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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



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
V5 = 13TeV (corresponding to an integrated luminosity of about 138fb~" [4]) in a num-
ber of decay channels: H — vy [5], H — 722 - 4v 6], H — ww® ei;ﬁvﬂg 7],
H — 1ttt [8], and boosted H — t+1~ [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¥ , the number
of hadronic jets Njes, the absolute value of the Higgs boson rapidity |y, the transverse
momentum of the leading hadronic jet pj%, the invariant mass of the dijet system containing

the two leading-pr jets m;;, the absolute value of the difference in pseudorapidity between

i
these two jets |An;|, and the variable Té, defined in ref. [10], which is the jet pp 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¥ 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 k-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 x, 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 k-framework.

In the case of the k-framework, we follow the same procedure as in ref. [14], which provides
interpretations using data collected in 2016. The measured p¥ spectra are parametrized in
terms of Higgs boson couplings, with different sets studied simultaneously:

e the modifier of the Higgs boson coupling to the charm quark k. and the bottom
quark ky;

e the modifier of the Higgs boson coupling to the top quark r; and the coefficient ¢, of
the anomalous direct coupling to the gluon field in the heavy top mass limit;

o x; and Ky,.

In the context of the SMEFT, CP-even and CP-odd pairs of coefficients are extracted from
the pg and Ag;; spectra, the latter being defined as the signed difference in azimuthal angle
(in radians) between the two highest pr 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



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 r-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 x 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 (n) 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 — yy, H — 77" 40, H — ww ei;ﬁvm, Hott,
and Lorentz-boosted H — 171~. The ggH production dominates in all the measurements
considered. The inclusion of the H — T71 ™ analyses provides better sensitivity at high pg,
where the three other channels are less sensitive.

A larger number of observables are measured compared with ref. [14]: [An;;|, my;, and
ng are measured in addition to pg, Nietss pjTl, and |yy|. Tables 1-7 show the bin boundaries
used for each observable in each analysis. Table 8 reports the bin boundaries used for |Ag;;|
(H — vy, defined as in ref. [5]) and A¢;; (H — 72" — 40, defined as in ref. [6]), which are

used only to set limits on Wilson coefficients in the SMEFT interpretation.



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 — yy 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 AR = 0.3 around the photon candidate is required to be less than 10 GeV, with
the angular distance between two particles ¢ and j defined as AR(i,j) = \/(Anm)2 + (Aqu)Q,
and only photons within |n'| < 2.5 are accepted.

In the case of H — ZZ™) — 4¢ [6], leptons at the fiducial level are considered as dressed,
i.e., final-state radiation (FSR) photons are collected within AR = 0.3 from the lepton, and
added to the lepton momentum. In the H — 77 — 4 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 pp > 7 (5) GeV and |n| < 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 pp sum
of all stable particles within a cone of AR = 0.3, with the exception of FSR photons and
other leptons, must be less than 0.35 times the lepton pp. 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 (Z;) must have 40 < mz, < 120GeV. The second Z boson
candidate (Z,) must have 12 < my,, <120 GeV. Each lepton pair /;, {; must be separated by
AR, L j) > (.02, while any opposite-charge lepton pair must have m+,- > 4 GeV.

In the case of H - WW ) — e*uFv,V, [7], the leptons are dressed and must be either
electrons or muons with opposite charge and |n| < 2.5 (2.4) for electrons (muons). The leading
(subleading) lepton is required to have pffl > 25 GeV (pfl? > 13GeV). The dilepton system
is required to have m* > 12 GeV and pg > 30 GeV. Furthermore, the transverse mass of
the subleading lepton must be mlT2 > 30 GeV 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 — 171t~ analysis [8, 9]. In the ety (ut,,)
final state, where 7, denotes a hadronically decaying T lepton, the electron (muon) is required
to have pp > 25(20) GeV and |n| < 2.1. The 1}, candidate must have a visible pr > 30 GeV
and visible |n| < 2.3. Here, the term visible refers to the kinematic variables constructed
from the momenta of the visible decay products of the T leptons, thus excluding neutrinos.

In addition, the transverse mass m(e /|, pa'™), with s

computed by summing the pr
of the neutrinos, must be less than 50 GeV.

