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The Higgs boson (H) trilinear self-coupling, 𝜆3, is constrained via its measured properties and limits on the HH 
pair production using the proton-proton collision data collected by the CMS experiment at 

√
𝑠 = 13 Te V. The 

combination of event categories enriched in single-H and HH events is used to measure 𝜅𝜆, dfined as the value 
of 𝜆3 normalized to its standard model prediction, while simultaneously constraining the Higgs boson couplings to 
fermions and vector bosons. Values of 𝜅𝜆 outside the interval −1.2 < 𝜅𝜆 < 7.5 are excluded at 2𝜎 cofidence level, 
which is compatible with the expected range of −2.0< 𝜅𝜆 < 7.7 under the assumption that all other Higgs boson 
couplings are equal to their standard model predicted values. Relaxing the assumption on the Higgs couplings 
to fermions and vector bosons the observed (expected) 𝜅𝜆 interval is constrained to be within −1.4 < 𝜅𝜆 < 7.8
(−2.3 < 𝜅𝜆 < 7.8) at 2𝜎 cofidence level.

1. Introduction

Significant progress has been made in the study of the properties of 
the Higgs boson (H) since its discovery [1--5]. The characterization of 
the Higgs boson is one of the primary goals of the CERN LHC physics 
program. This includes the measurement of its couplings to the vector 
bosons and fermions to test the compatibility with the standard model 
(SM) predictions. The Higgs boson plays a special role in several theo
ries beyond the standard model (BSM), which could lead to deviations 
of the Higgs boson couplings from the SM predictions [6--10]. A cru
cial property of the Higgs boson predicted by the SM which is still only 
weakly constrained by the LHC data is its self-coupling. At low energy 
the potential 𝑉 of the Higgs boson field 𝐻 in the SM Lagrangian can be 
expressed as:

𝑉 (𝐻) = 1
2
𝑚
2
H𝐻

2 + 𝜆3𝑣𝐻
3 +

𝜆4
4 
𝐻

4
, (1)

where 𝑚H is the mass of the Higgs boson and 𝑣 ≃ 246 GeV is the vacuum 
expectation value of the Higgs field. The form of the Higgs potential, 
hence the self-coupling constant, is tightly connected to the cosmologi
cal evolution of the Universe [11]. The second and third term of Eq. (1) 
correspond to the trilinear and a quartic self-interactions of the Higgs 
boson. The parameters 𝜆3 and 𝜆4 control the strength of the trilinear 

⋆
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and quartic self-interactions of the Higgs boson, respectively. In the SM 
the strength of the quartic interaction 𝜆SM4 is fully determined by the 
trilinear interaction 𝜆SM3 as:

𝜆
SM
4 = 𝜆

SM
3 =

𝑚
2
H

2𝑣2
≃ 0.13. (2)

The modfier of the Higgs boson trilinear self-coupling with respect to 
the SM prediction is dfined as 𝜅𝜆 = 𝜆3∕𝜆

SM
3 . The 𝜅𝜆 value can be deter

mined from the measurement of the Higgs boson pair production (HH) 
cross section. In the SM, the main production mechanism for HH in 
proton-proton collisions at 

√
𝑠 = 13 Te V is gluon fusion (ggF HH) with a 

cross section of 31.0+2.1−7.2 fb [12--19]. The second-largest HH production 
mechanism is via vector boson fusion (VBF HH) with a cross section of 
1.726 ± 0.036 fb [20--24]. The Feynman diagrams corresponding to the 
ggF HH and VBF HH productions at the leading order (LO) are shown 
in Figs. 1 and 2, respectively. The diagrams show that both mechanisms 
depend at the LO on 𝜅𝜆. A deviation of 𝜅𝜆 from unity could signifi
cantly modify the cross sections and change the HH kinematics. The 
most stringent observed (expected) upper limit on the HH inclusive cross 
section previously set by the CMS Collaboration is 3.4 (2.5) times the 
SM prediction, and the observed constraint on 𝜅𝜆 is [−1.24,6.49] at 95%

https://doi.org/10.1016/j.physletb.2024.139210
Received 18 July 2024; Received in revised form 11 November 2024; Accepted 16 December 2024 

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
mailto:cms-publication-committee-chair@cern.ch
https://doi.org/10.1016/j.physletb.2024.139210
https://doi.org/10.1016/j.physletb.2024.139210
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2024.139210&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Physics Letters B 861 (2025) 139210

2

The CMS Collaboration 

Fig. 1. Feynman diagrams for the LO HH production via gluon fusion. 𝜅𝑓 cor
responds to the modfier of the Higgs boson coupling strength (Section 4) to 
fermions.

