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Introduction
• Search di-Higgs (HH) production 

• Standard Model (SM) non-resonant di-Higgs 
allows to directly probe Higgs self-coupling 
κλ (=λ3,measure/λ3,SM), study the Higgs potential 
and constrain EFT couplings 

• BSM resonant di-Higgs originates from a 
heavy scalar or spin2 particle (EWK singlet, 
MSSM, 2HDM, RS KK graviton models etc.)

#2

* The VBS contents are re-arranged into P. Chang’s talk on Friday plenary
*For HH also see talks of N. Ilic on Tuesday, 
N. Readioff and G. Palacino Wednesday
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Di-Higgs experimental status #3

A pair of Higgs bosons provides a variety of 
decay modes


H→bb is usually chosen for one Higgs boson 
given the largest branching ratio


H→others is usually used to deploy triggers 
and suppress backgrounds


Small BRs like H→γγ/ZZ can have strong 
sensitivity given their low-background level. 
They are large parts of the search projects


Experimental results to date from ATLAS and 
CMS are shown in this Higgs-decay matrix

γγ
ZZ

ττ
W

W
bb

γγZZττWWbb

34% 25% 7% 3% 0.3%

0.1%5% 3% 1%

0.0005%

0.03%0.4% 0.3%

0.01%0.07%

Di-Higgs decay BR

assuming SM Higgs BR and

mH = 125 GeV

Published

Unpublished
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#4JHEP 01 (2019) 030

•Largest branching ratio

•Resolved: 4 b-tagged anti-kT jets (small-R)

•Jet pairing: ΔR(j,j) and mass difference 
between the 2 dijet system are used to pair 
the jets (90% correctness)

•Boosted (merged): 2 anti-kT jets (large-R), 
with 1 or 2 b-tagged track-jets associated 
to each large-R jet

•Dominant backgrounds are multijet and tt

Fit on mHH for non-resonant and resonant

Resolved Boosted

HH→bbbb (ATLAS)

https://link.springer.com/article/10.1007/JHEP01(2019)030
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HH→bbbb (CMS) #5JHEP04(2019)112

Jet pairing: mass difference between the 2 
dijet system is used to pair the jets (54% 
correctness)

Fit on mHH for resonant

JHEP 01 (2019) 040
Besides resolved and boosted, semi-resolved 
is explored: 2 b-tagged anti-kT jets (small-R) and 
1 b-tagged anti-kT jets (large-R)

Resolved
Semi-resolved 
& Boosted

Fit on BDT for non-resonant

JHEP 08 (2018) 152

https://link.springer.com/article/10.1007/JHEP04(2019)112
http://dx.doi.org/10.1007/JHEP01(2019)040
http://dx.doi.org/10.1007/JHEP08(2018)152
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HH→bbbb #6JHEP 01 (2019) 030

Non-resonant searches 
•Limits on SM HH production 
in the unit of σSM(pp→HH):

•13 (21) in ATLAS

•75 (37) in CMS


•Put constraints on κλ and on 
EFT couplings in CMS

Resonant searches 
•Searches up to 3 TeV

•Local excess with spin0:

•280 GeV with a maximal local (global) significance of 3.6σ (2.3σ) 
in ATLAS (CMS bbγγ and bbττ have small excess close here)

•460 GeV with a maximal local (global) significance of 2.6σ 
(negligible) in CMS


•These excess are consistent with statistical fluctuation

JHEP 08 (2018) 152 JHEP 01 (2019) 040

Resolved Semi-resolved & merged

Resolved 
& merged

JHEP04(2019)112

https://link.springer.com/article/10.1007/JHEP01(2019)030
http://dx.doi.org/10.1007/JHEP08(2018)152
http://dx.doi.org/10.1007/JHEP01(2019)040
https://link.springer.com/article/10.1007/JHEP04(2019)112
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HH→bbττ (non-resonant) #7
PhysRevLett.122.089901 JHEP 01 (2019) 051

Phys. Lett. B 778 (2018) 101 

•Limits on SM HH production in 
the unit of σSM(pp→HH):

•13 (15) in ATLAS

•30 (25) in CMS

•Put constraints on κλ , κt in CMS

Fit on BDT

•ATLAS: 2 b-tagged jets, 1 leptonic 
τ + 1 hadronic τ or 2 hadronic τ

•CMS: additionally require 1 b-
tagged large-R jet for high-mass 
resonant searches

Fit on mT2 

https://doi.org/10.1103/PhysRevLett.122.089901
http://dx.doi.org/10.1007/JHEP01(2019)051
http://dx.doi.org/10.1016/j.physletb.2018.01.001
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HH→bbττ (resonant) #8

