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Abstract

Differential Higgs boson (H) production cross sections are sensitive probes for physics
beyond the standard model. New physics may contribute in the gluon-gluon fusion
loop, the dominant Higgs boson production mechanism at the LHC, and manifest
itself through deviations from the distributions predicted by the standard model.
Combined spectra for the H — vy, H — ZZ, and H — bb decay channels and
the inclusive Higgs boson production cross section are presented, based on proton-
proton collision data recorded with the CMS detector at y/s = 13 TeV corresponding
to an integrated luminosity of 35.9 fb~!. The transverse momentum spectrum is used
to place limits on the Higgs boson couplings to the top, bottom, and charm quarks, as
well as its direct coupling to the gluon field. No significant deviations from the stan-
dard model are observed in any differential distribution. The measured total cross
section is 61.1 =+ 6.0 (stat) &= 3.7 (syst) pb, and the precision of the measurement of the
differential cross section of the Higgs boson transverse momentum is improved by
about 15% with respect to the H — <<y channel alone.
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1 Introduction

The Higgs boson (H), whose existence is predicted by the Brout-Englert-Higgs mechanism [1-
3], is responsible for electroweak symmetry breaking in the standard model (SM). Since the
discovery [4-6] of a particle compatible with the SM Higgs boson at the CERN LHC, extensive
effort has been dedicated to the measurement of its properties and couplings.

In this analysis we measure the inclusive and differential cross sections for the production of
Higgs bosons. Compared with inclusive measurements [7-9], differential distributions pro-
vide extended information on the Higgs boson couplings, which can be extracted by fitting
parametrized spectra to a combination of differential cross sections. When the Higgs boson
couplings to quarks and to other bosons are varied with respect to their SM values, distortions
of the predicted differential cross section spectra appear, which are particularly pronounced in
the transverse momentum (pr) distribution.

A precise measurement of the Higgs boson couplings represents an important test of the SM,
as the couplings are sensitive to several SM extensions [10, 11]. While the couplings to the
top (y+) and bottom (y3,) quarks are known with fair precision, there is still a relatively large
uncertainty in the measurement of the couplings to lighter quarks such as the coupling to the
charm quark (y.). A proof-of-concept study determining limits on the modification of the SM
Higgs boson coupling (y2M) to the charm quark, x. = y./yM, from the Higgs boson transverse
momentum (p?) distribution was performed in Ref. [12]. Using data collected by the ATLAS
Collaboration, this analysis yields the overall bounds x. € [—16,18] at 95% confidence level
(CL). Using the same data set, a reinterpretation of a search by the ATLAS Collaboration for
the H — J/ipy channel [13] yields |x.| < 429 at 95% CL [14]. More recently, a study from the
ATLAS Collaboration [15], using data collected at /s = 13 TeV corresponding to an integrated
luminosity of 36.1fb ™!, yields an observed upper limit on the product of the production cross
section and branching fraction o(pp — ZH)B(H — cc) of 110 times the SM value at 95% CL.

Both the ATLAS and CMS Collaborations have reported measurements of differential Higgs
boson production cross sections at v/s = 8 and 13 TeV [16-26]. The CMS Collaboration has
measured differential Higgs boson production cross sections in the H — 7 [23] and H —
77\*) — 40 (¢ = e or p) [25] decay channels using data recorded by the CMS experiment in
2016 at /s = 13 TeV, corresponding to an integrated luminosity of 35.9 fb~'. We report mea-
surements of differential cross sections obtained by combining these results. Additionally, we
include a search for the Higgs boson produced with large pt and decaying to a bottom quark-
antiquark (bb) pair [27] in the combination of the pi! spectra. The differential cross sections
for the following observables are combined: pY!, the Higgs boson rapidity |yu|, the number of

hadronic jets Njets, and the transverse momentum of the leading hadronic jet pjft.

We interpret the p! spectrum in terms of Higgs boson couplings. In order to take into account
as many degrees of freedom as possible, multiple couplings are varied simultaneously. We
present results obtained by varying simultaneously (i) the modifier of the Higgs boson coupling
to the charm quark x. and the bottom quark xy, (ii) the modifier of the Higgs boson coupling
to the top quark «; and the coefficient cg of the anomalous direct coupling to the gluon field in
the heavy top quark mass limit, and (iii) x; and xy,.

The SM production cross sections and decay rates depend on the Higgs boson mass my. We
assume a Higgs boson mass of 125.09 GeV for all measurements in this paper, based on the
combined ATLAS and CMS measurement using proton-proton collision data collected in 2011
and 2012 [8].



