncertainties obtained removing one nuisance parameter, full black dots are obtained
adding a single nuisance parameter to the fit model. Dash (solid) red line refers to the uncertainty
obtained including all (no) the systematics in the final fit.

6.7.3 Sensitivity to the longitudinal W*W+ scattering component

The inclusive VBS cross section is composed by three terms depending on the possibile polar-
ization combinations of the final-state vector bosons: WiWi, WiWs and WiWi.
The discovery significance is adopted as figure of merit to asses the sensitivity of the analysis
to the WEWE scattering with respect to the transverse modes (WEWZE and WiWxE) and
the other backgrounds listed in Table 6.4. The significance is defined from the following test
statics: )
L(Datalp = 0,B(v))
L(Datalfi - S() + B(4))
where a signal-like excess (i > 0) corresponds to a positive value of qp, while if data are
compatible with the background-only hypothesis (null hypothesis) g — 0. The likelihood
functions have the same form of the one in Section 6.7.2.
In the asymptotic limit, this test statistics follows a x? distribution which allows for the
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Figure 6.17: The expected uncertainty on the inclusive electroweak scattering cross section for the
different detector scenarios as a function of: (left) several scale factors to the mis-identified lepton
background after 3 ab~! of data, (right) integrated luminosity of the sample for a unity scale factor.

evaluation of a local p-value as:

° 1

. 1
po=Pla> ") = [ e P = 1 (1~ ert(y/ag/2) (6.9)

which measures the probability to obtain a gy value larger than the observed one (ngs) under
the background-only hypothesis.

Particular care is dedicated to optimize the analysis selections, as described in Section 6.7, as
well as to identify the kinematic variables which provide the best separation with respect to
the transverse components. The polarized samples produced by MadGraph are adopted and
Table 6.7 reports the expected yields for the signal, breakdown into the different polarization
modes, and the background processes after the selections foreseen for this analysis.

Scenario | W, Wy, | W, W \ WrWr \ WW QCD \ WZ \ fake lepton | mis-charge

Phase-I 149.5 1061.7 | 1981.6 116.1 462.8 2247.8 61.6
Phase-II 173.9 1196.1 | 2183.3 175.6 412.3 2759.7 103.2
Phase-I A | 121.6 837.3 1528.3 122.9 412.3 2759.7 103.2

Table 6.7: Signal and background yields after the dedicated selections foreseen for the longitudinal
scattering analysis. The scattering yields, predicted by MadGraph and normalized to 3 ab™!, are
subdivided among the different polarizations of the vector bosons in the final state.

The production of two longitudinally polarized vector boson is a rare process also in the ac-
ceptance region of the analysis, as it represents only 7% of the selected WEWT events.
Figure 6.18 shows the performances in terms of discovery significance extracted adopting
a binned likelihood analysis for a number of different observables (left) and different two-
dimensional templates (right). The best performance is achieved through a fit to the (Agpjj,peTl)
distribution. Figure 6.19 shows the shapes of these two observables for the Wfo, wach
and WEWZE components of the VBS process.
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Figure 6.18: Determination of the best observables sensitive to the longitudinal component of the elec-
troweak scattering for the Phase-1I detector scenario. (Left) Expected significance obtained from single
observables, (Right) expected significance for different pairs of variables. The maximum significance is
reached by a two-dimensional fit to (Ay;;, pﬁﬁ).

Eventually, the expected significance estimated combining all the di-lepton categories is re-
ported in Figure 6.20 for each detector scenario. On the left, the expectation after 3 ab!
of data is shown as a function of a global scale factor for the fake lepton background, while,
on the right, it is reported as a function of the collected luminosity. Considering the CMS
Phase-II detector, a unity scale factor for the fake rate and 3 ab~! of integrated luminosity,
an expected significance of 2.4 ¢ is reached, while a value lower by 25-30% would be obtained
with the Phase-I Aged detector.
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Figure 6.19: Shapes of the observables adopted to asses the sensitivity to the longitudinal scattering
component as obtained for the Phase-II detector in the u*u™ category: (left) azimuthal angular
difference between the two VBS tag-jets (Ayj;), (right) leading lepton transverse momentum (p4).