Fig. 2. Feynman diagrams for the LO HH production via vector boson fusion. 
𝜅V and 𝜅2V correspond to the modfiers of the Higgs boson coupling strength 
(Section 4) to one and a pair of vector bosons, respectively.

cofidence level (CL) assuming all the other Higgs boson couplings fixed 
to their SM value [4].

Another property of the Higgs boson predicted by the SM which 
can be probed through HH searches is the coupling between two Higgs 
bosons and two massive vector bosons. The modfier of the HHVV cou
pling strength (Section 4), which is referred to as 𝜅2V, affects the cross 
section of the VBF HH mechanism, and it is tightly related to the mod
ifier of the strength of the coupling between one Higgs boson and a 
pair of massive vector bosons, 𝜅V. In particular, the conservation of the 
asymptotic unitarity of the VBF HH process imposes 𝜅2V = 𝜅

2
V. A devi

ation from this relationship would require the presence of BSM physics, 
e.g. a BSM particle, to maintain the asymptotic unitarity of the pro
cess or could significantly increase the rate of the VBF HH production. 
Allowing for such a deviation and assuming all the other Higgs boson 
couplings equal to their SM-predicted values, 𝜅2V values smaller than or 
equal to zero are excluded at a CL corresponding to more than 5 stan
dard deviations [4].

Other Higgs boson couplings also affect the HH production cross 
sections. In particular at LO, the HH cross section in the ggF produc
tion mode depends on the Higgs boson coupling to the top quark and 
the VBF HH cross section depends on the couplings of the Higgs boson 
to the vector bosons. Further dependencies on Higgs boson couplings 
arise when considering different HH decay channels. The searches for 
HH production generally provide weaker constraints on the Higgs boson 
couplings to fermions and vector bosons compared to single-H measure
ments because of the much smaller cross sections.

An alternative way to determine 𝜅𝜆 is from the cross sections of the 
main single-H production mechanisms utilizing next-to-LO (NLO) elec
troweak corrections that depend on 𝜅𝜆 because of the appearance of 
loops and vertices with three Higgs bosons [25]. These corrections af
fect the single-H production cross sections and partial decay widths, as 
well as the Higgs boson propagator, as visible in the example Feynman 
diagrams of Fig. 3.

Fig. 3. Feynman diagrams corresponding to 𝜅𝜆-dependent NLO corrections to 
the main single-H production mechanisms (in the two top rows), to the H → VV
decay width (bottom left) and to the Higgs boson propagator (bottom right).

The parametrizations of the Higgs boson production cross section 
and branching fraction variations as functions of 𝜅𝜆 are provided in 
Refs [25,26]. The largest corrections affect the Higgs boson production 
in association with a Z or a W boson (ZH and WH, respectively, or gen
erally VH), a top quark-antiquark pair (tt̄H), or a single top quark (tH). 
In particular, the variation of the tt̄H cross section is up to about ±10%
for 𝜅𝜆 between −2 and 6. The variations of the Higgs boson produc
tion cross sections via gluon fusion (ggF H) and via vector boson fusion 
(VBF H) are milder but still relevant, i.e. up to about −3%/ + 2% for 
the same variation of 𝜅𝜆. Additional information can be extracted from 
the single-H differential cross sections. Some kinematic variables that 
are experimentally accessible, such as the Higgs boson transverse mo
mentum (𝑝H

T ), are particularly sensitive to 𝜅𝜆. The single-H production 
mechanisms that receive the largest 𝜅𝜆-dependent corrections to the 𝑝H

T
spectrum are tt̄H and VH.

A framework to study the single-H production cross sections with a 
well-defined phase space granularity is provided by the simplfied tem
plate cross sections (STXS) [27,28]. The phase space divisions, known 
as stages, provide varying levels of granularity, with the most detailed 
being stage 1.2. Depending on the production mode, the measurements 
are performed in intervals of numbers of jets and 𝑝H

T , or for the VH pro
cesses in intervals of the transverse momentum of the vector boson. The 
variations of the single-H cross sections as functions of 𝜅𝜆 with the gran
ularity dfined by the STXS of stage 1.2 are provided in Ref. [29].

