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1 Introduction

The study of Higgs boson pair production is one of the key benchmarks of the scientific
program at future colliders. It offers direct experimental access to the Higgs boson
trilinear self-coupling and hence to the structure of the scalar potential itself, allowing
unprecedented insight into the electroweak symmetry breaking mechanism. The self-
coupling modifier k), defined as the ratio of the measured value of the self-coupling
over its Standard Model (SM) predicted value - A/Asps - is used to parameterise any
deviation from the SM expectations. A precision measurement of k) down to the
percent level is a clear goal for future experiments, as at the end of the HL-LHC era
the ) precision is expected to reach only around 30% [1]. In the SM, Higgs pair
production events in hadron collisions are a rare occurence - with the production cross-
section for a Higgs pair in the dominant gluon-gluon fusion mode being three orders
of magnitude smaller than that to produce a single Higgs boson [2].



The hadron collider phase of the Future Circular Collider (FCC-hh) is a proton-
proton collider operating at a center-of-mass energy of 100 TeV. It is one of the most
ambitious projects planned for the rest of this century and offers ample opportunities
in the hunt for new physics, both through its direct detection reach as well as through
precision measurements. With the large data set of in total 30 ab™! which is envisioned
to be collected during the FCC-hh runtime the Higgs self-coupling will be determined
down to the percent level.

Previous projections on ) were obtained in [3], where three final states were con-
sidered, bbyy, bbrT and bbbb, achieving a projected sensitivity of 3.4%7.8% on ky,
depending on the assumed detector performance and systematic uncertainties, and
driven mainly by the bby~y final state. Here a new channel is added, the bb¢f + ERiss
signature, which has as characteristic the presence of missing transverse energy. This
final state is thus particularly sensitive to pile-up, which is expected to be O(1000)
at FCC-hh. We assume here that pile-up mitigation algorithms will affect the recon-
struction of objects and their momentum or energy resolution similarly to the present
LHC configuration. In this context, we use an improved fast simulation and consider
two detector scenarios with related object resolutions and efficiencies. The EMisS vari-
able is the magnitude of the negative vector sum of transverse momenta of all objects,
so that the respective object resolutions are propagated to the ERsS resolution.

The bbl{ + ERsS analysis considers the sum of signals from the HH — bbWW* —
bblvly, HH — bbrT — bblvly and HH — bbZ Z* — bbllvy Higgs pair decays. These
decay channels lead to a final state consisting of two b-jets, two charged light leptons
(electrons or muons) and missing transverse energy Efl?iss from neutrinos escaping
detection. One of the Higgs boson decays can therefore not be fully reconstructed.

By far the dominant background arises from dileptonic decays of top quark pairs,
as such events lead to the same final state, but occur with rates that are seven orders
of magnitude larger than the bbl¢ + EX signal. Additional backgrounds are single
Higgs and single top production, the V + jets Drell-Yan process as well as diboson
production and the production of a top quark pair together with vector boson(s).

2 Event generation and simulation

Proton-proton collision events at y/s= 100 TeV using a fast detector simulation with
the DELPHES framework [4] form the basis of the prospect studies.

2.1 Monte Carlo event generation

Table 1 gives an overview of all the MC samples used for the analysis presented here.
For all samples, the hadronisation effects as well as the further decays of intermediate
particles, like the Higgs boson, are modeled with PyTHIA 8 [5]. Unless otherwise
specified in the following, the NNPDF 3.0 [6] parton distribution function from the
LHAPDF (7] library is used.

The signal consists of gluon-gluon fusion induced double Higgs production events
in the decay channels HH — bbWW?*, HH — bbrt and HH — bbZ Z*(— £lvv), with
the HH — bbWW* channel being the most abundant, due to the large H — WW*
branching ratio, as given in Table 2. In addition to the baseline s = 1 signals, which



Process Cross-section in pb  k-factor

Signals
ggHH , k) =1 1.13 1.08
ggHH , k) =24 0.49 1.08
ggHH , k) =3 0.59 1.08
Backgrounds
Top quark production
tt — blvbly 4751 1.74
wt 4210 1.34
tttt 2.3 2.10
Vector boson production
Z [~ x (— €€) + bb/ce 293 2.00
Z/y % (— L0 Z [~ * (— bb/cE) 2.3 1.60
Single Higgs production
ggH 587 3.76
VBF H 84 4.30
ttH 45 1.22
VH 37 1.32
Vv (V)
ttZ 38 1.68
W 6.6 2.50
tZ7Z 0.12 1.30
ttWZ 0.07 2.30
ttWW 0.78 1.40

