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Introduction

Supersymmetry (SUSY), if it exists and is within the reach of the LHC, predicts a number of spec-
tacular experimental signatures. The high mass of the squarks and gluinos, which are expected
to be the primary particles produced in the pp colisions of the LHC, implies numerous final-state
decay products with large transverse momenta. Furthermore, if SUSY is to provide the explana-
tion to the dark matter mystery, the lightest supersymmetric particle (LSP) should be stable, very
weakly interacting and have significant mass, thus resulting in large missing energy. Whereas this
last characteristic of SUSY events can be exploited to separate them from “background” processes
from the Standard Model, it also renders the full reconstruction of a sparticle decay impossible.
This makes analyses searching for SUSY very intricate, since the traditional “peak” in some in-
variant mass distribution can no longer be used to establish firmly the existence of a new particle.
Establishing the presence of a new particle state is, nevertheless, still possible — and the discovery of
the W boson at the CERN SppS collider is a good example. In the case of SUSY, expectations are
that the corresponding analysis will be more difficult due to the higher jet multiplicities expected,
but also due to much larger backgrounds (mainly from W/Z and top production) in the relevant
kinematic regime. As a result, it is broadly expected that the first signs of SUSY may well be
obtained in inclusive signatures (e.g. jets and missing energy) which may provide some information
on the mass scale of the decaying (s)particles but no direct evidence for the existence of SUSY itself.

Early signs of SUSY are also expected in the dilepton (especially same-sign) and in the generic
jets+missing energy+leptons channels. While the presence of leptons makes these signatures more
robust, the lack of a convincing “mass peak” maintains the indirect nature of the observation.

In an attempt to circumvent this problem to the greatest possible extent, the observation of the
decay X3 — £T¢Tx$ has been studied extensively in the past 15 years. With the LSP (the x9)
always missing, the invariant mass spectrum of the two leptons is characterized by a linear rise
with mass (indicative of the spin-zero nature of the decay) and an abrupt edge at the kinematic
limit (corresponding to the mass difference between the two neutralinos, i.e. the x§ and the x9.
The observation of this edge has been touted as one of the potential “key” SUSY signatures!.
This decay mode has received a lot of attention in the signature, since the position of the edge
can be determined with (a priori) high precision and is an example of “high-precision” SUSY
measurements at the LHC. This high precision also probes the properties of SUSY particles since
the position of the di-electron and di-muon edges could be found to be difference, indicating a

In a different region of mSUGRA space the decay to a light higgs boson and a ¥ provides another
“key” — though not unique to SUSY — signature for SUSY.




CHAPTER 1. INTRODUCTION

non-degeneracy in the masses of the selectron and smuon [13].

The purpose of this analysis is to study the precision with which one can observe this dilepton
edge with a relatively modest amount of integrated luminosity (taken to be 1fb=! here). It is
by no means expected that this signature will constitute the first observation of an excess over
the Standard Model (SM) expectations, and for this reason the analysis assumes that a general
excess over the SM will have already been established. The implication is that the analysis aims
at maximizing the precision of the determination of the edge, rather than the significance of the
overall SUSY excess over the background processes.

Assuming the discovery of supersymmetry another important objective of the LHC studies comes
into play: the measurement of the parameters of the underlying supersymmetric model. On
this direction, the present thesis presents an attempt on the measurement of the supersymmetric
particle masses using the decay chain involving the ¥9. The analysis is placed on a complementary
basis to the di-lepton analysis that will serve to the establishment of supersymmetry through the
measurement of the properties of the SUSY particles.

According to the expectations that the gluinos and squarks (of the first two generations) must be
among the heaviest of sparticles, the signal decay chain of Y3 — ¥{¢¢ may arise from sequential
decay chains, such as

(5 —)ila) — X3alq) — FLFq(q) — XIFFq(q)

generically refering to the chain as a cascade decay of §/G. The longer the decay chain is, the more
information is in principle available to the measurement of the masses of the sparticles involved.
It has been seen that exploiting the kinematic properties of such decay chains, the reconstruction
of four susy masses (namely the Mo, My, Mg and Mj) may be achieved by measuring upper
endpoints in the invariant mass distributions of the visible particles (two leptons and a quark). The
methodology encountered in this thesis involves the least model-dependent assumptions. However
and for the sake of clarity, two models? which assume the enhancement of the signal decay mode
will be used as an example in order to illustrate the procedure of the measurements and the
extraction of the masses.

Throughout the analysis, a complete overview of the values of the various endpoints of the mass
distributions as a function of the sparticle masses will be presented. The problem of how to identify
the leptons and jets and how to reduce the combinatorial backgrounds which unavoidably arise
from the selection will be addressed. A difficulty is that, depending on the ratios of the sparticle
masses, different configurations and hence different formulae can relate the masses to the endpoints
in two- and three-body effective mass distributions. It will be shown that the identification of the
correct configuration (and corresponding formula) can be based on correlations between different
effective mass distributions. Moreover, the applicability of a given formula depends on well defined
ratios and only some of them can be valid at any given mass point.

2These points are taken to be the mSUGRA LM1 and LMS6.
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Theoretical overview

2.1 The Standard Model

The Standard Model is a quantum field theory which provides a very elegant and successful the-
oretical description of the elementary particles and their interactions. The basic concept of the
theory is the principle of local gauge invariance under the symmetry group SU(3) x SU(2) x U(1),
via which the theory describes the strong, weak and electromagnetic interactions via the exchange
of spin-1 gauge fields: eight massless gluons and one massless photon, for the strong and electro-
magnetic interactions respectively, and three massive bosons, W* and Z, for the weak interaction.

The matter particle content of the theory is composed of the known leptons and quarks, which are
organized in three families:

Ve U v, ¢ vy ot

P R
The strong interactions are described in the context of the gauge theory of Quantum Chro-
modynamics (QCD). The gauge symmetry group of the theory, SU(3)¢, is generated by the
local color transformations which leave the Lagrangian invariant. There are three possible color
states for the quarks which are assumed to be in the fundamental representation of the group of
dimension three. The gauge boson particles which are associated with this gauge symmetry are
the gluons; there are eight of them as implied by the number of SU(3) generators. The QCD
Lagrangian is built with promoting the global symmetry SU(3) to a local one by replacing the
derivative of the quark field in the Dirac equation, by its covariant derivative:

. Aay ga
Dyug= (% - ng(Q)AM> q

where
q1
¢=| @
q3

and ¢; = quark fields (i = 1,2, 3), gs = strong coupling constant, ’\7“ = SU(3) generators and Ay} =
gluon fields (a =1, ..., 8).
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The QCD Lagrangian can then be written in terms of the quark fields, including in addition a
kinetic term for the gluon fields:

. 1
Locp = q(iD —mg)q — ZFﬁng”

The gauge interactions between the quarks and gluons are contained in the gi g term, (jgsgAfj’y“q.
The gluon field strength is,

F, = 0,A% — 0,A% + go f*7 A Auy

exhibiting a bilinear term characteristic to the non-Abelian nature of the QCD gauge theory with
structure constants % (o, 8,7 =1,...,8). The consequence of this term is that the gluons inter-
act not only with the quarks but also among themselves.

The Electroweak Theory requires the symmetry of SU(2);, x U(1l)y to be a local symmetry
of the electroweak Lagrangian. SU(2)y is the weak isospin group and acts only on left-handed
fermions, while U(1)y is the weak hypercharge group. The left-handed fermions transform as

doublets under the SU(2)y,
_ (v ur, (2.6)
fL - ( 6L> ) (dL> y oo 2.6

whereas the right-handed fermions transform as singlets,

/R = €Rr,uR, dg, ...

The gauge bosons which are associated with the SU(2)r x U(1)y group are four, three of which
are the weak bosons Wﬁ(l = 1,2,3), corresponding to the three SU(2), generators, T; = % where
o; are the Pauli matrices. The fourth one is the hypercharge boson, B, corresponding to the

Y
U(1)y generator, 3.

The SU(2);, x U(1)y symmetry is promoted from global to local using the covariant derivative for
a generic fermion field f,

e Y
D,f= <8u —igT - W, — zg’2Bﬂ> f

where g and ¢’ are the SU(2); and U(1)y coupling constants respectively. Similarly to the case
of QCD, the gauge invariant electroweak interactions are generated from the fip)f term.

The total Lagrangian of the Electroweak theory is obtained by including the gauge boson kinetic
terms in addition to the fermion ones. The Lagrangian can then be written as:
_ 1. 1
Lpw = fipf — W, W}" — S BuB"
with the gauge part written in terms of the field strength tensors wa = 8MW§—8VWﬁ+ geik W,ﬂ Wk
and B, = 0,8, — 0,B,,. The gauge part of the Lagrangian contains the self-interaction terms

among the three Wﬁ,z’ = 1, 2,3 gauge bosons, as it is expected by the non-abelian nature of the
SU(2) 1, group.




2.1. THE STANDARD MODEL

The physical states of the gauge bosons are known as W“i, Z, and A,, and are obtained from the
electroweak interaction eigenstates by the following expressions,

1

+ .

Wi = E(Wﬁ FiWg)
Z,, = cos Hij‘ —sin 6, B, 2.11
Ay = sin 0, W2 + cos 0, By, 2.12

where the weak (Weinberg) angle, 6,,, determines the rotation in the neutral sector and is equal
to

tan @y, = g/g’ 2.13

It is noted that mass terms for these physical boson states are not present in the Lagrangian up
to now, as it is forbidden by gauge invariance. However, the boson masses can be generated in a
gauge invariant way by the spontaneous breaking of the SU(2)y x U(1)y symmetry and the Higgs
mechanism. To this subject we come next.

The Electroweak Symmetry Breaking. First, let us write the full standard model Lagrangian
for reference

. =, 1 o
Lsy = ‘ﬁpq + &pg - X(F;ux)2 2.14
~(W/ ko qp + NJdRd™ - qp + A/ €Ro” e} + hc.) 2.16

The line (2.14) is the pure gauge theory as it was discussed in extend previously. This part of
the Lagrangian contains only three parameters, the three standard model gauge couplings gs, g, ¢'.
The line (2.15) corresponds to the electroweak symmetry breaking part and is associated with the
Higgs boson field. The standard model introduces one scalar field, a doublet of weak interaction

SU(2),
+
b= ( ‘ZO> 2.17
so that its vacuum expectation value can give masses to the W and Z bosons. If we take the
potential energy of the Higgs field to be V(¢) = —u’¢l¢ + M(¢T¢)? , this is minimized when

dTp = p? /2. Therefore, one particular vacuum state is

<¢>= < 1/3%) 2.18

= p?/X. The physical spectrum is built by performing small oscillations around this
vacuum. These are parametrized as

o=co@r [, 0 2.19
1 (v+ h(z))

where 1?2
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with a®(z) an SU(2) gauge transformation. We note that the field h(z) is the only gauge-invariant
degree of freedom and so the symmetry breaking sector gives rise to only one new particle, the
Higgs scalar. In contrast to the gauge boson sector, the Higgs boson mass and the Higgs self-
coupling A are completely undetermined in the standard model. They are related at tree level by
m%{ = 202,

Inserting (2.18) into the kinetic term for ¢, one finds a mass term for the W and Z,

v v
mw =g=, mz=+vg>+g?*= 2.20

2 2

The vacuum expectation value v has been determined experimentally from p-decay and is equal to
v=(v2G F)_% = 246 GeV. The line (2.16) gives similarly an origin for the masses of quarks and
leptons via their interaction with the Higgs. The parameters \;; are three complex 3 x 3 matrices
of couplings which are allowed by the gauge symmetry of the standard model, and are known as
Yukawa couplings. When the Higgs acquires a vacuum expectation value, these couplings turn
into mass terms,

v v v

Me = Ae—=; My = Ay——=; Mg = A e
V2 v TN

2.21
The Higgs sector is the only sector in the standard model that has not been tested yet. The
only relevant information has been derived from indirect constraints and direct searches. However,
theoretical arguments exist, providing a favorable region on the Higgs mass, 130 GeV < mpg < 180
GeV which is consistent with an effective standard model description that survives all the way
to the Planck scale!. On the other hand, the non-observation of clear signals in accelarator
experiments like CERN kai Fermilab, has only lead to indirect experimental bounds on the Higgs
boson mass. The global fit to precision measurements of electroweak observables has resulted in
the Ay? = x? — X?nin curve shown in fig. 2.1. At 95% confidence level, it was obtained

114.4 GeV < mpg < 144 GeV. 2.22

2.2 Motivation for New Physics

The standard model has been proved, at least phenomenologically, as a successful theory and
has been established experimentally with a precision of 0.1%. Still, it can only be regarded as
a low-energy effective theory of the yet-more-fundamental theory. The fact for example that its
theoretical framework cannot accomodate gravity which is governed by the Planck scale, Mp =
(87G Newton)*l/ 2 = 2.4 x 10" GeV, makes it almost obvious that the standard model needs to
be extended to describe physics at higher energies. Several reasons can be listed outlining the
problematic theoretical aspects of the standard model, in favor of new physics in the TeV scale: 1)
the “hierarchy problem”: what is the origin of the masses of the particles, if they are due to the
Higgs boson field, and if yes, why are they so small. ii) Unification of the strong and electromagnetic

L Although the hierarchy problem between the electroweak and a very high energy scale like A = Mp,
(Planck scale) still persists.
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Figure 2.1: Left: Ax? = x* — x2,,,, versus my, from the global fit to the electroweak data. The
vertical band indicates the 95% exclusion limit from direct searches. Right: Comparison between
the measurements of the combined analysis of the standard model and the results from the global
electroweak fit.

gauge couplings at the Planck scale (or Grand Unified Theory, GUT, scale) does not occur in the
standard model. This could only be achieved with the addition of new physics that would modify
the running of couplings above the electroweak scale. iii) It does not explain the quantum numbers
of the particles like the electric charge (), the weak isospin I and the hypercharge Y.

Supersymmetry has been proposed in order to solve many of the above problems in the standard
model, and most importantly the infamous ”hierarchy problem”. That is to explain the origin of
the large hierarchy of energy scales from the W and Z masses to the Planck scale (gauge hierarchy)
and protect the stability of this hierarchy in the presence of quantum corrections, the latter being
impossible within the standard model.

The hierarchy problem.

The scalar sector of the standard model, the Higgs boson, receives enormous corrections from
the virtual effects of every particle that couples, directly or indirectly, to the Higgs field. As an
example let us consider the contribution of a loop containing a heavy fermion f with mass my to
the Higgs self-energy. If the Higgs field couples to f with a term in the Lagrangian —\yH ff, then
the Feynman diagram in figure 2.2a yields a correction

|AsI?
872

om3 = — Afy + -+ 2.23

where we have introduced an ultraviolet momentum cutoff Ayy in order to regulate the loop
integral; this parameter represents the energy scale at which new physics enters and is comparable
with the Planck scale. In this view, this quantum correction to m%{ is some 30 orders of magnitude

9
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-—- -———— g 7

Figure 2.2: One-loop quantum corrections to the Higgs squared mass parameter m%{, due to (a) a
Dirac fermion f, and (b) a scalar S.

larger than the expected value of the Higgs mass2. This is only directly a problem to the stability
of the Higgs mass. However, since the fermions and the electroweak bosons W, Z obtain their
masses from < H >, the entire spectrum of the standard model becomes sensitive to the parameter

Ayy.

If another heavy scalar particle S exists with mass mg that couples to the Higgs with a Lagrangian
term —\g|H|?|S|?, then the Feynman diagram in figure 2.2b gives a correction

As

A
2 2 2 uv -

Comparing eqs. (2.23) and (2.24) strongly suggests that if a new symmetry which relates fermions
and bosons exists, then the AQUV contributions would neatly cancel because of the relative minus
sign between fermion loop and boson loop contributions to dm?%. This sort of cancellation also
requires that the associated dimensionless couplings should be related by Ag = |Af|?.

In fact, a theory which guarantees that the quadratic divergences in scalar squared masses vanish
to all orders of perturbation theory, exists and is called Supersymmetry.

2.3 Supersymmetry

A supersymmetry transformation must turn a bosonic state into a fermionic one, and vica versa.
In other words, the generator @) of the symmetry must be an anticommuting spinor, with

Q@|Boson >= |Fermion >, @|Fermion >= |Boson >

Spinors are intrinsically complex objects, so Q' (the hermitian conjugate of Q) is also a sym-
metry generator. It is obvious that the generators themselves must carry half-integer spin, i.e.
are fermionic, and therefore supersymmetry must be a space-time symmetry. These supersym-
metry properties can be synopsised in anticommutation and commutation relations forming the
supersymmetric algebra:

2Since we know experimentally that < H > is approximately 174 GeV, from the weak interaction
properties measuremens, it must be that m?, is very roughly of order —100 GeV.

10
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{Q.Q} ={Q", Q" =0
{Q.Q"y =P+
[P, Q] = [P*, QT =0

where P* is the four momentum generator of space-time translations and must appear in the
supersymmetry algebra in order to be consistent with Lorentz covariance.

The single-particle states of a supersymmetric theory are organized in supermultiplets, which con-
stitute the irreducible representations of the supersymmetry algebra. Each supermultiplet contains
both fermionic and bosonic states, which are known as superpartners of each other. Furthermore,
the number of bosonic degrees of freedom n; and the number of fermionic degrees of freedom, ny,
in each supermultiplet are equal,

np =ng 2.25

It follows that particles that fall into the same supermultiplet have the following properties: (i)
since the squared-mass operator —P? commutes with the operators @ and @, they must have
equal eigenvalues of —P? and therefore equal masses. (ii) The supersymmetry generators @, Q'
also commute with the generators of gauge transformations. Therefore particles in the same su-
permultiplet must also be in the same representation of the gauge group, or else must have the
same quantum numbers of electric charge, weak isospin and color.

In every renormalizable field theory, there are two types of supermultiplets: chiral and vector
supermultiplets. Their content can be any possible combination of bosonic and fermionic fields
which is consistent with eq. (2.25).

Chiral or matter or scalar supermultiplets have a single Weyl fermion 1 (with two spin helicity
states, so ny = 2) and two real scalars (each with n, = 1) which are naturally assembled into a
complex scalar field.

The left- and right-handed parts of all the standard model fermions transform differently under
the gauge group, and so they must be members of chiral supermultiplets. The names for the spin-0
partners of the quarks and leptons are constructed by prepending an ”s”, which stands for scalar,
and so they are called squarks and sleptons (or sometimes sfermions). The left-handed and right-
handed pieces of the quarks and leptons constitute separately a two-component Weyl fermion and
therefore each must have its own scalar partner. For example, the left-handed and right-handed
parts of the electron Dirac field are called left- and right-handed selectrons, and are denoted éy,
and €z3. The standard model neutrinos are always left-handed, so the sneutrinos are denoted
generically by . Finally, a similar scheme applies to the squarks ¢z, gg with ¢ = u,d, s, ¢, b, t.

The Higgs scalar boson also resides in a chiral supermultiplet, since it has spin-0. Actually, for
reasons that will be explained later, the structure of supersymmetric theories require two Higgs
supermultiplets, one to give mass to the up-type quarks and the other to the down-type quarks.

3The ”handedness” here does not refer to the helicity of the selectrons but that of their superpartners.

11




CHAPTER 2. THEORETICAL OVERVIEW

The fermionic partners of the Higgs scalars are called higgsinos.

Vector or gauge supermultiplets, consist of a gauge field (spin-1 boson with two helicity states,
ny = 2) and its fermionic partner, a Weyl fermion (with ny = 2) which is called gaugino. Note
that a gauge boson must transform as the adjoint representation of the gauge group, and so its
fermionic partner, the gaugino, must also. Since the adjoint representation of a gauge group is
always its own conjucate, the gaugino fermion must have the same transformation properties for
left-handed and right-handed components. The vector bosons of the standard model clearly must
reside in gauge supermultiplets. The fermionic superpartner of the gluon is called g, the gluino,
and the fermionic partners of the electroweak bosons W’s and Z, are the w (winos) and Z (zino)
respectively.

An exact unbroken supersymmetry would predict that a particle and its superpartner have the
same mass, so the supersymmetric particles should have been detected long ago together with the
observed standard model particles. However, none of the superpartners of the standard model
particles has been discovered so far, and so their masses must differ. This may indicate that super-
symmetry is broken in the vacuum state chosen by nature. On the other hand, if supersymmetry is
to be a solution to the hierarchy problem, then this mass difference between fermions and bosons
must be at the weak scale

Im7 —mj| <1 TeV? 2.26

We therefore led to consider ”soft” supersymmetry breaking. This means that the effective La-
grangian of the minimal supersymmetric theory can be written in the form

L= Lsusy + Lsoft 2.27

where Lgysy contains all the gauge and Yukawa interactions and preserves supersymmetry invari-
ance, and Ly, violates supersymmetry but contains only mass terms and coupling parameters
with positive mass dimension. The latter is needed in order to ensure that the scalar masses
squared are only logarithmically divergent.

Supersymmetric Lagrangians

Let 1;, A; be the fermion and complex scalar fields respectively of a chiral supermultiplet, denoted
by the symbol ¢. Lagrangians for chiral supermultiplets consist of two parts, the Kahler potential
and the superpotential. The Kahler potential is just the kinetic terms for the fields and can be
written as

Ei?éral = 8#‘4:8#141' + W’Y“awi + F:E 2.28

where F' is a non-dynamical, auxiliary, complex field which has been introduced so as to allow the
supersymmetry algebra to work off-shell. The superpotential is defined by a holomorphic function
W (¢) of the chiral supermultiplets ¢; and therefore it cannot contain their complex conjucates ¢,

1 0*°W
E D ’(z)z—A w’bw‘]

2.2
306,00 e

8¢ ’sz— z %
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The first term in (2.29), describes the Yukawa couplings between fermionic and bosonic components
of the chiral supermultiplets. For what concerns the second term, we can solve for the field F' and
eliminate it from the Lagrangian, to find instead a potential term

oW |2

d¢i

This simple result is called the F-term potential. It is minimized by setting all of the F; equal
to zero. If this is possible, we obtain a vacuum expectation value with < H >= 0 which is also
invariant to supersymmetry, otherwise < H >> 0 which implies that supersymmetry is sponta-
neously broken.

2.30

Vi~ |

$i=A;

A vector supermultiplet W,,, consisting of the gauge field A, and a Weyl fermion A, has the
supersymmetric Lagrangian

1 _ 1
LR = =B + XMPAY + S D D° 231

kin
where the field D is a non-dynamical (auxiliary) real scalar field.

Since the vector supermultiplets contain gauge fields, chiral supermultiplets which transform non-
trivially under the gauge group should also couple to the vector multiplets to make the Lagrangian
gauge invariant. This leads to the following modification of the Kahler potential,

Liin = DuAIDFA; + iy D, + F) F; 2.32
—V2(ATTo\) — gATT*D* A. 2.33

Using egs. (2.29, 2.30), one can solve for D and eliminate it from the Lagrangian to find a
potential term, known as D-term

2
Vp = %(ATT“A)2 2.34

As with the F-term, the ground state of this potential is obtained by setting all of the D equal
to zero, if it is possible, to obtain a supersymmetric vacuum state with < H >= 0.

Using the egs. (2.33, 2.30, 2.34), we can write down the full supersymmetric generalization of the
standard model as

L= ﬁgauye + Liin + Lyukawa + ‘C,u 2.35
The last term is an additional gauge-invariant term that we could add to the superpotential,
AW = ,uh1 h2 2.36

This term stands for phenomenological reasons and contributes a supersymmetric mass term to
the Higgs field and to their fermion partners. An important notice is that the parameter y is the
only new parameter that we have added so far to the standard model.

Softly broken supersymmetry
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We now need to find terms in the Lagrangian which cause supersymmetry to be spontaneously
broken. In general, models of supersymmetry breaking are not simple. So most studies of super-
symmetry do not invoke the supersymmetry breaking mechanism directly but rather try to treat
its consequenses phenomenologically. This can be done by adding terms to (2.35) which violate
supersymmety but become negligible at higher energies. An important constraint however is that
such terms should not spoil the cancellation of quadratic divergences in the scalar mass terms.

So, the possible soft supersymmetry breaking terms in the Lagrangian of a general theory are

2
— (m?*);¢" ¢
with coefficients that correspond to gaugino masses M, for each gauge group, scalar squared-
mass terms (m?)] and b, and (scalar)® couplings a®*. The first term removes the degeneracy
between gauginos and gauge bosons. The next two terms are usually called bilinear and trilinear
soft breaking terms with parameters b/ and o/* with mass dimension one. The last term is the

masses for scalar components in the chiral supermultiplets, which removes degeneracy between the
scalar and spinor components.

1 1. .. 1 ..
Esoft = - (Ma)\aAa + 5bl]¢z¢] + 6Ckljk¢z¢]¢k> + c.c.

We are now ready to build a phenomenological model of supersymmetry by adding in (2.35) the
various terms in L,r; with coefficients to be determined by experiment.

2.4 The Minimal Supersymmetric Standard Model

The minimal supersymmetric Standard Model (MSSM) is essentially a straight forward supersym-
metrization of the standard model. It is ”minimal” in the sense that the number of superfields
and interactions are kept as small as possible. As in the standard model, the MSSM is based on
the gauge group SU(3)c x SU(2)r, x U(1)y. It is also a fully realistic supersymmetric model, i.e.
a theory with softly broken supersymmetry that satisfies all phenomenological constraints.

2.4.1 Particle content and interactions

We have argued that each of the known fundamental particle must reside in either a chiral or
gauge supermultiplet, and have a superpartner with spin differing by 1/2 unit. Since there are no
viable candidates to the role of superpartners, the particle spectrum of the MSSM is obtained by
doubling the existing particle spectrum of the standard model. We next describe chiral and gauge
supermultiplets that make up the particle content of the MSSM.

Table 2.1 summarizes all the chiral superfields of a minimal supersymmetric extension of the
standard model. These are classified according to their transformation properties under the gauge
group SU(2)r x U(1)y, so that: @ contains the quark and squark SU(2);, doublets,

[ uL ~ [ ug
o= (2) w0 (1)

while the U¢ and D¢ contain the (s)quark singlets: up-type and down-type left-handed anti-quarks
tr and dg, and their scalar partners 4} and dj,.
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The superfield L contains the lepton and slepton SU(2); doublets,

L= (”L) and I = <ZfL> 2.39
er, er,

and E° contains the (s)lepton singlets: the right-handed anti-electron ég, and its superpartner €7,.

Table 2.1: Chiral supermultiplets in the MSSM.

Superfield ‘ spin-1/2 ‘ spin-0 ‘ SUB3)c,SU((2)L,U(1)y

Q (ur,dp) | (ar,dp) (3.2, )
qc QR q}({ ( a]-u _%)
D¢ dr dy, (3,1, 3)
L (vp,er) | (71,6L) (1,2,~3)
E© er e (1,1,1)
H, (Hf Hy) | (H,f, Hy) (1,2,+3)
Hd (H((j]de_) (Hc(l]vﬂd_) (1727_%)

The Higgs boson also resides in a chiral supermultiplet. The Higgs couples to the up-type quarks
and generate their masses upon the symmetry breaking. In order to generate down-type quark
masses, however, we normally use iocoH* = (HT,H) = (H%,—H~). In the supersymmetric
fashion of the standard model, this trick does not work because the superpotential is not allowed
to include a complex conjugation of this sort. Therefore, we need to introduce another chiral
supermultiplet H; which has the same gauge quantum numbers of i0o H* above*. So, the weak
isospin components of H,, with T5 = (1/2,—1/2) have electric charges 1,0 respectively, and are

denoted as
) ma ()
H = U and H = ~u 240
Similarly, the SU(2)r-doublet complex scalar Hy has T5 = (1/2,—1/2) components are denoted
as
_( Ha 7 ( Hi
Hy = <Hd_) and Hg= <I:Id_ 2.41

Table 2.2 summarizes the gauge supermultiplets containing the vector bosons of the standard
model and their fermionic superpartners, the gauginos. The SU(3)c gauge bosons, the gluons,
are associated with a spin-1/2 color-octet supersymmetric partner, the gluino. The SU(2)r x
U(1)y spin-1 gauge bosons W+ WO W~ and B, are associated with spin-1/2 superpartners
W*, WO, W~ and BO, the winos and bino. After electroweak symmetry breaking, the W9 and B°
gauge eigenstates mix to give mass eigenstates Z° and . The corresponding gaugino mixtures of
WO and BY are called zino (Z°) and photino (7).

4 Another reason to need both H,, and Hy chiral supermultiplets is to cancel the gauge anomalies arising
from their spinor components.
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Table 2.2: Vector supermultiplets in the MSSM.

Superfield ‘ spin-1/2 ‘ spin-1 ‘ SU@3)c,SU((2).,U(1)y

gluino, gluon g g (8,1,0)
winos, W bosons | W* W0 | w+ w0 (1,3,0)
bino, B boson B B (1,1,0)

Having specified the field content, we turn to define the interactions that arise from the super-
potential of the MSSM Lagrangian. Of course one piece of the superpotential is the gauge field
superpotential which produces the kinetic terms for the gauge bosons and gauginos. These terms
generate the gauge interactions which are uniquely determined by the choice of the gauge group.

The other piece is the superpotential for the matter and Higgs fields. We shall note at this point
that although the gauge symmetries constraint the superpotential, they do not completely fix
it. Therefore, we can invoke the principle of minimality and only introduce those terms in the
superpotential that are necessary to build a realistic model. This approach leads to the following
superpotential:

W = NI HLES + N HQ; DS + NI HQ,US + pHH 2.42

The first three terms correspond to the Yukawa couplings in the standard model (with exactly the
same number of parameters). The subscripts ¢ and j are generation indices. The parameter p has
mass dimenion one and gives a supersymmetric mass to both fermionic and bosonic components
of the chiral supermultiplets H, and Hy.

However, there are other terms that one can write that are gauge invariant and analytic in the
chiral superfields, but are not included in the MSSM because they violate either baryon number
(B) or lepton number (L). Such terms are

War—1 = NILLEG + N*LiQ; D5 + 1l LiH,,

Wap=1 = Afjjk‘D’L'cDjUg

The terms in eq. (2.43) violate total lepton number by 1 unit and those in eq. (2.44) violate
baryon number by 1 unit. The possible existence of such terms seems rather problematic, because
there is no experimental evidence for the existence of any B- and L-violating processes. The most
obvious experimental constraint comes from the non-observation of proton decay, which would
violate both B and L by 1 unit. On the other hand, L- and B-conservation cannot be imposed
as a principle: both are known to be violated by non-perturbative electroweak effects, which are
negligible at ordinary energies but might be relevant in the early universe.

An alternative symmetry exists instead, which has the effect of eliminating the possibility of B
and L violating terms, while allowing the good terms in eq. (2.42). This new symmetry is called
”R-parity” or equivalently "matter parity”. R-parity is a discrete symmetry which is defined for
each particle as

R, = (—1)3B-D)+2s 2.45
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where s is the spin of the particle. Under R-parity, all standard model particles (matter fermions,
Higgs and gauge bosons) carry even parity, while their superpartners odd due to the (—1)2¢ factor.
This leads to the following extremely important phenomenological consequences:

e The lightest supersymmetric particle (LSP) must be absolutely stable. If the LSP is also
electrically neutral, it can make an attractive candidate for the non-baryonic dark matter
that seems to be required by cosmology.

e The decay products of all other particles must contain an odd number of LSPs (usually just
one).

e In accelerator experiments, sparticles can only be produced in pairs.

2.4.2 Soft supersymmetry breaking in the MSSM

Up to now we have presented the supersymmetry conserving part of the MSSM Lagrangian. We
saw that the gauge and Yukawa sectors introduce the same number of parameters as in the standard
model; the Higgs sector involves the parameter p which actually replaces two parameters of the
standard model.

However, one needs to introduce a very large number of free parameters if it is to describe the
supersymmetry breaking sector. Following the general classifications in eq. (2.37), and assuming
R-parity conservation, the non-supersymmetric MSSM Lagrangian is given by

1 s -~ o~
—LMM = 3 (M399 + MoyWW + My BB + C.c.>
+ mé”@f@j + méijﬁi*ﬁj + m%jﬁf[)j + miijf/;kf,j + m%jE;‘Ej
+ (AgA:fQinHu + A%AQjQiDde + Agk?QiINJde + c.c.)
+ myy |Hul* + miy, |Hal* + (BuH, Hq + c.c.) 5 46

with the following set of parameters:

e Gaugino majorana masses M3, Mo, M associated with the SU(3), SU(2) and U (1) subgroups
of the standard model.

e Five scalar squared-mass parameters ma, m%, m%, m%, m%, for the squarks and sleptons.

e Coefficients A\, Ay, A\qAp and A\  Ag of the Higgs-sfermion-sfermion trilinear interaction terms.

e Three scalar mass parameters quu,m%{d, and By, which contribute to the Higgs potential.

The mass-squared parameters of the squarks and sleptons are all three-by-three hermitian ma-
trices, while the trilinear couplings A% (so-called ” A-parameters”) and the bilinear coupling B
("B-parameter”) are general complex numbers. Surprisingly enough, this results to more than
100 unknown real constants coming from the supersymmetry breaking sector of the MSSM. For-
tunately, most processes are affected by only a (small) subset of these new parameters.
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2.5 Phenomenology of the MSSM

Since the introduction of weak-scale supersymmetry has been motivated by the (yet hypothet-
ical) existence of elementary Higgs bosons, it seems reasonable to start the discussion of the
phenomenology of the MSSM with a treatment of the Higgs sector.

The potential for the Higgs fields have been shown to receive contributions from the term in the
superpotential W = puH, H, in eqs. (2.42), as well as the soft parameters in the last line of eq.
(2.46). Altogether we find:

Vitiggs = (miy, + p®) | Hy|* + (m3 +m3; )| Ha|* — Bi(e;; HLHY + h.c.)
1 1 g
+ g(g2 + ¢ (|Hal* — |Hu*)? + 592!HZ[ H.I? 2.47

It is always possible to perform a gauge transformation so that the neutral components of the two
Higgs doublets acquire a non-zero vacuum expectation value as

< Hy, >= <UO) and < Hy >= <%d> 2.48

The Higgs potential can now be minimized easily by solving the equations 0V /0v, = dV/0vg = 0.
It is usually more convenient to solve these equations for the three squared-mass parameters in
eq. (2.47), rather than for the vevs v, and vg. The reason is that the combination of vevs
v2 + Uﬁ = m%v /g? = (246GeV)?, is fixed by the W boson mass and the gauge coupling, whereas
the ratio

tan 8 = vy, /vg 2.49

becomes a free parameter of the model.

Due to the symmetry breaking, three of the eight degrees of freedom in the higgs doublets (two
times the four real scalar fields) are absorbed by the the W W~ and Z bosons, and we are left
with five physical scalar particles. These are the two CP-even scalars h?, H°, one CP-odd scalar
A% and two charged scalars HT and H~. Their masses can be worked out from the minimized
potential, resulting in:

m?% = 2u* + quu + m%{d, qui =miy, +m?, 2.50

1
Mmio, Mo = 3 <m31 +m% £ \/(m|?4 + m%)? — 4m%m? cos? 25) 2.51

The parameter space of the MSSM Higgs sector can be described by two parameters. This is be-
cause the potential in eq. (2.47) contains three independent parameters, ua + mlzqu, u?+ m%ld, and
wB, while one combination is fixed by the symmetry breaking mechanism and Z-mass constraints.
Current experimental constraints on the parameter space are usually presented in the (myo, tan 3)
or (m4,tan 3) plane, as shown for example in fig. 2.3.

