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(a) Direct amplitude (b) Indirect amplitude

Figure 1: Feynman diagrams depicting the � ! Q W process, where Q is a vector quarkonium state. The hatched
circle in (b) denotes a set of one-loop diagrams.

Table 1: Recent calculations of the � ! Q W branching fractions expected in the Standard Model.

Vector SM branching fraction, B (� ! Q W)
quarkonium state Ref. [31] (2015) Refs. [33, 34] (2017) Ref. [36] (2019)

�/k 2.95+0.17
�0.17 ⇥ 10�6 2.99+0.16

�0.15 ⇥ 10�6 3.01+0.15
�0.15 ⇥ 10�6

⌥(1() 4.61+1.76
�1.23 ⇥ 10�9 5.22+2.02

�1.70 ⇥ 10�9 9.97+4.04
�3.03 ⇥ 10�9

⌥(2() 2.34+0.76
�1.00 ⇥ 10�9 1.42+0.72

�0.57 ⇥ 10�9 2.62+1.39
�0.91 ⇥ 10�9

⌥(3() 2.13+0.76
�1.13 ⇥ 10�9 0.91+0.48

�0.38 ⇥ 10�9 1.87+1.05
�0.69 ⇥ 10�9

Deviations of the quark Yukawa couplings from SM expectations can lead to significant enhancements in
the branching fractions of these radiative decays, particularly in the bottomonium sector. Such deviations
can arise in BSM theories [37]. For instance, the quark masses may not originate entirely from the
Higgs mechanism, but could also be induced by other, subdominant, sources of electroweak symmetry
breaking [38]. Some further examples are the Froggatt–Nielsen mechanism [39], the Randall–Sundrum
family of models [40], the minimal flavour violation framework [41], the Higgs-dependent Yukawa
couplings model [42], and the possibility of the Higgs boson being a composite pseudo-Goldstone
boson [43].

The / boson production cross section at the LHC [44] is approximately 1000 times larger than the Higgs
boson production cross section [37, 45], which allows rare / boson decays to be probed to much smaller
branching fractions than Higgs boson decays to the same final state. Similarly to the Higgs boson decays in
Figure 1, radiative decays of the / boson into a vector quarkonium state and a photon receive analogous
contributions from direct and indirect amplitudes. In / ! Q W decays, the power corrections in terms
of the ratio of the QCD energy scale to the vector-boson mass are small. As discussed in Ref. [46], this
allows the light-cone distribution amplitudes (LCDAs) of the mesons to be probed in a theoretically clean
region where power corrections are in control, which is not possible in other applications of the QCD
factorisation approach. These decays have not yet been measured, but recent independent calculations
of the SM branching fractions for / ! �/k W and / ! ⌥(1(, 2(, 3() W are presented in Table 2 and are
expected to be of order 10�8 to 10�7 [46–48]. No value has been calculated for / ! k(2() W.
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Higgs decays to Quarkonium + photon
• Allows for exploration of the Higgs couplings to c and b quarks 
• Reconstruction of the event is performed via the muons from the Quarkonium decay 

and the photon
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Higgs decays to ωγ and K*γ
• Rare decays allow for exploration of Higgs couplings to light quarks 
• Exclusive decay analysis targeting flavor-changing interactions  
• Events are reconstructed via their predominant π+π-π0 and K±π± final states

(a) (b)

Figure 1: Feynman diagrams for the (a) direct and (b) indirect contributions to the �// ! MW decays.

Table 1: Summary of the SM predictions for the branching fractions for �// !M + W, M = �/k, k(2S),P(=S), q,
d, l,  ⇤ and the 95% CL upper limits on the branching fractions. Entries are marked with a dash when calculations
for the specific decay of a Higgs or / boson to a particular meson state are not available.

SM expected branching fraction B(�// ! MW)
Meson M � / References

�/k ( 2.99+0.16
�0.15 ) ⇥ 10�6 ( 8.96+1.51

�1.38 ) ⇥ 10�8 [37–39]

k(2S) – –

P(1S) ( 5.22+2.02
�1.70 ) ⇥ 10�9 ( 4.80+0.26

�0.25 ) ⇥ 10�8 [37–39]

P(2S) ( 1.42+0.72
�0.57 ) ⇥ 10�9 ( 2.44+0.14

�0.13 ) ⇥ 10�8 [37–39]

P(3S) ( 0.91+0.48
�0.38 ) ⇥ 10�9 ( 1.88+0.11

�0.10 ) ⇥ 10�8 [37–39]

q (2.31 ± 0.11) ⇥ 10�6 (1.04 ± 0.12) ⇥ 10�8 [25, 31]
d (1.68 ± 0.08) ⇥ 10�5 (4.19 ± 0.47) ⇥ 10�9 [25, 31]

Observed 95% CL upper limit on branching fraction B(�// ! MW)
�/k 2.1 ⇥ 10�4 1.2 ⇥ 10�6 [28]
k(2S) 10.9 ⇥ 10�4 2.3 ⇥ 10�6 [28]
P(1S) 2.6 ⇥ 10�4 1.0 ⇥ 10�6 [28]
P(2S) 4.4 ⇥ 10�4 1.2 ⇥ 10�6 [28]
P(3S) 3.5 ⇥ 10�4 2.3 ⇥ 10�6 [28]
q 4.8 ⇥ 10�4 0.9 ⇥ 10�6 [35]
d 8.8 ⇥ 10�4 25 ⇥ 10�6 [35]

calculating the expected signal yields. A search for the analogous decay of the / boson into a l meson and
a photon is also presented. The channel has been studied theoretically [25, 45] as a unique precision test of
the SM and the factorisation approach in quantum chromodynamics (QCD), in an environment where the
power corrections in terms of the QCD energy scale divided by the mass of the vector boson are small [25].
The large / boson production cross section at the LHC means that rare / boson decays can be probed at
branching fractions much smaller than for Higgs boson decays into the same final states. The SM branching
fraction prediction for the decay considered in this paper is B (/ ! lW) = (2.82 ± 0.40) ⇥ 10�8 [25].
A previous search was performed at the DELPHI experiment, yielding an upper limit on the branching
fraction of B (/ ! lW) < 6.5 ⇥ 10�4 [46].
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BR limits
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• Narrow resonances of mass 10-70 GeV are explored 
• Events with pairs of closely spaced photons with large pTγγ are 

selected 
• Analysis also recasted in a so-far uncovered phase-space of 

axion-like particles by di-γ searches 
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ATLAS and CMS resonances to W+W-
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H→W+W-→eνµν
• Production via ggF and VBF 

mechanisms treated separately 
• Considers three scalars: NWA, 

Radion and GM scalar (VBF 
production only) 