Table 1: Overview of signal and background samples.

are used to design and optimize the analysis, signals with k) = 2.4and 3.0 are also
employed in the interpretation of the event rates as a function of k). All signals are
generated with POWHEG [8, 9, 10] at next-to-leading order (NLO). The respective
cross-sections are scaled to NNLO by means of a k-factor that is independent of k) [11],
following [3] and motivated by the studies in [12].

Decay mode Branching ratio in %
HH — bbWW x (— tviv) 2.58
HH — bbr7(— fvvivy) 0.89
HH — bbZZ*(— tvv) 0.12

Table 2: Branching ratios of the HH signal
decay channels considered in this analysis.

In contrast, all background processes are generated with MAD-
GraPH5_.aMC@NLO [13, 14] at leading order, with additional jets and higher order
corrections applicable as described in the following.

By far the dominant (and most challenging) background to the bb¢/ + ERiss final
state is the production of a top-quark pair, £, and in particular its dileptonic decay
channel, tf — blvbly, as this leads to exactly the same final state as the signal and
is therefore an irreducible background. Since the dileptonic ¢ decay is the rarest ¢t
mode - occurring in only around 11% of tf events - an exclusive sample containing only



tt — blubly events is used to ensure sufficient MC statistics. Up to two additional jets
are included in the #f events, and matched between matrix element and parton shower
using the MLM-scheme described in [15]. A second contribution involving top quarks
arises from the Wt production mode of a single top quark, along with a vector boson.
Here, an inclusive sample involving all top quark and boson decays is used, with events
containing up to two MLM matched additional jets. Posing only a small contribution
due to its smaller cross-section, the production of four top-quarks (in two pairs), titt,
(without the presence of additional jets) is considered as well. In each case the LO
events are normalized to the respective NLO cross-section, using the same k-factors
derived for previous FCC-hh Higgs self-coupling studies [3]. Investigations using an
inclusive ¢ sample containing all decay modes showed that the contribution of the
channels involving at least one hadronic top-quark decay to final states with two b-
jets and two isolated leptons is well below 1% , and can therefore be neglected for the
exploratory studies presented here. Similarly, the contribution of single top production
in the s/t-channel mode was found to be negligible, as these kind of events rarely result
in the bbll + EMiss final state. Only 1 in 10° events pass the kinematic selection of the
analysis presented here, and accordingly the impact on the measurement precision of
Ky is below 0.1%.

The production of a vector-boson along with jets poses another significant back-
ground, since it is very abundant in proton-proton collisions. However, in order to
contribute in the bbll + Emiss analysis at least two additional jets need to be present
(e.g. from the splitting of an ISR/FSR gluon), and these jets need to either arise
from b-quarks, or be mistagged as b-jets while arising from other quark flavours. We
therefore focus here on the two main contributors to the bbl¢ 4+ EXsS final state by
requiring the presence of a lepton pair, as well as two b- or c-jets: the production of
a Z boson along with either a pair of b- or a pair of c-quarks, Z/v % (— ££) + bb/cc,
and the production of two Z with one decaying to a lepton and the other decaying to
a bottom- or charm-quark pair, Z/v * (— £¢)Z/~ % (— bb/c€). The events considered
here are required to have an invariant mass of the lepton pair of at least 10 GeV at
generator level. For Z/~ % (— ££) +bb/cc the cross-section is corrected to higher orders
following the k-factor used in [3], while the Z/v x (— ££)Z/~y* (— bb/c€) cross-section
is corrected to NNLO (and to include the loop-induced gluon induced production) as
derived in [16]. We further assume that mistag rates of light jets at the FCC-hh will
be sufficiently small, and thus neglect the contributions of Z bosons with light flavour
jets. The background arising from W bosons together with (heavy flavour) jets is not
considered - it is found to be negligible in LHC analyses of the bbf¢ + EMisS channel,
such as [17].