In the Ty,1, final state, the visible pr of both 1, candidates must exceed 40 GeV, while
their visible || must be less than 2.1, and there must be at least one jet with pp > 30 GeV. In
the ep final state, the leading (subleading) lepton must have pt > 24 (15) GeV, both leptons
must have || < 2.4, and the mr of the dilepton system and FI"™ 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 ag

in perturbative quantum chromodynamics (QCD).



Channel Hoyy H-22% 540 Ho>WW® 5 efu¥v,y, Ho 1Tt H— 1Tt boosted

0-5
0-10
5-10
10-15
15-20 10-20 0-30 o
2025 20-30 ’
25-30
30-35
—4, —4.
3545 30—45 3045
45-60 45-60
45— 45—
60-80 60-80 580 580
-1
fzg Ig; 80-120 80-120 80-120
H .. . -
py bin boundaries (GeV) 120-140 120-140
140-170 120-200 120-200 140-170
170-200 170-200
200-250
2 !
250-350 00-350
350—450 200—o00 200—00 350450
450-600
450 450
e > 60000

Table 1. The p¥ bin boundaries used in the analyses that are input to the combination.

Channel Njeys bins

H — vy 01 2 3 >4
H— 72" — 40 01 2 3 >4
H-WW® sefuFv,y, 0 1 2 3 >4
H—tlt 01 2 3 >4

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

Channel p]% bin boundaries (GeV)

H —yy 30-40 40-55 55-75 75-95 95-120 120-150 150-200 20000
H— 72" — 40 30-55 55-95 95-200 20000

H — 171~ boosted 450-600 60000

Table 3. The pj;rl bin boundaries used in the analyses that are input to the combination.

Channel lyiz| bin boundaries (GeV)

H— vy 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— 77" - 4¢ 0.0-0.15 0.150.3 0.3-0.45 0.450.6 0.6-0.75 0.75-0.9 0.9-1.2 1.2-1.6 1.6-2.5

Table 4. The |yg| bin boundaries used in the analyses that are input to the combination.



Channel |An;;| bin boundaries
H— vy 0.0-0.7 0.7-1.6 1.6-3.0 3.0-5.0 5.0-00
H— 727" — 40 0.0-1.6 1.6-3.0 3.0-00

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

Channel m;; bin boundaries (GeV)
H— vy 0-75 75-120 120-180 180-300 300-500 500-1000 1000—oc0
H—77% — 40 0-120 120-300 300-00

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

Channel TJC bin boundaries
H — vy 1520 20-30 3050 50-80 8000
H—772% 540 1520 2030 3050 50-80 80-oo

Table 7. The 7'23 bin boundaries used in the analyses that are input to the combination.

Channel |A¢;;l, Agj; bin boundaries
H—yy 0-0.5 0509 0913 1317 1725 257
H— 722" 540 (n)-(-n/2) (-7/2)-0 0-(7/2) (7/2)-m

Table 8. The [A¢;;| (H — vy, ref. [5]) and A¢,; (H — 27" = 40, 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:

e diphoton invariant mass in H — y7v;

four-lepton invariant mass in H — ZZ™ — 4¢;

two-dimensional dilepton invariant mass and transverse mass in H — ww®
0 Fv v
el VyVys

+

e di-T invariant mass in H -t 1" ;

output of the neural network used to distinguish signal from backgrounds in boosted
H—rttt,

P

The numbers of expected events n®? in a given reconstructed kinematic bin i, analysis

category k, and decay channel m is written as:

B ek o bkg,km , » -
nfxlm (i T, v) = ”:‘1& "({ ] T, V) + 1y S, V), (4.1)



where n

sig, km
)

bkg, km

and n; are the expected number of signal and background events, re-

spectively.

)

The signal component n

sig, km . . . .
i is explicitly written as:

gen
nbins,k

i ,k — — — SM - SM,]’C - SM,IC — — SM, — k e
ny & (1] Y, vg) = Z Hj0 5 (Vth)Aj m(l/th)sji (D) L(7)B (V) + nO%A,i(Vthh),
j=1

(4.2)

where:

e ji is the set of signal strength modifiers;

U is the set of nuisance parameters associated with experimental uncertainties;
Vg 18 the set of nuisance parameters associated with theoretical uncertainties;

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

s 1S the number of bins at the generator level in analysis category k; for some

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

other observables (such as pg);

SM
0’.

