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BSM Di-Higgs Production at LHC

* Inthe Standard Model (SM), the di-Higgs production cross section is very small.
- ggF:31fb, VBF: 1.7fb @ 13 TeV.

* Physics beyond the Standard Model (BSM) can enhance the production rate.
— Modified couplings - ggF: k, k, ; VBF: k,kyK,,
— New resonance that decays to di-Higgs.

* Forresonance, we are searching for:

— Spin-0 particles: predicted by Two-Higgs-Doublet-Models (2HDM) and Electroweak
Singlet (EWK-singlet) Models.

— Spin-2 particles: predicted by Randall-Sundrum (RS) model of wraped extra dimension.
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Di-Higgs Decay Channels

Focus on resonance di-Higgs production

searches:
Publications using ATLAS 2015~2016 dataset
(36.1fbt) covers: Higgs o W - - "

—  bbbb, bbWW, bbtT, bbyy Decay

- WWWW, WWyy bb

- Data 15~16 combination result: ww 4.6%

Phys. Lett. B 800 (2020) 135103 T 7.3% 2.1% 0.39%

New publications using ATLAS Full Run2 - R O | 0.07%
(2015~2018, 139fb) dataset: Ll 0.26% | 0.10% | 0.03% | 0.01% | <0.001%

— bbbb (VBF): JHEP 07 (2020) 108
— bbtt (boosted topology): arXiv: 2007.14811



https://www.sciencedirect.com/science/article/pii/S0370269319308251
https://link.springer.com/article/10.1007%2FJHEP07%282020%29108
https://arxiv.org/abs/2007.14811

Di-Higgs Decay Channels

Focus on resonance di-Higgs production

searches:
Publications using ATLAS 2015~2016 dataset
(36.1fbt) covers: Higgs o W - - "

—  bbbb, bbWW, bbtT, bbyy Decay

- WWWW, WWyy bb

- Data 15~16 combination result: ww 4.6%

Phys. Lett. B 800 (2020) 135103 T 7.3% 2.1% 0.39%

New publications using ATLAS Full Run2 - R O | 0.07%
(2015~2018, 139fb) dataset: Ll 0.26% | 0.10% | 0.03% | 0.01% | <0.001%

— bbbb (VBF): JHEP 07 (2020) 108
—  bbtt (boosted topology): arXiv: 2007.14811



https://www.sciencedirect.com/science/article/pii/S0370269319308251
https://link.springer.com/article/10.1007%2FJHEP07%282020%29108
https://arxiv.org/abs/2007.14811

Results from 2015~2016 Dataset

- Overview of individual channels
- Statistical combination results
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*  HH->bbbb: high BR, low S/B Di-Higgs Slgnal Multi-jet background
- Resolved analysis: Four small-R jets, both [ amas simoatr RN o 3
b_tagged. g, ? Resolved, 2016 2 7 g0l Resolved, 2016 %

160

- Boosted analysis: Two large-R jets, both
have 1/2 associated b-tagged track jets.

* Backgrounds: multi-jet (data-driven) and
top-quark pair.
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https://link.springer.com/article/10.1007/JHEP01(2019)030
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*  HH-»bbtt: medium BR, medium S/B
* 2b-tagged jets and 2 1-lepton.
ThaqThag: 2 hadronic decay T.

Event Categories

TlepThad ThadThad

Single-lepton Lepton + 1, _, Single-t, , triggeror

TipThag: 1 leptonic + 1 hadronic decay T. trigger (SLT)  trigger (LTT) Di-t,_, trigger
C TlepThadSLT C o ”Trhalerh.a‘d‘ I
:Z; ﬂ;t:sas 1" L %;Eo?‘émlkmﬁ E;i 10° é_ ?a?;:sam 'S L %Ea%’%ﬂ?ftwf‘
§ Upese sl &l T i eemss | o Multi-variable analysis strategy.
- Other. E (ZJtI'Te:t +(bb,be.cc) . .
sogtly s *i‘ig d  Backgrounds: top-quark pair, jet>t, _ fake
L _— (data-driven) and Zstt+heavy flavour jets.
10 i y
: s e Resonance search range: 260~1000 GeV.
— e eie o e . .
. L, a0 o Best sensitivity in the medium mass ragion.
o F o 1.2F
g R R S e UQT'W\\\\\\\\\\\\&\\\@
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Discriminate variable: Output of Boosted Decision Tree (BDT) Phys. Rev. Lett. 121 (2018) 191801


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801

HH->bbyy

1-btag Loose 2-btag Loose
* HH->bbyy: low BR, high S/B i Faus s Pk T
) jets and 2 hi gh_pT photon S. z 20§ﬁiégrﬁ>‘3§§';é§’ééﬁon = % BEQEQS,TIZ\Q::;;E;ﬁon — Baovi
— Require 2 b-tagged jets or 1 b-tagged jets + : 150 ) E E 6— =
another jet chosen by a BDT. 10L - af
* Categorisation based on number of b- of 4 # E of
tagged jets and kinematics of jets. ol ,r _thh ,{, it ILLLL_IL o,
- “Tight” for M >500 GeV. s S 12 4
- ¢ Log;)se” for M <500 GeV. § _Z ?‘H{"}Hﬁh#ﬂ#&-*“*--*Iu“-*'*"f Sé 5
* Backgrounds: yy+jets, single Higgs B I5°°Imlw.u.|[(;§3f’

* Signal region is selected by requirements on di-photon and di-jet invariant mass.
* Resonance search range: 260~1000GeV.
* Dominate the sensitivity in low mass region.