•ATLAS: fit on BDT for resonant as well

•CMS: fit on mHH 

Search is up to 4 TeV

No significant data excess is observed

PhysRevLett.122.089901 JHEP 01 (2019) 051
Phys. Lett. B 778 (2018) 101 

Lower mass

Higher mass

Lower mass

https://doi.org/10.1103/PhysRevLett.122.089901
http://dx.doi.org/10.1007/JHEP01(2019)051
http://dx.doi.org/10.1016/j.physletb.2018.01.001
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HH→bbγγ #9
•ATLAS: 1 or 2 b-tagged jets, 2 
photons, BDT used in choosing 
b-jet in 1 b-tagged events

•CMS: 2 b-tagged jets, 2 
photons, and a BDT cut

•ATLAS: unbind fit on mγγ , mγγbb 

•CMS: unbind fit on 2D mγγ - mbb 

JHEP 11 (2018) 040 Phys. Lett. B 788 (2018) 7
•Limits on SM HH production in 
the unit of σSM(pp→HH):

•22 (28) in ATLAS

•24 (19) in CMS

•Put constraints on κλ  

• [-8.2,13.2] ([-8.3,13.2]) in ATLAS

• [-11,17] in CMS due to excess

Events with mγγ 
[122,128] GeV & 
mbb [90,160] GeV

https://link.springer.com/article/10.1007/JHEP11(2018)040
http://dx.doi.org/10.1016/j.physletb.2018.10.056
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HH→bbVV (1L) #10JHEP 04 (2019) 092 1904.04193

•ATLAS: counting experiment in 
resolved; fit on mHH in boosted

•CMS: fit on mHH-mbb in 12 
categories

HH→bbWW→bblvqq 
•ATLAS: 1 lepton, 2 light jets for W, 2 b-
tagged jets (for resolved) and 1 large-R jet 
with track-jets b-tagging (for boosted) for H

•CMS: 1 lepton, 2 large-R jets for W & H

https://link.springer.com/article/10.1007/JHEP04(2019)092
https://arxiv.org/abs/1904.04193
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HH→bbVV (2L, CMS) #11CMS-PAS-HIG-17-032

HH→bbWW→bblvlv or HH→bbZZ→bbllvv 
•bbZZ analysis: 2 leptons, missing transverse energy, 2 b-tagged jets, 2 
distinct BDTs trained for 2 mass ranges separately, on-shell Z only

•bbWW/ZZ: 2 leptons, 2 b-tagged jets, 12<mll<mZ−15 GeV (off-shell Z) 
to suppress quarkonia resonances, DY, tt, fit on parameterised DNN

Fit on the transverse mass of HH

bbZZ

•Limits on SM HH production 
in the unit of σSM(pp→HH):

•89 (79) in CMS bbWW/ZZ

bbZZ

bbWW/ZZ

Eur. Phys. J. C 
(2016) 76: 235

JHEP 01 (2018) 054

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-032/index.html
https://link.springer.com/article/10.1140/epjc/s10052-016-4099-4
https://link.springer.com/article/10.1140/epjc/s10052-016-4099-4
http://dx.doi.org/10.1007/JHEP01(2018)054
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HH→WWγγ, WWWW #12

•WWγγ: 1 lepton, 2 jets and 2 photons; fit 
on mγγ  

•WWWW: 2/3/4 leptons; event counting

•X→SS (mS ≠ 125 GeV) is probed

•Limits on SM HH production in the unit of 
σSM(pp→HH):

•230 (160) in WWγγ; 160 (120) in WWWW

Eur. Phys. J. C 78 (2018) 1007
arXiv:1811.11028

https://link.springer.com/article/10.1140/epjc/s10052-018-6457-x
https://arxiv.org/abs/1811.11028
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HH combination #13ATLAS 
coming soon Phys. Rev. Lett. 122 (2019) 121803

ATLAS combined upper limits: 
6.9 (10) x SM HH cross-section

CMS combined upper limits: 
22 (13) x SM HH cross-section

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 Preliminary
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.5 fb→ (pp ggF
SMσ

http://TBD
http://TBD
http://dx.doi.org/10.1103/PhysRevLett.122.121803
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HH combination #14Phys. Rev. Lett. 122 (2019) 121803

Constraints on κλ at 95% CL

•ATLAS: [-5.0,12] ([-5.8,12])

•CMS: [-11.8,18.8] ([-7.1,13.6])


Limits are set on cross-section 
in benchmarks with EFT Higgs 
couplings

ATLAS 
coming soon
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Theory prediction

http://dx.doi.org/10.1103/PhysRevLett.122.121803
http://TBD
http://TBD


University of Alberta Xiaohu SUNLHCP2019, Puebla, Mexico

HH combination #15Phys. Rev. Lett. 122 (2019) 121803ATLAS 
coming soon
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ATLAS Preliminary
-1 = 13 TeV,  27.5 - 36.1 fbs

spin-0

Expected Observed

-W+W-W+W γγ
-W+W

-W+Wbb bbbb

-τ+τbb γγbb

Comb. (exp.) Comb. (obs.)