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

AJS.M’km 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;
SM,km
ji

in the reconstructed bin i;

€ (V) is the efficiency with which events in generator-level bin j are reconstructed

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

B5M™ is the SM expectation for the branching fraction of the decay channel m;

nlggA’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

ocBA

S 43
H 5 SMSM 4 SM (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:

(4.4)



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 L,y 18 proportional to the probability of observing the
event count in data for a given set of model parameters and L, jliary T€presents external
constraints on the nuisance parameters. For the template-based models, the likelihood is
written as

N, Nf

L= £primary [’auxiliary = H H POlS Nep; M H DPe yev e ) (45)

e=1b=1
where ¢ runs over the channels, b over the bins, and e over the auxiliary measurements;
N, is the number of channels, N; is the number of bins in channel ¢, Ny is the number of
auxiliary measurements, n, is the observed number of events in bin b of channel ¢, n% is
the expected number of events in the same bin, y, is the value of the auxiliary measurement
e, and v, is the corresponding nuisance parameter. For parametric models, the (unbinned)

likelihood is written as

L= Lprimary [’auxiliary

obs
Nbs

HPOIS( gbiot yn ixlgot ) H Zfexp pdf L4 ,U,, Hpe Ye;Ve) s (46>

where ¢ runs over the channels (as in the binned case), ¢ runs over the events, ng t., is the
total number of expected events in channel ¢, pdf., is the probability density function of the

process p in channel ¢, and fg,”

is the fraction of the total number of expected events in

channel c that originate from process p, f., = 1.,/ >_p Nep- 1t 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:

Ctemplate Cparametric
‘Ccombined - 'Cprimary Eauxiliary - I | ‘Cprimary | | ‘Cprlmary ‘Cauxiliary )
Ctemplate Cparametric

(4.7)
where Ciemplate TS over the analyses that adopt template-based models (i.e., H — ww
eipﬁvévg, H — 171", and boosted H — ’t+1_), and Cparametric TUNS over the analyses that

adopt parametric models (i.e., H — yy and H — 77 40).
The test statistic ¢ is defined as

a(j) = —2In W (48)
L(ii| 7)

and is used to set confidence intervals on the signal strength modifiers p [20]. The quantities

>

ﬁ' and ¥ are the unconditional maximum likelihood estimates for the parameters [ and



U, respectively, while ﬁ’ﬁ denotes the maximum likelihood estimate for ¥ conditional on
the values of [i.

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 T 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 +1o (—10) 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 x-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 p,I_FI, pjTl, Niets, lyul, |[An;l, m;;, and 7‘6 The differential cross section
measurements are performed by assigning a parameter of interest u 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 — Yy 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



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?: the choice of parameters of interest is (ug_s, t5_19), as in the H — yy
measurement. In the H — ZZ® — 4¢ analysis, only one generator-level bin is used in the
range 0-10GeV. A weighted sum of the chosen parameters of interest is needed to scale
this bin in the H — ZZ®*) — 4¢ analysis:

77
HoZ10 = Wo—5H0—5 + W5_10/45—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 p¥ spectrum in the H — 171~ 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 pg, pjTl, Niets» |yul, [An;l,
myj, and ¢, 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
MADGRAPHS__aMC@NLO are weighted as a function of the Higgs boson p 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 ag. 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 pr in the p¥ measurement, while at high
pr the statistical and systematic uncertainties are comparable. In the case of the Njes
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 p¥ spectrum (figure 3, upper left), the sensitivity is
driven by the H — yy and H — 77— 40 analyses. A comparison with the H — vy
measurement alone shows that the decrease in uncertainty achieved by the combination is

