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Introduction - Probing the Higgs boson self-coupling

» The Higgs self-couplings \; are one of the properties of the
Higgs boson that are still largely unconstrained experimentally.

» These couplings provide key information on the shape of the
Higgs potential V' (H) which has important physics implications
(e.g. stability of the universe [JHEP08(2012)098]).

1 1 .
V(H) = Em%{H2 + \svH? + R JH* X3 =XginSM

SM Higgs Potential

» The quartic coupling *, is out of reach for the LHC [PRD 72, 053008], but a handle on the
trilinear coupling )3 is possible.

» In particular, A3 can be directly accessed through the production of Higgs boson pairs (HH).

» Additional contributions also come from single Higgs production (H) via NLO EW
corrections.

» Deviation of the coupling strength from SM (measured by the coupling modifier
& = A3/ASM) may point to new physics.
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https://arxiv.org/abs/1205.6497
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.053008

Higgs boson pair (HH) production

» The two dominant HH production modes are gluon-glupn fusion (ggF) and vector boson
fusion (VBF) which contribute to over 95% of the HH production cross section in the SM.

» In addition to the Higgs self coupling (), the ggF production mode is also sensitive to the

top Yukawa coupling (), while the VBF production mode allows the probe of couplings
with one or two vector bosons (< and x5y/).

" HH production at 14 TeV LHC at (N)LO In QCD
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

SM oBF = 1.72 fo~! at N3LO (my=125.09 GeV)

» The SM HH production is an extremely rare process, with only ~4000 events expected in
Run2 ([ £=139fb~! @ 13 TeV).
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Single Higgs (H) production

» The Higgs self-coupling also contributes to single Higgs processes via NLO EW corrections.
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» These corrections affect the inclusive cross-sections, Higgs-boson branching fractions and
differential distributions.
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Contribution of x in single Higgs: cross section and branching ratio

» The single Higgs production cross section and decay branching ratios can be written in terms of x»:
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C%: Linear O(A3) correction from interference between LO amplitude and the virtual NLO
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Ky k-factor for the full set of NLO EW correction
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https://link.springer.com/article/10.1007/JHEP12(2016)080
https://link.springer.com/article/10.1140/epjc/s10052-017-5410-8
https://cds.cern.ch/record/28036

Contribution of « in single Higgs: differential distribution

» The production modes with the largest kinematic dependence on A3 are V H, ttH [Eur. Phys.
J. C (2017) 77]. They provide additional sensitivity on )3 at differential level.
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» The differential information is encoded through the simplified template cross-section
(STXS) framework available for ttH, V H and VBF processes. Only inclusive information is
available for ggH and ¢Hj due to missing differential calculations.
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https://link.springer.com/article/10.1140/epjc/s10052-017-5410-8
https://link.springer.com/article/10.1140/epjc/s10052-017-5410-8

Combination Input Analyses

» Combination of HH and H productions using the full Run 2 data (126-139fb—!) of pp
collisions at /s = 13 TeV from the ATLAS detector [ATLAS-CONF-2022-050].

Channel Integrated luminosity [fb—1] Reference

HH — bbyy 139 [PRD 106, 052001]

HH — bbr7 139 [ATLAS-CONF-2021-030]
HH — bbbb 126 [ATLAS-CONF-2022-035]
H — vy 139 [CERN-EP-2022-094]*
H— ZZ* — AL 139 [Eur. Phys. J. C 80 (2020) 957]
H— 77~ 139 [JHEP 08 (2022) 175]

H — WW* — evuv (ggF, VBF) 139 [CERN-EP-2022-078]**
H—bb (VH) 139 [Eur. Phys. J. C 81 (2021) 178]
H —bb (VBF) 126 [Eur. Phys. J. C 81 (2020) 537]
H —bb (ttH) 139 [JHEP 06 (2022) 097]

*to appear in JHEP **to appear in PRD

» In addition to ), the coupling modifiers x¢, kv, Koy (kt, ki, K+, k) are considered in the
double (single) Higgs processes.

» The overlap between/within HH and H analyses is negligible or has minor impact on the
statistical results.