The constraints on the Higgs boson couplings from the measure
ment of the single-H cross sections are complementary to those from the 
HH searches. In particular, the single-H measurements provide stringent 
constraints on the Higgs boson couplings to fermions and vector bosons 
and a mild constraint on 𝜅𝜆, while the HH searches provide tighter 
constraints on 𝜅𝜆. Therefore, the inclusion of single-H measurements 
improves the sensitivity with respect to HH searches, where other Higgs 
boson couplings are assumed equal to their SM values, and it also en
ables more generic interpretations where constraints on 𝜅𝜆 and other 
Higgs boson couplings are obtained from data simultaneously.

The combination of measurements and searches for the single-H and 
HH processes performed by the ATLAS Collaboration [30] excludes val
ues of 𝜅𝜆 outside the range −0.4 < 𝜅𝜆 < 6.3 or −1.4 < 𝜅𝜆 < 6.1 at 95%
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Table 1
Analyses targeting single-H production modes and decay channels included in the com
bination and the corresponding data set sizes, in terms of integrated luminosity. The 
production modes targeted with dedicated analysis categories and the maximum phase 
space granularity of each cross section measurement are also reported.

Analysis Integrated Targeted H Maximum References
luminosity ( fb−1) production modes granularity 

H → 4l 138 ggF, VBF, VH, tt̄H STXS 1.2 [51] 
H → 𝛾𝛾 138 ggF, VBF, VH, tt̄H, tH STXS 1.2 [52,53] 
H → WW 138 ggF, VBF, VH STXS 1.2 [54] 
H → leptons (tt̄H) 138 tt̄H Inclusive [55] 
H → bb̄ (ggF) 138 ggF Inclusive [56] 
H → bb̄ (VH) 77 VH Inclusive [48] 
H → bb̄ (tt̄H) 36 tt̄H Inclusive [57] 
H → ττ 138 ggF, VBF, VH STXS 1.2 [58] 
H → μμ 138 ggF, VBF Inclusive [59] 

Table 2
The HH searches included in the combination and the corresponding data set sizes, 
in terms of integrated luminosity. The HH production modes targeted with dedicated 
event categories are also reported.

Analysis Int. luminosity ( fb−1) Targeted HH production modes References 
HH → 𝛾𝛾bb̄ 138 ggF and VBF [53] 
HH → 𝜏𝜏bb̄ 138 ggF and VBF [60] 
HH → bb̄bb̄ 138 ggF, VBF, and VHH [61--63] 
HH → leptons 138 ggF [64] 
HH → WWbb̄ 138 ggF and VBF [65] 

CL assuming the other Higgs boson couplings at their SM values or by 
treating the coupling modfiers 𝜅t , 𝜅b, 𝜅τ, and 𝜅V as unconstrained pa
rameters, respectively.

This letter presents a statistical combination of single-H measure
ments and HH searches to constrain the Higgs boson trilinear self
coupling under minimal assumptions on the Higgs boson couplings to 
fermions and to vector bosons. Constraints on 𝜅𝜆 are also set assuming 
all the other Higgs boson couplings fixed to their SM values. The analy
ses considered are based on data from proton-proton (pp) collisions pro
duced by the LHC at 

√
𝑠 = 13 Te V and collected by the CMS experiment, 

corresponding to integrated luminosities of up to 138 fb−1 [31--33]. The 
tabulated results are provided as HepData records [34].

The CMS apparatus [35,36] is a multipurpose, nearly hermetic de
tector, designed to trigger on [37,38] and identify electrons, muons, 
photons, and (charged and neutral) hadrons [39--41]. A global ``particle
flow'' algorithm [42] aims to reconstruct all individual particles in 
an event, combining information provided by the all-silicon inner 
tracker and by the crystal electromagnetic and brass-scintillator hadron 
calorimeters, operating inside a 3.8 T superconducting solenoid, with 
data from the gas-ionization muon detectors embedded in the flux
return yoke outside the solenoid. The reconstructed particles are used 
to build tau leptons, jets, and missing transverse momentum [43--45].

2. Analysis channels

The single-H analyses considered are summarized in Table 1, which 
includes information on the production modes targeted by dedicated 
event categories and the maximum available phase space granularity of 
the cross section measurements, while the HH searches included in the 
combination are listed in Table 2. A more detailed description can be 
found in the references listed in Tables 1 and 2. Most of the analyses con
sidered are based on the pp collision data collected between 2016 and 
2018 with the CMS detector, corresponding to an integrated luminosity 
of 138 fb−1, while two analyses use a subset of this data set.