• Radions of mass lower than      
1090 GeV are excluded 

H→W+W-→eνµν, µνµν, eνeν
• In addition to a narrow width, various 

relative widths up to 10% have been 
considered 

• The fraction of VBF production (fVBF) has 
been studied in the rage 0 < fVBF < 1 
‣ Non-negligible interference effects are 

accounted for 
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• Interpretation in the framework of 
NMSSM and  2HDM also 
performed 

• Small excess of data is observed 
in a DNN mT range
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MergedResolved

• Probes pseudoscalars with 
mass 15-62 GeV 

• Well isolated photons in final 
state 

• A parametrized signal model is 
built for each ma hypothesis

arXiv:2208.01469 CMS-HIG-21-003 arXiv:2209.06197 CMS-HIG-21-016

• A→γγ relevant for mA < 1 GeV 
• Distance between photons lower 

than Moliere radius of ECAL 
material 
‣ The two photons are 

reconstructed as a single 
photon-like object 

• Best constraints for this decay 
mode in studied mA range
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For the `thth final states, candidate events are selected by requiring one additional th candi-
date and by relaxing the hadronic jet multiplicity requirement to at least two. In these final
states, the transverse mass of the charged Higgs boson, mT, is used to distinguish signal from
backgrounds. Upper limits on the product of the H± production cross section, sH± , and the
branching fraction B(H± ! HW±, H ! tt) for the decay chain H± ! HW± with H ! tt ,
are presented as functions of mH± .
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Figure 2: Feynman diagrams showing the signal processes targeted by this analysis, with the
production of a heavy H+ in the 4FS, followed by the H+

! HW+ and H ! tt decays,
resulting in `th (left) and `thth (right) final states. Contributions to the `th final state may
also arise from the right diagram when one th from the H ! tt decay is not reconstructed.

The paper is organized as follows. A brief description of the CMS detector is given in Section 2,
while the collision data and simulated samples are discussed in Section 3. Section 4 describes
the global event reconstruction and physics object identification, followed by the event selec-
tion in Section 5. Background estimation, search strategy, and systematic uncertainties are
described in Sections 6, 7, and 8, respectively. Finally, the results are presented in Section 9 and
summarized in Section 10.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorime-
ters extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors up
to |h| = 5. Muons are detected in gas-ionization chambers embedded in the steel flux-return
yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of less than 4 µs [71]. The second
level, known as the high-level trigger (HLT), consists of a farm of processors running a version
of the full event reconstruction software optimized for fast processing, and reduces the event
rate to around 1 kHz before data storage [72].

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [73].

1

1 Introduction

The experimental confirmation of the Brout–Englert–Higgs mechanism [1–6] at the CERN LHC [7–
9] has provided the long-sought solution to the electroweak symmetry breaking problem. It
has also further established the standard model (SM) of particle physics as a successful theory.
Subsequent precision measurements of the couplings of the observed Higgs boson with the SM
particles are in agreement with expectations, with an experimental precision of ⇡5–33% [10–
13]. Regardless of the success it has achieved, the SM is still considered to be an effective field
theory valid only at low energies because of its inability to address various fundamental the-
oretical problems and compelling observations in nature such as the naturalness problem, the
vacuum metastability, the conjectured cosmological inflation, and the matter-antimatter asym-
metry of our universe.

Numerous theoretical models have been proposed to remedy the shortcomings of the SM,
many of which predict that the Higgs sector must also be extended. Minimal extensions known
as two-Higgs-doublet models (2HDMs) [14–17] include a second complex doublet and are clas-
sified into four types according to the couplings of the Higgs doublets to fermions. The two-
doublet structure gives rise to five physical Higgs bosons via spontaneous symmetry breaking:
two neutral CP-even particles h and H with mh  mH, one neutral CP-odd particle A, and
two charged Higgs bosons H±. In these models the ratio of the vacuum expectation values of
the two Higgs doublets, tan b, and the mixing angle, a, between h and H are free parameters.
These can be tuned to the alignment limit sin(b � a) = 1 whereby h aligns with the properties
of the SM Higgs boson with mh = 125 GeV [18], while the additional Higgs bosons may appear
at the TeV scale or below it [19].

Three mass regions are conveniently defined for the classification of charged Higgs bosons:
light (mH± < mt � mb), intermediate (mH± ⇡ mt ), and heavy (mH± > mt + mb), where mH± ,
mt , and mb represent the masses of the charged Higgs boson, the top and bottom quarks, re-
spectively. The search described in this paper is focused on a heavy H±, whose production
at the LHC would take place predominantly in association with top and bottom quarks. The
associated top quark production dominates and can be described in the four- and five-flavor
scheme (4FS and 5FS), which yield consistent results at sufficiently high order of perturbation
theory [20]. The corresponding leading-order (LO) Feynman diagrams are shown in Fig. 1,
with charge-conjugate processes implied.
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Figure 1: Leading order Feynman diagrams for the production of a heavy H+ at the LHC
through pp ! t(b)H+ in the 4FS (left) and 5FS (right).

