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Higgs boson pair (HH) production

▷ Correspondence between Higgs self-coupling � and �SM = m2
H/(2v2) to be tested

⇒ Direct probe of the Higgs potential V(𝜙) EWSB→ V(h) = �v2h2︸  ︷︷  ︸
mass term

+ �vh3︸︷︷︸
hi
j

+ �h4/4︸  ︷︷  ︸
ihh
j

⇒ Further insight into the stability of SM vacuum [1]
▷ Not enough sensitivity to indirectly infer from

single Higgs measurements [2, 3] + possible BSM in loops
▷ HH production accessible, but HHH not (even with the HL-LHC [4])
⇒ Focus on gluon-gluon fusion (ggHH), vector boson fusion (qqHH) production
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HH decay modes

▷ Challenge: HH
production has 𝒪(103)
smaller cross section
compared to single
Higgs production

▷ Assuming SM, only
∼ 4300 HH events
expected from LHC
Run 2 data (billions of
events)

▷ No single „golden”
channel ⇒ need to
combine all viable HH
decay modes ☞

▷ Our goal: multilepton
channels (leptonic final
states of WW∗WW∗,
WW∗𝜏𝜏 and 𝜏𝜏𝜏𝜏)
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Strategy

1) Devise object and event selection criteria targeting HH → WW∗WW∗, WW∗𝜏𝜏,
𝜏𝜏𝜏𝜏 signal with prompt (= from W, Z or 𝜏 decays) electrons and muons (ℓ ) and
hadronic 𝜏 decay products (𝜏h) in final state

2) Carefully model the signal hypotheses, background processes, uncertainties
3) Develop discriminants for bringing out signal from background

4) Extract upper limits for SM production cross section, constraints on �� = �/�SM

(and on �2V = g2V/gSM
2V if possible) using maximum likelihood (ML) fit

Data: pp collisions at
√

s = 13 TeV recorded by the CMS detector during LHC Run 2
(2016-2018) ⇒ 138 fb−1
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Object and event selection

7 mutually exclusive event categories based on the number of ℓ/𝜏h:

▷ Backgrounds reduced by rejecting events with Z or light meson resonances, with
b tagged jets, H → ZZ∗ → 4ℓ events, or Z/𝛾∗ events with fake /ET

▷ Signal regions (SRs) further refined by requiring fired triggers, low noise levels,
fully operational detector

▷ At least 1 or 2 hadronic jets to catch events with W → qq′ in 3ℓ or 2ℓSS/+1𝜏h

2ℓSS + 1𝜏h with extra jets
from 2 quarks:
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Background modeling
▷ Irreducible backgrounds, i.e. those with genuine prompt ℓ/𝜏h estimated with

Monte Carlo (MC) simulation (e.g., VV(V), ttV)
▷ Reducible backgrounds with no prompt ℓ/𝜏h or with incorrect charge estimate

have huge cross sections, despite low selection efficiency and tiny phase space

▷ Prohibitive to generate the necessary amount of MC events
⇒ extract from the data

▷ Idea: devise additional criteria for ℓ/𝜏h (prompt ID, „tight” charge), select
only those events in the SR; data events with ℓ/𝜏h failing those requirements
are extrapolated to the SR by appropriately reweighing them
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Signal extraction

▷ Dedicated boosted decision trees (BDTs) [5, 6] for each of the 7 signal categories

▷ Floating point score between 0 (background-like) and 1 (signal-like)
▷ Hyperparameters optimized using particle swarm algorithm [7]

⇒ 𝒪(10%) gain in sensitivity (see talk by Laurits)
▷ Training data maximized for MC statistics
▷ Training variables: angular

separation and invariant masses
between pairs of ℓ , 𝜏h and jets,
transverse momenta, /ET,
reconstructed mHH , . . .