Additionally, single Higgs production contributes as a background to di-Higgs
events. This background is generated at LO, accounting for up to two additional,
MLM-matched jets present in the events. For each production mode the respective
cross-section is corrected to higher orders using k-factors derived from the most accu-
rate predictions in [18]. Here, all production and decay modes are considered, since
several combinations can lead to the signal final state, for example the abundant
gluon-gluon fusion induced production with the Higgs decaying to a pair of b-quarks



and two non-prompt leptons, ggH (— bb) , or the top quark pair associated produc-
tion with the Higgs decaying to leptons and neutrinos, ttH(— WW — fvfv) and the
top-quarks decaying hadronically. In the analysis presented here the latter is found to
be the main contribution, constituting around 85% of single Higgs events that con-
tain two b-jets as well as an opposite sign pair of isolated leptons. Gluon-gluon fusion
induced events form around 12% of single Higgs events passing this selection, while
vector boson fusion production (VBF H ) and the associated production with a vector
boson (VH ) pose minor contributions of 2% and 1%. The dedicated kinematic event
selection as described in Section 3.1, designed to specifically suppress top-quark con-
tributions, changes this picture however: it is more efficient at rejecting ttH events,
reducing its relative contribution to around 54%, while ggH events then account for
around 40% of single Higgs events that pass the full kinematic event selection.

Last, events in which vector bosons are produced in association with a top-quark
pair, £tV (V') , form a minor background, and are considered in the various combination
of top quark pair, W and Z bosons, as listed in Table 1. They are normalized to NLO
cross-sections using the k-factors derived for [3].

2.2 Detector simulation and physics objects reconstruction

The FCC-hh will provide proton-proton collision data with a centre of mass energy
of 100 TeV, and very high charged particle track multiplicities of O(1000) average
interactions per bunch crossing. This will be experimentally very challenging and
require advanced pile-up mitigation methods. Another challenging aspect will be the
high energy of the collision products (such as multi-TeV jets that need to be fully
contained in a calorimeter) and the larger forward boost of interactions due to the
higher centre of mass energy, meaning that a detector coverage of up to |n| ~ 6 is
required.

A reference detector for the FCC-hh has been designed and described in the concep-
tual design report [19]. It follows the same principles as current LHC general purpose
experiments ATLAS and CMS by combining different detector component layers for
different purposes and with different technologies, and it is split into a central region
(covering the range |n| < 2.5), and two forward endcaps (expanding the coverage up to
|n] < 6), which are placed at a distance of 10 m from the interaction point. High pre-
cision silicon tracking detectors constitute the tracking systems in both central region
and endcaps, requiring solenoid magnetic fields of 4T, and Liquid Argon technology
is relied on for the electromagnetic calorimeter in both regions as well as the hadronic
calorimeter in the forward endcaps. In the central region the hadronic calorimeter uses
scintillating tiles with steel and lead absorbers. A muon system employing drift tube
technology forms the outermost layer in each region.

This reference detector design is implemented into the DELPHES tool, which
describes the response of the detector components using parameterizations of the reso-
lution and efficiency functions, and used as the baseline for the studies presented here
(called Scenario IT). Additionally, a more optimistic Scenario I, is also studied for
comparison, with improved efficiencies and resolutions, as summarized in Table 3. It
should be noted that the resolution of the (b-)jets used in this analysis is determined



by the performance of the jet clustering, and not by the intrinsic detector resolutions,
encoded in the DELPHES scenarios.

Relative momentum resolution Efficiency
Object Scenario I Scenario 1T Scenario I Scenario II
Electrons 0.4-1% 0.8-3.0% 76-95% 72-90%
Muons 0.5-3% 1.0-6.0% 90-99% 88-97%%
Medium b-tagging 80-90% 76-86%
Mistag rates c-jets 10-20%

Table 3: Ranges of the relative momentum resolutions as well
as efficiencies (including reconstruction and identification effi-
ciency) of the relevant objects for the bbl¢ + EXS analysis, as
parameterized in the DELPHES scenarios studied.

In both cases, pile-up is taken into account in the reconstruction through the
efficiency and resolution parametrizations, and assumed to affect efficiencies and
resolutions of the objects as in the current LHC detectors.