When considering 2HDMs, the decay branching fractions B of H± can vary significantly be-
tween different models. Under the enforcement of the Z2 symmetry there are four types of
2HDMs which, for tan b = 1, lead to the channels H± ! t±nt and H± ! cs being domi-
nant in the light-H± region. In the heavy-H± region, the decay mode H± ! tb dominates,
with some competition from the H± ! hW± and H± ! HW± decay modes. This behavior
also holds in the alignment limit with the only difference being that B(H± ! HW±

) increases
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• Focus on H± production in association with a Top quark that decays 
hadronically and mH=200 GeV 

• The mutually exclusive eτh, μτh, eτhτh and μτhτh final states are 
considered and the selection is optimized for each  

• lτhτh final states provide the largest sensitivity, and addition of lτh 
improves the result by 20-35%
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• Analysis focuses on 
decays to a pair of 
leptons of the same 
charge assuming that all 
leptonic final states are 
equally possible

±

e± e

± e± e

±
µ± e

±
µ±

µ

± l± l± l

± l± l± l± l

± e± e

±
µ± e

±
µ±

µ

± l± l± l

± l± l± l± l

± e± e

±
µ± e

±
µ±

µ

± l± l± l

± l± l± l± l

1

10

210

310

410Ev
en

ts ATLAS
-1 = 13 TeV, 139 fbs

Data
Total SM

Drell-Yan
FNP
Diboson
Other

±

e±e
±e±e

±
µ±e

±µ±µ

±

l±l±l

±

l

±

l±l±l
±e±e

±
µ±e

±µ±µ

±

l±l±l

±

l

±

l±l±l
±e±e

±
µ±e

±µ±µ

±

l±l±l

±

l

±

l±l±l

0.6
0.8
1.0
1.2
1.4

D
at

a 
/ P

re
d.

±

e±e
±e±e

±
µ±e

±µ±µ

±

l±l±l

±

l

±

l±l±l
±e±e

±
µ±e

±µ±µ

±

l±l±l

±

l

±

l±l±l
±e±e

±
µ±e

±µ±µ

±

l±l±l

±

l

±

l±l±l

pre-fit ratio
post-fit ratio

Control regions Validation regions Signal regions

±

e±e
±e±e

±
µ±e

±µ±µ

±

l±l±l

±

l

±

l±l±l
±e±e

±
µ±e

±µ±µ

±

l±l±l

±

l

±

l±l±l
±e±e

±
µ±e

±µ±µ

±

l±l±l

±

l

±

l±l±l

Observed (expected) limits
• LRMSs: 1080 (1065+30-50) GeV 
• Zee-Babu: 900 (800+30-40) GeV

• Shape analysis using m(l±,l±,)lead is 
performed for 2- and 3-lepton 
category 

• 4-lepton category as single bin fit

http://arxiv.org/abs/2207.01046
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-34/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-010/index.html
https://arxiv.org/abs/2211.07505
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• Generic search in the W±H→W±W±W±→l±νl±νjj final state with hadronic W 
decaying to resolved jets or a single large-R jet  

• Lower SM background compared to other bosonic VH decay channels and 
sizeable H→WW BR yields highest sensitivity 

• Production is described by an EFT Lagrangian that includes dimension-six 
operators with negligible H→Vh production
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Figure 1: Feynman diagram of the ,±
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⌥ process.

to SM gauge couplings because of the mixing. In addition to the leading-order dimension-four (dim-4)
operators, dimension-six (dim-6) e�ective operators as described in Refs. [16–18] are also considered.
After electroweak symmetry breaking, the e�ective Lagrangian terms can be written as
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where ⌘,�,, and / are the fields of the light and heavy Higgs bosons and the, and / bosons, respectively;
<, is the , boson mass; 6 is the SM coupling constant of the weak interaction; 5, , 5,, , 5⌫, and 5⌫⌫

are anomalous couplings to , and ⌫ fields; d⌘ and d� are scaling factors; B, = sin \, and 2, = cos \, ,
where \, is the weak mixing angle; and ⇤ is the scale below which the e�ective Lagrangian holds. For a
light Higgs boson similar to the one in the SM, d⌘ is close to 1. The simplest two-Higgs-doublet model
(2HDM) [20] has d⌘ = cos(V �U) and d� = sin(V �U), where U is the mixing angle between the CP-even
Higgs bosons, and V is the rotation angle, with tan V defined as the ratio of vacuum expectation values of
the two Higgs doublets. In this analysis, the scaling factor d� is set to 0.05 and the scale ⇤ is set to 5 TeV,
which is much larger than the mass of the heavy Higgs boson in this search. The choice of d� is motivated
by the observation that d⌘ ⇠ 1. To further simplify the parameter space, the small terms of $ (B2

, ) and
$ (B4

, ) are neglected, and the anomalous coupling coe�cients 5⌫ and 5⌫⌫ are set to zero, following Ref.
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Search for dark photons in ZH production in dilepton final state
• Coupling of mH=125 GeV Higgs to dark photon with mass in range 

0-40 GeV is studied 
• Leptons are used as a handle for triggering on the signal events 
• Transverse mass of γ-γD (γ-ETmiss) system used as a variable of 

interest in ML-based classification 
• Observed upper limits on BR(H→ γγD) range from 2.17% to 2.52%
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Search for new physics in multi-body invariant 
masses
• Production of a Kaluza-Klein excitation of a gauge 

boson decaying into a radion and a SM W boson 
• Assumes mWkk - mφ = 250 GeV to minimize signal 

peak width
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• Larger mass differences result in larger neutrino pT affecting mWkk  
reconstruction  

• Three-body invariant mass distribution is tested for deviations in smoothly 
falling background 

• Invariant masses mjll, mjjll, mjbl, mbbl, tested between 0.4 and 8 TeV 
• Largest deviation observed at mjjl=1.3 TeV with local significance 3.5σ and 

global significance 1.5σ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/
https://arxiv.org/abs/2212.09649
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-15/
https://arxiv.org/abs/2211.08945


