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Introduction
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Higgs couplings.

After 10 years, five main production channels and
five main decay channels observed and being
used for measurements

0 0.5 1 1.5 2 2.5

γZ

µµ

bb

ττ

WW

ZZ

γγ

ggH
 0.08± = 0.97 

ggH
µ

0.11− 
0.12+ 1.08

0.13− 
0.14+ 0.93

0.10− 
0.11+ 0.90

 0.21±0.66 

2.54− 
2.97+ 5.31

0.70− 
0.74+ 0.33

1.23− 
1.39+ 3.86

0 1 2 3

γZ

µµ

bb

ττ

WW

ZZ

γγ

VBF
 0.12± = 0.80 

VBF
µ

0.32− 
0.35+ 1.00

0.32− 
0.48+ 0.32

0.24− 
0.28+ 0.73

0.16− 
0.17+ 0.86

0.73− 
0.86+ 1.55

2.89− 
3.82+ -4.43

0 1 2 3 4

γZ

µµ

bb

ττ

WW

ZZ

γγ

WH
0.25− 
0.26+  = 1.49

WH
µ

0.47− 
0.54+ 1.43

1.55+ 0.00

0.70− 
0.72+ 2.41

0.57− 
0.61+ 1.33

0.41− 
0.42+ 1.26

0 1 2 3 4

γZ

µµ

bb

ττ

WW

ZZ

γγ

ZH
0.23− 
0.24+  = 1.29

ZH
µ

0.62− 
0.71+ 1.19

5.69− 
6.59+ 12.24

0.67− 
0.75+ 1.76

0.56− 
0.65+ 1.89

0.34− 
0.36+ 0.90

0 0.5 1 1.5 2 2.5 3

γZ

µµ

bb

ττ

WW

ZZ

γγ

ttH+tH
0.17− 
0.18+  = 1.13

ttH+tH
µ

0.29− 
0.34+ 1.38

0.73+ 0.00

 0.32±1.44 

0.37− 
0.44+ 0.35

0.44− 
0.46+ 0.90

2.21− 
2.63+ 3.07

γZ
0.96− 
1.07+  = 2.59γZµ

µµ
0.42− 
0.45+  = 1.21µµµ

bb
0.21− 
0.22+  = 1.05bbµ

ττ
 0.10± = 0.85 ττµ

WW
 0.09± = 0.97 WWµ

ZZ
0.11− 
0.12+  = 0.97ZZµ

γγ
 0.09± = 1.13 γγµ

1 SD±Observed 1 SD± combined 
i
µ   

CMS  (13 TeV)-1138 fb
f
i
µ

0 2 4 6 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

3.36− 
3.04+ 5.63

1 2

4−10

3−10

2−10

1−10

1

ve
v 
V

m 
V

κ
 o

r 
ve

v 
F

m 
F

κ

 Run 2ATLAS

µ

c

τ
b

W

Z
t

tκ = cκ

 is a free parametercκ

SM prediction

1−10 1 10 210

Particle mass [GeV]

0.8

1

1.2

1.4V
κ

 o
r 

F
κ

eν µν τν u c t

Leptons Quarks

e µ τ d s b

g γ Z W H

Force carriers Higgs boson

Global signal strength
µ = 1.05 ± 0.06 (6%) (ATLAS) µ = 1.00 ± 0.06 (6%) (CMS)

Relationship between mass and coupling as predicted by
SM within current uncertainties and assuming total width
dominated by SM decays

Hot topic: studying the couplings of second generation
fermions ! more in André’s talk
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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Testing the shape
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4 The Higgs boson self-coupling
The Higgs field is responsible for the spontaneous breaking of the electroweak symmetry, and for the generation of all the SM
particle masses, because its potential features a global minimum away from the origin. Within the SM, this potential is fully
characterised by two parameters, the Higgs mass mh, and v, which can be experimentally inferred from the measurements of
the Fermi constant (v = 1/

pp
2GF ⇡ 246 GeV).

V (h) =
1
2

m2
Hh2 +l3vh3 +

1
4

l4h4, with l SM
3 = l SM

4 =
m2

H
2v2 . (24)

However, the Higgs potential could show sizeable departures from the SM form, described in eq. (24). The understanding of
EW symmetry breaking will remain hypothetical until experimental measurements reconstruct the shape of the Higgs potential.
The measurement of the Higgs potential is therefore a high priority goal on the physics programme of all future colliders.

Unfortunately, the Higgs self-interactions, apart from the simple kinematical 2-point interaction that corresponds to the
Higgs boson mass, are not physical observables. Therefore, a theoretical framework is needed to infer their values from
experimental measurements. One needs a general parametrisation of the departures from the SM that allows the various Higgs
couplings to vary continuously. Within this framework, one makes accurate predictions of various observables as a function of
the modified Higgs couplings and a global fit then leads to a determination of all these couplings. Effective Field Theory offers
us such a theoretically sound framework in which higher order calculations can be performed to provide solid and improvable
predictions able to cope with systematic and statistic experimental uncertainties. As in Section 3.3, we will focus our attention
on EFT where the EW symmetry is linearly realised, i.e. under the assumption that no new heavy degree of freedom acquires
its mass from the Higgs expectation value. In that case, there are only two dimension-6 operators that induce a deviation of the
Higgs self-couplings
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In particular, the operator proportional to cf requires a non-linear field definition to keep the Higgs boson kinetic term
canonically normalised. The modifications of the cubic and quartic self-interactions are related in this model. Independent
modifications are only obtained when operators of dimension 8 are considered.

The most direct way to assess the Higgs cubic self-interaction is through the measurement of double Higgs production
either at hadron colliders, where the production is dominated by gluon fusion, gg ! HH, or at lepton colliders via double
Higgs-strahlung, e+e� ! ZHH, particularly relevant at low energies, or via vector boson fusion (VBF), e+e� ! HHnen̄e, more
important at centre-of-mass energies of 1 TeV and above. At leading order, double Higgs production receives a contribution
proportional to the cubic coupling, for both pp and e+e� collisions, as shown in Fig. 9. Figure 10 shows the dependence of
the inclusive double Higgs production cross section when the value of the Higgs cubic coupling is varied, assuming no other
deviation from the SM. Gluon fusion production at a hadron collider has been computed within the SM at NNLO accuracy
in the infinite top mass limit [58–61] and at NLO with the full top mass dependence [62–64], leading to a prediction whose
theoretical and parametric uncertainties are of the order of a few percent.

For the LHC at 14 TeV, the cross section is predicted to be 36.69+2.1%
�4.9% fb, about three orders of magnitude smaller than

the single Higgs production, which makes the double Higgs channel a challenging process to observe. The most up-to-date
analysis relies on the combination of the bb̄gg and bb̄tt decay channels to reach almost 5 standard deviation evidence for
double Higgs production at HL-LHC (see Table 55 and Fig. 65 of Ref [13]), which can be translated into a 68% CL bound of
order 50% on the deviation of the Higgs cubic coupling relative to the SM prediction. Note that the mapping of the inclusive
gg ! HH cross section onto a value of the Higgs cubic self-coupling is not unique: for instance, at 14 TeV LHC, a value
of the cross section equal to the SM prediction corresponds either to k3 = 1 or to k3 ⇡ 6.2. This ambiguity can however be
resolved by analysing the shape of the invariant mass distribution of the reconstructed two Higgs boson system: the larger the
value of k3, the closer to threshold the mHH distribution is peaked. This kinematic information is a crucial element of Boosted
Decision Trees (BDT) based analysis performed at HL-LHC. However the BDT and the final selection cuts are often devised to
optimise the significance of the SM cross section for double Higgs production and therefore it is not necessarily optimised for
the determination of the Higgs self-coupling directly, leaving room for possible improvement towards an even higher sensitivity.
At lepton colliders, double Higgs-strahlung, e+e� ! ZHH, gives stronger constraints on positive deviations (k3 > 1), while
VBF is better in constraining negative deviations, (k3 < 1). While at HL-LHC, values of k3 > 1, as expected in models of
strong first order phase transition, result in a smaller double-Higgs production cross section due to the destructive interference,
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Higgs self-coupling is crucial to understand the EW symmetry breaking mechanism
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The Higgs Boson potential
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Is the current minimum the TRUE minimum - and thus the 
universe is stable - or is there another, deeper minimum 

elsewhere, allowing for decay?

2

Electroweak symmetry breaking

S
ketch by K

. Leney

◈ Is the current minimum the True minimum? 

◈ Is there another, deeper minimum elsewhere? 

◈ Is there new physics for the deformation of potential shape? 

◈ …
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The Higgs boson potential

12/11/17 D. Bortoletto, HIGGS 2025 2

After EWSB, the Higgs potential is given by

In the SM, λ3 = λ4 = 𝑚𝐻2  /2v2 ≃ 0.13
SB, the Higgs potential is given byHH (HHH ) production constrains the trilinear 

(quadratic) self coupling λ3 (λ4)

Tremendous impact on cosmology and theory



Higgs self-coupling measurement with HH production
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Higgs self-coupling and HH production
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� Higgs self-coupling could be directly accessed by the SM HH production
� crucial to understand the EW symmetry breaking mechanism

- BSM resonances Heavy scalar/graviton could also 
decay to a HH pair
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1 Introduction

Since the discovery of the Higgs boson in 2012 [1, 2], one of the priorities of the ATLAS and CMS
Collaborations has been to better understand the properties of the Brout–Englert–Higgs mechanism [3–8].
The Higgs boson self-coupling provides information about the structure of the Higgs potential. A direct
probe of the self-coupling of the Higgs boson is possible by studying Higgs boson pair (��) production.
Furthermore, an enhancement of the Higgs boson pair production rate with respect to the Standard Model
(SM) prediction would point to new beyond-the-Standard-Model (BSM) physics and may be within the
sensitivity reach of the proton-proton (??) collision data collected at

p
B = 13 TeV during the Run 2 of the

Large Hadron Collider (LHC) [9].

At leading order (LO), the production of Higgs boson pairs via gluon-gluon fusion (ggF) proceeds through
the two diagrams shown in Figure 1. These diagrams interfere destructively, leading to a small production
cross section [10–12]. For 13 TeV ?? collisions and a Higgs boson mass <� = 125.09 GeV, the ggF cross
section, calculated at next-to-next-to-leading-order (NNLO) accuracy in finite top mass approximation
(FTapprox), is f�� (ggF) = 31.02+2.2%

�5.0% (Scale) ±3.0% (UB+PDF) ±2.6% (<top) fb [13–15], where ‘Scale’
represents the uncertainty due to missing higher order quantum chromodynamics (QCD) calculations,
‘UB+PDF’ the uncertainties on the strong coupling constant and parton distribution functions, and ‘<top’
the uncertainty related to the top-quark mass scheme [16, 17].
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(b) Box Diagram

Figure 1: The Feynman diagrams for the dominant gluon-gluon fusion production processes. In the Standard
Model, the (a) trilinear coupling process, (b) the ‘box’ diagram, and the destructive interference between the two
processes contribute to the total cross section. In the figure, ^_ represents the Higgs boson trilinear coupling modifier,
^_ = _��� /_SM

��� .

The di-Higgs vector-boson fusion (VBF) production cross section, calculated at next-to-next-to-next-to-
leading-order (N3LO), isf�� (VBF) = 1.72+0.03%

�0.04% (Scale)±2.1% (UB+PDF) fb [13], for<� = 125.09 GeV,
which is one order of magnitude lower than the one from the ggF process. The VBF production mode
provides additional sensitivity on the Higgs trilinear coupling, as shown in Figure 2. Both the ggF and
VBF production modes of Higgs boson pairs are considered as a signal in this paper. The rest of production
modes have lower cross sections [18] and are neglected.