Following the SU(2)r, xU(1)y symmetry breaking, any two particles with different SU(2);, xU(1)y
quantum numbers can mix, if they have the same SU(3)c X U(1)en, quantum numbers. We meet
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Figure 2.3: Regions in the (myo,tan 3) plane excluded by the MSSM Higgs boson searches at LEP
in data up to 189 GeV, and at CDF in run I data. The regions not allowed by the MSSM for
a top mass of 175 GeV, a SUSY scale of 1 TeV and mazimal mizing in the stop sector are also
indicated. The dotted curve is the LEP expected limit.

such mixing terms already in the standard model quark and lepton masses, since they couple a
left-handed SU(2) doublet to a right-handed singlet. A closely related phenomenon occurs in the
sfermion sector of the MSSM.

Neglecting for simplicity inter-generational mixing, the spin-0 partners of left- ( fL) and right-
handed ( fR) quarks and leptons can mix, and their mixing is described by mass matrices whose
elements receive all type of contributions (F-terms, D-terms and SUSY breaking terms) in the
scalar potential. These matrices are decomposed in a series of 2 x 2 matrices of the form

m%  mZ
w = (M s
! m4 m5
fLr frRR
where
2 2 2 2
my =mymy (soft) + ms (D-term)
2 _ 2 2 2
my = my+ mfR(soft) +mi (D-term)

N
o1
G

5 my(Ay +ptan ) f=e,p,7,d, 5,0
m—~ =
frr my(Af+pcotB)  f=wu,c,t

and the D-term contribution is given by
m?(D-term) = m% cos 28(T3r, — sin® 0,Q). 2.56

One therefore expects that the interaction eigenstates ( fL, fR), differ from the mass eigenstates
(f1, f2) with increasing the sfermion mass. However, the amount of L-R mixing is proportional
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to the mass of the corresponding fermion and is usually considered negligible for the first two
generations.

With substituting in eqgs. (2.52)-(2.56), for the case of the scalar top we find the mixing matrix
(in the (f1,%R) basis) as:

M2 — m? + mtgL (% — %sfu)cwm% —my (A + pcot 3) 55
t —my (At + pcot ) m? +m? + 252 copm? :
t in 3°w stz
where 52, = sin? 6, and c2p = cos2f3. Similarly, the mass matrices for the sbottoms and staus in

their gauge eigenstates (br,br) and (71, 7r) basis respectively, are

N mi + m% + (3 — 252)copm?, —myp(Ap + ptan )
Ml; - L 2 2 1.2 2 2.58
—mp(Ap + ptan 3) my +mg — 35y,CpMy
and
M2 — mZ +mZ, — (3 —s2)eopm?  —mr(A; + ptan 3) 759
T _ 2 2 2 2 :
mr(Ar + ptan ) mi+mz, — syCopmy

Both (2.58) and (2.59) have off-diagonal elements which increase with tan 3. Thus, the sbottom
and staus mixing becomes significant at high tan § (in practise this usually means more than about
10 or so).

As for the strongly interacting, spin-1/2, gluinos, they do not mix with each other and their mass
is an independent parameter in L.

The electroweak symmetry breaking also leads to mixing between gauginos and higgsinos. The
charged higgsinos (H; and ﬁd_) and winos (W*,W ™) combine to form two mass eigenstates
with charge £1 called charginos. Similarly, the neutral higgsinos (ﬁg and ﬁg) and the neutral
gauginos (B , WO) can combine to form four mass eigenstates called neutralinos. The electroweak
gaugino-higgsino mixing results from the last term in eq. (2.32) which can couple a Higgs boson
to a gaugino and a higgsino; when the Higgs field is replaced by its vev, these terms generate

off-diagonal entries in the ”chargino” and "neutralino” mass matrices.
In the gauge-eigenstate basis (W*, ]E[;L WV, ﬁd_), the chargino mass terms in the Lagrangian are:

_ Mo \/imw sin 3
Mj: — < \/imw COSﬂ M 260

By diagonalizing this mass matrix, we obtain the physical massive fermions, the charginos which
are denoted as )Zf2. They are ordered from lowest to highest mass as

mﬁ[ < m>~<2i 2.61

An important phenomenological consequence is that in the region where p > My >> myy, the )Zf
is approximately wino, with mass M; ~ Ms, while the )2; is approximately higgsino, with mass
Ms =~ p. For My > o >> myy, the content of Xfand )23 reverses. Generally, we refer to the region
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of parameters where the f(f is mainly wino as the gaugino region, and that in which )Hr is mainly
higgsino as the higgsino region.

The neutralino mass spectrum can be obtained similarly by diagonalizing the following mass matrix
written here in the (B, W° HY, HY) basis:

My 0 —M 8y COS B MySy sin
Mo = 0 Mo MyCy COSB  —MyCysin [ 562
—M 78y o8B mycy cosf 0 —
MmySysinf  —mygcy sin B — i 0

where the abbreviations ¢,, = cosfy, s, = sinf,, are used. The mass eigenstates of this mass
matrix, the neutralinos, are denoted as )2? (1 =1,2,3,4) and are ordered in mass as

m>~<(1) < m>~<(2) < mig < mig 2.63
The phenomenological properties of the neutralinos follow from arguments similar to those used
for the charginos. As an example, in the gaugino region, the ¥ is mainly bino with mass M7, and
the Y9 is mainly wino (@®) with mass Ms. In many MSSM scenarios the lighest neutralino, x{, is
assumed to be the LSP, unless there is a lighter gravitino or unless R-parity is not conserved. This
is because it is the only MSSM particle that can make a good dark matter candidate following the

cosmological constraints.

2.6 Constraining the MSSM parameter space

Overall the minimal supersymmetric standard model introduces a large number of degrees of
freedom, primarily due to the parameters of the soft supersymmetry breaking sector. Indeed we
saw that the supersymmtery conserving part involves the three gauge couplings g; and the Yukawa
coupling constants A4. The supersymmetry breaking part, according to (2.46), adds to the MSSM
many new parameters for which we argued in section 2.3.3 that

My, My, M3,ay,ap,ag ~ Mgoft,
2 2 92 9 9 9 2 2
mQamUamDavamE7mHuade7BM ~ Mgort

with a characteristic mass scale m,p; that is at the level of 1 TeV.

It is clear that a theory with so many degrees of freedom cannot have much of predictive power. It
also adds to the bad picture the fact that many of its phenomenological consequences exhibit new
sources of CP violation that are inconsistent with the experimental bounds or unsuppressed flavor-
changing neutral currents. Such phenomenological deficiencies could actually rule out almost the
entire parameter space of the MSSM. So ultimately a more fundamental theory of supersymmetry
breaking is needed, one that would provide a rational set of soft-susy breaking terms and be
consistent with “low-energy constraint”.

A way on this direction comes from the fact that the soft parameters, the superpotential parameters
as well as the gauge couplings of the theory are not really constants, but they vary with the energy
scale at which they are probed. The idea is to impose a particular structure on the soft susy
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breaking terms at a common high-energy scale (such as the Planck scale). And the weak-scale
MSSM parameters, relevant to collider physics, can then be derived using their renormalization
group equations (RGE).

The renormalization group equations for the gauge coupling constants g; are described in term of
the so called beta functions b;, and are given by

m%(@) = _(47T)29i 2.66

The b; are constants which depend on the gauge group and on the matter multiplets to which
the gauge bosons couple. For SU(N) theories with matter in the fundamental representation, it
is by = (XN — Iny — &ns), where ny is the number of chiral (left-handed) fermions and n is
the number of complex scalars which couple to the gauge bosons. Figure 2.4 compares the RG
evolution of the inverse gauge couplings «; = 92-2 /47, in the standard model (dashed lines) and the
MSSM (solid lines). Unlike the standard model, the MSSM includes just the right particle content
to ensure that the gauge couplings can unify, at a scale My ~ 2 x 106 GeV.
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Figure 2.4: Renormalization group evolution of the inverse gauge couplings a;l(Q) in the standard

model (dashed lines) and the MSSM (solid lines).

The renormalization group equation for a gaugino mass M; is

d 1
mMZ = —w%zMZ 2.67
Comparing the egs. (2.66) and (2.67), we find that M;(Q) and o;(Q) = ¢?(Q)/4m have the
same RGE, and so their ratio is constant as a function of ). This relation is often written as
M;(Q)/i(Q) = mya/ay, where ay is the unification value of the coupling constant (ay = 24),
and my / is the underlying soft mass parameter. In other words the gaugino masses also unify at
the grand unification scale (GUT), at a value equal to m ,:

Mi(Mgut) = Ma(Mgut) = M3(Mgut) = my /s 2.68
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As a consequence, the effective gaugino mass parameters at the weak scale are related as
) ) _ 2.2, 2 o

The above relation actually reveals the tendency of the colored particle, in that case being the
gluino, to be much heavier than the uncolored ones (wino and bino here). This turns out to be a
rather model independent conclusion.

Let us know turn to our original problem of understanding the underlying susy-breaking mechanism
and how it is possible to deduct the very large number of parameters to a manageable level. The
most appealing explanations of the supersymmetry breaking assume that it occurs in a ”hidden
sector” of particles that have no direct couplings to the ”visible sector” chiral supermultiplets of
the MSSM. However, the two sectors do share some interactions that are responsible for mediating
supersymmetry breaking from the hidden sector to the visible sector, resulting in the MSSM soft
terms.

There are two main scenarios for what the mediating interactions might be. The first, and most
popular one, suggests that the interactions are gravitational or more precisely that are associ-
ated with new physics including gravity. This is the so called ”gravity-mediated” scenario. The
other one assumes that the flavor-blinding mediating interactions are the ordinary electroweak and
QCD gauge interactions, and is thus called ”gauge-mediated supersymmetry breaking” (GMSB)
scenario. The phenomenological predictions among the various models, in general, depend on their
different boundary conditions of the renormalization group equations. We will next only outline
the characteristics of the first model which is the one assumed in the next chapters.

Gravity-mediated models in their simplest version are known as ” minimal supergravity” or mSUGRA.
The mSUGRA model assumes that the soft susy-breaking parameters at the renormalization scale
@ ~ Mp take the simple form

mé:m%:m%:m%:m%}:mgl

my, =my, =mg
Ay = Ap = Ap = Apl 270

in which the scalar squared masses and the A-parameters are flavor-diagonal and universal. The
new symbols introduced refer to the universal scalar mass mg, and the universal scalar coupling
Ag.

Equations (2.68), (2.70) have the virtue of being highly predictive, when they are imposed as
boundary conditions to the RGEs at the Planck scale. The RG evolution of the soft parameters
down to the electroweak scale allows us then to predict the entire MSSM spectrum in terms of just
five parameters mo, my /2, Ao, tan 3 and p (plus the already-measured gauge and Yukawa couplings
of the MSSM). Typical mSUGRA models often express their phenomelogical results in terms of
mo and my/, only, while the other parameters are kept fixed, since most of the soft parameters
are only slightly depending on them.
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The Compact Muon Solenoid at LHC

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a particle accelerator which is being built at CERN, the
European Organization of Nuclear Research, in Geneva (Switzerland). The collider is contained
in a circular 27-km long tunnel which used to host CERN’s Electron Positron (LEP) collider, at
a depth about 100m underground. The design operation of the LHC is the acceleration of two
separate proton beams which will be brought to head-on collisions at four interaction points. The
proton collisions are meant to reach a center-of-mass energy of 14 TeV, an energy which is seven
times higher than any other hadron collider to date.

The main purpose of the LHC is to study the physics at an energy scale of 1 TeV. The LHC is
conceived to explore the validity and limitations of the Standard Model, which has been well tested
by previous experiments like LEP in the past, but in the absence of the Higgs boson turns out to
break down at certain high energy scales, that is of the order of ~ 1 TeV. It is therefore, foremost, a
machine to look for possible physics Beyond the Standard Model (BSM). Experiments at the LHC
will search for new physics phenomena at the TeV scale such as supersymmetry or extra dimensions.

The key parameters of the LHC accelerator machine in order to serve over this wide range of
physics program are the energy of the colliding beams and the luminosity. The rate of physics
events produced in an accelerator is given by the relation

R =0l

where o is the cross section of the physical process and L is the luminosity. In order to maintain
an equally effective physics programme at a higher given energy FE, the luminosity of a collider
must increase in proportion to E?. This is because the cross-section of parton-parton scattering
decreases by that amount (o o 1/E?). In addition, for a hadron collider the situation gets more
complex if one takes into account the structure functions of the partons, which decrease rapidly
with increasing = (the variable z measures the fraction of the proton momentum which is carried
by the parton). Such limiting factors have led to the design operation of LHC at luminosity of
£ =10*cm™2s71.

The luminosity of an accelerator colliding two bunches of particles nq, no with a frequency f is
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given by

E:fﬂ

(Amogoy)

where o,,0, are the gaussian transverse profiles of the beam. The design luminosity of LHC
therefore requires high collision frequency of the proton bunches as well as a large number of
protons per bunch.

The number of protons in each bunch at LHC will be 10'!. Due to this high number, the average
number of inelastic collisions between protons (minimum bias events) per bunch crossing will be
high, and will reach ~ 20. This leads to an increased difficulty in the experimental conditions,
since the rare interesting events which are possible to occur in a bunch crossing, will be over-
lapping (piled-up) with this 20 minimum bias events. A way to eliminate the number of these
pile-up events while keeping the same luminosity is to operate the accelerator with a high collision
frequency. This frequency is chosen as of 40 MHz for LHC, resulting in a time interval between
two collisions of 25 ns.

In order to reach the energy of 7 TeV per beam, the protons are initially prepared by several
LHC accelerator components that successively increase their energy. First, the linear accelerator
Linac 2 is used to generate 50 MeV protons. The protons are then fed into the Proton Synchotron
Booster (PSB) and in turn the Proron Sychnotron (PS) so that they are accelerated up to a total
energy of 26 GeV. The Super Proton Synchrotron (SPS) will finally increase their energy to 450
GeV before they are inserted into the main LHC ring. The proton beams circulate inside the
ring in vacuum tubes (beam pipes) in order to avoid their collisions with normal matter (like air
molecules). Inside the pipe, their acceleration is achieved by electric fields which are provided by
Radio-Frequency (RF) cavities. The LHC will use eight cavities per beam, each delivering 2 MV,
an accelerating field of 5 MV /m, at 400 MHz. A large variety of magnets are used to direct the
beams around the ring and maximize the probability for head-on collions between the protons.
There are 1232 dipole magnets ( “bending magnets”) which will be used to keep the beams on their
circular path, and an additional 392 quadrupole magnets that will focus the beams to stay inside
the vacuum chambers (“focusing magnets”). In total some 1600 supercoducting magnets will be
used that need to operate at a temperature of T'= 1.9K.

Figure 3.1 shows a schematic view of the LHC and the component accelerators, while table 3.1
summarizes the parameters of the machine’s operation.

The LHC will also be used to collide lead (Pb) ions with design luminosity £ = 10?"cm~2s~! and
centre-of-mass energy of 1312 GeV, allowing in addition heavy-ion experiments. Four detectors
are installed at the LHC in order to analyze the collisions at the interaction points. Two of
them, the ATLAS experiment and the Compact Muon Solenoid (CMS) are large, “multipurpose”
detectors, which are designed to cover the widest possible range of physics at LHC. The other two,
are more specialized detectors: the Large Ton Collider Experiment (ALICE) will study properties
of the quark-gluon plasma in heavy ion collisions, and LHCb, CP violation phenomena in the
interactions of B-particles.
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Figure 3.1: Schematic view of the Large Hadron Collider.

Parameter symbol pp HI unit
Energy at collision E 7 2.76 TeV
Dipole field at 7TeV B 8.33 8.33 T
Design Luminosity L 1034 1027 | em 257!
Luminosity lifetime e 15 6 hr
Protons per bunch g 1.15-10' | 7.0- 107 -
Bunches per beam 2808 592 -
Bunch spacing 25 100 ns

Table 3.1: Nominal parameters of the LHC operation.

3.2 The CMS detector

In general, a collider detector should be designed as a perfect sphere around the interaction point
to be able to detect all particles produced in the collisions. However, this would be extremely
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difficult from the technical point of view, and therefore a cylindrical shape has been chosen.
For the CMS detector, the overall design is mainly determined by the solenoidal shape of the
magnet and the requirement to provide the best possible geometrical coverage. As every modern
detector in accelerator experiments, CMS is composed by several sub-detectors which are placed
in concentric layers one around the other, while each of them is dedicated to perform different and
complementary measurements.

In order to accomplish the physics goals of LHC, the detector components of CMS should meet
the following requirements:

1. A precise and efficient muon system, that allows good identification of muons and measure-
ment of their momenta, and the abillity to trigger on them online.

2. A high performance electromagnetic calorimeter, for the accurate measurement of the energy
and the position of electrons and photons.

3. A high quality central tracker combatible with (1) and (2), for measuring the momentum of
charged particles from their bending in the magnetic field and also for the identification of
the primary interaction vertex and secondary vertices.

4. A hadronic calorimeter with large hermetic coverage, in order to measure the energy of
neutral or charged hadronic particles as well as any overall imbalance of escaping weakly
interacting particles.

The detection of muons is among the highest priorities for CMS because they constitute a very
clean signature for many of the interesting processes that will be searched for and studied at LHC.
The choice of the magnetic field configuration is a crucial issue for measuring the muon momentum.
CMS will use a powerful solenoid magnet which will produce magnetic field along the direction of
the beam and therefore will bend the charged particles in the transverse plane. It can easily be
shown that the muon momentum is reconstructed with a precision which depends on the magnetic
field strength B and its length L, through the following relation:

Opr o Spr
_Os_, _Spr (3.3)
or s C°03BL?

where pr is the particle’s transverse momentum and s is the sagitta, or amount of bending, of
the particle’s track inside the magnetic field. This simple result shows that the precision of the
momentum measurement is proportional to BL?. CMS has chosen a high field strength of 4 Tesla
along with a compact configuration of the detector!.

Overall, the CMS detector has a total length of 24m, a diameter of 14.6m and weighs approxi-
mately 14500 tonnes. As per the mechanical structure, the detector is subdivided in three main
areas: the barrel and the two end-caps. The barrel is the cylindrical part of the detector, concentric
to the beam line. The end-caps are placed perpendicular to the beam direction, at the two sides of
the barrel. Basically, the barrel covers the pseudorapidity range |n| < 1.5 and the end-caps cover
the region 1.5 < |n| < 3.0.

'Opposed to ATLAS choice of a big size detector with a rather moderate magnetic field.
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In the following sections, the various sub-detector systems are described in detail. The main
distringuishing features are (see figure 3.2): a full-silicon-based tracking system in the innermost
layers of CMS, surrounded by a homogenous scintillating-crystal electromagnetic calorimeter. The
latter is itself surrounded by a sampling hadronic calorimeter. In the heart of CMS sits the solenoid
magnet which is large enough to accomodate both the tracker and calorimetry inside. The large
muon detector systems are inside the return yoke of the magnet.

TRACKER
CRYSTAL ECAL

Total weight ;12500 T
' MS Overall diameter : 150 m
Overall length : 215 m

Magnetic field : 4 Tesla

PRESHOWER

RETURN YOKE
SUPERCONDUCTING
MAGNET

FORWARD
CALORIMETER

HCAL
MUON CHAMBERS

Figure 3.2: The CMS detector set up in the various sub-detector systems.

The CMS coordinate system adopted is defined as follows: the z-axis is parallel to the beam axis and
the magnetic field of the solenoid, and the polar angle is defined with respect to it. The azimuthal
angle around the z-axis is denoted by the symbol ¢, and the pseudorapidity — log(tan6/2) is
denoted by the symbol 1. The symbol pr is used to denote the component of momentum transverse
to the beam axis.

3.2.1 The inner Tracker

The tracking system is placed at the first layer of CMS, the closest to the interaction point. The
role of the tracker is to provide a precise and efficient measurement of the trajectories of charged
particles but also reconstruction of the position of their vertex. Embedded inside the strong mag-
netic field of the solenoid, the tracker allows the reconstruction of high-pT muons, electrons and
hadrons with high momentum resolution in the pseudorapidity region |n| < 2.5. Moreover, vertex
finding in the tracker allows the identification of heavy flavor hadrons (jet flavor tagging), like
b-jets and T-jets.

The detector technology has been driven by the challenging experimental conditions of the tracker
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operation. Given the high design luminosity of LHC, in each bunch crossing there will be around 20
overlapping minimum bias events expected to produce on average more than 1000 charged particles
inside the tracker acceptance. To accomodate with high particle densities, the detectors must have
high granularity and fast response, so that the tracks are reliably identified and attributed to
the correct bunch crossing. Moreover they should be robust enough to stand the harsh radiation
environment. On the other hand, the detector implementation implied would lead essentially to an
increased density of the on-detector support electronics. This is not desirable because the material
budget of the detector should be minimized as possible in order to limit secondary phenomena
from multiple scattering, bremsstrahlung, photon conversions and nuclear interactions.

In order to find a compromise, two kind of technologies have been employed based in an all-silicon
configuration. A silicon pixel detector is placed in the inner regions of the tracker, extended up
to radius r &~ 10 cm, where the occupancy is highest. This is because particles emerging from
min. bias events are usually low pr particles with small-radius helical tracks due to the magnetic
field, resulting in lower occupancy at larger radii. Silicon microstrips detectors are then adequate
to handle medium and low occupancy regions (of > 20 cm). Both detectors’ segmentation is
such that channel occupancies are kept at or below the level of ~ 1% in all radii. Overall, track
reconstruction can be reliably performed based on relatively small number of measurement layers,
each being able to provide clean and precise coordinate determination.
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Figure 3.3: r — z view of a quarter of the CMS tracker showing the pseudorapidity coverage.
Segments correspond to detector modules, lighter ones are single-sided modules and darker ones

double-sided.

A layout of the CMS tracker is shown in figure 3.3. The outer radius of the CMS tracker extends
up to nearly 110 cm, while its total length is approximately 540 cm. The pseudorapidity coverage
corresponds to |n| < 2.5.

The pixel detector

The pixel detector of CMS consists of three barrel layers (BPix) with two end-cap disks (FPix) on
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each side. The BPix layers are placed at a mean radii 4.4,7.3 and 10.2 cm respectively and will
be 53 ¢m long. The FPix, extending from ~ 6 to 15 cm in radius, will be placed on each side at
z = +34.5 and z = +46.5 cm. At the initial low luminosity runs of LHC, the pixel detector will
be limited to two BPix and and one FPix only. The arrangement of the three(two) barrel layers
and the forward pixel disks on each side define three (two) measurement layers, i.e. three (two)
possible points (hits) for each track measurement, over almost the full n-coverage of the tracker
(In| < 2.5). Figure 3.4 shows the geometrical arrangement of the pixel detector and the hit cover-
age as a function of the pseudorapidity for the cases of low and high luminosity runs supersimposed.
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Figure 3.4: Layout of the CMS pizel detector (left) and its hit coverage as a function of pseudora-
pidity (right).

The pixel layers have a modular architecture where each detector unit consists of a thin, segmented
sensor plate with highly intergrated readout chips connected to it. The whole pixel system com-
prises more than 1400 pixel modules, corresponding to about 6-107 pixel units. The pixel shape is
“almost” square with a size of 100 x 150 um?. The finest granularity of the pixel detector results
to low levels of occupancy of about 10~* per pixel per LHC crossing.

The dimensions of a unit pixel are subject to an optimal vertex position resolution in both the
(r,¢) and z coordinates. The (r, ) resolution is however further improved by taking into advan-
tage the Lorentz effect: the pixels are n-on-n devices so that their response is strongly affected
by the Lorentz drift of electrons inside the 4T magnetic field. In the barrel, the Lorentz angle is
large (34°), and the pixels are deliberately arranged so that the charge induced is spread over more
than one cell. The forward detectors are tilted by 20° to allow similarly charge-sharing between
adjacent cells. With the pixel read-out, an analogue signal interpolation allows to achieve a spatial
resolution in the range of 15 — 20pum.
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The Silicon Strip detector

The Silicon Strip detectors are divided into four main areas: the inner barrel (TIB), the inner
disks (TID), the outer barrel (TOB) and the end-caps (TEC) (see figure 3.3). The TIB and TOB
systems are made respectively of four and six concentric layers which are assembled in shells. The
TID system is composed of three small disks, each divided in three concentric rings, while the TEC
is composed of nine disks on each side, each made of four to seven rings. The whole inner tracker
will be contained in a cylindrical support tube with a diameter of 2.4 m and a total length of 5.4 m.

The silicon sensors of the tracker are based on the microstrips technology and are organized in
modules of different shape and size. All of the sub-systems (TIB, TOB, TID, TEC) comprise
together 15148 modules. Each module contains one or two silicon sensors, for a total of 24244
sensors. The pitches and the strip length of the sensors are determined from the spatial resolution
requirements in the different areas of the system.

The modules of the TIB and TID have a single sensor with a thickness of 320 microns. The strip
pitch ranges from 80 to 120 microns for the TIB, and from 100 to 145 microns for the TID. The
outer modules of the TOB and the three outer TEC rings, hold two sensors. As the radiation is
lower in that region, the strips can be larger and the pitch width varies from 80 to 185 microns.
Due to the resulting increased noise, the signal-to-noise ratio can be kept at good levels by using
thicker sensors than the normal 300 um sensors. The sensor thickness is chosen at 500 microns for
both the TOB and the TEC, except for the three innermost rings of the latter.

Almost half of the modules in the tracker layout are double-sided modules. These are made of two
independent single modules glued together back-to-back with a relative rotation of 100 mrad with
respect to each other. In this arrangement, the tracker layers of double-sided modules can provide
a measurement in both the z coordinate in the barrel modules, and the r coordinate in the disks,
i.e. a three-dimensional measurement. The double-sided modules are mounted in the first two
layers of the TIB and TOB, in the first two TID rings, and in the first, second and fifth ring of the
TEC. The resulting single-point resolution is 23-24 pum (for inner layers) and 35-52 (for outer lay-
ers) pm in the (r, ¢) direction and of 230 pm and 530 pm, for TIB and TOB layers respectively, in z.

The CMS silicon strip tracker has a total of 9.3 million strips which corresponds to 198 m? of
active silicon area. Overall, the tracker layout defines a set of measurement layers which varies in
7. As shown in figure 3.5, there are at least &~ 9 hits in the silicon strip tracker, with at least 4 of
them being two-dimensional measurements, over the full range of |n| < 2.4.

Material Budget

Apart from the sensitive detector volumes, the Tracker includes much of non-active material, such
as support structures, electrical supply cables and cooling services. In the pseudorapidity range
between 1.2 and 2.1, the material budget can be extended up to more than one radiation lengths,
as shown in figure 3.6. The same figure also shows the material budget in units of interaction
length. The amount of material in the Tracker should be kept as low as possible in order to limit
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Figure 3.5: Hit coverage of the CMS strip tracker as a function of the pseudorapidity n. Filled
circles correspond to the total number of measurement points while open squares to points from
stereo layers only.
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Figure 3.6: Material budget in units of radiation length as a function of the pseudorapidity n,
decomposed in the active (left) and the non-active contributions (right).

secondary phenomena like multiple scattering, bremstrhalung and photon conversions which could
distort the role of the electromagnetic calorimeter. Therefore, a proper balance between the num-
ber of hits per track measurement (i.e. the number of active layers) and the amount of tracker
material, is crucial for an efficient track reconstruction.

Performance of the tracker
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The global track reconstruction performance is illustrated in figure 3.7, where the expected recon-
struction efficiency for muons and pions is plotted as a function of pseudorapidity. For muons, the
efficiency is mainly flat at 99% over most of the acceptance, whereas in 7 & 0 is slightly decreased
due to gaps between the ladders of the pixel detector at z ~ 0. Due the reduced coverage of the
forward pixel disks, the efficiency is also dropped at high 7. For the case of pions and hadrons in
general, the efficiency is lower because of the interactions with the tracker material.
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Figure 3.7: Global track reconstruction efficiency as a function of pseudorapidity, for muons (left)
and pions (right).

3.2.2 The Electromagnetic calorimeter

The CMS electromagnetic calorimeter (ECAL) lies at the second layer of the CMS detector, sur-
rounding the Tracker. Its role is the measurement of the energy of electrons and photons, and in
conjuction with the hadronic calorimeter, the measurement of hadronic jets.

The design concept of the ECAL has been based on the requirement to provide excellent resolu-
tion in the measurement of the invariant mass of two photons coming form the decay of the Higgs
H — ~~, which is the main channel to the discovery of the Higgs boson for mpy < 130 GeV. In this
mass region, the width of the Higgs is small, and therefore the observed signal width will all be
due to instrumental effects, i.e. resolution. Since for the measurement the signal lies over a high
irreducible background, high resolution is crucial. Moreover, a good angular resolution between
the two photons as well as 70/ separation is needed to suppress the reducible background coming
from 70’s. Therefore, a calorimeter with fine segmentation is needed.

CMS has deployed a hermetic and homogeneous calorimeter. Scintillating crystals made of lead
tungstate (PbWOy), constitute the active medium of the calorimeter. The material PbWO, was
chosen because of its high density (8.28g/ cm?’) and short radiation (Xp = 0.89 ¢cm) and Moliere
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(R, = 2.2 cm) lengths, allowing for a very compact calorimeter system with high granularity. An
intense R&D program has been developed in the recent years which has progressively improved
several other properties and qualities of the crystals, so as to make them suitable in the challenging
LHC environment. Some of the important aspects in the development of the crystals is to have a
fast response and be radiation resistant.

Indeed, lead tungstate is a fast scintillating crystal: the scintillation decay time is comparable
with the LHC bunch crossing time, since almost 80% of the crystal’s light is emitted within 25ns.
However a drawback is that it has a relatively low light yield. For this reason, the scintillation
light is collected and amplified by photodetectors with intrinsic gain, that can operate in a 4T
magnetic field. In the barrel, silicon avalanche photodiodes (ADPs) are used. In the endcaps, the
higher radiation levels and the approximately axial magnetic field suggested the use of vacuum
photo-triodes (VPTs).

The crystals have been optimized so to withstand the high radiation dose rates during the LHC
operation. R&D studies have shown that radiation affects the transparency of the crystals through
the formation of color centers and the transport of light is changed by self-absorption of the crys-
tals. CMS has designed a light-injection system that will continuously monitor the wave-length
dependent loss of light and measure the optical transmission, so that to correct the crystal’s re-
sponse accordingly.

A preshower system is installed in front of the endcap ECAL for 7° rejection. It is designed to
detect the slightly-overlapping pair of photons from a 7% decay and to distinguish these from the
single shower produced from a single photon interacting with the calorimeter material .

The general structure

Crystals in a Preshower
supermodule

Supercrystals

End-cap crystals

Figure 3.8: Layout of the CMS electromagnetic calorimeter showing the arrangement of crystal
modules, supermodules and endcaps, with the preshower in front.

The barrel part of the ECAL (EB) covers the pseudorapidity range of |n| < 1.479. The EB is

35



CHAPTER 3. THE COMPACT MUON SOLENOID AT LHC

structured in 36 identical “supermodules”, each covering half the barrel length and 20 degrees in
¢. A supermodule is composed of 4 modules, of 500 crystals in the first module and 400 crystals
in the rest modules, resulting in a total of 61200 crystals. The crystals are arranged in a quasi-
projective geometry, with their axes tilted at 3° with respect to the line from the nominal vertex,
so as to avoid cracks aligned with particle trajectories. As per the dimensions of a barrel crystal:
its cross section corresponds to 0.0174 x 0.0174 in 1 — ¢, or 22 x 22mm? at the front face of the
crystal. The crystal’s length is 230 mm corresponding to 25.8 Xy. The barrel crystal volume is
8.14 mm? and the weight is 67.4 t.

The ECAL endcaps (EE) cover the pseudorapidity range 1.479 < |n| < 3. Each EE is structured
as 2 “Dees”, consisting of semi-circular plates in which mechanical units of 5 x 5 crystals, known
as “supercrystals” or SCs, are mounted. In total, 7324 crystals are contained in each end-cap. The
end-cap crystals, like the barrel crystals, off point from the nominal vertex position but with angles
varying from 2 to 8 degrees. The endcap crystal dimensions are slightly different than the barrel
ones: they have a front face cross section of 28.62 x 28.62mm? and a length of 220mm(24.7X).
The endcaps crystal volume is 2.90mm? and the weight is 24.0 t.

The energy resolution

For energies below about 500 GeV, where shower leakage from the rear of the calorimeter starts
to become significant, the energy resolution can be parametrized as a function of the energy with
the following formula:

2 2
— ) =—= — C .3.4
() - (%) + (&) *
where S is the stochastic term, N the noise term, and C the constant term. The individual
contributions for each term are summarised in the following;:

e The stochastic term S, is relevant with the event-to-event fluctuations in the lateral shower
containment and the photostatistics. The first contribution is expected to be about 1.5%
when the energy is reconstructed by summing an array of 5 x 5 crystals, and about 2% when
using 3 x 3 crystals. The photostatistics contribution involves the ability of light emission
of the crystals, the efficiency in light collection on the face of the photodetectors as well as
the quantum efficiency of the photodetectors. It is expected to contribute to the stochastic
term by &~ 2.1% for both the barrel and the end-cap regions.

e The noise term IV, is relevant with every instrumental effect that can distort the measurement
of the energy deposited, independently of the energy itself (e.g. noise from the electronics,
digitization or the pile-up events). The expected contribution is equivalent to 8 MeV /channel
after one year of operation at £ = 1033cm~2s~!, and 30 MeV /channel at the end of the first
year of operation at £ = 103 cm 2571,

e The constant term C, determines the energy resolution in higher energies and comprises of
contributions from various phenomena (non-uniformity of the longitudinal light collection,
intercalibration errors, leakage of energy from the back of the crystal etc).
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The full energy resolution of the ECAL, for incident electrons measured in a test beam, is shown
in figure 3.9; the values of the stochastic, noise, and constant terms are extracted by fitting the
measured points with formula (3.4).
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Figure 3.9: The ECAL energy resolution as a function of electron energy, measured from a test
beam. The energy was measured by summing an array of 3 X 3 crystals with an electron impacting
the central crystal.

3.2.3 The Hadron calorimeter

The CMS hadronic calorimeter (HCAL) surrounds the ECAL and is used in conjuction with the
latter for the measurement of the energy and direction of jets, as well as the missing transverse
energy flow in events. The important requirements imposed for the deployment of the HCAL are:

e to provide good energy resolution up to jet energies of 1 TeV, and therefore HCAL must
ensure the best possible containment of the hadronic showers (approximately 11 interaction
lengths A; are needed).

e provide hermeticity, so as not to spoil the missing transverse energy calculations (a coverage
of [n| < 5 is needed).

The design of the HCAL has been essentially influenced by the choice of magnet parameters since
most of the CMS calorimetry is located inside the magnet coil. Figure 3.10 shows a longitudinal
view of the CMS detector and the placement of the HCAL components in the 7 direction. The
central hadron calorimeter (barrel and two end-caps) covers the pseudorapidity region |n| < 3. The
hadron calorimeter barrel is radially restricted between the outer surface of the electromagnetic
calorimeter (R = 1.77m) and the inner surface of the magnet coil (R = 2.95m). This constraints
the total amount of material which can be put in to sample adequately the hadronic showers.
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An outer hadron calorimeter is therefore placed outside the solenoid complementing the barrel
calorimeter.

Beyond |n| = 3, forward hadron calorimeters are placed at 11.2 m from the interaction point, in
order to extend the pseudorapidity coverage down to |n| = 5.2. Besides the measurement of the
missing transverse energy, the HF also serves in the identification of high-py jets in the forward
region.
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Figure 3.10: Longitudinal view of the CMS detector showing the locations of the HCAL components:
the barrel (HB), outer barrel (HO), end-cap (HE) and forward calorimeter (HF).