2 Theoretical predictions

Differential cross sections may be used to constrain model parameters. In the case of Higgs bo-
son production via gluon fusion, the dominant production mode at the LHC, finite quark mass
effects and moderate variations to Higgs boson couplings may manifest themselves through
distortions of the pi! spectrum. We interpret the pH spectrum for gluon fusion in terms of mod-
ifications of the couplings of the Higgs boson using two models: one tailored to heavy quarks
and thus sensitive to effects at high pt [28, 29], and the other considering the effect of lighter
quarks in the gluon fusion loop [12]. The cross section for Higgs boson production in associ-
ation with top quarks is taken to scale quadratically with x;. The other production processes
are taken to be independent of these couplings. The coupling modifiers are described in the
context of the x-framework [30]:

= s M
1

where y; is the Higgs boson coupling to particle i. The SM value of any x; is equal to 1.

Recent developments in pt resummation procedures have allowed more accurate calculations
of the pH spectrum when including the effects of lighter quarks on Higgs boson production via
gluon fusion [31-34]. The pY spectrum for gluon fusion has been calculated for simultaneous
variations of k. and x}, [12], taking into account the interference of the top quark loop with
that from the bottom and charm quarks in the gluon fusion production loop, providing a novel
approach to constrain these couplings via the pH spectrum. We parameterize the variations
computed in Ref. [12] with a quadratic polynomial for each bin of the pH spectrum. The Higgs
boson coupling to the top quark is fixed to its SM value in this model. The calculations from
Ref. [12] are given up to the scale of the Higgs boson mass, and thus the H — bb channel
(for which the lower limit of the pi! spectrum is 350 GeV) is not used as input for the results
obtained with this model.

A second model producing simultaneous variations of «, ¢g, and x;, by adding dimension-6
operators to the SM Lagrangian has been built in Refs. [28, 29]. This study employs an ana-
lytic resummation performed up to next-to-next-to-leading-logarithmic (NNLL) order in order
to obtain the p¥ spectrum at next-to-next-to-leading order+NNLL (NNLO+NNLL) accuracy.
The dimension-6 operator whose coefficient is cg yields a direct coupling of the Higgs field to
the gluon field with the same underlying tensor structure as in the heavy-top mass limit. In
the SM, the value of c¢g equals 0. The introduction of cg in the effective Lagrangian is given in

Ref. [29] and the inclusive cross section is given by o ~ |12¢4 + Ky ‘2 oM. Two other operators
are included in the Lagrangian to describe modifications of the top and bottom Yukawa cou-
plings with coefficients «; and «, respectively. While the model allows simultaneous variation
of all three coupling modifiers, we consider only simultaneous variations of «; and cg, and of
k¢ and xp,. The precomputed spectra from Ref. [28] are used as input and parametrized using a
quadratic polynomial.

3 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron
calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend
the pseudorapidity (17) coverage provided by the barrel and endcap detectors. Muons are de-
tected 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 Ref. [35].

4 Inputs to the combined analysis

For all the analyses used as input to the combination (H — «~ [23], H — ZZ*) — 4¢[25], and
H — bb [27]), the data set corresponds to an integrated luminosity of 35.9 fb~! recorded by the
CMS experiment in 2016. The H — bb decay channel is only included in the combination of the
pi! spectra, improving the measurements at the higher end of the distribution (pf! > 350 GeV)
where the data from the H — 7y and H — ZZ decay channels are limited. All analyses provide
the parametrization of the folding matrix M;-‘i (which is the probability for an event in generator-
level bin i to be reconstructed in bin j and category k) in terms of a common generator-level
binning, that is used for the combined spectra. Given the limited statistical precision in the
individual channels, the results of the H — ZZ and H — bb channels individually are reported
for a coarser binning, which is provided in Tables 1-4 for each of the observables. This binning
coincides with the binning at the reconstruction level.

The SM prediction for the differential cross sections is simulated with MADGRAPH5_aMC@NLO
v2.2.2 [36] for each of the four dominant Higgs boson production modes: gluon-gluon fusion
(ggH), vector boson fusion, associated production with a W/Z boson, and associated produc-
tion with a top quark-antiquark pair. A contribution from Higgs boson production in associa-
tion with bottom quarks is not simulated, but included assuming its acceptance is equal to that
from Higgs boson production via gluon fusion. The matrix element calculation includes the
emission of up to two additional partons and is performed at NLO accuracy in perturbative
quantum chromodynamics (QCD). Events are interfaced to PYTHIA 8.205 [37] for parton show-
ering and hadronization with the CUETP8M1 [38] underlying event tune. The matrix element
calculation is matched to the parton shower following the prescription in Ref. [39]. A weight
depending on pi! and Njes is applied to simulated ggH events to match the predictions from
the NNLOPS program [40, 41], as discussed in Ref. [9]. The set of parton distribution functions
used in all simulations is NNPDF3.0 [42]. The hadronic jets are clustered from the particle-flow
candidates [43] in the case of data and simulation, and from stable particles excluding neutri-
nos in the case of generated events, using the anti-kt clustering algorithm [44] with a distance
parameter of 0.4. The measurements are reported in terms of kinematic observables defined
before the decay of the Higgs boson, i.e. at the generator level.

