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1 Introduction

Since the discovery of the Higgs boson (H) by the CMS and ATLAS Collaborations in
2012 [1–3], extensive efforts have been devoted to investigating its properties and couplings,
as well as to searching for possible deviations from the standard model (SM) predictions.
The Higgs boson is produced in proton-proton (pp) collisions through four main mechanisms:
gluon-gluon fusion (ggH), vector boson fusion (qqH), Higgs-strahlung (VH), and Higgs boson
production associated with two top quarks (ttH). Among these, the dominant production
mechanism is ggH, which has a production cross section roughly one order of magnitude
larger than the other mechanisms combined.

Differential fiducial measurements represent the most model-independent way to measure
Higgs boson production cross sections. The term fiducial refers to the fact that measurements
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are performed in a specific region of the phase space, close to the detector acceptance. When-
ever we mention differential cross sections in the rest of the paper, we are specifically referring
to differential fiducial cross sections. The CMS Collaboration has measured differential
Higgs boson production cross sections using data recorded during the years 2016–2018 at√
s = 13TeV (corresponding to an integrated luminosity of about 138 fb−1 [4]) in a num-

ber of decay channels: H → γγ [5], H → ZZ(∗) → 4ℓ [6], H → WW(∗) → e±µ
∓

νℓνℓ [7],
H → τ

+
τ
− [8], and boosted H → τ

+
τ
− [9]. In this paper we present combined measurements

of differential cross sections, using the results above as input. The differential spectra are
reported for the following observables: the Higgs boson transverse momentum p

H
T , the number

of hadronic jets Njets, the absolute value of the Higgs boson rapidity |yH |, the transverse
momentum of the leading hadronic jet pj1

T , the invariant mass of the dijet system containing
the two leading-pT jets mjj, the absolute value of the difference in pseudorapidity between
these two jets |∆ηjj|, and the variable τ j

C, defined in ref. [10], which is the jet pT weighted
by a function of its rapidity.

Differential distributions provide information on the Higgs boson couplings. When
couplings to quarks, leptons and other bosons differ with respect to their SM values, distortions
appear in the predicted differential cross section spectra, particularly noticeable in the
p

H
T distribution.

Information is extracted by fitting parametrized spectra to a combination of differential
cross sections in different decay channels. Several frameworks for parametrizing differential
spectra exist. Two of these are the κ-framework [11, 12] and the standard model effective
field theory (SMEFT) [13]: in the former, couplings are modified at the vertex level by
scaling factors κ, while in the latter, the SM is extended by adding higher-dimensional
operators to the Lagrangian. These operators may induce Higgs boson couplings with a
different Lorentz structure than that present in the SM, and hence modify the kinematical
properties of the Higgs boson. Therefore, the SMEFT language is considered more general
than the κ-framework.

In the case of the κ-framework, we follow the same procedure as in ref. [14], which provides
interpretations using data collected in 2016. The measured p

H
T spectra are parametrized in

terms of Higgs boson couplings, with different sets studied simultaneously:

• the modifier of the Higgs boson coupling to the charm quark κc and the bottom
quark κb ;

• the modifier of the Higgs boson coupling to the top quark κt and the coefficient cg of
the anomalous direct coupling to the gluon field in the heavy top mass limit;

• κt and κb .

In the context of the SMEFT, CP-even and CP-odd pairs of coefficients are extracted from
the pH

T and ∆ϕjj spectra, the latter being defined as the signed difference in azimuthal angle
(in radians) between the two highest pT jets in the event.

In the main interpretation obtained in the SMEFT framework, given the complexity of the
fit and the impossibility of constraining all the parameters of the effective theory, a principal
component analysis (PCA) is performed to identify sensitive directions of the likelihood
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function in the parameter space. The linear combinations of the coefficients that have the
largest eigenvalues are fitted, and constraints on these linear combinations are reported.

The results presented in this paper, tabulated and provided in the HEPData record for
this analysis [15], constitute a step forward in the characterization of the properties of the
Higgs boson and in the search for beyond-the-SM (BSM) physics: the combined spectra
provide measurements of Higgs boson observables at the highest level of precision presently
achievable; the interpretation in the κ-framework extends and improves the results obtained
in ref. [14]. Interpretations of Higgs boson differential distributions in the SMEFT have been
performed for the first time by the CMS Collaboration, providing complementary information
to the results already published in refs. [16, 17].

This paper is organized as follows: Section 2 describes the CMS detector, with the
measurements used as input to the combination presented in section 3. The statistical
procedure used to combine the measurements and extract the results is described in section 4,
and the systematic uncertainties are discussed in section 5. The combined differential spectra
and the total Higgs boson production cross section measurement are presented in section 6,
with the interpretations of the results in the κ and SMEFT frameworks presented in sections 7
and 8, respectively. Section 9 summarizes the results and presents the conclusions.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, 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, and a brass
and scintillator hadron calorimeter, each composed of a barrel and two endcap sections.
Forward calorimeters extend the pseudorapidity (η) coverage provided by the barrel and
endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel
flux-return yoke outside the solenoid. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and the relevant kinematic variables,
can be found in [18].

3 Inputs to the combined analysis

The differential cross section measurements used as input to the combination, mentioned
in the introduction, are H → γγ , H → ZZ(∗) → 4ℓ, H →WW(∗) → e±µ

∓
νℓνℓ , H → τ

+
τ
−,

and Lorentz-boosted H → τ
+

τ
−. The ggH production dominates in all the measurements

considered. The inclusion of the H → τ
+

τ
− analyses provides better sensitivity at high p

H
T ,

where the three other channels are less sensitive.
A larger number of observables are measured compared with ref. [14]: |∆ηjj|, mjj, and

τ j
C are measured in addition to pH

T , Njets, p
j1
T , and |yH |. Tables 1–7 show the bin boundaries

used for each observable in each analysis. Table 8 reports the bin boundaries used for |∆ϕjj|
(H → γγ , defined as in ref. [5]) and ∆ϕjj (H → ZZ(∗) → 4ℓ, defined as in ref. [6]), which are
used only to set limits on Wilson coefficients in the SMEFT interpretation.
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Each analysis is performed in a different fiducial phase space and applies a different event
categorization. The fiducial phase spaces are defined by the selection criteria applied to the
particles at generator level (i.e., before detector simulation).

In the H → γγ measurement [5], the leading (subleading) photon transverse momentum
divided by the diphoton mass must be greater than 1/3 (1/4). The total hadronic energy in a
cone of radius ∆R = 0.3 around the photon candidate is required to be less than 10 GeV, with
the angular distance between two particles i and j defined as ∆R(i, j) =

√
(∆ηi,j)

2 + (∆ϕi,j)
2,

and only photons within |ηγ | < 2.5 are accepted.
In the case of H → ZZ(∗) → 4ℓ [6], leptons at the fiducial level are considered as dressed,

i.e., final-state radiation (FSR) photons are collected within ∆R = 0.3 from the lepton, and
added to the lepton momentum. In the H → ZZ(∗) → 4ℓ analysis, FSR photons are identified
by selecting all stable photons and then verifying, in simulation, whether the lepton to which
the FSR recovery procedure is applied is a parent of those photons. Electrons (muons) are
required to have pT > 7 (5)GeV and |η| < 2.5 (2.4). Pairs of same-flavor, opposite-charge
leptons are used to form Z boson candidates, which are retained if the leading (subleading)
dressed lepton has pT > 20 (10)GeV. To ensure the leptons are isolated, the scalar pT sum
of all stable particles within a cone of ∆R = 0.3, with the exception of FSR photons and
other leptons, must be less than 0.35 times the lepton pT. Events passing these requirements
are retained if they have at least two lepton pairs. The lepton pair with invariant mass
closest to the true Z boson mass (Z1) must have 40 < mZ1

< 120GeV. The second Z boson
candidate (Z2) must have 12 < mZ2

< 120GeV. Each lepton pair ℓi, ℓj must be separated by
∆R(ℓi, ℓj) > 0.02, while any opposite-charge lepton pair must have m

ℓ
+

ℓ
′− > 4GeV.