Details on how the fast simulation of the detector response and the reconstruction
of physics objects is implemented in DELPHES are given in [4]. Briefly summariz-
ing, DELPHES uses ParticleFlow based reconstruction, resolutions and efficiencies are
parametrized as functions of the objects transverse momentum pr and pseudorapidity
7. The relevant objects for the bbll + EXS analysis are reconstructed as follows:

® Electrons are reconstructed as a combination of information from the tracking
system and the electromagnetic calorimeter, with a single momentum resolution and
efficiency parametrization accounting for both of these effects. The total electron
reconstruction efficiency is the product of the electron tracking efficiency and a
separate electron identification efficiency.

® Muons are measured precisely by the tracking system, while the dedicated muon
chambers provide identification, with a single efficiency parametrization and their
momentum resolution obtained from Gaussian smearing. The total muon recon-
struction efficiency is the product of the muon tracking efficiency and a separate
muon identification efficiency.

e Muons and electrons used in this analysis are required to fulfill isolation criteria,
by imposing an upper bound of on the isolation variable I, as defined in DELPHES
as [4] :

AR<Rpr(i)>p"

2 pr(7)
K3
pr(P) M

It is thus the ratio of the transverse momentum sum of all objects above a threshold

of pi™ that are found within a cone of AR around object P (excluding P itself),

over the transverse momentum of P. If the object P is isolated, this variable takes

min

values near 0. Here we use a threshold of p7'" = 0.5GeV and a cone radius of

I(P) =



AR = 0.3. Electrons are considered isolated if they fulfill the criterion I < 0.1, while
for muons the upper bound on the isolation variable is set at I < 0.2.

e Missing transverse energy is calculated from the vectorial sum of the transverse
momentum component from all particle-flow tracks and calorimeter deposits, so as
Emiss = — N p57.(i) , where i runs over all visible, reconstructed objects in the event.

e Jets are reconstructed by clustering particle-flow objects with the anti-kt algo-
rithm [20], with a resolution parameter of R = 0.4. Only jets with a transverse
momentum of pp > 25 GeV are considered.

® b-tagging is applied as a parameterized efficiency function to the subset of recon-
structed jets, which can be matched to a generator level b-hadron. Small fake rates
for mistagging charm and light jets are included.

The technical implementation of all the above steps is part of the KEY4HEP
project [21], which provides a consistent software stack for all future collider facilities.
In particular, the samples used here are in EDM4HEP format [22]. They are further
processed with the FCCANALYSES framework [23].

3 Measuring the Higgs-self coupling modifier in the
bbll + ET"™ final state

3.1 Event selection and categorization

As an initial step, only events with all expected objects of the final state reconstructed
are selected for further analysis: This pre-selection requires at least two b-tagged jets,
using the medium working point, and at least one opposite sign lepton pair of either
same (SFOS = ee or uu) or different flavour (DFOS = ep). In case more than one
such lepton pair is found, the one with the highest total pr is selected. Both leptons in
the pair are required to be isolated - first by fulfilling the isolation selection described
in Section 2.2, as well as by being geometrically separated from the selected b-jets,
by imposing AR;, > 0.4. Only leptons with a transverse momentum of pr > 10
GeV are selected, while for jets the threshold is pr > 25 GeV, as implemented in the
DELPHES scenarios. Moreover, a veto on hadronic 7 decays is applied to ensure this
analysis remains orthogonal to studies of the hadronic bbr7 final states. With this, the
tt — blubly background alone is five orders of magnitude larger than the expected
signal. It is therefore clear, that further, strong background suppression is necessary
to make a measurement of the Higgs self-coupling in this final state possible.

For this purpose, the specific expected kinematics of the Higgs pair production
signal are exploited. Figure 1 illustrates an example of an ideal, expected signal event:
Two Higgs bosons are produced at rest (from gluon-gluon fusion, in the absence of
additional radiation), and therefore recoil against each other. One of them decays into
a pair of b-quarks, and the other for example into two W bosons, which further decay
into an electron or muon and the corresponding neutrino. These further decays are
boosted due to the recoil between the two Higgs bosons.

Thus, we can make use of the angles within and invariant masses of the different
decay systems to select signal-like topologies:



Fig. 1: Illustration of the expected kinematics of an ideal Higgs pair production signal
event.

e In the H — bb decay, an invariant mass of the two b-jets, mp;, near the Higgs
mass is expected. Figure 2a shows the my,; distributions of signal and backgrounds.
Furthermore, the angular distance between two b-jets, ARy, shown in Figure 2b is
small, since the H — bb decay is boosted, as described above.