▷ All distributions binned into histograms
(with uncertainties), input to the ML fit
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Results
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▷ Observed (expected): −6.9 < �� < 11.1 (−6.9 < �� < 11.7)
▷ Good sensitivity at high |�� |
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HH combination
Our analysis results are also featured in an HH combination paper published in
Nature for celebrating 10 year anniversary of Higgs boson discovery [8]:
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▷ −1.24 < �� < 6.49 (−1.01 < �� < 6.31)
⇒ Every analysis matters

Revisit also Xandra’s talk!
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Summary & outlook

In conclusion:

▷ Search for HH signal in multilepton channels based on 138 fb−1 of pp collision
data produced at the LHC in 2016–2018

▷ No evidence for signal found
▷ Observed (expected) upper limit on SM cross section: 21.3 (19.4)
▷ �� constrained between −6.9 and 11.1 (−6.9 and 11.7)
▷ Other results discussed in backup ( EFT benchmarks and scans , resonant production )

Future plans:

▷ Based on LHC Run 2 results presented here: combination with more recent HH
analyses (non-resonant, resonant)

▷ For LHC Run 3:

▷ Optimize for qqHH signal and �2V extraction ⇒ see Norman’s talk
▷ Improve aspects of signal extraction (e.g. increase training statistics)
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Backup
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Signal modeling

Signal at different values of �� obtained by reweighing next-to-LO (NLO) MC
simulation

▷ „Matrix-based” reweighing

▷ ℳ(�� , �t) = ���tℳ△ + �2
t ℳ□⇒ N(��) ∼ 𝜎(��) ∼ |ℳ(��)|2 =

∑2
n=0 An�

n
�

▷ Pick (at least) three different values of �� (e.g. a, b, c), solve for {An}2
n=0:

©
«
A0
A1
A2

ª®
¬
=
©
«
1 a a2

1 b b2

1 c c2

ª®®
¬

−1

· ©
«
N(a)
N(b)
N(c)

ª®
¬

⇒ By initially having MC estimates for all three values of ��, it is possible to obtain
signal estimates for an arbitrary value of ��
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Upper limits on qqHH production, exclusion limits on �2V
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▷ �2V = 0 excluded at 6.6𝜎, assuming SM for all other couplings
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Effective field theory (EFT)

Effective field theory (EFT) tells that after integrating out higher modes beyond scale
Λ from a more „complete” beyond the SM (BSM) theory, one would be left with the
following terms in addition to the SM:

ℒEFT =
∑
d>4

ci (Λ)
Λd−4 𝒪i (with [ci] = 0 and [𝒪i] = d) .

▷ Non-renormalizable interactions 𝒪i become more important with increasing
energy

√
s („signs of new physics in tails of distributions”) ⇔ decreasing Λ

▷ No need to know the UV-completing theory ⇒ ideal for initial gauging

▷ Examples: gravity, 𝛽 decay (

☞

)

W−
n

�e

e−

p

Λ ≪ mW

Λ ≫ mW

n

p

�e

e−
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EFT shape benchmarks

▷ Based on ggHH (SM: ��, �t; BSM: c2, cg, c2g)

▷ Small changes in coupling values can drastically alter production rate and
event-level kinematics

▷ Idea: group together coupling scenarios with similar kinematic features

▷ Based on similarities of mHH and cos�∗ at LO ⇒ 12(+1) shape BMs
(„JHEP04”) [9, 10]

▷ Based on the latent space of an autoencoder that was trained on mHH shape
of next-to-LO (NLO) signal ⇒ 7 shape BMs („JHEP03”) [11]

▷ Signal modeled by reweighing with a function of {�� , �t , c2 , cg , c2g} coupling
parameters in bins of (mHH , cos�∗)