Non-resonant enhancements to the Higgs boson pair cross section can either originate from loop corrections
involving new particles, such as light, colored scalars [19], or through non-SM couplings between the
Higgs boson and other SM particles. The non-resonant production cross section can also be altered due to
the trilinear self-coupling, _��� , being di�erent than the SM prediction, as discussed in Refs. [20, 21].
Such an e�ect can be captured by a scale factor ^_ defined as ^_ = _���/_SM

��� , where _SM
��� is the SM

value of the parameter.

In addition to the non-resonant enhancements, searching for resonant production of Higgs boson pairs
is well motivated. Figure 3 shows a ggF production diagram possible in BSM theories predicting the
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Figure 1. Tree-level Feynman diagrams contributing to Higgs boson pair production via VBF.
Diagrams (a), (b) and (c) illustrate the non-resonant production modes scaling with κV κλ, κ2

V and
κ2V , respectively. Diagram (d) illustrates the resonant production mode.

Previous searches for Higgs boson pair production in the bb̄bb̄ channel were carried

out in the gluon-gluon fusion (ggF) production mode by the ATLAS and CMS collabo-

rations [8–12], and limits were set for resonant and non-resonant production. Statistical

combinations of search results for HH in various decay channels were also performed by

the two experiments [13, 14], profiting from the sensitivity of several final states.

This paper focuses on searches for Higgs boson pair production via vector-boson fu-

sion (VBF), through diagrams such as those presented in figure 1, and using the dominant

H → bb̄ decay mode [15]. The VBF process (pp → HHjj) is characterised by the pres-

ence of two jets (j) with a large rapidity gap resulting from quarks from which a vector

boson (V ) is radiated. In the SM, three different types of couplings are involved in HH

production via VBF: the Higgs boson self-coupling (HHH), the Higgs-boson-vector-boson

coupling (V V H) and the quartic (di-vector-boson-di-Higgs-boson, or V V HH) coupling.

The coupling modifiers κλ, κV and κ2V control the strength of the HHH, V V H and

V V HH couplings with respect to the SM value, respectively, and are normalised so that

they are equal 1 in the SM. A deviation of these coupling modifiers from their SM ex-

pectations could lead to enhanced HH production. While searches in the ggF mode are

more sensitive to deviations in κλ, the VBF topology has unique sensitivity to κ2V [15]

because the ggF mode does not involve the V V HH interaction. For resonant production,

two classes of signals are tested to perform a generic inclusive search for resonances with

masses mX in the range 260–1000 GeV. The first signal class is representative of a broad

resonance with width typically 10-20% of the signal mass; it corresponds to a heavy scalar

of the 2HDM Type II model [16] and is obtained by setting the ratio of vacuum expecta-

tion values of the two Higgs doublets tan(β) = 2.0 and sin(β − α) = 0.6, where α is the

mixing angle between the two CP-even Higgs bosons. The second class features a narrow

resonance with a fixed width of 4 MeV.

2 ATLAS detector

The ATLAS experiment [17–19] at the LHC operates a multipurpose particle detector

with a forward-backward symmetric cylindrical geometry and a near 4π coverage in solid

angle.1 It consists of an inner tracking detector surrounded by a thin superconducting

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre
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1 Introduction

Since the discovery of the Higgs boson in 2012 [1, 2], one of the priorities of the ATLAS and CMS
Collaborations has been to better understand the properties of the Brout–Englert–Higgs mechanism [3–8].
The Higgs boson self-coupling provides information about the structure of the Higgs potential. A direct
probe of the self-coupling of the Higgs boson is possible by studying Higgs boson pair (��) production.
Furthermore, an enhancement of the Higgs boson pair production rate with respect to the Standard Model
(SM) prediction would point to new beyond-the-Standard-Model (BSM) physics and may be within the
sensitivity reach of the proton-proton (??) collision data collected at

p
B = 13 TeV during the Run 2 of the

Large Hadron Collider (LHC) [9].

At leading order (LO), the production of Higgs boson pairs via gluon-gluon fusion (ggF) proceeds through
the two diagrams shown in Figure 1. These diagrams interfere destructively, leading to a small production
cross section [10–12]. For 13 TeV ?? collisions and a Higgs boson mass <� = 125.09 GeV, the ggF cross
section, calculated at next-to-next-to-leading-order (NNLO) accuracy in finite top mass approximation
(FTapprox), is f�� (ggF) = 31.02+2.2%

�5.0% (Scale) ±3.0% (UB+PDF) ±2.6% (<top) fb [13–15], where ‘Scale’
represents the uncertainty due to missing higher order quantum chromodynamics (QCD) calculations,
‘UB+PDF’ the uncertainties on the strong coupling constant and parton distribution functions, and ‘<top’
the uncertainty related to the top-quark mass scheme [16, 17].
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Figure 1: The Feynman diagrams for the dominant gluon-gluon fusion production processes. In the Standard
Model, the (a) trilinear coupling process, (b) the ‘box’ diagram, and the destructive interference between the two
processes contribute to the total cross section. In the figure, ^_ represents the Higgs boson trilinear coupling modifier,
^_ = _��� /_SM

��� .

The di-Higgs vector-boson fusion (VBF) production cross section, calculated at next-to-next-to-next-to-
leading-order (N3LO), isf�� (VBF) = 1.72+0.03%

�0.04% (Scale)±2.1% (UB+PDF) fb [13], for<� = 125.09 GeV,
which is one order of magnitude lower than the one from the ggF process. The VBF production mode
provides additional sensitivity on the Higgs trilinear coupling, as shown in Figure 2. Both the ggF and
VBF production modes of Higgs boson pairs are considered as a signal in this paper. The rest of production
modes have lower cross sections [18] and are neglected.

Non-resonant enhancements to the Higgs boson pair cross section can either originate from loop corrections
involving new particles, such as light, colored scalars [19], or through non-SM couplings between the
Higgs boson and other SM particles. The non-resonant production cross section can also be altered due to
the trilinear self-coupling, _��� , being di�erent than the SM prediction, as discussed in Refs. [20, 21].
Such an e�ect can be captured by a scale factor ^_ defined as ^_ = _���/_SM

��� , where _SM
��� is the SM

value of the parameter.

In addition to the non-resonant enhancements, searching for resonant production of Higgs boson pairs
is well motivated. Figure 3 shows a ggF production diagram possible in BSM theories predicting the
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1 Introduction

Since the discovery of the Higgs boson in 2012 [1, 2], one of the priorities of the ATLAS and CMS
Collaborations has been to better understand the properties of the Brout–Englert–Higgs mechanism [3–8].
The Higgs boson self-coupling provides information about the structure of the Higgs potential. A direct
probe of the self-coupling of the Higgs boson is possible by studying Higgs boson pair (��) production.
Furthermore, an enhancement of the Higgs boson pair production rate with respect to the Standard Model
(SM) prediction would point to new beyond-the-Standard-Model (BSM) physics and may be within the
sensitivity reach of the proton-proton (??) collision data collected at

p
B = 13 TeV during the Run 2 of the

Large Hadron Collider (LHC) [9].

At leading order (LO), the production of Higgs boson pairs via gluon-gluon fusion (ggF) proceeds through
the two diagrams shown in Figure 1. These diagrams interfere destructively, leading to a small production
cross section [10–12]. For 13 TeV ?? collisions and a Higgs boson mass <� = 125.09 GeV, the ggF cross
section, calculated at next-to-next-to-leading-order (NNLO) accuracy in finite top mass approximation
(FTapprox), is f�� (ggF) = 31.02+2.2%

�5.0% (Scale) ±3.0% (UB+PDF) ±2.6% (<top) fb [13–15], where ‘Scale’
represents the uncertainty due to missing higher order quantum chromodynamics (QCD) calculations,
‘UB+PDF’ the uncertainties on the strong coupling constant and parton distribution functions, and ‘<top’
the uncertainty related to the top-quark mass scheme [16, 17].
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Figure 1: The Feynman diagrams for the dominant gluon-gluon fusion production processes. In the Standard
Model, the (a) trilinear coupling process, (b) the ‘box’ diagram, and the destructive interference between the two
processes contribute to the total cross section. In the figure, ^_ represents the Higgs boson trilinear coupling modifier,
^_ = _��� /_SM

��� .

The di-Higgs vector-boson fusion (VBF) production cross section, calculated at next-to-next-to-next-to-
leading-order (N3LO), isf�� (VBF) = 1.72+0.03%

�0.04% (Scale)±2.1% (UB+PDF) fb [13], for<� = 125.09 GeV,
which is one order of magnitude lower than the one from the ggF process. The VBF production mode
provides additional sensitivity on the Higgs trilinear coupling, as shown in Figure 2. Both the ggF and
VBF production modes of Higgs boson pairs are considered as a signal in this paper. The rest of production
modes have lower cross sections [18] and are neglected.

Non-resonant enhancements to the Higgs boson pair cross section can either originate from loop corrections
involving new particles, such as light, colored scalars [19], or through non-SM couplings between the
Higgs boson and other SM particles. The non-resonant production cross section can also be altered due to
the trilinear self-coupling, _��� , being di�erent than the SM prediction, as discussed in Refs. [20, 21].
Such an e�ect can be captured by a scale factor ^_ defined as ^_ = _���/_SM

��� , where _SM
��� is the SM

value of the parameter.

In addition to the non-resonant enhancements, searching for resonant production of Higgs boson pairs
is well motivated. Figure 3 shows a ggF production diagram possible in BSM theories predicting the
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Figure 1. Tree-level Feynman diagrams contributing to Higgs boson pair production via VBF.
Diagrams (a), (b) and (c) illustrate the non-resonant production modes scaling with κV κλ, κ2

V and
κ2V , respectively. Diagram (d) illustrates the resonant production mode.

Previous searches for Higgs boson pair production in the bb̄bb̄ channel were carried

out in the gluon-gluon fusion (ggF) production mode by the ATLAS and CMS collabo-

rations [8–12], and limits were set for resonant and non-resonant production. Statistical

combinations of search results for HH in various decay channels were also performed by

the two experiments [13, 14], profiting from the sensitivity of several final states.

This paper focuses on searches for Higgs boson pair production via vector-boson fu-

sion (VBF), through diagrams such as those presented in figure 1, and using the dominant

H → bb̄ decay mode [15]. The VBF process (pp → HHjj) is characterised by the pres-

ence of two jets (j) with a large rapidity gap resulting from quarks from which a vector

boson (V ) is radiated. In the SM, three different types of couplings are involved in HH

production via VBF: the Higgs boson self-coupling (HHH), the Higgs-boson-vector-boson

coupling (V V H) and the quartic (di-vector-boson-di-Higgs-boson, or V V HH) coupling.

The coupling modifiers κλ, κV and κ2V control the strength of the HHH, V V H and

V V HH couplings with respect to the SM value, respectively, and are normalised so that

they are equal 1 in the SM. A deviation of these coupling modifiers from their SM ex-

pectations could lead to enhanced HH production. While searches in the ggF mode are

more sensitive to deviations in κλ, the VBF topology has unique sensitivity to κ2V [15]

because the ggF mode does not involve the V V HH interaction. For resonant production,

two classes of signals are tested to perform a generic inclusive search for resonances with

masses mX in the range 260–1000 GeV. The first signal class is representative of a broad

resonance with width typically 10-20% of the signal mass; it corresponds to a heavy scalar

of the 2HDM Type II model [16] and is obtained by setting the ratio of vacuum expecta-

tion values of the two Higgs doublets tan(β) = 2.0 and sin(β − α) = 0.6, where α is the

mixing angle between the two CP-even Higgs bosons. The second class features a narrow

resonance with a fixed width of 4 MeV.