® Similarly, we can exploit the invariant mass of the lepton pair, my, as well as the
angular distance within this pair, ARy, shown in Figures 2c and 2d. However,
due to the presence of the neutrinos these variables do not fully reconstruct the
H — (0 + Emss decay, and the azimuthal angle between lepton pair and missing
transverse energy, Ag (¢, E3%), shown in Figure 2e is also considered to improve
signal to background separation.

e A more complex variable that captures the kinematics of the full HH system is
exploited is the HX3M°. Tt is defined as the ratio of the scalar sum of the transverse
momenta of the H — bb and H — ¢/ + ERiss gystems, over the scalar sum of all
Higgs decay products in the final state:

ratio |E_"rI‘niSS +ﬁl’Il“ + |ﬁ"i"b|
HT2 = Tomiss (2)

ER® + [pr(l)] + [pr(l2)| + [pr(b1)| + [pr(be)|
For the signal, where the H — bb and H — ¢ + EX systems are in balance,
this variable is expected to take values near one, whereas this is not the case for
background events where the final state objects are more uniformly distributed in
the transverse plane, as seen in Figure 2f.

Table 4 summarizes the event selection and categorization, and provides the exact
selection thresholds used for each variable. A comparison of the performance of the
event selection between signal and the dominant background, tf — blvblv, is given in
Table 5. The efficiency of the pre-selection is the same for signal and background, and
here a significantly limiting factor is the isolation criterion for the leptons. Studying
the lepton isolation efficiency in signal events, it was found to be around 60% for
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Fig. 2: Distributions of the kinematic variables exploited for the event selection, in
pre-selected ee + pp events, for signal and backgrounds: a) The invariant mass of
the two b-jets, mypp. b) The angular distance between the two b-jets, ARp,. ¢) The
invariant mass of the selected lepton pair, mys. d) The angular distance between the
two leptons, ARy. €) The angle between the lepton pair and the missing transverse
energy, A¢(¢l, EWiss). f) The so called Hi41°, as defined in Equation 2. The inlays in
¢) and e) show the same distributions separately for the different signal channels.

electrons and 75% for muons per lepton, with the main effect coming from the isolation
variable selection as defined in Equation 1, and not the requirement for the leptons
to be separated from the b-jets. Hence, this analysis could further gain in sensitivity
by defining an optimizied isolation requirement with improved efficiency for di-Higgs
signal events.

With the kinematic selection a little less than half of the signal events are retained,
while nearly 99% of the tf — blvblv background contribution is suppressed. Nonethe-
less, with this selection a signal-to-background ratio, S/ VB, considering only the
tt — blublv background, of only around 4 is achieved.

In order to improve further, a dedicated variable to suppress tf is employed addi-
tionally: the minimum average invariant mass of the lepton and b-jet pairs, mj;°°. This
variable is used e.g. by the top-quark mass measurement in the dileptonic #f channel



Analysis category

DFOS SFOS, no Z-peak SFOS, on Z-peak
Main signals bW W *, bbrT bW W*, bbrT bbZ Z*, bbrT
Selection variable Criterion
Lepton pair eu ee or pp ee or pup
Number of b-jets > 2
Mpp 85 - 105 GeV
ARpy <2
AR[@ < 1.8
HXafio > 0.8
myy©° _ > 150 GeV
Ap(LL, ER'S®) <2 <1.2
My 10 - 80 GeV 81 - 101 GeV

Ag(el, ERiss)-categories < 1.2 ("low”) and 1.2 — 2.0 (”high”) -

Table 4: Summary of the event selection and categorization.

with ATLAS [24]. Tt is defined as:

. Mgy Miyb, Migh, + Mg
mreco = min 101 202 201 102 (3)
Lb 2 ) 2

where my,;, indicates the invariant mass of the specific combination of lepton ¢ with
b-jet j. Since there are two leptons and two b-jets each, there are two possible ways to
pair them into two top-decay candidates and for mj;* the combination leading to the
minimum average invariant mass is chosen. Figure 3 shows the mj;*° distributions in
signal and backgrounds, in particular comparing the signal shape to that of tt — blvblv
events after the kinematic event selection is applied. While in the latter case, the
myp°® distribution peaks below the top-quark mass as expected, it takes larger values
for the signal, offering good further separation power. Table 5 reports the impact of
selecting only events above a threshold of 150 GeV: the tf — blvblv background is
suppressed by an additional order of magnitude in this way, such that the approximate
signal-to-background ratio with respect to this background (more than) doubles.

