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Search for HH production - SM

— i
Z % EV F e HH final states search within the Standard Model

® SM predicts trilinear Higgs self-coupling Annu

” * Direct probe of electroweak symmetry breaking potential
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Higgs boson self-coupling ‘ ¢
[ Yukawa coupling §

a'ggg (HH) = 31.05ig;7%70(scale+mtop) +3.0%(PDF+a,) fb  my =125GeV and v5 = 13 Tev.

* ggF dominant production mode at LHC

* Oygr(pp = HH) small due to destructive interference between top quark loop and HH selt-coupling diagrams

* about 1000 times smaller than that of single Higgs bosons

* Major goal of HL-LHC: measure HH cross section and tri inear self-coupling Auun



Search for HH production - anomalous couplings

e LHC experiments are currently not sensitive to SM HH production

g 0999000990099 - # ® Non-resonant searches can be already sensitive to BSM effects on HH physics
Ky o e HH final states search within anomalous couplings
1 u % * sensitive to anomalous deviations of the coupling strength k, =  Auun/ASMypn
8 9090909090999 - ) H

e Higgs boson trilinear self-coupling modifier k, has large impact on cross section
and kinematics
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https://link.springer.com/content/pdf/10.1007/JHEP06(2019)066.pdf

Search for HH production - SM

* Next leading production mode is Vector-Boson-Fusion (VBF)

* sensitive to k, and to quartic VVHH coupling (k)

O'VBF (HH) =1 .73“:%:%‘:’12772 (scale)
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Search for HH production - BSM

e HH final states search within Beyond-the-Standard-Model resonances

e Several BSM models predict existence of heavy particles decaying into 2
Higgs bosons
* . *5pin-0 resonance: predicted by Two-Higgs-Doublet Models (e.g. MSSM)

and Electroweak Singlet Models

* Spin-2 resonance: Kaluza-Klein graviton, predicted in the Randall-
Sundrum model of warped extra dimensions



HH experimental signatures

* Analyses challenge: compromise between BR and higher purity. No golden channell!

* Variety of final states

 Hbb highest BR

* Leptonic final states: high background suppression

* Dominant production modes and different regimes are considered
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ATLAS Detector and Run 2 data-taking period
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Determines the ATLAS geometry Month in Year

Combined technologies

Inner Detector - Tracking e Pl em |n| < 2.5
Physics benchmarks drove the design of the detector

Calorimetry - |n| < 4.9

Excellent stand-alone reconstruction capabilities
Muon Spectometer - |n| < 2.7
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ATLAS
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Run: 351223
Event: 1338580001
2018-05-26 17:36:20 CEST

Run: 339535 Pad
Event: 996385095
2017-10-31 00:02:20 CEST

Publication: ATLAS-CONF-2021-030
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Analysis Strategy NG
ATL-CONF-2021-030 .
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
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Results - |
ATL-CONF-2021-030

non-resonant obs (exp) 4.7 (3.9) x SM
Observed —2c0 —1o0 Expected +1o0 +420
Thad Thad 58 SM
OggF+VBF/OggF+VBF 4.95 2.38 3.19 4.43 6.17 8.27
¥ Tlep Thad 55 SM
1 OggF+VBF/UggF+VBF 9.16 4.22 5.66 7.80 10.9 14.7
 Combined Oxer-+var, [ 135 61.3 823 114 159 213
e factor 4 improvement compared to previous non-resonant Run 2
result with 36 fb-1 (PRL 121(2018)1921801), obs (exp) 12.7 (14.8)
- 50% due to luminosity increase
_ 50% due to improved T 54 and b-jet reconstruction and
identification techniques, new triggers and a number of
analysis-level improvements

95% CL limits on o (pp — X — HH) [fD]
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e [ocal excess @ 1.0 (1.1) TeV in the

ThadThad (Tlepthad) channel of 2.80 (1.50)

e combined at 1 TeV: local (global) excess of
3.00 (2.00)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/

Results - I
ATL-CONF-2021-030 _  :
ATL-CONF-2021-052 ;

obs k; excluded outside the interval [-2.4, 9.2]

j non-resonant obs (exp) 4.7 (3.9) x SM | 108 ]
112 | ATLAS Preliminary —— Observed limit (95% CL) ] |
| 2 ---- Expected limit (95% CL) |
z Observed —20 —1o0 Expected +1o0 +20 L Vs =13 TeV, 139 fbo- P . (95% CL) 1
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| 102}
e factor 4 improvement compared to previous non-resonant Run 2 { § - Observed: K) € [-2.4,9.2]

result with 36 fo-1 (PRL 121(2018)191801), obs (exp) 12.7 (14.8) - Expected: K, € [-2.0,9.0]
- 50% due to luminosity increase 100 b f;
| | , | ;! ‘10 8 6 -4 -2 0 2 4 6 8 10}
| _ 50% due to improved Tt 5,4 and b-jet reconstruction and | |
; . o . . . } ¢} The theory prediction curve represents the scenario where all parameters and A
i identification technlques, new triggers and a number of couplings are set to their SM values except for k. Expected limits assume no HH
| analysis-level improvements 1 production.


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

Combining ATLAS results | Resonant (5pin-0): bbb, bbyy and bbrr |
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

Why are EFTs interesting for HH production?