2 ATLAS detector

The ATLAS experiment [17–19] at the LHC operates a multipurpose particle detector

with a forward-backward symmetric cylindrical geometry and a near 4π coverage in solid

angle.1 It consists of an inner tracking detector surrounded by a thin superconducting

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre

– 2 –

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

1 Introduction

Since the discovery of the Higgs boson in 2012 [1, 2], one of the priorities of the ATLAS and CMS
Collaborations has been to better understand the properties of the Brout–Englert–Higgs mechanism [3–8].
The Higgs boson self-coupling provides information about the structure of the Higgs potential. A direct
probe of the self-coupling of the Higgs boson is possible by studying Higgs boson pair (��) production.
Furthermore, an enhancement of the Higgs boson pair production rate with respect to the Standard Model
(SM) prediction would point to new beyond-the-Standard-Model (BSM) physics and may be within the
sensitivity reach of the proton-proton (??) collision data collected at

p
B = 13 TeV during the Run 2 of the

Large Hadron Collider (LHC) [9].

At leading order (LO), the production of Higgs boson pairs via gluon-gluon fusion (ggF) proceeds through
the two diagrams shown in Figure 1. These diagrams interfere destructively, leading to a small production
cross section [10–12]. For 13 TeV ?? collisions and a Higgs boson mass <� = 125.09 GeV, the ggF cross
section, calculated at next-to-next-to-leading-order (NNLO) accuracy in finite top mass approximation
(FTapprox), is f�� (ggF) = 31.02+2.2%

�5.0% (Scale) ±3.0% (UB+PDF) ±2.6% (<top) fb [13–15], where ‘Scale’
represents the uncertainty due to missing higher order quantum chromodynamics (QCD) calculations,
‘UB+PDF’ the uncertainties on the strong coupling constant and parton distribution functions, and ‘<top’
the uncertainty related to the top-quark mass scheme [16, 17].
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Figure 1: The Feynman diagrams for the dominant gluon-gluon fusion production processes. In the Standard
Model, the (a) trilinear coupling process, (b) the ‘box’ diagram, and the destructive interference between the two
processes contribute to the total cross section. In the figure, ^_ represents the Higgs boson trilinear coupling modifier,
^_ = _��� /_SM

��� .

The di-Higgs vector-boson fusion (VBF) production cross section, calculated at next-to-next-to-next-to-
leading-order (N3LO), isf�� (VBF) = 1.72+0.03%

�0.04% (Scale)±2.1% (UB+PDF) fb [13], for<� = 125.09 GeV,
which is one order of magnitude lower than the one from the ggF process. The VBF production mode
provides additional sensitivity on the Higgs trilinear coupling, as shown in Figure 2. Both the ggF and
VBF production modes of Higgs boson pairs are considered as a signal in this paper. The rest of production
modes have lower cross sections [18] and are neglected.

Non-resonant enhancements to the Higgs boson pair cross section can either originate from loop corrections
involving new particles, such as light, colored scalars [19], or through non-SM couplings between the
Higgs boson and other SM particles. The non-resonant production cross section can also be altered due to
the trilinear self-coupling, _��� , being di�erent than the SM prediction, as discussed in Refs. [20, 21].
Such an e�ect can be captured by a scale factor ^_ defined as ^_ = _���/_SM

��� , where _SM
��� is the SM

value of the parameter.

In addition to the non-resonant enhancements, searching for resonant production of Higgs boson pairs
is well motivated. Figure 3 shows a ggF production diagram possible in BSM theories predicting the
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CMS 2024年取数
◉ 25-ns pp

123 fb−1

◉ pp reference
520 pb−1

◉ PbPb
1.9 nb−1

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

CMS 2025年取数
◉ 25-ns pp

已经取127 fb−1

◉ 计划取数PbPb 

CMS in 2026年计划
◉ 3⽉16⽇开始8周25-ns 

pp
30 - 40 fb−1

◉ 18天重离⼦碰撞
（PbPb或pPb）



HH Decays
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HH, a variety of final states

6

H(bb̄) is a key element in the exploration of HH at the LHC 
highest BR
good b-jets identification performance: 70% efficiency at 
0.3-1% q/g mistag probability

H(γγ)
clean final state
excellent mass resolution, ~1%

Explored

bbbb
Highest branching fraction
Large multi-jet background

bb
Very small branching fraction
Clean signal due to the good 
photon resolution

γγ

bb
Very small branching fraction
Cleaner signal due to 
dedicated  construction

ττ

τ

bbWW (bbVV)
Second branching fraction
Large background, but cleaner 
with at least one lepton

WW
Clean  peak, leptonic final 
state or jet

γγ
γγ

Clean  and  but small BR
ττγγ

γγ ττ

Multilepton
Many different signatures of 
WWWW, WW  and 
Clean leptonic final states

ττ ττττ



Public HH results

8

◆ : Phys. Rev. Lett. 129.081802; Latest results: PAS HIG-24-010   

◆  (boosted ggF and VBF): Phys. Rev. Lett. 131.041803  

◆ : Phys. Rev. Lett. 842 (2023) 137531 

◆ : JHEP03(2021)257; Latest results: PAS HIG-25-007   

◆ : JHEP06(2023)130  

◆  (multi-leptons): JHEP07(2023)095  

◆  anniversary combinations: Nature vol. 607, pages 60–68 (2022) 

◆ : JHEP07(2024)293  and : JHEP10(2024)061  

◆  2023 combination: Phys. Lett. B 861 (2025) 139210  

◆ : CMS-PAS-HIG-21-014 (not published yet) 

◆ : CMS-PAS-HIG-23-012   

◆ : arXiv:2506.23012 (submitted to JHEP)

HH → bb̄bb̄

HH → bb̄bb̄

HH → bb̄ττ

HH → bb̄γγ

HH → bb̄ZZ(4ℓ)

HH → WWW*W*, WWττ, ττττ

HH

HH → bb̄WW VHH → bb̄bb̄

HH + H

HH → WWγγ

HH → bb̄WW(WW → 4b)

HH → γγττ

◆Run 2  (Resolved): Phys. RevD. 108.052003  

◆Run 2  (Boosted VBF): Phys. Lett. B 858 (2024) 139007 

◆Run 2 : JHEP02(2024)037 

◆Run 2 Legacy : JHEP01(2024)066  

◆Run 2 Legacy : Phys. RevD. 110.032012  

◆Run 2  (multi-leptons): 
JHEP08(2024)164 

◆  2022 combination: Phys. Rev. Lett. 133.101801  

◆Run 2 : Eur. Phys. J. C 83 (2023) 519 

◆Run 2 + partial Run 3  : arXiv:2507.03495 

◆Run 2 + partial Run 3 multi-leptons: (Just HIGP 
Approved)

HH → bb̄bb̄

HH → bb̄bb̄

HH → bb̄ℓℓ + MET

HH → bb̄γγ

HH → bb̄ττ

HH → bb̄ZZ, 4W, 4Z, VVττ, 4τ, γγVV, γγττ

HH

VHH → νν4b, ℓν4b, ℓℓ4b

HH → bb̄γγ

tt̄HH → 1ℓ, bb̄γγ,

ATLASCMS

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via%3Dihub
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://link.springer.com/article/10.1007/JHEP06(2023)130
https://link.springer.com/article/10.1007/JHEP07(2023)095
https://www.nature.com/articles/s41586-022-04892-x
https://link.springer.com/article/10.1007/JHEP07(2024)293
https://link.springer.com/article/10.1007/JHEP10(2024)061
https://www.sciencedirect.com/science/article/pii/S0370269324007688?via%3Dihub
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-014/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-012/
http://www.arxiv.org/abs/2506.23012
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub
https://link.springer.com/article/10.1007/JHEP02(2024)037
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
https://link.springer.com/article/10.1007/JHEP08(2024)164
https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
http://dx.doi.org/10.1140/epjc/s10052-023-11559-y
https://arxiv.org/pdf/2507.03495


HH search @ Run2

◈ Orthogonal Analyses 

◈ Trigger with low pt threshold for the lower  region (sensitive to ) 

◈ State-of-the art object reconstruction and identification 

◈ Sensitivity optimization and background estimation with different MLs

mHH κλ
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HH → bbbb HH → bbττ HH → bbγγ

200 400 600 800 1000
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Limit on inclusive HH cross section assuming no Higgs Boson pair production

1 10 100
Theory
σ HH) / →(pp σ95% CL limit on 

Obs. (Exp.): 95 (54)
γγ

-W+W

Obs. (Exp.): 33 (41)
ZZ, 4lbb

Obs. (Exp.): 31 (26)

-τ+τγγ

Obs. (Exp.): 22 (20)
Multilepton

Obs. (Exp.): 16 (18)

-W+Wbb

Obs. (Exp.): 8.4 (5.6)
γγbb

Obs. (Exp.): 3.4 (5.3)
-τ+τbb

Obs. (Exp.): 7.5 (4.3)
bbbb

Obs. (Exp.): 3.5 (2.5)
Combined

Observed          68% expected   
Median expected 95% expected   
                                              

CMS Preliminary
 = 12Vκ = Vκ = tκ = λκ

 (13 TeV)-1138 fb

Limits on inclusive HH cross section

Marco Delmastro Di-Higgs combination, single-Higgs constraint and EFT interpretation 4

CMS PAS HIG-20-011Phys. Rev. Lett. 133 (2024) 101801

Limits calculated 
for assumption 

of no HH 
production 
(μHH = 0)

ATLAS: 2.9 xSM (exp 2.4 xSM) CMS: 3.5 xSM (exp 2.5 xSM)

Run 2 “legacy” expected significance of μHH  ~1.0 standard deviations for each experiments
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Limits on inclusive HH cross section

Marco Delmastro Di-Higgs combination, single-Higgs constraint and EFT interpretation 4

CMS PAS HIG-20-011Phys. Rev. Lett. 133 (2024) 101801

Limits calculated 
for assumption 

of no HH 
production 
(μHH = 0)

ATLAS: 2.9 xSM (exp 2.4 xSM) CMS: 3.5 xSM (exp 2.5 xSM)

Run 2 “legacy” expected significance of μHH  ~1.0 standard deviations for each experiments

ATLAS Obs. (exp): 2.9× SM (2.4× SM) CMS Obs. (exp): 3.5× SM (2.5× SM)

Run2 “legacy” expected significance of  ~1.0 standard deviations for each experimentμHH

PRL 133 (2024) 101801 PAS HIG-20-011
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Limit on VBFHH cross section

ATLAS Obs. (exp): 44× SM (47× SM) CMS Obs. (exp): 79× SM (91× SM)

PRL 133 (2024) 101801 PAS HIG-20-011

Limits on VBF HH cross section

Marco Delmastro Di-Higgs combination, single-Higgs constraint and EFT interpretation 5

CMS PAS HIG-20-011Phys. Rev. Lett. 133 (2024) 101801

Limits calculated 
for assumption 

of no HH 
production 
(μHH = 0)