6.7 The same sigh W¥W™ bosons scattering 181

L
_
[$2)

—®— Phase | 50 PU

—®— Phase | aged 140 PU

14 TeV, 3000 fb™' 14 TeV
T T T T T T T T ] T F T T L B
3 [ CMS Delphes Simulation ] 8 3.5~ CMS Delphes Simulation
2 L B c C
8 °F 1 8
S —e— Phase | 50 PU . 5 F
(7] B ) -
- 25 —e— Phase | aged 140 PU ] - 25
L ] L r
9 —e— Phase |1 140 PU 1 8
o 4 o 2
35 o2 — S OF

—@— Phase |1 140 PU

M|
-

B b b b by b bywn i I

1 - 0.5
A R R AR BN R 0 Ll Lol L
0 2 4 6 8 10 0 2000 4000 6000
fake rate scale factor Luminosity (fb™)

Figure 6.20: On the left, the expected discovery significance for the longitudinal vector bosons scattering
in the WEW™* channel for the different detector scenarios, as a function of a possible scale factor to
the fake rate after 3 ab~! of data. On the right, the evolution of the discovery sensitivity, for a unity
fake rate scale factor, as a function of the integrated luminosity.

6.7.4 Partial unitarization scenario

As described in Section 6.4.1, partial unitarized scenarios are simulated, without introducing
any additional resonance along the same sign WHW¥ spectrum, by changing the coupling
strength of the SM Higgs to vector bosons (kv ). A discrete scan is performed as a function of
the coupling strength, as indicated by the samples listed in Table 6.2, where k2, = 1 refers to
the SM scenario where the unitarization is granted by the SM Higgs boson, while sy = 0 refers
to the Higgs-less case.

To study qualitatively the effect of x2 on the VBS spectrum, the distribution of the main
observables considered in the analysis are compared, in both shape and normalization, after
applying the analysis selection. Taking the SM case as a reference benchmark, Figure 6.21
shows the difference between the distributions obtained in a partial unitarized framework
(k2 = 0.0,0.5,0.9) and the SM expectation for the leading lepton pfﬁ (left), myge (middle) and
mj; (right). The predicted difference on the normalization is roughly quadratically dependent
on Arx? and the shapes look similar as a function of the x2 value.

The analysis has been optimized adopting the Higgs-less case as reference, since small vari-
ations in the discrimination power of kinematic observables are expected when different k2
are considered. In particular, after applying the analysis selections, the templates obtained
through the difference between the Higgs-less scenario and the SM one are considered as a
potential signal (noH-H), while the WE¥W¥ scattering predicted by the nominal couplings is
considered as part of the background. To assess the most sensitive kinematic variables to
this non unitarized scenario, the 95% CL exclusion limit for the Higgs-less hypothesis, cal-
culated adopting the asymptotic approximation of the CLg method [152] and the LHC test
statistics [184], is used as figure of merit.

Figure 6.18 shows the performances in terms of 95% CL exclusion limit obtained via a binned
likelihood fit for a number of different observables (left) and different two-dimensional tem-
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Figure 6.21: Difference between partial unitarized scenarios in which the Higgs coupling to vector
bosons 1s varied (1% = 0.0,0.5,0.9) and the SM case (k% = 1) for three different observables: leading
lepton p4t (left), di-lepton invariant mass mg, (middle) and the VBS tag-jet invariant mass m;; (right).

plates (right), where the eight categories of the analysis are combined and the Phase-I detector
scenario is considered. The optimal result is obtained by fitting a two-dimensional template
represented by (R,my).

Figure 6.23 shows the ultimate expected 95% CL exclusion limit for the Higgs-less scenario.
The result is reported in terms of the strength modifier 1 of the noH-H hypothesis as a func-
tion of a global scale factor applied to the jet-to-lepton mis-identification rate (left) and of the
total integrated luminosity (right).