» Uncertainties across channels are correlated when relevant.
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https://cds.cern.ch/record/2816332
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://cds.cern.ch/record/2777236
https://cds.cern.ch/record/2811390
http://cds.cern.ch/record/2814435
https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
https://link.springer.com/article/10.1007/JHEP08(2022)175
http://cds.cern.ch/record/2814433
https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
https://link.springer.com/article/10.1140/epjc/s10052-021-09192-8
https://link.springer.com/article/10.1007/JHEP06(2022)097

HH Combination Results: Limit on HH Production

» Upper limiton pyg = aHH/aﬁé‘/f at 95% CL assuming no H H production.
» The HH cross section includes both ggF and VBF production modes.
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» Improvement of around 50% on top of the luminosity increase compared to the 2019

combination [PRB 800
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub

HH + H Combination Results: «y-only and s, generic constraints

» Assuming BSM only affect « .
» Expected result derived from Asimov dataset generated under the SM assumption with all
coupling modifiers at unity.
» Two scenarios considered:
wx only: Fit with x) floating and all other coupling modifiers fixed to unity.
k) generic: Fit with all coupling modifiers (ky, xt, kb, £+, k) floating with the exception of
koy that is fixed to unity (no available parameterisation of single-Higgs NLO EW
correction as a function of kay/)
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» Dominant contribution from the combined HH channels.
» The constraints on « is still substantial even in the generic model (where k¢, kp, k7, Ky
are floating).
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HH + H Combination Results: Summary of «, constraints
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» The single Higgs processes allow the constrain of x, with fewer model-dependent
assumptions (by allowing other coupling modifiers to be free parameters)

» Improvement of around 50% over the 2019 combination [PRB 800 (2020) 135103].
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Conclusion

» Combination of single and double Higgs boson production using the full Run 2 dataset in
the ATLAS experiment to constrain the Higgs boson self-coupling \s.

» Input analyses considered
single Higgs: ~v, ZZ*, WW*, 7+~ and bb final states
double Higgs: bbyy, bbr7 and bbbb decay channels
» Constraints in terms of the coupling modifier ky = A3 /ASM:
ka-only: —0.4 < ry < 6.3 (obs. 95% C.L), best fit iy = 3.0713
K + K, KV, Kby K7 0 —1.4 < Ky < 6.1 (obs. 95% C.L.), best fit sy = 2.3725
Big improvement (~ 50%) over the previous combination (2019).
» The results provide the most stringent constraint on the Higgs self-coupling to-date.

» Stayed tuned for Run3 and the High Luminosity LHC (HL-LHC)!
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Appendix: The Simplified Template Cross Section (STXS) framework

Stage 1.2 = VBF+V(—qq)H
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» Physical cross sections defined in mutually exclusive regions of phase space ("bins”).

» Provide more fine-grained measurements for individual Higgs production modes in various
kinematic regions, and reduce the theoretical uncertainties that are directly folded into the
measurements.

» Allow for the use of MVA techniques and provide a common framework for the
combination of measurements in different decay channels and experiments.
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Appendix: Calculation of C? coefficients

The C? coefficients on the single Higgs production has been extended to the latest STXS 1.2
framework with higher phase-space granularity. It allows the use of more differential
information for additional sensitivity [LHCHWG-2022-002].

The C? coefficients are computed for the tZH, V(lep)H and Hj;j processes. The coefficients
for the ggH and tHj STXS bins are not computed because the theoretical calculations at
the differential level are not available (the inclusive coefficients are used instead).

No available C{ calculation on tHW, bbH and ggZ H processes.

Events are generated at LO using MadGraph5 for each single-Higgs process. They are
classified into STXS bins via Rivet. In each STXS bin, the coefficient C} is computed as

J
i — Zj WNLo
1= = 5
225 wio

where “’io is the weight from LO cross section, and w,{‘LO is the weight from LO cross
section corrected for the x effect through NLO EW correction. The sums run over all the
events in i-th STXS bin.
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Appendix: Previous Combination Results (2019)

» In 2019, a combination of single-Higgs and double-Higgs production by ATLAS was
performed using the partial Run2 dataset [ATLAS-CONF-2019-049].