In the case of H →WW(∗) → e±µ
∓

νℓνℓ [7], the leptons are dressed and must be either
electrons or muons with opposite charge and |η| < 2.5 (2.4) for electrons (muons). The leading
(subleading) lepton is required to have pℓ1

T > 25GeV (pℓ2
T > 13GeV). The dilepton system

is required to have mℓℓ > 12GeV and p
ℓℓ
T > 30GeV. Furthermore, the transverse mass of

the subleading lepton must be ml2
T > 30GeV and the Higgs boson transverse mass must be

greater than 60 GeV. Both these quantities are defined in ref. [7].
Electrons and muons are also dressed in the H → τ

+
τ
− analysis [8, 9]. In the eτh (µτh)

final state, where τh denotes a hadronically decaying τ lepton, the electron (muon) is required
to have pT > 25 (20)GeV and |η| < 2.1. The τh candidate must have a visible pT > 30GeV
and visible |η| < 2.3. Here, the term visible refers to the kinematic variables constructed
from the momenta of the visible decay products of the τ leptons, thus excluding neutrinos.
In addition, the transverse mass mT(e/µ, p⃗miss

T ), with p⃗miss
T computed by summing the pT

of the neutrinos, must be less than 50 GeV.
In the τhτh final state, the visible pT of both τh candidates must exceed 40 GeV, while

their visible |η| must be less than 2.1, and there must be at least one jet with pT > 30GeV. In
the eµ final state, the leading (subleading) lepton must have pT > 24 (15) GeV, both leptons
must have |η| < 2.4, and the mT of the dilepton system and p⃗miss

T must be below 60 GeV.
SM predictions for the four main Higgs boson production modes (ggH, qqH, VH, ttH)

are generated following the procedure described in ref. [5], using MadGraph5_amc@nlo
(version 2.6.5) at next-to-leading order (NLO) accuracy of the strong coupling constant αS
in perturbative quantum chromodynamics (QCD).
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Channel H → γγ H → ZZ(∗) → 4ℓ H →WW(∗) → e±µ
∓

νℓνℓ H → τ
+

τ
− H → τ

+
τ
− boosted

p
H
T bin boundaries (GeV)

0–5 0–10

0–30
0–45

5–10
10–15 10–2015–20
20–25 20–3025–30
30–35 30–45 30–4535–45
45–60 45–60 45–80 45–8060–80 60–80
80–100 80–120 80–120 80–120100–120
120–140

120–200 120–200
120–140

140–170 140–170
170–200 170–200
200–250

200–∞ 200–∞

200–350250–350
350–450 350–450

450–∞ 450–∞ 450–600
600–∞

Table 1. The pH
T bin boundaries used in the analyses that are input to the combination.

Channel Njets bins
H → γγ 0 1 2 3 ≥ 4
H → ZZ(∗) → 4ℓ 0 1 2 3 ≥ 4
H →WW(∗) → e±µ

∓
νℓνℓ 0 1 2 3 ≥ 4

H → τ
+

τ
− 0 1 2 3 ≥ 4

Table 2. The Njets bins used in the analyses that are input to the combination.

Channel p
j1
T bin boundaries (GeV)

H → γγ 30–40 40–55 55–75 75–95 95–120 120–150 150–200 200–∞
H → ZZ(∗) → 4ℓ 30–55 55–95 95–200 200–∞
H → τ

+
τ
− boosted 450–600 600–∞

Table 3. The pj1
T bin boundaries used in the analyses that are input to the combination.

Channel |yH | bin boundaries (GeV)
H → γγ 0.0–0.15 0.15–0.3 0.3–0.45 0.45–0.6 0.6–0.75 0.75–0.9 0.9–1.2 1.2–1.6 1.6–2.0 2.0–2.5
H → ZZ(∗) → 4ℓ 0.0–0.15 0.15–0.3 0.3–0.45 0.45–0.6 0.6–0.75 0.75–0.9 0.9–1.2 1.2–1.6 1.6–2.5

Table 4. The |yH | bin boundaries used in the analyses that are input to the combination.
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Channel |∆ηjj| bin boundaries
H → γγ 0.0–0.7 0.7–1.6 1.6–3.0 3.0–5.0 5.0–∞
H → ZZ(∗) → 4ℓ 0.0–1.6 1.6–3.0 3.0–∞

Table 5. The |∆ηjj| bin boundaries used in the analyses that are input to the combination.

Channel mjj bin boundaries (GeV)
H → γγ 0–75 75–120 120–180 180–300 300–500 500–1000 1000–∞
H → ZZ(∗) → 4ℓ 0–120 120–300 300–∞

Table 6. The mjj bin boundaries used in the analyses that are input to the combination.

Channel τ j
C bin boundaries

H → γγ 15–20 20–30 30–50 50–80 80–∞
H → ZZ(∗) → 4ℓ 15–20 20–30 30–50 50–80 80–∞

Table 7. The τ j
C bin boundaries used in the analyses that are input to the combination.

Channel |∆ϕjj |, ∆ϕjj bin boundaries
H → γγ 0–0.5 0.5–0.9 0.9–1.3 1.3–1.7 1.7–2.5 2.5–π
H → ZZ(∗) → 4ℓ (-π)–(-π/2) (-π/2)–0 0–(π/2) (π/2)–π

Table 8. The |∆ϕjj | (H → γγ , ref. [5]) and ∆ϕjj (H → ZZ(∗) → 4ℓ, ref. [6]) bin boundaries, used to
set constraints on Wilson coefficients.

4 Statistical analysis

The parameters of interest are estimated through a simultaneous extended maximum likelihood
fit in all the analysis categories of the following distributions:

• diphoton invariant mass in H → γγ ;

• four-lepton invariant mass in H → ZZ(∗) → 4ℓ;

• two-dimensional dilepton invariant mass and transverse mass in H → WW(∗) →
e±µ

∓
νℓνℓ ;

• di-τ invariant mass in H → τ
+

τ
−;

• output of the neural network used to distinguish signal from backgrounds in boosted
H → τ

+
τ
−.

The numbers of expected events nexp in a given reconstructed kinematic bin i, analysis
category k, and decay channel m is written as:

nexp,km
i (µ⃗ | ν⃗, ν⃗th) = nsig,km

i (µ⃗ | ν⃗, ν⃗th) + nbkg,km
i (ν⃗, ν⃗th), (4.1)
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where nsig, km
i and nbkg, km

i are the expected number of signal and background events, re-
spectively.

The signal component nsig, km
i is explicitly written as:

nsig,km
i (µ⃗ | ν⃗, ν⃗th) =

n
gen
bins,k∑
j=1

µjσ
SM
j (ν⃗th)A

SM,km
j (ν⃗th)ε

SM,km
ji (ν⃗)L(ν⃗)BSM,m(ν⃗th) + nkm

OOA,i(ν⃗, ν⃗th),

(4.2)
where:

• µ⃗ is the set of signal strength modifiers;

• ν⃗ is the set of nuisance parameters associated with experimental uncertainties;

• ν⃗th is the set of nuisance parameters associated with theoretical uncertainties;

• j is the index of a kinematic bin at the generator level;

• ngen
bins,k is the number of bins at the generator level in analysis category k; for some

observables (such as Njets) it is the same for all decay channels, while this changes for
other observables (such as pH

T);

• σSM
j is the SM cross section in generator-level bin j;

• ASM,km
j is the SM expectation for the fiducial acceptance (fraction of the events in the

fiducial region) in generator-level bin j for decay channel m and analysis category k;

• εSM,km
ji (ν⃗) is the efficiency with which events in generator-level bin j are reconstructed

in the reconstructed bin i;

• L is the integrated luminosity of the data sets used in the analyses;

• BSM,m is the SM expectation for the branching fraction of the decay channel m;

• nkm
OOA,i is the number of events that originate from outside the fiducial region but are

reconstructed within it.

Bin-to-bin migrations due to detector resolution effects are taken into account via a folding
matrix. When performing the fits in the individual analyses, extracting the production cross
sections in the corresponding fiducial phase space, the signal strength modifiers are defined as

µ = σBA
σSMBSMASM , (4.3)

where the indices of the quantities are omitted for simplicity. When performing combined
fits, however, the cross sections in each decay channel are extrapolated to the full phase
space, and the signal strength modifiers are defined as:

µ = σ

σSM . (4.4)
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It should be noted that the extrapolation procedure introduces theoretical uncertainties and
an unavoidable model dependence in the results [19].

