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Higgs Boson Pair Production

Non-Resonant Production Resonant Production
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— access to Higgs potential BSM scenarios
0% =31.05fb* in - Benchmark model:
SM due to destructive interference Narrow-width CP-even
- VBF contribution )% = 1.726 fb t also scalar X
considered

251GeV < my < 1.6TeV

*: NNLO QCD, my = 125GeV, pp @ 13TeV, J. High Energ. Phys. 2018, 59 (2018) 1
T N3Lo qep, my, = 125GeV, pp @ 13TeV, Phys. Rev. D 98, 114016



The bbr+7~ Final State

Di-Higgs Branching Ratios
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BR for my, = 125 GeV from LHCHXSWG

Di-Tau Branching Ratios

BR from PDG

- HH — bbr7r~ third largest BR of relevant channels

- High sensitivity to SM Higgs pair production

+ Targeting semi-leptonic (mepmhag) @and fully hadronic (7a47haq) di-tau
final states



Event Selection

Thad Thad TlepThad (SLT) Tlep Thad ()
single & di-7,q triggers single ¢ triggers {4+ Thaq triggers
exactly two 744 exactly one 1,4 & Oone e or u
lepton-veto Mpp < 150 GeV

trigger-dependent thresholds on e/u/ 7,4 and jets
mMMC > 60 GeV
2 b-tagged jets
OS el. charge of 7e /7y /Thad and Thaq
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Event Selection

- Close to two-fold improvement in signal acceptance
sinj compared to previous publication
(Phys. Rev. Lett. 121, 191801)

Driven by improved reconstruction and identification
of Thag and b-jets
(ATL-PHYS-PUB-2017-003, ATL-PHYS-PUB-2017-013, ATL-PHYS-PUB-2019-033)
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Background Estim

ation
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o Data
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— X (m, =500 GeV)
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Background ThadThad-Channel TlepThad-Channel

tt Simulation (normalized in fit)

Z+jets Simulation (normalized in fit - dedicated CR)

j fakes (tt Simulation (data-d s-1D eff.) :

J_et = Thag fakes (tf) - iarondataarven o Combined fake-factor method
jet — maq fakes (multi-jet) Fake-factor method

SM Higgs / Other Simulation




Signal Extraction: Non-Resonant Higgs Pair Production
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BDT score NN score

- Signal / background classifiers provide discriminant for likelihood fit
ThadThad: BOOSted Decision Trees TlepThad: Neural Networks

- Trained on signal vs. all backgrounds using high-level variables:
E.g Myy, Mpp, MMMC AR(7,7), ...



Signal Extraction: Resonant Higgs Pair Production

Baldi et al,, Eur. Phys.
% J. C 76,235 (2016).

X1

Sx1,x2,60)

X2

- Approach similar to non-resonant case

Parametrized neural networks (PNN)
used as discriminant

Parametrized in mass of scalar (6 = mx)

Provides single classifier (per channel)
for all considered my
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Relative uncertainty explained by source:

. . Uncertainty source Non-resonant HH
- Uncertainty on signal strength v
ieti ; [ Data statistical 81% ]
statistically dominated Systematic 7
tf and Z + HF normalisations 4%
Leading systematic sources | MC sttistical 28% |
Experimental
(non-res. HH): Jet and Ess 7%
fotl b-jet tagging 3%
MC statistics s S
Top / Single Higgs modelling Electrons and muons 2%
Luminosity and pileup 3%
Theoretical and modelling
Search for X — HH: Fake-Thag.y 2o
| Top-quark 24% |
. mi | Z(— 17) + HF 9%
similar p! cture | Single Higgs boson 29% |
. H . _ Other backgrounds 3%
Depending on my: Fake-744, Staml i

Z+jets, signal modeling up to 30 % s conraom om0
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Results & Conclusion

Cross section upper limits on

pp — HH (non-resonant) pp — X — HH (resonant)
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Upper limit on o2 /%"

Highest expected sensitivity to date
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Upper limits on ox_.uy for narrow-width scalars ranging from approx. 20-10° fb
Largest excess at 1TeV with local (global) significance of 3.00 (2.00)