Gabriel Palacino

ATLAS search for ttH/A to tttt in multilepton final state

13

EXOT-2019-26arXiv:2211.01136g

g

t

t

t̄

t̄

t̄

t H/A

g

g

b

t

t̄

b̄

b̄

b H/A

g

g

b

t

t̄

b̄

b̄

b H/A

0.4 0.5 0.6 0.7 0.8 0.9 1
 [TeV]H/Am

3−10

2−10

1−10

1) [
pb

]
t t

→
 B

(H
/A

×
H

/A
) 

t t
→

(p
p

σ

Theory:
=0.5βtan
=1.0βtan

ATLAS 
-1 = 13 TeV, 139 fbs

BSM 4tops SSML

Observed limit
Expected limit

σ 1±

σ 2±

0.4 0.5 0.6 0.7 0.8 0.9 1
 [TeV]H = mAm

0

0.5

1

1.5

2

2.5

3β
ta

n ATLAS 
-1 = 13 TeV, 139 fbs

BSM 4tops SSML

Scalar+pseudo-scalar

Observed
theoryσ 1±Observed 

Expected
experimentσ 1±Expected 

0.4 0.5 0.6 0.7 0.8 0.9 1
 [TeV]Hm

0

0.5

1

1.5

2

2.5

3β
ta

n ATLAS 
-1 = 13 TeV, 139 fbs

BSM 4tops SSML

Scalar

Observed
theoryσ 1±Observed 

Expected
experimentσ 1±Expected 

• Search for heavy H/A with mH/A > 2mt  
• Destructive interference effect in gg->A/H->ttbar can 

be avoided by looking at ttH/A production 
• Focuses on events with two leptons of same charge 

or at least three leptons 
• b-tagging provides important separation power for 

the MVA
8 10 12 14 16 18 20

Sum of leading four b-tag scores

0

0.5

1

1.5

 

D
at

a 
/ B

kg
. 0

20

40

60

80

100

120

140

160

180

200

Ev
en

ts
 / 

bi
n

ATLAS
-1 = 13 TeV, 139 fbs

BSM 4tops SSML
Baseline SR
Pre-Fit

Data mH=400 GeV *
mH=1000 GeV * tttt

W QCDtt W EWtt
*)(high)γ(Z/tt Htt

QmisID Mat. Conv.
*γLow m HF e

µHF Others
ttt Uncertainty

*: normalised to total background

6 7 8 9 10≥
Number of jets

0

0.5

1

1.5

 

D
at

a 
/ B

kg
. 0

50

100

150

200

250

Ev
en

ts
 / 

bi
n

ATLAS
-1 = 13 TeV, 139 fbs

BSM 4tops SSML
Baseline SR
Pre-Fit

Data mH=400 GeV *
mH=1000 GeV * tttt

W QCDtt W EWtt
*)(high)γ(Z/tt Htt

QmisID Mat. Conv.
*γLow m HF e

µHF Others
ttt Uncertainty

*: normalised to total background

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-15/
https://arxiv.org/abs/2211.01136


Gabriel Palacino

Higgs pair production

14



Gabriel Palacino

CMS searches for X→YH

15

arXiv:2204.12413 CMS-B2G-21-003CMS-PAS-HIG-21-011

-0−.

-0−-

-00

-0-

-0.

-0/

-00

-01

Er
aj

po
/b
ej

-/4 bb−-(-/PaV)

?IO

σ(ll→T→YD→bbbb) = - bb

D]p]
p ̄p
Mulpefap
Pkp]l bgc.
ujcanp]ejpu

MT=-200 GaV
MY=-10 GaV
MT=.000 GaV
MY=/00 GaV
MT=/000 GaV
MY=000 GaV

D]p]
p ̄p
Mulpefap
Pkp]l bgc.
ujcanp]ejpu

MT=-200 GaV
MY=-10 GaV
MT=.000 GaV
MY=/00 GaV
MT=/000 GaV
MY=000 GaV

-00 .00 /00 000 100 200
MY

J  [GaVY

)-
0
-

Pu
llo

-0−-

-00

-0-

-0.

-0/

-00

-01

Er
aj

po
/b
ej

-/4 bb−-(-/PaV)

?IO

σ(ll→T→YD→bbbb) = - bb

D]p]
p ̄p
Mulpefap
Pkp]l bgc.
ujcanp]ejpu

MT=-200 GaV
MY=-10 GaV
MT=.000 GaV
MY=/00 GaV
MT=/000 GaV
MY=000 GaV

D]p]
p ̄p
Mulpefap
Pkp]l bgc.
ujcanp]ejpu

MT=-200 GaV
MY=-10 GaV
MT=.000 GaV
MY=/00 GaV
MT=/000 GaV
MY=000 GaV

-000 -100 .000 .100 /000 /100 0000
MJJ [GaVY

)-
0
-

Pu
llo

X→YH→bbbb
• NMSSM and TRSM allow for such process 
• Studies fully boosted topology with Y→bb 

and H→bb contained in single large-R jet 
‣ MX > MY + MH 
‣ MX >> MY, MH 
‣ 60 < MY < 600 GeV 

• Makes use of ML-based ParticleNet 
algorithm to identify boosted decays 
against background  
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Figure 1: Feynman diagram showing gluon-gluon fusion production of a BSM resonance X
decaying to a pair of scalars (HH or HY), which then decay to the ggbb final state.

required to be compatible with the Higgs boson mass. Two pairs of jets, identified as originat-
ing from b quarks, are paired to form the other Higgs boson or a new resonance Y of unknown
mass. A simultaneous fit of mgg and the b jet pair invariant mass mjj is used to extract the
signal.

This note is organized as follows: Section 2 provides a brief description of the CMS detector fol-
lowed by the details of the data and simulations in Section 3. The analysis strategy is discussed
in Section 4 including background rejection methods with signal and background modeling
studies. Section 5 details the systematic uncertainties. The results are presented in Section 6
and the analysis is summarized in Section 7.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume, there is a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap
detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return
yoke outside the solenoid. A more detailed description of the CMS detector, together with
a definition of the coordinate system and the relevant kinematic variables, can be found in
Ref. [27].

Events of interest are selected using a two-tiered trigger system [28]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz within a time interval of less than 4 µs. The
second level, known as the high-level trigger (HLT), consists of a farm of processors running a
version of the full event reconstruction software optimized for fast processing, and reduces the
event rate to around 1 kHz before data storage [29].