The H → cc̄ searches [46,47] are not included because major over
laps are expected with the considered H → bb̄ analysis [48]. Searches 
sensitive to the Higgs couplings to the strange quark and first gener
ation fermions [49,50] are not considered, since their contribution in 

constraining the corresponding Higgs boson couplings would be negli
gible in a combined fit.

The contribution of HH events in the signal regions targeting 
single-H events is also studied. This can be nonnegligible for the tt̄H
enriched categories because the tt̄H cross section is about 16 times larger 
than the HH cross section, and because the HH events with one Higgs 
boson decaying to a bb̄ quark pair have a final state similar to the tt̄H
events. The categories targeting tt̄H events in the H → 𝛾𝛾 and multi
lepton final states are the most sensitive to this process among the tt̄H
categories considered for this combination. The HH contamination in 
the tt̄H-enriched categories is either modeled, as in the H → γγ (tt̄H) cat
egories, or its impact on the results is studied and found to be small. In 
particular, a possible HH contamination in the H → leptons (tt̄H) analy
sis categories is estimated to be at most 5% with respect to the total tt̄H
signal yield in the categories. This possible contamination is expected 
to cause a shift of the allowed 2𝜎 𝜅𝜆 interval for the combination of 
single-H channels and for the combination of single-H and HH channels 
of at most 2% and 1% with respect to the width of the interval towards 
higher values of 𝜅𝜆, respectively.

3. Changes to the analyses in the combination

One of the main challenges of this combination is estimating the 
overlaps between the signal regions considered in different analyses and 
optimizing a strategy for the removal of the nonnegligible overlaps. This 
is crucial to avoid significant double-counting, ensuring accurate con
straints on the Higgs boson trilinear self-coupling and its couplings to 
fermions and vector bosons. The overlap of single-H analyses targeting 
similar final states has been checked and found to be negligible [4], 
while analyses targeting different final states are designed to be orthog
onal to each other. The study of the overlap between the different HH
analysis signal regions was performed for the HH combination presented 
in Ref. [4] and the only relevant overlap was found between the searches 
for HH → bb̄bb̄ in the resolved-jet and merged-jet final states. An addi
tional veto on events with large-radius jets with 𝑝T > 300 GeV is applied 
in the resolved-jet analysis to remove the overlap with minimal impact 
on the final results. The study of the overlap between HH analysis re
gions has been extended to the additional HH channels introduced in 
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this combination. An additional overlap is found between categories of 
the HH → bb̄bb̄ (VHH) analysis targeting fully hadronic V decays and 
signal regions of the HH → bb̄bb̄ (ggF) analysis. Since the ggF analysis 
sets stronger constraints on 𝜅𝜆, the hadronic-V categories of the VHH
analysis are removed.

Overlaps between single-H and HH analyses are identfied by com
paring the event selection criteria of the analysis subcategories. Two 
analysis regions are considered to be overlapping if both categories in 
single-H and HH analyses select more than 1% of the same events in 
simulated single-H or HH event samples. The overlap of HH events in 
single-H analyses is negligible because of the low yield of the HH signal 
in the single-H analysis categories, while significant overlaps are iden
tfied for single-H events reconstructed in the HH regions. In case two 
analysis regions are considered overlapping, one of the two is dropped. 
The removal of the overlap is optimized to provide the highest sensitiv
ity to 𝜅𝜆, without significantly compromising the sensitivity to the Higgs 
boson couplings to fermions and vector bosons. The HH → bb̄ZZ(4l)
analysis [66] has not been included in this combination because of its 
comparatively low sensitivity and high expected overlap with the H → 4l
analysis.

Significant overlaps are generally found between the categories tar
geting tt̄H events and the ones targeting HH events. In the H → 𝛾𝛾 final 
state, the tt̄H STXS 1.2 categories dfined in Ref. [52] are replaced by 
the inclusive tt̄H categories dfined in Ref. [53] for the combined mea
surement of the H → γγ (tt̄H) and HH → 𝛾𝛾bb̄ cross sections, which are 
by construction orthogonal to each other. In the H → leptons (tt̄H) anal
ysis, categories with subleading sensitivity to the tt̄H signal are removed 
because they target final states with the same lepton multiplicity as the 
signal regions dfined in the HH → WWbb̄ or HH → 𝜏𝜏bb̄ analyses. In 
the H → bb̄ (tt̄H) analysis, the signal regions targeting fully-hadronic 
decays of the top quark-antiquark pair are removed to prevent overlaps 
with the HH → bb̄bb̄ analysis categories.