ATLAS: 44 xSM (exp 47 xSM) CMS: 79 xSM (exp 91 xSM)
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Observed         68% expected   
Median expected 95% expected   
                                            

CMS Preliminary
 = 12Vκ = Vκ = tκ = λκ

 (13 TeV)-1138 fb
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Limit on -  plane   κλ κ2V
PRL 133 (2024) 101801 PAS HIG-20-011

95% CL contours in the !2!-!" plane

Marco Delmastro Di-Higgs combination, single-Higgs constraint and EFT interpretation 8

CMS PAS HIG-20-011Phys. Rev. Lett. 133 (2024) 101801

8− 6− 4− 2− 0 2 4 6 8 10 12
λκ

0.0

0.5

1.0

1.5

2.0

2.5

3.02Vκ

 (13 TeV)-1138 fb
Observed             )       σ68.3% CL (1
Expected             )      σ95.4% CL (2
Best fit                )σ99.99994% CL (5

CMS Preliminary

 = 1Vκ = tκ

95% CL contours in the !2!-!" plane

Marco Delmastro Di-Higgs combination, single-Higgs constraint and EFT interpretation 8

CMS PAS HIG-20-011Phys. Rev. Lett. 133 (2024) 101801
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 (13 TeV)-1138 fb
Observed             )       σ68.3% CL (1
Expected             )      σ95.4% CL (2
Best fit                )σ99.99994% CL (5

CMS Preliminary

 = 1Vκ = tκ

ATLAS Obs. (exp) : [-1.2, 7.2] ([-1.6, 7.2]) 
                             : [0.6, 1.5] ([0.4, 1.6])

κλ
κ2V

CMS Obs. (exp) : [-1.39, 7.02] ([-1.02, 7.19]) 
                          : [0.62, 1.42] ([0.69, 1.35])

κλ
κ2V

๏  limit dominated by  and  
๏  limit dominated by 4b boosted signature,  excluded at 

κλ HH → bbγγ HH → bbττ
κ2V κ2V = 0 > 4σ
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Limit on -  plane   κλ κ2V
PRL 133 (2024) 101801 PAS HIG-20-011

ATLAS Obs. (exp) : [-1.2, 7.2] ([-1.6, 7.2]) 
                             : [0.6, 1.5] ([0.4, 1.6])

κλ
κ2V

CMS Obs. (exp) : [-1.39, 7.02] ([-1.02, 7.19]) 
                          : [0.62, 1.42] ([0.69, 1.35])

κλ
κ2V

๏  limit dominated by  and  
๏  limit dominated by 4b boosted signature,  excluded at 

κλ HH → bbγγ HH → bbττ
κ2V κ2V = 0 > 4σ

the radiation of additional heavy-flavor jets in the ggF
single-Higgs-boson background production process
[39–43], affecting μHH by 25%. The observed (expected)
significance of μHH is 0.4 (1.0) standard deviations, with
respect to the hypothesis of no HH production. No
significant HH signal is observed above the expected
background, and a 95% CL upper limit of 2.9 is placed
on μHH. If HH production is absent, the expected 95% CL
upper limit is 2.4, and in the SM case (μHH ¼ 1) the
expected upper limit is 3.4. The expected upper limit is
17% lower than in the previous combination [4]: 13% from
improvements in the bb̄τþτ−, bb̄γγ, and bb̄bb̄ analyses and
an additional 4% from the inclusion of the multilepton and
bb̄llþ Emiss

T channels. This combination provides the best

expected sensitivity to the HH production cross section to
date. Figure 2 displays the limits from the individual
searches and their combination [44] highlighting the
bb̄τþτ− channel as the one expected to constrain μHH
the most. The p value for compatibility between the μHH
value measured in the combination and those measured in
the individual searches is 0.16. The observed and expected
95% CL upper limits on σggFþVBFðHHÞ from the combi-
nation are 86 and 71 fb, respectively, derived in this case
excluding theoretical uncertainties in the HH production
cross section.
The self-coupling modifier κλ is explored in the ggF and

VBF HH production processes. The impact of κλ on the
single-Higgs-boson background productions and the Higgs

(a) (b)

(c)

FIG. 3. Expected values (dashed lines) of the test statistic (−2 lnΛ) as functions of (a) κλ and (b) κ2V . These results are shown for the
decay channels bb̄γγ (purple), bb̄τþτ− (green), multilepton (cyan), bb̄bb̄ (blue), and bb̄llþ Emiss

T (brown), as well as their combination
(black). The observed values from the combined data are depicted by solid black lines. These results are computed with the assumption
that all other Higgs boson couplings follow the SM predictions. (c) The expected 95% CL contours in the κ2V -κλ plane, corresponding to
the individual decay channels and their combination, are illustrated using dashed lines. The observed contour from the combined results
is depicted by a solid black line. The SM prediction is marked by a star, and the combined best-fit value is indicated by a cross.

PHYSICAL REVIEW LETTERS 133, 101801 (2024)
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6. Results 17

the expected constraint is from �0.88 to 6.32. At 2 s (95.4% CL), kl is constrained to be within
�1.40 to 6.43, with an expected constraint of �2.29 to 7.95. For k2V, the best fit value is at 1.02,
the 1 s (68.3% CL) interval is from 0.81 to 1.23 (0.77 to 1.26 expected), and the 2 s (95.4% CL)
interval is from 0.63 to 1.40 (0.62 to 1.41 expected). The value of k2V = 0 is excluded with a
significance of more than 6 s.
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Figure 8: The profile likelihood ratio test statistic �2D log(L) as a function of coupling modi-
fiers kl (left) and k2V (right) for the combination of all channels.

Figure 9 shows the two-dimensional contours of the �2D log(L) in the (kl, k2V), (kV, k2V),
and (kl, kt ) planes for the combination of all contributing channels. All the other parameters,
besides the ones scanned, are set to the values expected by the SM. For the scan of (kV, k2V),
there is a slight degeneracy in kV, while for the (kl, kt ) scan, there is a degeneracy in kt . Only
the global minima are pictured. The degeneracy is expected given that besides the interference
terms, the HH production cross section has a quadratic dependence in kV and kt . No significant
deviation from the SM is observed.



ATLAS-CMS di-Higgs “legacy” Run2 combination
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ATLAS-CONF-2025-012

๏ ATLAS-CMS obs. (exp) HH: 2.5× SM (1.7× SM w.o SM HH/ 2.8× SM w SM HH) 
๏ Obs. (exp) significance: 1.1  (1.3 ) 
๏ Obs. (exp) : [-0.71, 6.1] ([-1.3, 6.7]) with sensitivity improvement of 10% 
                         : [0.73, 1.3] ([0.66, 1.4]) with sensitivity improvement of 8%

σ σ
κλ
κ2V



Indirect self-coupling constraint via single Higgs
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We can exploit at the LHC the  
“High Precision for Hard Processes”

An additional and complementary strategy for the determination 
(at the LHC) of the Higgs self coupling is definitely useful. 

and probe the quantum effects (NLO EW) induced by the Higgs self 
coupling on single Higgs production and decay modes. 

H

H

W

�

�

H

H

W

�

�

H

H W

�

�

H

H

W

�

�

H

H

W

�

�

Figure 5: Diagrams contributing to the C1 coe�cient in �(H ! ��). The
diagrams in the second row have multiplicity 2.

is performed in the unitary gauge, one is actually interchanging the order
of the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ !

1 is performed first and then one does the integration while the correct
order is the opposite. Because some of the vertices that arise from the
gauge-fixing function contain a ⇠ factor, this exchange is not always an
allowed operation and in order to check the correctness of our approach we
recomputed1 the full two-loop EW corrections to �(H ! ��) in the unitary
gauge. The corrections were computed as in Ref. [51] via a Taylor expansion
in the parameters q2/(4m2

W
), q2/(4m2

H
) up to and including O(q6/m6) terms

finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, to the contribution of the
diagrams in Fig. 5. The result is presented in Appendix A. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single-Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

1
To our knowledge this is the first-ever two-loop computation of a physical observable

performed in the unitary gauge.
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Figure 2: Structure of the �SM
3

-dependent part inM
1

�
SM
3

for processes involv-

ing massive vector bosons in the final or in the intermediate states (VBF,
HV and H ! V V

⇤
! 4f).
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Figure 3: Sample of �SM
3

-dependent diagrams in tt̄H production.

the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due

12

All the single Higgs production and decay processes are affected by an 
anomalous trilinear (not quartic) Higgs self coupling, parametrized by     .

of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M

0 and the virtual EW amplitude
M

1, besides the wave-function-renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-dependent diagrams

are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (7)

7
All the different signal strengths    have a different dependence on a single 
parameter     , which can thus be constrained via a global fit.
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butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-dependent diagrams

are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (7)
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Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq! ZH or qg! ZH) Pythia8 Pythia6.4
ggZH (gg! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF,VBF,WH,ZH, ttH) and B f ( f = ZZ,WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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Figure 4: Diagrams contributing to the C1 coe�cient in the gluon-gluon-
fusion Higgs production. The one on the right has a multiplicity factor
2.

to the di↵erent Lorentz structure at one loop and at the tree level.
The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [47–49]. In our computation of the C1 coe�cient we followed the
approach of Ref. [48] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [48], we computed the diagrams
contributing to C1, see Fig. 4, via an asymptotic expansion in the large top
mass up to and including O(m6

H
/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig. 4 occurs at q

2 = 4m2
H

and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [50] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [51, 52]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2

V
)/(k2 �M

2

V
+ i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation
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the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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Figure 5: Diagrams contributing to the C1 coe�cient in �(H ! ��). The
diagrams in the second row have multiplicity 2.

is performed in the unitary gauge, one is actually interchanging the order
of the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ !

1 is performed first and then one does the integration while the correct
order is the opposite. Because some of the vertices that arise from the
gauge-fixing function contain a ⇠ factor, this exchange is not always an
allowed operation and in order to check the correctness of our approach we
recomputed1 the full two-loop EW corrections to �(H ! ��) in the unitary
gauge. The corrections were computed as in Ref. [51] via a Taylor expansion
in the parameters q2/(4m2

W
), q2/(4m2

H
) up to and including O(q6/m6) terms

finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, to the contribution of the
diagrams in Fig. 5. The result is presented in Appendix A. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single-Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

1
To our knowledge this is the first-ever two-loop computation of a physical observable

performed in the unitary gauge.

14

H

H

V

V

H

H

V

V

Figure 2: Structure of the �SM
3

-dependent part inM
1

�
SM
3

for processes involv-

ing massive vector bosons in the final or in the intermediate states (VBF,
HV and H ! V V

⇤
! 4f).

H

t

g

g

t

H

t

g

g

t

H

t

g

g

t

Figure 3: Sample of �SM
3

-dependent diagrams in tt̄H production.

the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M

0 and the virtual EW amplitude
M

1, besides the wave-function-renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-dependent diagrams

are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (7)
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Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq! ZH or qg! ZH) Pythia8 Pythia6.4
ggZH (gg! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF,VBF,WH,ZH, ttH) and B f ( f = ZZ,WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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to the di↵erent Lorentz structure at one loop and at the tree level.
The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [47–49]. In our computation of the C1 coe�cient we followed the
approach of Ref. [48] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [48], we computed the diagrams
contributing to C1, see Fig. 4, via an asymptotic expansion in the large top
mass up to and including O(m6

H
/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig. 4 occurs at q

2 = 4m2
H

and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [50] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [51, 52]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2

V
)/(k2 �M

2

V
+ i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation

13

H

H

V

V

H

H

V

V

Figure 2: Structure of the �SM
3

-dependent part inM
1

�
SM
3

for processes involv-

ing massive vector bosons in the final or in the intermediate states (VBF,
HV and H ! V V

⇤
! 4f).