*The Eftective Field Theory (EFT) framework can be used as a tool to:

* make a more general measurement of the Higgs self-coupling

e explore Beyond-the-Standard-Model scenarios produced at E >> E ¢
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ATL-CONF-2021-052

e HH searches present constraints on k) = ¢, /¢, sV

while assuming that all other couplings have their SM
values (kappa framework)

e Two frameworks are available in
e Higgs EFT: Higgs is a singlet (more general)
e SM EFT: Higgs is a doublet (more SM-like)

13


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

ggr HH - HEFT interpretation ATL-PHYS-PUB-2022-019

® interpretation ot ggF HH—=bbrr ATLAS Run-2 search in Higgs EFT framework
e in the HEFT Lagrangian, ggF HH production is described at LO with 5 operators and their corresponding Wilson coefficients c:

where chhh = k) and ctih= k't

® Chhh: Ctth. ngh / /

® smooth transition from kappa framework to EFTs (both

contain KA\)

o theorists have suggested a set of / benchmarks that fairly

represent the different shapes obtained by the variations of
chhh, ctth, €ggh . , in HEFT at NLO.
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https://arxiv.org/abs/1908.08923
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-019/

Results - |
ATL-PHYS-PUB-2022-019

95% CL upper limit on ggF HH cross-section [fb]

Benchmark Obs. 20 —lo Exp. +lo +20
SM 130.9 59.1 79.3 110.1 156.9 221.4
BM 1 195.8 80.8 108.4 150.5 216.9 312.0
BM 2 203.1 87.9 118.0 163.7 235.0 335.5
BM 3 82.8 33.8 45.3 62.9 92.1 136.3
BM 4 94.6 40.5 54.4 75.4 107.9 153.0
BM 5 78.5 33.1 44 4 61.6 89.1 129.1
BM 6 126.1 54.7 73.4 101.8 145.6 206.4
BM 7 65.9 27.5 36.9 51.2 73.5 104.8
g 4 —— Observed limit (95% CL)
T 10 ATLAS Internal - Expected limit (95% CL)
:\EL: - Vs=13TeV, 139 fb"" [0 Expected limit +10
og | HH-bbt*T™ 1 Expected limit +20
- ——  Theory prediction
g H Y7 SM pr:;ch)iction
L7 ' 103 =
Cgghh, .’ \
N . e
g H f
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- Expected: Cgghn € [-0.4,0.4]
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expected limits are obtained assuming no ggF HH
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-019/
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HH— bbtt @ HL-LHC ] e e e
2 | 3 —e— Baseline
_é of H\/IE . L%Ji\_/ Theoretical unc. halved |
AT I_— P HYS— P U B—202 /‘ —044 qg [ Projection from Run 2 data — MC stat. unc. neglected
2t ——— Run 2 syst. unc.
D 4l
D4
* assumptions for systematic uncertainties in different scenarios: 3 ol

* no systematic uncertainties

® baseline: halved theoretical uncertainties + scaled Run 2 systematic
uncertainties "

o o e 1000 1500 2000 2500 3000 —
®* Run 2 systematic uncertainties

: : 1
Uncertainty Scenario | 95% CL Upper Limit | Significance [o"] | Signal Strength Precision Integrated Luminosity [fo™']
. . No syst. unc. 0.49 4.0 0.27
e MC stat uncertainties neglected Baseline 071 28 0.39
Run 2 syst. unc. 1.37 1.5 0.69
® MC stat. unc. neglected 0.99 2.2 0.51
Theoretical unc. halved 1.07 1.7 0.58
o
Py ATLAS Preliminary i
. . . S |
*new triggers, increased pile-up level, and detector upgrades effects not < Vs = 14 TeV, 3000 fo-
O — bbt"t”
considered = Projection from Run 2 data
O —#— No syst. unc.
0p —e— Baseline

Theoretical unc. halved
—»— MC stat. unc. neglected
—&— Run 2 syst. unc.

* signal significance above the background only hypothesis in the baseline
scenario:

e evidence (> 3 0) for HH production it k1 < 0.8 or k1 > 6.3
e observation (> 5 g) for HH production if kA < =0.6 or kA > 7.8
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-044/

Summary

e Strong HH — bbbt results with 139 fb-1 ATLAS data
* non-resonant: obs (exp) 4.7 (3.9) x SM
* resonant: obs (exp) 23 - 920 tb (12 - 840 tb) with excess @ 1 TeV with global significance ot 2.00
* obs (exp) kKa excluded outside the interval [-2.4, 9.2] ([-2.0,9.0])
* HEFT benchmarks: observed (expected) 95% CL intervals:
o—0.4 < <0.4(-04 < < 0.4) and -0.3 < <0.7 (-0.2 < < 0.6)

* Factor 4 improvement compared to 36 tb-'
® 50% due to luminosity increase

e 50% due to improved tj54 and b-jet reconstruction and identification and analysis-level improvements

e HH— bbtt @ HL-LHC projection studies:
* HH signal significance with (without) baseline systematic uncertainties: 2.8c (4.00)

e observation for HH production with baseline systematic uncertainties if k1 < —0.6 or k1 > 7.8
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