,10,
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Figure 1. Measurement of the total differential cross section as a function of pg (upper left), Njes
(upper right), pit (lower left), and |yg| (lower right). For p’t, the first bin comprises all events with
less than one jet, for which pjT1 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 ag,
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 pI; and pjf, 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__aMCQNLO NNLOPS-reweighted SM predictions is shown in the lower panel of
each plot.
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Figure 2. Measurement of the total differential cross section as a function of |Any;| (upper left),
mg; (upper right), and 7 (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 ag, 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 MADGRAPHS_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 pg (upper left), Njes
(upper right), p’t (lower left), and |yg| (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 — yy, H — Z2Z2® — 4¢, H - Ww® — efuFv,v,,
H— T+T_, and H — 171~ boosted are shown in red, blue, purple, green, and pink respectively. The
SM prediction is reported in light gray for MADGRAPH5__aMC@QNLO NNLOPS. In the case of pg and
pjTl, 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 p¥ and pérl
spectra, a second, finer, SM prediction is shown in the upper panel.

most notable in the very low and very high p¥ 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 — 7Yy measurement alone.
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Figure 4. Measurement of the total differential cross section as a function of |Any;| (upper left),
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spectra for the analyses in H — yy and H — 27 — 4¢ are shown in red and blue, respectively. The
SM prediction is reported in light gray for MADGRAPH5__aMC@QNLO NNLOPS. The rightmost bins of
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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 o, for the
H—>vyy, H— 727%™ = 40 , 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 — yy
and H — 272 — 4¢ channels, is measured to be 53.41?:2 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
54.2i3;§ pb for H — yy and 53.3i§;3 pb for H — A A 4/4; the combination thus improves
the precision by 21% with respect to the H — yy 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 & 2.5pb [19].
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7 k-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 p¥ spectrum. The
k-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¥
spectrum for ggH: one, referred to as kp—k. [28], which takes into account the effects of
heavy quarks in the ggH loop, and one, referred to as ky,—+¢—c, [29, 30], tailored to top and
bottom quarks and the effective Higgs boson coupling to gluons, sensitive to effects at high
p?. The coupling modifiers are defined as:

Yi
R; = SN (71)

Yi

where y; is the Higgs boson coupling to particle 7. In the SM, the values of all k; are equal to 1.
In the ky,—k, model, only the differential ggH cross section is affected by variations of

Ky and K.: 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 p? spectrum, they are available only up to 120 GeV. The H — 11~ boosted analysis
is therefore not included in this interpretation. Moreover, the H — ww® eﬂﬁvm
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 p¥ spectrum, for different values of x;, and k., as predicted by this model
is shown in figure 6.

The £1,—Ky—c, model, which produces simultaneous variations of x;, c,, and k;, has been
derived in ref. [29] by adding dimension-6 operators to the SM Lagrangian. The p¥ spectrum

is computed at next-to-next-to-leading order (NNLO) accuracy with an analytic resummation

,16,



138 fb! (13 TeV)

138 fb™! (13 TeV)

< 104—__ T E ~ A T T T

g = — aMC@NLO, NNLOPS s R, — aMC@NLO, NNLOPS
é 1031-. - --- K=0.5,c4=0 é 103;-“"7_1__ --= K=1,Kp=-5

= Ki=0.5,04=0.05 = i L. Ki=1,kp=5

S e gt --- K=1,c4=0.05 S = -t K=2,Kp= -5

E 1028 O - K=2,05=0 E 102k - Ki=2,Kp=1

< Ty S vy - K=2,04=0.05 < - K=2,K=5

,,,,,,,,,,

Ratio to SM
=
T
|
Ratio to SM
(¢, o

© M o
o

0 100 200 300 400
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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 c,
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 ¢, equals 0 in the SM. The
introduction of ¢, in the effective Lagrangian is detailed in ref. [30]. The inclusive cross

section is parametrized as o ~ [12¢, + /€t|2O'SM

. Two other operators are included in the
Lagrangian to describe modifications of the top quark and bottom quark Yukawa couplings,
having coefficients r; and ky,, respectively. Simultaneous variations of k¢ and ¢, and of ; and
Ky, are considered. In this result, all the decay channels apart from H — ww® eiu:FV@Vg

are included. The p¥ spectrum, for different values of x; and ¢, (left) and of s and &,
(right), as predicted by this model is shown in figure 7. In both cases, the third coupling
is set to its SM wvalue.