The central hadron calorimeter is divided in the barrel hadron part (HB) covering the region
In| < 1.3, and the two end-cap parts (HE) covering 1.3 < |n| < 3. Both HB and HE are located
inside the magnet coil. They are sampling calorimeters which use dense layers of absorbing medium
interleaved with thinner layers of scintillator detectors. Brass is chosen as the absorber material
because its main constituent is copper, which is non-magnetic material and easy to machine inside
the strong magnetic field. Plastic scintillators constitute the active medium of the calorimeters.
The scintillation light is read by wave-length shifting fibres and the use of photodetectors (hybrid
photodiodes, or HPDs) that can provide gain and operate in high axial magnetic fields. The
scintillator layers are organised in tiles (towers) with a segmentation that is to assure a good
separation between two-jet combinations. The 1 — ¢ granularity of the central calorimeter is
0.087 x 0.087 for |n| < 1.6 and ~ 0.17 x 0.17 for |n| > 1.6. The longitudinal segmentation for HB
is one unit while for HE, varies from one to three. The overall assembly of the absorber and tile
structures enables a configuration that contains no uninstrumented cracks or projective dead areas
over the full pseudorapidity coverage.

At |n| = 0 the central calorimeter has a depth corresponding to about 7 interaction lengths. This
depth is not adequate to contain the hadron shower (and can give rise to non-Gaussian tails in the
energy resolution of low energy jets and to missing transverse energy mismeasurements). For this
reason, an outer hadronic calorimeter is situated outside the magnet coil and covering the region
—1.26 < |n| < 1.26, to measure the HB energy leakage. This system is called HO or “tail-catcher”
and assures that the hadronic showers are sampled with at least 10 interaction lengths over the
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whole 7 coverage. Test beam results have shown that HO improves the energy resolution for 300

GeV pions by 10%.

Two hadron forward (HF) calorimeters are installed after the HEs, one at each end of the CMS
detector, extending the pseudorapidity coverage of the HCAL up to || = 5. The forward calorime-
ters are subject to a severe irradiation environment with particle fluxes reaching the 760 GeV of
deposited energies per proton-proton interaction, compared to only 100 GeV in the rest of the de-
tector. Therefore, instead of the conventional scintillator and wave-shifter materials, the HF uses
radiation-resistant quartz-fibres interleaved with absorber plates made of steel. The cherenkov
light emitted by the fibres is channeled by photomultipliers.

In contrast to the ECAL, the performance requirements on the energy resolution of the HCAL
are less constrained by the physics processes. In fact, the calorimeter jet energy resolution is
compromised by effects such as the jet-finding algorithm, the fragmentation process, the magnetic
field and energy pile-up at the high luminosity runs of LHC.
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Figure 3.11: The jet transverse energy resolution as a function of the jet transverse energy for
barrel jets (In| < 1.4), end-cap jets (1.4 < |n| < 3.0) and forward jets (3.0 < |n| < 5.0). The jets
are reconstructed with the iterative cone algorithm (with cone radius of 0.5).

Due to the above reasons, the CMS calorimetry is “non compensating”: the response to the
electromagnetic part of the hadron shower is different from the response to the hadronic part
(e/h ~ 1.4). The non-compensation effects, which degrade both the linearity and energy resolution
of the calorimeter, can be reduced by the usage of energy-dependent ECAL and HCAL weights. To
further improve the jet energy resolution CMS is studying particle flow algorithms which measure
charged particles in the tracker, photons in the ECAL and long-lived neutral hadrons in the HCAL.
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3.2.4 The superconducting magnet

The driving aspect of the CMS detector design is the choice of the magnetic field configuration to
serve in a precise measurement of the momentum of muons. According to (3.3), the precision of
the measurement of the momentum of charged particles inside a magnetic field is proportional to
p/BR2. For an optimal momentum resolution, CMS has drawn the attention to the importance
of the large bending power needed compensating for a modestly-sized magnet system.

CMS uses a large superconducting solenoid (L = 13m) coaxial to the beam, to produce a strong
magnetic field of 4T. With an inner radius at 5.9m, the magnet coil is large enough to allow the
tracker and calorimetry sub-systems to be fully integrated inside. The magnetic flux of the field is
returned via a 1.5m thick saturated iron yoke instrumented with four stations of muon chambers.
In this configuration, the magnetic field provides the appropriate bending power for the efficient
triggering on muons and the accurate reconstruction of their tracks in the region up to |n| < 2.5.

3.2.5 The muon system

The muon system lies in the outermost layer of the CMS detector. Its main goals are the identifica-
tion of muons, thanks to their large life-time and penetrating power, and the precise measurement
of their momentum when additional information from the inner tracker is combined. The muon
system also serves for triggering purposes due to its featuring cabality to provide fast information
for muon identification online.

The muon system consists of four stations which are interleaved with the iron return yoke plates
of the magnet system. This allows for about 25000 m? of active detection planes to be covered
whereas the various radiation environments have lead to the deployment of three different detector
technologies: drift tubes, cathode strip chambers and resistive plate chambers. The drift tubes and
the cathode strip chambers provide excellent spatial resolution while the resistive plate chambers
provide complementary good timing measurements. The geometrical arrangement of the muon
system is shown in figure 3.12. The barrel part of the muon system extends with |n| < 1.2 and the
two end-caps as of 0.9 < |n| < 2.4.

The drift tube chambers (DTs) are placed in the barrel region where the expected particle flux
is low (< 10particles/s-cm?) and the residual magnetic field in the chambers is low. The drift tube
system is segmented in 5 iron wheels along the beam axis, with chambers organized in 4 stations
at different radii (MB1-MB4) within each wheel. DT chambers use rectangular drift cells with a
cross section of 13 x 42mm?. A drift cell consists of a stainless steel anode wire which is closed
between two alluminium plates of parallel I-beams; two copper strip electrodes, which are glued
to the alluminium plates in front of the wire, work as cathodes and improve the shaping of the
electric field. In the presence of gas mixture (85% Ar and 15% COz), the distance of a track from
the wire is measured by the drift time of the ionization electrons through a linear relationship.
The transverse dimension of the drift cell, i.e. the maximum drift length has been chosen to be
21 mm which results to a single point resolution of ~ 200um. Four layers of drift cells staggered
by half a cell are grouped together to form a superlayer (SL). A single DT chamber is composed
of three such SLs: the two outer SLs measure the muon coordinate in the (r — ¢) bending plane
and the central one measures the z position along the beam line. In each muon station the DT
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Figure 3.12: Geometrical arrangement of the muon detectors in the r — z plane.

chambers are separated as much as possible to achieve an angular resolution of 1urad in ¢.

The cathode strip chambers (CSCs) are placed in the two end-cap regions in order to provide
high precision position measurements in the presence of large and non-uniform magnetic field.
Their fast response and the finer segmentation allows the CSCs to operate in high radiation envi-
ronment (of up to 1 kHz/cm?). The cathode strip chamber system contains 4 stations (ME1-ME4)
of chambers which are mounted on three iron disks perpendicular to the beam line on each end of
the detector. A CSC is a multiwire proportional chamber and consists of six active gas layers (filled
with Ar—COg — CFy), each layer having a plane of radial cathode strips and a plane of anode wires
aligned in the orthogonal direction to the strips. The gas ionization and the subsequent electron
avalanche close to the wires, caused by a particle traversing each plane of a chamber, induces a
charge on several strips of the cathode plane. A precise position measurement, with a resolution of
about ~ 200um (¢ measurement), is obtained by determining the centre-of-gravity of the charge
distribution on the strips. The signal of the wires gives the radial coordinate but with a coarser
resolution, of about 5mm.

The resistive plate chambers (RPCs) are placed both in the barrel and end-cap regions, com-
plementing the DT and CSC systems and providing fast information for triggering purposes. RPCs
are gaseous parallel-plate detectors, operated in avalanche mode to ensure good operation at high
rates. They have a thin gap (2 mm between two plates) and high gain so that can tag an ionizing
event in much shorter time than the 25 ns between two LHC crossings. With their fast response
and good time resolution, RPCs form a dedicated trigger system with sharp pp thresholds over a
large portion of the rapidity range (|n| < 1.6) of the muon system. The resistive plate chamber
system in the barrel has six radial stations placed within the same five wheels as the DT system
(two RPC chambers in both the MB1 and MB2 stations, and one chamber each for MB3 and
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MB4). The arrangement is such that a high-py muon will cross up to 6 RPCs and 4 DT chambers,
producing up to 44 measured points in the DT system from which a muon track candidate can
be built. In the end-caps, the RPC system shares the same four stations as the CSC system and
helps to solve ambiguities in the CSCs.

The configuration of the muon system ensures the efficiency of muon track reconstruction to be
above 90%, for 100 GeV muons in the whole pseudorapidity range. The momentum resolution of
tracks measured by the muon system generally depends on the 7 region, since for |n| > 1.5 the
bending of the muon tracks is smaller. Figure 3.13 shows the transverse-momentum resolution
as a function of the transverse-momentum for muons measured in the “muon-system only”, the
“inner tracker only” and both (“full system”). Overall the best performance is obtained by the
full system with the momentum resolution varying between 0.8% and 1.5% for 10 GeV muons,
and between 4% and 6% for 1 TeV muons over the full range |n| < 2.4.
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Figure 3.13: Muon momentum resolution as a function of the muon momentum using the muon-
system only (“standalone muon”), the inner tracker only, and both (“global muon”). Left panel
corresponds to |n| < 0.8 and right panel to 1.2 < |n| < 2.4.

3.2.6 The Trigger

At the nominal LHC operating conditions, the detector is expected to observe an event rate of
approximately 10°Hz. The associated amount of data generated by the millions of detector elec-
tronics channels, with a typical size of 1 MB per event (zero-suppressed), would thus be of order
100 TeraByte per second. Since it is impossible to record all this information, the rate has to be
reduced. A triggering system has been developed with the task to perform a reduction down to 102
Hz, which is the maximum rate for storing events and processing offline. As already mentioned,
the rate input rate of 40 MHz is dominated by events with low transverse momentum. The trigger
must therefore provide a high reduction factor and at the same time must maintain a high selection
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efficiency on interesting events. This functionality is performed in two steps.
The Level-1 trigger

The output rate for the L1 trigger is designed to reach the 50 (100) kHz for the low (high) luminosity
phase of LHC. The functionality of the L1 trigger is crucial because it has to analyze every bunch
crossing in a deadtime-free operation®. The size of the LHC detectors and the underground caverns
imposes a minimum transit time for the signals from the detector front-end electronics to reach the
L1 trigger services and back. The total time allocated for the transit and for the L1 processing,
is 3.2 ps. During this time, the detector data are pipelined in buffers while the L1 has to reach
a decision to keep or discard data from a given bunch crossing. Of the total latency, the time
allocated to the L1 trigger calculations is less than 1 pus. When the L1 accepts the event, the data
are moved to be processed by the HLT.

The L1 trigger operates on custom-designed, largely programmable hardware which is placed onto
the detector in order to avoid data transfers. Due to the time available for the L1 to reach a
decision upon a given bunch crossing, which is too short to read all the data coming from all parts
of the detector, L1 trigger uses information only from the calorimeters and the muon system. The
L1 system is therefore organised in a Calorimeter trigger and a Muon trigger, whose task is to
determine highest-rank calorimeter and muon objects; the relevant information is then transfered
to the Global trigger which has to take the global decision to reject an event or accept it for fur-
ther evaluation by the HLT. The Calorimeter trigger is subdivided in trigger towers, which match
with the segmentation of the calorimeters (5 x 5 crystals or HCAL towers). The Calorimeter
trigger uses regions of 4 x 4 trigger towers to identify the best candidates out of four categories:
electrons and photons, central jets, forward jets and 7-jets. The information from these objects
is then passed to the Global trigger along with measurement of the missing transverse energy.
The Muon trigger analyzes information for the three detectors of the muon system separately; the
information is combined and similarly passed to the Global trigger. The decision of the Global
trigger is finally received for every trigger object according to algorithm calculations implemented
on programmable logic devices.

The High-Level Trigger

The High-Level trigger of CMS will reduce the output rate from the Level-1 trigger down to 100
Hz. The HLT is a software system similar with that of the offline analysis and is implemented
on a filter farm of about one thousand of commercial processors. The idea behind the HLT is
the regional reconstruction on demand, that is that only the objects found in useful regions are
reconstructed whereas the non-interesting events should be rejected as soon as possible. This
has led to the development of three logical levels. At the first one, only the information from the
calorimeters and the muon system is used; at the second level, information from the pixel detectors
of the tracker is also added when finally, at the third level, the full event information is available.

2In reality, due to technical limitations, the laser firing the synchronous signal, to accept an event, to all
the front-ends, cannot operate on two successive bunch crossings. This implies an efficiency loss of 0.1% at
a L1 accept rate of 100 kHz.
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Physics objects: reconstruction and selection

The present analysis uses data samples that were produced with the Computing, Software and
Analysis challenge performed in the Fall 2007 (CSA07) [27]. Tt is targeting to 1fb~—! of statistics
and therefore the data samples have been re-reconstructed with calibration and alignment con-
stants based on the understanding of the detector obtained with 100pb~! of data (referred to as
“100 pb~1 samples”) . The samples were generated with the CMS software Framework CMSSW,
using the 1.4 X series for simulation/digitization and 1_6_X for reconstruction. The official package
“SusyAnalyzer” [28] was used to access and analyze the data.

4.1 Electron reconstruction and selection

The electron reconstruction of CMS focuses in the identification and the four-momentum measure-
ment of electrons originating from the primary (interaction) vertex. The electron reconstruction
flow uses information from both the silicon tracker and the electromagnetic calorimeter, forming
electron objects by the combination of a track emerging from the primary vertex and the associ-
ated clustered energy in the ECAL. It is obvious that reconstruction of electrons can be done in
the angular range |n| < 2.5 as viewed from the nominal vertex.

The challenging issue featuring the electron reconstruction is the effect of bremsstrahlung radiation
of electrons inside the tracker material. An electron traversing the silicon layers of the pixel
and inner tracker detectors radiates bremsstrahlung photons; in the presence of the B field, the
energy reaching up the surface of the ECAL can be significantly spread in the ¢-direction. The
bremsstrahlung emission pattern and the integral amount of radiation along the electron trajectory
depend on average on the amount of tracker material distributed in front of the ECAL (see figure
3.6) which varies strongly with 7. Furthermore, the situation is complicated by subsequent photon
conversions which are likely to occur. The secondary low-momentum electrons from e™e™ pairs are
trapped by the magnetic field and this might additionally lead to subtantial loss of the electron’s
initial energy inside the tracker region. In order to cope better with these effects, sophisticated
clustering algorithms and track reconstruction methods have been developed by CMS and these
are described next.
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4.1.1 The PixelMatchGsfElectron algorithm

The PixelMatchGsfElectrons

The electron reconstruction is initiated by the presence of electromagnetic super-clusters. Super-
cluster (SC) objects are built during the ECAL regional reconstruction; they are clusters of clus-
tered crystals whose main purpose is the recovery of the electron energy spread in ¢ caused by the
bremsstrahlung photons.

CMS has developed two types of dedicated clustering algorithms which are called “hybrid” and
“island”, and are used for electrons in the ECAL barrel and end-caps respectively. The hybrid
algorithm uses the energy sums in fixed size arrays of crystals (3 or 5 crystals in 1) and searches
dynamically for separated energy in the ¢ direction; the supercluster is formed when no other
collections of arrays with energy sum above 100 MeV is found. The island algorithm is instead
using energy sums of crystals collected dynamically starting from a seed crystal with an energy
above a certain threshold; the supercluster is formed by clusters of such clusters inside a very
narrow n-window and a much wider ¢-window. The super-cluster building parameters, such as
the cluster seed Ep thresholds or the maximal 1/¢ -window, are optimized in both cases so that
to minimize the super-cluster containment variations which basically influence the electron energy
measurements.

The ECAL super-clusters are used to drive the finding of pixel “seeds” for the reconstruction
of primary electron tracks. The building of electron tracks follows the lines of the CMS track
reconstruction strategies; this is done in four main steps.

Firstly, the Seed Generator looks for initial tracks called seeds in the pixel detector. In the case of
electrons the search is restricted in a region which is compatible with a super-sluster in the ECAL.
The method takes into advantage of the fact that the energy weighted mean position of the super-
cluster (assuming an adequate collection of photons) coincides with the position in the ECAL that
a non-radiating electron of the same initial momentum would have impacted. By propagating this
point backwards through the magnetic field under both charge hypotheses, a track hit is looked
for in the innermost layer of the pixel detector. Search windows are adapted in both the ¢- and
z-directions according to the uncertainty of the ¢s. measurement and the spread of the interaction
vertex, respectively. When a first combatible hit is found, the z coordinate of the primary track
vertex is re-estimated by combining the pixel hit found and calorimetry information in the Rz
plane. The predicted trajectory is then propagated to look for a second pixel hit in the next pixel
layers.

Two pixel hits are then used to seed the building of an electron track in the silicon tracker detectors.
This is the purpose of the Trajectory Builder, which constructs outwards all the possible trajectories
from the given pixel seeds. The default track reconstruction method in CMS relies on a simple
Kalman Filter (KF) algorithm; in the case of electrons, the Gaussian Sum Filter (GSF) approach
is used instead for the building process which takes into account the non-gaussian fluctuations of
the track parameters due to material effects such as multiple scattering etc. In the GSF method,
the distributions of the state vectors and errors are treated as Gaussian mixtures, with weights
of the gaussian components that depend on the measurements. The track building process starts
with compatible hits in the first silicon layers and an extrapolation is performed using a Bethe
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Heitler modeling of the electron energy losses up to the end of the tracking volume. The electron
track hits are collected in successive silicon layers with a tolerance of 1 layer without hits. On the
other hand, if more than one hit is found on a given silicon layer then many candidate trajectories
are built in parallel. The Trajectory Cleaner then serves in keeping the best two of them based
on the smallest x2. Finally, the Trajectory Smoother is used to fit the tracks; at this step the
track parameters and errors are made available for each tracker layer through a backward fit of
the trajectories.

The facts that electron track hits can be efficiently collected through the tracker volume as well
as that meaningful track parameters and errors are available at both the inner (vertex) and outer
(ECAL surface) tracker layers, are great benefits from using the GSF tracks. They give the possi-
bility not only to improve the matching between the tracker and the calorimeter but also to have a
good estimate of the amount of bremsstrahlung radiated by the track using the tracker information
only. This finds major applications in distringuishing various electron patterns and improve the
electron energy measurement as well as the electron identification performance.

Electron classification

The electron reconstruction algorithm described above provides several calorimeter and tracking
observables which are in one way or another sensitive to the effects of bremsstrahlung radiation
and the energy lost in the tracker material. Such observables are used to define quality criteria and
separate the electron population in different classes in order to better disentagle the non-gaussian
sources of fluctuations of the ECAL super-cluster energy containment and the tracker momentum
measurement. Among the useful quantities used to define the various classes are:

e the relative difference between the momentum measured at the outermost state (pout) of the
electron track and the momentum measured at the origin (pin), forem = (Pin — Pout)/Pin-
This quantity is linearly dependent with the amount of bremsstrahlung radiated along the
electron trajectory.

e the matching in ¢ between the reconstructed track and the super-cluster (A¢out = ¢sc —

d)ff,f;mp ") is furthermore sensitive to the bremsstrahlung collection in the ECAL.

e the matching between the total energy F. collected by the super-cluster and the momentum
measurement obtained at the track origin is sensitive to the energy lost in the tracker material.
This is often expressed with the ratio of the relevant quantities, Fgc/pin.

There are four classes to qualify electrons: i) the golden electrons are the most precisely mea-
sured electrons. They are shown less affected by radiation emission (fprem < 0.2), they have a
reconstructed track well matched the super-cluster (|A¢ous] < 0.15) and a well behaved super-
cluster pattern (Esc/pin > 0.9). ii) The big brem electrons are also very well measured although
they have significantly radiated (fprem > 0.5); they have a good energy-momentum matching
between the super-cluster and the electron track at the origin and no evidence for energy lost
(0.9 < Es/pin < 1.1). Electrons that fall in this category are indicative of having radiated all
the bremsstrahlung in a single step, either very early or very late when crossing the silicon lay-
ers. iii) The narrow electrons are complementing the previous two classes; they still have a
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good energy-momentum matching but due to their big bremsstrahlung, they show a relaxed geo-
metrical matching between the track and the super-cluster (outside the range of golden and big
brem electrons). iv) the showering electrons are finally the remaining, “badly” measured elec-
trons. This is most likely electrons which suffer from secondary conversions of some early radiated
bremsstrahlung, and are thus observed with a bad energy-momentum E/p matching.

Overall the different kind of electrons falling into the above classes are characterized by different
energy-momentum measurement variations; this makes it obvious that “well measured” and “badly
measured” electrons need to enter with different weights at the physics analysis level. This is the
purpose of the electron identification, which applies as an intermediate functionality between
the electron reconstruction and the usage of electron candidates in a particular physics analysis
scenario.

4.1.2 Electron identification

The electron identification uses estimators, characterizing the electron “quality”, to provide a set of
selection criteria that will allow primarily well behaved electrons (that is according to expectations
from single electrons) to enter the analysis level. However, well measured and badly measured
electrons are furthermore expected to be differently affected by the possible background electron
sources and especially those which involve “fake” electrons. Such electrons for example can arise
from hadron overlaps in jet (QCD) events. The performance (efficiency, rejection power, purity)
of the identification procedure is obviously dependent on the nature of the background considered
and should therefore be determined with respect to that.

Figure 5.7 shows some typical distributions of electron identification variables plotted against
different electron classes. They are all shown using a sample of real electrons, for the golden and
showering entries, and a sample of QCD di-jet events to account for the fake electrons. Considering
the different behavior of the distributions among the electron classes, the following conclusions on
the usage of the identification variables can be drawn:

e the H/FE, defined as the ratio of the energy deposited in the HCAL tower just behind the
electromagnetic seed cluster over the energy of the seed cluster, is discriminating for all
classes, with a slight loss of discriminating power for showering electrons; the same holds for

the A, and A¢y, variables calculated with track parameters at the vertex when extrapolated
to the surface of the ECAL.

e the X9 /Y95 variable, calculated from the ratio of the energy sums over 3 x 3 and 5 x 5 crystal
matrices centered on the highest energy crystal of the seed cluster, gives discriminating power
for all but showering electrons;

e the A¢out, with track momentum from the outermost track position and energy from the
electron seed-cluster, is discriminating only for golden electrons;

e the F/p;, with track parameters at the vertex and using super-cluster energy and E/pout
with track at the outermost state and energy from the electron sub-cluster, are more dis-
criminating for the showering class.
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Figure 4.1: FElectron identification variables and their distributions among the different electron
classes; the plots demonstrate the behavior of real electrons uniformly distributed in the p% range
between 5 and 50 GeV/c compared to “fake” electron candidates found in jets from a QCD di-jet
background generated in the range 25 < pp < 170 GeV/c.
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In a physics analysis sample, the electrons found by the electron reconstruction algorithm are,
obviously, not all real: the size of the electron collection is in principle larger than that of the real
electrons. Several cleanup tools to refine the collection according to electron quality requirements,
and discriminate between fake and real electrons exist. Each of them uses a selected set of quality
variables which are combined to perform an electron Identification (ID), using cuts, or multivariate
techniques such as a likelihood or neural net. Three different kinds of cut-based electron ID
algorithms have been developed, namely the “robust”, “loose” and “tight”. The "robust” selection!
uses a very simple loose electron ID suitable for start-up conditions. The selection is based on
four cut variables which are basically independent of the measured bremsstrahlung fraction and
insensitive to tracker misallignment:

Omgs Anin, Agin, H/E
applying different cut values for the barrel and end-cap regions.

The“loose” and “tight” types use a more sophisticated selection method making use of the electron
classification depending on the amount of bremsstrahlung radiation along the electron trajectory.
Three categories are defined as regions in the E/p versus fiprem plane, characterized by:

e Category 1: high fiem and energy-momentum matching as 0.8 < E/p < 1.1.

e Category 2: low bremsstrahlung fraction with firem < 0.6 in the barrel and fyrem < 0.1 in
the end-caps.

e Category 3: E/p matching not close to 1.

The 1% category is dominated by real electrons and therefore loose cuts are only applied. Category
2 includes mainly fakes and tighter cuts are chosen, whereas category 3 includes mostly fakes but
also real electrons with a bad E/p matching. Electrons that appear both in bad E/p and firem
fraction (E/p < 0.8 and fprem < 0.2) are directly rejected. The “tight” selection follows the lines
of the “loose” selection but with tighter cuts in all ID variables and a larger region in the E/p
versus fprem plane,

E/p<0'9'(1_fbrem)

being rejected. Both types have been optimized in order to provide good rejection of fake electrons.

Reference plots for comparing the performance of the above three selection types are shown on
figure 4.2. The reconstruction and identification efficiencies are plotted as a function of the gener-
ated electron pr and 7 using a sample with Z — ee events (2 electrons final state). The efficiency
is defined as the number of generated electrons that matched with reconstructed electrons passing
the reconstruction/selection criteria, divided by the number of all generated electrons. The elec-
tron fake rate provided by the electron reconstruction and identification strategies is also shown on
figure 4.3. The electron fake rate is defined here as the number of reconstructed jets that matched

! A more appropriate name for this selection, that would better reflect the nature of the selection, might
be “very loose”. The word “robust” is used to indicate “robustness” against the early conditions of the
CMS detector.
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with a reconstructed and identified electron divided by the number of all the reconstructed jets.
The plots show the fake rate as function of the reconstructed jet Er and 7 using a sample of QCD
jets, with jets reconstructed with the iterative cone algorithm.

Overall the robust and loose identification methods provide an efficiency of almost 98% with re-
spect to the reconstruction, for electrons with pr > 5 GeV and |n| < 2.5. The fake rates appear as
of 4.1% for the robust and of 1.5% for the loose identification. For what concerns the tight selec-
tion, it yields a 3% lower efficiency in selecting real electrons compared to the other two selections,
to profit from a factor 2 decrease in the electron fake rate.
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Figure 4.2: Reconstruction and identification efficiency as a function of the generated electron pr
(left) and n (right), after reconstruction and the application of three cut-based selection settings.
The plots refer to events with two electrons in the final state (Z — ee).
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4.2 Muon reconstruction

The reconstruction of muon objects in CMS is performed using information from both the muon
system and the silicon tracker. The muon reconstruction related software has been designed based
on the concept of regional reconstruction; that is only that parts of a given detector are used
that fall into some region of interest (seeding region). As an example, reconstruction of a muon
track in the silicon tracker involves only the parts of the tracker where charged particle tracks
found compatible with hits in the muon chambers. This obviously saves significant CPU power
compared to reconstruction employment in the total tracker data volume. Muon reconstruction in
general is performed in 3 steps: i) local reconstruction (local pattern recognition), ii) standalone
reconstruction where only the muon system is used and iii) global reconstruction where also the
silicon tracker is used.

The muon reconstruction algorithms run both during the High-Level-Trigger (online event selec-
tion) and for offline use. In the context of the analysis presented in the next chapters, the offline
muon reconstruction method will be described here in more detail. The muon reconstruction chain
starts with the “local reconstruction”, i.e. the reconstruction of hit positions in the muon system
alone. The DT and CSC tracking detectors as well as the RPCs participate in the reconstruc-
tion. Despite the coarser spatial resolution of the RPCs, their role is to complement the tracking
chambers, especially in the barrel-endcap transition region where the geometrical coverage is prob-
lematic. Hits within each DT and CSC chamber are matched to form “segments” which are used
to generate seeds, consisting of a position and direction and an estimate of the muon transverse
momentum. This initial estimate is used as a seed for the actual track fit, which results in the so
called standalone muon.

Initial state vectors are obtained from the segments found in the innermost chambers of the muon
system; they are propagated in the outward direction using the Kalman-filter technique. At each
measurement surface, the predicted state vectors are compared with previous measurements and
updated accordingly. Their propagation from one station to another takes into account muon en-
ergy loss in the material, the effect of mutliple scattering and the non-uniform magnetic field in the
muon system. When the outermost measurement surface is reached, a backward Kalman-Filter
fit defines the track parameters at the innermost muon surface. The final track is extrapolated to
the nominal interaction point (determined by the beam-spot size: o,y = 15um and ¢, = 5.3cm)
and a vertex-constrained fit is performed.

In the subsequent step the standalone muon tracks are matched with the charged-particle tracks
reconstructed in the silicon tracker to generate global muon candidates. The global muon re-
construction starts with extrapolating the muon trajectory from the innermost muon station to
the outer tracker surface taking into account material effects. Silicon layers compatible with the
muon trajectory are then used to determine a region of interest in which to perform regional track
reconstruction. The determination of the region of interest is based on the track parameters and
their estimated uncertainties and this has a strong impact on the reconstruction, fake rate and
CPU reconstruction time. In general, well measured muons are reconstructed faster and with
higher efficiency than poorly measured ones.

Inside the region of interest, combinations of exactly two hits coming from different tracker layers
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are looked for in order to build initial candidate tracks (regional seeds). The procedure involves
all the combinations of compatible pixel and double-sided silicon strip layers so that to enhance
the final tracking efficiency. As soon as the regional seeds are formed a track reconstruction algo-
rithm runs, using the Kalman-Filter technique. As a first step, the trajectory builder transforms
each seed into a set of trajectories working from inside-out. Track parameters are updated at
each tracker layer with compatible measurements found on the same layer. In the second step,
the trajectory cleaner resolves ambiguities between mutliple trajectories arising from the same
seed, according to hit multiplicity and x? tests. In the final step, all reconstructed tracks are
fitted globally; i.e. using the hits on the muon chambers from the original standalone reconstruc-
tion and the hits on the silicon tracker. Final muon candidates are selected on the basis of a y? test.

Reconstruction performance

Figure 4.4 shows the muon reconstruction efficiency as a function of the pseudorapidity for different
values of the muon pp. The results are obtained using single muon event samples simulated with
“ideal conditions”, i.e. without taking into account effects from misalgnment, miscalibration,
neutron background or pile-up. Overall the reconstruction efficiency shows typical values of 95-
99%, except in the pseudorapidity regions around |n| = 0.2 and |n| = 0.8 - corresponding to the
regions between two DT wheels - and around |n| = 1.2 - the transition region between the DT and
CSC systems - where the efficiency drops. The behavior clearly reflects the geometrical structure
of the muon system (see figure 3.12).
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Figure 4.4: Muon reconstruction efficiency as a function of the pseudorapidity for different muon
pr values: a) obtained with the standalone reconstruction and b) obtained with the global recon-
struction.
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4.3 Jet reconstruction

At LHC, physics processes involving quarks or gluons in the final state are expected to dominate
high-pr physics events. Because of QCD confinement, quarks and gluons cannot be observed
directly but instead undergo a fragmentation (soft QCD radiation) and a hadronization (forma-
tion of hadrons) phase, before they are detected by the tracking and calorimeter systems. The
experimentally observed objects associated with the quarks and gluons emitted during the hard
scattering process, are called “jets”.

Jet reconstruction uses energy deposits in the calorimeters in order to form collimated objects of
stable particles (hadrons). The jet algorithms use as inputs calorimeter towers (“CaloTowers”)
which combine ECAL and HCAL cells according to the HCAL granularity. In the barrel, projective
towers are formed by a single HCAL cell and 5 x 5 ECAL crystals, whereas in the end-cap regions
they follow a more complex association. For the purpose of jet clustering, the calorimeter towers
are defined with an energy given by the tower energy itself and a direction determined by the
interaction point and the centre of the tower. The standard jet reconstruction applies energy
thresholds to calorimeter cells in order to suppress the contribution from the calorimeter noise.
The most commonly used approach applies an overall tower threshold of E7 > 0.5 GeV. Among
the popular jet clustering algorithms that are supported by CMS, there are:

e the iterative cone algorithm, uses input objects from a list of calorimeter towers or particles
with E7 > 1 GeV which are ordered in energy. For each object, an iterative procedure starts
by looking for input particles that fall into a predefined cone-size of AR = /An? + Ag?
around the direction of the given object. The objects inside the cone are used to calculate
a “proto-jet” direction and energy according to the Ep scheme. A proto-jet is considered
stable, once its energy changes by less than 1% between iterations and its direction changes
by AR < 0.01. The objects in the proto-jet are then removed from the list of input objects
and the proto-jet is added to the list of jets. The procedure is repeated until the original list
is empty.

e the midpoint cone algorithm, is based on an iterative procedure to find stable cones as well.
A difference from the iterative cone is that, at a first step, no object is removed from the list.
This can result in overlapping proto-jets and a second iteration is performed upon them. For
every pair of proto-jets which are closer than twice the cone radius R, a midpoint is calculated
from the direction of the combined momentum. Midpoints are then used as additional seeds
for finding more proto-jets. A splitting and merging procedure is applied finally to ensure
that each input object appears in one jet only.

e the inclusive kp algorithm is a cluster-based jet algorithm. In contrast to the other two
algorithms, at each iteration step, pairs of input objects (i, ) that found with the smallest
distance d;; = minE%i, E% jAR?j, are merged and kept in the list as a possible final jet. New
jet quantities (energy and direction of the jet) are calculated directly during the clustering,
and objects with the smallest radius D = (E%Z-R2 are added successively in the list of final

jets.

The iterative cone is simpler and faster and commonly used by CMS on-line during the HLT;
the rest, are widely used for offline analysis. The algorithms produce massless jets when the
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so-called “Ep recombination scheme” is used. This is achieved by equating the jet transverse
momentum to the > Ep of the tower constituents and then fixing the direction of the jet by the
angle sinf = > Ep/E where E is the jet energy.

4.4 Application to di-lepton analysis

The analysis to be presented in the next chapters studies di-lepton final states arising from su-
persymmetric as well as standard model processes. It is for the purpose of this analysis that only
electrons or muons with pp > 10 GeV and |n| < 2.4 are selected. These initial acceptance cuts on
the leptons are considered throughout the following studies.

4.4.1 Lepton reconstruction and selection efficiencies

Electrons and muons are reconstructed with the PizelMatchGsfElectrons and GlobalMuonRecon-
structor algorithms respectively. It is a feature of the algorithms that multiple electrons coming
from more that one electron tracks matching the same super-cluster in the calorimeter appear in
the electron candidate list; and similarly there are ghost muons duplicating some of the offline
muon candidates. Such electrons or muons are found very close in AR causing a peak at zero and
are eliminated by applying offline the following clean-up tests:

Electron duplication: whether multiple electron tracks are associated with the same-supercluster,
or inversely one track is associated to several super-clusters, only the best candidate is kept
based on the E/p quality criterio.

Muon duplication: multiplication of the muon tracks is removed by choosing the best one, based
on the Ap/p criterio, where p is the global muon track momentum and Ap the associated
measurement error, if several tracks have the same charge and are within a cone of AR = 0.1.

A second stage of lepton clean-up follows based on quality requirements on the electron and muon
candidates. The analysis applies the “tight” electron identification method which was shown to
have the best rejection power on the electron-fakes, despite a small cost in the electron efficiency.
A clean-up on the combined muon tracks is performed using the variables Ap/p, number of hits
and x? of the track. The muon track quality is verified, and the muon is kept in the final collection,
if

Ap/p < 0.5, Npis > 8, x> < 10.

The performance of the selection has been studied using a sample of supersymmetric events from
the mSUGRA benchmark scenario LM1, from the official CSA07 production. Among the leptons
found in the supersymmetric sample, primary leptons as well as background leptons are identified
and studied separately due to their different performance when imposing the reconstruction and
selection requirements. Primary leptons are identified as prompt leptons coming from the decays

2This is employed internally by the official package “SusyAnalyzer” after the accessing of the electron
and muon candidate collections.
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of a heavy susy particle, a W/Z or 7 particle. Background leptons are considered coming from
the prompt decays of a heavy flavor b or ¢ quark and are called here for simplicity “hadron leptons”.