When the exclusion reaches the unity value, after about 100 fb~!, the analysis is expected to
become sensitive to partial unitarized scenarios, in which the existing Higgs boson does not
completely fulfill the VBS unitarization. From these projections, the upgraded CMS detector is
more sensitive than the Phase-I Aged one and recovers similar performances one would get
with the same luminosity recorded with the LHC Run-I data conditions.

To study the sensitivity to partial unitarized scenarios induced by variations of kv, a ded-
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Figure 6.22: Determination of the best observables sensitive to the Higgs-less hypothesis considering the
CMS Phase-I detector. Signal and backgrounds yields are normalized to 3 ab~!. (Left) Expected 95%
CL exclusion limit obtained from single observables, (right) the exclusion limits evaluated for different
pairwise combinations. The lowest limit is reached by a two-dimensional fit to R-my.



6.7 The same sigh W¥W™ bosons scattering 183

14 TeV, 3000 fb 14 TeV
% T T T T \ ] % g T T ™
= CMS Delphes Simulation 4 = | CMS Delphes Simulation i
] ] S]
£ 1 £
< 03 — < b
s ] =
[ [2)
< 1 <
c ] < 118 —
= N o —e— Phase | 50 PU B
- i - A ]
o 1 o T —e— Phase | aged 140 PU ]
2 0.2 3 R* L ]
8 ] 8 L —®— Phase Il 140 PU i
—e— Phase |50 PU ] i l
—®— Phase | aged 140 PU ] § b
0.1 —e— Phase |1 140 PU {
§ 107 =
N IR R ERR B L Ll Ll -
0 2 4 6 8 10 0 2000 4000 6000
fake rate scale factor Luminosity (fo™)

Figure 6.23: The expected 95% CL exclusion limits for the Higgs-less scenario after 3 ab~! of integrated
luminosity, as a function of the jet-to-lepton mis-identification rate scale factor (left), as well as a
function of the integrated luminosity for a unity fake rate scale factor (right). The limit is expressed
as a deviation from the SM divided by the difference of the Higgs-less case from the SM itself.

icated hypothesis test is adopted. In particular, considering the SM case as null hypothesis
(Ho), alternative ones (H,) are tested through the following test statistics:
L(Datalfiq - S(k2 # 1,9,) + B(da))
L(Datalfio - (k% = 1,90) + B(dy))

¢g=—2In (6.10)

where (jiq,04) and (fi0,00) indicate the fitted signal strength and the fitted nuisance parame-
ters under the alternative and the null hypothesis, respectively. Toy experiments are generated
according to either the SM or the alternative scenarios, considering the scattering rates pre-
dicted by the two models, and the test statistics is computed for each considered x2 value
and detector scenario assuming a unity scale factor for the fake lepton background and a total
luminosity of 3 ab~!. Figure 6.24 shows two examples of the test statistics obtained and used
to evaluate the seperation of x% = 0.5,0.8 with respect to the SM for the Phase-I1I scenario.
The separation is estimated as the Gaussian quantile of the CLg value calculated as follows:
CLsyp _ P(g > q(Ho)H,)

Chs = "Gy = Plg> (o) Tho) (6.1

Independently from the direct measurement of sy that is obtained studying Higgs boson
properties, the same sign WW bosons scattering would allow to exclude values of k2, lower
than about 0.75 at 95% CL with the Phase-II detector. In contrast, worse limits by about
20% are obtained with the Phase-I Aged detector, as shown in Figure 6.25.

6.7.5 Anomalous couplings results

As described in the previous Sections, BSM physics effects altering the VBS properties are
described with the EFT formalism adding a series of high dimensional operators to the SM
Lagrangian. These operators are the low energy effective description of interactions mediated
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Figure 6.24: Distributions of the test statistic evaluated for different partial unitarized cases Iﬁ% =0.5
(left) and % = 0.8 (right) compared to the SM one after 3 ab~! and for a unity scale factor of the fake
lepton rate in the Phase-II detector scenario.
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Figure 6.25: The expected separation between the SM and partial unitarized scenarios as a function
of ,%V for the three detector configurations. Projections are obtained considering 3 ab™! of integrated
luminosity and a unity scale factor for the fake lepton background.

by massive fields inside the spectrum of an unknown BSM theory, for which no direct observa-
tion is possible. While dimension-six operators are well constrained by other measurements
(WiWJF, Vv, WV), the VBS process is also modified by dimension-eight ones through anoma-
lous quartic gauge couplings.