The particle-flow algorithm [30] (PF) aims to reconstruct and identify each individual particle
in an event (PF candidate), with an optimized combination of information from the various
elements of the CMS detector. The energy of photons is obtained from the ECAL measure-
ment. The energy of electrons is determined from a combination of the track momentum at
the main interaction vertex, the corresponding ECAL cluster energy, and the energy sum of
all bremsstrahlung photons attached to the track. The momentum of muons is obtained from
the curvature of the corresponding track. The energy of charged hadrons is determined from a
combination of their momentum measured in the tracker and the matching ECAL and HCAL
energy deposits, corrected for zero-suppression effects and for the response function of the
calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the

X→(H/Y)H→bbγγ
• Model independent analysis 

using narrow with approximation 
for X 
• Interpreted in NMSSM and 

TRSM 
• Resonance reconstructed from 

invariant mass of the two photons 
and the two b-jets 

• Two-dimensional fit in mjj-mγγ 
plane
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Resonant

Non-resonant

• Explores multi-lepton topology including l=(e, µ ) and hadronically decaying τ 
‣ Covers a total of seven final states: 2l same sign, 3l, 4l, 3l+τh, 2l+2τh, 1l+3τh and 4τh 

• Investigates non-resonant production as predicted by the SM and in multiple EFT 
scenarios 

• BDTs are trained to classify HH from background for both non-resonant and resonant 
scenarios and for all seven final states

• Twenty EFT benchmark scenarios 
• σEFT in range 0.21 - 1.09 (0.16 - 

1.16) pb 
• Exclusion regions in κλ-c2 plane 

also available

-6.9 < κλ < 11.1 (-6.9 < κλ < 11.7)

arXiv:2206.10268 CMS-HIG-21-002

1

1 Introduction
Since the discovery of the Higgs (H) boson [1–3], many of its properties have already been
measured with high precision [4–6]. One important property that remains largely unknown is
the H boson self-coupling. A precise measurement of this coupling is necessary to determine
the shape of the Higgs potential, and thus verify that the mechanism breaking the electroweak
gauge symmetry is indeed the Higgs mechanism [7–12] of the standard model (SM) [13–15].
The SM predicts the existence of trilinear as well as quartic H boson self-couplings. Due to the
very low cross section for triple H boson production, the quartic self-coupling will not be ex-
perimentally accessible at the CERN LHC, even with the full integrated luminosity of 3000 fb�1

scheduled to be delivered after the high-luminosity LHC upgrade [16, 17]. The strength of the
trilinear self-coupling, however, can be determined using measurements of H boson pair (HH)
production.

In the SM, most HH pairs are produced in two types of processes. The Feynman diagrams for
the dominant “gluon fusion” (ggHH) process at leading order (LO) in perturbative quantum
chromodynamics (QCD) are shown in Fig. 1. The left “triangle” diagram amplitude varies pro-
portionally to the H boson self-coupling (l) and the Yukawa coupling of the top quark (yt),
while the right “box” diagram amplitude is insensitive to l and varies as y2

t . The triangle and
box diagrams interfere destructively, so the ggHH cross section exhibits a strong dependence
on l and yt. The ratios of l and yt to their SM expectations are denoted as kl and kt , re-
spectively. By definition, these “coupling strength modifiers” have values kl = 1 and kt = 1
in the SM. The ggHH cross section in the SM has been computed to be 31.1+2.1

�7.2 fb at next-to-
next-to-LO (NNLO) accuracy in QCD using the FTapprox scheme, in which the true top quark
mass is used for the real radiation matrix elements, while the virtual part is computed using
an infinite top quark mass [18]. The SM cross section for the subdominant “vector boson fu-
sion” (qqHH) process has been computed at next-to-NNLO accuracy in QCD and amounts to
1.73 ± 0.04 fb [19].

t
H

g H

g H

yt l
t

g H

g H

yt

yt

Figure 1: Leading order Feynman diagrams for SM nonresonant HH production via gluon
fusion, including the “triangle” diagram (left) and the “box” diagram (right).

Deviations of these coupling strength modifiers from unity not only affect the rate of HH pro-
duction, but also the kinematic distributions of the HH signal. The HH invariant mass (mHH)
is particularly sensitive to changes in kl and kt , as these couplings affect the triangle and box
diagram amplitudes differently. Because SM ggHH and qqHH production do not include a
heavy resonant particle, and typically result in a broad mHH distribution, they are referred to as
“nonresonant”. Changes in kl and kt also influence the rate of single Higgs boson production
as well as the Higgs boson decay branching fractions [20, 21].

The presence of undiscovered particles or interactions, predicted by a variety of theoretical
models beyond the SM, may alter the HH production rate as well as observable kinematic dis-
tributions. Such particles could give rise to loop diagrams similar to those shown in the upper
row of Fig. 1. These diagrams may significantly enhance the HH production rate, as they occur
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at the same loop level as HH production in the SM. Since no particles beyond those predicted
by the SM have been observed so far, their mass may be at the TeV scale or higher, well above
the scale of electroweak symmetry breaking. Loop contributions of such heavy particles can
be approximated as contact interactions with the H boson using an effective field theory (EFT)
approach [22, 23]. Following Ref. [24], the contact interactions relevant for HH production are
parametrized by the couplings cg, c2g, and c2, referring to the interactions between two gluons
and one H boson, two gluons and two H bosons, and two top quarks and two H bosons, re-
spectively. The corresponding Feynman diagrams for ggHH production are shown in Fig. 2.
The LO diagrams for qqHH production contain no gluons or top quarks, so the impacts of cg,
c2g, and c2 are only considered in the ggHH signal in this publication.
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Figure 2: Leading order Feynman diagrams for nonresonant HH production via gluon fusion
in an EFT approach, where loop-mediated contact interactions between (left) two gluons and
one H boson, (middle) two gluons and two H bosons, and (right) two top quarks and two H
bosons are parametrized by three effective couplings: cg, c2g, and c2.