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:

= (“HHWKJ%’ M L720) 400100 ) (7.2)
[ 90-5(F)B_syy () 00-10(R)Byy 750, 4 (F)

SM oSM e SM_oSM e

00—5BH-yy UofloBHHZZMHM

,17,



CMS 138 fb~' (13 TeV) CMS 138 fb~! (13 TeV)
T T T T T o T T T T T

«  Exp. Combination best fit X +  Exp. Combination best fit
= Exp. Combination 68% B Exp. Combination 68%
Exp. Combination 95% ] 8| Exp. Combination 95%
+ Combination best fit
— Combination 68%
--- Combination 95%

+ Combination best fit
— Combination 68%
- Combination 95%

Figure 8. Observed and expected simultaneous fits for k;, and k., 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 &}, and k., 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 x¢ and ¢, 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 coeflicients
satisfying 12¢, + #¢ ~ 1. The shape of the parametrized spectrum, s, is calculated by
normalizing the differential cross section to 1:

o o (K, Cg)
5;(Ky, Cg) 5 o5, Cg)’ (7.3)
where o; is the parametrization in bin i. Inserting the expected parabolic dependence of
0i(ky,cg) Teveals that the shape of the parametrization for x; and c, variations becomes
a function only of the ratio of the two couplings, s;(cs/¢). Thus, the dependence of

the likelihood on the radial distance V /ﬁ?% + cé stems from the constraints on the overall
normalization, while the dependence on the slope ¢4/ 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 (K, cg) —+ (—Kg, —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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of the branching fractions (left) and with the branching fractions of the decay channels entering
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best fit point exists for negative x;.
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Figure 10. Simultaneous fit for x; and x, 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 x., but a
second degenerate best fit point exists for negative .

The observed and expected two-dimensional likelihood scans for x; and &, are shown
in figure 10. For the branching fractions implemented as nuisance parameters with no prior
constraint, the parametrization is symmetric under (k;, k) — (—K¢, —Kp ), 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 A 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:

~ N;

Lsvmrr = Lsm+ D Y G
i=5 j=0

&

L0V, (8.1)

where ¢ runs over the number of dimensions, j runs over the number of operators of dimension

(@) (4)

1, Lgy is of dimension 4, the operators Oj have dimensions of 7, ¢;’ are dimensionless
Wilson coefficients (WCs) that correspond to the strength of the interaction, and A 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:
LR
Lsmerr = Lsm + z% #Oj ; (8.2)
j=

where the number of independent operators N 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 MADGRAPHS aMCQNLO are SMEFT-
sim3.0 [31] and SMEFT@NLO [32]. The FEYNRULES model used is TOPU3L, which imple-
ments U(2)27u7d and U(S)Ze flavor symmetry. Light quarks (u, d, s, ¢) and heavy quarks
(b, t) have separate WCs, while all leptons share the same WCs. The input parameter
scheme is {Gp, mz, my}. The value of the parameter A 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@QNLO. 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 SMEFTQNLO does not include C P-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 — vy decay width: the first configuration, adopted to produce the results for (cgqg, ¢ug)
in section 8.3, uses SMEFTsim3.0 to derive both the ggH parametrization and the H — yy
decay width parameterization; the second configuration, adopted to produce the results for
the pairs (cyp, ¢up), (cuw, ¢aw) and (cpws, Cawn) in section 8.3, uses SMEFT@QNLO
to derive the ggH parametrization and SMEFTsim3.0 to derive the H — vy decay width
parameterization; the last configuration, adopted to produce the results shown in section 8.4,
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uses SMEFTQ@QNLO to derive the ggH parametrization and the NLO theoretical predictions
provided in ref. [33] for the parametrization of the H — yy decay width. Production modes
other than ggH and decay modes other than H — yy 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:

Mgyerr|” = [Msy + Mpsul” = [Magp|* + 2 Re {MSMMTBSM} + [Mpsul? (8.3)

where Mgy and Mggy; 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/ A% and
the purely-BSM term is suppressed by a factor of 1/ A*. If the BSM contributions are restricted
to diagrams with a single insertion of a BSM vertex, then Mggy is linear in the WCs ¢;.
Thus, using the fact that o « ]./\/l|2, the production cross section in a bin ¢ can be written as:

OSMEFT = O$M + Oint + OBsM, (8.4)
and a scaling function quadratic in the WCs can be derived as:

i

. O-S . .