A matching between the reconstructed and selected as previously defined lepton candidates and
the MC truth electrons and muons is initially performed. For every generated electron or muon
with pf > 10 GeV and || < 2.4, an offline electron or muon candidate is looked for within a
pre-defined cone size AR. If more than one candidates match the same generated lepton then
a “best match” method is applied based on the smallest relative momentum difference, Apr/pr,
between the reconstructed and generated lepton pair. For the matching of electron objects a
A Relectron pairs < 0.4 is required, whereas for muon objects a narrower cone of AR uon pairs < 0.2
is adequate. In both cases however, the quantity App/pr should not exceed a certain value (of
4 for electrons and 3 for muons) so that to obtain reasonable pairs of generated leptons and well
reconstructed candidates. Figure 4.5 shows the two-dimensional distribution of the AR versus the
relative momentum difference between pairs of generated leptons and best-matched reconstructed
leptons, for electrons and muons separately. As can be seen, electron pairs tend to be broader in
the Apr/pr than muon pairs, which is expected due to the bremsstrahlung emission and energy
loss affecting the electron reconstruction measurements.
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Figure 4.5: The matching between the MC truth leptons and the reconstructed candidate leptons, for
electrons on the left and muons on the right. Plots show the AR distance between the reconstructed
lepton and the best-matched generated lepton, versus the relative momentum difference Apr/pr,
of the lepton pair. The “best-match” is defined as the generated lepton found within a cone AR™*
having the smallest Apr/pr among multiple matched generated leptons.

Figures 4.6 and 4.7 show the reconstruction and selection efficiencies as a function of the lepton
pr and 7 respectively, for electrons and muons separately. For a generated prompt lepton with
gen

p5 > 10 GeV and [n%"| < 2.4, the efficiency to find an offline prompt-lepton candidate with
PrEe > 10 GeV and || < 2.4 is ~ 79% for electrons and ~ 97% for muons. The same
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figures show superimposed the corresponding efficiencies for hadron electrons and muons. In
this case, the reconstruction and selection performances are shown worse especially for electrons.
The tight electron identification requirements are prooved quite restrictive in selecting electrons
coming from secondary decays of the heavy flavor quarks, with only ~ 11% of the original hadron
electrons surviving in the offline electron candidate list. The most effective cut is coming from
the H/E cut applied; this is a cut on the longitudinal shower shape which has a large impact on
rejecting electrons with hadron tracks passing within the H/E calculation cone. On the contrary,
hadron muons passing the global muon reconstruction, survive with ~ 94% efficiency. Nevertheless,
both hadron electrons and hadron muons are expected to be significantly reduced when imposing
additional lepton isolation requirements. The isolation definition and performance on selecting
primary leptons are presented next.
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Figure 4.6: Electron (left) and muon (right) reconstruction and selection efficiency as a function
of the generated electron/muon pr. Leptons are decomposed into “prompt leptons”, coming from
a susy, a W/Z or T particle, and “hadron leptons” arising from the decays of heavy flavor quarks
(b or ¢ quarks). The efficiency is defined as the number of generated leptons that matched a
reconstructed lepton divided by all generated electrons.

4.4.2 Lepton tracker isolation

Up to this point, lepton identification has utilized criteria which are largely independent of the
physics process under study, even though a small bias towards isolated leptons is built into the
algorithms (arising from the mere observation of the objects, e.g. superclusters, charged-particle
tracks involved in the selection). Isolation is a key tool in distinguishing leptons from high-pp
processes and fake leptons or leptons coming from heavy-flavor quarks (b/c decays).

The isolation algorithm selected for this analysis is tracker-based and was defined and applied
in an identical manner for electrons and muons [30]. This is necessary because a key element of
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Figure 4.7: Electron (left) and muon (right) reconstruction and selection efficiency as a function
of the generated electron/muon 1. Leptons are decomposed into “prompt leptons”, coming from a
susy, a W/Z or T particle, and “hadron leptons” arising from the decays of heavy flavor quarks (b
or ¢ quarks).

the analysis is the usage of the different-flavor (eu) data to estimate the same-flavor (ee and pu)
backgrounds. It is desirable to apply a correction (for the two lepton reconstruction efficiencies)
that does not depend on the environment of the lepton vs the lepton type. The isolation algorithm
uses the sum of transverse momenta, pr, of all charged-particle tracks within a cone in n — ¢
space (of opening AR = /An? + A¢?) around the lepton candidate, while vetoing tracks within
a smaller (inner) cone to remove the charged-particle track of the lepton itself. Only good-quality
tracks are considered in calculating the sum of the transverse momenta. The track quality criteria
employed include the number of hits assigned to the track and the compatibility of the track with
the primary vertex. The complete set of track quality cuts are displayed in table 4.1.

The performance of possible isolation criteria was studied in SUSY (LM1) and ti+jets, and is
presented in figure 4.8. The isolation distribution is shown separately for three different types of
leptons: i) “prompt leptons”, coming from susy particles or a W/Z/7 decay, ii) “hadron leptons”,
coming from the decays of heavy flavor (b, ¢) quarks and iii) “fake leptons”, typically found inside
jets. The prompt lepton efficiency as a function of the isolation cut is is shown in figure 4.9, for
electrons and muons superimposed, in order to compare the behavior of the isolation requirement
on electrons and muons. The isolation requirement applied was chosen to be

Zthrks/pl;P < 0.2

inside the 7 — ¢ region identified by 0.015 < AR < 0.2. This corresponds to an efficiency of 93%
for both electrons and muons, with respect to the reconstruction and selection efficiencies.

In order to justify the choice of the inner AR;, and outer cone ARy, sizes in the definition of
the lepton tracker isolation above, an optimization procedure has been followed. Four different
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Table 4.1: Summary of the quality cuts applied on the tracks entering the sum in the definition of
the lepton Tracker based isolation, depending on their number of hits.

Variable Quality cut

Number of hits >10 [8,9] [5,7]

pr (GeV) >1 >1 > 1
d0 (cm) <1l <02 <0.04
dZ (cm) <5 <20 <05
do/4(do) - <10 <7
dZz/6(dZ) - <10 <7
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Figure 4.8: Tracker isolation distributions for electrons (left) and muons (right), in the SUSY
(LM1) and tt+jets environment. Leptons are distinguished in 3 types : i) Prompt leptons (black),
coming from SUSY particles or W/Z/T decays, ii) Hadron leptons (blue), coming from decays of
heavy flavor hadrons (b,c) and iii) Fake leptons (green) from jets.

values of the AR;, (0.01,0.015,0.02 and 0,03) have been considered, each for two different values
of the ARy (0.2 and 0.3), for both electrons and muons isolation. In principle, we expect that
a somewhat narrower inner cone should be suitable for including a muon track than an electron
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Figure 4.9: Prompt-lepton isolation efficiency as a function of the tracker isolation cut, for electrons
(pink) and muons (blue) superimposed.

one; however, the choice of the same inner cone for electrons and muons was investigated.

Figure 4.10 and 4.11 shows the isolation efficiencies for prompt electrons and muons versus the
rejection over hadron and fake leptons separately, for different values of the isolation cut. Such
curves are shown superimposed each corresponding to a different combination of the inner and
outer cone sizes. The optimal value of ARy = 0.2 for both electron and muon isolation cones
can be noticed immediately. Concerning the inner cone AR;,, the choice of values in the range
0.01 — 0.03 does not show to have a significant impact in terms of the lepton efficiencies. A ten-
dency to higher values (~ 0.02) for the optimal electron inner cone and to lower values (~ 0.01)
for the case of muons is only slightly visible. Nevertheless, the common choice of ARy, = 0.015
can still stand as a good compromise of the two.

It follows from the same plots that the isolation cut at 0.2 accepts primary electrons with 97%
efficiency, while rejects &~ 65% of the fake electrons. For muons, the same isolation requirement
accepts primary muons with 96% efficiency and rejects ~ 93% of the fake muons.

In order to summarize the electron and muon selection (reconstruction, identification and isolation)
procedure, and their effect on the actual di-lepton analysis, the opposite-sign and isolated di-
electrons or di-muons pairs found among the two highest-pr leptons of the LM1 susy sample, are
selected. Tables 4.2 and 4.3 present the number of di-electron and di-muon events for various
lepton-type combinations, as extracted before and after the isolation requirement. The number
of events correspond to ~ 2.5fb~! of integrated luminosity. Overall, the selection retains a good
efficiency for the signal di-lepton combinations (prompt-prompt lepton pairs) whereas a significant
supression of di-lepton pairs containing at least one background (hadron or fake) lepton is achieved
after the isolation requirement is applied.
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Figure 4.12: Electron (left) and muon (right) efficiency after the isolation requirement imposed,
as a function of the generated electron/muon pr. Leptons are decomposed into “prompt leptons”,
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flavor quarks (b or ¢ quarks). The efficiency is defined as the number of generated leptons that
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Figure 4.13: Electron (left) and muon (right) efficiency after the isolation requirement imposed, as
a function of the generated electron/muon 1.
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Table 4.2: Number of events for combinations of two opposite sign reconstructed electrons, corre-
sponding to 2.5fb~1 of integrated luminosity (P: Prompt, H: Hadron, F: Fake).

T F LT 7T . F £ F + F

Requirement epep €pey  €pfh epep €pl  epep
Reconstruction/selection 2027 75 8 125 8 5
Isolation 2011 20 - 52 2 -

Table 4.3: Number of events for combinations of two opposite sign reconstructed muons, corre-
sponding to 2.5fb~1 of integrated luminosity (P: Prompt, H: Hadron, F: Fake).

Requirement HpEE  HERE BREl BEAE pERh RERE

Reconstruction/selection 2773 768 337 202 68 37
Isolation 2703 70 4 26 - -

4.4.3 Jet cleaning and lepton-jet separation

Jets were reconstructed with the iterative cone 0.5 “CaloJet” algorithm [32] and required to have
an uncorrected transverse energy Er > 15 GeV and |n| < 3.

Immediately after the isolation value has been calculated for each lepton, a cleaning stage is
performed to check whether the lepton (electron or muon) is also part of a jet. For every non-
isolated or isolated lepton, the nearest jet in n — ¢ space is looked for within a AR < 0.6. Three
cases are distringuished and checked:

e The lepton is isolated and inside its nearest jet: then the lepton is assumed that fakes the
jet. The shared energy-momentum between the lepton and the jet is subtracted from the
jet.

e The lepton is part of the nearest jet and it is not isolated: it is the jet assumed that fakes
the lepton. The difference between the lepton’s energy-momentum and the shared energy is
added to the jet.

e The lepton is not part of the nearest jet and it is also not isolated: the lepton is assumed to
be fake and it is fully added to the jet.

The jet clean-up is performed next: the refinement of the reconstructed jet collection is based on
the electromagnetic and charged energy fraction of the jet. The charged energy fraction is based
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on the sum of pr of all tracks associated to the jet and should be > 0.005. In addition, electron-jet
separation is applied in order to veto jets made from electrons. This is done with the following
test: for every isolated electron within a AR(e — jet) < 0.5, the ratio of the shared energy between
the electron and the jet divided by the energy of the jet, must be below 0.7. The shared energy is
calculated by the shared calorimeter towers belonging to the electron and jet objects.

10* 10*
E prompt electrons

- hadron electrons

E prompt electrons

- hadron electrons

10 10

= fake electrons = fake electrons

10% 10%

10 10QF

b 5

5

6 6
AR (e-jet) AR (e-jet)
Figure 4.14: Jet - electron separation in n— ¢ space, for the cases where the electron was tagged as
prompt, hadron or fake. Left plot shows the separation before the jet clean-up and right plot after
the clean-up has been applied.

The performance of the clean-up of jets has been studied by looking at the AR between each
jet and its closest isolated electron, for the three cases where the electron was tagged as prompt,
hadron or fake separately. The distributions are plotted in figures 4.14 before and after the clean-
up is applied. A peak at zero AR can be noticed on the plot on the left, coming mainly from
prompt electrons faking a jet. This is corrected on the right plot where the fake jets have been
identified and removed from the jet collection.

Energy corrections of the reconstructed jets were taken into account using the “MCJet” calibration
method? [33]. This is a particle-level calibration and corrects the energy of the reconstructed jet
back to the particle (Generated Jet), taking into account detector effects. The goal of these
corrections is to achieve a flat response versus the Jet Er and 7.

4.4.4 The recoil missing Er

The missing transverse energy in the event E7 is calculated from the recoil of all isolated leptons
(electrons or muons) with pf > 10 GeV and || < 2.4 and all jets with corrected EJ" > 30 GeV.
The transverse components of the momenta of all these objects are summed vectorially to form
the transverse components of the missing Er object,

Br==> ' =3 0t =2 0

3Namely, the factorized L2/L3 corrections which have been developed to suit the CSA07 samples
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The jets are required to be separated from electrons as described above. Figure 4.15, left, shows the
missing Ep calculated from the calorimeter towers in comparison with the recoil missing E7, on the
right, for di-electron (in color) and di-muon (error bars) events superimposed. The distributions
were plotted using a Z to ee/up sample, and demonstrate the fact that the recoil MET corrects for
the fake missing Fr created in muon events and recovers the dielectron versus dimuon shape, and
thus the ratio of events as well. The recoil missing E7 object is subject to systematic uncertainties
due to the jet energy scale and will be discussed later.

E eecalomet ha_ee_met_0 |
i —ee Entries 58632 Entries 58632
10 g IHH Mean  12.87 Mean 15.3
a RMS 9.99 RMS  17.75
10° = mmcalomet ha_mm_met_0
2 Entries 83601 Entries 83601
= Mean  16.01 Mean 15.3
0% RMS 19.21 RMS 18.11
c "4
= W‘M # j
) MH ! g g
5 H\ 7 T 1| T P | L0 il Ly udiy
0 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Calo MET Recoil MET

Figure 4.15:  Calorimeter missing Er (left) and recoil missing Ep (right) for dielectron , in color,
and dimuon events, in error bars, superimposed. The histograms are normalized to each other.
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Di-lepton analysis with early data

The analysis presented here is a general-purpose search for the dilepton edge in events which
contain (in addition to the two leptons) jets and large missing transverse energy. For a more
concrete application of the search but also for the evaluation of systematic uncertainties, we use
the mSUGRA “LM1” benchmark point from the CMS Physics TDR [21]. LM1 point is defined by
the following five parameters in the mSUGRA (m,, m, 2) plane:

me = 60GeV/c?, my gy = 250GeV/c?, Ay =0, tan3 =10, >0

5.1 Signal phenomenology and analysis strategy

LM1 is a very favorable point for this analysis: at LM1 the inclusive production cross section is
43.5 pb — and comes mainly from the production of §g( 38%), ¢q( 45%) and gg( 6.8%) pairs. One
of the major characteristics of LM1 is that mg > mg which implies that the g’s decay in ¢q pairs;
the contribution of the §g pair production to the total squark/gluino production is small compared
to GG/qg production. Furthermore, at LM1 mgg > m; and Myt > My and hence both the x9 as

well as the )Zli are allowed to decay leptonically leading to a number of leptons in the final states.
Tables 5.1 and 6.3 summarize the mass spectrum and the production cross sections of SUSY final
states at LM1 respectively.

Table 5.1: Supersymmetric particle masses at LM1 benchmark point calculated with PYTHIA [34]
interfaced with SOFTSUSY [GeV] [35].

gluino / g dL dR ’llL aR b2 b1 t2 tl
squarks : 603.5 | 559.6 | 536.1 | 552.1 | 540.1 | 535.6 510.1 580.3 | 407.3
sleptons : er, eRr T il Del, Uyl higgses : | H* A
186.4 | 119.9 | 190.3 | 110.8 | 167.4 | 166.9 380.8 | 371.8
gauginos : X4 X4 X9 X7 )Zzi )Zli higgses : H h
362.9 | 344.1 | 177.9 | 96.4 | 360.2 | 178.5 372.3 | 109.3

The SUSY dilepton signature under study arises from the two-body decay of the x9, x9 — ¥
(E0FX9 with a BR at 12.7%. Other (SUSY) sources of leptons are also significant and consist in
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Table 5.2: Production cross sections of supersymmetric final states at LM1 calculated with
PYTHIA interfaced with SOFTSUSY [pb].

o(SUSY) || 0(g9) | o(9qr) | o(9qr) | 0(qrir) | o(Grir) | o(drdr) | o(bgr) | o(bg) | o(bd)
43.5 2.9 8.0 8.5 6.2 6.6 6.8 0.45 0.19 0.24

the decays of the lightest chargino, X — #¢ with a BR at 34.8%, and the decays of W's and 7's
abundantly produced in gaugino decays.

The leptonic signature from the x§ decays can be identified with the characteristic sharp edge in
the dilepton mass distribution which is due to the undetectable x{. The important decay chains at
LM1 that can be used for such an analysis, together with their branching ratios, are listed below:

a2 350 B T " 0T R
37 g ™ g0 T e RS

DileptonRightMass
Entries 3459
Mean 52.07
RMS 18.41

180

160

140
120
100

—_ e e b byl
20 40 60 80 100 120 140 160 180
my,

Figure 5.1: Invariant mass of the two opposite-sign same-flavor leptons arising from the two-body
decay of the X3. The distribution shows a characteristic sharp edge with an endpoint value equal
to 78.15 GeV.

The basic signature is that of large missing energy (E7), hard jets and certainly two opposite-sign
leptons. This signature has large backgrounds from the usual “high-p7” SM processes of tt, diboson
(WW, WZ and WZ) and associated production of W/Z bosons and jets. The strategy adopted
here is the use of different-flavor (eu) lepton combinations to estimate the background to the ee
and pp combinations. This is found to work well for all the backgrounds that are flavor-symmetric,
whereas a flavor asymmetry is expected in dileptons where one or two of the leptons are either
fake or come from heavy-flavor (b/c) decays. Luckily, these backgrounds are much smaller than
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those from the “high-pr” SM processes, and their effect on the observation and extraction of the
dilepton edge is small.

The edge is extracted from an unbinned maximum-likelihood fit to the invariant mass distribu-
tion of the two leptons (ee and pu separately) with components describing the background and
a simple SUSY model. It is found that the position of the edge is quite robust. The methods
employed by the analysis are “data-driven” in the sense that they can all be employed with real
data — even if for the sake of brevity in the analysis short-cuts were employed. As an example,
the ratio of electron to muon reconstruction and identification efficiencies in the real data can
be easily determined from Z leptonic decays, where one lepton (tag) satisfies strict identification
criteria and the second lepton (probe) has only loose identification criteria applied. Applying the
tight identification criteria on the second lepton as well and counting the number of Z candidates
with the loose and tight criteria results in a direct measurement of the lepton efficiency from the
data. This has already been demonstrated by CMS for both electrons and muons: the “mea-
sured” efficiencies are in excellent agreement with the actual efficiencies obtained from using the
Monte Carlo (generator) information. Armed with this result, this analysis has not attempted to
reproduce this measurement of the efficiency, but rather assumes that such a measurement will be
available at the time the analysis will be carried out — and thus the Monte-Carlo efficiency ratio
was used.

The data samples

In the CSAOQT7 production, the data has been split up in various Primary Datasets (PD) depending
on the Physics content. They are further distinguished in Signals, which refer to specific Physics
groups requirements, as well as SM backgrounds which have been mixed up in big datasets (col-
loquially referred to as “soups”). The latter type of data consists of three Soups, namely the
Chowder, containing the ALPGEN tt, W, Z + Njets processes, the Stew, containing the lepton
enriched QCD, bottomonia and charmonia, and the Gumbo Soup, containing the higher pr QCD
bins, photon + Jets as well as Minimum Bias events. The signal samples are only available with the
100pb~1 calibration scenario, while for the SM soups all luminosity scenarios have been generated.

Subsets of the SM background soups have also been designed, the so-called skims, which were
formed with running over a PD and selecting only the interesting events. In the context of the
CMS SUSY group, there have been used the skims denoted as SUSYBSMJetMET_HLT that
include the events satisfying the HLT requirement of the logical “or” of all the hadronic triggers.
SM backgrounds that have been used from such skims include the tt+ Njets and the W/Z + N jets
with pp < 300 GeV. For the W/Z processes, the pr > 300 bins were part of the signals samples.
The same goes for the diboson samples. Table 5.3 summarizes the data samples used for the
di-lepton analysis.

5.2 Trigger selection

Tables 5.4 and 5.5 summarize the major trigger paths that were used in the CSA07 Trigger Menu
(with CMSSW _1_6_X) , their technical names and their parameters (trigger thresholds) and finally
the efficiencies to the SUSY signal.
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Table 5.3: Data samples used throughout the analysis, their technical name, skimming status and
number of events processed; they were officially produced during CSAO7.

Physics process Dataset details Soup Events
SUSY LM1 LM1_sftsdkpyt Signal 120624
tt + Njets,N =1,...4 CSA07JetMET / ReReco-100pb | Chowder | 1651598
4 ];;](gftj’?fgo_@i’v“f’ CSA07JetMET / ReReco-100pb | Chowder | 1651598
W + Njets, N =1,...5
pr(W) < 300 GeV
QCD, photon + Jets
Minimum bias
lepton enriched QCD,
bottomonia/charmonia
Z 4+ Njets, N =1,...5

CSA07JetMET / ReReco-100pb | Chowder | 1651598

CSA07JetMET / Re-Reco-100pb | Gumbo | 6142602

CSA07JetMET / ReReco-startup Stew 1169128

300 < pr(Z) < 3200 GeV z_ptzX_alpgen Signal 299147
W + Njets, N =1,...5 .

300 < pr-(W) < 3200 GeV w_ptwX_alpgen Signal 462962
Dibosons . . . .

(W/Z — Inclusive) WW.incl / WZ.incl / ZZ_incl Signal 1249665

tW (single top) tW_inclusive Signal 438791

As will be seen later, the signature employed includes multiple jets, a large missing transverse en-
ergy (RecoillMET) and two leptons. In determining the optimal trigger strategy, and in practical
terms “trigger path”, it is imperative to compare the various possibilities with respect to the final
analysis cuts'. This can be estimated by the efficiency numbers €; and e; which are shown on the
tables above. The efficiency €; for a given trigger path, is defined as the ratio of number of events
that are found with the corresponding trigger bit on, divided by the number of all events, while the
efficiency €9 is defined as the ratio of number of events that pass the analysis cuts and found with
the corresponding trigger bit on, divided by the number of all events that pass the final analysis
cuts.

The hadronic paths, and particularly the ones related with MET, appear to be more efficient in
selecting SUSY events than the corresponding leptonic triggers. This is found to arise because
of two reasons. The first issue is the recovery of low-pr SUSY leptons below the leptonic trigger
thresholds. This is important because the leptons from the SUSY signal are not very high in
transverse momentum, and thus the lepton pr to be applied should be as low as possible. The
second reason is the unavoidable lepton selection inefficiency present in the leptonic trigger paths.
Both issues are illustrated with the plots in figures 5.2 where the leptonic and hadronic MET paths
efficiencies are plotted as a function of the two highest-py electrons and muons respectively. The

! Assuming that the offline selection cuts are not looser than the online selection criteria, the Trigger
path to be applied in the di-lepton analysis should be chosen so that it has the highest efficiency to the
SUSY di-lepton final states selected after all cuts.
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Table 5.4: L1/HLT efficiencies for the leptonic related trigger streams applied to the LM1 SUSY
events.
’ HLT path ‘ Thres. (GeV) ‘ Technical Name ‘ €1 ‘ €9 ‘
single p 11 HLT1MuonIso 12.9% | 59.1%
single u (rel.) 16 HLT1MuonNonlso 14.4% | 60.1%
double u (3, 3) CandHLT2MuonIso 5.2% | 42.8%
double y (rel.) (3, 3) HLT2MuonNonIso 6.2% | 44.8%
single e 15 HLT1Electron 10.3% | 41.8%
single e (rel.) 17 HLT1ElectronRelaxed 9.7% | 40.5%
double e 10 HLT2Electron 2.2% | 26.5%
double e (rel.) 12 HLT2ElectronRelaxed 2.9% | 29.0%
e+ u (8, 7) HLTXElectronMuon 1.8% | 14.8%
e + p (rel.) (10, 10) HLTXElectronMuonRelaxed | 2.4% | 19.0%
Table 5.5: L1/HLT efficiencies for the JetMET related trigger streams applied to the LM1 SUSY
events.
HLT path ‘ Thres. (GeV) ‘ Technical Name ‘ €1 ‘ €9 ‘
single-jet 200 HLT1Jet 79.6% | 89.6%
double-jet 150 HLT2Jet 60.0% | 72.4%
triple-jet 85 HLT3Jet 50.3% | 77.5%
quad-jet 60 HLT4Jet 41.1% | 71.0%
MET \ 65 \ HLTIMET [ 89.5% [ 98.1% |
Acopl. double-jet 125 HLT2JetAco 47.8% | 68.7%
single-jet + MET (180, 60) HLT1JetIMET 80.7% | 92.2%
double-jet + MET (125, 60) HLT2JetIMET 67.2% | 84.4%
triple-jet + MET (60, 60) HLT3JetIMET 64.0% | 90.4%
quad-jet + MET (35, 60) HLT4JetIMET 63.8% | 92.1%
HT + MET | (350,65) | HLTIMETIHT | 87.1% | 98.4% |
Sum ET 120 CandHLT1SumMET | 95.8% | 100%
SUSY 2-jet + MET (80, 20, 60) HLTS2jetIMETNV | 72.1% | 85.1%
ACOPIJ'F ‘f\j}‘élee'Jet (60, 60) HLTS2jetIMETAco | 70.9% | 89.4%
SUSY Acopl. single-jet CandHLTSjet1-
N e (60, 70) MET LA 56.3% | 67.1%
SUSY Acopl. double-jet CandHLTSjet2-
+I;VIET ! (50, 50, 70) METL Aio 72.5% | 90.3%
SUSY Acopl. double-jet (40, 40, 70) CandHLTS2jetAco | 66.0% | 81.9%
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efficiencies versus the second lepton pr threshold are calculated with respect to events with at least
two isolated leptons. In both cases, the leptons are matched to prompt leptons, i.e. hadron and
fake leptons are excluded. The efficiency is plotted for the hadronic MET and HT+MET paths,
as well as for the single-electron, single-muon and double-electron, double-muon paths. The total
leptonic path curve is defined as the union of all four leptonic triggers (and is also displayed as the
red line).
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Figure 5.2: Hadronic versus leptonic trigger paths efficiencies as a function of the second electron
pr threshold (left) and the second muon pr threshold (right).

The efficiency of MET-related paths in selecting events with leptons is essentially independent of
the lepton pr cuts chosen offline. A small correlation is observed between the electron pr and
the MET; this is probably due to the electron contributing to the MET. On the other hand, the
leptonic trigger paths reach the plateau of their efficiency curves for offline pr leptons above 20
GeV. Even in this pr region, however, the efficiencies of the MET paths are higher because they
do not include the efficiency loss at the plateau (i.e. the online lepton selection inefficiency).This
picture gets more pronounced when one adds also the Jet and MET offline cuts in the event-
selection criteria. For example, figure 5.3 shows the efficiencies of the different trigger paths for
events with at least two isolated leptons with pr > 10 GeV, as a function of the offline MET cut.
The hadronic MET paths become fully efficient above the online MET threshold (65 GeV), to be
compared to the leptonic paths which (as expected) remain constant in efficiency versus the MET
cut (and the value indicates the online selection inefficiency).

Next, figures 5.4 show the efficiencies of the trigger paths as a function of the second highest-pr
electrons and muons, after applying an offline MET (RecoilMET) cut at 200 GeV. This value is
chosen as the value at which the online MET requirement is fully efficient (actually reaches its
maximum value — the corresponding plateau). It can be shown that with respect to the final anal-
ysis cuts, the MET paths are about 3% higher in efficiency than the leptonic triggers (averaged
for electrons and muons above 20 GeV; the difference is larger for a 10 GeV cut).

The trigger path chosen for this analysis is the HT+MET path which has an efficiency at 98%
with respect to the offline cuts. Compared to the MET-only path , the HT+MET path, which is
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Figure 5.3: Hadronic versus leptonic trigger paths efficiencies, with respect to events with at least
2 isolated leptons with pr > 10 GeV, as a function of the Recoil MET cut. MET trigger paths
become fully efficient above the online MET threshold (65 GeV).
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Figure 5.4: Hadronic versus leptonic trigger paths efficiencies as a function of the second electron
pr threshold (left) and the second muon pr threshold (right). An offline MET cut at 200 GeV has
been applied.

based also on jet information, is preferred as a more robust choice, especially for a 1 fb~! analysis.

73



CHAPTER 5. DI-LEPTON ANALYSIS WITH EARLY DATA

5.3 Observability of supersymmetric di-lepton final states

The SUSY cross section at LHC is dominated by the production of squarks/gluinos pairs which
decay sequentially in ¢, g, charginos, neutralinos, W, Z and higgses up to the Lightest Supper-
symmetric Particle (LSP), as follows from the assumption of an R-parity conserving mSUGRA
scenario. The stable LSP is weakly interacting and escapes detection giving rise to large missing
Er due to its large mass. In each step in the squark/gluino cascade decay there is a standard
model particle produced which gives rise to either a jet or a charged (and isolated) lepton in the
event. In general, jets are produced in the initial states of the cascades through the strong inter-
action, where the differences in masses of the supersymmetric particles are larger. On the other
hand, leptons are produced in the final states of the cascades and they loose much of the energy of
the initially decayed sparticle. Therefore, the jet spectrum is characterised on average by higher
energies than that of the lepton spectrum.

The supersymmetric signature under study is characterized by two Opposite Sign (OS) leptons +
jets + E}””S. Next the full topology of SUSY events is exploited in order to eliminate the Standard
Model background over the SUSY signal.

5.3.1 Signal versus standard model backgrounds

Standard Model background processes leading to missing transverse energy, hard jets and isolated
leptons constitute a background to the SUSY signal. The missing transverse energy in this case is
coming from high-pr neutrinos and high-pr particles outside the detector acceptance. Such Stan-
dard Model processes are: tt (inclusive), Z+jets with Z — ee/uu/77, W+jets with W decaying
leptonically and a second fake lepton, WW/WZ/ZZ + jets as well as QCD processes. The main
characteristics that discriminate the SUSY events from the SM processes are their large missing
E7 due to the presence of x{ in the final states, and the high multiplicity of jets.

Most of the SM processes used in the analysis were produced with the ALPGEN generator [36]
following the official summer07 CMS production. ALPGEN is a matrix-element MC generator
dedicated to the production of multi-parton hard processes in hadronic collisions. It has been used
widely for the calculation of the parton-level matrix elements of the processes, interfaced with
PYTHIA to handle the partonic evolution (parton shower). The cross section evaluation of the
SM processes was provided by ALPGEN depending on the input parton multiplicity, the PDF
parameterization and factorization scale, as well as a set of preselected kinematic configurations.

We next compare the event characteristics of the SUSY sample with the corresponding event
characteristics of the SM background samples. In all cases, the observables are only compared
in shape, i.e. the corresponding distributions are normalized to one. Fig. 5.5 shows the pr
distribution of the two highest-pr leptons for the SUSY and SM processes superimposed. The
average lepton pr’s for the SUSY and SM samples are quite close to each other as expected, and
are thus not indicated for signal discrimination.

In fig.5.6 the jet multiplicity is plotted for the SUSY and SM samples defined as the the number of
jets with Ep > 30 GeV produced per event. The average jet multiplicity in supersymmetric events
is comparable with the one from the t¢ background (~ 3.2). It should be noticed however that the
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Table 5.6: ALPGEN parameters used in the CSAQ7 production of SM processes and their cross-
sections (in pb). The PDF was set to CTEQS5L (as = 0.127) and the factorization scale is

\/z (my)2+3> (p2T,photons —|—p%jet). For each sample the last jet multiplicity bin is generated

with inclusive parton-shower matching.

Process Kinematic x-section (pb)
configuration | +0jets | +1jets | +2jets ‘ +3jets ‘ +4jets | +5jets
tt + Jets Pp>T0GeV g | o5 | 182 | 32 | 08 .
[ <5

ARjj > 0.7

Z + jets > 20 GeV

pr < 300 GeV /| <5 4400 970 298 81 18.3 13.8
ARjj > 0.7

Z + jets > 20 GeV

pr > 300 GeV /| <5 - 0.36 0.55 0.40 0.20 0.46
ARjj > 0.7

W + jets Pl > 20 GeV

pr < 300 GeV /] <5 45300 | 9496 2765 695 161.7 | 123.9
ARjj > 0.7

W + jets P > 20 GeV

pr > 300 GeV /| <5 - 2.93 4.07 3.10 1.58 3.09
ARjj > 0.7

two samples come from two different MC generators (PYTHIA and ALPGEN for the SUSY and ¢t
samples respectively), and the result is biased towards a higher jet multiplicity prediction for the
standard model sample case. Nevertheless, a discriminating power of this observable is expected to
show up when also the “two-lepton” requirement is applied on the analysis. We note that in SUSY
events there is always at least 1 hard jet produced per event. Jets were then ordered in descending
order in Ep. The Er distribution of the two hardest jets is presented in figures 5.7 where we can
notice that the average Er of the leading jet is almost 200 GeV higher for SUSY events than for
the standard model samples. The recoil missing Er distribution is plotted in fig 5.6 (right) for the
SUSY and total standard model background processes before any analysis requirement is applied.
As can be seen, this variable at the SUSY LM1 events is on average ~ 200 GeV higher than in the
standard model processes.

5.3.2 Cuts optimization

The optimization method chosen in order to eliminate the SM backgound processes in favor of the
di-lepton SUSY signal uses the criteria of the signal-to-background ratio (S/B) and significance
(S/v/S + B). These quantities are studied as a function of several cut variables, such as the Jet
multiplicity and the E7 of the hardest Jets, and are finally used to define regions of cut values.
However, one should keep in mind that the leptonic analysis under study assumes the earlier
discovery of supersymmetry , most likely from the inclusive (jet plus missing energy) channels, and
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Figure 5.5: Two highest leptons pr distributions in supersymmetric events (in black) and the major
standard model backgrounds (tt + jets, W/Z + jets). The distributions are normalized to one.
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Figure 5.6: Jet multiplicity (left) and missing Er (right) distributions in supersymmetric events
(in black) and the major standard model backgrounds (tt + jets, W/Z + jets).
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Figure 5.7: Two highest jets Er distributions in supersymmetric events (in black) and the major
standard model backgrounds (tt + jets, W/Z + jets).

76




5.3. OBSERVABILITY OF SUPERSYMMETRIC DI-LEPTON FINAL
STATES

is targeting in the best extraction of other SUSY mass parameters and constraints. It is therefore
more desirable to look for a reasonable set of cut values that will allow mass meauserements, rather
than the best optimization of the significance level.
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Figure 5.8: Left: Jet multiplicity in the LM1 SUSY (blue) and total SM background (grey) super-
imposed — jets are required to have ES" > 30 GeV. Right: Significance and S/B as a function of
the jet multiplicity cut value.
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Figure 5.9: Left: Missing Ep distribution in the LM1 SUSY (blue) and total SM background (grey)
superimposed. Right: Significance and S/B as a function of the missing Er threshold.

During the optimization procedure, the SM processes are summed according to their cross-section
and total distributions for all background contributions are considered. A preselection on the sig-
nal plus SM background event samples has been applied, consisting of the requirement of the HLT
path which was chosen to be the HT+MET, as well as the requirement of at least two opposite-sign
same-flavor and isolated leptons with pZT > 10 GeV and |7]Z | < 2.4. Following the preselection,
we look at the jet multiplicity variable which is shown in figure 5.8. The significance function
is maximized for a jet multiplicity cut region [2,4], with E%ft > 30 GeV. We choose to cut at 3
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jets with the argument that it must suppress significant fraction of the background but not reject
major fraction of signal statistics.