Overlaps are also found between HH → 𝛾𝛾bb̄ analysis categories and 
some H → 𝛾𝛾 analysis categories enriched in ggF H, VBF H, or VH
events. The overlapping H → 𝛾𝛾 analysis categories target ggF H or 
VBF H events with large 𝑝H

T , or VH events with hadronic decays of the 
vector boson. Those categories are removed. The H → WW analysis cat
egories targeting VH events in final states with either two same-sign lep
tons or three leptons are expected to have a nonnegligible overlap with 
the HH → leptons analysis categories targeting the same lepton multi
plicities. The three-lepton categories of the H → WW analysis and the 
same-sign dilepton category of the HH → leptons analysis are dropped. 
The impact on the coupling constraints of interest is negligible because 
those categories play a subdominant role in their respective analyses. 
Overlaps are also found between most of the H → ττ analysis categories 
and the HH → 𝜏𝜏bb̄ ones which target HH events with a H → bb̄ candi
date reconstructed as a pair of jets with exactly one of them identfied 
as a b jet. The overlapping HH → 𝜏𝜏bb̄ categories are removed to pre
serve the sensitivity to the H coupling to the tau lepton with minimal 
impact on the constraints on 𝜅𝜆 . Furthermore, the HH → 𝜏𝜏bb̄ analysis 
categories enriched in single-H events are removed, along with a few 
remaining H → ττ categories targeting ggF H and VBF H events with 
large 𝑝H

T or with two additional jets in the final state.
Finally, overlaps in control regions, which are used to constrain back

ground processes, are studied by comparing selected data events. In 
cases of significant overlap, one of the overlapping control regions is 
removed. The removal strategy is optimized to preserve the constraints 
from data on the background processes and on the related systematic 
uncertainties. Control regions of the H → bb̄ (VH) and HH → WWbb̄
analyses enriched in tt̄ events are removed because of overlaps with 
control regions of the HH → bb̄bb̄ (VHH) and H → WW analyses, re
spectively, which target similar phase space. The control regions of the 
HH → leptons analysis enriched in ZW and ZZ events are also removed 
because of expected overlaps with the signal regions of the H → WW
analysis enriched in VH events.

4. Statistical procedure

The statistical interpretation of the data is based on the methodol
ogy common to the ATLAS and CMS Collaborations [67,68] and the 
results have been obtained using the CMS statistical analysis tool Com
bine [69]. A prfile likelihood ratio 𝑞 is used as a test statistic to estimate 
the parameters of interest (POIs) 𝛼⃗ of the model and their associated 
cofidence intervals, taking into account the systematic uncertainties 
(Section 5) as independent nuisance parameters 𝜃:

𝑞(𝛼⃗) = −2 log

(
𝐿(𝛼⃗,

̂̂
𝜃(𝛼⃗))

𝐿( ̂⃗𝛼, ̂⃗𝜃) 

)
, (3)

where 𝐿 is the likelihood function, which is built as the product of the in
dividual Poisson probability functions, accounting for the observed data 
and expected number of events across all the analysis channels, and ad
ditional terms representing constraints on the nuisance parameters from 
external measurements. The POIs and nuisance parameter values maxi

mizing the likelihood function are given by ( ̂⃗𝛼, ̂⃗𝜃), while 
̂̂
𝜃(𝛼⃗) is the set 

of nuisance parameter values that maximize the likelihood function for 
a given set of POI values. Each source of systematic uncertainty cor
responds to a nuisance parameter in the likelihood function, possibly 
correlated among all the input channels affected by that uncertainty.

The ̂⃗𝛼 are taken as the bes-fit values of the considered POIs. The 
intervals at 68.3% and 95.4% CL correspond to one (1𝜎) and two (2𝜎) 
standard deviations, respectively. For one-dimensional measurements, 
the 1𝜎 and 2𝜎 intervals are identfied as the regions of POI values for 
which 𝑞 < 1 and 𝑞 < 4, respectively, while for two-dimensional mea
surements they correspond to the regions where 𝑞 < 2.30 and 𝑞 < 6.18, 
respectively.