Using the terminology introduced in ref. [20], which we refer to for more details, this
combination includes both parametric and template-based statistical models. Given a
statistical model and a data set, a likelihood function is written as the product of the primary
and auxiliary likelihoods, where Lprimary is proportional to the probability of observing the
event count in data for a given set of model parameters and Lauxiliary represents external
constraints on the nuisance parameters. For the template-based models, the likelihood is
written as

L = Lprimary Lauxiliary =
Nc∏
c=1

N
c
b∏

b=1
Pois

(
ncb;n

exp
cb (µ⃗, ν⃗)

) NE∏
e=1

pe (ye; νe) , (4.5)

where c runs over the channels, b over the bins, and e over the auxiliary measurements;
Nc is the number of channels, N c

b is the number of bins in channel c, NE is the number of
auxiliary measurements, ncb is the observed number of events in bin b of channel c, nexp

cb is
the expected number of events in the same bin, ye is the value of the auxiliary measurement
e, and νe is the corresponding nuisance parameter. For parametric models, the (unbinned)
likelihood is written as

L = Lprimary Lauxiliary

=

∏
c

Pois
(
nobs

c, tot ;n
exp
c, tot (µ⃗, ν⃗)

) n
obs
bs∏
i

∑
p

f exp
cp pdfcp (x⃗i; µ⃗, ν⃗)

 NE∏
e

pe (ye; νe) , (4.6)

where c runs over the channels (as in the binned case), i runs over the events, nexp
c, tot is the

total number of expected events in channel c, pdfcp is the probability density function of the
process p in channel c, and f exp

cp is the fraction of the total number of expected events in
channel c that originate from process p, fcp = ncp/

∑
p ncp. It should be noted that, in the

case of parametric models, the likelihood function can be either binned or unbinned.
When combining the likelihoods from different analyses, the likelihood function is the

product of the likelihood functions of the individual analyses, both binned and unbinned:

Lcombined = Lprimary Lauxiliary =

 ∏
ctemplate

Lctemplate
primary

 ∏
cparametric

Lcparametric
primary

Lauxiliary ,

(4.7)
where ctemplate runs over the analyses that adopt template-based models (i.e., H →WW(∗) →
e±µ

∓
νℓνℓ , H → τ

+
τ
−, and boosted H → τ

+
τ
−), and cparametric runs over the analyses that

adopt parametric models (i.e., H → γγ and H → ZZ(∗) → 4ℓ).
The test statistic q is defined as

q(µ⃗) = −2 ln

L
(
µ⃗ | ˆ⃗νµ⃗

)
L(ˆ⃗µ | ˆ⃗ν)

 (4.8)

and is used to set confidence intervals on the signal strength modifiers µ [20]. The quantities
ˆ⃗µ and ˆ⃗ν are the unconditional maximum likelihood estimates for the parameters µ⃗ and
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ν⃗, respectively, while ˆ⃗νµ⃗ denotes the maximum likelihood estimate for ν⃗ conditional on
the values of µ⃗.

5 Systematic uncertainties

The experimental systematic uncertainties from the input analyses are incorporated in
the combination as nuisance parameters, which are profiled in the maximum likelihood fit.
Detailed descriptions of the systematic uncertainties can be found in the papers describing
the individual analyses [5–8]. Systematic uncertainties that affect different decay channels are
correlated when building the likelihood function: this happens for the integrated luminosity,
pileup, jet energy scale and resolution, and b tagging uncertainties. Some analyses employ a
more detailed nuisance parameter scheme (e.g., different nuisance parameters for different
eras, final states, etc.); in this case the uncertainties are not correlated between the input
analyses. This happens in the case of the τ energy scales and lepton efficiencies, including
electrons, muons, and hadronic taus.

Since the combined spectra are extrapolated to the full phase space, studies have been
performed to assess the impact of scale and parton distribution function (PDF) variations
on the acceptance of each observable and decay channel. Scale variations show a nonnegli-
gible impact on the acceptance in most of the observables and decay channels. Therefore,
two additional nuisance parameters are introduced in the combined fit to account for the
renormalization and factorization scale uncertainties in the extrapolation to the full phase
space. The probability density function of the number of expected events as a function of
these parameters is an asymmetric log-normal distribution with the +1σ (−1σ) variation
obtained by taking the ratio between the acceptance computed with a scale parameter of 2
(0.5) and the nominal acceptance (scale parameter equal to 1). When the renormalization
scale is varied, the factorization scale is set to 1 and vice versa. These additional uncertainties
are also correlated across all decay channels. In the case of PDF variations, the impact on
the acceptance is negligible and no additional nuisance parameters are introduced.

In the interpretation using the κ-framework, theoretical uncertainties are implemented
following the procedure described in ref. [14]. Since only the ggH contribution is parametrized,
the other contributions are set to their SM predictions. A 2.1% uncertainty, determined in
ref. [19], is applied to all contributions other than ggH.

6 Combination of differential spectra and total cross section measurement

In this section we present the combined unfolded differential cross section measurements
for the observables pH

T , pj1
T , Njets, |yH |, |∆ηjj|, mjj, and τ j

C. The differential cross section
measurements are performed by assigning a parameter of interest µ to scale predictions for
each generator-level bin, as discussed in section 4. The difference in generator-level binning
and, therefore, the difference in the number of parameters of interest across the channels
entering the combination, are accounted for with the following procedure. First, a set of
bins in which measurements are provided is chosen. The binning of the H → γγ analysis
is employed for this (see tables 1–7), as this provides better sensitivity to various regions
of the differential phase space. Then, the contributions of processes that have a coarser
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binning at the generator level are rescaled with a linear combination of the finer parameters
of interest contained in the coarser bin. The weights used in this rescaling are the ratio of
the SM cross section in each bin to the sum over bins. As an example, one can consider the
bins at very low p

H
T : the choice of parameters of interest is (µ0−5, µ5−10), as in the H → γγ

measurement. In the H → ZZ(∗) → 4ℓ analysis, only one generator-level bin is used in the
range 0–10 GeV. A weighted sum of the chosen parameters of interest is needed to scale
this bin in the H → ZZ(∗) → 4ℓ analysis:

µZZ
0−10 = w0−5µ0−5 + w5−10µ5−10. (6.1)

The weights do not include the contributions of efficiency and acceptance, which are assumed
not to vary within the bin. Tests have been performed to assess the validity of this assumption.
In particular, the deviation from a constant acceptance has been tested in the 0–45 GeV bin
of the pH

T spectrum in the H → τ
+

τ
− analysis, which includes nine generator-level bins. For

all the bins, the deviation from a constant acceptance is less than 2%.
The unfolded differential cross sections for the observables pH

T , pj1
T , Njets, |yH |, |∆ηjj|,

mjj, and τ j
C are shown in figures 1 and 2. Numerical results are given in tables 11–17,

available in appendix A. The correlation matrices for the unfolded differential cross sections
are shown in figures 16 and 17, appendix B. Each figure compares the measurement with
three theoretical predictions. The predicted cross section for the ggH production mode
is taken from the MadGraph5_amc@nlo (version 2.6.5) simulation, generated at NLO
accuracy, and the powheg (version 2) event generator [21–24]. The events produced with
MadGraph5_amc@nlo are weighted as a function of the Higgs boson pT and the number of
jets in the event, to match the prediction from the next-to-NLO including parton showering
event generator (NNLOPS) program [25–27]. The sum of the production cross sections of the
other (non-ggH) production modes is taken from the MadGraph5_amc@nlo (version 2.6.5)
simulation; this non-ggH prediction is common to the different SM calculations that are shown.
The uncertainty in the theoretical predictions takes into account variations in the predicted
differential cross section spectra from varying the set of PDF replicas, the renormalization
and factorization scales, and αS. The uncertainty on the total cross section value, taken
from ref. [19], is included by summing it in quadrature with the shape uncertainties. Overall,
no significant deviations from the SM predictions are observed. For all the measurements,
nuisance parameters are introduced to account for the scale variations in the acceptance for
the extrapolation to the full phase space, as described in section 5. Statistical uncertainties
form the dominant source of uncertainty at low pT in the pH

T measurement, while at high
pT the statistical and systematic uncertainties are comparable. In the case of the Njets
measurement, systematic uncertainties dominate, while for the other spectra the statistical
uncertainties are the most important. It should be noted that the differential cross section
measurements are not defined to be positive in every bin, and negative values can occur as a
result of small event samples and possible anticorrelations between bins.