Applying the jet multiplicity requirement, we next looked at the E7 of the three leading jets and
the missing Fr through an iterative process of studying the effectiveness of their cut when each of
them is placed last. Table 5.7 shows the S/+/S + B and S/B (in parenthesis) values obtained for
a region [100, 150] GeV in Egrl cut values and a region [160, 200] GeV in missing Er , chosen as
the most favorable ones.

Table 5.7: S/v/S+ B and S/B (in parenthesis) values obtained for a region [100, 150] GeV in
E%,l cut values and a region [160, 200] GeV in missing Er .

El' cut EP? >80 Er>160 Er>180  Er>200

EJ' >100 GeV 202 (0.5)  27.3(24) 273 (3.1)  27.0 (3.8)
EJ >120 GeV 205 (0.5) 274 (25)  27.3(3.2)  26.9 (3.9)
EJN>150 GeV  21.1 (0.6)  27.1 (2.7)  27.0 (3.4)  26.6 (4.1)

The complete set of requirements imposed in the analysis is:

1. At least 2 Opposite Sign (OS) and isolated leptons (eTe™ or u*u~) with pf > 10 GeV and
Inf| < 2.4.

2. At least 3 jets with E%et > 30 GeV and |¢| < 3.

3. Two hardest jets cut: E%l > 120 GeV and E%Q > 80 GeV.

4. Missing Ep cut: EF¥$* > 200 GeV.

5.4 Dilepton mass composition and background measurement

The two OS leptons in signal events arise from the decays of the ¥ and only ee™ or utu™ pairs
are considered. The “dilepton background” refers to the sum of all sources of two OSSF leptons
which are present either in supersymmetric events and do not originate from the x§ or in SM
processes (tt, decays of the heavy bosons W/Z, heavy flavors and QCD).

When selecting the two highest-pr leptons in the inclusive SUSY sample, contributions from
leptons coming from internal SUSY background sources appear with significant fraction. Such
uncorrelated leptons may originate from events with at least one lepton coming from the 7-lepton,
the W boson or the leptonic decays of the ﬁc. The first type of leptons are produced mainly in
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Table 5.8: Number of events expected for 1fb~' of integrated luminosity for the SUSY signal at
LM1 and the major SM backgrounds.

Process cross section  N(ee/upn) N(ew)

SUSY LM1 43.5 pb 699 211

tf + Jets 452.1 pb 08 92

Z + Jets 5.78 x 103 pb 28 3

W + Jets 58.17 x 103 pb 3.4 2
Dibosons + Jets 179 pb 1.3 1
tW (Single top) 62.5 pb 0.4 0.7
QCD (Gumbo/Stew) 1 1

the decays x§ — ™17 — 77X] or )ﬁ — Tvr. The latter type come from the following sources:
W's from t-quarks coming from the decay b; 2 — W or W's from decays of the t-quarks from ¢
decays.

We discriminate the background in three categories depending on the origin of the dilepton: i)
Flavor-symmetric background, which comes in equal amounts of SF and DF leptons (ee/uu vs
ep), ii) Flavor-asymmetric background producing only SF dileptons and iii) background from fake
leptons. They are illustrated in fig. 5.10 as a function of the OSSF dilepton invariant mass which
is decomposed in signal and all kind of backgrounds.

In the following, we look at the three sources of backgrounds separately and discuss methods for
measuring their size and shape from data.

5.4.1 Flavor-symmetric background

This is the dominant dilepton background coming from flavor symmetric processes such as tt, WW
etc, as well as SUSY cascades with leptons originating from uncorrelated sources. This type of
background produces ee/pup and ey final states with equal probability and is shown in figures 5.10
in blue 2. One can therefore use the OSSF di-lepton data so as to model the OSSF (ee and pu)
background components. In the real data the number of SF (ee/uu) events are expected to be:

e 1 e#

x N(ep), N(pp) =7 x — x N(ep)

N —
(e€) 2 €

X

N | —
T *

where €°, e# are the electron and muon efficiencies respectively. Thus, one can predict the size as
well as the shape of ee/up distributions using the ey mass distributions if the ratio of electron
to muon efficiencies are known. In the real data, this ratio will be measured from Z events with
the tag-and-probe method which has already been proven to work. It is not the purpose of this

20f course, if smuons and selectrons do not have the same mass, this flavor symmetry is not present. In
what follows we assume that we can use this symmetry even for the SUSY background.
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Figure 5.10: Opposite-Sign dielectron (left) and dimuon (right) mass decomposition in the signal
part (red), a flavor-symmetric component (blue), a flavor-asymmetric component (black) and fakes

(yellow).
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Figure 5.11: Opposite-Sign e mass decomposition in a flavor-symmetric component (blue) and
fakes (yellow).

analysis to present the method, so here we simply use the ratios as taken from the Monte Carlo.
The lepton efficiencies are pr-dependent, and so is their ratio as shown in fig. 5.12 using leptons
from Z events.
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Figure 5.12: Ratio of electron and muon efficiencies as a function of the generated lepton pr, using
Z events decaying to leptons.

The flavor-symmetric background component, for ee or uu events can then be derived from the
convolution of the ey data with the pr-dependent efficiency ratio as:

do 1 © Ao
== - d .
=57 | e (P R

where R = €°/e*; and similarly for the pu case. The procedure has been followed by numerically
convoluting the ey mass and lepton pr observables. The ey mass data are split in mass bins,
each being associated with an electron and muon pp spectrum. The ee/uu mass data are then
calculated in mass bins according to the formula above, in one to one correspondence with the ey
mass bins. Following this method, fig. 5.13 presents the closure test of the SF ee/uu background
components derivation from the ey data. The figures display the distributions “predicted” from
the ey data and the actual background distribution plotted using Monte Carlo information.

5.4.2 Flavor-asymmetric background

There are other sources rather than the leptonically decayed x9, which results only in SF dilepton.
Such correlated sources are:

e Heavier gauginos (x$,x3) decaying to a Z boson : X5 — ZX9, X% — Zx{, X5 — ZXx3,
Xi— 4X1
e Leptonic two-body decays of heavier gauginos: x§ — IE0F, X3 — E(F.

e Direct slepton-slepton production : pp — IE0F.

The Z-boson decays can be accounted for by including a term (into the final likelihood fit) de-
scribing the Z peak (the size will be a fit parameter). The flavor-asymmetric background from
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Figure 5.13: Closure test in flavor-symmetric background measurement: dielectron (left) and
dimuon (right) background components matched with MC (histogram) and derived by the ey data
(errors).

decays of heavier gauginos,apart from the Z, is fairly small because of the reduced branching ra-
tio compared to the SUSY signal chain. It also typically produces a flat background along the
mass spectrum, as shown in black in fig. 5.10. Obviously, there is very little that can be done to
estimate this background even after the first observation of SUSY. Moreover, it is very difficult
to disentagle additional contributions such as this one (to the OSSF dilepton spectrum) until the
statistics is large enough to enable quantitative comparisons to SUSY models (and also until a
rough measurement of the sparticle masses is made).

5.4.3 Background from fake leptons

In addition to the previous two irreducible backgrounds, the case where at least one or both of the
selected leptons are fake is also studied. This background results in flavor-asymmetric dilepton
final states since the probability for fake e’s and p’s is different. This background is more significant
in the dielectron final state. It is illustrated in figure 5.10 where the fake di-e / di-u and ey mass
distributions are shown in yellow.

We already know that the size of the fake background is small as illustrated on the tables 4.2 and
4.3, where the number of OS dilepton background events are calculated using MC information.
The fake background component constitutes 7% of the dielectron events and 1.5% of the dimuon
events. We decompose the events with “fake leptons” into three categories: i) fake - prompt, ii)
fake - hadron and iii) fake - fake lepton pair combinations. The fake-prompt combinations are the
dominant ones and we would like to measure/model it from data. One possibility is to use the
Same-Sign (SS) dilepton distributions expecting that, to first order, this background should be
sign-symmetric (i.e. OS fakes = SS fakes). If the SS distributions were dominated entirely by the
fake leptons combinations, then we could simply model the OS fake di-electron component with
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the SS dielectrons. In reality, the SS dileptons are dominated from SUSY plus flavor-symmetric
SM processes, which come in lower rates than the OS ones. This is illustrated in table 5.9 which
lists the numbers of like-sign ee, uu and ey events and in figure 20 , which displays the respective
mass distributions. Therefore, unfortunately, SS events cannot be used to predict the nmber of
OS fake dilepton events.
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Figure 5.14: Same-Sign dielectron (left) and dimuon (right) mass decomposition in a flavor-
symmetric component (blue) and fakes (yellow).

Table 5.9: Number of Same-Sign flavor-symmetric background dilepton events, decomposed in
pairs of prompt-prompt (P-P) leptons, hadron-prompt (H-P) leptons and fakes-X (F-X) leptons ,
corresponding to 1 b1,

etet +e e ptpt+pp~ etpt+epu

P-P pairs 41.8 56.5 80.8
H-P / H-H pairs 3.0 17.0 24.5
F-X pairs 6.5 4.2 9.4

It is interesting to note that the ee and pu background estimates (using the eu data) work quite
well despite applying electron and muon efficiencies (instead of fake rates for the fake lepton
component) to estimate these backgrounds. We therefore estimate the correction necessary to
account fot this effect. We compare, for example, the pu shape estimated by the ey data including
the fake/hadron component, with the pu shape using the prompt ey pairs plus the hadron/fake
component from the MC. Figure 5.15, left, shows the two shapes superimposed, while the figure on
the right presents their ratio which comes out in good agreement with a flat line at 1. We therefore
include no correction for this effect but consider the overall effect in the systematic studies as part
of the ey uncertainty. It will be seen that the overall effect is negligible.
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Figure 5.15: Left: Comparison of the up background shape as estimated by the eu including
the fake/hadron pairs, with the up shape using the ey from the prompt dilepton plus the MC
hadron/fake component. Right: ratio of the two shapes.

5.5 Di-lepton mass reconstruction

The simplest signature of supersymmetric events involving leptons is the dilepton coming from the
decay chain x§ — / L,rl — €0x{. The x§ undergoes two sequential two-body decays and one of
its final decay products is the invisible x{. Consequently the construction of the invariant mass
distribution of the other observed decay products (two charged leptons) shows a characteristic
endpoint rather than a mass peak. The theoretical shape of the distribution is a triangle with the
parametric form dI'/dm = 2/ m%am’Qm where mj;** is the endpoint value which can be expressed

as a function of the mass of the sparticles involved in the signal decay chain, by the formula:

The endpoint measurement can thus provide a first constraint towards supersymmetric mass re-
construction studies.

5.5.1 Endpoint measurement

In the present analysis, we follow the approach of fitting the whole range of the dilepton invariant
mass distribution, and not just the region around the edge, using the shape formula implied by the
kinematics of the decay under study. The mass distribution is fitted using the RooFit package [38].
RooFit is a tool for modeling the expected distribution of events in a physics analysis, specialized
to perform likelihood fits of the data. It supports the extended likelihood formalism technique,
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and thus allows the determination of the signal and background events separately. The model
function used throughout the fitting process is a composite model of the form:

F(m) = NsigS(m) + NyprgB(m) + NzZ(m)

where Ny;g, Nppg and Nz are the expected number of events for the three data cases respectively
and

e S(m) is the signal model which consists of the convolution of the signal theory shape with a
Resolution Model used to describe the di-electron/muon mass resolutions. The signal term

is intended to fit for the endoint value my;** (eq.6) and the number of signal events N;,.

e B(m) is used to describe the flavor-symmetric background part as mentioned in section 4.3.1.
It is modeled by the ep data whose shape is then kept fixed in the total fit and the term is
used to extract the expected number of bacgkround Ny, events.

e Z(m) is used to model the Z-peak. It consists basically of the convolution of a Breit-Wigner
PDF with a Gaussian (Voigtian PDF) whose Z-mass and Z-width parameters are kept fixed.
The Z-term also provides the expected number of Z events, which are the sum of SM Z
events and Z events coming from SUSY cascades. If the standard model bkg can be totally
suppressed, the extraction of Nz will provide a meausurement towards the Z production rate
in supersymmetric events.

Several studies in the past have been following the approach of subtracting the DF dilepton mass
distribution by the total SF distribution and then fitting the remaining one with the signal PDF.
Here we put the background B(m) model in the model PDF and fit for the signal-plus-background
data in order to extract number of background events as well. The Z-peak is also included in the
fit: although it lies beyond the SUSY dilepton endpoint, it is close enough to affect its measurement.

Dilepton mass resolution. First, the mass resolution model entering the convolution of the
signal model has to be determined. In this case, the resolution is extracted from the monte carlo,
using the actual SUSY events with relaxed jet and missing Ep cuts so as to maintain as much
statistics as possible.

The dimuon and dielectron mass resolutions are in principle different as illustrated in fig. 5.16 and
typically they depend on the dielectron/dimuon mass region. Since we are interested in fitting the
whole region of the dilepton mass, we need a resolution model to be parametrized as a function of
the mass. For this reason, the dm distributions are looked at 4 different regions in mass: i) 0-20
GeV, ii) 20-40 GeV, iii) 40-60 GeV and iv) 60-80 GeV. The last region corresponds to the masses
around the dilepton endpoint and is thus highly populated by statistics.

An attempt to parameterize the resolution as a function of the di-lepton mass is presented in figures
5.17 and 5.18. In each of the four mass bins, the invariant mass distributions of the di-electron
and di-muon pairs are fitted with the a single gaussian for the muon- and the sum of two gaussians
for the electron-events case. The parameters of the gaussian models are extracted from a 2 fit
and plotted as a function of the dilepton mass. The quality of the fits is tested with the x? value
shown as a function of the mass in the same figures.
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Figure 5.16: Am(up) (left) and Am(ee) (right) distributions in four mass bins: i) m: 20-40 GeV,
it) m: 40-60 GeV , iii) m: 60-80 GeV (from left to right). The distributions are fitted with a
Gaussian (di-muon case) or the sum of two Gaussians (di-electron case).

The dimuon mass resolution can be expressed with a Gaussian of non-constant sigma o as:
ResModel(m,,) = Gauss(m;m/,oc = 3-m+ ¢)

with p =0 and ¢ = 0.012-m +0.10 , following the fit of the di-muon resolution model parameters
as a function of the mass as shown in fig. 5.17. The dielectron resolution model is expressed
as the sum of two gaussians, in order to account for the tails in the Ame. distributions. The
two gaussians are distringuished as the one with minimum sigma (0,,;,) and the other with the
maximum sigma (0pqz). The resolution model can then be written as:

ResModel(mee) = a- Gaussy(m;m/,omim = 3-m+c1)
+ (1 —a)-Gaussa(m;m’, omaz = 2)

with a = 0.66, u1 = —0.13, us = —0.04, 0,05, = 0.006 - m + 0.5 and 0,4 = 4, as follows from fig.
5.18. A significant shift of the first Gaussian from zero can be noticed.

The resolution model is meant to be known precisely when measured from data (Z events) and
can thus be kept fixed in the fit.

5.5.2 Fitting procedure

The fitting procedure starts with the parameterization of the B(m) background component. The
B(m) shape is extracted by fitting the ee and pp distributions as estimated from the ep data, using
the functional form B(m) = 3, m® exp~ "™ with 4 parameters (i=2). The Z-peak PDF is then
determined with a Voigtian of fixed central Z mass and width.

Fitting the di-muon and di-electron mass distributions separately results in figures 5.19. For an
integrated luminosity of 1fb~!, the endpoint measurement is:

me® = 78.03 + 0.56(stat) GeV/c 5.10
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Figure 5.17: Dimuon mass Resolution model as a function of the dimuon m(up) mass. Left:
Gaussian mean, right: Gaussian sigma.
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Figure 5.18: Dielectron mass Resolution model as a function of the dielectron m(ee) mass. Left:
mean of Gaussian with min o, right: minimum o.

mme = 77.90 + 1.00(stat) GeV/c? 5.11

to be compared with the theoretical value of mJ}%*(TH) = 78.15 GeV/c%.

Finally, the dielectron and dimuon events are fitted simultaneously, in order to obtain a combined
fit result for the endpoint value and its error. The parameters of the simultaneous fit consist in :
i) one parameter for the endpoint and ii) six parameters for the number of signal, background and
7 events entering in the dielectron and dimuon mass distributions. The fit results are shown in
figure 5.20. The combined endpoint value comes at my;** = 78.00 & 0.49, with an error consistent
with the separate fits results according to the equation:

1 1 1
— 5.12
dmipe (Ommaz)2 + ((5mmf$)2
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Figure 5.19: Unbinned likelihood fit of the dielectron (left) and dimuon (right) masses for 1fb=1
of integrated luminosity; the signal PDF (red) and the flavor-symmetric background PDF (green)
components are shown superimposed, as extracted from the fit.
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Figure 5.20: Simultaneous fit of the dielectron and dimuon masses for 1fb=! of integrated lumi-
nosity; the signal PDF (red) and the flavor-symmetric background PDF (green) components are
shown superimposed, as extracted from the fit.
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5.5.3 Fit results with a toy Monte Carlo study

The demonstration of the fitting procedure, so far, only represents one fit to one pseudo-experiment.
However, it is necessary to perform thousands of fits to thousands of pseudo-experiments and use
these fit results to extract the final statistical uncertainty on the endpoint parameter. First, the
model PDF and its properties is described in more detail. We have already presented the flavor-
symmetric B(m) as well as the Z-peak PDF Z(m) parts of the model. We focus here on the
signal PDF since it is the one to affect the enpoint extraction. The signal PDF S(m) involves the
convolution of the theoretical shape of the dilepton mass, a triangle 7'(m), with the Resolution
model chosen for the di-muon or di-electron masses (a Gaussian or the sum of two Gaussians).
The convolution is made by numerical integration as:

1, m—my;.\2
S = T(m;) x ——(— 5.13
(m) % (m;) exp( 2( o ) )
where the limits of the integration are restricted between an mj, = 0 and mpn, = my**,

emphasizing the fact that the upper limit corresponds to the true endpoint value itself and it is a
parameter in the fit. The step size of the integration is determined by the number of convolution
steps (Neony) and is equal to (mpigh — Miow)/Neonv- We have chosen this number to be 300,
resulting to a step size of around 0.25 GeV.

Next, we have run a Monte Carlo generator which was capable of producing toy datasets, sampled
according to the model PDF described above. Repeating for 1000 experiments and generating
events for the signal plus background cases corresponding to 1fb~! of statistics, the datasets
were fitted with the generator PDF. The fit results were inspected as per the distributions of the
parameters , their errors and their pulls of mean. The relevant plots are shown in Appendix A.
We conclude that the final statistical uncertainties on the endpoint(s) should be calculated by the
average value on the distributions of the errors and are thus quoted as:

Am™ (stat.) = +1.07GeV/c? 5.14
AmJe* (stat.) = £0.75GeV/c? 5.15

5.6 Systematic uncertainties

Several sources of systematic errors affecting the endpoint(s), but also the number of signal and
background events, measurements have been studied. The following effects have been considered:
the fitting procedure itself (fitting model construction, fit range), the mass resolution model im-
posed, the Electron and Jet Energy Scales, the eu shape uncertainty due to fake dileptons, and
finally the acceptance issue®. The fitting model and fit range uncertainites will not be considered
as conventional systematic errors and will not be included in the calculation of the total systematic
uncertainty. However, we include a short study on their (possible) effect on the endpoint extrac-
tion due to the rather complex construction of the model PDF and ensure that any possible bias
is negligible.

3In view of a possible 20 GeV lepton ps cut
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Fitting model. A study of the model used for fitting the di-electron/muon masses has been
made with the toy MC study described in the previous chapter. Figure 5.21 shows the pull
distributions for the endpoint parameters, in the cases of the di-electron and di-muon toy MC
studies respectively. The pull distributions refer to the distribution of the variable (mj;**(th) —
myy* (exp))/dmyysT, which must be consistent with a Gaussian of mean 0 and o 1. A possi-
ble bias on the endpoint values due to the fit model are found to be compatible with zero: i)
omege®® = —0.09 +0.04 GeV and ii) dmji® = —0.06 £ 0.03 GeV.

ee

pullMean = -0.0990 + 0.039
pullSigma = 1.201+ 0.028

pullSigma = 1.094 + 0.025

H pullMean = -0.0812 + 0.035
L

Events / (0.16)
Events / (0.16)

&
=]
T T T[T T[T T[T T [TrIrry

it

Milmax Pull Milmax Pull

Figure 5.21: Pull distributions of the dielectron (left) and dimuon (right) endpoints fit results,
extracted with a Toy MC generation.

Fit range variation. Its effect on the endpoint extraction has also been estimated. The lower
limit of the fitting range of the dilepton mass distributions has been varied from 0 to 60 GeV (the
70 GeV case has been excluded as being too close with the endpoint value to be fitted). Figure
5.22 shows the di-electron and di-muon endpoint fit values as a function of the lower limit of the
fit Range. The largest shift of the endpoint from its central fit Value, is considered as the largest
bias that may be introduced due to the fit Range chosen, and comes equal to: i) dmJX** = 0.10
GeV and ii) dmj¢® = 0.05 GeV.

Mass resolution model uncertainty. The uncertainty induced on the endpoint measurement
due to the resolution model is looked at next. This is studied by varying the parameters of the
resolution model as indicated by the statistical uncertainty with which these parameters have been
determined. In data, the resolution model will be entirely adjusted to the Z events resolution mea-
sured with 1fb~! of data. In the present analysis, the resolution model has been extracted from
the MC and is thus determined with the statistical accuracy available from the MC. Tables 5.10
and 5.11 show the actual Resolution model parameters variation ranges, and the estimated bias
on the endpoint(s) fit value, for the dielectron and dimuon Resolution model respectively. The
largest shift from the central fit values are: i) Imt** = 0.13 GeV , mainly due to the minimum
0 (0min) parameter variation, and ii) dmj* = 0.06 GeV. However, the dielectron and dimuon
endpoint shifts are kept at a level well below the statistical uncertainties, therefore their estimation

is expected to have been interfered with statistical fluctuations.
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Figure 5.22: Bias on the dielectron (left) and dimuon (right) endpoints introduced due to variation
of the fit range.

Table 5.10: Di-electron resolution model uncertainty and induced bias on the endpoint.

Dielectron resolution model mt
parameters variation bias [GeV]
a = 0.66 £0.03 0.03
pn1 = —0.13+£0.03 0.03
p2 = —0.08 £ 0.34 0.05
B = 0.006 £ 0.002,

c=05+0.2 0.13

Omaz =4 %1 -

Table 5.11: Di-muon resolution model uncertainty and induced bias on the endpoint.

Dimuon resolution model my”
parameters variation bias [GeV]

= —0.09+0.02 0.05

6 =10.012 £ 0.001 0.02

c=0.10£0.02 0.06

Electron and Jet Energy Scale. The effect of the Electron and Jet Energy Scale uncertainty
upon the extraction of the endpoint as well as the number of signal and background events has also
been considered. It has been studied using the full statistics available for the SUSY signal, which
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correspond to about 2.5fb~! of integrated luminosity, so as to minimize as possible the statistical
uncertainty.

We have assumed an uncertainty of 6 = 0.25% on the absolute Electron Energy Scale (ElecES) for
1fb~! of data. The electron energy has been varied and the dielectron mass fits repeated, resulting
to a shift in the position of the dielectron endpoint to about £0.20 GeV. The shifts to the number
of events come out negligible as expected. The overall results are summarized in table 5.12.

Table 5.12: Electron Energy Scale (ElecES) uncertainty effect: estimated biases on the measure-
ment of the dielectron endpoint and the number of signal and background events.

’ ElecES ‘ mer ‘ Nyig(ee) ‘ Nyig(ee) ‘ Ny (ee) ‘
Fit Value | 7873 +0.83 | 168 =22 | 138 +23 | 9.8 £5.1
+0.0025 +0.14 - +1 -
-0.0025 —0.26 - - -

Next, the uncertainty on the JES has been assumed to 5%. The samples have been varied accord-
ingly taking into account propagation to the Recoil MET calculation. No significant effect on the
endpoint extraction is expected but rather a variation on the number of total events. Indeed, in
the case of the dielectron events are varied as of —8% + +4% for the number of signal events and
of —11% + +11% for the number of background events. Similarly, the number of dimuon signal
events give a variation of —7% + +5% and the number of background events —9% +— +8%. The
complete set of results are presented on table 5.13.

Table 5.13: Jet Energy Scale (JES) uncertainty effect on the measurement of the dielectron end-
point and the number of signal and bakground events.

JES mIer Ngig(ee)  Nppg(ee) Nz(ee)
+0.05 78.64 4+ 0.80 174 155 11
+0.00 78.73+0.83 168 138 9.8
—0.05 78.21+0.94 155 123 8.6
JES mye Naig(pt)  Nowg(pp)  Nz(pp)
+0.05 78.07 £ 0.56 272 221 20.7
+0.00 78.03 £0.56 257 202 15.8
—0.05 77.89+£0.60 239 184 15

Acceptance. The effect of the lepton pr cuts in the dilepton endpoint measurement has been
studied. Indeed the lepton PT cuts imposed in the 2 highest-PT leptons of the analysis may distort
the shape of the dilepton mass which is a straight line of specific slope (triangle). Depending on
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the particular mass hierarchy of the mSUGRA model under study, the pp of the leptons involved
in the signal decay chain (x§ — X7¢¢) can reach up to relatively low values. For LM1, the influence
of the pp lepton cuts start to show up for lepton py > 10 GeV and becomes prominent for pp > 20
GeV. For this purpose we have run a toy MC SUSY generator which is capable of producing
the kinematics of the 9 decay chain given the four-vector of the initial squark in the lab frame.
The squark pr and n distributions are taken from the PYTHIA LMI1 generation and sampled
accordingly to generate events with x§ — x7¢¢.

Raising the lepton pr cuts at 20 GeV, the dielectron and dimuon fits were repeated as shown on
figure 5.23 left. A slight asymmetry between the fit fucntion and the data around the mass region
at 40 GeV can be noticed which is due to the Acceptance effect. The fits have been repeated
including an acceptance correction function in the signal PDF part and the results are shown on
the right plot of fig. 5.23, exhibiting a small shift in the dielectron/dimuon endpoint fit value.
This shift will be considered as a possible systematic error. Nevertheless, the acceptance does not
affect significantly the endpoint extraction.

_ Endpoint = 78.89 + 0.45 _ Endpoint = 78.74 + 0.43
e [ Ng (1) = 101+ 17 e [ Ng () = 103+ 17
~ 50— Ng (ee) = 75+ 14 ~ 50— Ng (ee) = 7614
% - N () = 192+ 18 % C N, (1) = 190+ 18
o | Ng (ee) = 155+ 16 g I Ng (ee) = 155+ 16
401 N, () = 1.3+ 5.5 40 N, () = 1.0+ 5.5
il N, (ee) = 7.6+ 4.4 il N, (ee) = 7.5+ 4.3
gl g
Iﬂ30j Lﬁsoj .ﬁ+jets
o . - - .Z+jets
H tt + jets =
201 B z+jets 20
10[- 100
L L Ty 1 B g 1
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Figure 5.23: Simultaneous fit of the dielectron and dimuon masses for 1fb~' of integrated lumi-

nosity; the lepton pr cuts are raised to 20 GeV. The acceptance correction function is included in
the fit on the bottom plot.

The overall results of the systematic uncertainties are summarized in table 5.14.

5.7 Conclusion

A search for the observation of a dilepton edge from the decay x5 — ¥ - XOE0T has
been presented. The analysis assumes 1fb~! of integrated luminosity with the 100pb—! calibra-
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Table 5.14: Summary of dielectron/dimuon endpoint(s) systematic errors.

‘ mp® [GeV] ‘ mre [GeV] ‘

ee o
Fit value 77.90 78.03
Statistical 107 0.75
error
ElecES 0.20 i
error
JES 0.22 0.09
error
Fit Model 0.09 0.06
error
Fit Range 0.10 0.05
error
Res Model 0.13 0.06
error
Acceptance 0.15 014
error
ey shape 0.02 0.02
error
Total syst. 0.36 0.18
error

tion/alignment knowledge. The selection is optimized for the measurement of the edge, assuming
an overall excess of “SUSY” over the SM expectations has been observed. We expect the dilepton
endpoint value my;*® to be determined with a statistical uncertainty of 0.62 GeV. A number of
systematic uncertainties have been considered. Overall, the extraction of mj;** is quite robust:
the total systematic uncertainty is expected to be 0.36 GeV for the dielectron, and 0.18 GeV for

the dimuon endpoint:

AmT%® = 4+1.07 (stat.) & 0.36 (syst.) GeV/c? 5.16
AmTe* = +0.75 (stat.) & 0.18 (syst.) GeV/c? 5.17

The number of events extracted cannot be used for a cross section measurement due to the un-
known masses, and therefore the acceptances. They will, however, be a useful input for further
measurements of supersymmetric signatures.
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Supersymmetry studies at the LHC have two major distinct goals. The first one is the discovery
of supersymmetric signals, which can be achieved through an excess of events over the standard
model expectations. This is primarily the objective of inclusive analyses based on large missing
transverse energy and high jet multiplicity to characterize the topology of signal events. Alter-
natively, one can use supersymmetric signatures involving leptons in a more robust method to
discover supersymmetry, much like the analysis presented in the fourth chapter of the thesis.

The second major goal is to extract information on supersymmetric particle properties and ul-
timately to measure the supersymmetry model parameters. This is the objective of the present
chapter of the thesis, where an attempt to measure the supersymmetric particle masses involved
in the decay chain relevant to a leptonically decayed X9 :

i—aqxd, N—b+0 [—b+30

is presented.

6.1 Kinematic relations for the endpoints

In this section, the basic kinematic characteristics of the supersymmetric decay chain 6.1 are
presented. For this purpose one needs to exploit the entire chain. The visible decay products
of the decay (two leptons and a quark) can be used to extract useful information when forming
the invariant masses of the possible combinations between the leptons and the quark. However,
because of the undetectable LSP, the traditional measurement of masses from resonant peaks is
impossible and one turns to measure kinematical endpoints (minima/maxima) in the effective mass
distributions. A method has been developed and it is known as the endpoint technique.

The endpoint technique is based on the fact that the maxima/minima of the mass distribution of
the different combinations of visible particles are related to the masses of the super-partners in
the decay chain through a resolved system of equations. Once the endpoints of the distributions
are measured, the masses of the SUSY particles can then be extracted. If the measured endpoints
are at least as many as the unknown masses, then the endpoint expressions above may be inverted
analytically to provide an explicit formula for the masses in terms of the endpoints.

The supersymmetric decay chain under study is a three-step sequential two-body decays which
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can be written in the general form:

Q — Xc— Rbc — Oabc

The application of the endpoint technique is studied in the supersymmetric decay chain 6.1, illus-
trated in figure 6.1. The particles O, R, X and @ are massive and satisfy the relations:

MQ>M)(>MR>MO

whereas the particles a, b, and ¢ are considered to be massless. The aim is to extract the values
of the masses of particles @), X, R and O from the measurement of kinematic upper endpoints in
the invariant mass distributions between the visible particles a, b and c. There are four available
(observable) mass combinations: Mg, Moy, Meq and M. The maxima of these distributions are
reached for specific kinematic configurations of the particles involved.

q 4 Uy

Q=q¢ X=X R=0( 0=x}

Figure 6.1: Schematic representation of the supersymmetric decay chain invovling the two-body
decay of the X3. Particles Q, X, R,O are considered to be massive, with Mg > Mx > Mgr > Mo
- whereas the (experimentally visible) particles q, 1,2 are taken to be massless.

In the following, the kinematic formulae of the four mass combinations are presented, assuming
that O is a ¥} with mass Mo, R is an intermediate state with mass Mg and particle Q is a G with
mass M.

6.1.1 Endpoint in M,

The invariant mass distribution of the two leptons is calculated in a simple way in the rest frame
of X = xJ. If we take the angle between the ¢ and the ¢ to be 6*, it can be shown that the
effective mass takes the form:

M% — MR) (M, — M)

(
Mj; = INM2
R

(1+ cos ™)

The upper endpoint of the di-lepton mass is obtained when cos 6* = 1, which corresponds to the
collinear configuration of the two leptons emitted opposite to each other in the rest frame of X.
The di-lepton endpoint formula is then given by:

. M?2 M2
= 58) (1 3)
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~0
0 Je 0

X = . D)

Figure 6.2: Kinematic configuration leading to the maximum of the (¢¢) mass.

The shape of the distribution can be obtained easily taking into account the spin-0 nature of the
R = /. For an isotropic decay of R, relation (6.4) implies that the distribution of M, 826 should be
flat and therefore the differential decay width should increase linearly with Mpy,. That is:

1 dI 2
———dMypyy = ————= MypdM,
T dMy, o (M2 cedMpg

6.1.2 Endpoints in M,

We now turn to the invariant mass distributions involving in addition the quark to combine with
the two leptons. The endpoints of the two-particle invariant masses (¢1¢q) and (¢2q) are reached in
collinear configurations of the two leptons and the quark, except the one in which all particles are
in the same direction (resulting in zero mass).

The (¢1¢g) mass. The upper endpoint in the (¢1¢) mass can be formed in the configuration where
the quark and the £ are emitted back-to-back in the rest frame of the X = {9 (see fig. 6.3). The
kinematics describing the configuration are similar to the dilepton case, and the largest value of
the M, E;‘X is reached when R = / is at rest in the @ = g rest frame. The corresponding formula in
this case is written as:

q _
q < ° VX(2)

l < . - {1

Figure 6.3: Kinematic configuration leading to the mazimum of the (¢1q) mass.

Mpq =Mq <—Mz><—Mg>

The (¢1q) distribution is affected by spin effects because of the spin-1/2 nature of the X = 9. A
charge asymmetry should be visible between the distinguished cases of (¢Tq) and (¢~ ¢q) distribu-
tions. However, if no particular sign selection is required for the £;, the asymmetry is cancelled.
Therefore the total (¢1¢) distribution can also in this case be described by a triangular shape:

1 dr 2
— = M
FdMglq (le;xx)z l1q
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The (3¢ mass. The configuration leading to the maximum for the (f2¢) mass is shown in fig. 6.4.
The configuration is drawn in the rest frame of Q = ¢, whereas the /5 is in the opposite direction
to the quark. It is noted that the #5 is also in the opposite direction to the #; and as a result the
(f2q) mass is maximized together with the (¢/) mass.

max
M@Z

N
2
o

q < ° > X2 i
Mg
€1 ° 4 Mgn;;x

-0 max,2
X1 s - Meeq

Figure 6.4: Kinematic configuration leading to the mazimum of the (f2q) mass.

The endpoint formula for the (£2¢q) system is given by

. M3 M3
Mpg™ = Mq (1—Mz>< T

Q

Comparing the endpoint formulae between the (¢1q) and (¢2q) distributions, a certain condition
of supersymmetric mass ratios allows the (f2¢)™** to be either higher or lower than (¢1¢)™*. It
can be shown that ((f2¢)™3)% > ((£1¢)™*)? in the cases where

1—M—%>1—%:>M2>MM 6.10
M3 M2 R X0 '

An analytic formula of the differential decay width of the (¢2¢) system has been calculated in [49]
to be:

1dr Mg 1 MY for o< My <R
FdMng (Mé’;l;x)Q((l _ Fg)) MR MX
AM N max M
= f2q iz In ]\fq for M—R < Myyq < Mp3* 6.11
(Mp2((1 - ) Mo X

Similarly to the (¢1g) case, the above formula is valid when the (¢4 ¢) and (¢, ¢) distributions are
merged.

An interesting kinematic feature of the (¢2q) system is the formation of a secondary endpoint in
the invariant mass spectrum. This can be obtained by flipping the direction of the decay products
of X = X9, as shown in the configuration of fig. 6.5.