In addition to 𝜅𝜆, this combination takes into consideration the mod
ifiers of the H couplings to fermions or vector bosons. The modfiers 
of the H couplings to a pair of fermions or vector bosons, which are 
referred to as 𝜅𝑓 and 𝜅V, respectively, have been introduced in the 𝜅
framework [70] to parametrize possible deviations of the Higgs boson 
production cross sections and decay branching fractions from the SM 
predictions. The 𝜅𝑓 and 𝜅V parameters are dfined in such a way that the 
deviations from the SM prediction for a single-H production mechanism 
𝑖 and its cross section 𝜎𝑖, or a H decay channel 𝑗 and the corresponding 
partial decay width Γ𝑗 , is parametrized as:

𝜎𝑖

𝜎
SM
𝑖

= 𝜅
2
𝑖 or 

Γ𝑗
ΓSM
𝑗

= 𝜅
2
𝑗 . (4)

The loop-induced H production via gluon fusion and H decay to a pair 
of photons or gluons are parametrized as a function of the H couplings 
to the fermions or vector bosons entering in the loop. This combination 
alternatively considers the 𝜅𝑓 parameter, which coherently modfies the 
H couplings to all fermions, or the 𝜅t , 𝜅b, 𝜅μ, and 𝜅τ parameters which 
independently modify the couplings to the corresponding fermions. In 
this second case, the H couplings to the remaining fermions are assumed 
to be fixed to their SM predictions because no analyses sensitive to such 
parameters are included in the combination.

The modfier of the SM couplings between two Higgs bosons and two 
massive vector bosons, 𝜅2V, is used to describe possible deviations from 
the SM expectation for the HH production from VBF mechanism. The 
cross sections of the single-H processes considered in this combination 
do not depend on 𝜅2V at the leading order, while effects at higher per
turbative orders are assumed negligible. One or at most two coupling 
modfiers among 𝜅𝜆, 𝜅t, 𝜅2V, and 𝜅V are chosen as the POIs in this com
bination. The remaining coupling modfiers are assumed to be either 
equal to the SM prediction or treated as unconstrained nuisance param
eters.

The modeling of the dependence of the single-H cross sections 
and branching fractions on 𝜅𝜆 are provided in Refs [25,26,29]. Those 
parametrizations are valid under the assumption of small deviations of 
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𝜅V and 𝜅𝑓 from unity. The reason is that the parametrizations are based 
on an incomplete perturbative order expansion, which is at LO in 𝜅V
and 𝜅𝑓 and at NLO in electroweak theory in 𝜅𝜆. This is a good approx
imation for deviations of 𝜅V and 𝜅𝑓 within a few percent from unity 
because in this range the missing higher-order terms would have a neg
ligible effect on the cross sections and branching fractions compared to 
the experimental and theoretical uncertainties.

5. Systematic uncertainties

The systematic uncertainties, which affect the modeling of a signal or 
a background process, are described as uncertainties in the shape of the 
distributions or normalization uncertainties in the yield of the affected 
processes. The systematic uncertainties may originate either from the 
theoretical predictions or from the measurement. The most important 
uncertainties are described in the next paragraphs. The HH production 
searches are limited by the statistical power of the data. In the combina
tion of HH channels, the overall impact of the systematic uncertainties 
on the constraints on 𝜅𝜆 is about 8% of the total uncertainty. The most 
impactful systematic uncertainties are in the theory predictions of the 
ggF HH cross section, and in the estimations from data of important 
background components in the bb̄bb̄ and 𝜏𝜏bb̄ channels. In the single-H
channels, the systematic uncertainties tend to be more important. The 
overall impact of the systematic uncertainties on the constraints on 𝜅𝜆
from the combination of single-H channels is about 30%. The leading 
uncertainties are in the theory predictions of the ggF H and tt̄H pro
duction cross sections [27]. Several modfications to the input channels 
are performed to use a consistent uncertainty model similar to the un
certainty model in the single-H combination presented in Ref. [4]. The 
impact of all these modfications on the results is found to be negligible.

The uncertainties in the theory predictions of the single-H and HH
cross sections are among the dominant sources of systematic uncertainty 
on 𝜅𝜆. The uncertainties in the HH and single-H cross sections originate 
from the renormalization and factorization scales, the parton distribu
tion functions (PDF), as well as the branching fraction predictions. An 
additional important source of uncertainty in the ggF HH cross section is 
related to the renormalization scheme and scale dependence of the vir
tual top quark mass [19]. Such theory uncertainties are fully correlated 
among all affected channels as are the uncertainties in the theoretical 
prediction of the cross section of a background process, whenever a sim
ilar phase space is considered. In the single-H channels the uncertainty 
scheme for the ggF H cross section is dfined according to Ref. [27]. 
This consists of a set of nuisance parameters that cover for the uncer
tainty in the total ggF H cross section, as well as the cross sections in 
the exclusive phase space regions targeted by the STXS framework. The 
HH analyses with a nonnegligible contamination from ggF H produc
tion do not perform any explicit classfication of the ggF H events in 
STXS bins. Therefore, in the HH channels only the uncertainty in the 
total ggF H cross section is taken into account and correlated with the 
single-H channels.