The same spectra, along with the measurements from the individual channels, are shown
in figures 3 and 4. In the case of the pH

T spectrum (figure 3, upper left), the sensitivity is
driven by the H → γγ and H → ZZ(∗) → 4ℓ analyses. A comparison with the H → γγ

measurement alone shows that the decrease in uncertainty achieved by the combination is
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Figure 1. Measurement of the total differential cross section as a function of pH
T (upper left), Njets

(upper right), pj1
T (lower left), and |yH | (lower right). For pj1

T , the first bin comprises all events with
less than one jet, for which p

j1
T is undefined. The combined spectrum is shown as black points with

error bars indicating the 68% confidence interval. The systematic component of the uncertainty is
shown in gray. The SM prediction is reported for different generators. The hatched areas show the
uncertainties in the shapes of the theoretical predictions from varying the PDFs, the value of αS,
and the renormalization and factorization scales. The uncertainty on the total cross section value,
taken from ref. [19], is also included in the hatched areas by summing it in quadrature with the
shape uncertainties. In the case of pH

T and p
j1
T , the rightmost bins of the distributions are overflow

bins, and their width is assumed equal to the last but one bin when computing the differential cross
section. In cases where the systematic uncertainty band covers only one side of the data point, the
systematic uncertainty on the other side is negligible. The ratio between the measurements and
the MadGraph5_amc@nlo NNLOPS-reweighted SM predictions is shown in the lower panel of
each plot.

– 11 –



J
H
E
P
0
4
(
2
0
2
6
)
0
9
3

102

103

/|
jj| 

(fb
) 138 fb 1 (13 TeV)CMS

aMC@NLO, NNLOPS
aMC@NLO
Powheg
Combination
Combination, Syst. unc.

0.0 0.7 1.6 3.0 5.0
| jj|

-1

0

1

2

R
at

io
 to

 p
re

di
ct

io
n

100

101

102

/
m

jj (
fb

/G
eV

) 138 fb 1 (13 TeV)CMS

aMC@NLO, NNLOPS
aMC@NLO
Powheg
Combination
Combination, Syst. unc.

0 75 120 180 300 500 1000
mjj (GeV)

-1
0
1
2
3

R
at

io
 to

 p
re

di
ct

io
n

102

103

/
j C
 (f

b/
G

eV
) 138 fb 1 (13 TeV)CMS

aMC@NLO, NNLOPS
aMC@NLO
Powheg
Combination
Combination, Syst. unc.

15 20 30 50 80
j
C (GeV)

0

1

2

R
at

io
 to

 p
re

di
ct

io
n

Figure 2. Measurement of the total differential cross section as a function of |∆ηjj| (upper left),
mjj (upper right), and τ j

C (lower). The combined spectrum is shown as black points with error bars
indicating the 68% confidence interval. The systematic component of the uncertainty is shown in gray.
The SM prediction is reported for different generators. The hatched areas show the uncertainties in the
shape of the theoretical predictions from varying the PDFs, the value of αS, and the renormalization
and factorization scales. The uncertainty on the total cross section value, taken from ref. [19], is
also included in the hatched areas by summing it in quadrature with the shape uncertainties. The
rightmost bins of the distributions are overflow bins, and their width is assumed equal to the last
but one bin when computing the differential cross section. The ratio between the measurements and
the MadGraph5_amc@nlo NNLOPS-reweighted SM predictions is shown in the lower panel of
each plot.
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Figure 3. Measurement of the total differential cross section as a function of pH
T (upper left), Njets

(upper right), pj1
T (lower left), and |yH | (lower right). The combined spectrum is shown in black points

with error bars indicating the 68% interval. The systematic component of the uncertainty is shown
in gray. The spectra for the analyses in H → γγ , H → ZZ(∗) → 4ℓ, H → WW(∗) → e±µ

∓
νℓνℓ ,

H → τ
+

τ
−, and H → τ

+
τ
− boosted are shown in red, blue, purple, green, and pink respectively. The

SM prediction is reported in light gray for MadGraph5_amc@nlo NNLOPS. In the case of pH
T and

p
j1
T , the rightmost bins of the distributions are overflow bins, and their width is assumed equal to the

last but one bin when computing the differential cross section. Measurements or predictions with
different binnings can be directly compared only in the ratio panels of the figures. In cases where
individual contributions have finer bins than the combination, such as the last bin of the pH

T and p
j1
T

spectra, a second, finer, SM prediction is shown in the upper panel.

most notable in the very low and very high p
H
T regions, with an average reduction of 23%.

In four out of the nineteen bins, the relative uncertainty does not decrease with respect
to the H → γγ measurement alone.
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Figure 4. Measurement of the total differential cross section as a function of |∆ηjj| (upper left),
mjj (upper right), and τ j

C (lower). The combined spectrum is shown in black points with error bars
indicating the 68% interval. The systematic component of the uncertainty is shown in gray. The
spectra for the analyses in H → γγ and H → ZZ(∗) → 4ℓ are shown in red and blue, respectively. The
SM prediction is reported in light gray for MadGraph5_amc@nlo NNLOPS. The rightmost bins of
the distributions are overflow bins, and their width is assumed equal to the last but one bin when
computing the differential cross section. Measurements or predictions with different binnings can be
directly compared only in the ratio panels of the figures.
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Figure 5. Negative log-likelihood scan of the total Higgs boson production cross section σtot for the
H → γγ , H → ZZ(∗) → 4ℓ, and combined analyses. The markers indicate the 68% confidence interval.
The label CYRM-2017-002 in the legend denotes ref. [19].

The total cross section for Higgs boson production, based on a combination of the H → γγ

and H → ZZ(∗) → 4ℓ channels, is measured to be 53.4+3.5
−3.4 pb, obtained by applying the

statistical treatment described in section 4 (i.e., with a single bin, both at generator and
reconstruction levels). The measured total cross sections from the individual channels are
54.2+4.5

−4.3 pb for H → γγ and 53.3+5.2
−5.0 pb for H → ZZ(∗) → 4ℓ; the combination thus improves

the precision by 21% with respect to the H → γγ channel alone. The likelihood scans for
the individual decay channels and their combination are shown in figure 5. The combined
result agrees with the SM value of 55.6 ± 2.5 pb [19].
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Figure 6. The pH
T spectrum, for different values of κb and κc , as predicted by the κb–κc model. The

MadGraph5_amc@nlo NNLOPS-reweighted SM prediction is shown in black. The H → γγ binning
is used.

7 κ-framework interpretation

Differential cross section measurements can be used to constrain the couplings of the Higgs
boson to other particles. For Higgs boson production via ggH, variations of the Higgs
boson couplings mostly manifest themselves through distortions of the pH

T spectrum. The
κ-framework has been developed [11] to study the coupling structure of the Higgs boson.
Following the procedure described in ref. [14], two models are used to interpret the p

H
T

spectrum for ggH: one, referred to as κb–κc [28], which takes into account the effects of
heavy quarks in the ggH loop, and one, referred to as κb–κt–cg [29, 30], tailored to top and
bottom quarks and the effective Higgs boson coupling to gluons, sensitive to effects at high
p

H
T . The coupling modifiers are defined as:

κi =
yi

ySM
i

, (7.1)

where yi is the Higgs boson coupling to particle i. In the SM, the values of all κi are equal to 1.
In the κb–κc model, only the differential ggH cross section is affected by variations of

κb and κc : in this paper, the most recent parametrization [6] is used. These variations are
parametrized using a quadratic polynomial for each bin of the differential production cross
section. It is important to note that since these parametrizations address the low range of
the pH

T spectrum, they are available only up to 120 GeV. The H → τ
+

τ
− boosted analysis

is therefore not included in this interpretation. Moreover, the H → WW(∗) → e±µ
∓

νℓνℓ

analysis is excluded from this interpretation, as for that analysis the signal predictions are
only available inclusively and not separating the ggH contribution from the other production
modes. The pH

T spectrum, for different values of κb and κc , as predicted by this model
is shown in figure 6.

The κb–κt–cg model, which produces simultaneous variations of κt, cg, and κb, has been
derived in ref. [29] by adding dimension-6 operators to the SM Lagrangian. The pH

T spectrum
is computed at next-to-next-to-leading order (NNLO) accuracy with an analytic resummation
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Figure 7. The pH
T spectrum, for different values of κt and cg (left) and of κt and κb (right), as predicted

by the κb–κt–cg model. The third coupling is set to its SM value. The MadGraph5_amc@nlo
NNLOPS-reweighted SM prediction is shown in black. The H → γγ binning is used. The width of the
overflow bin is assumed equal to the last but one bin when computing the differential cross section.

performed up to next-to-next-to-leading-logarithmic (NNLL) accuracy. This is achieved by
rescaling the SM prediction at NNLL+NNLO accuracy by a BSM correction factor computed
as the ratio of the SMEFT to SM predictions at next-to-leading-logarithmic (NLL)+NLO
accuracy; this approach allows bottom and top quark mass effects to be approximately
included at NNLL+NNLO. The dimension-6 operator corresponding to the coefficient cg
models a direct coupling of the Higgs field to the gluon field with the same underlying
tensor structure as in the heavy top quark limit. The value of cg equals 0 in the SM. The
introduction of cg in the effective Lagrangian is detailed in ref. [30]. The inclusive cross
section is parametrized as σ ≃ |12cg + κt|

2σSM. Two other operators are included in the
Lagrangian to describe modifications of the top quark and bottom quark Yukawa couplings,
having coefficients κt and κb , respectively. Simultaneous variations of κt and cg and of κt and
κb are considered. In this result, all the decay channels apart from H →WW(∗) → e±µ

∓
νℓνℓ

are included. The pH
T spectrum, for different values of κt and cg (left) and of κt and κb

(right), as predicted by this model is shown in figure 7. In both cases, the third coupling
is set to its SM value.

