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https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Why do we care about Higgs pair production

Kun LIU (TDLI/SJTU)

✦ Higgs precision measurements are in good agreement 

with the SM predictions by far.


✦ Higgs pair production is rare in the SM (31.05fb@NNLO)


✦ It has not been observed yet


✦ It allows direct access to the Higgs self-coupling


✦ Many BSM models enhance di-Higgs production rate, 

e.g 2HDMs, hMSSM, EWK-singlet …


✦ LHC + HL-LHC is unique factory for di-Higgs searches


✦ energy frontier (√s = 7/8/13/14 TeV)


✦ good integrated luminosity (300/3000fb-1)
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Introduction

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Analysis data luminosity

Kun LIU (TDLI/SJTU)
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✦ ATLAS and CMS experiments have successfully collected ~140 fb-1 luminosity at 
13 TeV centre-of-mass energy in full Run 2 period → Thanks to LHC machine !


✦ Run 2 dataset has been used in stages for published analyses: 36 / 80 / 140 fb-1.

✦ Each experiment has produced ~4300 HH events in SM expectation (𝜎HH=31.05fb@NNLO).

~36 fb-1

~80 fb-1

~140 fb-1

Introduction

1034 cm-2s-1 instant. lumi.

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Higgs pair decay signatures 

Kun LIU (TDLI/SJTU)

rarer 

rarer 

HH→4b

HH→bb𝛕𝛕

HH→bb𝛄𝛄

Di-Higgs decay branching ratios
• The highest 

branching ratio

• Large QCD multi-

jet background.

• Relatively large 
branching ratio


• Cleaner final 
state. 

• Small branching ratio

• Clean final state 

• Narrow H→𝛄𝛄 peak on 

top of continuum bkg.

There are also bbWW, bbZZ, 4W channels

• relatively large branching ratios

• final states can be reconstructed


     and WW𝛄𝛄 channel having clean signal.


Picture from E. Brost

Picture from E. Brost

Picture from E. Brost

Introduction

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://indico.cern.ch/event/900384/contributions/3998878/attachments/2132908/3591987/Brost_Higgs2020_HH_ATLAS.pdf
https://indico.cern.ch/event/900384/contributions/3998878/attachments/2132908/3591987/Brost_Higgs2020_HH_ATLAS.pdf
https://indico.cern.ch/event/900384/contributions/3998878/attachments/2132908/3591987/Brost_Higgs2020_HH_ATLAS.pdf
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Event reconstruction and discriminating variables
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Discrimination distributions (mH1,mH2; mHH ) for signal and background processes.
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Higgs candidate can be reconstructed

• from 𝛄𝛄 (good resolution) 

• from bb, 𝛕𝛕 


Di-Higgs candidate reconstruction from 
4-body invariant mass mHH.


mHH is also used for resonance searches.

Multi-variate discriminators are used to incorporate many variables. 

Picture from E. Brost Picture from E. Brost

Introduction

Non-resonant HH Resonant HH

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://indico.cern.ch/event/900384/contributions/3998878/attachments/2132908/3591987/Brost_Higgs2020_HH_ATLAS.pdf
https://indico.cern.ch/event/900384/contributions/3998878/attachments/2132908/3591987/Brost_Higgs2020_HH_ATLAS.pdf


 

7
  

 
Outline of this talk

  

Kun LIU (TDLI/SJTU)

Non-resonant HH Resonant HH
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Higgs candidate can be reconstructed

• from 𝛄𝛄 (good resolution) 

• from bb, 𝛕𝛕 


Di-Higgs candidate reconstruction from 
4-body invariant mass mHH.


mHH is also used for resonance searches

Discrimination distributions (mH1,mH2; mHH ) for signal and background processes.

Multi-variate discriminators are used to incorporate many variables. 

Picture from E. Brost Picture from E. Brost

Introduction

Event reconstruction and discriminating variables

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://indico.cern.ch/event/900384/contributions/3998878/attachments/2132908/3591987/Brost_Higgs2020_HH_ATLAS.pdf
https://indico.cern.ch/event/900384/contributions/3998878/attachments/2132908/3591987/Brost_Higgs2020_HH_ATLAS.pdf
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✦ Non-resonant and resonant HH contributions to the mHH spectrum. 

✦ Non-resonant HH process contributes more at mHH harder regions

✦ 𝛋λ = 0, contribution only from box diagrams

✦ 𝛋λ ≥ 5, resonant process dominates

✦ 𝛋λ = 2, maximal destructive interference

Introduction

Event reconstruction and discriminating variables

Picture from E. Brost

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://indico.cern.ch/event/900384/contributions/3998878/attachments/2132908/3591987/Brost_Higgs2020_HH_ATLAS.pdf
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ATLAS and CMS analysis channel and status
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Channel ATLAS CMS