This leads to a maximum mass of

M? M? M?
(Merﬂa& 2)2 — RM2 1— X < o O>
24 M€ M3 M2
Ml% max\2
= 7M)2( (Mbg ) 6.12
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Figure 6.5: Kinematic configuration leading to the secondary maximum of the (f2q) mass.

Since Mp must be smaller than Mx (otherwise the decay chain is kinematically forbidden), the
secondary endpoint of the (f2¢) system can never be larger than the one in (6.9). A difficulty with
the experimental observation of this edge is that it is located in a region where there only few
events. This can be understood by the fact that it is reached for low values of My, (¢1 and ¢5 are in
parallel direction in the maximizing configuration). Nevertheless, one can still draw a conclusion
on whether this endpoint is larger than M}'7*. It can be shown that this is true if the following
relation is satisfied

2M% > M% + M2 6.13

Distinguishing upper endpoints in M (¢1q) and M ({2q) distributions. The observation of
the ¢1q and f2q endpoints is not a straightforward task. This is originally hampered by the fact
that the two leptons (¢; and ¢3) coming from the Y9 decay, cannot be distinguished experimentally.
The consequence is that the (¢1¢q) and (f2q) distributions cannot be plotted separately in a way to
allow the direct measurement of their maxima. Several studies made by the ATLAS collaboration
have been following the approach of separating the distributions by plotting the largest and the
lowest M (£q) combinations [50]. However, although this approach is experimentally clear, it has
as a drawback a more complicated system of equations for the derivation of the sparticle masses
from the measured endpoints.

In the scope of this thesis, an alternative approach is presented based on correlations between
effective masses [54]. As an example, we may notice that the maximum mass of the f2q system
is reached in the configuration maximizing also the (¢¢) system. On the contrary, the maximum
(¢1q) mass is reached for any value of M (¢¢). This can be viewed in the two-dimensional plot of
the M (£0) spectrum versus M (£q) for both the two lepton combinations. By selecting larger values
of M(£0), the M (¢2q) endpoint becomes more prominent, allowing its indentification in a model
independent way.

6.1.3 Endpoints in M,

The kinematics of the dilepton - quark system predict various configurations leading to a number
of maxima of the (¢/q) invariant mass. The applicability of the different end point formulae which
correspond to these configurations, depends in principle on the sparticle masses.

In general, an absolute maximum of the M (¢/q) is reached in the non-collinear configuration shown
in fig. 6.6. The largest value of the three-particle mass in this case is:
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q . 2
q ° X(2)
X! .
lo

Figure 6.6: Kinematic configuration leading to the absolute mazimum of the (¢lq) mass.

M = Mg — Mo 6.14

which corresponds to O = X! being at rest in the rest frame of @ = §. However, depending on the
masses of the supersymmetric particles, this situation may not be kinematically accessible.

Considering the collinear configurations of the dilepton-quark system, three other kinematic end-
points may be reached. A first collinear endpoint is obtained in the configuration depicted in fig.
6.5. In this scheme, the two leptons form a zero-mass object recoiling in the rest frame of R = ¢
against the V. The corresponding maximum is given by the formula

M2 M?
Mmax,l - M _ X ( _ O) 6.15
o Q
a ( Mé M?%

A second maximum is obtained by flipping the direction of R = / decay products in the X3 decay.
The relevant configuration is shown in fig. 6.4, leading to the formula

M2 M2
MUa2 _ pr 1— B (129 6.16
g Q < Mé) < MIQ%

This endpoint, however, is not independent of the previous endpoints presented as it can be written
in the form

x,2 max max
(Me?; )? = (Mpq )2+ (M) 6.17

Finally, a third collinear endpoint is realised in the configuration shown in fig. 6.7, obtained by
flipping the direction of the R = ¢ decay products.
B Ml}?ax

q -0
q < ° > X2

max
MZ 19

g ° > Zl Mé‘;‘l{lll’l

-0 max,3
by = . - X1 My,

Figure 6.7: Kinematic collinear configuration leading to the third mazximum of the (€¢q) mass.

In this case, the endpoint formula is:

M3 (MxMop)?
M3 = ), St A Y (S e S 1
= (1-57) (1 (i) 2t
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and it can be easily verified that

(Myp?)? = (MPe)? + (Mp™)? 6.19

As in the case of the Mﬁ;x’z, the third endpoint of the (£/q) mass, ME?;X73

of the previous endpoints.

, is neither independent

Which of the three endpoints (plus the non-collinear) is going to be the “true” endpoint in the
M (€lq) distribution, which is meant to be used later in the determination of the sparticle masses,
is unfortunately an issue of the sparticle mass relations which cannot be known in advance. A
model-independent approach towards the identification of the true endpoint can be obtained by
studying correlations between M (¢{q) near its upper edge and M (¢€), M (¢1q) and M ({2q). The
idea is based on conclusions that can be drawn by inspecting the following regions in sparticle
masses:

My ~ Mg Mo.
Mg = Mx Mg*

collinear configuration of fig. 6.5 and is characterized by small values of M (¢/).

° the true endpoint is given by M (£/q)™®!. This maximum is reached in the

Mo . Mp Mx.
Mp = Mx Mg *
configuration of fig. 6.4 which is characterised by near maximum values of M (¢¢) and of
M (¢2q). Additionally in this case, the true endpoint of the M ({q) distribution is given by
M (baq)™2*.
Mp ~ Mo Mx.
Mx = Mg Mg "
configuration of fig. 6.7 and is characterised by large values of M (¢¢) and of M (¢1q). In this
range, the true endpoint of M (¢q) is given by M (£1q)™?*.

max,2

the true endpoint is given by M (¢(q) . It corresponds to the collinear

the true endpoint is given by M (££q)™a%3. It corresponds to the collinear

Not all endpoint solutions for (¢q) and (¢{q) can be simultaneously true endpoints. For the case
where the (¢1¢) is the true endpoint of My, then the endpoint of M (£q) can be either M (£4g)™ax:1,
M (££q)™a%3 or a non-collinear configuration. If on the other hand the (f2q) is the true endpoint
of My, then the endpoint of M (¢lq) can be either M (£lq)™1 M (£0q)™#2? or a non-collinear
configuration.

6.1.4 Endpoint for the sum M,,, + M,,,

A complete set of observed endpoints in the (£¢), (¢q) and (¢¢q) distributions is in principle adequate
for the determination of the four unknown sparticle masses, if the measurements include:

max max max max,1
Mf[ 5 Mf1q’ Mézq andMaq 620

However, this is feasible only when the measured endpoint of the (¢/q) mass distribution, corre-
sponds to M ézlqax’l. In other cases, depending on the mass hierarchy of the four new particles, the

true endpoint can be Mé?c‘?x’2 or Mé?;x’?’, and an additional measurement is required in order to
constrain the sparticle masses.

A variable that offers an additional contraint to the endpoint technique is the sum of the (¢1q)
and (f2q) masses. The endpoint of the distribution of this variable does not correspond to the
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CHAPTER 6. THE ENDPOINT TECHNIQUE

sum of the maxima of the separate distributions of (¢1¢) and (¢2q), since these two maxima are
reached in different kinematic configurations. The endpoint of this sum is instead reached in the
configuration where the two leptons are emitted opposite to the quark, in the Q = ¢ rest frame,
as depicted in fig. 6.5. In this case, it is M (f1q) = M ({1q)™* and M (faq) = M (f2q)™*?  and
therefore the endpoint of the sum is calculated as

max max M max
(MZUJ + MEZQ) o= Mflg My MEQ‘?

M2 M2\ M M2
— Mg, | [1-5X <1 - §> + = (1 - 2) 6.21
M} M2 ) T My M2

With some algebra, the above relation can also be written in terms of the (¢;¢) and (¢/q) endpoints
as

m X, 1
(Meyg + Mppg)™™ = Myjg™ + \/ My 7)? — (Mprax)? 6.22

As can be seen in eq.(6.22), the endpoint of this variable provides direct information on the desired
maximum (the “first one”) of the (¢/q) distribution.

6.2 The mSUGRA LM1 and LM6 benchmark points

In this thesis, the endpoint technique is applied using the realisation of two different supersymmet-
ric models each defined by a set of parameters within the theoretical framework of mSUGRA. The
parameters of the models are chosen among pre-defined test points which have been widely used
for studying the sensitivity of SUSY signals just beyond the expected of the Tevatron experiments
reach. These test points have been designed to cover as widely as possible the different experimen-
tal signatures of supersymmetry. They have been categorized in: i) the Low Mass (LM) SUSY
points, which are more relevant to the early period of the LHC data taking and ii) the High Mass
(HM) test points relevant to the ultimate reach of LHC. The location of the benchmark points in
the (mo,m;/2) plane is shown in figure 6.8.

The working points of the thesis belong to the first category of the LM benchmark points, and are
taken to be LM1 and LM6. These points are compatible with WMAP Cold Dark Matter limits in
a strict mSUGRA scenario, and are the same as the post-WMAP benchmark points B’ (for LM1)
and C’ (for LM6), that can be found in reference [40].

The LM1 point lies in the region of the mSUGRA plane where

LML1: mg =60 GeV/c®, my =250 GeV /c’ 6.23
whereas for LM6, the corresponding parameters are

LM6 : mg =85 GeV/c®, my s =400 GeV /c” 6.24

Both points assume that 4, = 0, tanf = 10, p > 0. The higher values of mo and m;/; in
the LM6 case leads on average to heavier supersymmetric particles. As a result, the LM6 cross-
section is small, o"M6(LO) = 4pb, approximately one order of magnitude smaller than that of
LM1 (~ 40pb).
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Figure 6.8: The mSUGRA (mg,my/2) plane showing the position of the test points. Also shown:
the expected reach of Tevatron as well as limits from LEP on my > 114 GeV, chargino and
selectron masses. The regions where the X3 decays dominantly in Y5 — h%y, Z°%Y or £70%9, are
distinguished in shaded yellow fill.

LM1 and LM6 points were chosen because of their significant branching ratio to the signal decay
chain under study (6.1). The characteristics relevant to an enhancement of this decay can be
realised from the particular mass spectrum of their model and their branching ratios to the various
supersymmetric decays. Tables 6.1 and 6.2 show the supersymmetric particle masses at points LM1
and LMG6 respectively, as calculated with ISAJET 7.69. The same generator used to calculate the
branching ratios; the most significant of them are shown on table 6.4.

One of the common features of the two points is that they are both located in the region of
the mSUGRA where the gluinos are heavier than the squarks and therefore the gluinos decay
dominantly in g¢ pairs. Because of the mSUGRA assumptions, the lightest two neutralinos are
the X, which is mostly bino-like, and X3, which is mostly wino-like. For this reason, the right-
handed squark (¢gr) decays almost exclusively directly into q)Z(f. On the other hand, the left-handed
squark (Gz) has a non-negligible branching ratio to decay via the Y3 or fﬁ.
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Table 6.1: Supersymmetric particle masses at LM1 benchmark point calculated with ISAJET 7.69
[GeV].

gluino / g dL dR ﬂL ﬂR bg bl tg t
squarks : 611.3 | 564. | 541.2 | 558. | 541.5 | 535. 514.2 575.8 | 411.9
sleptons : er, €R T 0l Vel Url, higgses : | H £ A
188.6 | 118.8 | 191.7 | 110.5 | 168. 168. 382.2 | 373.
gauginos : X4 X5 X5 X9 )ZQi >21i higgses : H h
361.8 | 341.3 | 179.6 | 94.9 | 361. | 179.5 374.2 | 112.9

Table 6.2: Supersymmetric particle masses at LM6 benchmark point calculated with ISAJET 7.69
[GeV].

gluino / g dL dR ﬁL fLR bg b1 EQ 51
squarks : 939.8 | 863.9 | 828.3 | 859.9 | 830.9 | 815.9 789.5 836.9 | 652.6
sleptons : er, €R To T Uel, Url, higgses : | H + A
291 176.7 | 292.4 | 169.5 | 275.5 | 274.9 588.8 | 579.6
gauginos : X4 X5 X5 %1 Xét )Zli higgses : H h
533.8 | 518.2 | 304.8 | 158.1 | 533.2 | 305.3 583.6 | 116.8

Furthermore, the masses of the second neutralino (x9) are larger than at least one of the right-
handed or left-handed sleptons ({1, /r), allowing for the leptonic two-body decays of the %9 to be
open and dominant over all other possible decay modes

Xo — XY, Z0%%, et e <Y 6.25

At LM1, the leptonic decays of X3 are only viable through a right-handed slepton and a lepton
((7 rY) with a branching ratio at 11.2%. A significant branching ratio appears also for the 717 mode,
at 46%, which is expected to give rise to a substantial background from two opposite-sign same
flavor dilepton coming from 7’s in the dilepton signal. A moderate branching ratio of the decay
)ﬁc — gl at 36%, will also give a source of lepton background (still symmetric in flavor) to the
signal Y9 decay chain.

Table 6.3: Production cross sections of supersymmetric final states at LM1 and LM6, calculated
with PYTHIA interfaced with ISAJET 7.69 [pb].

o (pb) 0(§3) o(gdr) o(Gdr) o(Grdr) o(Grdr) o(Grir) o(bgr) o(bg) o(bb)
LM1: 40 4.4 9.2 10 2.8 4 3.2 0.24 0.36 0.4
LM6: 4 0.24 0.78 0.87 0.36 0.5 0.44 0.02 0.03 0.04
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At LM6, the Y5 decays to a left-handed slepton and a lepton (ZLE) with a rate of 11%. The
decay can proceed as well via a right-handed slepton but the branching ratio is quite reduced:
BR(x§ — l%ﬁi) = 1.9%. This is in general the case for the regions of the mSUGRA parameter
space where the myg > mg since the right-handed sleptons (57 r) are always lighter than the
left-handed sleptons (7). The rates of the 77 decay modes of X3 are at a lower level (~ 14%)
than at LM1, whereas the leptonic decays of the )Zli are enhanced (44%) here, resulting in a more

involved di-lepton background.

In short, the supersymmetric decay chain for which the measurement of the endpoints in invariant
mass distributions of leptons and quarks will be investigated in the following sections, appear in

the two benchmark points as:

~ 21.6%\ ~ 31% -
LM1: (g "=")dr — X%¢
~ 18.4%. -~
LM6 : (9 - )CIL

Table 6.4: Branching ratios of characteristic decays at LM1 and LM6.

11.2%
—

31.8% o
- X

11%

GalTa " 7RG

=g R TR

SUSY decay LM1 LMe6
BR(§ — ¢4r.) 21.6% 18.4%
BR(§ — ¢dg) 40.9% 35.6%
BR(Gr, — qX3) 31% 31.8%
BR(Gr, — qXi) 47.4% 63.0%
BR({r — ¢X?) 98.4% 99.6%
BR(XY — /r!) 11.2% 1.9%
BR(Xy — /1.0) - 11%
BR(X) — 717) 46.4% 14%
BR(x) — ZxY) 12.2% 10.7%
BR(x) — Z%Y) 19.6% 23.4%
BR(xT — /) 36.3% 43.6%
BR(X{ — Iv) - 10%
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6.3 Invariant mass distributions at LM1 and LM6

In this section, the invariant mass distributions of the various combinations between leptons and
quarks coming from the decay chain (6.1) are illustrated for the two models presented in the pre-
vious section. The correlations between different mass distributions are demonstrated and at the
same time methods to identify particular endpoints versus others are discussed. The aim of the
study is to highlight methods on the observability of the endpoints without introducing model
dependent assumptions.

The mSUGRA LM1 and LM6 points have been generated with ISAJET 7.69 which was interfaced
with PYTHIA for the parton shower evolution. Monte Carlo samples in the form of ROOT trees
were obtained containing information on both the generated as well as the simulated /reconstructed
quantities of particles. The statistics available for these samples correspond to 300fb~! of inte-
grated luminosity. In this section, invariant mass distributions of leptons and quarks are plotted
at the generator level and only partons from the PYTHIA documentation particle list, i.e. before
the final state radiation (FSR), are used. In order to tag the events containing the desired su-
persymmetric decay chain, an identification of all particles belonging to the chain must be made.
Using the PYTHIA mother-daughter relations, events with two opposite-sign and same-flavor lep-
tons and a quark coming from the same signal squark were selected. The squark was allowed to
be any of the left-handed up-type and down-type squark or a right-handed squark. In addition,
only squarks of the first two families were taken into account. Although, a right-handed squark is
primarily decayed into ¢x? (with almost 98% branching ratio), a small but non-negligible fraction
of events were tagged to contain the signal chain coming from a Gr decaying to gx5.

The effective mass distributions between combinations of the two leptons with the quark were
plotted for the events described above at generator level. This level of analysis will allow for a study
of the mass distributions which are free of any FSR or detector effects upon the expected shape
of the distributions. However, it was noticed that the finite decay width of heavy supersymmetric
particles can be considerably large, resulting in a smearing of the distributions. Figures 6.9 show
as an example the distributions of the squark masses for the cases of an up-type or down-type ¢y,
and a ¢r. The distributions reflect the shape of a Breit-Wigner distribution for each squark as
built in ISAJET which is used to generate the mass spectrum of the particles. The variation of
the effective mass shapes due to the width of sparticles does not affect the actual endpoint values
whatsoever.

The endpoints of the mass distributions have been calculated from the centre mass values of the
supersymmetric particles involved in the signal decay chain, according to the formulae presented in
the previous section. An overview of the endpoint values for all distributions in the LM1 and LM6
points are shown in table 6.5. The values assume the mass of the squark of the first two families,
(@ = ¢, in the endpoint formulae. The diferrences in the endpoint values which are obtained by
an up- or down-type squark are found close, varying by ~ 0.5%. The effect is smeared out in the
simulated (or real data) distributions where the detector effects dominate and therefore will not
be taken into account in the subsequent sections.
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Figure 6.9: Distributions of the mass for up-type, down-type left-handed squarks (i, and CZL) and
right-handed squarks (Gr) generated by ISAJET. The shape of the distributions reflect the form of
a Breit- Wigner which was used to account for the finite decay width of the squarks.

6.3.1 Dilepton invariant mass

The invariant mass distributions of the dilepton system is illustrated separately for the LM1 and
LM6 cases in fig. 6.10. A characteristic triangular shape is shown in the distributions, with
an endpoint value at 81.GeV/c? for LM1 and at 76.1GeV/c? for LM6. In the latter case, the
distribution of a second triangle is superimposed corresponding to the case where the two-body
decay of the Y9 is mediated by a right-handed slepton. Due to the reduced branching ratio of the
decay, the question of whether it can be observed experimentally remains open.

6.3.2 Lepton - quark invariant masses

The lepton - quark invariant masses are plotted next, for the (¢1g) and (f2¢) combinations super-
imposed. My, , forms a triangular shape in red and My, , in blue, shows a triangular shape up
to My, = Mggzl’jxand a logarithmically falling part up to My, = M, Inq - Lhe endpoint M 0> is

greater than MT#* in the case of LMG6, as it can be verified by the condition given in (6.13). The
situation is reversed in the case of LMI1.
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Table 6.5: The upper endpoint values in the effective mass distributions involving the two leptons
and the quarks, at the LM1 and LM6 benchmark points.

Endpoint LM1 value (GeV/c?) LMS6 value (GeV/c?) formula

Mpax 81.0 76.1 (6.4)

M2x from i, 396.5 239.1 (6.7)
M2x from d, 400.7 240.5 (6.7)
Mm2x from iy, 318.5 675.0 (6.9)
Mp2x from d, 322.1 678.6 (6.9)
M2 from i, 210.8 644.5 (6.12)
M22% from dj, 213.2 647.9 (6.12)
Myt from g, 449.1 687.4 (6.15)
Mt from dj, 453.9 691.1 (6.15)
M? from i, 329.6 679.2 (6.16)
My<? from dp 332.2 632.9 (6.16)
My from ay 404.7 250.9 (6.18)
My? from dy 408.8 252.2 (6.18)
(Miyq + Mp,q)™™ from i, 610.0 883.6 (6.22)
(My,q + Mp,)™ from dy, 613.9 888.4 (6.22)
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Figure 6.10: My, distributions showing a characteristic triangular shape, for the LM1 (left) and
LM6 (right) benchmark points. In the LM6 case, a second edge also appears coming from the (g -
mediated two-body decay of the X9.
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Figure 6.11: My, distributions for the LM1 (left) and LM6 (right) benchmark points. The ({1q)
and (l2q) distributions are plotted superimposed in green and blue respectively.
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In the scope of this thesis, an attempt to measure the two endpoints in Mp, directly using the
total distribution will be presented. This however requires the earlier identification of the (¢1q)
and (¢2q) distributions, in order to unambiguously assign the correct formula, either (6.7) or (6.9),
to each of them. This will be shown to be feasible and work well in the case of clearly separated
(¢1q) and (f2q) distributions (LM6 case), whereas in the case of overlapping distributions (LM1
case), it can become tricky.

In both cases the correlation of Mjy, versus the My, could aid the attempt. For thebexample of
LM6, figures 6.12 show the corresponding two-dimensional plots for the (¢1q) and (¢2¢) distribu-
tions separately. As shown in section 5.1.2, the My, , distribution can attain its maximum for any
value of My, whereas the My, , distribution is maximized when My, = Mj**. The same picture
has also been observed in the correlation plots for LM1. Therefore, a plot of the total My, distri-
bution for high values of My, should enhance the Mj,, distribution against the My, one, so that a
distinction between the two can be made!. The effectiveness of the method is investigated already
at the generator level. Figures 6.13 show the (¢q) distributions after a cut on the dilepton mass at
70GeV/ ¢* has been applied.

azo_\\\\‘\\\r\r‘\\r\\ T-T 171 LI UL LI \\\\_L azo_\\\\‘\\\\‘\\\\ ‘V“,‘ LI UL LI \\\\_L
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Figure 6.12: The correlation of My, (left) and My,q (right) distributions with the My mass.

The endpoint values in the LM6 My, distribution are, Ma* = 239.1GeV /c®, M = 675.GeV /c”
and M Z f;x’g = 644.5GeV/ ¢?. The measurement of the pos1tion of the endpoints corresponding to

the signal decay chain 0y, - mediated), is however affected by the interference of the distributions
coming from the /i - mediated decay. The sample can be cleaned from these secondary events by
applying an upper cut My, < Mj;**, as soon as the dilepton endpoint has been measured.

'Due to the large difference of the LM6 edge positions, the My, cut has only a marginal effect in the
LM6 distributions.
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Figure 6.13: My, distributions for the LM1 (left) and LM6 (right) benchmark points, after a cut
on the dilepton mass My, > T0Ge V/c2. The (t1q) and (l2q) distributions are plotted superimposed
i green and blue respectively.

6.3.3 Dilepton - quark invariant mass

The invariant mass distributions of the dilepton-quark system are shown next (see fig. 6.14). The
identification of the true endpoint in the distribution is investigated as follows:

The plot of My, versus My, is considered first. The correlation plots (see fig. 6.15) indicate a true
endpoint of My, at the minimum values of My, for both the LM1 and LM6 distributions. This
means that Mé?;x = Mé?;x’l. However, the endpoint appears in the region where there are few
events and its observation is ambiguous. An alternative approach is to look for the true endpoint
Mypq using its correlation with My, mass. Figures 6.16 show the corresponding two-dimensional
plots for the (¢1¢q) and (¢2q) distributions separately. The illustration will refer to the LM6 distri-
butions, for the sake of simplicity.

M(1llq) vs M(11q)

From the (¢1g) versus ({{q) correlation, it can be seen that the maximum M;?* is reached for
a wide range of values in Myy,. It is clear that the maximum is also reached for the true max-
imum of M. The My, is maximized in the two configurations in figures 6.5 and 6.7, which

are associated also with the M ;g;x’l and M, 2};"’3 endpoints respectively. It should be noted that

M, ij,g cannot be a true maximum since it is coming together with M, Z‘j}n, and therefore at lower
values of My, as indicated on the right of fig. 6.16. It can be verified from table 6.5 that indeed
Mg?;x’g' = 250.9GeV /c? is smaller than M;Z;X’l = 687.4GeV /c?.
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Figure 6.14: My, distributions for the LM1 (left) and LMG6 (right) benchmark points.
M(1lq) vs M(12q)

For what is seen in the (f2q) versus ({{q) correlation plot, the maximum Mj>"* corresponds to
an endpoint in the Mjy, distribution. This is combatible with the fact that there is only one
configuration (fig. labelled 6.4) leading to the maximum for My,,. Therefore, the corresponding
Mgy endpoint is M, g?;x’z; its value is M é?;X’Q =679.2GeV/ ¢, Another endpoint however is visible

which is associated with the secondary endpoint of Mg,q, M, 2’“2. As implied by the configuration

in figure 6.5, this endpoint corresponds to Mé?;x’l. Also in this picture, ME?SX’Q can be excluded
from being a true maximum since it minimizes My, , (see figure 6.16, left). The true endpoint can

therefore be assigned to M E?;XJ.

In some cases, even if a correlation plot is able to reveal the indicating structure, it will be ques-
tionable which of the two endpoints (M, E;X’l or M KI?;X’Q) is the actual true endpoint of M. The

. . . : 1 2 .
effect is pronounced in SUSY scenarios where the two endpoints M é?;x’ and M ZI?;X’ , or equiva-

lently the endpoints M, g‘gx and M 2 2}(,2’ are very close to each other?.

Experimentally, the above conclusions cannot be drawn unless a distinction between My, , and My,,
distributions can be established. A possible approach for this has been presented in the previous
subsection, when one studies the correlations of My, with My,. If however no direct evidence can
be obtained in this way, the correlation of My, with My, can be used instead. The idea behind this
approach is to identify the conditions under which M, g or Me can be obtained. Reversing the
ordering of the conclusions above, M é?gx must lie between two endpoint values of My, whereas

M ™ must coincide with exactly one endpoint (that is the M Z};Xg endpoint).

2This is exactly the case at LM6 benchmark point.
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Figure 6.15: The correlation of My, distribution with Moy,.
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Figure 6.16: The correlation of My (left) and My,q (Tight) distributions with Myyq.
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Figure 6.17: The correlation of My, distribution with Moy,.
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Figure 6.18: The correlation of My, (left) and My,q (Tight) distributions with Myq.
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6.3.4 The M, + M,,, invariant mass

The invariant mass distribution of the sum Mp, , + My, is shown on figures 6.19 for both the LM1
and LM6 benchmarks. The endpoint of the distribution comes equal to the sum of M é‘llgx and the

secondary endpoint M, ZX’Q (ie. it is not equal to the sum of My,, and Mp,, maxima). It can be

verified that the upper endpoint is (My,, + My,q)™® = 883.6GeV/c?, for the case of LMG6.
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Figure 6.19: My, 4 + My,q distributions for the LM1 (left) and LMG6 (right) benchmark points.
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Sparticle mass reconstruction

In this chapter, the extraction of the masses of supersymmetric particles from endpoints in mass
distributions involving leptons and jets is presented. The mSUGRA benchmark points LM6 and
LM1 are used for demonstration. A simple x? fit is performed for the measurement of the end-
point values in the distributions of My, Myq, My, and My, 4 + My,q. The method of extracting
the endpoints is demonstrated assuming a relatively high luminosity! in order to unambiguously
identify the different sources of difficulties in the reconstruction and fitting procedures.

It is noted that although the mj;**, m;’}‘lm and m'g}g”: maxima can be identified uniquely, this is

not true for the my;® for which the actual value depends on mass ratios between neighbouring
particles in the decay chain. The actual shapes of the mass distributions alse depend strongly on
the SUSY model scenario and the mass hierarchy in it.

Several studies so far have focused on measurements of endpoints based on a fit to the mass distri-
butions only around the region of the edges. Another approach is to exploit the shape of the mass
distributions [55]. The shapes are directly related to the masses of the sparticles and an attempt
to fit the full mass spectra can, in principle, provide more information than just the endpoints. It
will be shown that a direct measurement of mass ratios is, in fact, feasible. In both approaches
the difficulty is that, depending on the ratios of the sparticle masses, different configurations and
hence different formulae are valid for the masses or their endpoints at a given model. Throughout
the analysis, a possible identification of the correct mass hierarchy (and therefore expression of
the mass) to be used is investigated, based on correlations between different effective mass distri-
butions.

Finally, a global fit to the endpoints results in the extraction of the supersymmetric masses involved
in the Y9 decay chain.

7.1 Event selection

For the supersymmetric signal, generator-level data were produced with the PYTHIA Monte Carlo
which was interfaced with ISAJET 7.69 to account for mass spectra and branching ratios calcula-
tions. 100 k ntuple events were then simulated with OSCAR/ORCA_8_7_1 [42, 43] and officially

1The sample statistics will correspond to 15fb~* for LM1 and 300fb ™! of integrated luminosity for LM6.
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published as Digi/DSTs. The analysis was performed accessing the LM6/LM1 Digi using the
CMS Object-oriented framework for reconstruction and analysis, ORCA, version 8_7_4. The of-
fline analysis was carried out with the ExRootAnalysis dedicated package of ORCA. During the
analysis studies, the susy signal samples were privately reproduced in order to increase the statis-
tics available in the official production. Such samples were further processed with fast simulation,
using FAMOS_1_4_0. Comparisons between the FAMOS and ORCA physics objects reconstruction
performance were carried out in order to tune and validate the analysis in the fast simulation mode.

The analysis study used collections of offline objects that were stored in the form of ROOT trees.
For the leptons, only electrons or muons with pr > 10 GeV and || < 2.4 (acceptance cuts) are
selected. Electrons and muons are reconstructed with the OfflineElectronCandidate and Global-
MuonReconstructor algorithms respectively. Lepton clean-up has been applied by requiring that
the AR between any electron or muon pair to be greater than 0.1. An additional cut on the
electron likelihood, EleID > 0.55, is applied in order to distinguish between real and fake elec-
trons. Additional isolation requirements are then applied to electrons and muons as per analysis
requirements: prompt electrons/muons coming from SUSY particles are expected to be isolated
as opposed to hadron electrons or muons arising from inside jets. The isolation variable used is
formed as Elelso = 3, . p4a* /E2C for the electrons and MuCalolso = Calorimeter isolation
for the muons. For electrons, a cut Elelso < 0.1 accepts susy electrons with 98% efficiency while
it rejects ~ 82% of electrons from heavy flavors and jets (“hadron electrons”). For muons, the
calorimeter isolation requirement MuCalolso < 5, accepts susy muons again with 98% efficiency
and rejects =~ 90% of the hadron-muons.

Jets reconstructed with the Iterative Cone 0.5 algorithm were used and required to have E]T >
30GeV and |n| < 3. The reconstructed jets were corrected using the standard Monte Carlo jet
correction [45, 46]. Additional isolation cuts were applied to jets to account for lepton-jet sepa-
ration. First, the electromagnetic fraction (EMF) of jets was checked and a cut EMF < 0.9 was
chosen in order to reject fake jets from electrons. In addition, a jet is required to be separate
from an offline electron within AR(jet — e) > 0.5, unless the ratio of the electron energy divided
by the jet energy is less than 0.5 (E¢/E’® < 0.5). No b-tagging was applied. The reason is that
for the LM6 sample, the production cross section for final states involving l~)172 has been shown
to be negligible compared to the ¢/g final states (see table 6.3). Throughout the analysis, it was
therefore considered that the supersymmetric signal decay chain arises only in the § of g cascades
involving ¢’s of the first two families. Certainly, in other parts of SUSY space, b-tagging can be
very effective. This subject, however, will not be investigated in the current analysis.

The analysis selection requirements that were used in order to eliminate the background processes
are:

e At least two Opposite Sign (OS) and isolated leptons (e or p) with péﬂ > 10 GeV and
In‘| < 2.4. Both Same Flavor (SF) and Different Flavor (DF) di-lepton events were included.

e At least two jets with E%et > 30 GeV and |’¢| < 3. The Er requirement was applied to the
corrected jets.

e Two hardest jets Ep cut: E%l’ﬂ > 150,100 GeV for the LMG6 case and E%l’ﬂ > 100,60 GeV
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for LM1. A different set of Ep-jet cuts were used for the two endpoints due to the harder
jet spectrum observed as a result of the higher sparticle masses in LMG6.

e Missing Fr cut: EJ > 200 GeV.

Given the above requirements, as well as the method of the different-flavor (eu) subtraction of
the background presented in chapter 5, the analysis assumes that SM background processes can
be totally suppressed for higher values (>> 1fb_1) of integrated luminosity?. The reconstruction
therefore proceeds without the inclusion of the SM processes, focusing instead in the demonstration
of the endpoint technique using primarily the example of the LM6 benchmark point.

7.2 Reconstruction of (di)lepton-jet masses

In this section we proceed with forming the mass distributions of combinations of the observed
particles in the decay chain ¢, — qx9 — ¢l¢ — g¢¢x{, namely two leptons with a quark.

7.2.1 Combinatorial background

In every supersymmetric event, sparticles are produced in pairs and therefore two supersymmetric
cascade decays evolve in parallel. As a consequence, the reconstruction of the signal decay chain
requires the identification of particles which belong to the same cascade. The reconstruction of the
dilepton coming from the signal ¥ decay chain involved the selection of two Opposite-Sign and
Same-Flavor (OSSF) leptons. With the addition of the quark to combine with the dilepton, several
other quarks belonging to the same or the other leg of the susy cascade have to be distinguished
(fig. 7.1).

A parton-level analysis of the MC SUSY sample has shown that the quark which is assigned to
the signal decay chain is among the two highest-pt quarks in ~ 92% of the cases. Selecting the
two highest-Ep jets in the event, the probability of including the correct quark among the two is
maximized. The statement is true over a wide region of the mSUGRA parameter space where the
Gg production rates dominate the total SUSY cross section. The squark which matches the signal
decay can be selected wrongly in two cases: the decay of a § (— ¢q) or the decay of a § (— xq)
in the other leg of the susy cascades than the signal one. Under some certain conditions which
are discussed next, the quark emitted by the gluino is very unlikely to be among the two most
energetic quarks in a supersymmetric event?.

There are arguments supporting the above assumption. In the restrict mSUGRA scenario for
example there are specific lower bounds which constrain the sfermion to gaugino/gluino mass
ratios,
m. 5 (500GeV
0.8 S UL7dL( )
| M3(500GeV)|

2In any case, the background can be estimated reliably (and therefore subtracted).
3Leaving therefore the case for only the signal quark or the quark emitted by an initially decayed squark
on the other leg of the SUSY cascade, to be found among the two highest- Er quarks.
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Figure 7.1: Two typical SUSY di-lepton events leading to the supersymmetric signal of a di-lepton
coming from the x2°. The pictures demonstrate the sources of combinatorial background arising
from the selection between a di-lepton pair (61 —ly pair) and a quark-jet — will call “correct” quark
(q1) the one matching the same leg with SUSY signal di-lepton, and “wrong” quark (qa or q3) the
one matching the other leg of the SUSY cascade. Selecting the two highest-Er jets in the event,
the probability of including the correct one among the two is highly maximized.

which is valid to a scale Q = 500GeV. One can therefore very roughly assign a maximum splitting
between the gluino and the squark mass according to mg > 0.8mg. Additionally, recalling the
general relation (2.69) at the weak scale, a minimum mass splitting between the gluino and the
neutralinos is implied from the inequality mg > Smxg. Overall, it leads to the conclusion that

(mg —mg) < (mg —mgg)

Therefore, the quark emitted in the gluino decay is on average less energetic than the quark emit-
ted in the squark decay.

Given these expectations, the two hardest jets in the event are considered and their combinations

with the two OS leptons are used to reconstruct the invariant masses*.