In the scattering of same sign W-bosons, nine possible CP-conserving dimension-eight opera-
tors could modify the scattering process [61] involving only the Higgs doublet and the SU(2)r,
field strengths (W#¥). The S-operators correspond to the effect of on-shell production of scalar
particles (So,S1), while the T-operators (To,T1,T2) correspond to transversely polarized vec-
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tor bosons. Such operators would alter the large interference between the components of VBS
processes and potentially lead to strong enhancements of the cross section along high energy
tails of the distributions.

To assess the potential of the VBS analysis to constrain EFT operators, a mono-dimensional
template likelihood fit to the di-lepton invariant mass (mygy) is adopted. Events are simulated
with non-zero values for the Wilson coefficients for these operators with MadGraph!, over a
range comparable to the sensitivity region that can be probed at the HL-LHC. These coeffi-
cients are scanned independently, while in the Sp-S; case also a simultaneous scan is performed
since this combination provides a direct measurement of new physics that only modifies the
SM quartic gauge couplings.

After the analysis selections, the dependance of the signal rate as a function of the Wilson
coefficient of a certain operator in each bin of myy is fitted with a second order polynomial, as
shown in Figure 6.26 for the Sp operator (left) and the simultaneous Sp-S; scan (right).

In addition, normalizing the event rate to an integrated luminosity of 3 ab~! and considering
the CMS Phase-II detector, Figure 6.27 shows the expected my, distributions for the SM signal
and the modifications induced by two values of the Wilson coefficients associated to the Sg
and the Ty operators.
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Figure 6.26: (Left) Effect of the Wilson coefficient scan for the Sy operator on the predicted rate for
the same sign WW boson scattering in the my, range between 900-1200 GeV. (Right) The same effect
is displayed for the simultaneous scan of the Wilson coefficients for Sy and S;.

The expected limits at 95% CL on the nine operators are listed in Table 6.8, where the Phase-I
and Phase-II detectors show similar performances, while the Phase-I Aged scenario shows a
worsening of about 10%. The effect of possible aQGC on the WZ scattering process in the WW
same sign signal region is expected to be negligible. In addition to the limits on individual
operators, Figure 6.28 (left) shows the two-dimensional 95% CL contour on the Sy and S;
coefficients. To investigate the importance of both experimental and theoretical systematics
on the limit extraction, the dependance of the exclusion sensitivity is studied as a function of
the integrated luminosity. Figure 6.28 (right) shows the trend of the exclusion bound on S;
versus the luminosity, proving how the analysis is expected to become systematically limited
after about 2.5 ab™!.

"Wilson coefficients are the coupling constant to higher-order operators introduced in the EFT parametriza-
tion.
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Figure 6.27: Distributions of the di-lepton invariant mass, when myg, > 600 GeV, for the SM signal and
its modifications for two values of the coefficient associated with the Sy (left) and Tg (right) operators.
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Figure 6.28: (Left) Expected 95% CL contours on the coefficients associated to the Sp and S; operators
for 3 ab~! of data, a unity scale factor of the fake lepton rate and for the three detector scenarios.
(Right) Limits on the coefficient associated to the Sy operator for the different detector scenarios as a
function of the collected luminosity.

6.8 The WZ boson scattering

This channel is identified by searching for three identified and isolated charged leptons in the
final state, with pr > 20 GeV, where two of them must have the same flavor, opposite charge
and an invariant mass compatible with the Z-boson one within + 10 GeV.

The undetected neutrino generates missing transverse energy. The longitudinal component
of the neutrino momentum is obtained by requiring it to be produced, together with the re-
maining charged lepton, from the decay of a on-shell W-boson, following the same procedure
illustrated in Section 4.2.1.