4b JHEP 01 (2019) 030                          36.1 fb-1  
JHEP 07 (2020) 108 (VBF)                 127 fb-1 JHEP04(2019)112                          35.9fb-1

bb𝛕𝛕 Phys. Rev. Lett. 121 (2018) 191801   36.1 fb-1 
Acc. by JHEP (boosted)                      139 fb-1 Phys.Lett.B 778 (2018) 101-127   35.9 fb-1

bb𝛄𝛄 JHEP 11 (2018) 040                           36.1 fb-1 CMS-PAS-HIG-19-018                   137 fb-1

bbWW JHEP 04 (2019) 092 (lvqq)                 36.1 fb-1 

Phys. Lett. B 801(2020)135145 (lvlv)  139 fb-1 JHEP01(2018)054                        35.9 fb-1

4W JHEP 05 (2019) 124                           36.1 fb-1 /

WW𝛄𝛄 Eur. Phys. J. C 78 (2018) 1007           36.1 fb-1 /

bbZZ / CMS-PAS-HIG-20-004                   137 fb-1

Combination Phys. Lett. B 800 (2020) 135103        36.1 fb-1 Phys.Rev.Lett. 122(2019)121803  35.9 fb-1

* green color marks for those analyses being updated with full run 2 luminosity.

ATLAS and CMS Run 2 results

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP01(2019)030
https://links.springernature.com/f/a/VwdeHVgMt-IWYldAfMvVqA~~/AABE5gA~/RgRg9f0wP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8wL0FYTnBNOVlNNTh5YXNfWm11QXdzVwNzcGNCCgBGsMkUXwVqERtSGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn
https://link.springer.com/article/10.1007/JHEP04(2019)112
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://arxiv.org/pdf/2007.14811
https://doi.org/10.1016/j.physletb.2018.01.001
https://link.springer.com/article/10.1007/JHEP11(2018)040
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-018/index.html
https://link.springer.com/article/10.1007/JHEP04(2019)092
https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://doi.org/10.1007/JHEP01(2018)054
https://link.springer.com/article/10.1007/JHEP05(2019)124
https://link.springer.com/article/10.1140/epjc/s10052-018-6457-x
https://cds.cern.ch/record/2725691?ln=en
https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.121803
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Limits on Higgs pair production cross section

Kun LIU (TDLI/SJTU)

HH
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6 7 8 910 20 30 40 506070 100 200 300 400

 SM×Expected 12.8
SM×Observed 22.2

Combined

SM×Expected 18.8
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γγbb
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SM×Observed 31.4

ττbb

SM×Expected 36.9
SM×Observed 74.6

bbbb

SM×Expected 88.8
SM×Observed 78.6

bbVV

Observed
Median expected
68% expected
95% expected

CMS 

HH→gg

 (13 TeV)-135.9 fb

10 210 310 410 510
ggF
SMσ HH) normalised to → (pp ggFσ95% CL upper limit on 

Combined

-W+Wb b→HH

γγ
-W+ W→HH

-W+W-W+ W→HH

γγb b→HH

bbb b→HH

-τ+τb b→HH 12.5 15 12

12.9 21 18

20.3 26 26

160 120 77

230 170 160

305 305 240

6.9 10 8.8

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.5 fb→ (pp ggF
SMσ

✦ 95%C.L. upper limit on 𝜎HH is 6.9 and 7.7 from ATLAS and CMS experiment.


✦ Dominant channels: HH→bb𝛕𝛕, 4b and bb𝛄𝛄.

New bb𝛄𝛄 obs.(exp.) limit: 7.7 (5.2)

with full Run 2 luminosity (137fb-1) 

New bbWW obs (exp.) limit: 40 (29+14-9)

with full Run 2 luminosity (139fb-1) 

ATLAS and CMS Run 2 results

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Limits on Higgs self-coupling

Kun LIU (TDLI/SJTU)
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Theoretical Prediction
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Obs.               Exp.
                 (Exp. stat.)
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SM

ATLAS

-127.5 - 36.1 fb
 = 13 TeVs

Exp. 95% CL limits

Obs. 95% CL limits

bbbb

-τ+τbb

γγbb

Comb.

 (exp.)σ1±Comb. 

 (exp.)σ2±Comb. 

Theory prediction

New bb𝛄𝛄 result: [-3.3, 8.5] with 

full Run 2 luminosity (137fb-1)

✦ 𝛋λ is limited to [-5.0, 12.0] and [-3.3, 8.5] from ATLAS and CMS experiment.


✦ CMS HH→bb𝛄𝛄 channel has used full Run 2 luminosity (137fb-1).

ATLAS and CMS Run 2 results

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Limits on narrow resonance production cross section

Kun LIU (TDLI/SJTU)

✦ X-section limit for narrow resonant particle varies 
from ~1pb to ~3fb in [260GeV, 3TeV] mass range. 


✦ HH→4b dominates > 600GeV mass regime.


✦ HH→bb𝛄𝛄 dominates [260,400] GeV mass regime.