It should be noted that the vector of signal strength modifiers includes one parameter
per bin per decay channel, hence the procedure exemplified in eq. (6.1) is not necessary in
this case. Since the parametrizations are derived in the full phase space, the acceptance term
is not included in the signal strength modifiers. These considerations lead to the following
form for the vector of signal strength modifiers:

µ⃗ =
(
µ⃗H→γ γ , µ⃗H→ZZ(∗)→4ℓ

, . . .
)

=
(
µH→γ γ ,0−5, . . . , µH→ZZ(∗)→4ℓ,0−10, . . .

)
=

σ0−5(κ⃗)BH→γ γ (κ⃗)
σSM

0−5B
SM
H→γ γ

, . . . ,
σ0−10(κ⃗)BH→ZZ(∗)→4ℓ

(κ⃗)

σSM
0−10B

SM
H→ZZ(∗)→4ℓ

, . . .

 .

(7.2)
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Figure 8. Observed and expected simultaneous fits for κb and κc , including the coupling dependence
of the branching fractions (left) and with the branching fractions of the decay channels entering
the combination implemented as nuisance parameters with no dependence on the couplings (right).
The 68% and 95% CL contours are shown in solid and dashed lines for the observed data, with the
expected contours indicated in blue.

Figure 8 shows the constraints on κb and κc when including the coupling dependence of the
branching fraction (left) and when implemented as nuisance parameters with no branching-
fraction dependence on the couplings and no prior constraint, i.e., floating (right). The
shapes of the constraints are similar to the ones obtained in ref. [14]. They are in agreement
with the SM at 68% confidence level (CL).

The observed and expected two-dimensional confidence intervals for κt and cg are shown
in figure 9. For the case of coupling dependence of the branching fractions, the normalization
of the spectrum is, by construction, equal to the SM normalization for the set of coefficients
satisfying 12cg + κt ≃ 1. The shape of the parametrized spectrum, s, is calculated by
normalizing the differential cross section to 1:

si(κt, cg) =
σi(κt, cg)∑
j σj(κt, cg)

, (7.3)

where σi is the parametrization in bin i. Inserting the expected parabolic dependence of
σi(κt , cg) reveals that the shape of the parametrization for κt and cg variations becomes
a function only of the ratio of the two couplings, si(cg/κt). Thus, the dependence of
the likelihood on the radial distance

√
κ2

t + c2
g stems from the constraints on the overall

normalization, while the dependence on the slope cg/κt is due to the shape of the distribution.
The dependence of the likelihood on the slope becomes apparent in figure 9 (right), where
the branching fractions are implemented as nuisance parameters with no prior constraint.
Except at small values of the couplings, the constraint on the couplings comes from their
ratio. The two symmetric sets of contours are due to a symmetry of the parametrization
under (κt , cg) → (−κt ,−cg). In both scenarios, the results are consistent with the SM at
the 68% CL. The shapes of the constrained regions are in agreement with those in ref. [14],
once scaled for the increase in the data sample size and the number of decay channels
included in the combination.
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Figure 9. Simultaneous fit for κt and cg, observed and expected, including the coupling dependence
of the branching fractions (left) and with the branching fractions of the decay channels entering
the combination implemented as nuisance parameters with no dependence on the couplings (right).
The 68% and 95% CL contours are shown in solid and dashed lines for observed data, the expected
contours are indicated by the blue shaded areas. In the fit with the branching fractions implemented as
nuisance parameters, the best fit point is shown in the region with positive κt , but a second degenerate
best fit point exists for negative κt .
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Figure 10. Simultaneous fit for κt and κb , observed and expected, including the coupling dependence
of the branching fractions (left) and with the branching fractions of the decay channels entering the
combination implemented as nuisance parameters with no dependence on the couplings (right). The
68% and 95% CL contours are indicated by the solid and dashed lines for the observed data, the
expected contours are indicated by the blue shaded regions. In the fit with the branching fractions
implemented as nuisance parameters, the best fit point is shown in the region with positive κt , but a
second degenerate best fit point exists for negative κt .

The observed and expected two-dimensional likelihood scans for κt and κb are shown
in figure 10. For the branching fractions implemented as nuisance parameters with no prior
constraint, the parametrization is symmetric under (κt , κb) → (−κt ,−κb), hence the two
sets of contours are symmetric. In both scenarios, the results are consistent with the SM
at the 68% confidence level. The shapes of the likelihoods are in agreement with those
in ref. [14], once scaled for the increase in the size of the data sample and the number of
decay channels included.
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8 SMEFT interpretation

The effective field theory (EFT) approach aims to constrain BSM physics in a model-agnostic
way. Assuming the existence of a yet unknown phenomenon at an energy scale Λ above the
energy scale that our experiment can reach directly, effects of BSM physics may manifest
themselves through effective interactions between SM fields. The effective Lagrangian is
written as:

LSMEFT = LSM +
∞∑

i=5

Ni∑
j=0

c
(i)
j

Λi−4O
(i)
j , (8.1)

where i runs over the number of dimensions, j runs over the number of operators of dimension
i, LSM is of dimension 4, the operators O(i)

j have dimensions of i, c(i)
j are dimensionless

Wilson coefficients (WCs) that correspond to the strength of the interaction, and Λ is the
above-mentioned energy scale. Dimension-five operators are related to the neutrino sector
and lepton number violation, and are not studied in this paper. The leading contributions
are then from dimension-six operators and eq. (8.1) can be written as:

LSMEFT = LSM +
N(6)∑
j=0

c
(6)
j

Λ2 O
(6)
j , (8.2)

where the number of independent operators N(6) in this basis can be reduced to 59 (barring
flavor structure and Hermitian conjugations), divided into eight classes, following the scheme
introduced in ref. [13].

8.1 SMEFT model details

The two main packages used to generate events within MadGraph5_amc@nlo are SMEFT-
sim3.0 [31] and SMEFT@NLO [32]. The FeynRules model used is topU3l, which imple-
ments U(2)3

q,u,d and U(3)2
ℓ,e flavor symmetry. Light quarks (u, d, s, c) and heavy quarks

(b, t) have separate WCs, while all leptons share the same WCs. The input parameter
scheme is {GF ,mZ ,mW }. The value of the parameter Λ is set to 1 TeV, which is the scale
at which the SMEFT operators are assumed to be valid. Several differences exist between
SMEFTsim3.0 and SMEFT@NLO. SMEFTsim3.0 includes leading order (LO) corrections,
while SMEFT@NLO includes NLO corrections in QCD: this translates to a higher accuracy in
the calculation of coefficients affecting ggH production in the latter case. Another important
difference is that SMEFT@NLO does not include CP -odd operators, while SMEFTsim3.0
does. For the different interpretations provided in this paper, three input configurations are
used to derive the parametrizations, exploiting the strengths of both packages. The differences
are related to the model used to derive the parameterizations of ggH production and of the
H → γγ decay width: the first configuration, adopted to produce the results for (cHG, c̃HG)
in section 8.3, uses SMEFTsim3.0 to derive both the ggH parametrization and the H → γγ

decay width parameterization; the second configuration, adopted to produce the results for
the pairs (cHB, c̃HB), (cHW, c̃HW) and (cHWB, c̃HWB) in section 8.3, uses SMEFT@NLO
to derive the ggH parametrization and SMEFTsim3.0 to derive the H → γγ decay width
parameterization; the last configuration, adopted to produce the results shown in section 8.4,
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uses SMEFT@NLO to derive the ggH parametrization and the NLO theoretical predictions
provided in ref. [33] for the parametrization of the H → γγ decay width. Production modes
other than ggH and decay modes other than H → γγ are parametrized using SMEFTsim3.0
and are the same for all the configurations.