-2InA

Channel Integrated luminosity [fb—1] Reference
HH — bbyy 36.1 [JHEP 11 (2018) 040]
HH — bbr7 36.1 [Phys. Rev. Lett. 121 (2018)]
HH — bbbb 275 [JHEP 01 (2019) 030]
H — ~v (excluding ¢t H) 79.8 [Phys. Rev. D 98 (2018)]
H— ZZ* - 4 79.8 [JHEP 03 (2018) 095]
H— 717~ 36.1 [Phys. Rev. D 99 (2019)]
H— WW* — evuv 36.1 [Phys. Lett. B 789 (2019) 508]
H —bb (VH) 79.8 [Phys. Lett. B 786 (2018) 59]
H —bb (ttH) 36.1 [Phys. Rev. D 97 (2018)]
H — multilepton  (ttH) 36.1 [Phys. Rev. D 97 (2018)]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/
https://link.springer.com/article/10.1007/JHEP11(2018)040
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP01(2019)030
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.052005
https://link.springer.com/article/10.1007/JHEP03(2018)095
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.072001
https://www.sciencedirect.com/science/article/pii/S0370269318309936?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269318307056?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072003

Appendix: Previous Combination Results (2019)
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Appendix : HH Combination - Constraints on ) and xoy

» Upper limit on HH production cross section at 95% CL as a function of ) and kay
» Inthe k2 case, the ggF production mode is considered as a background.
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» The sensitivity on x, mainly comes from the bby~ and bbr+ 7~ channels.
» The bbbb channel has a dominant contribution to the constraint on xoy .
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Appendix: HH ) Parameterisation - ggF

A reweighting procedure is used to model any value of «  using a basis of 3 samples. This is possible due to the structure of ggF
H H production. The two contributing diagrams are the box and triangle diagrams. These generate a differential cross-section of

do(ky) 2 2
——— = [A(kN)I” = |kaMa(mpuH) + MO(mar)|
dmpgg
which can be re-written as
do(ky)
—— 20 = w3a1(mpg) + ryaz(mpg) + az(mp )
dmpg g

where a1, a2, and a3 depend only on m gy py.

While the above equation should hold for any variable, m gy gy is selected due to the assumption that acceptance times efficiency
only depends on m g g7 . The rest of the kinematics are assumed to vary coherently with the truth m g7 iy distributions. The
values of the a; are solved for using x5 = 0, 1 and 20 samples as a basis, with each sample consisting of over 10 million
truth-level events simulated using Powheg at NLO+FT in m g7 g7 bins of 10 GeV with a bin range of 200 to 1000 GeV. These
samples have no decays or cuts and are common to all di-Higgs analyses.

The m gy g7 distributions of the basis set are linearly combined using the obtained values of the a; to create distributions for
each k) € [—30, 30] in increments of 0.2. Weights for each « , are then defined as the ratio of the given distribution to that of
k) = 1. These weights are applied to the generated SM samples based on their truth m g ;7 values to obtain reweighted
samples corresponding to the full range of ) under investigation. The reweighting procedure is only used to determine the
signal shapes, with the results normalized to the theoretical cross-section.
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Appendix: HH ) Parameterisation - VBF

The full cross section for the VBF to HH process involves three diagrams,

o(myvs kas mv) = |A]7 = [y ey Mo + 53, My + myy Ma|®
Expanding the absolute square of the amplitude A then yields six terms:

2 2 4 2 3 2
o = Kyk)al + Kya2 + Kyyas + Ky kaa4 + Ky KRy yvas + Ky Ry vag

This requires the combination of multiple different MC samples (in this case, six) in order to model the signal hypothesis at any
arbitrary pointin kv v/, k5, Ky space. Unlike with ggF, in the case of VBF these MC samples cannot be truth-level samples,
but rather must be samples that have been run through reconstruction and selection.

Using the basis samples (k) , kov, kv ) =(1,1,1),(2,1,1), (10,1, 1), (1,1,0.5), (=5, 1, 0.5), the differential cross
section can be expressed as
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Appendix: Statistical Framework

A combined likelihood £(D|u, 6) is constructed as a product of likelihoods from each channel.

D : Data w: Parameter of Interest (POI) 0 Nuisance Parameters

LDIwOG) 45 g

Profile likelihood ratio ~ A(D|u) = { £(Pliz.0) (1)
LD|p.0W) 5
c(plo.6(0) H=
i Coln £@Aw) 4 <
- . [—2mA@lp) A< £(0,6(0))
Test statistics = = L(D|p,6 N 2
e T T
0 o> p.
e 6 and {2 are the values of 6 and 1. that maximizes the likelihood (i.e. unconditional ML).
. é(,u) is the value of 6 that maximizes the likelihood for the specified p (i.e. conditional
maximum-likelihood (ML) estimator of ).
e Exclusion upper limits on the POI are set following the CLs prescription.
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