Sig. acc. in %  tf acc. in % S/\/E

Pre-selection 15 15 1.03
Kin. selection 44 1.2 4.28
Kin. sel + mp°® > 150 GeV 22 0.07 8.93

Table 5: Performance of the different stages of event selec-
tion across all analysis categories. Relative acceptances with
respect to the previous selection stage are given, and S/ VB is
calculated considering only the tf — blvblv background, but
the sum of all signal decay channels.
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Fig. 3: Distributions of the m3° variable, as defined in Equation 3. In (a) shown for
all backgrounds and normalized to the respective cross-section and luminosity and in
(b) only for the main signal, HH — bbWW* — bblvlv, and background, tf, processes,
normalized to unit area.

As can be seen in the inlays in Figures 2c and 2e, the my and A@(€4, ERss)
distributions differ between the different signals, and are therefore used to categorize
events. After splitting the events between DFOS and SFOS lepton pairs, the SFOS
pairs are further split in a "no Z-peak” and an "on Z-peak” category, by selecting
events where myy is near the Z boson mass. In the SFOS, on Z-peak category the
dominant signal process is then the HH — bbZZ* — bbllvv process, although it
has the smallest branching fraction, leading to this category having the lowest sensi-
tivity. Since the azimuthal angle between lepton pair and missing transverse energy,
Ag(Le, EWiss), takes larger values in the HH — bbWW* — bblulv signal when com-
pared to the HH — bbrT — bblvlv signal, the events in the "no Z-peak” categories
are further split into ”low” and "high” Ag(¢/, E3is%) categories, in order to maximize
sensitivity.

3.2 Extracting the Higgs self-coupling modifier

Table 6 gives an overview of the expected number of signal and background events
at the FCC-hh for an integrated luminosity of 30 ab™*, after the event selection and
categorization as described above. In the most sensitive categories, S/ VB values of
around 5 are achieved.

To improve the sensitivity to s, further, a binned likelihood based on the distri-
butions of the pseudo-transverse mass, mrs, is constructed. This variable, as defined
in [25] and [26], is able to capture the full HH decay, by predicting the invisible mass
contribution from the neutrinos. Here the C++ code provided in [27] is used to cal-
culate the mro. As inputs for the two visible momenta the total summed 4-vectors of
the two b-jets and the two-leptons are used, together with EsS and assuming a mass
of 0 for the invisible particles involved in the decay. The resulting distributions in all

11



Events at 30 ab™!, FCC-hh scenario II in category

DFOS SFOS, no Z-peak SFOS, on Z-peak

Process Low A¢(¢¢, ER*5)  High A¢(¢f, ER*5)  Low A¢(¢f, ER5)  High Ag(et, BRiss) All

Signal 1.58E+04 1.87E+403 1.75E+4+04 1.95E+03 1.86E+03
Top 8.75E+06 2.23E406 9.20E4-06 2.11E4-06 3.93E+06
Vector boson 1.45E+05 5.06E+4-01 3.84E4-05 2.29E4-05 8.11E+4-06
Single Higgs 4.11E405 3.49E+404 4.72E+05 4.51E4+04 3.39E+05
v (V) 7.11E+404 1.80E+404 6.99E4-04 1.41E+04 8.89E+4-05
Total Background 9.38E+4-06 2.28E4-06 1.01E+407 2.40E+4-06 1.33E+07
S/VB 5.16 1.24 5.50 1.26 0.51

Table 6: Total number of expected events per process in each category after applying
the kinematic event selection.

categories are shown in Figure 4. It is clear that exploiting these distributions in a
binned fit improves signal to background separation, and therefore the sensitivity.
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Fig. 4: Distributions of the stransverse mass, mrs, after event selection in the different
analysis categories: a) DFOS, low A¢(€4, EX5%) category, b) DFOS, high A¢(¢4, EXiss)
category, ¢) SFOS, no Z and low A@(€4, EXs5) category, d) SFOS, no Z and high
A¢(Ll, ERiss) category and e) SFOS, on Z-peak category.