H

t

g

g

t

H

t

g

g

t

H

t

g

g

t

Figure 3: Sample of �SM
3

-dependent diagrams in tt̄H production.

the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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is performed in the unitary gauge, one is actually interchanging the order
of the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ !

1 is performed first and then one does the integration while the correct
order is the opposite. Because some of the vertices that arise from the
gauge-fixing function contain a ⇠ factor, this exchange is not always an
allowed operation and in order to check the correctness of our approach we
recomputed1 the full two-loop EW corrections to �(H ! ��) in the unitary
gauge. The corrections were computed as in Ref. [51] via a Taylor expansion
in the parameters q2/(4m2

W
), q2/(4m2

H
) up to and including O(q6/m6) terms

finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, to the contribution of the
diagrams in Fig. 5. The result is presented in Appendix A. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single-Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

1
To our knowledge this is the first-ever two-loop computation of a physical observable

performed in the unitary gauge.
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the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due

12

All the single Higgs production and decay processes are affected by an 
anomalous trilinear (not quartic) Higgs self coupling, parametrized by     .

of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M

0 and the virtual EW amplitude
M

1, besides the wave-function-renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-dependent diagrams

are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (7)

7
All the different signal strengths    have a different dependence on a single 
parameter     , which can thus be constrained via a global fit.
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Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq! ZH or qg! ZH) Pythia8 Pythia6.4
ggZH (gg! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF,VBF,WH,ZH, ttH) and B f ( f = ZZ,WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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Figure 4: Diagrams contributing to the C1 coe�cient in the gluon-gluon-
fusion Higgs production. The one on the right has a multiplicity factor
2.

to the di↵erent Lorentz structure at one loop and at the tree level.
The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [47–49]. In our computation of the C1 coe�cient we followed the
approach of Ref. [48] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [48], we computed the diagrams
contributing to C1, see Fig. 4, via an asymptotic expansion in the large top
mass up to and including O(m6

H
/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig. 4 occurs at q

2 = 4m2
H

and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [50] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [51, 52]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2

V
)/(k2 �M

2

V
+ i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation
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the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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decay mode H ! �� H ! WW
⇤

H ! Z Z
⇤

H ! bb̄ H ! ⌧⌧
C

f

1 ⇥ 100 0.49 0.73 0.82 0 0
2
f

1.592
V
+ 0.072

F
� 0.67V F 2

V
2
V

2
F

2
F

Table 4: Values of C
f

1 and expression of 2
f

for each considered Higgs boson decay mode [8, 9].
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Figure 2: Variation of the cross-sections (a) and branching fractions (b) as a function of the trilinear coupling modifier
�. The plots represent the equations (2) and (4) using the numerical values shown in Tables 3 and 4, all obtained
from Ref. [8, 9].

analysed decay modes. For Higgs bosons decaying into two fermions, the C
f

1 coe�cient is zero. The model
under discussion, as shown in Eq. 2 and Eq. 4, does not include any additional contributions from new
physics to the total width of the Higgs boson, or in the gg ! H and H ! �� loop mediated processes.

The dependence on � of the Higgs boson production cross sections and the decay branching fractions are
shown in Figure 2.

3.1 Inclusion of event kinematic information

In the presence of a varied Higgs trilinear coupling, changes in � a�ect not only the inclusive rates of
Higgs boson production and decay processes, but also their kinematics. In particular the largest deviations
in kinematic distributions with respect to the to the SM are expected in the ZH, WH, and ttH production
modes. On the contrary, in Higgs boson decay kinematics no significant modification are expected. Since
the Higgs boson decays to two bodies in all decay channels, and it has a null spin, the angular distribution
of the decay particles cannot be a�ected by BSM e�ects, being fully determined by the energy-momentum
conservation and by the rotational symmetry of the decay. One exception is the decay to four fermions, that
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Higgs self-coupling constraint from H+HH combination
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◈ Single Higgs STXS measurements 
brings a ~5-7% improvement on  
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HH anomalous coupling with EFT interpretation

◈ The results are compatible with the SM predictions (p( )=0.087 and p( )=0.16) 


◈ Due to insufficient sensitivity, strong correlations among ,  and 

Cgghh Ctthh

Chhh Ctthh Cgghh
17

in αs and including an uncertainty related to the choice of the
virtual top-quark mass scheme [18]. The “PDFþ αs” uncer-
tainty accounts for uncertainties in the parton distribution
functions and strong coupling constant, the “scale” uncer-
tainty is due to the finite order of quantum chromodynamics
(QCD) calculations, and the “mtop” uncertainty is related to
the top-quark mass scheme. For SM VBF HH production,
divergences in the diagrams shown in Figs. 1(d) and 1(e)
cancel out due to perturbative unitarity. If κ2V deviates from
the SMprediction, this cancellation no longer occurs, leading
to a linear dependence of the cross section on the effective
center-of-mass energy of the incoming vector bosons [19].
Consequently, the Higgs bosons are expected to be more
energetic in non-SM scenarios. The cross section for VBF
HH production is σSMVBFðHHÞ ¼ 1.73% 0.04 fb at next-to-
next-to-next-to-leading order in QCD [20–24].
This Letter presents a combination of results from the

bb̄bb̄ [25,26], bb̄τþτ− [27], bb̄γγ [28], multilepton [29],
and bb̄ll [30] decay channels, probing more than half of
the HH decays. The first three analyses have been
improved since the previous combination [4], and the other
two are newly included. The HH → bb̄bb̄ decay mode has

the advantage of having the largest SM HH decay
branching fraction (33.9%), but it also has the largest
SM background, due to the abundance of QCD multijet
events. Given its capability to probe relatively high-
energy Higgs bosons, both the resolved [25] and boosted
topologies [26] are now used to reconstruct the Higgs
bosons. The HH → bb̄τþτ− decay mode has one of the
larger branching fractions (7.3%) among the investigated
HH decay channels and benefits from having only mod-
erate background contamination. In the corresponding
search [27], one of the τ leptons is required to decay
hadronically, ensuring orthogonality with the bb̄llþ Emiss

T
search. Although the HH → bb̄γγ decay mode has a small
branching fraction (0.26%), it has high trigger efficiency
and a clean experimental signature. The bb̄τþτ− [27] and
bb̄γγ [28] analyses have been improved through optimized
classification of selected events to enhance the sensitivity to
the Higgs boson couplings. Furthermore, the bb̄τþτ−
analysis now benefits from more accurate background
modeling and larger samples of simulated events. The
multilepton analysis is designed to select HH events in
bb̄ZZ&, VV&VV& (V ¼ W or Z), VV&τþτ−, τþτ−τþτ−,

FIG. 1. Leading-order Feynman diagrams showing the production of Higgs boson pairs via the ggF (a),(b),(f)–(h) and VBF
(c)–(e) processes. Each diagram is sensitive to specific coupling factors, denoted by κi in the κ framework or ci in the HEFT. Diagrams
(a)–(e) occur in the SM predictions, while diagrams (f)–(h) manifest only when deviations from the SM predictions are present in the
coefficients cggh, cgghh, or ctthh.
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Beyond varying kl, k2V, kV, and kt to values different from the SM expectation, we interpret
the data in terms of anomalous couplings that are not predicted in the SM, namely c2, cg, and
c2g. All BSM interpretations studied in this note only alter the ggF production, while the VBF
production is assumed to be as predicted in the SM. The channels contributing to the BSM
interpretations are bbgg, bbbb boosted and resolved, bbtt , bbWW, multilepton, WWgg,
and ttgg.

First, we interpret the results in the context of two sets of benchmarks, combinations of the cou-
pling modifiers (kl, kt , c2, cg, c2g) as described in Section 3. The ttgg channel only contributes
to the results for the benchmark of Ref. [33], while the rest of the channels contribute to both
sets. The upper limits on the HH cross section at 95% CL are shown in Fig. 10. No significant
deviations from expectations are observed, but there is an overall excess in all benchmarks,
between 1 and 2 s.
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Figure 10: Upper limits on the HH production cross section at 95% CL for the two sets of
HEFT benchmarks. The theoretical uncertainties in the HH ggF signal cross section are not
considered because we directly constrain the measured cross section.

In the HEFT Lagrangian, the term containing kt is correlated with the coupling modifier c2,
which corresponds to the BSM coupling between two top quarks and two Higgs bosons. Fig-
ure 11 shows the upper limits on the HH cross section as a function of c2 on the left and the
�2D log(L) scan for c2 on the right. Taking into account the theoretical uncertainties in the HH
ggF and VBF signal cross sections, we exclude HH production at 95% CL for c2 values outside
the range from �0.28 to 0.59. The corresponding expected range is between �0.17 and 0.47.
For c2, the best fit to the data is found to be 0.40, the 1 s (68.3% CL) interval is from 0.23 to 0.51
(�0.15 to 0.41 expected), and the 2 s (95.4% CL) interval is from �0.29 to 0.63 (�0.27 to 0.56
expected).

๏No significant deviations from expectations 
๏overall excess in all benchmarks between   and 1σ 2σ
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(LO) using MADGRAPH5 aMC@NLO 2.6.5. Seven VBF samples are generated with different
values of the coupling modifiers (kV, k2V, kl) = (1, 1, 1), (1, 1, 0), (1, 1, 2), (1, 0, 1), (1, 2, 1), (0.5,
1, 1), and (1.5, 1, 1), and eight VHH samples are generated with the same coupling modifier
values plus (kV, k2V, kl) = (1, 1, 20). The total cross section is corrected to the corresponding
NNLO cross section [41, 42]. The parton shower and hadronisation are simulated with PYTHIA
8.2 [43] using the CUETP8M1 set of tuned parameters for 2016 simulations and the CP5 tune
set in 2017 and 2018 simulations. The scans in the parameters of interest kl, kt , kV, and k2V
are performed using a linear combination of a set of VBF and VHH samples, similar to what is
done for ggF.

Table 1: Values of the effective Lagrangian couplings for the Higgs Effective field theory bench-
marks proposed in Ref. [33].

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

kl 7.5 1.0 1.0 �3.5 1.0 2.4 5.0 15.0 1.0 10.0 2.4 15.0 1.0
kt 1.0 1.0 1.0 1.5 1.0 1.0 1.0 1.0 1.0 1.5 1.0 1.0 1.0
c2 �1.0 0.5 �1.5 �3.0 0.0 0.0 0.0 0.0 1.0 �1.0 0.0 1.0 0.5
cg 0.0 �0.8 0.0 0.0 0.8 0.2 0.2 �1.0 �0.6 0.0 1.0 0.0 0.8

3
c2g 0.0 0.6 �0.8 0.0 �1.0 �0.2 �0.2 1.0 0.6 0.0 �1.0 0.0 0.0

Table 2: Values of the effective Lagrangian couplings for the Higgs effective field theory bench-
marks proposed in Ref. [34].

1 2 3 4 5 6 7

kl 3.94 6.84 2.21 2.79 3.95 5.68 �0.10
kt 0.94 0.61 1.05 0.61 1.17 0.83 0.94
c2 � 1
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4 Analysis strategy

In this note, we describe the statistical combination of searches for nonresonant HH production
in several production modes and decay channels. The list of HH analyses considered in this
combination, along with a summary of results, are listed in Table 3. A brief description of each
analysis is given later in this section. More details can be found in the respective publications.