On an event by event basis, the selection will involve either a “signal” dilepton object coming from
the X3 decay, or a “backgound” dilepton coming from uncorrelated sources. The dilepton is then
combined with the two jets, which can be either a signal and an incorrect jet or both incorrect
jets. Putting it all together, the following sources of combinatoric background - labelled as B; -
are therefore inevitably introduced:

e a signal dilepton object assigned with an incorrect jet (Bj),
e a non-signal dilepton object assigned with a correct jet (Bs) or,

e a non-signal dilepton assigned with an incorrect jet (B3).

4 Assuming that the probability to combine the signal dilepton with a non-correct quark is close to the
level of ~ 50%.
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Together with the combinations where all objects were to be the true ones (5), the total number
of entries N in the (di)lepton-jet invariant mass histogram will be

N = S4B +By+ B3
= S+(Bll+312)+32+(331+332)

where the numbers of combinations B; and B3 have been each split in two in order to label the
entries corresponding to an event where the two hardest jets were a correct-wrong pair (By; and
Bsy) or a wrong-wrong pair (B2 and Bsg).

The estimate of the background from the wrong selection of the dilepton, i.e. cases Bs and Bs,
is explained in chapter 5. This is going to be handled with the Different-Flavor (DF) subtraction
in the OSSF invariant mass distributions in order to remove SF leptons coming from background
sources. The combinations B; of the wrongly selected jet, although a signal dilepton is reassured,
is on the other hand a more involved issue. A study has been performed in order to discriminate
between the two combination of the (signal) di-lepton with the two jets (quarks). It has been shown
that the di-lepton with the quark belonging to the different decay chain are only weakly correlated
and there is no discriminating variable that might be easily used to resolve the correct combination.

The usage of consistency cuts

The rejection of the wrong jet assignments has been treated in several ways in the literature.
The most sophisticated one suggests the usage of “consistency” cuts so that to purify the event
selection. This method assumees the prior measurement of some quantities and requires that only
combinations found consistent with that measurement are kept. This has been proven to work
well in for both the M, and My, masses.

In this method, a first attempt to measure the M g endpoint consists in plotting only the com-
bination of the dilepton with the jet that gave the minimum value of My, (referred to as M, Zr;‘;n).
These combinations cannot, by definition, exceed the true My, endpoint and therefore an endpoint
value can be extracted from the end point of the M g?qm distribution. With a rough estimate of the
Mypq endpoint, only combinations of a lepton with a jet consistent with a value of the My, mass
below the measured endpoint are considered. If in addition the dilepton with the second jet in
the event forms an My, mass above the measured edge, then the combination is kept; otherwise
it is discarded. In this way one ensures that only correct lepton-jet combinations enter in the Mj,
distribution. Still, a small component of wrong assignments are present; these are shown to come
from the events were both selected jets are not assigned to the correct quark in the signal chain.
As we argued in the beginning of the section, this component is expected to give in general a very
small contribution.

The weakness of the method is that the the number of events satisfying the criteria above are sig-
nificantly reduced. In fact, all combinations that were truely correct assignments but their second
combination gave an inconsistent result are not used in the final reconsrtuction histogram. The
method should therefore apply to high lumisosity periods of the LHC running.

The mixed event technique
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Another approach which could be used is the modeling of the combinatoric background using
other lepton-jet combinations. This refers to the method that is known as the “mixed event tech-
nique” and was originally used by the ATLAS collaboration [49]. The method has the advantage
of a “data-driven technique” to be modeling the background. In the present analysis however,
this method is used in a complementary fashion with other approaches as it is not considered
as an established reliable method (yet) for the estimate of the combinatorial background under
discussion.

The mixed event technique makes use of leptons and jet objects that are taken from different
events. Through a random procedure, the leptons found in one event are combined with jets found
in another event (satisfying the same selection criteria). The jet is always selected among the
two highest-FE7 jets with equal probability for both. A problem that arises is the choice of the
reference frame in which the four vectors are computed. It is not obvious whether this should be
the laboratory frame or the rest frame of the dilepton object for example. Although the latter
choice conserves the energy and momentum of the “mixed” event, the laboratory frame is chosen
in this case since no significant differences in the resulting mass distributions were observed.

The mixed-event technique proceeds with forming the invariant mass distributions of the ran-
domly chosen dilepton and the jet. Both same-flavor as well as different-flavor dilepton objects
are used and two separate distributions are kept. The mixed combinations are therefore used not
only to model the combinatorics coming from category Bj but also to model the ones in By and
B3 corresponding to the backround dilepton events. Subtracting the different-flavor mixed-event
distribution from the same-flavor one, leads to a distribution which can then be considered to be
modeling the B; combinatorics.

A comparison of the lepton-jet combination mass shapes predicted with the mixed-event technique
(ME) and the true background mass shapes taken from the MC in shown in figures 7.2. The two
distributions are shown on the left, whereas the right plot shows their asymmetry which is defined
as:

MC — ME
Asymmetry = m

with MC being the Monte Carlo truth distributions formed by the truely wrong lepton-jet assign-
ments, and ME being the lepton-jet mass distribution produced with the mixed-event technique.
The agreement between the ME modeling distribution and the true distribution comes fairly good,
at least for high mass values and the regions around the first edge of My, (around 240 GeV). How-
ever, an asymmetry, at the level of up to ~ 10% can be noticed with increasing the mass (and
around the second edge, at 680 GeV). Along the same lines, fig. 7.3 shows the shape comparison of
the cos 0y, distribution between the di-lepton system and the jet, for the cases forming “truly”
wrong di-lepton - jet assignments and the cases formed by the “mixed-event” technique. While
the mixed-event result shows a flat distribution in cos# as expected from uncorrelated sources be-
tween the dilepton and the jet, the MC truth result shows a (weak) correlation of the two systems,
tending to small opening angle between them. It is then obvious that the “mixed-event” technique
cannot precisely reproduce the kinematics of the wrong dilepton-jet assignemts.

The above comparisons indicate that the mixed-event invariant mass distributions should be used
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Figure 7.2: Comparison between the “true” My, background coming from combinations of a signal
lepton with a wrongly assigned quark (shaded histogram) and the modeling distribution obtained
with the mized-event technique. The right hand plot shows the asymmetry between the two shapes.
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Figure 7.3: Shape comparison of the cos 0 distribution between the di-lepton system and the quark,
for combinations with wrong dilepton-quark assignments (in solid black) and for “mized-event”
combinations (in dashed black).

in a conservative manner, mostly for qualitative analysis purposes, when modeling the combina-
torial background sources. First of all, it cannot be safely considered to represent the full shape
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of the background and therefore a subtraction from the full mass distribution will not reproduce
the original shape of the My, mass. Moreover, the absolute normalization to be used in the sub-
traction cannot be known. If the number of B; combinations were exactly equal to the number of
combinations corresponding to a signal dilepton and a correctly assigned jet, then the normaliza-
tion factor would be indeed 0.5. However, a careful study shows that combinations By result not
only from events in which the two highest-Er jets corresponded to a correct and non-correct jet
(B1; case), but also to events where both jets were originally selected incorrectly (B2 case). As a
consequence, the normalization of the background will depend on the SUSY model.

In what follows, the mixed-event technique will be used assuming a normalization factor of 50%,
in some cases, in order to provide a rough estimate of the shapes of the background distributions.
The technique, however, will not be used in the direct measurement of the endpoints.

7.3 Jet calibration performance

The invariant mass distributions constructed by one lepton and one jet (Mj,) will be fitted over
the full mass range in order to extract the endpoints in the distribution. The likelihood function
will consist of the convolution of the true shape of the My, with a mass resolution model which is
used to describe the smearing of the shape due to the lepton/jet resolutions. The parametrization
of the resolution effects is described next.

The mass resolution is dominated by the resolution of the jet energy. The MCJet calibration used
to correct the energy of the jets at particle-level®. The performance of the calibration procedure
was studied in terms of the linearity of the jet response and the jet energy resolution. For this study,
particle-level (generated) jets as well as reconstructed jets formed with the same jet algorithm were
matched in (7, ¢) space within a cone of size 0.2. Figure 7.4 shows the average response and the
jet energy resolution® as a function of the generated jet Ep using the MClJet calibration method.

The particle-level corrections extracted” from a QCD jet sample, and their application to the
supersymmetric sample was shown to restore fairly well the linearity of the Jets. On the other
hand, they do not restore well the equality between partons and reconstructed jets for the full
range of values of Ep of the parton as shown in fig. 7.5. In this figure, partons (light flavor
quarks, b-quarks and gluons) are matched with reconstructed jets within AR < 0.2. The resulting
response suffers both in terms of the asymptotic value (above 1) and in terms of the rise of the
response as a function of the parton pp.

The effect is known to come from the fact that individual jet flavors (uds, c, b, gluon) need different
corrections. This leads to an over- or undercorrection if the MCjet corrections are applied to jets
with a flavor composition different than that of QCD jets. In the present case, jets from the
decays of G/g of the supersymmetric sample consist mainly of uds and ¢ quarks, which have a
higher energy response than b and gluon jets. Consequently, applying MCJet corrections to these

5i.e. the method applies scale factors to the energy of the jet in order to correct back to the generator
level particle-jet

5The plots have been made using a private code to perform the closure test of the correction function
and resolution, and do not represent the actual tests of the jet calibration developement group.

“versus the jet Er and n
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EPYM for MClJet calibrated jets.

jets results in an overcorrection.

Dedicated parton-level corrections have not been applied in what follows, but the effect is taken
into account in terms of the results (this will be addressed in section 7.4.3).

7.3.1 Lepton - jet mass resolution

The mass resolution of one lepton with one jet depends on the lepton and jet energies resolutions
according to the following formula

o (M) _U(ng) _1\/ o(Eo)\? o(E;) 2
ng_ng_2<Ee>+<Ej>
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The mass resolution is dominated by the jet resolution, and the above formula can be simplified
to

My 2 E;  2./E '

where the factor 1.36 (see fig. 7.4 - right) accounts for the stochastic term in the jet resolution
formula. The result represents a very rough estimate of the lepton-jet resolution and will be
considered with some care, since the lepton energy resolution in somes cases gives a non-negligible
contribution (especially over a large range of the lepton momenta).

The lepton-jet mass resolution formula has been derived from the MC (supersymmetric) sample. A
matching between the reconstructed lepton and jet objects with the MC truth has been performed
according to requirements that have been described in previous sections. The AM = M, EECO —
M %[C distributions were plotted in bins of the M Z]‘f ¢ mass; figure 7.6 shows the distributions for
four mass regions (100-200 GeV, 200-300 GeV, 300-400 GeV, 400-500 GeV). The distributions are
fitted with a resolution model with the form of the sum of two gaussians; the first one to describe
the gaussian of minimum sigma and the second one, the gaussian with the maximum sigma:

ResModel(My;) = o - Gaussi(Myj; i1, Omin)
+ (1 —a)- Gaussa(My;; (12, Omax)

The parametrization of the mass resolution as a function of the My, mass is shown in fig. 7.7.
The parameters of the first gaussian, the coefficient «, the shift u; and o,,;, are plotted versus the
entire lepton-jet mass spectrum. The outstanding effect is the shift of the gaussian mean in the
AM distributions away from the centre (zero). This is an indirect effect from the particle-level
jet energy corrections and the overcorrection which is observed at parton level. An average shift
therefore appears of the AM distributions, which varies from ~ 6 — 10 GeV over the whole mass
range. This is foreseen to affect the endpoint measurements, by exhibiting small shifts from their
expected values.

For what concerns the actual sigma of the resolution model, this is shown to depend almost linearly
with mass with the form

M
oMeg) _ o34 2

The lepton-jet mass resolution should be measurable with real data as well, although not directly.
As an example, high statistics sample of Z + jets events may be used to reconstruct the mass of
one lepton tagged from the Z and a jet. A comparison between the data distribution and the one
obtained from the MC, can lead to the extraction of the resolution model®. It may therefore be
kept fixed in the likelihood function used to fit the reconstructed masses.

8 Assuming of course that the kinematics of the Z + jets events are correctly reproduced with Monte
Carlo.
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Figure 7.7: The two-gaussian (lepton - jet) mass resolution model as a function of the mass My,.
Left: the coefficient of the first Gaussian. Middle: the average mean py showing a shift of ~ 6—10
GeV from the centre. Right: the minimum sigma, Omn, of the gaussian model showing a non-
constant behavior with mass.

7.4 Endpoint measurements at LM6

7.4.1 Dilepton edge(s)

The extraction of the endpoint in the dilepton My, invariant mass is performed along the lines de-
scribed in the fifth chapter. Opposite-sign and same-flavor dilepton (ee or pp) events are selected
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and used to fill a histogram of the invariant mass.

Figure 7.8, on the left, shows the total OSSF dilepton distribution in black superimposed with the
OSDF distribution in error bars. The number of events with uncorrelated leptons appears to be
more than half of the events which form the total mass. This was expected due to the relatively
small branching ratio to the signal decay chain involving the x§ compared to the other leptonic
sources in the supersymmetric events at LM6. The subtraction of the DF distribution from the
full dilepton mass distribution is shown on the right plot of the same figure. A structure is al-
ready visible in the distribution, indicating the presence of an edge around My, = 75 GeV; this
comes from the decay chain invlolving a left-handed slepton (17 ) in the X9 two-body decay. The
edge coming through a right-handed slepton (17 r) is hardly visible due to its signicantly reduced
branching ratio. On the other hand there is a Z-peak appearing: this was shown to come from
the decays of heavier gauginos to Zx$ and is responsible for 40% of the peak in a mass window
86 < Myp < 96GeV . The Z-peak lies beyond the first dilepton edge but still quite close.

M l}}‘ax measurement

The OSDF distribution has been subtracted bin-by-bin from the total distribution. The subtracted
distribution is fitted with a y? function which is the sum of three different contributions: a tri-
angular function in the region of the first edge (around 76 GeV), a gaussian function around the
Z-peak, and a second triangle to describe the other dilepton edge (around 110 GeV). According
to eq.(6.4), the triangular shape of the di-lepton mass distribution can be written in the form:

1
M ;dez, “l<z<1
where Mj;?* is the endpoint of the distribution and z = cos 6 is the cosine of the decay angle of the

slepton in its rest frame. The triangular fit function component is then formed by the convolution
of the triangle above with the dilepton mass resolution model,

2
T(M):/1 dopo oxp |5y <M—p1 —;—z) 7.10
- 2

with parameters pg = N,p1 = M, é? 1 and p2 = o which is the gaussian resolution smearing of the
dilepton mass in the region around the first endpoint p;. The second edge is parametrized by the
same function with parameters corresponding to p3 = N',py = M @1? a2 and ps = o’ (the resolution
smearing around the second endpoint py). Finally, the component from Z decays is described by a
simple Gaussian of fixed mean and sigma, leaving only the normalization (parameter pg) to float
in the fit.

For an integrated luminosity of 300fb~!, the measurement of the endpoint in the first edge of the
dilepton mass yields:

MPa = 75.26 + 0.25 (stat), GeV/c? 7.11

to be compared with the nominal value at M, aTH _ 76 GeV/ 2.
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Figure 7.8: Left: the total My, distribution (in black) formed by two OSSF leptons superimposed
with the OSOF distribution (in error bars). Right: the My, distribution after the OSOF background
distribution has been subtracted. A fit to the distribution using the sum of three PDF' contributions
(two triangles and a gaussian Z-peak), is performed in order to extract the endpoint value(s), M;*.

The reconstruction of the endpoints in the invariant mass distributions involving the (di)lepton
and jets are described in the next sections. The requirement of the dilepton mass to be below the
measured endpoint in (7.11),

My < 80. GeV/c? 7.12

is applied to all distributions, in order to avoid the interference of the second edge (Z r-mediated
decay contribution) in the endpoint measurement.

7.4.2  MyP* first measurement

A first estimation of the maximum in the distribution of the dilepton-jet mass, My, can be ob-
tained from the smallest of the two combinations of the dilepton with the two highest- Er jets. The
minimum mass from the two combinations should not exceed the true endpoint of My, - in limits
of the resolution. Figure 7.9 (left) shows the minimum mass of My, - in black - superimposed with
the distribution obtained by the DF dilepton events respectively (points with error bars). On the
right hand side of the figure, the M, é}g” distribution is shown with the DF combinations subtracted.

To first order, one can ignore the resolution smearing effects around the endpoint and fit the
invariant mass distribution with a straight line [56], in order to get a rough estimate of the endpoint.
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The fitting function is simply of the form

f(M) =p1-(po— M) 7.13
where the parameter pg = M, lf?;x is used to extract the endpoint value. The fit results in
My = 753.5 + 3.1 (stat.) & 1. (syst.) GeV/c?

where the systematic uncertainty coming from the variation of the fit range is very small, and at
the level of 0.1%. The above result gives a maximum for My, which is almost 50 GeV shifted to
higher values from the nominal endpoint. Nevertheless, it may be worthwhile to use this result as
a requirement that should be fulfilled in subsequent endpoint measurements.
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Figure 7.9: Left: the total Ml%m distribution (in black) formed by combinations of the OSSF dilep-
ton with the two highest-Er jets. The OSOF distribution (in error bars) is shown superimposed.
Right: the M, [Z;” distribution after the OSOF background distribution has been subtracted. A fit in
the region of the edge using a straight line is performed in order to extract a first estimate of the

endpoint value, Mg

7.4.3 MZ‘;" and Mg;‘;" measurements

The endpoints of Mé?gx and Mgg" are measured directly from one distribution, the lepton-jet
invariant mass, My;. This method is motivated by the fact that mass correlations between the
My, mass and the My or My, mass distributions could aid in the identification of two separate
distributions in Mp,. Assuming the experimental feasibility of this method, a direct fit of the My,
mass would allow the measurement of two endpoints. A nice feature of this distribution is that the
My, and My,  shapes are uniquely represented independently of the model and the mass hierar-
chy; and therefore the actual shapes can be unambiguously used to construct a likelihood function.
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The two OS leptons (¢; and ¢2) are combined with the two hardest jets (j1 and jz). On an
event-by-event basis, this makes four possible combinations of a lepton with a jet, namely the
(€171), (€271), (€172) and (f2j2), which enter the A, distribution. Each of them belongs to one of
the categories S, B, Bo and Bs depicted in equation (7.3), with B; representing the various sources
of combinatorial background.

The subtraction of the Bs and B3 components proceeds reliably with the OSDF subtraction like
in the previous measurements. On the other hand, the B; component requires a more careful
treatment. In fact, B; is decomposed in Bj; and Bjo, depending on the kind of event in which
the lepton-jet combination was found; Bij represents the combinations coming from events with a
correct-wrong jet pair, and Byo the ones from events with both wrong jets. The Bis component is
expected to be small and an attempt to model the combinatorics of By; was attempted first using
the mixed-event technique.

Figure 7.10, left, shows the total My; distribution - in black - where it has been filled with all
possible combinations and the DF modeling distribution has been subtracted. The mixed event
distribution obtained by consecutively combining in pairs lepton and jet objects from randomly se-
lected events (see also fig. 7.2), is shown superimposed in error bars. The mixed event distribution
is fitted with the functional form

B(M) = (aM)! exp[~B(yM)] 7.15

which is shown in blue on the same plot. In the limit where Bis — 0, the total entries N in the
My; histogram are equal to N = S + By, with S = By; = N/2. Taking a normalization factor
of N/2, the mixed-event modeling function is subtracted from the total My; distribution and the
resulting histogram is shown on the right of fig. 7.10. The bin errors of this histogram correspond
to the errors of the original Mp; distribution, i.e. before the subtraction. The structure of the
resulting histogram already shows the position of two edges, the first around ~ 250 GeV and the
second one around ~ 650 GeV. What remains is the assignment of the two edges to the M;T7* or
the M, glgx endpoints.

To this end, the correlation of the My; mass with Myy; can be used. A two-dimensional plot of
the two quantities is constructed with combinations of lepton-jet on the x-axis and dilepton-jet on
the y-axis. All sources of combinatorics are modeled in the way described above and subtracted in
the two dimensions. Figure 7.11 shows the remaining correlation histogram. In the region where
a first edge appears in M; (around 250 GeV), a wide range of M,; masses are reached, whereas
in the region of the other edge (around 650 GeV), the correlation converges towards one endpoint
in Myj. According to subsection 6.3.3, the first My; region (< 250 GeV) should correspond to
the My, , distribution, for which the 212’{ lies between two endpoint values in Myg,. The second
region of My; (> 250 GeV) corresponds to the Mpy,, distribution, whose maximum, M, Iyg s COIMES
only for one endpoint in Mjyy,.

With this in hand, an attempt to fit the full mass distribution, and not just the region of the edges,
is now plausible. A likelihood function can be constructed from the convolution of the true shape
ftrue of My, mass smeared by the appropriate resolution model,

f(M;0) = / dz - f*(x) - ResModel(M;x, o) 7.16
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combinations of a wrong assignment between a lepton and a quark, is shown superimposed. Right:
the My, distribution after the mized-event modeled background shape has been subtracted.
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two-dimensional histogram. An indicative structure appears: in the region of the first edge in My,
(around 250 GeV), a wide range of M, masses are reached, whereas in the region of the other
edge in Mg (around 650 GeV), the correlation converges towards one endpoint in the Mygq,.
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representing the convolution of the two. The shape of f'"¢ is given by (the sum of) the formulae
(6.8) and (6.11), each corresponding to the distinct My, and My,, distributions. The formulae
can be re-written in terms of the endpoints and mass ratios, r = Mg/, /Mx, as

2
ftrue(M) = e M 717
o ()2
1 X
ftrue(M) _ 4 . 1 . ln(;) . %max for 0 < M < Y’Mgg 15
laq (MPax)2 " (1—12) M-ln( L0 ) for rMPEx < M < Mpe

This is actually an important fact: the fitting of the My, distribution using the nominal shape, will
not only allow the extraction of the endpoint values themselves, but also will provide information
on ratios of the SUSY particle masses. In the case of LM6, the mass ratio involved is the ratio of
the mass of the left-handed slepton (@ 1), M, to the mass of the second neutralino (%3), Mx, and
will be denoted as r = My /Mx.

The resolution function which accounts for the lepton-jet mass smearing is the same as the one
described in subsection 7.3.1. A parametrization of the model is performed by assuming a non-
constant behavior of the gaussian sigma with the lepton-jet mass (see fig. 7.7):

ResModel(My;) = o - Gaussy(Myj; M};“e + {11, Omin = S; - Myj + const.) 7.19
+ (1 —a)- Gaussy(Mj;; MEue + 2, Omax = const.)

which assumes that the quantity (Mp; — M, gue — ) /o is distributed according to Gaussian; of mean
w1 = 0 and oy = 1 with probability «, and according to Gaussians of mean po = 0 and opax = 1
with probability 1 — «. The likelihood function is constructed by numerically integrating the true
shapes with the resolution function, i.e. the integral in (7.16). The reason for this is that there
is no analytic solution to the convolution integral between the gaussian in the resolution function
and the second leg of fg(‘;e (logarithmic part)?. The sum of two likelihood (PDF) functions, each
assigned a different normalization factor Ny for f;,, and N3 for fy,,, is then constructed as

f(M;0) = Ni- fo,q(M;0) + Na - fr,q(M;0) 7.20
and used in the following fits.

A first attempt to fit the M,; mass has been made using the distribution of the right plot in fig.
7.10. This fit is hampered by the fact that the mixed-event model underestimates the true back-
ground in the My, distribution. The main reason for this is that the contribution of the Bis is in
principle non-negligible (and Bj; + Bi2 > N/2), and the modeling background function has been
subtracted with the wrong normalization. Therefore, the shape of My; cannot be safely reproduced
and the fit results on the endpoints may not be easily disentangled.

Another approach of reproducing safely the My, distribution follows with the usage of the “con-
sistency” requirements. The method uses the earlier measurement of M, EI?(?X denoted in eq. (7.14).
On an event-by-event basis, the correct jet is selected as the one for which the mass combination

Myp; < 750 GeV/c? 7.21
J

9 Another reason for this will be prominent when it comes to the issue of the Acceptance correction.
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with the other jet giving My,; > 750 GeV. If at least one of the two requirements is not fulfilled the
lepton-jet combination is discarded. With some loss of statistics, the combinations entering the
mass histogram should be free of any combinatorics coming from the wrongly selected jet (either
from By or Bia). The resulting My; distribution is shown on the left of fig. 7.12, superimposed
with the DF distribution which has been constructed in a similar fashion. The subtraction of the
DF distribution results in the histogram shown on the right of the same figure.

A fit to the newly formed Mj; distribution is performed next using the likelihood function in 7.20%.
Two different resolution models (i.e. two different values for o) have been imposed in the f,, and
ftq likelihood functions, since the kinematics of the (£1¢) and (¢2q) objects are quite different.

The parameters of the two endpoints as well as the ratio of the masses r = My /Mx were free to

float during the fitting procedure. The measurement of the two endpoints, i and Ing 0 18
extracted from the fit as
M2 = 237.3 + 1.7(stat.) GeV/c 7.22
M2 = 703.3 + 5.8(stat.) GeV/c? 7.23
whereas the ratio r measurement comes out to be
r = 0.86 £ 0.02 7.24

to be compared with the theory values of Mé?qax’ TH — 939.1GeV/c?, MZl;X’ TH — 675.GeV/c? and
r = 0.95.

The results from the fit are not consistent with the true values of the parameters: a significant
shift, of the order of ~ 30GeV/ (32, to higher values is observed for the case of the M, g - 10
addition, a shifted value for the ratio r (by —0.1) is obtained as well. The origin of the effect has
been found to be a problematic behavior of the PDF function, when the values of r are close to 1.
The fit is repeated keeping the parameter r fixed to its nominal value, as shown in fig. 7.13. In
this case, both endpoint values are obtained in good agreement with the nominal ones:

M2 = 237.6 + 1.6(stat.) GeV/c? 7.25
Mpa* = 679.5 + 2.5(stat.) GeV/c? 7.26

Up to this point, one cannot assume knowledge of r-value and therefore the measurements in
(7.25 -7.26) are not possible. Moreover, the M;®* measurement in (7.23) cannot be used in the
extraction of the supersymmetric masses (because of the observed shift). It will be shown however
that a complete set of endpoint measurements can still be achieved and a first estimate of the
masses is feasible. After that step, and with the value of r determined by the mass measurements,
the Mo fit can be repeated to yield the result in (7.25 -7.26).

A detailed investigation of the My, fit properties is presented in the next section in order to resolve
the issue on the endpoint extraction.

19Exceptionally in the My; fit, we use a binned likelihood fit performed with RooFit.
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superimposed. Right: the My, distribution after the OSDF background has been subtracted. A fit
to the distribution using the nominal My, shape is used to directly extract the two endpoint values,
M and Mg*, as well as the value of the mass ratio, r.
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Figure 7.13: The My, fit repeated - in blue - using the nominal shape of the My, distribution.
The fit function uses exceptionally the parameter r = My /Myx = 0.95 fized in the fit in order to
cross-check the results with the previous fit (when r is floating). The actual fit results cannot be
valid before a first estimate of the supersymmetric mass spectrum is achieved (and consequently a
value of r is determined).
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7.4.4 The M,,, fit properties

In what follows, the fy,, true shape of the My,, distribution is overviewed. Figure 7.14 shows a
schematic representation of the functional form of fs,,, with point x, = r - ,ax Tepresenting the
limit between the two functions in (7.18). This point corresponds to the secondary endpoint of
Mp,q. As can be noticed, r is equal to:

max,2
p= 2 — Mrng or r= My 7.27
Tmax M, Z‘;‘(‘;X Mx

In other words, the ratio of the two masses, My, and M, determines the ratio of the two endpoints
in Mp,q.

v

xmax
Figure 7.14: Schematic view of the fg;‘e shape: i) a triangular part evolves from 0 to x, and ii) a
logarithmically falling part, from x, to Tmaz. The point x, corresponds to T+ Tmay-

The My,  fit uses a likelihood function which is the convolution of fy,, with a resolution model as
described in the previous section. In order to establish the correctness of the fitter, a toy MC study
has been performed. Thousands of events were generated, distributed according to the (¢2q) PDF.
Running for 1000 experiments, the distributions were fitted with the same (generator) PDF and
the distributions of the parameters r and Zyax, their errors and their pulls of mean were computed.

Using the example of the mSUGRA point LM6, with values of » = 0.95 and xpax = 675., the
fit results for r and xyax are shown in figures 7.15 and 7.16. The first figure shows that the pull
distributions of the extracted parameters are not consistent with a gaussian of mean 0 and sigma
1; indicating the fact that the parameter values as well as their errors show an anomalous behavior
in the fitter. The second figure shows in addition an anti-correlation of the two parameters, with
lower values or r resulting in higher values of x,.x and vica versa. The problem is shown to arise
from values of r close to 1, or equivalently to z, being very close to xmax. In these cases, the
fitter cannot distinguish the distance between them, due to the smearing caused by the resolution
function, and the fit does not converge to the correct values.

In order to cross-check the above result, a similar toy MC study was performed using nominal
values for the parameters r and .y, corresponding to a “test” point in mSUGRA with the same
Tmax = 675. as at LM6 but a value of r = 0.70 away from 1. Figures 7.17 and 7.18 show indeed
that the fitter works reliably over thousands of experiments, for the case-models where z, is not
too close to Tmax. In the opposite cases (like at LM6), the My,, fit will suffer from ambiguities
and likely will fail.
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toy MC My, fit. The nominal values of the parameters correspond to the LM6 mSUGRA point:
Mgt = 675Ge V/c2 and r = 0.95. The fit results indicate a problematic behavior of the fit for
values of 1 — 1.
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Figure 7.16: Correlation of parameters Myg® versus r = Mp/Mx, in a toy MC My,, fit. The

nominal values of the parameters correspond to the LM6 mSUGRA point: Mgt = 675GeV/c2
and r = 0.95.
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7.4.5 ggqm measurement revisited

With the My; measurement in hand, the dilepton-jet fit is retried in order to obtain a maximum
enpoint in the Mjy; distribution. The effect of smearing of the edge structure (due to the resolution
in My;) can be taken into account.

At this point, it is not possible to know which of the three endpoints in the My, distribution cor-
responds to the true endpoint that is measured. Consequently, the actual shape of the distribution
cannot be used in the fitting formula; otherwise, the knowledge of a particular mass hierarchy of
the SUSY model would be implied. The fit function is chosen, instead, to have an empirical form
proposed in [56]. It is constructed by the numerical convolution of a second degree polynomial
with a mass resolution model, namely:

P2
f(M) = / dz (po - (p2 = 2) +p1- (p2 — 2)*) Res[(M — 2); Ounin, Omax] +pa+ps - M
0

where Res[(M — 2); 0min, Omax| is of the same form as in eq. (7.20). A linear term, pgy + ps - M, has
been added in the PDF to account for the structure visible beyond the edge.

The parameter py corresponds to the endpoint Mg The resolution model introduces two pa-
rameters, the ¢’s of the two gaussians, and affects both the error as well as the position of the
endpoint. A first estimate of the gaussian sigmas is taken from the actual Mjy; resolution as mea-
sured by the Monte Carlo. This leads to omin ~ 8 GeV and omax ~ 25 GeV for the region around
the endpoint, which are used as fixed parameters in the fit. The fit result on the measurement of
the endpoint is

My = 720.1 £ 7.5 (stat.) GeV/c? 7.29

to be compared with the theory value of Mé?;x’l = 687.4GeV /c?.

An attempt to identify the true endpoint measured with the above result is presented next. From
the correlation plot of Mjy; versus My; (fig. 7.11), it can be seen that selecting combinations of
dilepton-jet pairs constistent with M,; < 245GeV, the (¢1q) region can be isolated. Reversely,
selecting combinations consistent with M;; > 245GeV the (¢2q) region is enhanced. The corre-
sponding Myy; distributions are shown in fig. 7.20.

Recalling the discussion on fig. 6.16, the following results can be concluded: the left plot of My;
(¢1q region), involves the Mg?;x’l and M;g;x’?’ endpoints. The lower edge around ~ 250GeV /c?
can only be assigned to M;;;X’?’, since the latter comes together with the minimum in the My,
distribution. The right plot of Mjy; (¢2q region), involves the M, g?;x’l and M ;?;X’z endpoints. Which
of the two is the true endpoint cannot be determined from the plot. Instead one can determine
that the two endpoints lie very close to each other, since M lf? 2 Comes together with the minimum
in the My, , distribution. It is also obvious that the distance between them is smeared out by the
resolution effects; as a consequence the ambiguouity between Mg?;x’l and M é?;xg hampers the
identification of the endpoint in (7.29).
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7.4.6 (M, + My,,)™™ measurement

Up to this point, the SUSY particle masses cannot be determined from the endpoints measured,
since the true endpoint of (¢/j) mass distribution has not been identified among the ones in
(6.14), (6.15), (6.16) and (6.18). According to section 6.1.4, an additional endpoint measurement
is provided by the (Mpy, ; + My,;) mass distribution. Figure 7.21 shows this distribution obtained
after imposing the consistency requirements to the lepton-jet combinations, similar to ones in
(7.21).

A x? fit in the region around the edge of the distribution is performed using the same formula of
Eq. (7.28)11 as in the case of the Myy;. The same resolution model extracted for the My; mass is
used for the smearing. Since (M, ; + My, ;)™ is reached for the same kinematic configuration as
the lelﬁx and ME ?X’Q endpoints and it is equal to their sum, it is plausible that their smearing
(and shift) can be used here as well and impose this same model to the (My,; + My,;) fit. With
this procedure, a sigma of the order of o = 45 GeV is used for the region around (Mj, ; + My, ;)™**.

The endpoint of the distribution is extracted with a larger statistical uncertainty than all other
endpoints, and it comes out to be:

(Myy; + Mi,;)™ = 903.4 + 27.7 (stat.) GeV/c? 7.30

to be compared with the theory value (My, ; + My,;)™*TH = 883.6 GeV/c?.
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Figure 7.21: Left: The My, 4+ My,q distribution obtained when imposing consistency requirements
on lepton-jet combinations . Right: the My , + My,q distribution after the opposite-sign different-
flavor (OSDF) background shape has been subtracted. A fit in the region around the edge, using a
polynomial smeared by a Gaussian, is used to extract the endpoint value, (Mp g + Mp,q)™*.

1 Alternatively, one may have used the nominal shape of the (My,, + My,,) distribution to fit for the
endpoint. It is not tried in this scope since the analytic formula is not found in the literature so far.
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7.5 Endpoint measurements at LM1

A brief presentation of the endpoint measurements at the mSUGRA benchmark point LM1 is
presented next. The procedure is the same as the one at LM6, so only the final results are quoted.
The LM1 sample used corresponds to statistics equivalent to 15fb~!, i.e. it is much lower than
the 300fb~! of LM6. The LM1 model is considered to be a rather optimistic SUSY scenario in the
search of the di-leptons due to its high cross sections and large branching ratio to the signal decay
chain. For this reason, the measurements at LM1 are used to demonstrate the effectiveness of the
endpoint method with better precision in the endpoints extraction.

In this context, specific analysis settings relevant to LM1 have been applied. These involved re-
laxing the jet Ep cuts, to E%l’j SDS 100, 60GeV, to account for the lower squark/gluino masses. In
addition, a b-tagging jet veto has been imposed among the 2 highest-Er jets in order to minimize
the contributions of the b’s in the signal decay chain . The pr cuts on the leptons remained
unchanged, due to the generally low lepton pr spectrum expected in SUSY models.

Invariant mass distributions at LM1

The invariant mass distributions of the two OS highest-py leptons in SUSY events, before and
after the different-flavor di-lepton subtraction, are shown in fig. 7.22. A di-lepton triangular
shape, due to a ¢p-mediated two-body decay of the x§, is prominent. The (-mediated decay is
in this case suppressed for kinematical reasons. A Z-peak approximately 10GeV higher than the
SUSY endpoint is visible. The di-lepton mass distribution is fitted with a combined PDF and the
endpoint measurement is extracted as:

M = 80.49 +0.21 (stat), GeV/c? 7.31

to be compared with its theoretical value at M,,** ™ — 81.0 GeV/c?. Similarly as for LM6, a
cut at My, < 85.G6V/C2 is applied in the rest of the analysis, so as to remove di-lepton sources
from Z boson decays.