The background due to Z/v* — ¢¢ produced in association with jets and semi-leptonic ¢t
events, when one jet is wrongly identified as a charged lepton, is not found to be significant,



6.8 The WZ boson scattering 187

Operator (TeV %) ‘ Phase-I | Phase-II | Phase-I Aged

So/A* 1.06 1.07 1.17
Si/A* 3.51 3.55 3.87
To/A* 0.067 0.077 0.083
Ty /A% 0.036 0.033 0.036
Ty/A% 0.119 0.111 0.119
My /A% 0.78 0.75 0.82
M /A% 1.10 1.06 1.14
Mg /A% 1.56 1.49 1.63
M7 /A% 1.37 1.32 1.45

Table 6.8: Expected 95% CL limits on the coefficients for BSM higher-order operators in the EFT La-
grangian, after 3 ab~! of data and for a unity scale factor of the fake lepton rate, as a function of the
three detector scenarios. The units are TeV 4.

especially once the full analysis selections are applied. In contrast, the irreducible WZ boson

production in association with jets coming from strong vertices O(aZ,a2) is much more im-

ew s
portant than the corresponding one in the same-sign WW scattering, representing the leading
background of the analysis.
The presence of additional loosely identified leptons is vetoed to remove contaminations from
ZZ+jets electroweak (O(a$8,)) and QD (O(aZ,a?)) productions and Fr should be larger than
30 GeV. Any same flavor (SF) and opposite sign (0S) lepton pair should have an invariant
mass myy larger than 20 GeV.
The two highest pr jets, with pr > 30 GeV, not in geometrical overlap with the already
identified leptons, are chosen as VBS tag-jets. Their pseudorapidity separation (An;;) must
be larger than 4 units, while the invariant mass of the tag jet system is required to be larger
than 600 GeV.
Eventually, to maximize the analysis performance, the selected events are further classified
into four categories according to the flavor content of the final state: pup, pue, eep and eee.
The selection strategy is summarized in Table 6.9.
Applying the selections previously described, the distributions of the distance in pseudorapid-
ity between the two leptons with same charge (Anjy = ’772; — 772; D, plé} and Agpj; are reported
in Figure 6.29 for the Phase-II detector and an integrated luminosity of 3 ab~!. The main
backgrounds are represented by QCD production of ZZ and WZ boson pairs, as well as the elec-
troweak production of ZZ pairs. The signal is displayed including (full blue line) or excluding
(dotted red line) the Higgs boson contribution stacked on top of the backgrounds, while the
full red line shows the difference between the SM and the Higgs-less case.
The experimental sources of systematic uncertainties are evaluated similarly to the same sign
WW case described in Section 6.7.1, while theoretical systematics have been already listed in

Table 6.5.

6.8.1 The WZ scattering results

The inclusive electroweak WZ scattering cross section is determined by a two-dimensional
binned likelihood fit of (p¥ ,An?f). The expected uncertainty on the signal strength, obtained
after a simultaneous fit of the four event categories, is shown in Figure 6.30 (left) as a function

of the integrated luminosity for the three different detector configurations. An uncertainty of
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Selection

Value

Comments

Tight Leptons

Electron pr and n
Muon pr and 7
Isolation as Eq. 6.4

pr > 20 GeV, |n| < 2.5
pr > 20 GeV, || < 2.4
Trer < 0.25 (0.65)

avoid ECAL gap.

Phase-I 50PU (Phase-II 140PU)

Loose Leptons

Lepton pr, Isolation

pr > 20 GeV, I < 0.35 (0.75)

no loose leptons

Jet selection

Jet pr and

pr > 30 GeV, |n| < 4.7

CHS + jet area median correction

Event selections

Num. Tight leptons 3 two with 0S and SF
Num. Loose leptons 0
Missing energy Fp Fr > 30 GeV reduce Z+jets and ZZ
Di-lepton invariant mass mgg mee > 20 GeV for each 0S and SF pair
Di-lepton invariant mass mg, myee # mz+10 GeV for only one 0S and SF pair
Num. jets pr > 30 GeV 2