Where required, the event selection of each analysis was modified for the combination to pre-
vent double counting of events. The strategy for this overlap removal is based upon work done
for the combinations in Ref. [16]. The strategy for the correlation of systematic uncertainties is
described in Section 5.

4.1 HH ! bbbb resolved

The bbbb decay channel has the largest HH branching fraction among the HH decays to SM
particles. The resolved search [46] focuses on the kinematic phase space where each Higgs bo-
son is reconstructed from two small-radius b-tagged jets. It explores both the ggF and VBF HH
production modes. The online trigger selection requires the presence of at least four jets, satis-
fying thresholds on jet pT and HT, defined as the scalar pT sum of all the jets. These thresholds
vary depending on the data collection year. Consequently, data collected in 2016 are analysed
separately from those collected in 2017 and 2018.
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4 Analysis strategy

In this note, we describe the statistical combination of searches for nonresonant HH production
in several production modes and decay channels. The list of HH analyses considered in this
combination, along with a summary of results, are listed in Table 3. A brief description of each
analysis is given later in this section. More details can be found in the respective publications.

Where required, the event selection of each analysis was modified for the combination to pre-
vent double counting of events. The strategy for this overlap removal is based upon work done
for the combinations in Ref. [16]. The strategy for the correlation of systematic uncertainties is
described in Section 5.

4.1 HH ! bbbb resolved

The bbbb decay channel has the largest HH branching fraction among the HH decays to SM
particles. The resolved search [46] focuses on the kinematic phase space where each Higgs bo-
son is reconstructed from two small-radius b-tagged jets. It explores both the ggF and VBF HH
production modes. The online trigger selection requires the presence of at least four jets, satis-
fying thresholds on jet pT and HT, defined as the scalar pT sum of all the jets. These thresholds
vary depending on the data collection year. Consequently, data collected in 2016 are analysed
separately from those collected in 2017 and 2018.
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ttHH production with HH → γγ + bb̄/WW/ττ

◈  in the SM 0.775fb @13TeV


◈ Obs. (exp) ttHH: 2.9× SM (2.4× SM)
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Figure 1: Feynman diagrams contributing to ttHH production, involving the contact interac-
tions between one Higgs boson and two top quarks (kt ) (left), the Higgs boson self-interaction
(kl) (middle), and two Higgs bosons and two top quarks (c2) (right), which only appears at LO
in the HEFT framework [28].

The ttHH final state can also be sensitive to direct searches for new physics, as several BSM
scenarios lead to a resonant HH production in association with top quarks. One of the most
studied scenarios is the extension of the SM including additional Higgs bosons, such as the Two
Higgs Doublet Model (2HDM) [30]. For particular choices of model parameters of the 2HDM,
the ttHH final state becomes particularly sensitive [31]; in 2HDM models, the SM is extended
with an additional complex scalar doublet, resulting in five physical Higgs bosons: two neu-
tral CP-even (H and H2), one neutral CP-odd (A), and two charged (H±). Constraints on flavor
changing neutral currents and electroweak precision measurements require that the two Higgs
doublets couple to different fermion types, therefore ttHH production is mainly sensitive to
2HDM models where the extra doublet couples to up-type quarks (Type-II). Considering the
alignment limit (i.e. when the lightest CP-even neutral Higgs boson, H, is SM like) and se-
lecting low values for the ratio of the vacuum expectation value tan b of the two doublets, the
coupling of the heavy neutral CP-even Higgs boson (H2) to up-type quark is enhanced, and if
H2 has a mass within the 2mH < mH2

< 2mt range, then the ttH2 ! ttHH branching ratio
is maximized. Several analyses targeting this particular phase-space have been already per-
formed by the ATLAS and CMS collaborations [32, 33]. This note presents the first search for a
2HDM heavy neutral CP-even Higgs boson, produced in association with top quarks.

Another BSM scenario that can result in an enhanced ttHH cross section is the extension of the
SM to include vector-like fermion (VLQ) partners. In particular, the heavy VLQ top partner, T0

(charge 2/3), can decay preferentially to a top quark and a Higgs boson [34]. In the case of T0T0

pair production [35], the ttHH final state provides one of the main channels to test such model.
This model has been already explored by the ATLAS and CMS collaborations [36, 37], with
current best limits placed by CMS with T0 mass excluded below 1.52 TeV, assuming BR(T0 !
tH = 1.0). So far the resonant T0T0 ! ttHH searches have been targeting the 4b final state
of the H H pair, therefore this work presents the first attempt of targeting T0 pair production
exploiting the H ! gg decay.

The analysis strategy relies on a fit to the diphoton invariant mass spectrum (mgg ) to extract
results for the different ttHH search channels. To enhance the sensitivity to the ttHH signal,
a multivariate approach (MVA) is used to identify optimal search regions (SR), starting from
events satisfying an inclusive set of selections.

This note is organized as follows: Section 2 gives a description of the CMS detector. Following
this, an overview the data and simulations used are detailed in Section 3. Section 4 describes the
first step in the event selection, the reconstruction of diphoton candidates, as well as additional
jet and lepton selections. Details on the MVA classifier and the optimization of SR are described
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are included in the analysis with the appropriate correlation scheme. The largest
uncertainties related to heavy flavor modeling has an impact of ⇠4%, while the other
sources of less then 1%.

8 Results

The signal yield is extracted by simultaneously fitting the mgg distributions in both signal
regions, producing the central values and the uncertainties. Since no signal is found, an upper
limit on the ttHH production cross section is set using the modified frequentest approach for
confidence levels (CLs technique), with the LHC profile likelihood ratio as a test statistic [71, 72]
in the asymptotic approximation [73].

The following results have been determined using the CMS statistical analysis tool COMBINE [74],
which is based on the ROOFIT [75] and ROOSTATS [76] frameworks.

8.1 Upper limits on the ttHH production cross section in the SM

Figure 4 shows the best fit function with its uncertainty.
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Figure 4: Signal, resonant, and non-resonant background model and uncertainty for SR 1 (left)
and SR 2 (right).

The median expected upper limit on the ttHH cross section is found to be 85.9 times the SM
prediction. The observed upper limit is found to be 119.4 times the SM prediction.

8.2 Constraints of the HEFT parameters

The expected and observed 95% CL upper limits for different values of c2 are shown in Fig. 5.
The expected 95% CL constraints on s(pp ! ttHH) as a function of c2 are found to be �7.4 <

c2 < 6.9, while the observed constraints are found to be �8.0 < c2 < 7.5.

Figure 6 shows the 68% and 95% CL contours in the (c2, kt ) plane, obtained varying simultane-
ously the c2 and kt parameters. The best fit value is found to be c2 = 1.18 and kt = 1.01, The 1s
uncertainties for the best fit value are found to be �7.2 < c2 < 6.7 and �1.25 < kt < 1.24 re-
spectively, providing c2 and kt constraints of the same order of magnitude of the ones obtained
exploiting single H and ggHH processes.
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several diagrams as shown in Fig. 1. While the amplitude of all the diagrams involve the top
quark Yukawa coupling to the Higgs boson (yt), the second and the third diagrams have l3
(with powers of 1 and 2, respectively), it is only the fourth diagram that contains l4. The
interplay of these couplings determines the overall dependence of the total cross section on
each of them.
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Figure 1: Representative Feynman diagrams for HHH production via gluon-gluon fusion mode
at LO. The vertices having contributions for l3 and l4 are marked in orange and blue, respec-
tively.

This note describes the first search for HHH production by the CMS collaboration using 138
fb�1 [13] of pp collision data at 13 TeV. The measurement is carried out in the 4b 2g final state,
amounting to a combined branching fraction of about 0.2% of the HHH production process.
This channel utilizes the large branching fraction (58%) of the Higgs boson decay to a bottom
quark-antiquark pair, H ! bb, and from the high resolution and low background rates of the
Higgs boson decay to a pair of photons, H ! gg, at only about 0.2% branching fraction.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter , 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), each composed of
a barrel and two endcap sections. This is complemented by brass and scintillator based sam-
pling hadron calorimeter (HCAL). The ECAL and HCAL provide pseudo-rapidity coverage
up to |h| < 3.0, which is further extended by forwardand backward calorimeters [14]. Muons
are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the
solenoid. For non-isolated particles of transverse momentum 1 < pT < 10 GeV and pseudo-
rapidity |h| < 1.4, the reconstructed tracks have a pT resolution of 1.5% and a transverse impact
parameter resolution of 25-90 µm [15].

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeter and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [16]. The second
level, known as the high-level trigger, 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 [17].

A detailed description of the CMS detector, together with a definition of the coordinate system
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tion with the Run 2 dataset [41], illustrating the sensitivity of the HHH process to the trilinear
coupling modification as well as the complementarity between HH and HHH processes in
the probe of the Higgs potential. The observed (expected) quartic coupling modification is
�190 < k4 < 190 (�190 < k4 < 190). Two-parameter likelihood scans in the (k3, k4) plane
yield the 68% and 95% CL contours shown in Fig. 3. The scans fix the topYukawa coupling
to its SM value and account only for overall-normalization (rate) effects in both the HHH and
HH processes. For HHH both k3 and k4 [27, 45, 97] are varied, whereas for HH only k3 is
varied [13]. Notably, the simultaneous (k3, k4) fit yields expected and observed constraints that
exclude regions of parameter space permitted by the perturbative unitarity bound [45].
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Figure 3: Constraints on the coupling modifiers k3 and k4 from a profile-likelihood scan in the
(k3, k4) plane using the combination of all signal regions. Observed and expected 68% and 95%
CL contours are shown. The region of parameter space allowed by perturbative unitarity in
HH!HH scattering is indicated in gray, following Ref. [45].

8 Conclusion

A search for nonresonant triple Higgs boson production HHH is presented, using the data col-
lected by the CMS experiment from proton-proton collision at a center-of-mass energy

p
s =

13 TeV. The analysis targets final states in which three Higgs bosons decay to bb quark pairs
and are reconstructed across fully resolved, partially resolved, partially boosted, and fully
boosted topologies. To maximize sensitivity across this diverse phase space, the analysis ex-
ploits advanced machine learning techniques for the identification of heavy-flavor jets, sepa-
ration of signal from background events, and classification of the signal event candidates. For
the latter, symmetry-preserving attention networks SPANET are employed.

The observed (expected) upper limit on the HHH production rate times branching fraction is
588 (572) at 95% CL, which corresponds to an upper limit on the cross section of 44 (43) fb.
Constraints on the Higgs boson self-coupling parameters are obtained, yielding k3 2 [�7, 12]
and k4 2 [�190, 190], setting the most stringent bound to date on the quartic self-coupling
modifier k4.