An excess of HH signal events may also result from decays of new heavy particles, denoted as
X, into pairs of H bosons. Various theoretical models of new physics postulate such decays, in
particular two-Higgs-doublet models [25, 26], composite-Higgs models [27, 28], Higgs portal
models [29, 30], and models inspired by warped extra dimensions [31]. In the last class of
models, the new heavy particles may have spin 0 (“radions”) or spin 2 (“gravitons”) [32]. In
this paper, the resulting “resonant” HH production is sought for mass values of X from 250
to 1000 GeV, and the width of X is assumed to be negligible compared to the experimental
resolution in mHH. This creates a peak in the reconstructed mHH distribution around the mass
mX of the resonance. The Feynman diagram for this process is shown in Fig. 3. Resonance
masses above 1 TeV are strongly constrained by searches targeting H boson decays to bottom
quarks [33, 34], as the selection and reconstruction efficiency, in particular of the trigger, for
hadronic decays increases and relevant backgrounds decrease with energy.
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In this paper, we present a search for nonresonant as well as resonant HH production in final
states with multiple reconstructed leptons, i.e., electrons (e), muons (µ), or hadronically decay-
ing tau leptons (th). The search is based on LHC proton-proton (pp) collision data recorded
by the CMS experiment at a center-of-mass energy of 13 TeV, corresponding to an integrated
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at the same loop level as HH production in the SM. Since no particles beyond those predicted
by the SM have been observed so far, their mass may be at the TeV scale or higher, well above
the scale of electroweak symmetry breaking. Loop contributions of such heavy particles can
be approximated as contact interactions with the H boson using an effective field theory (EFT)
approach [22, 23]. Following Ref. [24], the contact interactions relevant for HH production are
parametrized by the couplings cg, c2g, and c2, referring to the interactions between two gluons
and one H boson, two gluons and two H bosons, and two top quarks and two H bosons, re-
spectively. The corresponding Feynman diagrams for ggHH production are shown in Fig. 2.
The LO diagrams for qqHH production contain no gluons or top quarks, so the impacts of cg,
c2g, and c2 are only considered in the ggHH signal in this publication.
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An excess of HH signal events may also result from decays of new heavy particles, denoted as
X, into pairs of H bosons. Various theoretical models of new physics postulate such decays, in
particular two-Higgs-doublet models [25, 26], composite-Higgs models [27, 28], Higgs portal
models [29, 30], and models inspired by warped extra dimensions [31]. In the last class of
models, the new heavy particles may have spin 0 (“radions”) or spin 2 (“gravitons”) [32]. In
this paper, the resulting “resonant” HH production is sought for mass values of X from 250
to 1000 GeV, and the width of X is assumed to be negligible compared to the experimental
resolution in mHH. This creates a peak in the reconstructed mHH distribution around the mass
mX of the resonance. The Feynman diagram for this process is shown in Fig. 3. Resonance
masses above 1 TeV are strongly constrained by searches targeting H boson decays to bottom
quarks [33, 34], as the selection and reconstruction efficiency, in particular of the trigger, for
hadronic decays increases and relevant backgrounds decrease with energy.
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Figure 1: Leading-order Feynman diagrams of non-resonant ⌘⌘ production in association with a vector boson +

expected in the SM from (a) Higgs boson coupling to vector bosons, (b) Higgs boson self-coupling, and (c) Higgs
boson quartic coupling to vector bosons. The coupling modifiers ^+ , ^_, and ^2+ are discussed in Section 3.

(a) (b)

Figure 2: Leading-order Feynman diagrams of resonant ⌘⌘ production in association with a vector boson + predicted
in some BSM scenarios from the decay of a heavy scalar � originating from (a) an o�-shell vector boson and (b) the
decay of a neutral heavy pseudoscalar �.

to their combination. The second scenario, labelled as � ! /�, is a specific process in the 2HDM which
predicts three neutral Higgs bosons: two CP-even scalars ⌘ and � (with mass hierarchy <� > <⌘), and
one CP-odd scalar �. In parts of the 2HDM parameter space where the light Higgs boson ⌘ is similar
to the SM Higgs boson and has a mass <⌘ ⇠ 125 GeV favourable for electroweak baryogenesis, the �

boson has a mass below about 800 GeV but is heavier than the � boson [30]. If <� is in the range
2<⌘ < <� < 2<C , the � ! ⌘⌘ decay branching ratio could be substantial, leading to a sizeable rate
for 66 ! � ! /� ! /⌘⌘. Here <C is the mass of the top quark. For this search, natural widths up to
20% of its mass are considered for �, and a narrow width is assumed for �. Searches for � ! /� were
performed previously by ATLAS and CMS in the � ! 11, gg, and ,, decay channels [31–34].

4

Resonant

(a) (b) (c)

Figure 1: Leading-order Feynman diagrams of non-resonant ⌘⌘ production in association with a vector boson +

expected in the SM from (a) Higgs boson coupling to vector bosons, (b) Higgs boson self-coupling, and (c) Higgs
boson quartic coupling to vector bosons. The coupling modifiers ^+ , ^_, and ^2+ are discussed in Section 3.
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predicts three neutral Higgs bosons: two CP-even scalars ⌘ and � (with mass hierarchy <� > <⌘), and
one CP-odd scalar �. In parts of the 2HDM parameter space where the light Higgs boson ⌘ is similar
to the SM Higgs boson and has a mass <⌘ ⇠ 125 GeV favourable for electroweak baryogenesis, the �

boson has a mass below about 800 GeV but is heavier than the � boson [30]. If <� is in the range
2<⌘ < <� < 2<C , the � ! ⌘⌘ decay branching ratio could be substantial, leading to a sizeable rate
for 66 ! � ! /� ! /⌘⌘. Here <C is the mass of the top quark. For this search, natural widths up to
20% of its mass are considered for �, and a narrow width is assumed for �. Searches for � ! /� were
performed previously by ATLAS and CMS in the � ! 11, gg, and ,, decay channels [31–34].
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• Targets both non-resonant (SM) and resonant production (BSM) 
‣ Non-resonant production arises from three different couplings (κV, κλ and κ2V) 

and has much smaller cross section than ggF and VBF processes 
‣ Resonant production includes scenarios such as Higgsstrahlung (VH →Vhh) 

where H is a narrow resonance, and A→ZH→Zhh, where A has a width and H 
is a narrow resonance 