JHEP 11 (2018) 040


https://link.springer.com/article/10.1007/JHEP11(2018)040

Additional Channels
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— Resonance search range: 500~3000 GeV * 5:+ Tl F it
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https://link.springer.com/article/10.1007/JHEP04(2019)092
https://link.springer.com/article/10.1007/JHEP05(2019)124
https://link.springer.com/article/10.1140/epjc/s10052-018-6457-x

il compination

Limits on the production of:
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Observed upper limits on cross section:
0.8 pb @ 260 GeV ~ 0.005 pb @ 3TeV

narrow width scalar particle in 2HDM model.
spin-2 Kaluza-Klein (KK) gravitons in RS model.
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In the case k/ﬁpfl.o (2.0), the RS model is excluded at 95% CL in
the graviton mass from 310 (260) GeV to 1380 (1760) GeV.

Phys. Lett. B 800 (2020) 135103
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https://www.sciencedirect.com/science/article/pii/S0370269319308251

il compination

Interpreted into Minimal Supersymmetric Standard Model (hMSSM scenario) and EW-
singlet model. Several parameter spaces are excluded.

ATLAS - : ATLAS
Ys=13Tev == Di-Higgs (exp.) —-- SM Higgs (exp.) = — = Expected [ Observed
E(NSK-;%gl;Ifebt [ Di-Higgs (obs.) SM Higgs (obs.) Z;lg_l_:,?;jrlex)_l = = +10 (exp.) ===+ Constant ms [GeV]
tang = 1.0 ===« Constant s/ms Is/ms > 10%
1.0 o
5 o |

P2N A B B B
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For EWK-singlet model at tanf3 = 1.0, exclude the

heavy scalar paricle mass from 260 GeV to 700 GeV,
depending on sina

For hMSSM, exclude the heavy pseudoscalar

particle mass from 190 GeV to 560 GeV,
depending on tanf3

Phys. Lett. B 800 (2020) 135103 11


https://www.sciencedirect.com/science/article/pii/S0370269319308251

Results from Full Run2 Dataset

- VBF HH->bbbb
- HH->bbTtt Boosted Analysis

12



VBF HH->bbbb

* First VBF HH production result at ATLAS

* Most sensitive to k,, in non-resonant production, also has access to Inb-20
resonant production. g

» VBF selection: two high p; jets that have large rapidity gap and large
invariant mass.
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* General strategy is similar as ggF analysis.

¢ 10—;”“;5 R S S ams | —ommemmma
£ wp Sgralrogion R o * Search range: 260 ~ 1000 GeV % ;SHjEEL%V”%fb* e Expected it (6% CL)
] {ELIIEETT o Limits are set on the resonant production [ sromesnans .E::: . ]
cross section via VBF “:"0 ;

-~ 1pb @ 260 GeV, 4fb @ 1TeV oE 1

; * Both narrow and broad width hypotheses "¢ 3
S S o 2T considered for the resonance. 256"556"45‘5"556"656"*06'ééb"éé""ﬂjfgi;;

JHEP 07 (2020) 108 13


https://links.springernature.com/f/a/VwdeHVgMt-IWYldAfMvVqA~~/AABE5gA~/RgRg9f0wP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8wL0FYTnBNOVlNNTh5YXNfWm11QXdzVwNzcGNCCgBGsMkUXwVqERtSGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn

HH->bbTT Boosted Analysis

* Novel technique first time used in ATLAS to recontructed boosted t-pairs g 12_;:“&3'4 S;mg';tjnl I | é&eéﬁgsddié' ” _
* Decay of t-pair (fully hadronic): “z;, 12- E(j,v,gl‘jvdg’gvf 2}3&;@%300 cov ]
— Reconstructed as a large-R jet with R=0.2 sub-jets. RS o E

- ldentified against quark/gluon initiated jets by BDT. . é z:: ' %y o : :

* H-bb decay: large-R jet, require 2 b-tagged. & oab ' E
* Main backgrounds 02 o ]
P I Y Iy S T

iso-track

— Ztt + heavy flavour jets, multi-jet.
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arXiv: 2007.14811 14


https://arxiv.org/abs/2007.14811

summary

* Searches for new resonance decaying to di-Higgs have been performed in various
final states.

- Several BSM models: 2HDM, EW-singlet, RS model.
— Search range: 260 to 3000 GeV.

* No sign of excess from Standard Model is observed so far. Upper limits on the
cross section and exclusions on parameter space are reported.

* Results from new production modes and final states are presented.

e More results from full Run2 datasets will come soon!
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Thanks for listening!
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Extra Materials
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VBF HH->bbbb
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https://links.springernature.com/f/a/VwdeHVgMt-IWYldAfMvVqA~~/AABE5gA~/RgRg9f0wP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8wL0FYTnBNOVlNNTh5YXNfWm11QXdzVwNzcGNCCgBGsMkUXwVqERtSGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn
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Non-resonant production combination results
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DI-T tagging

* Decay of 1-pair (fully hadronic):
— Reconstructed as an anti-kt R=1.0 jet with R=0.2 sub-jets.

- ldentified against quark/gluon initiated jets by BDT.

- Tagging efficiency has been calibrated in dedicated analysis region.
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bbTT Boosted Analysis
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