This binned fit is performed using the statistical tool COMBINE [28], and following
the asymptotic approximation [29]. To extract the Higgs self-coupling modifier « from
the di-Higgs events, the dependence of the di-Higgs production cross-section on x) is
parameterised as a function of the event rates for signals with x) = 1.0,2.4,3.0. All
other Higgs couplings are fixed to their SM values, and in particular no k) dependence
or uncertainties are assumed on the involved branching ratios.

3.3 Results and systematic uncertainty benchmarks

The determination of the Higgs self-coupling modifier k) is performed for three dif-
ferent benchmarks of systematic uncertainties, as listed in Table 7. While the two
different DELPHES scenarios studied already account for the effect of varying recon-
struction and identification efficiencies of the b-jets and leptons, uncertainties are
applied for these as well, since the efficiencies are usually measured from data, and
MC is corrected to this with limited precision.

The systematic uncertainties considered follow what was done in previous FCC-hh
studies [3], assuming for example that the large ¢t and V + jets backgrounds will be
measured in data control regions with high precision. The uncertainties are considered
as impact on the event rates, not on the kinematic distributions of the process they

apply to.

Source of uncertainty  Syst. 1 Syst. 2 Syst. 3 Applies to
b-jet ID / b-jet 0.5% 1% 2% Signals, MC bkgs.
Lepton ID / lepton 0.5% 1% 2% Signals, MC bkgs.
Luminosity 0.5% 1% 2% Signals, MC bkgs.
Signal cross-section 0.5% 1% 1.5% Signals, MC bkgs.
Data-driven bkg. est. - 1% 1% V + jets
Data-driven bkg. est. - - 1% tt

Table 7: Overview of systematic uncertainties considered.

With these systematic uncertainty benchmarks, as well the detector simulation
scenarios described in Section 2, the expected precision on the Higgs self-coupling
modifier k) is extracted from the binned likelihood fit described above, as shown
in Figure 5. Five different cases are studied: 1) The most optimistic case, using the
”idealized” detector scenario I and no systematic uncertainties and 2-5) More realistic
cases, using the baseline detector scenario IT with no systematic uncertainties, as well
as with each of the three different systematic uncertainty benchmarks from Table 7.
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Case ok (68% CL)

Scen I, stat. only 22.4%
Scen 11, stat. only 25.8%
Scen II, syst. 1 30.7 %
Scen II, syst. 2 36.1 %
Scen II, syst. 3 42.7 %

Table 8: Expected, averaged pre-
cision on the Higgs self-coupling
modifier k), at 68%confidence
level.
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Fig. 5: Expected likelihood scans as a function of x) with the different assumptions
on detector performance and systematic uncertainties.

At 68% confidence level, the expected precision on k) ranges from 22.4% in the
most optimistic case 1, to 42.7% for the systematic uncertainty scenario 3 and the
baseline detector performance, as reported in Table 8. Here, the average of the upper
and lower uncertainty are given. The asymmetric behaviour of the likelihood functions
with respect to k) is explained by the fact that in the SM, the production cross-section
of Higgs pair events as a function of x, exhibits a minimum beyond 1, at around 2.5
- there is therefore a point at k) > 2.5 at which the production cross-section takes
the same value as for k) = 1. Using the event rates alone this point can thus not be
distinguished from the k) = 1 case, and the shape of the invariant mass of the di-
Higgs system, my g, is needed to provide sensitivity in this respect. The bblf 4 E1iss
analysis however does not achieve this, as the final state can not be fully reconstructed
due to the missing transverse energy, leading to the sensitivity for values of k) > 1
being lower than that for values k) < 1 and therefore the likelihood asymmetries seen
in Figure 5.
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4 Conclusion

An analysis of the prospects of the Higgs self-coupling measurement at the FCC-hh
is presented, by investigating the bbl¢ + Emiss final state. The bbll + EXss channel is
a good benchmark for signatures with genuine EX*%| which are particularly sensitive
to pile-up. The precision achievable on the self-coupling modifier k) with this final
state ranges from 22% at 68% CL with the most optimistic detector scenario and
without systematic uncertainties, to 35% with a more realistic detector scenario and
an intermediate set of systematic uncertainties.

Potential improvement for this analysis lies (primarily) in designing a more efficient
isolation selection for the signal leptons, as the standard procedure following DELPHES
was found to disregard a significant fraction of signal events.
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