• Final states cover leptonic decays of vector bosons and h→bb

Observed (expected) limits 
• SM Vhh: 183 (87+41-24) x σSM 
• -34.3 < κλ < 33.3 (-24.1 < κλ < 22.9)  
• -8.6 < κ2V < 10.0 (-5.7 < κ2V < 7.1)
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H+HH combination

HH combination

• Constrains the Higgs self coupling via the combination of HH and H analyses 
‣ HH final states: bbbb, bbττ and bbγγ 
‣ H final states: γγ, ZZ*, WW*, ττ and bb 

• Combination allows for more stringent or less model dependent constraints to 
be derived 

• Most stringent constraints on λHHH to date

• SM ggF production yields  
σSM=31.0 fb at 13 TeV 

• SM VBF production yields 
σSM=1.72 fb at 13 TeV 
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production: for ggF production,
diagram (a) is proportional to the square of the top-quark Yukawa coupling, while diagram (b) is proportional to the
product of the top-quark Yukawa coupling and the Higgs boson self-coupling. For VBF production, diagram (c) is
proportional to the product of the coupling of the Higgs boson to the vector bosons and the self-coupling, diagram (d)
to the square of the coupling to the vector bosons, and diagram (e) to the interaction between two vectors bosons and
two Higgs bosons.

The second most abundant SM double-Higgs process is VBF �� production, with a predicted SM
cross-section of 1.72 ± 0.04 fb [46–48]. At LO in perturbation theory, this process depends on several
diagrams that involve the interaction of the Higgs boson with the , or / vector bosons as shown in
Figure 1. The three representative diagrams that enter the total amplitude of the VBF �� process can
be parameterised with di�erent combinations of the ^_, ^+ and ^2+ coupling modifiers [49]. The first
diagram, shown in Figure 1(c), is proportional to ^+ and ^_, the second, shown in Figure 1(d), to ^2

+ and the
last one, shown in Figure 1(e) and related to the quartic interaction vertex ++��, to ^2+ . The VBF ��
production process can therefore be parameterised using six independent terms derived from the square of
the amplitude described above, which scales as a polynomial of ^_, ^+ and ^2+ . The parameterisation of
the signal samples, in terms of yields and kinematic properties, for the double-Higgs VBF process as a
function of these coupling modifiers is performed using a set of six independent samples generated for
di�erent values of ^_, ^+ and ^2+ . The values of ^_, ^+ , and ^2+ for these six samples were chosen to
obtain good statistical precision in the region of parameter space where this analysis is sensitive. The
validity of this parameterisation was checked with additional VBF signal samples generated with di�erent
values of these coupling modifiers.

The ggF �� process is sensitive to the sign of ^_ relative to the top-quark couplings because of interference
between di�erent amplitudes whose leading-order Feynman diagrams are depicted in Figure 1. Similarly,
the VBF �� process provides sensitivity to the relative sign between ^2+ and ^+ .

A complementary approach to study the Higgs boson self-coupling is to use single-Higgs processes,
as proposed in Refs. [20–25]. These processes do not depend on _��� at LO, but the Higgs boson
self-coupling contributes to the calculation of the complete NLO EW corrections. In particular, _���

contributes to NLO EW corrections via Higgs boson self-energy loop corrections and via additional
diagrams, examples of which are shown in Figure 2. Therefore, an indirect constraint on ^_ can be

4

(a)

g

g H

H

H

t �

(b)

(c) (d)

H

H

q q

q q

V

V

2V

(e)

Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production: for ggF production,
diagram (a) is proportional to the square of the top-quark Yukawa coupling, while diagram (b) is proportional to the
product of the top-quark Yukawa coupling and the Higgs boson self-coupling. For VBF production, diagram (c) is
proportional to the product of the coupling of the Higgs boson to the vector bosons and the self-coupling, diagram (d)
to the square of the coupling to the vector bosons, and diagram (e) to the interaction between two vectors bosons and
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Also sensitive to HHVV: 0.1 < κ2V < 2.0 (0.0 < κ2V < 2.1)
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Figure 2: Examples of one-loop _��� -dependent diagrams for (a) the Higgs boson self-energy, and for single-Higgs
production in the (b) ggF, (c) VBF, (d) +�, and (e) CC� modes. The self-coupling vertex is indicated by the filled
circle.

extracted by comparing precise measurements of single-Higgs production and decay yields with the
SM predictions corrected for the _��� -dependent NLO EW e�ects. A framework for a global fit to
constrain the Higgs boson self-coupling and the other coupling modifiers ^< was proposed in Refs. [20,
21]; the model-dependent assumptions of this parameterisation are described in the same references. In the
current work, inclusive production cross-sections, decay branching ratios and di�erential cross-sections are
exploited to increase the sensitivity of the single-Higgs analyses to ^_ and ^<. The di�erential information
is encoded through the simplified template cross-section (STXS) framework described in Section III.3 of
Ref. [50]. The signal yield in a specific decay channel and STXS bin is then proportional to:

=signal
8, 5 (^_, ^<) / `8 (^_, ^<) ⇥ ` 5 (^_, ^<) ⇥ fSM,8 ⇥ BSM, 5 ⇥ (n ⇥ �)8 5 ,

where `8 and ` 5 describe respectively the multiplicative corrections to the expected SM Higgs boson
production cross-sections in an STXS bin (fSM,8) and each decay-channel branching ratio (BSM, 5 ) as a
function of the values of the Higgs boson self-coupling modifier ^_ and the LO-inspired modifiers ^<. The
(n ⇥ �)8 5 coe�cients take into account the analysis e�ciency times acceptance in each production and
decay mode.