Uncertainties affecting multiple channels such as those in the inte
grated luminosity, in the reconstruction and identfication of photons, 
electrons, muons, hadronically decaying tau leptons, in the b jet identi
fication, and in the jet energy scale and resolution are correlated among 
multiple channels, following the same procedure as for the combinations 
presented in Ref. [4]. Additional experimental uncertainties related to 
measurement procedures specific to each channel, which are detailed in 
the dedicated publications (listed in Tables 1 and 2), are uncorrelated 
among the channels.

6. Results

The prfile likelihood scan of the 𝜅𝜆 parameter is shown in Fig. 4, 
comparing the separate combinations of the single-H or HH channels 
to the full combination of the two, assuming in all cases the other H
couplings equal to their SM predictions. The observed bes-fit 𝜅𝜆 from 

Fig. 4. Observed prfile likelihood scans of 𝜅𝜆 comparing the full combination 
of single-H and HH (red) to the combinations of only single-H (blue) or only HH
(yellow) channels. The legend includes the bes-fit values and the 1𝜎 uncertain
ties.

the combination of the HH channels is found very close to unity, and 
the observed 2𝜎 allowed interval is found to be −1.7 < 𝜅𝜆 < 7.0, in 
agreement with the expected interval of −2.3 < 𝜅𝜆 < 8.0, assuming the 
other Higgs boson couplings fixed to the SM prediction. The observed 
bes-fit 𝜅𝜆 from the combination of the single-H channels is larger than 
one, although compatible with the SM within the 2𝜎 uncertainty. The 
observed and expected 2𝜎 allowed intervals are −1.8 < 𝜅𝜆 < 12.0 and 
−4.5 < 𝜅𝜆 < 11.7, respectively. The prfile likelihood obtained consid
ering both the single-H and HH channels is qualitatively flat around the 
minimum. The shift in the 𝜅𝜆 interval from the single-H combination is 
mostly driven by the H → γγ (tt̄H) channel. The observed (expected) 2𝜎
allowed interval from single-H and HH combination is −1.2 < 𝜅𝜆 < 7.5
(−2.0 < 𝜅𝜆 < 7.7). The observed allowed interval on 𝜅𝜆 can be com
pared to the corresponding one from the HH combination of Ref. [4]. 
The lower bounds are compatible, while the upper bound from this 
combination is weaker because of the single-H channels shifting the in
terval towards higher values of 𝜅𝜆. The observed allowed interval on 𝜅𝜆
from the combination of only the HH channels can also be compared to 
Ref. [4]. The differences, including the change in the observed bes-fit 
𝜅𝜆 value, which moves closer to the SM prediction, are the result of the 
changes described in Section 3 and most notably the removal of cate
gories from the HH → 𝜏𝜏bb̄ in favor of the H → ττ analysis. It should be 
noted that any loss of sensitivity in the HH combination as a result of 
those changes is fully recovered in the combination with the single-H
channels.

The two-dimensional likelihood scan of the 𝜅𝜆 and 𝜅t parameters is 
shown in Fig. 5. A large degeneracy of the ggF HH cross section with 
respect to 𝜅𝜆 and 𝜅t limits the 𝜅𝜆 sensitivity of the HH channels. In 
that case, the constraints on 𝜅t arise mostly from the contamination of 
single-H events in the HH enriched categories, and from the 𝜅t depen
dence of the H branching fractions, especially in the H → 𝛾𝛾 channel. 
Instead, the single-H combination provides a stringent constraint on 𝜅t, 
which is utilized in the combination of the single-H and HH channels.

The complementarity of the single-H and HH channels is also em
ployed in the simultaneous measurement of the 𝜅V and 𝜅2V parameters. 
The two-dimensional likelihood scan of the 𝜅V and 𝜅2V parameters is 
shown in Fig. 6. The constraint on 𝜅2V is driven by the HH categories 
enriched in VBF HH events. However, the VBF HH cross section has 
a large degeneracy with respect to the 𝜅V and 𝜅2V parameters. The 
single-H channels have no sensitivity on the 𝜅2V parameter but provide 
a stringent constraint on 𝜅V. This allows the exclusion of 𝜅2V ≤ 0 for any 
value of 𝜅V with a significance larger than five standard deviations, un
der the assumption that 𝜅2V contributions to the single H cross section 
are negligible in the considered range.
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Table 3
Expected and observed constraints on 𝜅𝜆 at 2𝜎 and best fit values from the combination of 
the single-H and HH channels under different assumptions on the Higgs boson couplings to 
fermions and vector bosons. The floating coupling parameters are either treated as POIs or as 
unconstrained nuisance parameters in the fit. The parameters that are not listed as floating 
are always assumed fixed to the SM prediction.