8.2 Derivation of the parametrizations

When working within an EFT framework, the amplitude for each Higgs boson production
and decay process can be described as:

|MSMEFT|
2 = |MSM +MBSM|

2 = |MSM|
2 + 2Re

{
MSMM†

BSM

}
+ |MBSM|

2 , (8.3)

where MSM and MBSM are the matrix elements originating from the SM and BSM La-
grangians, respectively. The SM-BSM interference term is suppressed by a factor of 1/Λ2 and
the purely-BSM term is suppressed by a factor of 1/Λ4. If the BSM contributions are restricted
to diagrams with a single insertion of a BSM vertex, then MBSM is linear in the WCs ci.
Thus, using the fact that σ ∝ |M|2, the production cross section in a bin i can be written as:

σi
SMEFT = σi

SM + σi
int + σi

BSM, (8.4)

and a scaling function quadratic in the WCs can be derived as:

µi
prod(c⃗) =

σi
SMEFT

σi
SM

= 1 +
∑

j

Ai
jci +

∑
jk

Bi
jkcjck. (8.5)

The Ai
j and Bi

jk constants encode the impact of the WCs on the production cross section
in bin i: Ai

j are the linear terms, Bi
jj are the quadratic terms, and Bi

jk for j ̸= k are the
cross terms. This procedure also applies to both partial and total decay widths, meaning the
scaling function of the branching fraction to a given final state f can be written as:

µf
decay(c⃗) =

Bf
SMEFT
Bf

SM
= Γf

SMEFT/Γ
f
SM

ΓH
SMEFT/Γ

H
SM

=
1 +

∑
j A

f
j cj +

∑
jk B

f
jkcjck

1 +
∑

j A
H
j cj +

∑
jk B

H
jkcjck

. (8.6)

Introducing the narrow width approximation, the total scaling function for a given bin i

and final state f is then:

µi,f (c⃗) = (σB)i,H→f

(σB)i,H→f
SM

= µi
prod (c⃗)µf

decay (c⃗). (8.7)

The terms Aj and Bjk are derived either analytically at higher orders than possible with
current Monte Carlo tools, or using the EFT2Obs tool [34], which wraps and interfaces
widely-used packages to facilitate the process of deriving an EFT parametrization. It utilizes
MadGraph5_amc@nlo [35] (version 2.6.7) for simulation and pythia 8 [36] (version 8.2)
for parton showering and hadronization. Fiducial selections and histograms of observables are
defined in the Rivet [37] (version 3.0.1) framework. Through the use of Rivet, acceptance
effects, which are crucial in the case of differential fiducial cross sections, are taken into account.

An important note concerning the parametrization of the production terms is that
most of the analyses are not sufficiently sensitive to measure different production modes
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separately, hence a weighted parametrization, scaling the expected inclusive cross section
in each observable bin, is applied:

µi =
∑

j

σMG5
ij

σ
YR
j

σ
MG5
j∑

k σ
MG5
ik

σ
YR
k

σ
MG5
k

µij , (8.8)

where:

• i and j refer to observable bin and production mode, respectively;

• σY R
j is the SM cross section for production mode j (taken from ref. [11]);

• σMG5
j is the full cross section for production mode j before the application of fiducial

selections;

• σMG5
ij is the cross section in bin i for production mode j after the application of fiducial

selections.

8.3 Constraints on CP-even and CP-odd pairs of Wilson coefficients

A particularly relevant group of operators is the group X2H2, listed in table 9. For each
process shown, the first operator conserves CP while the second violates it. The coefficients
cHG and c̃HG mainly affect ggH production, while the others affect qqH and VH production
along with the Higgs boson decay.

Confidence regions are obtained for the following pairs:

• cHG-c̃HG;

• cHB-c̃HB;

• cHW-c̃HW;

• cHWB-c̃HWB.

When a pair is studied, all the other WCs are set to their SM values (i.e., 0). Two-dimensional
constraints, obtained using Wilks theorem and by combining the pH

T spectra of all the input
analyses, are shown in figure 11. The results are consistent with the SM at the 68% CL.
Constraints in this configuration have also been set by the ATLAS Collaboration [16], using
only the H → γγ decay channel. The contour plots presented in this paper are in agreement
with the results obtained by the ATLAS Collaboration, but the constraints presented in this
paper are tighter because of the use of a larger number of decay channels.

Constraints on the same coefficients are set using the ∆ϕjj spectra of the H → γγ and
H → ZZ(∗) → 4ℓ decay channels. The results, shown in figure 18 in appendix C, are consistent
with the SM at the 68% CL and provide less stringent constraints than the ones obtained
using the pH

T spectra. However, since the observable is CP-even, it can only be used to
constrain CP-odd operators in conjunction with CP-even operators, and not to determine
if the Wilson coefficients of CP-odd operators are nonzero.
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Class Operator Wilson coefficient Example process

L(4)
6 −X

2H2

H†HGa
µνG

aµν cHG
g

g
H

H†HG̃a
µνG

aµν c̃HG

H†HBµνB
µν cHB

q

q

q

q
H

Z

Z
H

γ

γ

H

γ

γH†HB̃µνB
µν c̃HB

H

Z

γ

H

Z

Z

H†HW i
µνW

iµν cHW
q

q

q

q
H

W

W H

Z

γ

H

W

WH†HW̃ i
µνW

iµν c̃HW

H†σiHW i
µνB

iµν cHWB
q

q

q

q
H

γ

Z H

Z

γ

H

γ

ZH†σiHW̃ i
µνB

iµν c̃HWB

Table 9. List of X2H2 operators and corresponding Wilson coefficients. Example Feynman diagrams
of the processes affected by the operators are shown in the rightmost column. The notation used is
based on ref. [31].

8.4 Constraints on linear combinations of Wilson coefficients

The available data do not contain enough information to simultaneously constrain all co-
efficients ci. Many degrees of freedom are left unconstrained by the data, manifesting as
flat directions of the likelihood in the parameter space. One way to get insights into the
values of the WCs is to use techniques such as principal component analysis. Performing an
eigenvector decomposition of the Fisher information matrix provides linear combinations of
the original coefficients ci with an indication of their constraining power (the eigenvalues):
the ones with the largest constraining power are left floating in the fit, while the remaining
directions are fixed to their SM value (i.e., 0).

In the case of a single measurement, taking as example H → γγ , the PCA is performed
as follows. Under the Gaussian approximation, the following equality holds:

Iγγ,diff = Hγγ,diff =C−1
γγ,diff, (8.9)

where, referring to the H → γγ differential cross section measurement, Iγγ,diff and Hγγ,diff
are the Fisher information matrix and the Hessian of the likelihood built with parameters
of interest and nuisances of the analysis parametrized with the cross section modifiers µi,
while C−1

γγ,diff is the inverse of the covariance matrix between the parameters of interest. To
obtain C−1

γγ,diff, a fit to the Asimov data set [38] is performed in the original analysis. To
move to a WC basis, one can build a matrix P γγ by expanding eq. (8.7) to only include
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Figure 11. Observed and expected two-dimensional scans for the cHG-c̃HG (upper left), cHB-c̃HB
(upper right), cHW-c̃HW (lower left), and cHWB-c̃HWB (lower right) pairs with p

H
T spectra in all

decay channels.

terms linear in the WCs:

P
γ γ

ij = A
gg→H
ij +A

H→γ γ

j −AH
j , (8.10)

where the index i runs over the generator level bins in H → γγ , the index j runs over the
WCs, and A

H
j refers to the linear term for the total Higgs boson decay width. The inverse

of the covariance matrix in the new basis is then obtained through:

C−1
γγ,SMEFT=P

γγTC−1
γγ,diffP

γγ . (8.11)

By performing the eigenvector decomposition of C−1
γγ,SMEFT one can obtain a matrix EVγγ

whose columns are the eigenvectors of C−1
γγ,SMEFT and a diagonal matrix Λγγ whose elements

are the eigenvalues of C−1
γγ,SMEFT so that:

C−1
γγ,SMEFT= (EVγγ)Λγγ(EVγγ)

−1. (8.12)

The coefficients in (EV )−1 are used to write linear combinations of the WCs. The last step
consists of rewriting the scaling equations in the newly defined linear combinations. From
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Figure 12. The values of the diagonal entries of the Fisher information matrix, presented as rows,
for each decay channel. The normalization is such that the sum of the entries associated with each
decay channel is equal to 100.

the description above and in particular from eq. (8.10), one can see that only linear terms
(up to 1/Λ2) are used to build the new basis.