Pprod(6) = =it =1+ Aje; + Y Bjejey (8.5)
OSM j ik

The A;- and B;-k constants encode the impact of the WCs on the production cross section
in bin i: Aj are the linear terms, Bj; are the quadratic terms, and Bjy, 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:

1+3; A;-ccj + 2k B]fkcjck
= -h H = 2| "
By, Coverr/Tsm 14225 Ay ¢ + 355 Bjkcjcr

Introducing the narrow width approximation, the total scaling function for a given bin ¢
and final state f is then:

f
! (@) = BgMEFT _ F]SCMEFT/FSM —

Mdecay (86)

EJB;i7H_>f = Hprod (E)/.L(J;ecay (5> (87)
SM

The terms A; and Bj;, are derived either analytically at higher orders than possible with

u (@) =

current Monte Carlo tools, or using the EFT20BS tool [34], which wraps and interfaces
widely-used packages to facilitate the process of deriving an EFT parametrization. It utilizes
MADGRAPH5__aMC@QNLO [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:

YR
MG5 o,
045 MG5
o)

=y WMJA (8.8)

. k
i Dk Oik MG5
Ok

where:

e ¢ and j refer to observable bin and production mode, respectively;

. oYF

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

. o}O
03

selections;

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

. af\f 5 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 X ’H 2, listed in table 9. For each
process shown, the first operator conserves C'P while the second violates it. The coefficients
cug and éyg 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-CHG;
® Cyp-CHB;
® cHw-CHW;
® CHWB-CHWB-

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 p¥ 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 — vy 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 Ag;; spectra of the H — yy and
H—7272% - 4 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 p¥ 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.

— 922 —



Class Operator Wilson coefficient Example process

. g
o HGE, G cHG zg H
v HG, G GHe g
14
o'HB,,B" chp ! ZE S <
H'HB,,B" Cup =S T
Eg;) _ x2p? 7

H'H W, Wi CHW ! :VEZ j{ <W
H HW,, W ¢ (=g Ty

CHW
HiG HW! B é ¢ 2 g Ty
o v CHWB

Table 9. List of X*H? 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 coeflicients

The available data do not contain enough information to simultaneously constrain all co-
efficients ¢;. 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 ¢; 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 — vy, the PCA is performed
as follows. Under the Gaussian approximation, the following equality holds:

T aift = Homy it =Copy it (8.9)
where, referring to the H — vy differential cross section measurement, Z. ., g5 and H. qif
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 u,,

. —1 . . . . .
while C, 4 is the inverse of the covariance matrix between the parameters of interest. To

obtain C.
move to a WC basis, one can build a matrix P?” by expanding eq. (8.7) to only include

aifr> @ fit to the Asimov data set [38] is performed in the original analysis. To
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Figure 11. Observed and expected two-dimensional scans for the cyg-éue (upper left), cyp-Cup
(upper right), cgw-Caw (lower left), and cywp-Cauwp (lower right) pairs with p¥ spectra in all
decay channels.

terms linear in the WCs:

YY —H H—yy H
Pl = Afjg + A - A7, (8.10)

where the index ¢ runs over the generator level bins in H — y7, the index j runs over the

WCs, and A;I 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:

-1

T ~—
’y,SMEI:"T:‘P’y’y Ci'y'yl,diff‘lz)’y’y . (811)

By performing the eigenvector decomposition of C.,

whose columns are the eigenvectors of C;,yl smerr and a diagonal matrix A, whose elements

SMEFT One can obtain a matrix EVW

are the eigenvalues of C,, q\gpr S0 that:

-1

~v,SMEFT — (EV'y'y)A'y'y(EV*w)_l’ (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/A?) 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:

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

the measurements;

e 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 — vy, the sensitivity
is dominated by cpqg: 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 cgg. The case of H — vy is
different: the production and decay contributions are comparable (both at one SM loop),
hence the sensitivity is also high for cyp, cgw, and cgwpg, which affect the decay. To justify
the proportions between cyq, cyp, caw, and cgwp, 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 cygp, cgw, and cgwg in the decay scaling
equation are higher than the ones for cyg 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 ag
while the interference term contains agys.