HH — bb7, 7., candidate event

ATLAS

EXPERIMENT

Run: 351223
Event: 1338580001
2018-05-26 17:36:20 CEST
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HH — bb7, 7. candidate event

ATLAS

EXPERIMENT

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



Summary for Discussion Session

Non-Resonant Production

Resonant Production
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Selection

Thad Thad Category TiepThad Categories
STT DTT SLT LTT
e/ selection
No loose e/u with pr > 7 GeV Exactly one tight e or medium u
Pt > 25,27 GeV 18 GeV < pf < SLT cut
pr‘ > 21,27 GeV 15 GeV < p‘T‘ < SLT cut
|n€| < 2.47, not 1.37 < |p€| < 1.52
InH] < 2.7
Thad-vis Selection
Two 100se Thad-vis One loose Thad-vis
Inl <2.5 Inl <2.3
pr > 100, 140, 180 (25) GeV pr > 40 (30) GeV pr > 20 GeV pr > 30 GeV

Jet selection
> 2 jets with [] < 2.5
pr > 45 (20) GeV Trigger dependent pr > 45 (20) GeV Trigger dependent

Event-level selection
Trigger requirements passed
Collision vertex reconstructed
mMMC > 60 GeV
Opposite-sign electric charges of e/ 11/ Thad-vis and Thad-vis
Exactly two b-tagged jets
mpp < 150 GeV
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MVA Input Variables

Variable Thad Thad TlepThad SLT TlepThad LTT

mygg
MMC
TT

M

AR(7,T)
AR(b,b)

ApT (67 T)
Sub-leading b-tagged jet pp
mr

E%l‘lss

pr " ¢ centrality
Ag(rr,bb)

Ag(l, P
Ag(lr, pr™)

St
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Uncertainty Breakdown

Table 4: Breakdown of the relative contributions to the uncertainty in the extracted signal cross-sections, as determined
in the likelihood fit to data. These are obtained by fixing the relevant nuisance parameters in the likelihood fit, and
subtracting the obtained uncertainty on the fitted signal cross-sections in quadrature from the total uncertainty, and
then dividing the result by the total uncertainty. The sum in quadrature of the individual components differs from the
total uncertainty due to correlations between the groups of uncertainties.

. Resonant X — HH
Uncertainty source Non-resonant HH

300 GeV 500 GeV 1000 GeV
Data statistical 81% 75% 89% 88%
Systematic 59% 66% 46% 48%
tf and Z + HF normalisations 4% 15% 3% 3%
MC statistical 28% 44% 33% 18%
Experimental
Jet and E%‘iss 7% 28% 5% 3%
b-jet tagging 3% 6% 3% 3%
Thad-vis 5% 13% 3% 7%
Electrons and muons 2% 3% 2% 1%
Luminosity and pileup 3% 2% 2% 5%
Theoretical and modelling
Fake-Thad-vis 9% 22% 8% 7%
Top-quark 24% 17% 15% 8%
Z(— 17) + HF 9% 17% 9% 15%
Single Higgs boson 29% 2% 15% 14%
Other backgrounds 3% 2% 5% 3%
Signal 5% 15% 13% 34%
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Additional Plots for SL
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Additional Plots for LTT (1)
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Additional Plots for LTT (2)
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Non-Resonant HH Results

Table 5: Observed and expected upper limits at 95% CL on the cross-section of non-resonant HH production
according to SM-like kinematics, and on the cross-section of non-resonant HH production divided by the SM
prediction. The +1 ¢~ and +2 ¢ variations around the expected limit are also shown.

Observed -20 -10 Expected +loc +20

. egrrva [0 145 705 946 131 183 245
TopvBr /Ny 495 238 319 443 617 827
- egrrvs [0 265 124 167 231 322 432
Togrever/OSM p 916 422 566 786 109 147
Combined  Ceerver [fb] 135 613 823 114 159 213

Togrever/OSM p 465 208 279 387 539 722
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