▷ BDT training parametrized by 12 JHEP04 EFT BMs + SM with one-hot encoding,
all other coupling scenarios mapped to those

t
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EFT coupling scenarios

Benchmark �� �t c2 cg c2g
JHEP04 BM1 7.5 1.0 −1.0 0.0 0.0
JHEP04 BM2 1.0 1.0 0.5 −0.8 0.6
JHEP04 BM3 1.0 1.0 −1.5 0.0 −0.8
JHEP04 BM4 −3.5 1.5 −3.0 0.0 0.0
JHEP04 BM5 1.0 1.0 0.0 0.8 −1.0
JHEP04 BM6 2.4 1.0 0.0 0.2 −0.2
JHEP04 BM7 5.0 1.0 0.0 0.2 −0.2
JHEP04 BM8 15.0 1.0 0.0 −1.0 1.0
JHEP04 BM8a 1.0 1.0 0.5 4/15 0.0
JHEP04 BM9 1.0 1.0 1.0 −0.6 0.6
JHEP04 BM10 10.0 1.5 −1.0 0.0 0.0
JHEP04 BM11 2.4 1.0 0.0 1.0 −1.0
JHEP04 BM12 15.0 1.0 1.0 0.0 0.0
JHEP03 BM1 3.94 0.94 −1/3 0.75 −1
JHEP03 BM2 6.84 0.61 1/3 0 1
JHEP03 BM3 2.21 1.05 −1/3 0.75 −1.5
JHEP03 BM4 2.79 0.61 1/3 −0.75 −0.5
JHEP03 BM5 3.95 1.17 −1/3 0.25 1.5
JHEP03 BM6 5.68 0.83 1/3 −0.75 −1
JHEP03 BM7 −0.10 0.94 1 0.25 0.5
SM 1.0 1.0 0.0 0.0 0.0
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Results: non-resonant BSM production

0 50 100 150 200 250

SM
σ HH) / →(ppσ = µ95% CL upper limit on 

2ℓss
 < 125 (62.8 exp)µ 

3ℓ

 < 59.3 (41.2 exp)µ 

4ℓ

 < 56.7 (76.8 exp)µ 

3ℓ + 1τh
 < 45.7 (63.2 exp)µ 

2ℓ+2τh
 < 50.3 (62.0 exp)µ 

1ℓ+3τh
 < 50.9 (48.5 exp)µ 

4τh
 < 50.0 (78.8 exp)µ 

Combined
 < 21.3 (19.4 exp)µ 

Observed         68% expected   

Median expected 95% expected   

CMS  (13 TeV)-1138 fb

 Multilepton→HH 

1 2 3 4 5 6 7 8 9 10 11 12 8a 1 2 3 4 5 6 7 SM

1−10

1

10

(g
g

H
H

) 
[p

b
]

σ
95

%
 C

L
 u

p
p

er
 li

m
it

 

 (13 TeV)-1138 fbCMS  Multilepton→HH 

benchmarks
JHEP04

benchmarks
JHEP03

 Benchmark scenario

Observed Median expected

68% expected 95% expected

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5 3
2c

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 H
H

) 
[p

b
]

→
(p

p
 

σ
95

%
 C

L
 u

p
p

er
 li

m
it

 o
n

 

68% expected         Observed               

95% expected         Median expected     

Theoretical prediction                             

CMS  Multilepton→HH  (13 TeV)-1138 fb

−1.05 < c2 < 1.48 (−0.96 < c2 < 1.37)

2− 1− 0 1 2 3 4 5 6
2c

6−

4−

2−

0

2

4

6

8

10

tκ

0.01 pb

0.1 pb

1 pb

10 pb

10
 p

b

10 pb

100 pb

100 pb

95% CL excluded

Observed         Median expected

Best fit value     68% expected   

Standard model 95% expected   

CMS  Multilepton→HH  (13 TeV)-1138 fb



17/22

Signal modeling qqHH & �2V EFT coupling scenarios Resonant HH production References

Resonant HH production

▷ Narrow-width spin-0 and spin-2 resonance („X”)

▷ Radion (spin-0) [12] and Kaluza-Klein bulk graviton (spin-2) [13] from
Randall-Sundrum model [14–17]

▷ Dedicated LO signal datasets for both spin hypotheses with resonant mass
mX ∈ [250, 1000]GeV in steps of 10–100 GeV (19 in total)

▷ Separate BDT trainings for spin-0 and spin-2, parametrized by mHH

X

g

g

H

H
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Results: resonant production
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Results: resonant production – all HH analyses in CMS
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