The procedure to perform a PCA in the case of a combination of a set of differential
cross section measurements follows the same steps as in the case of a single measurement,
with two main differences:

• the Fisher information matrix Idiff is built as a block-diagonal matrix by concatenating
the matrices from individual measurements, since no correlation is assumed between
the measurements;

• the new P matrix is built by concatenating the P matrices from individual measurements
along the rows, since each bin at generator level is considered independently and the
number of WCs (i.e., the number of columns of P ) remains the same.

Figure 12 displays the values of the diagonal entries of the Fisher information matrix,
separated by decay channel. The normalization is such that the sum of the entries associated
with each decay channel is equal to 100. In this way, it is possible to see, within each decay
channel, which WCs are the most constrained (the higher the value, the more constrained
the coefficient is by the data). In all the decay channels except H → γγ , the sensitivity
is dominated by cHG: this is because, in these cases, the correction in production is two
orders of magnitude larger than the correction in the decay. This, combined with the fact
that differential fiducial cross section measurements are mostly sensitive to ggH production,
leads to these channels being sensitive almost exclusively to cHG. The case of H → γγ is
different: the production and decay contributions are comparable (both at one SM loop),
hence the sensitivity is also high for cHB, cHW, and cHWB, which affect the decay. To justify
the proportions between cHG, cHB, cHW, and cHWB, as defined in SMEFTsim3.0, one has
to consider the linear terms A entering the scaling equations, since these terms are used to
build the rotation matrix P . The linear terms for cHB, cHW, and cHWB in the decay scaling
equation are higher than the ones for cHG in the production scaling formula, leading to the
observed proportions. This comes from the fact that the linear terms are proportional to
the ratio between the interference term and the SM term, and the SM term contains αS
while the interference term contains αEM.

The WCs chosen as input to the PCA are selected from the initial set used to derive the
parametrizations, based on a threshold on the A coefficients. The selected subset is reported
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Figure 13. Graphical representation of the ten eigenvectors with the highest eigenvalues λ of the
expected combined Fisher information matrix in the SMEFT basis. Values lower than 10−3 are not
shown. The intensity of the color represents the absolute value of the coefficient, going from −1 (blue)
to 1 (red).

in table 10. The rotation matrix EV −1, shown in figure 13, is then used to derive linear
combinations of the WCs. The absolute values of the coefficients shown in figure 13 provide an
idea of the weight that each WC has in the linear combination. The larger the weight of a WC
in a linear combination with large eigenvalues, the more constrained it is by the data. As an
example, one can see that the first two linear combinations are dominated by cHG, cHB, cHW,
and cHWB, which are the most constrained WCs in the analysis and also dominate in figure 12.

Observed and expected results for the ten eigenvectors with the largest eigenvalues are
shown in figure 14. The corresponding one-dimensional scans, obtained profiling the other
nine eigenvectors, are shown in figures 19, 20, and 21 in appendix D. The results are consistent
with the SM within two standard deviations. The largest tension with the SM is observed in
the sixth eigenvector, where the best fit value is EV5 = 2.71+1.33

−1.39. The p-value corresponding
to this tension is 3.6%. As shown in figure 13, the WC with the highest weight in EV5 is c(3)

Hq.
The correlation matrix of the linear combinations of WCs is shown in figure 15. Some

level of correlation is present between the eigenvectors (up to 18% in the worst cases). This
can be explained by the fact that the eigenvectors are obtained by diagonalizing the expected
Fisher information matrix, and not the observed one, hence a perfect level of decorrelation
is not to be expected.
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Class Operator Wilson coefficient
L(1)

6 −X
3 εijkW iν

µ W jρ
ν W kµ

ρ cW

L(3)
6 −H

4D2 (DµH†H)(H†DµH) cHD

(H†H)□(H†H) cH□

L(4)
6 −X

2H2

H†HGa
µνG

aµν cHG

H†HBµνB
µν cHB

H†HW i
µνW

iµν cHW

H†σiHW i
µνB

iµν cHWB

L(5)
6 − ψ

2H3

(H†H)(Q̄Hb)
Re(cbH)
Im(cbH)

(H†H)(Q̄Ht) Re(ctH)

(H†H)(l̄perH)
Re(ceH)
Im(ceH)

(H†H)(q̄Y †
uuH̃) Re(cuH)

L(6)
6 − ψ

2XH

(Q̄σµνT at)H̃Ga
µν Re(ctG)

(Q̄σµνb)HBµν Re(cbB)
(Q̄σµνt)HBµν Re(ctB)

(Q̄σµνb)σiHW i
µν

Re(cbW)
Im(cbW)

(Q̄σµνt)σiH̃W i
µν Re(ctW)

L(7)
6 − ψ

2H2D

(H†i
←→
D µH)(l̄pγ

µlr) c
(1)
Hl

(H†i
←→
D i

µH)(l̄pσ
iγµlr) c

(3)
Hl

(H†i
←→
D µH)(q̄pγ

µqr) c
(1)
Hq

(H†i
←→
D i

µH)(q̄pσ
iγµqr) c

(3)
Hq

(H†i
←→
D µH)(Q̄pγ

µQr) c
(1)
HQ

(H†i
←→
D i

µH)(Q̄pσ
iγµQr) c

(3)
HQ

(H†i
←→
D µH)(ūpγ

µur) cHu

(H†i
←→
D µH)(d̄pγ

µdr) cHd

(H†i
←→
D µH)(ēpγ

µer) cHe

(H†i
←→
D µH)(b̄γµb) cHb

(H†i
←→
D µH)(t̄γµt) cHt

L(8a)
6 − (L̄L)(L̄L) (l̄pγµlr)(l̄sγ

µlt) c′ll

Table 10. Wilson coefficients used as input to the SMEFT interpretation (right column). In the
left and center columns the class they belong to and the corresponding operator are reported. The
notation used is based on ref. [31].
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Figure 14. Summary of observed and expected confidence intervals at 68% and 95% confidence
level for the first ten eigenvectors. On the y-axis, the quantity being displayed is multiplied by the
corresponding power of ten. The eigenvectors are ordered by decreasing eigenvalue.
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Figure 15. Correlation matrix of the linear combinations of Wilson coefficients obtained from the
PCA, obtained by fitting the observed data to the pH

T spectra of all decay channels.
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9 Summary

Combined measurements of differential Higgs boson production cross sections for the observ-
ables pH

T , Njets, |yH |, p
j1
T , mjj, |∆ηjj|, and τ j

C are presented, using proton-proton collision data
collected at

√
s = 13TeV and corresponding to an integrated luminosity of 138 fb−1. The spec-

tra are obtained with data from the H → γγ , H → ZZ(∗) → 4ℓ, H →WW(∗) → e±µ
∓

νℓνℓ ,
and H → τ

+
τ
− (both in the small and large Lorentz-boost regimes) decay channels. The

precision of the combined measurement of the pH
T differential cross section is improved by

about 23% with respect to the H → γγ channel alone. The improvement is particularly
significant in the low- and high-pH

T regions. No significant deviations from the SM predictions
are observed in the differential distributions. Additionally, the total cross section for Higgs
boson production based on a combination of the H → γγ and H → ZZ(∗) → 4ℓ channels is
measured to be 53.4+2.9

−2.9 (stat)+1.9
−1.8 (syst) pb, consistent with the SM prediction.