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 X of the
expected combined Fisher information matrix in the SMEFT basis. Values lower than 10~* 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_l, 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 cyg, cap, CHw,
and cgwp, 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 EVy = 2.711%:33. The p-value corresponding

to this tension is 3.6%. As shown in figure 13, the WC with the highest weight in EVj is cggl.

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 coeflicient

i) - x° eI e cw
r® _ gip? (DuHTH)(HTDuH) CHD
6 (H mo(H H) CHO
H'HGS,G™ G
L(4) _ X2H2 HTHB/“’BMV CHB
0 H'HW,, W™ Ciw
HJrU'iHWIiVBiMV CHWB
. R
(i H)(QHY) “leun)
Im<ch)
(H'H)(QHL) Re(cin)
5(5)_ 2H3 B R .
o Y (HH) (L, H) ¢(Cen)
Im(CeH)
(H"H)(qY,ull) Re(cyn)
(QJWTat)ﬁGZV Re(ciq)
(Qawjb)HB,uz/ Re(ch)
£ _y2xm (Qo""t)H B, Re(ep)
® _
(Qa*b)o' HW?, Re(epw
Im(cpw)
(Qo: t)o' HW,, Re(cew)
(0D, H) 0y1) el
<H*ig;H><z “,) et
<H*gguH>< ") e
(Hug;m(q a'r"q,) e
(H''D H)(@Qn"Q,) iy
2172 .57 5 ip (3)
_¢ H"D (H 1D H)(Qp Qr) CHQ
(HTzD W) (T, ) CHu
(HTzDuH )( pv“d ) CHd
<H*@H><e ) CHe
(HTi D MH)(b b) CHb
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L8 — (LL)(LL) w r>< LA, cﬁ

Table 10. Wilson coeflicients 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 pg spectra of all decay channels.
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9 Summary

Combined measurements of differential Higgs boson production cross sections for the observ-
ables pI;, Nietss lym | pj%, myj, |A77J-j], and 7'%; are presented, using proton-proton collision data
collected at /s = 13 TeV and corresponding to an integrated luminosity of 138 fb~!. The spec-
tra are obtained with data from the H — vy, H — 727 — 4, H— wWw eﬂﬁvﬂg,
and H -ttt (both in the small and large Lorentz-boost regimes) decay channels. The
precision of the combined measurement of the p¥ differential cross section is improved by
about 23% with respect to the H — yy channel alone. The improvement is particularly
significant in the low- and high—p¥ 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 — yy and H — 77" = 4¢ channels is
measured to be 53.4737 (stat)f}:g (syst) pb, consistent with the SM prediction.

The obtained p¥ spectra are interpreted using the x 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 cya, cag, caw, and cgwg- 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¥ (GeV) Best fit (fb/GeV)

o0 2.867053 (syst) 145 (stat) x 10°
T5-10 8.7370:54 (syst) 53 (stat) x 107
010-15 1.28%5:0% (syst) £ 3 (stat) x 10°
015-20 1.12t8:8§ (Syst)fB):gZ (stat) x 103
020-25 4.1625:00 (syst) 57 (stat) x 107
O95-30 8.1370% (syst)f%:ﬁl (stat) x 10
030_35 5.1415:52 (syst)ﬂ:gg (stat) x 10
035_45 5.85f8:§2 (syst)f}:%é (stat) x 10
04560 2.71i8;§2 (syst)fgzgg (stat) x 10
06080 2.887075 (syst) 1048 (stat) x 107
080—100 2.37J_r8&481 (syst)fgjgg (stat) x 10
0100—120 6.1610:33 (syst) T35 (stat) x 10"
Ti20-120 9077088 (syst)T1 7o (stat) x 10
0140—170 5.31i8;§9 (Syst)f}:% (stat) x 10!
T170-200 1.39707 (syst) "0 gs (stat) x 10"
0900—250 1471022 (syst)fgéi (stat) x 10"
0950—350 4.287029 (syst)f(l):gg (stat) x 10"
O350_450  9.677309 (syst)fgjgg (stat) x 107!
05450 4.375g50 (syst) Ty g (stat) x 107