The My, distribution is shown in fig. 7.23. The plots show the minimum mass of the two
combinations of the di-lepton with the two highest-Ep jets, before (left) and after (right plot)
the subtraction of the OSDF dilepton-jet histogram which is shown in red. The extraction of the
endpoint proceeds with a fit in the mass region around the endpoint and results in:

My = 453.3 + 2.1 (stat.) GeV/c? 7.32

to be compared with the nominal true endpoint value ME?;X’ T™H = 4491 GeV/c®. The Mg,
endpoint is extracted with a much better precision in the case of LM1 than of LM6, despite the
significantly lower amount of integrated luminosity assumed for LM1. This is due to both the
higher cross section that is predicted for the LM1 point, as well as the fact that the endpoint lies
at lower My, values and thus the mass measurement has a better resolution.

The formation of the My, (lepton-jet) masses follows the considerations of the previous section.
Among the two leptons and the two jets, only combinations of one lepton with a jet giving an My,

12Nevertheless, even without a b-tagging veto, the results are not expected to be significantly different.
The reason is that the b-squark decay chain form endpoints in the lepton-jet distributions which lie well
below the endpoint regions of that of the squarks in the first 2 families (m; < mg).
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value below 500GeV/ ¢® enter the histogram. The resulting distribution is shown in fig. 7.24, on
the left. The distribution on the right is obtained after the OSDF subtraction and a likelihood fit
is used to extract the two endpoint values - each corresponding to the (¢1¢) and (f2q) distributions
- and the ratio r. It is a characteristic of the LM1 point that the value of the ratio is 0.66 which
is significantly smaller than 1. Nevertheless, a discrepancy in the My, endpoints is also observed
here: significant shifts in the M]"?* and r fit values are observed:

Laq
M2 = 405.3 + 2.9(stat.) GeV/c? 7.33
M2 = 331.7 £ 9.0(stat.) GeV/c? 7.34

r=0.58 4 0.04

The effect has been disentangled using toy MC studies with the My, fit using various values of
the (£1¢q) and (f2¢) endpoint values. The bottom line was that highly overlapping My, and Mj,,
distributions also hamper the performance of the fitter, preventing a reliable fit with the ratio r
floating in the fit (fig. 7.24 left). At the LM1 point, the two endpoints are quite close to each
other. Due to this overlap, the fitter cannot reliably distinguish between the two when also a third
endpoint - the one of M, ZX’Q secondary endpoint of (£2q) '3 - has to be determined.

The performance of the fit improves significantly when taking the value of r fixed to its nominal
value. This is shown in fig. 7.25. The fit results in this case come out in better agreement with
the theoretical expectations:

M2 = 404.6 + 2.8(stat.) GeV/c? 7.36
Mpax = 318.2 + 6.4(stat.) GeV/c? 7.37

Finally, a measurement of an endpoint in the invariant mass distribution of the sum My, , + M;,,
is perfomed. Requiring that the (Mj,) mass values entering the histogram are consistent with an
My < 500GeV/ 02, the distribution of the sum was formed and fitted as in the case of LM6 (see
figure 7.26). The smearing of the fit function was accounted with a factor of o = 30GeV, as derived
from the lepton-jet resolution modeling around the position of the endpoint in the distribution of
the sum. The resulting endpoint measurement came out to be:

(M g+ Mp,q)™™ = 698.7 + 17.4(stat.) GGV/C2

which is to be compared with the nominal value of the endpoint at (M, + My,,)™> T =

610. GeV/ ¢?. The large shift in the central value of the measured endpoint which is observed is
mainly due to the uncertainty on the shape used to model the mass distribution around the edge.
Nevertheless, the usage of the true shape in the fitting procedure is expected to improve for the
central value of the endpoint, but leave the error at the same level.

The extraction of the endpoint value in the My, , + My,, distribution is crucial, because it will help
to solve umbiguities in the identification of the M g?;x endpoint among three possible options. As

one can recall from the previous chapter, the endpoint of the sum is directly related to the M, [I?;X’l
endpoint and can thus offer a additional constraint on the extraction of the SUSY masses, when
M ;?;X’l is missing. The relavant issue will be addressed in the next section.

Bwhich is directly related to the ratio r as r = ngx’2/Mg2x.

14Gince the error on the endpoint is mainly determined by the mass resolution model imposed.
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Figure 7.23: Left: the total MZZIZ” distribution (in black) formed by combinations of the OSSF
dilepton with the two highest-Er jets. The OSOF distribution (in error bars) is shown superim-
posed. Right: the Mﬁ’%” distribution after the OSOF background distribution has been subtracted.
A fit of the Mg%" distribution using a second degree polynomial smeared with a gaussian resolution
model is used to quote the final estimate of the Mg endpoint.
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superimposed. Right: the My, distribution after the OSDF background has been subtracted. A fit
to the distribution using the nominal My, shape is used to directly extract the two endpoint values,
M and Mg*, as well as the value of the mass ratio, r.
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Figure 7.25: The My, fit repeated - in blue - using the nominal shape of the My, distribution.
The fit function uses exceptionally the parameter r = Mgr/Mx = 0.66 fixed in the fit in order to
cross-check the results with the previous fit (when r is floating). The actual fit results cannot be
valid before a first estimate of the supersymmetric mass spectrum is achieved (and consequently a

value of r is determined).
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7.6 The global fit to extract the masses

The values of four supersymmetric particle masses (X3, 0 L, X9,qr) can be extracted from the mea-
surement of (at least) four endpoints in the invariant mass distributions of the previous section.
Analytical solutions of the inversion formulae stating the supersymmetric masses as a function of
the (measured) endpoints, have been used as derived in [54].

A first set of SUSY masses were obtained by using the explicit solutions above. A value of the
ratio r, representing the ratio of the masses M;/My, is derived and is then used to iterate the
fitting procedure and improve the My, fit and the extraction of the My endpoint. The set of
endpoint measurements used, are presented in tables 7.1 and 7.2, for the LM1 and LM6 mSUGRA
points respectively.

Table 7.1: The set of LM1 endpoint measurements used in the global fit to extract the supersym-
metric particle masses, assuming 15f6~" of integrated luminosity.

Endpoint Measured value (GeV/c?) Theory value (GeV/c?)

M 80.5 + 0.2 81.0
Mpax 404.7 + 2.8 @ :396.5 (d:400.7)
Mpax 318.3 + 6.4 @:318.5 (d:322.1)
Mgt 453.3 + 2.1 @:449.1 (d: 453.9)

(M, q + Mgy q)™>> 698.7 £ 17.4 @:610.0 (d:613.9)

Table 7.2: The set of LM6 endpoint measurements used in the global fit to extract the supersym-
metric particle masses, assuming 300fb~1 of integrated luminosity.

Endpoint Measured value (GeV/c?) Theory value (GeV /c?)

Mg 75.3+0.2 76.1

Mppax 237.6 + 1.7 @:239.1 (d:240.5)

Mppax 679.5 + 2.5 W:675.0 (d:678.6)

Myt 7201+ 7.5 @:687.4 (d:691.1)
(Moyq + M) ™™ 903.4 £ 27.7 @:883.6 (d:888.4)

The uncertainties on the endpoints listed so far involve only the statistical ones assuming a certain
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amount of integrated luminosity. The systematic uncertainties are considered next as follows: first,
systematic biases on the endpoint values are expected to originate from the fitting procedure of the
invariant mass distributions. There are different kinds of such sources, the “fit range” variation, the
uncertainty in the resolution model, as well as any acceptance effect on the shapes of the invariant
mass distributions'®. These types of sources of systematics are expected to be well understood
and improved in the future, but are not considered in the scope of this thesis. The systematic
uncertainties due to the jet energy scale are included as follows: opposite to the previous ones,
they do refer to the potential of the CMS experiment in measuring endpoints in lepton-jet mass
distributions. Only the systematics from the jet energy scale are then taken into account in the
following discussion.

At a first stage, the arithmetic solutions of the sparticle masses in terms of endpoints were used
to explicitly derive the SUSY mass values according to the expected errors on the endpoints. A
set of 1000 CMS experiments was performed, considering that the measured endpoint values are
distributed with a gaussian of mean equal to the central endpoint value and sigma equal to the
measured error, as:

Ezmeas — E;lOIH + Aio’?tat(‘i‘BiO—sySt) 7.39

where FE; accounts for the position of the itt endpoint, coefficient A; is picked from a gaussian of
mean 0 and sigma 1, and o; corresponds to the statistical error of the relevant endpoint. The last
term in parenthesis of the above expression describes a systematic term due to the electron and
jet energy scale uncertainties (0%°*)16, This term is taken into account later, at the end of the
section.

The ensemble distributions of the SUSY masses obtained in this way are shown in figure 7.27,
both for the mSUGRA points LM1 (left) and LM6 (right). For LMI1, the sparticle mass distri-
butions are shown symmetric around their nominal value, despite the non-linear relationship of
the endpoints with the masses. However, for LM6, the endpoint fluctuations are larger, and an
asymmetric propagation to the sparticle masses grew stronger, resulting in long tails to higher
mass values. In this case, an average shift of ~ 20GeV is observed for the means of the ensemble
distributions with respect to the nominal SUSY masses at LM6.

In practise, however, one uses a fit to find the best estimate of the SUSY masses which corresponds
to a set of measured endpoints. We therefore performed a least-squared fit to all the information
as follows: the inversion formulae as well as the measured endpoints and their errors are inserted
in a x? function of the form

2
7.40

2= Z MM (Mg, Mx, My, My) — M
- OM;

where Mith is the nominal value for the measured endpoint 1, MZe *P is the experimental value and

0M; the experimental error. The function was minimized using the method MIGRAD from the

Minuit2 package. A global fit to extract the supersymmetric particle spectrum is performed using

15The Acceptance has been shown to be a negligible source of systematic uncertainty as will be addressed
in the next subsection.
16The coefficient B; is picked up in the same way as the A; one.
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Figure 7.27: Supersymmetric particle masses at LM1 (left) and LM6 (right). The masses are
obtained from solutions of the inverted equations which relate the sparticle masses with the complete
set of endpoints, including propagation of the statistical endpoint fluctuations.

sets of endpoint values according to eq. (7.39), where the statistical uncertainties are taken as
quoted in tables 7.1 and 7.2. Overall, 1000 CMS experiments are repeated, and the results are
quoted in terms of the ensemble means on the endpoints and their errors.

The ambiguity in the selection of the correct formula for the My* endpoint, implies that one has

to test two plus one (for the non-collinear (NC)) hypotheses: either the endpoint corresponds to
Mgr?qax’l or Mg?;xz, and the hypothesis of the non-collinear endpoint Mgr?qax’ NC _ (Mg — Mp). For
both the LM1 and LM6 SUSY models, the hypothesis of M** being the Mé?qax’s can be excluded
in advance, since this third endpoint has been identified earlier, studying correlations with the Mj,
mass, and cannot correspond to a true endpoint in the Mggq17. It is also important to note that, in
what follows, the hypotheses where the M, g is other than the M, é?qax’l, do not involve a complete
set of (independent)!® endpoint measurements. For these, the (My,q + M,,)™* measurement is
provided as an additional information to adequately constrain the system.

Results at LM1

The results extracted for LM1 are shown in table 7.3. The initial two hypotheses refer to the case
where M, [“gqax(meas) is M, é?qax’l, which is actually the “true” case. The fit has been tried with either
the inclusion of the (Mj, 4+ Mp,q)™** - although not mandatory - or not, and it converges well and
as expected, almost in the same way, in both cases. The third hypothesis refers to M ;;;X(meas)

being the M E?SX’Z endpoint; in this case, the extracted mass values come out significantly different

17Gee section 7.4.5

18The endpoints M, Z};xz and M, Z};X’B are not orthogonal to any other available endpoint.
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from the nominal ones and a “bad” x? (of ~ 3000) implies a failure of the fit. However, it can be
seen that the last hypothesis, with My (meas) = Myj=*(NC), can be acceptable (i.e. the global
fit converges) although the mass values diverge significantly from the theory. A possible way of
rejecting this hypothesis in favor of the first one, is the large x? value of the fit.

Table 7.3: Supersymmetric particle mass values at LM1, extracted from the global fit of a
complete set of endpoint measurements. The fit tests three hypotheses for the identification
of the Mﬁ;z(measured) endpoint, taking also into account the measurement of the endpoint
(Myq + My,q)™*. The fit converges preferably to hypothesis My = M&Zm’l ? which is the
true endpoint of the (£q) mass.

(Ménziax)meas (Mgnl?ax)meas (Mé?ax)meas (Ml}?ax)meas
q q q q
HYPOTHESIS pgm! = Myt = M = M.
e +<M51q =+ Mfzq)max +(M51!1 + MZzQ)maX +(M51q =+ Mfm)max
Mg N 94.9 +12.1 95.3 +12.0 175+ 7.6 74.2 4 6.0
[GeV /c7]
]\4~
s, 118.8+12.5 119.3 +12.3 45.0+ 8.6 96.6 & 6.2
[GeV/c”]
Mys
2 , 179.5 + 12.3 179.9 +12.1 99.9+ 6.9 159.2 + 6.3
[GeV/c7]
Mg, . 558.5 + 16.8 559.2 + 16.4 468.3 + 16.7 523.6 & 7.2
[GeV /c7]
2 fit, value 4.1 5.1 3324 50.5

Overall, the fit results converge preferably to the hypothesis M, g?;x(meas) =M é?;x’l. The extrac-
tion of the supersymmetric spectrum is in excellent agreement with the theoretical predictions.

The global fit to the supersymmetric masses has been repeated next considering also systematic
uncertainties from the electron and jet energy scales (ElecES and JES). For an integrated luminos-
ity of 15fb~!, the uncertainty on the ElecES was taken as 0.1% and the uncertainty on the JES,
as 2%. The measured endpoint values were additionally smeared according to a o' by adding
a third term in eq. (7.39). Using the preferred hypothesis Mgs™ = M g?;x’l, and re-running the

x? fit, the supersymmetric mass spectrum of the particles )Z(l),g Ry X9, Gr, was extracted. The final
results were inspected in terms of the ensemble distributions of fig. 7.28, that are the distributions
of the four masses, the distributions of the statistical as well as the systematic errors. The mean
values on these distributions are reported in table 7.4.
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Figure 7.28: The ensemble distributions of the global fit to the SUSY masses for the mSUGRA
point LM1. Left: sparticle mass distributions — Middle: distributions of the errors on the sparticle
masses — Right: distributions of the systematic errors on the sparticle masses.

Table 7.4: Fitted masses of the SUSY particles at the mSUGRA point LM1. Table shows the fit
results of an ensemble of 1000 CMS experiments : the mean values of the ensemble distributions,
for the fitted masses, the extracted statistical as well as systematic errors.

Sparticle Nominal ) Fitted ) Statistical2 Sys’cematic2
mass (GeV/c®) mass (GeV/c”) error (GeV/c®) error (GeV/c”)
M)Z‘f 94.9 96.0 12.7 3.4
MZR 118.8 119.9 12.3 3.1
Mg 179.6 180.7 12.5 3.2
M, 558.0 560.2 17.0 10.4

Results at LM6

The same procedure was followed for the LM6 mSUGRA point. First, the measured endpoint
values were smeared according to the statistical uncertainty quoted in table 7.2. Feeding them
back to the global fit, all hypotheses for the M, é?;x endpoint were similarly tested and the results
were checked in terms of the performance of the fitter.

Figure 7.29 shows the ensemble distributions obtained out of 1000 CMS experiments with the
global fit at LM6. The distributions of the SUSY masses along with their statistical uncertainties
do not show a smooth behavior, whereas the performance of the pull distributions verifies that the
fitter did not converge. The failure of the global fit to the supersymmetric particle masses at LM6,
shows that the precision with which the endpoints were measured is not adequate to determine the
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masses, despite the high luminosity scenario of 300fb~! that has been assumed. In this work, only
the results obtained by the arithmetic solutions of the masses are reported for LM6. Following
the toy experiments of fig. 7.27, table 7.5 shows that the average SUSY mass values are shifted
by =~ 206‘:6\//02 but also the standard deviations are rather large. Unless additional endpoint
measurements are found, that might lead to stringent constraints on the masses, the SUSY mass
determination at LMG6-like scenarios may not be eventually feasible.
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Figure 7.29: The ensemble distributions of the global fit to the SUSY masses for the mSUGRA
point LM6. Left: sparticle mass distributions , Middle: distributions of the errors on the sparticle
masses and Right: the pull distributions of the fitted sparticle masses.

Table 7.5: Extracted masses of the SUSY particles at the mSUGRA point LM6. Table shows the
results of an ensemble of 1000 CMS experiments : the mean values and standard deviations of the
ensemble mass distributions.

Nominal Average RMS

icl
Sparticle mass (GeV/Cz) mass (GeV/cg) (GeV/cz)

Mg 158.1 183.0 123.3
M;, 291.0 309.5 110.1
Mg 304.8 323.3 110.0
M, 859.9 861.6 116.0

7.7 The Acceptance effect

During the investigation of the My,  fit issue, a study on the kinematics of the (f2q) system has
been performed. It has been seen that the acceptance cuts on the leptons pr may affect the shape
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of the mass distributions and particularly the one of My,,.

The shape of the Mjy,, distribution exhibits two end-points: the first endpoint has been denoted
as Tmax and corresponds to the true endpoint of the distribution, M, ggx (configuration depicted in

fig. 6.4). A secondary endpoint lies at the position denoted as x, and is related with the M, Z ZX’2
(configuration depicted in fig. 6.5). The two kinematic configurations leading to the two maxima
of the distribution have been both seen at the rest frame of the Q = ¢. In the configuration
corresponding to the M, 22 (2,), the £ which is emitted in the Y9 decay, goes in the opposite

2q
direction to the quark (+z direction). In the configuration of My ?* (zmax), the {1 goes together

with the quark (-z direction). It follows that, on the way from M, max.2 ¢ M max - the f1 needs to
.. . . Laq laq
flip its direction.

a;

Appoaching Mpe, the £ is forced to go in the minus z direction resulting to a descrease of its
energy and momentum, while on the opposite side, the { increases its energy and momentum.
Figures 7.31 and 7.32 show the energy and longitudinal momentum respectively of the ¢; and 1
(X = XY decay products) as a function of the My,q mass, in the rest frame of the @) = ¢. The green
lines on the plots limit the regions between the two endpoints in Mjy,,, where the momentum of
{1 starts decreasing to reach its minimum value right upon the true endpoint Mé;?x. There, the

lepton momentum points in the negative direction of z.

7

q° Q x’\@.

Figure 7.30: Schematic view of the decay of X = X3 in the Q = § rest frame. 0* is the decay angle
in the rest frame of X = 9.

£

The above picture can be understood by some simple kinematic analysis. Figure 7.30 shows a
schematic view of the decay starting from the @ = ¢. Choosing the +z-axis to be in the direction
of the X = ¥Y, and 6* to be the decay angle of R = / in the rest frame of X = X9, then it can be
easily shown that the energy of ¢; and / in the rest frame of X = X3 are:

. M)Q(—Mg i} .
E (51) = W =p (51) =D (5) 7.41

E*(f) = \[p*(0)? + M2 > E*(t1) 7.42

With a boost to the Q = § frame, the energy-momentum equations for the X = xJ products
become:

E(f) =vE*({)(1 + fcos*) and E(ly) =~vE*(¢1)(1 — Bcos ) 7.43

pr(l) = yE*(£)(B 4+ cos0*) and pr(f1) =~vE*(£1)(8 — cos ) 7.44

with v = Ex/Mx and 3 = px/Ex the parameters of the boost from the X = x3 frame to the
() = § rest frame.
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Figure 7.31: The energy of £ (left) and £y (right) versus the My,, mass, in the Q = § rest frame.
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Figure 7.32: The longitudinal momentum of ¢ (left) and €1 (right) versus the My,q mass, in the
Q = G rest frame. The z-azis is defined along the direction of X = X3. The green lines limit the

. . 2 .
region between the secondary mazimum, MZ;‘T’ , and the true mazimum Mg7d"

It follows from equations (7.44) that the ¢1 goes in the +z direction, i.e. the direction of X = X9,
unless 8 < cos 6*. It is interesting to look at the behavior of the energy and longitudinal momentum
of ¢1 and ¢ as a function of the cos 6*. Figures 7.33 and 7.34 show that the energy and momentum
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of the ¢ increase linearly with the cos #*. With the opposite behavior, the energy and momentum
of /1 decrease linearly with cos6*. In the cases, in addition, where cos 6* > 3, the #; goes to the
negative (-z) direction, as shown in red on the plots, minimizing its momentum.
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Figure 7.33: The energy of { (left) and £y (right) versus the decay angle 0* (in the rest frame of
X =x9), in the Q = § rest frame. In red: cases where cos0* > 3, with 3 = px/Ex.
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Figure 7.34: The longitudinal momentum of £ (left) and ¢y (right) versus the decay angle 6* (in the
rest frame of X = X3), in the Q = § rest frame. In red: cases where cos0* > 3 , with 3 = px/Ex.

The overall picture is next propagating to the laboratory frame. Figures 7.35 and 7.36 show the
average pr of £1 and /3 respectively as a function of the My, , and My,, masses, at LM1. It can be

seen that the pr of /1 is decreasing on the way from M, 2"’2 to Mpex.
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Figure 7.35: Awverage pr of the lepton {1 versus My, (left) and My, (right), in the laboratory
frame. A drop of the pr is visible within the region in My, limited by the MZ{?‘T’Q and Mgy*
mazima (green lines).
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Figure 7.36: Awerage pr of the lepton ly versus My (left) and My,q (right), in the laboratory
frame.

The effect can be explained by the fact that it is the momentum of ¢; which decreases in the
rest frame of @ = ¢, and due to the weak boost (M; is large), the picture is visible also in the
laboratory frame. It becomes more prominent in the case of LM6, where the average pp of /1
reaches very low values (~ 10 GeV) right upon the M;7%* (see figures 7.37 and 7.38).
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Figure 7.37: Average pr of the lepton {1 versus My, (left) and My, (right), in the laboratory
frame. A drop of the pr is visible within the region in My, limited by the MZ{?‘T’Q and Mgy*
mazima (green lines).

> 3007 T T T T ‘ T T T T T T T T T T T T T T T T ] > 3007\ T 1 1 ‘ UL ‘ UL UL UL T T I UBUABL
[} i 7] [} I
© H o yve 1 % b e
o ~250(t H o ~2501 0
\" H . \Y2 -
¢ I i ¢ I
£ 200[T H £ 200 i
(0] & a [} L
| i -l — L
150(t H 150( “ 4
100t | 100 HH H -
: (I T ;
sof ] so;_l\ﬂ- il ;
i ] il 1
Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ] I ‘ L1 1 | ‘ L1 1 | ‘ L1 1 | ‘ L1 1 | ‘ L1 1 | I L 11
% 50 100 150 200 25¢( Q% 100 200 300 400 500 600
M (11 - q), GeV M (12 - q), GeV

Figure 7.38: Awverage pr of the lepton ly versus My, (left) and My,, (right), in the laboratory
frame.

The above results rendered the study of the effect of the lepton pp cuts imposed in the analysis
upon the actual shapes of the mass distributions and particularly the one of My,,. Due to the fact
that the latter distribution has been fitted using the nominal shape of the distribution, a possible
bias on the extraction of the M;77* has been investigated. Using a toy SUSY MC generator, the
My, distributions before and after the acceptance cuts applied were obtained and an acceptance
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histogram was plotted as shown in fig. 7.39. A fit to the M,,, showed a shift to lower values, by
~ 2 GeV, on the extraction of the Mpe™ (see fig. 7.40, left). As a closure test, an acceptance
correction function was included in the fit function and the fit was repeated as shown on the right
side of fig. 7.40. In this case, the M, g‘gx value was indeed restored in its nominal value, prooving
that a bias on the endpoint can be induced due to the acceptance pr cuts on the leptons. However,
the effect becomes negligible compared to the smearing of the distributions due to detector effects.
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Figure 7.39: A fit to the My,, acceptance
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Figure 7.40: Left: the fit to the toy My,, data generated by a toy MC SUSY generator. A shift on
the endpoint, of ~ 2GeV to lower values, is observed which is due to the acceptance cuts effect.
Right: the same fit including the acceptance correction function in the fitting PDF, restoring for

the shift on the endpoint.
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Conclusion

In this thesis, a study of the observation and the measurement of the characteristics of the super-
symmetric decay

§— X9 — F0Fq— (05 0Fq (t=e or p)

with the CMS detector, has been presented. The experimental signature consists of two opposite-
sign and same-flavor leptons, hadronic jets with large transverse momentum, as well as significant
missing transverse energy. To enable a detailed simulation of the signature, the mSUGRA theoret-
ical framework is utilized. Using one benchmark point in the mSUGRA parameter space, LM1, the
study has developed a set of selection criteria which enhance the supersymmetric signature over
other background processes coming from the detector or from physics from the Standard Model.
The analysis has targeted an integrated luminosity of 1fb~! and, assuming the earlier observation
of an excess of this type of events over the Standard Model expectation, has been optimized for
the observation and the measurement of the endpoint in the dilepton invariant mass distribution.
This endpoint value can then provide a first constraint to be used for supersymmetric particle
mass measurements.

The optimal trigger path for this analysis, has been shown to come from the hadronic related
algorithms of the High Level Trigger, particularly the ones which require missing Ep (MET).
MET triggers are proven to recover the relatively low pr leptons (below the leptonic triggers pp
thresholds) present in the SUSY cascades, while maintaining a high efficiency for the signal above
the offline MET requirement. The trigger path chosen here was the HT+MET! path, which has
a signal efficiency of 98% with respect to the offline analysis cuts.

The main sources of physics background are uncorrelated supersymmetric decays and high-pr SM
processes: tt, di-bosons (WW,WZ and ZZ) as well as the associated production of W/Z bosons
and jets. The strategy developed to eliminate these background processes is “data-driven” and
makes use of different-flavor di-lepton (eu) pairs in order to estimate the backgound in the ee and ppu
combinations. The procedure requires knowledge of the electron to muon reconstruction efficiencies
(e¢/e*) which can be obtained in real data by the “tag-and-probe” method using Z — ee/uu
events. It has been demonstrated that the background estimate is reliable for background processes
which are symmetric in flavor, i.e. which have equal probabilities for yielding electron and muon
signatures. A small but negligible asymmetry has been observed in events where at least one or
both leptons are fakes or coming from heavy-flavor quark (b/c) decays.

'In real data, it may be replaced by the MHT trigger which is expected to be a more robust measurement
than MET in the online trigger decision.
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The position of the endpoint in the invariant mass distribution of the two leptons is then ex-
tracted via an unbinned maximum likelihood fit with components describing the background
(flavor-symmetric processes and the Z events) and the characteristic trianglular shape of the su-
persymmetric signal. The measurement is performed separately on the dielectron and dimuon
mass distributions. The reason for this is the application of two different resolution models for the
di-electron or di-muon mass smearing taken into account in the likelihood function. The fitting
procedure is tested with a toy MC study which simulates the final distributions from thousands of
similar toy experiments. The statistical uncertainty of the endpoint-parameters measurements are
quoted according to the pull distributions obtained from this study. Finally, the following sources
of systematic uncertainties in the measurement of the position of the edge are considered: the
resolution model imposed, the Electron and Jet Energy Scales, the ey shape uncertainty due to
fake leptons as well as the acceptance effect on the triangular shape of the signal distribution.

The analysis concludes with the measurement of the position of the di-electron and di-muon edges
(for an integrated luminosity of 1fb=1) :

Am%® = 4+1.07 (stat.) & 0.36 (syst.) GeV/c?

AmeT = £0.75 (stat.) £ 0.18 (syst.) GeV/c?

The systematic uncertainties on the endpoints are found to be small and this measurement is thus
placed among the most precise measurements that can be achieved at LHC.

The thesis also presents a study of the feasibility of determining the masses of the supersymmetric
particles appearing in chain 8.1, i.e. the four masses Mg,Mig,M 7 and M)Z‘f‘ This is achieved
with the measurement of upper endpoints in the invariant mass distributions My, My,q, Myeq and
My, q + Mpy,q. The method followed is known as the “endpoint technique” and is applied in two
benchmark points in mSUGRA, LM1 and LM6, where the ¢/g cascade decays and the leptonically

decaying x9 appear with large production rates.

The reconstruction of the invariant mass distributions involves now a quark which must be matched
with the two leptons. The selection of the quark (jet) is based on the selection of the two highest-
pr jets in the event, which, according to simulation, has a high probability of corectness. Since in
every supersymmetric event there are two different decay chains, the invariant mass distributions
constructed by the dilepton with two jets are subject to large combinatorial background due to
wrong dilepton-jet associations. To reduce this background two methods are investigated: the first
one makes use of the so-called “mixed-event technique”, which assumes that for a given event, the
di-lepton and the quark belonging to a different SUSY decay chain are correlated (kinematically)
only weakly. The lepton sector of one event is thus combined with the jet sector of another
randomly selected event and pairs of lepton-jet combinations are used to model the combinatorial
background. It is shown that the shape of the background distributions can be reproduced fairly
well, at least in the regions around the edges, with a small discrepancy towards high mass values.
For this reason, the technique is used conservatively and only when a rough estimate of the shape
is needed. A second, more robust, method makes use of certain kinematic constraints that must
be fulfilled by the combination of two leptons with a jet, so as to be consistent with endpoint
measurements. A drawback of this method is, however, that the statistics are significantly reduced
and therefore the measurements are feasible only in high luminosity scenarios.
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A novel aspect of the analysis is the usage of the theoretical shape in the likelihood function to
fit (almost all) of the mass distributions. The methodology has the advantage of the extraction
of additional kinematic constraints, beyond the endpoint values themselves, which are directly
related with the masses of the supersymmetric particles (in particular, the extraction of ratios
of supersymmetric particle masses). A weakness of the method is that depending on the mass
hierarchy, different kinematic configurations and hence different mass formulae are valid for a
given SUSY model. That is the case for the My, distribution, in which the shape depends on the
actual true endpoint of the distribution among the four possible ones (M é?qa 1 M 2?;’{2, M E?; 3 or
M g(?) depending on the SUSY particle masses. In the example of the LM6 point, the effect is met
in the measurement of the endpoint in the My, mass, where an ambiguity between two endpoints
in the distribution (Mé?;x’l or M;?;XQ) hampers the usage of the actual shape in the likelihood
function. On the other hand, the shape of the My, distribution is uniquely represented in any
SUSY particle mass hierarchy and a direct fit to the distribution is possible. Still, a distinction
between the (¢1q) and (f2q) regions has to be established.

It is shown that the observation of correlations among particular effective mass distributions en-
ables the identification of the correct mass formula to be used in the fitting procedure. This is
particularly advantageous in the identification of the My, , and My,, endpoint regions when these
are plotted as a function of the Mjy, distribution. It is proven that the M, z‘gx endpoint is reached
over a wide range of My, values whereas the M, ggx endpoint is projecting towards one endpoint
in My,. This also restricts the number of hypotheses for the My, true endpoint measured. A
difficulty on the direct measurement of the My,, upper endpoint has been observed in the case of
the LM6 point. It is shown that in any given SUSY model where the mass ratio of Mj; to M)ZS
is close to 1, the fitting procedure of the Mp,, mass, using the nominal shape of the distribution,
does not reliably converge to the correct values for the endpoint and for the ratio of the masses
r = ME/MX~S, simultaneously. The problem is resolved by iteratively solving the endpoint-mass

relations, obtaining a first estimate for the ratio r and finally correcting the fitting results.

Table 8.1: The full set of endpoint measurement uncertainties at LM1 and LMG6.

Endpoint measurement uncertainties

LM1 @15fb~! LM6 @300fb !

AMpx ~ 0.2 GeV/c? ~ 0.2 GeV/c?
AN ~ 2.8 GeV/c? ~ 1.7 GeV/c?
AMpax ~6.4 GeV/c? ~25 GeV/c?
AMpp ~2.1 GeV/c? ~ 7.5 GeV/c?
A(My, g + Myyg)™ ~17.5 GeV/c? ~ 28.0 GeV/c?

Overall, a complete set of endpoint measurements has been obtained assuming an integrated
luminosity of 15fb~! and 300fb~!, for both the mSUGRA models LM1 and LM6. The statistical
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uncertainties on the positions of the endpoints vary among the different (di)lepton-jet combinations
as shown in table 8.1.

As for the systematic uncertainties, the following sources have been investigated: (i) the fitting
procedure including the fit range variation and the lepton-jet mass resolution model imposed, (ii)
the acceptance effect from the lepton pr cuts imposed and (iii) the variation of the electron and jet
energy scale uncertainties. The systematics arising from the fitting procedure have been assumed
to be well understood and controled by the time the analysis will be performed on real data. The
systematics from the acceptance on the leptons were shown to be at lower levels than the statistical
uncertainties. Finally, the systematic effect arising from the electron and jet energy scale variation,
assuming the “knowledge” of the lepton and the jet energy scales with a precision of 0.1% and 2%
respectively, are calculated and reported here.

With at least four endpoint measurements made, a global fit is performed in order to extract
the values of supersymmetric particle masses. For the LM1 point, the following SUSY mass
measurements were shown to be feasible at 15 fb~! of integrated luminosity:

Mgo =96.0 £12.7 (stat.) =+ 3.4 (syst.) GeV/c?
M; =119.9 +12.3 (stat.) +3.1 (syst.) GeV/c?
Mgy = 180.7 +12.5 (stat.) +3.2 (syst.) GeV/c®

M, =560.2 4+ 17.0 (stat.) =+ 10.4 (syst.) GeV/c?

This analysis has thus demonstrated a possible method to measure the masses of the four sparticles
involved in the decay chain 8.1, once the first dilepton edge is established and measured (as
demonstrated in this thesis) at lower integrated luminosities. Whereas only two points in mSUGRA
space has been investigated, the methodology developed applies also to general mass hierarchies for
the four sparticles in the decay chain. The results are encouraging: it seems that with significant
luminosities, the LHC, and CMS in particular, may well obtain good estimates of the masses of
the low-lying sleptons, neutralinos and squarks.
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Appendix A

A toy MC study with the di-lepton mass

Figures 8.1 and 8.2 show the distributions of the dielectron endpoint, its error as well as the pull
distribution respectively.

5120 °
g RMS = 1.143 £ 0.026 g RMS = 0.3041+ 0.0068
‘:100 Mean = 78.058 + 0.036 :140 + Mean = 0.9052 + 0.0096
% } Entries = 1000 g 120 + Entries = 1000
> >
: - f

80 H} 100

=2
o
LA L I L L L L L BL  L B B

p-
L

N

o
;NFQ—“H“H“H“H“H“H TTT

% 80 % %Jf
% ) }
40
' w0 .
20 # +%
L
sk 0 AT I i 7% ST YO, o
¢ 7 75 80 5 %0 o 05 1 15 2 25 3
Miimax Miimax Error

Figure 8.1: Toy MC fit result of the distribution of the dielectron endpoint (left) and its error
(right).
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Figure 8.2: Toy MC fit result for the pull distribution of the dielectron endpoint.
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Figures 8.3 and 8.4 show the distributions of the dimuon endpoint, its error as well as the pull
distribution respectively.
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Figure 8.3: Toy MC fit result of the distribution of the dimuon endpoint (left) and its error (right).
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Figure 8.4: Toy MC fit result for the pull distribution of the dimuon endpoint.
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