This result constitutes the most sensitive probe of nonresonant HHH production at the LHC

HHH → 6b

22

Matt Klein                                                                                           HHH searches with ATLAS at the LHC, October 29, 2025                                                                                        Higgs2025

Signal Decays

3

Matt Klein                                                                                           HHH searches with ATLAS at the LHC, October 29, 2025                                                                                        Higgs2025

Exclusion: Non-resonant

14

Upper limit on 𝜎HHH/𝜎SM
HHH = 760 (750)

Upper limit on 𝜎HHH = 59 fb (59 fb)  

Obs. (exp) HHH: 588× SM (572× SM) 
                       : [-7, 12] ([-6, 11]) 
                       : [-190, 190] ([-190, 190])

κ3
κ4

Constraints that exclude regions of phase space by perturbative unitarity bound

Obs. (exp) HHH: 760× SM (750× SM) 
                       : [-11, 17] ([-11, 17]) 
                       : [-230, 240] ([-230, 240])

κ3
κ4

PAS-HIG-24-012PRD 111 (2024) 032006



HHH → 4b2γ
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9. Results 9
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Figure 6: Left: Parameterized signal shape for mgg. The open squares represent the simulated
events and the blue lines are corresponding models. The corresponding interval as a gray band
shows the seff value (half the width of the narrowest interval containing 68.3% of the invariant
mass distribution). Right: Invariant mass distribution of mgg for the selected events in data
(black points) from all analysis categories. The solid red lines demonstrates the fitted signal
plus background model and the blue dotted line shows the background component. The lower
panel shows the residual post fit signal yield after the background subtraction from data.

of the analysis. The impact is evaluated by varying the jet energy corrections within their
uncertainties and propagating the effect through the analysis to the event counts in the final
likelihood. The uncertainty arising from the choice of background parametrization is handled
using the discrete profiling method. The effect due to the choice of a specific parton density
function in the event generation is assessed by estimating the relative yield variation in each
process and category after re-weighting the simulated events. The uncertainties due to the
QCD factorization (µ f ) and renormalization (µr) scales are also added by the envelope of the
seven point systematics varying µ f and µr.

The b jet identification scale factors are derived in bins of pT,h and flavor of the jet using the
iterative method [37]. The scale factor for an event is defined as the product of the scale factor
for the jets included in the selection. The uncertainty in these scale factors affect the overall
normalization. The uncertainty in the measured integrated luminosity is about 1% in each
year [13, 38, 39] and has been taken into account. The uncertainties in the pileup modeling
is also added. The trigger efficiency is measured using the tag-and-probe technique on Z!ee
events, separately for data and MC and the ratio is used as the scale factors to correct for the
difference in the calibrations. The uncertainty in the trigger scale factors is 1-2 % for each
photon. The uncertainty in the shower-shape and the isolation corrections affect the photon-ID
MVA. The scale and resolution of the photon energy is corrected as a function of time in the
collected data. The uncertainties associated with this are also added to the signal model.

9 Results
The upper limit on the signal strength µ, defined as the observed or expected number of events
normalised by the number of events predicted by the SM, has been evaluated through a binned
maximum likelihood fit in the mgg distribution incorporating all systematic uncertainties re-
ported in Section 8. The sensitivity of the analyss is estimated by using the Combine tool [40].

12

Figure 9: Likelihood contours at 95% CL in the (kl3, kl4) plane evaluated with an Asimov
data set assuming SM hypothesis (in orange line) and the observed data (in blue line). The
green shaded region shows the allowed bounds on kl3 from the H+HH combination measure-
ments [9].

is standard model like. The trilinear self-coupling modifier kl3 is observed (expected) to be
constrained within a range of [-16.1,20.2] ([-13.8,18.0]) at 95% CL. The quartic self-coupling
modifier kl4 is observed (expected) to be constrained within a range of [-533,541] ( [-397,406] )
at 95% CL. The simultaneous constraints on the kl3 and kl4 has also been presented from the
two-dimensional likelihood scan.

Obs. (exp) HHH: 3400× SM (2086× SM) 
                       : [-16.1, 20.2] ([-13.8, 18]) 
                       : [-533, 541] ([-397, 406])

κ3
κ4



How Higgs Pair Production in Run3?

◈ Signal XS improvement (~1.7) and more data (~2)

◈ Improved object reconstruction and identification

◈ Higher trigger efficiency

◈ More Advanced ML 
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Run2 + Partial Run3  @ ATLASHH → bbγγ

◈ First HH results to reach 1σ expected significance! 

◈ Obs. (exp) signal strength: 3.8× SM (2.6× SM) 

◈ Limits set on Higgs self-coupling : [-1.7, 6.6], 
competitive with the Run2 legacy HH combination [-1.2,7.2]

κλ

25

Higgs 2025 28/10/2025 Alexandra Sidley

Run 2 + partial Run 3 HH → bbγγ

33

Unbinned Maximum Likelihood fit over all 14 
categories yields best-fit 𝜇𝐻𝐻 = 0.9−.1.1+1.4

First HH result to reach 1σ expected 
significance!

Upper limit of 𝝁𝑯𝑯 < 𝟑. 𝟖 set on 
HH signal strength at 95% CL

arXiv:2507.03495

Higgs 2025 28/10/2025 Alexandra Sidley

Run 2 + partial Run 3 HH → bbγγ

34

Limits set on Higgs self-coupling at the 
95% confidence level: 
κλ ϵ [-1.7, 6.6]

Limits competitive with the Run 2 legacy 
HH combination (κλ ϵ [-1.2, 7.2]) 

arXiv:2507.03495

Higgs 2025 28/10/2025 Alexandra Sidley

Run 2 + partial Run 3 HH → bbγγ

33

Unbinned Maximum Likelihood fit over all 14 
categories yields best-fit 𝜇𝐻𝐻 = 0.9−.1.1+1.4

First HH result to reach 1σ expected 
significance!

Upper limit of 𝝁𝑯𝑯 < 𝟑. 𝟖 set on 
HH signal strength at 95% CL

arXiv:2507.03495

Main improvements over Run2 legacy 
๏ More data! 140 fb-1 → 308fb-1 (50%) 

๏ New GNN-based tagger GN2 (20%) 

๏ Correlation between Run2 and Run3 events in BDT 
and category optimization (10%) 

๏ Kinematic Fit for  resolution improvement (5%)mbb

arxiv:2507.03495



Partial Run3  @ CMSHH → bbγγ

◈ A special boosted category is defined

◈ Two different and complementary analysis 

strategies (1-D fit on  and 2-D fit on - ) 
result in consistent results


◈ More sensitive version is  2-D fit

mγγ mγγ mjj
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 @ CMSHH → bbbb

◈ Upper limits on non-resonance HH productions using 22+23 data: improved by more than a factor of 
two with an equivalent integrated luminosity

✦ Significance improvement on b-tagging and trigger for both resolved/merge cases

✦ Obs. (exp) signal strength: 4.4× SM (4.4× SM) 
✦ Limits set on Higgs self-coupling : [-3.3, 9.7]([-3.4,10.0])


◈ Re-analysis-Run2 results: improvement of ~25%

✦ Obs. (exp) signal strength: 10× SM (5.9× SM)

κλ
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 @ CMSHH → bbbb
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48

ues near the exclusion limits.

The observed data in the combined result are compatible with the best-fit signal-plus-background
prediction, with a p-value of 72% from the goodness-of-fit test. Figure 25 (left) shows 95% CL
upper limits on the HH signal strength µHH, assuming that relative contributions of the ggHH
and qqHH production modes are fixed to the SM prediction within their uncertainties. Upper
limits are presented separately for the resolved HH ! 4b analysis, after after overlap removal,
for the merged HPSR mass-fit category, and for their combination. Upper limits are obtained by
fixing the signal event kinematic features to those predicted for the SM Higgs boson couplings,
kl = k2V = 1. The observed (expected) upper limit on µHH from the combined fit is 4.38 (4.39).
Figure 25 (right) shows, instead, the 95% CL upper limits on the qqHH signal strength, µVBF,
obtained when treating the ggHH contribution as a background with cross section as predicted
by the SM, within uncertainties.
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Figure 25: Left: the observed (solid) and expected (dashed) 95% CL upper limits on the signal
strength of HH production from the resolved analysis with overlap removed, the merged HPSR
mass-fit category, and their combination. The cyan and blue bands represent, respectively, the
68 and 95% CL intervals around the expected limit. Right: the same breakdown of 95% CL
upper limits on the signal strength of qqHH production.

In addition, observed and expected upper limits at 95% CL on the HH signal strength are re-
ported in Fig. 26 as a function of kl (left) and k2V (right), while Fig. 27 shows the observed
and expected profile likelihood ratios as a function of kl and k2V. Table 9 summarizes the
observed and expected best-fit values for the signal strengths, kl, and k2V as well as the cor-
responding 68% CL intervals. The allowed range for kl at 95% CL is observed (expected,
in absence of a signal) to be [�3.3, 9.7] ([�3.4, 10.0]). Similarly, k2V values outside the range
[0.63, 1.43] ([0.54, 1.51]) are excluded (expected to be excluded) at 95% CL. In both figures, all
couplings other than the one being varied are fixed to the SM values. Figure 28 left shows the
exclusion contours in the 2D (µggHH, µqqHH) plane. Figure 28 right shows the exclusion con-
tours in the 2D (kl, k2V) plane, obtained via a fit with µHH fixed to the SM as well as all other
couplings. The best-fit point in the (kl, k2V) plane is observed to be consistent with the SM
prediction, within uncertainties.

8. Summary 49

Table 9: Expected and observed best-fit values for the signal strengths, kl, and k2V from the
combined fit of the HH ! 4b resolved and merged analyses. The uncertainties given corre-
spond to the 68% CL intervals. The expected results are calculated with a SM HH ! 4b signal
injected.

µHH µggHH µqqHH kl k2V

Expected 1.0+2.2
�2.0 1.0+2.2

�2.0 1+40
�35 1.0+7.7

�3.3 1.00+0.33
�0.28

Observed �0.2+2.1
�2.0 �0.1+2.2

�2.1 �34+38
�29 2.4+4.6

�3.5 1.03+0.18
�0.18
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Figure 26: The observed (solid) and expected (dashed) 95% CL upper limits on the signal
strength of the HH production (µHH) obtained as a function of kl (left) and k2V (right) for
the combined fit of resolved and merged HH ! 4b analyses. The cyan and blue bands repre-
sent, respectively, the 68 and 95% CL intervals around the expected limit. The horizontal red
lines indicate the SM prediction.

8 Summary
Measurements of Higgs boson pair (HH) production in the four bottom quark final state are
presented using a data set of proton-proton (pp) collisions at

p
s = 13.6 TeV collected by the

CMS experiment during 2022–2023 and corresponding to an integrated luminosity of 62 fb�1.
Events in which each Higgs boson decay is separately reconstructed as a pair of small-radius
jets (resolved), as well as events in which each H ! bb decay is reconstructed as a single
large-radius jet (merged) are analyzed exclusively. Benefiting from novel analysis techniques,
the combination of resolved and merged channels gives an observed (expected) upper limit at
95% confidence level (CL) on the HH signal strength µHH, defined as the observed HH pro-
duction cross section divided by the standard model (SM) prediction, of 4.4 (4.4). Compared to
previous LHC results, the expected limit with an equivalent integrated luminosity is improved
by more than a factor two in the resolved topology and significantly improved in the merged
topology as well. The allowed ranges at 95% CL for the Higgs trilinear self-coupling and quar-
tic coupling between two Higgs bosons and two vector bosons, relative to the standard model
expectation, are observed (expected, in absence of signal) to be [�3.3, 9.7] ([�3.4, 10.0]) and
[0.63, 1.43] ([0.54, 1.51]), respectively. An updated analysis of the resolved topology using a
13 TeV pp collision data set corresponding to 138 fb�1 and collected in 2016–2018, reports an
observed (expected) 95% CL upper limit on µHH of 10.0 (5.9), an improvement of about 25% in
the expected limit compared to the published results using the same data.