VBS jet selections
Jet separation An;; Anjj >4

Di-jet invariant mass m;

m;; > 600 GeV

Event categories

Lepton flavor

i, ppe, eep, eee

Table 6.9: List of the selections and the event categories used in this analysis to enhance the sensitivity

to the fully leptonic WZ boson scattering signal against reducible and irreducible backgrounds.
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Figure 6.29: From left to right: distributions of the difference in azimuthal angle between the tag
jets (Agj;), the difference in pseudorapidity between the same charge leptons (Anp<) and the leading

lepton transverse momentum (pZTI) for the Phase-II detector and the WZ selection. Signal and the
backgrounds are normalized to the integrated luminosity of 3 ab™!.

about 10% is achieved after 3 ab~! with Phase-I and Phase-II detectors, while the Phase-I
Aged scenario would provide worse result by about 20%.

In addition, the expected sensitivity to the longitudinal component of the WZ boson scattering
has been also studied, as in the same sign WW case. Different observables are tested and the
two-dimensional distribution of (Ayj; ,pgﬁ) is the one which provides the best discrimination
between the longitudinal and the transverse modes. The expected significance for measuring
the longitudinal cross section, after combining all the tri-lepton categories, is shown in Fig-
ure 6.30 (right) as a function of the collected luminosity.
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The best result is achieved with the Phase-II detector, 1.4 ¢ significance with 3 ab~!, thanks
to an improved lepton reconstruction and identification efficiency with respect to the Phase-I
scenatio, while worse performances of about 30% are reached with the Phase-I Aged detector.
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Figure 6.30: (Left) The expected uncertainty for the various detector scenarios on the electroweak WZ
cross section as a function of the collected luminosity. (Right) The expected discovery significance
for the longitudinal WZ scattering component for the various detector scenarios as a function of the
integrated luminosity.

6.9 Combined sensitivity to the longitudinal scattering

Results obtained from the WW and WZ analyses are combined to determine the overall per-
formance for the observation of the longitudinal scattering, where the Higgs boson alone fulfills
the unitarization of the VBS cross section. In the combination, common systematic sources
are considered fully correlated between the two channels such as the uncertainty of the lumi-
nosity of the data sample, lepton efficiencies, jet/lepton energy scale and resolution, as well
as theoretical uncertainties due to QCD scale and the PDF determination.

Figure 6.31 shows the evolution of the combination as a function of the integrated luminosity
(right), for a unity mis-tag lepton scale factor, as well as the dependance on the jet-to-lepton
mis-identification scale factor with 3 ab~! of data (left). The Phase-II detector scenario pro-
vides better performances in all the investigated conditions, reaching about 2.75 ¢ significance
after 3 ab~! considering the central prediction for the mis-identified lepton background.

6.10 Conclusions

A feasibility study for the measurement of vector boson scattering properties has been pre-
sented in this Chapter. T'wo promising fully leptonic final states are considered: the same sign
WW and WZ bosons scattering topologies. For both of them, the precision in the measure-
ment of the electroweak cross section is studied, as well as the expected discovery significance
of its longitudinal component, which represents one of the most challenging measurements for
the HL-LHC physics programme. In addition, the exclusion power to residual non-unitarisation
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Figure 6.31: (Left) The expected discovery significance for the longitudinal vector bosons scattering for
the various detector scenarios as a function of the fake rate scale factor after 3 ab~! of data, for the
combination of samesign WW and WZ analyses. (Right) The evolution of the discovery sensitivity, for
a unity scale factor of the fake rate, as a function of the collected luminosity.

effects at high energy has been presented for the same sign WW case. Finally, BSM sensitivity
is probed in the framework of effective field theories by extracting expected limits on the
anomalous quartic gauge couplings through the W¥W¥ scattering.