The functional dependence of `8 (^_, ^<) and ` 5 (^_, ^<) on ^_ and ^< varies according to the production
mode, the decay channel and, more strongly for the +� and CC� production modes, on the STXS bin.
Therefore, STXS information from the VBF, ,�, /� and CC� production modes is exploited here to
constrain ^_ and ^<. For the ggF production mode, only the inclusive cross-section dependence on ^_ is
currently available and it was used in this study, while the STXS bin dependence was not considered.
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extracted by comparing precise measurements of single-Higgs production and decay yields with the
SM predictions corrected for the _��� -dependent NLO EW e�ects. A framework for a global fit to
constrain the Higgs boson self-coupling and the other coupling modifiers ^< was proposed in Refs. [20,
21]; the model-dependent assumptions of this parameterisation are described in the same references. In the
current work, inclusive production cross-sections, decay branching ratios and di�erential cross-sections are
exploited to increase the sensitivity of the single-Higgs analyses to ^_ and ^<. The di�erential information
is encoded through the simplified template cross-section (STXS) framework described in Section III.3 of
Ref. [50]. The signal yield in a specific decay channel and STXS bin is then proportional to:

=signal
8, 5 (^_, ^<) / `8 (^_, ^<) ⇥ ` 5 (^_, ^<) ⇥ fSM,8 ⇥ BSM, 5 ⇥ (n ⇥ �)8 5 ,

where `8 and ` 5 describe respectively the multiplicative corrections to the expected SM Higgs boson
production cross-sections in an STXS bin (fSM,8) and each decay-channel branching ratio (BSM, 5 ) as a
function of the values of the Higgs boson self-coupling modifier ^_ and the LO-inspired modifiers ^<. The
(n ⇥ �)8 5 coe�cients take into account the analysis e�ciency times acceptance in each production and
decay mode.

The functional dependence of `8 (^_, ^<) and ` 5 (^_, ^<) on ^_ and ^< varies according to the production
mode, the decay channel and, more strongly for the +� and CC� production modes, on the STXS bin.
Therefore, STXS information from the VBF, ,�, /� and CC� production modes is exploited here to
constrain ^_ and ^<. For the ggF production mode, only the inclusive cross-section dependence on ^_ is
currently available and it was used in this study, while the STXS bin dependence was not considered.
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extracted by comparing precise measurements of single-Higgs production and decay yields with the
SM predictions corrected for the _��� -dependent NLO EW e�ects. A framework for a global fit to
constrain the Higgs boson self-coupling and the other coupling modifiers ^< was proposed in Refs. [20,
21]; the model-dependent assumptions of this parameterisation are described in the same references. In the
current work, inclusive production cross-sections, decay branching ratios and di�erential cross-sections are
exploited to increase the sensitivity of the single-Higgs analyses to ^_ and ^<. The di�erential information
is encoded through the simplified template cross-section (STXS) framework described in Section III.3 of
Ref. [50]. The signal yield in a specific decay channel and STXS bin is then proportional to:

=signal
8, 5 (^_, ^<) / `8 (^_, ^<) ⇥ ` 5 (^_, ^<) ⇥ fSM,8 ⇥ BSM, 5 ⇥ (n ⇥ �)8 5 ,

where `8 and ` 5 describe respectively the multiplicative corrections to the expected SM Higgs boson
production cross-sections in an STXS bin (fSM,8) and each decay-channel branching ratio (BSM, 5 ) as a
function of the values of the Higgs boson self-coupling modifier ^_ and the LO-inspired modifiers ^<. The
(n ⇥ �)8 5 coe�cients take into account the analysis e�ciency times acceptance in each production and
decay mode.

The functional dependence of `8 (^_, ^<) and ` 5 (^_, ^<) on ^_ and ^< varies according to the production
mode, the decay channel and, more strongly for the +� and CC� production modes, on the STXS bin.
Therefore, STXS information from the VBF, ,�, /� and CC� production modes is exploited here to
constrain ^_ and ^<. For the ggF production mode, only the inclusive cross-section dependence on ^_ is
currently available and it was used in this study, while the STXS bin dependence was not considered.

5

(a) (b)

Figure 6: Observed (a) and expected (b) constraints in the ^_–^C plane from single-Higgs (blue) and double-Higgs
(red) analyses, and their combination (black). The solid (dashed) lines show the 68% (95%) CL contours. The
double-Higgs contours are shown for values of ^C smaller than 1.2. The observed constraint for the single- and
double-Higgs combination for ^C values below unity is slightly less stringent than that for the single-Higgs fit alone
due to the slightly higher best-fit value for this coupling modifier.

recent work [69], shows that a consistent parameterisation of the ^+ and ^2+ coupling modifiers seems to
be possible, though the sensitivity of single-H processes to k2V is shown to be very small.

In the combination of the single-Higgs and double-Higgs analyses, an observed (expected) exclusion of
�1.4 < ^_ < 6.1 ( �2.2 < ^_ < 7.7) is obtained at 95% CL in this less model-dependent fit. The values of
all the other coupling modifiers agree with the SM prediction within uncertainties. The values of the test
statistic as a function of ^_ for this generic model are also shown in Figure 5. It was checked that for a
generic model in which ^2+ also floats freely in the double-Higgs parameterisation, the observed exclusion
constraints on ^_ weaken by less than 5%. In this approach, the ++�� vertex is parameterised in terms of
the ^2+ coupling modifier for the VBF �� process but the single-Higgs NLO EW corrections are not.

Table 2: Summary of ^_ observed and expected constraints and corresponding observed best-fit values with their
uncertainties. In the first column, the coupling modifiers that are free floating in addition to ^_ in the corresponding
fit are reported. The uncertainties on ^_ are extracted from the test statistic curves, which are not expected to follow
Gaussian distributions.

Combination assumption Obs. 95% CL Exp. 95% CL Obs. value+1f
�1f

�� combination �0.6 < ^_ < 6.6 �2.1 < ^_ < 7.8 ^_ = 3.1+1.9
�2.0

Single-� combination �4.0 < ^_ < 10.3 �5.2 < ^_ < 11.5 ^_ = 2.5+4.6
�3.9

��+� combination �0.4 < ^_ < 6.3 �1.9 < ^_ < 7.6 ^_ = 3.0+1.8
�1.9

��+� combination, ^C floating �0.4 < ^_ < 6.3 �1.9 < ^_ < 7.6 ^_ = 3.0+1.8
�1.9

��+� combination, ^C , ^+ , ^1, ^g floating �1.4 < ^_ < 6.1 �2.2 < ^_ < 7.7 ^_ = 2.3+2.1
�2.0
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The ATLAS and CMS collaborations continue to 
scrutinize every corner of physics available to the LHC 

through sophisticated and creative approaches 
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