PAS-HIG-24-010

◈ Upper limits on non-resonance HH productions using 22+23 data: improved by more than a factor of 
two with an equivalent integrated luminosity

✦ Significance improvement on b-tagging and trigger for both resolved/merge cases

✦ Obs. (exp) signal strength: 4.4× SM (4.4× SM) 
✦ Limits set on Higgs self-coupling : [-3.3, 9.7]([-3.4,10.0])


◈ Re-analysis-Run2 results: improvement of ~25%

✦ Obs. (exp) signal strength: 10× SM (5.9× SM)

κλ
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的精确刻度。结合人工智能的先进技术，采用回归和运动学束缚的方法进行

双繆子能量刻度。 

2）Jet味道鉴别，双 Jet味道鉴别和能量刻度1充分利用 Jet内部所有径迹和次

级顶点信息，结合人工智能的先进技术和回归的方法，鉴别单 Jet和双 Jet的

味道，并进行双 Jet的能量刻度。 

+3 4 LHCF ATLAS567GHIJK;<?=> 

2012 年 7 月在 ATLAS 和 CMS 实验中同时发现了希格斯粒子，被认为是粒

子物理领域近 30 年最重要的科学发现，也完成了 LHC 实验的首要物理目标。希

格斯粒子作为标准模型中最后一个被发现的粒子，也是标准模型中尚未被仔细测

量研究的粒子，对它的各种性质，包括质量、宽度、量子数、产生、衰变、耦合

等性质。希格斯性质的全面精确测量研究，直接检验标准模型，深入理解真空

对称性自发破缺机制，这无疑是 LHC实验当前最重要物理目标。另外，通过希

格斯粒子的性质精确检验标准模型也是间接发现新物理的重要途径之一。 

图 7为 LHC运行规划图，2026年完成 Run3质子-质子 13TeV对撞的数据获

取，为最前沿的粒子物理学研究提供机遇，有助解决众多关键科学问题。因此，

未来五年将是高统计量的 Run3 和 Run2 联合实验物理分析和 PhaseII 升级做准

备的黄金期。 

 

 

 

 

 

图 7：LHC运行规划图 

• 创新构思和研究方向： 

基于当前希格斯性质的研究现状，利用世界上最高能量高统计量的 ATLAS实

验数据，围绕当前国际重要关键热点课题，包括希格斯性质的全面精确测量，希

格斯与第二代费米子相互作用和圈图相互作用的研究及希格斯自相互作用的研

究，直接检验标准模型，深入理解真空对称性自发破缺机制。 

• 研究方案 

1） 希格斯粒子的精确测量：希格斯性质的精确测量是检验标准模型并间接的探

Detector upgrades and advanced reconstruction 
technique to achieve better performance at ~200PU



HH Projection @ HL-LHC

◈ ATLAS+CMS expected significance >5  with 2ab-1 in S2  

◈ From S2 to S3: 5% gain in precision 

◈ From 2ab-1 to 3ab-1: 20% gain in precision

σ

30

2 different systematic scenarios

๏S2: reduced systematic uncertainty 
with theoretical un. halved

๏S3：5% improvement for b-tagging 
and  rec. eff. (recent improvement 
evaluation)

τ

2 ab→1 (S2) 3 ab→1 (S2) 3 ab→1 (S3)
ATLAS CMS ATLAS CMS ATLAS CMS

HH statistical significance
bb̄ω

+
ω
→ 3.0† 1.9 3.5† 2.4 3.8

†
2.7

bb̄εε 2.1† 2.0† 2.4† 2.4† 2.6
†

2.6
†

bb̄bb̄ resolved 0.9 1.0† 1.0 1.2† 1.0 1.3
†

bb̄bb̄ boosted → 1.8† → 2.2† → 2.2
†

Multilepton 0.8† → 1.0† → 1.0
†

→

bb̄ϑ
+
ϑ
→ 0.4† → 0.5† → 0.5

†
→

Combination 3.7 3.5 4.3 4.2 4.5 4.5

ATLAS+CMS 6.0 7.2 7.6

ϖ3 68% confidence interval
bb̄ω

+
ω
→

[0.3, 1.8]
†

[0.1, 3.0] [0.4, 1.7]
†

[0.2, 2.2] [0.5, 1.6]
†

[0.3, 2.0]

bb̄εε [0.3, 2.0]
†

[0.2, 2.3]
†

[0.4, 1.8]
†

[0.3, 2.0]
†

[0.5, 1.7]
†

[0.4, 1.9]
†

bb̄bb̄ resolved [→0.7, 6.3] [→0.6, 7.6]
†

[→0.5, 6.1] [→0.3, 7.3]
†

[→0.5, 6.1] [→0.3, 7.2]
†

bb̄bb̄ boosted → [→0.6, 8.5]
†

→ [→0.4, 8.2]
†

→ [→0.4, 8.2]
†

Multilepton [→0.2, 4.9]
†

→ [→0.1, 4.7]
†

→ [→0.1, 4.7]
†

→

bb̄ϑ
+
ϑ
→

[→2.4, 9.3]
†

→ [→2.2, 9.2]
†

→ [→2.1, 9.1]
†

→

Combination [0.6, 1.5] [0.4, 1.7] [0.6, 1.5] [0.5, 1.6] [0.6, 1.4] [0.6, 1.5]
ATLAS+CMS

→32% / +37% →27% / +31% →26% / +29%uncertainty
† used in the ATLAS+CMS combination

Table 2: Combined ATLAS and CMS expected statistical significance for HH production and the corresponding 68% con-
fidence interval on ω3 at 3 ab→1, derived assuming ω

true
3 = 1. The last row reports the projected ATLAS+CMS percentage

uncertainty on ω3 in the various scenarios. The measurement labelled by the † symbol have been used in the ATLAS+CMS
combination. When the † symbol is present on only one of the two experiments, this measurement has been extrapolated to
6 ab→1 assuming the same sensitivity on that channel for the two experiments.

4 Triple Higgs boson production and quartic Higgs couplings

While Higgs boson pair production provides the most precise determination of the Higgs trilinear self-coupling, the
search for HHH production represents the only direct access to the Higgs quartic self-coupling ϱ4. Similarly to
ϱ3, deviations from the SM quartic coupling ϱ4 are parametrized via the coupling strength modifier ϖ4 = ϱ4/ϱ

SM

4 .
Projections for the HL-LHC reach discussed here are based on the available experimental search for HHH

production in the 6b final state by the ATLAS Collaboration [58] with LHC Run-2 data, and the corresponding
projection study for the HL-LHC [15]. More search channels with comparable sensitivity will be added, improving
the experimental bound through a global combination. Projections to 3 ab→1 for both experiments are derived from
this study assuming the ATLAS sensitivity in the S3 scenario. The two-dimensional 95% CL contour in ϖ3 and
ϖ4 is shown in Fig. 4 (right) for 3 ab→1. In the figure, unitarity limits [57] are overlaid in the region bounded
by the grey dashed line. The expected limit on the HHH cross section for the S3 scenarios is 86 times the SM
expectation. With this precision, ATLAS and CMS will start excluding portions of the region bounded by the
unitarity limit.

5 Searches for a heavy scalar

Multiple SM extensions predict measurable effects on Higgs-related quantities, such as H and HH couplings.
At the same time, they typically have further implications for LHC physics, e.g. predicting the existence of new
particles that can be directly searched for. In this study, we consider a model with a heavy scalar S extending the
Higgs sector. Such a new resonance could be probed in various signatures, including S ↑ HH , S ↑ ZZ, and
tt̄S ↑ tt̄tt̄.

The projection of the resonant searches is based on the CMS Run-2 results for the HH [59] and ZZ [21,
60] signatures, extrapolated to 2 and 3 ab→1 assuming the same performance for both experiments. More details
can be found in Ref. [59]. The expected upper limit on the cross section for the S ↑ HH and S ↑ ZZ processes
is shown as a function of the resonance mass in Fig. 5 and Fig. A.3 (left) of Appendix A, respectively. In both
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Figure 2: Left: Expected ATLAS+CMS ω3 likelihood scans for single decay channels and the combination for 3 ab→1 for
the S3 scenario, obtained fixing ω

true
3 = 1. Right: The ATLAS+CMS projections for ω2V in the S2 and S3 scenarios, fixing

ω
true
2V = 1.

ab→1 in the S2 scenario, increasing to more than 7ω with 3 ab→1 (to be compared to the 4ω projection reported for
the previous European Strategy [1, 2]). Going from S2 to S3 brings 5% gain in precision, while the increase in lu-
minosity from 2 to 3 ab→1 brings a gain of 20% on the signal significance. While a single-experiment observation
is unlikely at 2 ab→1, it’s possibly in reach at 3 ab→1, also in view of further analysis optimization. A precision on
ε3 below 30%, namely -26% / +29%, can be obtained in the S3 scenario with 3 ab→1.

Figure 3: Comparison of the ESPPU 2020 and ESPPU 2026 projected
3 ab→1

HH sensitivities from various final states, and their combina-
tions.

A comparison of this projection to that
of the previous European Strategy (see Fig. 3)
shows how various improvements in the analy-
sis technique translate into a much stronger pro-
jection. Even neglecting the improvements com-
ing from the detector upgrades, it is expected
that further optimization in the ongoing LHC run
and during the HL-LHC phase would follow this
trend and the uncertainty on ε3 will then be re-
duced well below 30%.

Modifications of the VVHH coupling are
parametrized by the ε2V coupling modifier,
which can be accessed via the measurement of
vector boson fusion (VBF) HH production. Fig-
ure 2 (right) shows the sensitivity expected from
ATLAS+CMS on ε2V with 2 and 3 ab→1, as-
suming ε

true
2V = ε

SM
2V = 1. The combined

projection is based on the ATLAS boosted VBF
HH → bb̄bb̄ search [55, 56], as the sensitivity
of this process is dominant. In the S2 scenario, a
ε2V precision of ↑ 13% is expected with 3 ab→1.

In Fig. 4 (left), the ATLAS+CMS projections on the precision of the ε3 determination for different possible
values of the Higgs trilinear coupling are displayed for the S2 scenario and 3 ab→1. Because of a destructive
interference between the box diagram and the diagram with the trilinear coupling in ggF production, the HH
production cross section at the HL-LHC is minimal when the true value of ε3 (εtrue

3 ) is about 2.5. Regardless of
the consequent drop in signal yield, the ATLAS+CMS ε3 combination can exclude the SM value of ε3 at 95% CL
for ε

true
3 ↭ 1.7 and ε

true
3 ↫ 0.5. In addition, thanks to the improvement in precision, the shape of the expected

likelihood as a function of ε3 has a unique minimum, regardless of the true value of ε3 , i.e. the second local
minimum observed in the previous projection [3] is removed.
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Higgs self-coupling Projection @ HL-LHC

◈ LHC constraints from HH can only determine  close to the 
minimum


◈ Well exclude alternative BSM scenarios with strong first-order 
phase transition (FOPT) in the early universe 


◈ Exp HHH: 86× SM which can exclude portions of unitarity bound region
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Summary

◈ ATLAS and CMS have wide investigations of HH (ggHH, VBFHH, VHH,ttHH) @ 
Run2 and start new studies of HHH @ Run2 and HH @ Run3


◈ More room for further sensitivity improvement: more data, better reconstruction/
identification/trigger, novel deep learning techniques


◈ Question:  is evidence of SM HH production possible in Run3?

32

Direct observation of  interaction is a “guaranteeable” 
discovery that HEP is aiming for

H → HH