Results are presented for three detector scenarios, characterized by alternative possible condi-
tions of CMS during the HL-LHC data taking. The current detector design, aged by the strong
irradiation, is compared to a model with tracker system, muon system and forward calorime-
try upgraded to stand the harsh environment foreseen during the HL-LHC. Eventually, also the
non-aged current CMS detector is tested, to provide a benchmark of the physics performances
of the present detector. Signal and background events have been processed with Delphes,
which provides a parametric simulation of the CMS detector that has been validated to the
full CMS simulation when possible. An attempt is made to include also reducible backgrounds,
as the ones due to jets mis-identified as leptons. Given the large uncertainty on the detailed
detector simulation, results are expressed as a function of a data-to-simulation scale factor for
the mis-tag lepton rate.



Conclusions

The most relevant achievements of my three year Ph.D. work in CMS have been presented in
this thesis. The field of interests of my research activity has been twofold.

Looking at LHC Run-I data taking at /s = 8 TeV, my efforts have been mainly dedicated to
searches for heavy particles decaying into di-boson pairs exploring boosted topologies, where
the fragmentation products of hadronically decaying vector bosons (V — ¢q’) overlap in the
detector, preventing their identification as resolved jets. These hadronic boosted signatures
dominate the experimental sensitivity when looking at particles with invariant masses larger
than 600 GeV.

This led me to study specific algorithms to identify boosted vector bosons decaying hadron-
ically (V-jets), which have been also applied in other searches for new physics characterized
high pr jets originating from W /Z-boson, Higgs boson or top quark decays.

I focused on exploring the WW/WZ semi-leptonic topology using jet substructure techniques
to tag the hadronically decaying W /Z bosons, interpreting the result in different BSM contexts.
In particular, with no significant excess observed above the predicted background, upper lim-
its have been produced for massive gravitons predicted by Bulk and Randall-Sundrum extra
dimension models (800 < mg < 2500 GeV), as well as for a SM-like Higgs boson at high mass
(600 < mg < 1000 GeV).

In the former case, a model independent result of the analysis has also been performed, to pro-
vide a generic recipe that can be used for a re-interpretation over different phenomenological
models. In the latter one, the analysis has been categorised in exclusive jet bins to disen-
tangle the gluon fusion production from the vector boson fusion (VBF) mode and the result
was also interpreted in the context of a BSM heavy Higgs scenario, called electroweak singlet
model, which predicts the existence of two Higgs scalars with the mass of the lighter one being
around 125 GeV. A deviation with a local significance of about 2.5 ¢ has been observed in the
VBF category for 700 < mww < 800 GeV.

In addition, I continued to work on vector boson jet tagging in view of the LHC Run-II, with
a particular emphasis on jet substructure correlations and performances in a high pileup envi-
ronment. I have contributed also to the commissioning of a powerful pileup rejection method,
called PileUp Per Particle Identification (PUPPI), for high pr jets and missing energy, looking
at the first Run-IT data.

Then, I performed feasibility studies for the Vector Boson Scattering (VBS) in view of the CMS
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detector upgrade, foreseen for the high luminosity LHC (HL-LHC) data taking. If no evidence
for new physics will be observed with Run-IT collisions, this rare process would become crucial
to search for BSM physics via precision electroweak measurements.

Two different scattering topologies have been considered represented by the scattering of same
sign W-boson pairs and the fully leptonic WZ boson one. The future CMS sensitivity to the
longitudinal electroweak scattering, to partial unitarized scenarios and to new physics in the
EWSB sector, parametrized through anomalies in the vector boson self couplings, has been
investigated. In addition, the difference in the performance between the proposed upgraded
CMS detector and the present one, which will undergo a strong degradation due to radiation
damage, has been studied showing how the upgraded technology allows better performances
in all the considered benchmarks.

Although no clear hints of BSM physics have been observed during Run-I, a number of puzzles,
such as the origin of dark matter, the matter-antimatter asymmetry, the hierarchy problem
and the electroweak vacuum stability, suggest that the SM cannot be considered the ultimate
theory of nature. The LHC Run-II represents a unique opportunity for particle physics, where
the machine will give access to an energy range never explored before, since the beam collisions
will happen at a centre of mass energy of 13 TeV, allowing searches for new physics over a
broad phenomenology, as well as to continue the precise measurements of SM processes.
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