Hypothesis Best fit 𝜅𝜆 value ±1𝜎 2𝜎 interval 
Expected Observed Expected Observed 

Other couplings fixed to the SM prediction 1.0+4.6−1.7 3.1+3.0−3.0 [−2.0,7.7] [−1.2,7.5]
Floating (𝜅V, 𝜅2V, 𝜅𝑓 ) 1.0+4.7−1.8 4.5+1.8−4.7 [−2.2,7.8] [−1.7,7.7]
Floating (𝜅V, 𝜅t, 𝜅b, 𝜅τ) 1.0+4.8−1.8 4.7+1.7−4.1 [−2.3,7.7] [−1.4,7.8]
Floating (𝜅V, 𝜅2V, 𝜅t, 𝜅b, 𝜅τ, 𝜅μ) 1.0+4.8−1.8 4.7+1.7−4.2 [−2.3,7.8] [−1.4,7.8]

Fig. 5. Observed two-dimensional likelihood scans of (𝜅𝜆, 𝜅t) comparing the 
full combination of single-H and HH (red) to the combinations of only single-H
(blue) or only HH (yellow) channels.

Fig. 6. Observed two-dimensional likelihood scans of (𝜅V, 𝜅2V) comparing the 
full combination of single-H and HH (red) to the combinations of only single-H
(blue) or only HH (yellow) channels. The single-H combination has no sensitiv
ity on the 𝜅2V parameter.

Constraints on 𝜅𝜆 are also set under less restrictive assumptions on 
the Higgs boson couplings to the fermions and vector bosons. In par
ticular, the 𝜅𝜆 likelihood scan treating 𝜅V, 𝜅2V, 𝜅t, 𝜅b, 𝜅τ, and 𝜅μ as 
unconstrained nuisance parameters is shown in Fig. 7. The degeneracy 
that would be present if only HH categories were considered is fully 
resolved in the combination of the single-H and HH channels. The re
sulting expected constraint on 𝜅𝜆 is comparable to the one expected from 
the HH combination assuming the other Higgs boson couplings equal to 
their SM value. The constraints on 𝜅𝜆 under the aforementioned assump

Fig. 7. Observed likelihood scans of 𝜅𝜆 assuming 𝜅V, 𝜅2V, 𝜅t , 𝜅b, 𝜅τ, and 𝜅μ as 
unconstrained nuisance parameters. The legend includes the bes-fit value and 
the 1𝜎 uncertainty.

tions, along with some alternative assumptions, including the ones used 
by the ATLAS Collaboration in Ref. [30], are summarized in Table 3. The 
results are found to be consistent with the combination of single-H and 
HH measurements and searches from the ATLAS Collaboration [30].

7. Summary

A combination of Higgs boson (H) measurements and searches for 
Higgs boson pair production (HH) to constrain the Higgs boson trilinear 
self-coupling has been presented. Proton-proton collision data at 

√
𝑠 =

13 Te V, collected by the CMS experiment between 2016 and 2018, were 
analyzed. This is the first combination of single-H and HH channels from 
the CMS Collaboration. The complementarity of the constraints on the 
Higgs boson couplings of the single-H and HH channels is employed in 
the combination. The single-H channels lessen the assumptions on the 
measurements on the modfier of the Higgs boson trilinear self-coupling 
𝜅𝜆, allowing for simultaneous constraint of the Higgs boson couplings 
to fermions and vector bosons. The observed (expected) interval at 2𝜎
cofidence level on 𝜅𝜆 under the assumption that the other Higgs boson 
couplings are fixed to the standard model prediction, is found to be 
−1.2 < 𝜅𝜆 < 7.5 (−2.0 < 𝜅𝜆 < 7.7). Relaxing the assumption on the Higgs 
couplings to fermions and vector bosons the corresponding observed 
(expected) interval on 𝜅𝜆 is −1.4 < 𝜅𝜆 < 7.8 (−2.3 < 𝜅𝜆 < 7.8).
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