Table 11. Observed best fit differential cross section for the pI; (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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Niets Best fit (fb)

oo 3137017 (syst) T (stat) x 107
o1 1437009 (syst)fgzg (stat) x 10*
09 5.09J_r8jﬂ (syst)fgzgg (stat) x 10°
o3 2,771 158 (syst)f%:?é (stat) x 107
sy 610715 (syst)T] 5 (stat) x 107

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

pj;ﬁ (GeV) Best fit (fb/GeV)

T0-30 1.090:07 (syst) 7o (stat) x 10
03040 4.811?:% (syst)ﬁg:g; (stat) x 10!
040-55 7.37505] (syst) T3 55 (stat) x 10°
O55-75 1.33%0:33 (syst) 7170y (stat) x 10°
O75_05 9.603:8(1) (syst)fgigg (stat) x 10!
095-120 6.137753 (syst) T35 (stat) x 10'
0120—150 8.201523 (syst)fgzgg (stat) x 10"

40.00 +118.71 1
O150—200  1-25137 54 (Syst) 117 44 (stat) x 10

0.23 0.55 1
0200 2.411—0‘17 (syst)t(wg (Stat) x 10

Table 13. Observed best fit differential cross section for the pjT1 (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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lym | Best fit (fb)

oo—oas  2.827007 (syst) 057 (stat) x 10*
0015-03 2817008 (syst) 703 (stat) x 10*
003-045 2841007 (syst)T0 g (stat) x 10°
ooas—0.6  2-5710.0 (syst) 70 (stat) x 10*
o06-075  1.9570.07 (syst)T0 50 (stat) x 10*
ooms—00 2535005 (syst) 03 (stat) x 10*
00.9-1.2 1.841_8:82 (syst)fggg (stat) x 10*
019-16 1.61f8j8g (syst)fggg (stat) x 10*
o16-20 1517003 (SySt)J_rgﬁgg (stat) x 10*
Oa0-25 2897030 (syst) 208 (stat) x 10°

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

| Ams) Best fit (fb)

oo—o7 4525015 (syst) T (stat) x 10°
Cor 16 2.877 559 (syst)fg:gg (stat) x 10
Ore_zo 2.4270%° (syst)J_rgig}L (stat) x 10°
o30.50 1.037959 (Syst)f%’? (stat) x 10°
5.0 ~1.6170% (syst)ﬂjgg (stat) x 10°

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

mj; (GeV) Best fit (fb/GeV)

0075 4.924730 (syst) L1574 (stat) x 10°
075120 5.65f8jg§’ (Syst)j_Lg:%;1 (stat) x 10!
0120180 2.33J_r8j§(1) (syst)ﬂég (stat) x 10"
T180—300 1.3670:16 (syst) "0 55 (stat) x 10"
0300500 6.56 7058 (syst) T35 (stat) x 10°
oso—1000 1751033 (syst) T 18 (stat) x 10°
01000 9.04ﬂ;§§ (syst)fi:é% (stat) x 1071

Table 16. Observed best fit differential cross section for the m;; (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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ng (GeV) Best fit (fb/GeV)

O15-20 5.95+8 3? (syst)+§ 2(1) (stat) x 10
090-30 4.027038 (syst)ﬂ gz (stat) x 10
030-50 1.9110:52 (syst)" 82471 (stat) x 10
O50-80 6.07702 (syst)" igg (stat) x 10"
080 2.2210% (syst) T ggg (stat) x 10"

Table 17. Observed best fit differential cross section for the ng (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 pg (upper left), Nies (upper right), [yg| (lower
left), and p} (lower right) spectra.
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Figure 17. Bin-to-bin correlation matrices for the my; (upper left), |An;| (upper right) and 7'23
(lower) spectra.

— 37 —



C Ag¢;; SMEFT scans

Figure 18 shows the two-dimensional scans for the cyg-¢ua, cup-€an, caw-Caw, and cgwi-
cuws Ppairs with A¢y; spectra in H — yy and H — 77 — 4.
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Figure 18. Two-dimensional scans for the cyg-éyg (upper left), cyp-éyp (upper right), cyw-Caw
(lower left), and cpwp-Caws (lower right) pairs with Ag;; spectra in H — yy and H — 727 = 4.
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D SMEFT scans to eigenvectors

Figures 19-21 show the observed and expected profile likelihood scans for the first

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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