210×3 310 310×2 310×3
 [GeV]Sm

2−10

1−10

1

10 H
H

) [
pb

]
→

 S
 

→
(p

p 
σ

ATLAS
-1 = 13 TeV,  27.5 - 36.1 fbs

spin-0

limits
Exp. 95% CL

limits
Obs. 95% CL

-W+W-W+W γγ
-W+W

-W+Wbb bbbb

-τ+τbb γγbb

Comb. (obs.) (exp.)
σ1±Comb. 

(exp.)
σ2±Comb. Bulk RS

ATLAS and CMS Run 2 results

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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VBF HH searches in 4b and bb𝛄𝛄 channels

Kun LIU (TDLI/SJTU)
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Observed
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68% expected
95% expected
Theoretical prediction

bbγγ→HH

✦ VBF HH has unique sensitivity to VVHH coupling (𝛋2V ). 

✦ Regions out of which have been excluded at 95%C.L.


✦ from ATLAS HH→4b (126fb-1): [-0.76, 2.90]

✦ from CMS HH→bb𝛄𝛄 (137fb-1): [-1.3, 3.5]

ATLAS and CMS Run 2 results

ATLAS HH→4b channel

CMS HH→bb𝛄𝛄 channel

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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First bbZZ(→4l) result from CMS (137 fb-1)

Kun LIU (TDLI/SJTU)
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✦ First HH→bbZZ(→4l) search has been performed in CMS (137 fb-1)

✦ Obs. (exp.) limit on X-section is 30(37) times the SM prediction

✦ Limit on self-coupling parameter 𝛋λ: [-9, 14].

ATLAS and CMS Run 2 results

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Boosted HH→bb𝛕𝛕 search in ATLAS (139fb-1)

Kun LIU (TDLI/SJTU)
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Identify two tau candidates as 

“subjects” in a large-R jet.

✦ Reconstruction and identification of boosted di-tau systems, using large-radius 
jets and exploiting jet substructure. 


✦ Obs. limits on X→HH production cross-section lie between 94pb and 28pb for   
X mass in the range 1.0 - 3.0 TeV.

ATLAS and CMS Run 2 results

Parallel session talk by Bowen Zhang (NJU)

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://indico.ihep.ac.cn/event/12369/session/20/contribution/191
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Prospects at High Luminosity LHC

Kun LIU (TDLI/SJTU)
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Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION / BUILDINGS

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

11 T dipole coll.
Civil Eng. P1-P5
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13 - 14 TeV 14 TeV

7 TeV 8 TeV
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ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 350 fb-1 3000 fb-1
4000 (ultimate)

20402027

We are here now !

HL-LHC prospects

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Prospects at HL-LHC (3000fb-1)

✦ Each experiment is able to reach to 3𝜎 significance at the end of HL-LHC, in all 
channels combination → 4.0𝜎 from ATLAS+CMS combination.

HL-LHC prospects

Significance from each analysis and their combination, w/ and w/o systematics : 

Reviews in Physics 5 (2020) 100045

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://doi.org/10.1016/j.revip.2020.100045
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Kun LIU (TDLI/SJTU)

Prospects at HL-LHC (3000fb-1)

✦ ATLAS+CMS HH combination can set strong constraints on 𝛋λ parameter:
[0.1, 2.3] at 95% C.L. and [0.5,1.6] at 68% C.L.

HL-LHC prospects

Constraints on Higgs self-coupling (𝛋λ)

Reviews in Physics 5 (2020) 100045

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://doi.org/10.1016/j.revip.2020.100045
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Summary

Kun LIU (TDLI/SJTU) Summary

✦ Searching for Higgs pair productions have been performed in ATLAS and CMS

✦ observed (expected) limit on 𝜎HH: 6.9 (10) and 7.7(5.2)


✦ constraints on Higgs self-coupling (𝛋λ): [-5.0, 12.0] and [-3.3, 8.5]


✦ constraints on VVHH coupling (𝛋2V ): [-0.76, 2.90] and [-1.3, 3.5]


✦ most channels with ~36fb-1 dataset (partial run 2 dataset)


✦ More results using full Run 2 dataset are in preparation !


✦ Perspective shows strong HH evidence at the end of of HL-LHC.

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024


 

 

 

 

 
Welcome to join Di-Higgs 2020 workshop !

Nov. 19-21, 2020 @TDLI/SJTU, Shanghai

https://indico-tdli.sjtu.edu.cn/event/283/ 

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://indico-tdli.sjtu.edu.cn/event/283/
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Self-coupling constraints in single Higgs analyses

Kun LIU (TDLI/SJTU)

A varied Higgs trilinear coupling effects not only 
inclusive Higgs production/decay rates but also 
their kinematics, through NLO EW corrections.

ATLAS measurement as inputs (80fb-1):

- inclusive X-section for ggF, ttH

- STXS measurements for VBF and VH.


Constraints on self-coupling modifier

� (�3/�SM
3 ) 2 [-3.2,11.9] @ 95% C.L.

→ this result is comparable with direct 
measurement from di-Higgs channel 
with 36 fb-1 luminosity, combination:

Backup

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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HH signal acceptance times efficiency vs 𝛋λ

Kun LIU (TDLI/SJTU) Backup

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024