(exp.)
σ1±Comb. 

(exp.)
σ2±Comb. 

Bulk RS

•Limits are set on spin0 
and spin2 resonant 
HH searches 
assuming SM H BRs

Small excess from 
bbγγ and bbττ 
combined

Small excess 
from bbbb

http://dx.doi.org/10.1103/PhysRevLett.122.121803
http://TBD
http://TBD
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HH combination #16Phys. Rev. Lett. 122 (2019) 121803

•Constraints are imposed on EWK single model

•HH limits are comparable to indirectly SM single Higgs measurement in many regions

ATLAS 
coming soon

http://dx.doi.org/10.1103/PhysRevLett.122.121803
http://TBD
http://TBD
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HH combination #17ATLAS Higgs summary plots

•Left: BSM Higgs searches (including Run1 HH exclusion); right: new HH exclusions

•New HH exclusions:

•2x more exclusion on tanβ than Run1; extend to 550 GeV on mA 

ATLAS 
coming soon

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HIGGS/
http://TBD
http://TBD
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Di-Higgs @ HL-LHC #18
•ATLAS includes bbbb, bbττ and bbγγ

•CMS includes bbbb, bbττ, bbγγ, bbVV (2-lepton) and bbZZ (4-lepton)

1902.00134

ATL-PHYS-PUB-2018-053
CMS-PAS-FTR-18-019

Combine ATLAS and CMS:

•Expected significance 4σ

•Expected precision on signal strength ~25%

Combined ATLAS and CMS (stat.+syst.):

68% CL interval on κλ 0.52 ≤ κλ ≤ 1.5 

(indirect probe with loop correction in 
single Higgs “exclusive”: -0.1 ≤ κλ ≤ 2.3)

Expected precision on κλ ~50%

https://arxiv.org/abs/1902.00134
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-019/index.html
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Di-Higgs @ HE-LHC #19
•Scale up to HE-LHC from HL-LHC: cross 
section x4, luminosity 15 ab-1 

•Studied bbττ and bbγγ with ATLAS 
assuming no systematic uncertainties

•Significance: 10.7σ in bbττ, 7.1σ in bbγγ

•Precision on κλ: 20% (40%) in bbττ (bbγγ)

ATL-PHYS-PUB-2018-053

~20%

~50%HH

HH

1902.00134

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/
https://arxiv.org/abs/1902.00134
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Summary
• Extensive searches for di-Higgs are being performed in ATLAS and CMS 

• Di-Higgs: 5x better upper limits compared to Run1 results 

• Approach a few times of SM di-Higgs cross-section 

• Start to study the second leading production mode VBF 

• Reach several TeV for di-Higgs resonance (more heavy resonance results in J. 
Ngadiuba’s talk on Tuesday) 

• Expect evidence of SM di-Higgs production at the HL-LHC 

• Expect to measure Higgs-self coupling with 50% (20%) precession in HL-LHC 
(HE-LHC) 

• Many other prospects are not included due to time (resonant HH 4b, VBF non-
resonant, HH implications for theory etc.). See 1902.00134 !

#20
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Di-Higgs experimental status #22

34%

25%

7%

0.3%

0.1%

3%

5%

Each connection with its branching ratio presents 
a decay combination explored by ATLAS/CMS

γγ

ZZ

bb

γγ

bb
WW

WW

ττ
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ATLAS 4b #23
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ATLAS 4b #24Resolved
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#25ATLAS 4b Boosted
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#26ATLAS 4b
Boosted
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#27CMS 4b

Resolved, for non-resonant
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#28CMS 4b

Resolved, for resonant

Semi-resolved & merged

We define the pass-fail ratio Rp/f as the ratio of 
events for which the AK8 jet passes and fails the 

double-b tagger tagging requirement. 
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#29CMS 4b

Resolved Semi-resolved & merged
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#30bbtautau
ATLAS
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#31bbyy

CMS

 VBF consideration
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#32bbVV lvlv+llvv

bbWW+bbZZ off-shell Z

bbZZ on-shell Z

bbZZ on-shell Z 
seems slightly more 
sensitive in higher 
mass searches than 
bbWW+bbZZ with off-
shell Z
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#33Single Higgs ATL-PHYS-PUB-2019-009 
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#34HH HL-LHC
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#35HH combination
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#36HH combination
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#37HH combination
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#38HH combination



University of Alberta Xiaohu SUNLHCP2019, Puebla, Mexico

#39HH combination
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