The obtained p
H
T spectra are interpreted using the κ and SM effective field theory

frameworks. In the former, multiple couplings are varied using the models provided in
refs. [28–30]. In the latter, two-dimensional constraints are obtained for pairs of Wilson
coefficients. A principal component analysis is then performed to identify nonflat directions
of the likelihood. The studies performed in this context highlight that the differential fiducial
cross section measurements are sensitive to a limited set of operators and related Wilson
coefficients, with the most constrained ones being cHG, cHB, cHW, and cHWB. No significant
deviations from the SM are observed in the results obtained with either framework.
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A Tables for the differential cross section measurements

Tables 11–17 show the measured combined differential cross sections for the considered
observables.

p
H
T (GeV) Best fit (fb/GeV)

σ0−5 2.86+0.49
−0.58 (syst)+1.75

−1.95 (stat)× 102

σ5−10 8.73+0.89
−0.54 (syst)+2.90

−3.13 (stat)× 102

σ10−15 1.28+0.08
−0.08 (syst)+0.26

−0.25 (stat)× 103

σ15−20 1.12+0.06
−0.08 (syst)+0.26

−0.24 (stat)× 103

σ20−25 4.16+0.56
−0.00 (syst)+2.14

−2.19 (stat)× 102

σ25−30 8.13+0.25
−0.43 (syst)+2.14

−2.11 (stat)× 102

σ30−35 5.14+0.52
−0.32 (syst)+1.74

−1.68 (stat)× 102

σ35−45 5.85+0.23
−0.24 (syst)+1.28

−1.29 (stat)× 102

σ45−60 2.71+0.26
−0.16 (syst)+0.62

−0.59 (stat)× 102

σ60−80 2.88+0.17
−0.13 (syst)+0.46

−0.45 (stat)× 102

σ80−100 2.37+0.18
−0.14 (syst)+0.36

−0.35 (stat)× 102

σ100−120 6.16+0.00
−0.83 (syst)+2.97

−2.65 (stat)× 101

σ120−140 9.07+0.86
−0.66 (syst)+1.73

−1.70 (stat)× 101

σ140−170 5.31+0.50
−0.37 (syst)+1.08

−1.06 (stat)× 101

σ170−200 1.39+0.22
−0.15 (syst)+0.65

−0.63 (stat)× 101

σ200−250 1.47+0.22
−0.18 (syst)+0.25

−0.24 (stat)× 101

σ250−350 4.28+0.59
−0.43 (syst)+1.00

−0.97 (stat)× 100

σ350−450 9.67+2.09
−1.49 (syst)+3.27

−3.08 (stat)× 10−1

σ>450 4.37+1.19
−0.80 (syst)+1.77

−1.66 (stat)× 10−1

Table 11. Observed best fit differential cross section for the pH
T (GeV) observable. For its calculation,

the last bin is assumed to have a bin width equal to that of the last but one bin.
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Njets Best fit (fb)

σ0 3.13+0.17
−0.16 (syst)+0.17

−0.17 (stat)× 104

σ1 1.43+0.10
−0.09 (syst)+0.13

−0.13 (stat)× 104

σ2 5.09+0.47
−0.44 (syst)+0.56

−0.56 (stat)× 103

σ3 2.77+1.86
−1.56 (syst)+2.91

−2.83 (stat)× 102

σ>=4 6.10+1.24
−1.00 (syst)+1.82

−1.82 (stat)× 102

Table 12. Observed best fit differential cross section for the Njets observable.

p
j1
T (GeV) Best fit (fb/GeV)

σ0−30 1.09+0.09
−0.07 (syst)+0.09

−0.09 (stat)× 103

σ30−40 4.81+8.97
−8.46 (syst)+28.07

−25.92 (stat)× 101

σ40−55 7.37+0.69
−0.74 (syst)+2.13

−2.52 (stat)× 102

σ55−75 1.33+0.34
−0.32 (syst)+1.06

−1.01 (stat)× 102

σ75−95 9.60+3.00
−2.91 (syst)+8.96

−9.60 (stat)× 101

σ95−120 6.13+1.25
−1.03 (syst)+4.63

−4.47 (stat)× 101

σ120−150 8.20+1.23
−0.83 (syst)+3.58

−3.50 (stat)× 101

σ150−200 7.25+0.00
−37.54 (syst)+118.71

−117.44 (stat)× 10−1

σ>200 2.41+0.23
−0.17 (syst)+0.55

−0.53 (stat)× 101

Table 13. Observed best fit differential cross section for the pj1
T (GeV) observable. For its calculation,

the last bin is assumed to have a bin width equal to that of the last but one bin.
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|yH | Best fit (fb)

σ0−0.15 2.82+0.09
−0.07 (syst)+0.38

−0.37 (stat)× 104

σ0.15−0.3 2.81+0.09
−0.08 (syst)+0.39

−0.38 (stat)× 104

σ0.3−0.45 2.84+0.08
−0.07 (syst)+0.41

−0.40 (stat)× 104

σ0.45−0.6 2.57+0.10
−0.05 (syst)+0.42

−0.40 (stat)× 104

σ0.6−0.75 1.95+0.06
−0.07 (syst)+0.43

−0.39 (stat)× 104

σ0.75−0.9 2.53+0.09
−0.05 (syst)+0.45

−0.43 (stat)× 104

σ0.9−1.2 1.84+0.09
−0.04 (syst)+0.33

−0.32 (stat)× 104

σ1.2−1.6 1.61+0.07
−0.05 (syst)+0.32

−0.35 (stat)× 104

σ1.6−2.0 1.51+0.09
−0.03 (syst)+0.76

−0.50 (stat)× 104

σ2.0−2.5 2.89+0.93
−0.50 (syst)+5.53

−5.46 (stat)× 103

Table 14. Observed best fit differential cross section for the |yH | observable.

|∆ηjj| Best fit (fb)

σ0−0.7 4.52+0.22
−0.16 (syst)+1.23

−1.20 (stat)× 103

σ0.7−1.6 2.87+1.59
−0.89 (syst)+9.95

−9.96 (stat)× 102

σ1.6−3.0 2.42+0.17
−0.09 (syst)+0.61

−0.64 (stat)× 103

σ3.0−5.0 1.03+0.09
−0.08 (syst)+0.32

−0.27 (stat)× 103

σ>5.0 −1.61+0.43
−0.48 (syst)+1.74

−1.62 (stat)× 102

Table 15. Observed best fit differential cross section for the |∆ηjj| observable. For its calculation,
the last bin is assumed to have a bin width equal to that of the last but one bin.

mjj (GeV) Best fit (fb/GeV)
σ0−75 4.92+1.52

−1.40 (syst)+12.36
−12.41 (stat)× 100

σ75−120 5.65+0.63
−0.31 (syst)+2.24

−2.18 (stat)× 101

σ120−180 2.33+0.71
−0.30 (syst)+1.45

−1.39 (stat)× 101

σ180−300 1.36+0.40
−0.16 (syst)+0.87

−0.85 (stat)× 101

σ300−500 6.56+0.60
−0.28 (syst)+2.79

−2.59 (stat)× 100

σ500−1000 1.75+0.24
−0.23 (syst)+1.09

−1.18 (stat)× 100

σ>1000 9.04+1.25
−1.03 (syst)+5.22

−4.86 (stat)× 10−1

Table 16. Observed best fit differential cross section for the mjj (GeV) observable. For its calculation,
the last bin is assumed to have a bin width equal to that of the last but one bin.
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τ j
C (GeV) Best fit (fb/GeV)

σ15−20 5.95+0.34
−0.27 (syst)+3.51

−3.30 (stat)× 102

σ20−30 4.02+0.26
−0.15 (syst)+1.57

−1.51 (stat)× 102

σ30−50 1.91+0.09
−0.05 (syst)+0.54

−0.47 (stat)× 102

σ50−80 6.07+0.29
−0.20 (syst)+1.76

−1.67 (stat)× 101

σ>80 2.22+0.21
−0.12 (syst)+0.90

−0.85 (stat)× 101

Table 17. Observed best fit differential cross section for the τ j
C (GeV) observable. For its calculation,

the last bin is assumed to have a bin width equal to that of the last but one bin.
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B Correlation matrices for the combinations of differential observables

Figures 16 and 17 show the bin-to-bin correlation matrices for considered observables.
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Figure 16. Bin-to-bin correlation matrices for the pH
T (upper left), Njets (upper right), |yH | (lower

left), and p
j1
T (lower right) spectra.
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Figure 17. Bin-to-bin correlation matrices for the mjj (upper left), |∆ηjj| (upper right) and τ j
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(lower) spectra.
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C ∆ϕjj SMEFT scans

Figure 18 shows the two-dimensional scans for the cHG-c̃HG, cHB-c̃HB, cHW-c̃HW, and cHWB-
c̃HWB pairs with ∆ϕjj spectra in H → γγ and H → ZZ(∗) → 4ℓ.
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Figure 18. Two-dimensional scans for the cHG-c̃HG (upper left), cHB-c̃HB (upper right), cHW-c̃HW
(lower left), and cHWB-c̃HWB (lower right) pairs with ∆ϕjj spectra in H → γγ and H → ZZ(∗) → 4ℓ.
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D SMEFT scans to eigenvectors

Figures 19–21 show the observed and expected profile likelihood scans for the first ten
eigenvectors obtained from the PCA.
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Figure 19. Observed and expected profile likelihood scans for eigenvectors 0 to 3.
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Figure 20. Observed and expected profile likelihood scans for eigenvectors 4 to 7.
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Figure 21. Observed and expected profile likelihood scans for eigenvectors 8 and 9.
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