Each of the analyses used as input to the combination corresponds to a different fiducial phase
space definition and applies a different event categorization. In the case of the H — 7y analy-
sis, the fiducial phase space is defined by requiring the ratio of the leading (subleading) photon
pr to the diphoton mass to be greater than 1/3 (1/4). In addition, for each photon candidate the
scalar sum of the generator-level pr of stable particles contained in a cone of radius AR = 0.3

around the candidate is required to be less than 10 GeV, where AR = V/(An)? + (A¢)? is the
angular separation between particles and A¢ is the azimuthal angle between two particles in
radians. The selected photon pairs are categorized according to their estimated relative invari-
ant mass resolution [23]. In the case of the H — ZZ analysis, the 4-lepton mass is required
to be greater than 70 GeV, the leading Z boson candidate invariant mass must be greater than
40 GeV, and leptons must be separated in angular space by at least AR > 0.02. Furthermore, at
least two leptons must each have a pr > 10GeV and at least one a pt > 20GeV. The selected
events are categorized according to their lepton configuration in the final state (4 electrons, 4
muons, or 2 electrons and 2 muons). In the case of the H — bb analysis, the analysis strategy
requires the presence of a single anti-kt jet with a distance parameter of 0.8, pr > 450GeV,



and || < 2.5. For this analysis, the data is not unfolded to a fiducial phase space. Soft and
wide-angle radiation is removed using the soft-drop grooming algorithm [45, 46]. The jet mass
after application of the soft-drop algorithm, mgp, peaks close to the Higgs boson mass in the
case of signal events. To avoid finite-cone effects and the nonperturbative regime of the mgp
calculation, events are selected based on the dimensionless mass scale variable for QCD jets
defined as p = log (m2,/p3) [45], which relates the jet pr to the jet mass. Events with isolated
electrons, muons, or T leptons with pp > 10GeV and |y| < 2.5 are vetoed in order to reduce the
background from SM electroweak processes, and events with a missing transverse momentum
greater than 140 GeV are vetoed in order to reduce the background from top quark-antiquark
pair production. Additionally, a selection criterion is applied based on the compatibility of the
single anti-kt jet with having a two-prong substructure [47-50]. Events are categorized accord-
ing to their likelihood of consisting of two b quarks, which is computed using the double-b
tagger algorithm [51].

Minor modifications are applied to the individual analyses in Refs. [23, 25, 27] to provide the
inputs used for the combination of differential observables. For H — 7, an additional bin,
p > 600GeV, is included in the pif spectrum. For H — ZZ, the binning is modified for mul-
tiple kinematic observables to align with the binning of the H — 7 analysis. Furthermore,
the branching fractions of the two Z bosons to the various lepton configurations are fixed to
their SM values, whereas in Ref. [25] these are allowed to float. For H — bb the signal is split
into two pt bins at the generator level: the first with 350 < pr < 600 GeV and the second an
overflow bin with pr > 600 GeV, which aligns with the binning of the other channels. At the
reconstruction level two bins are employed, with 400 < pt < 600 and pt > 600 GeV, which is a
slight modification with respect to the binning used in Ref. [27]. The redefinition of the recon-
structed pr categories necessitates a reevaluation of the background model, which is performed
using the same procedure as in the original analysis. For the purpose of the combination in this
analysis, the fiducial measurements from the H — vy and H — ZZ channels are extrapolated
to the inclusive phase space [36, 40, 41].

Table 1: The reconstruction-level binning for p¥ for the H — 49, H — ZZ, and H — bb
channels. This binning coincides with the binning of the unfolded cross sections in which the
individual results are reported.

Channel pt binning (GeV)

H— 7 [0,15) [15,30) [30,45) [45,80) [80,120) [120,200) [200,350) [350,600) [600, o)
H—2zZ [0,15) [15,30) [30,80) [80, 200) [200, co)
H — bb None [350, 600) [600, o0)

Table 2: The binning for Njets for the H — 7y and the H — ZZ channels. This binning coincides
with the binning of the unfolded cross sections in which the individual results are reported.
Channel  Njets binning

Hoqy 0 1 2 3 >4
H->ZZ 0 1 2 >3

Table 3: The binning for |yy| for the H — 7 and the H — ZZ channels. This binning coincides
with the binning of the unfolded cross sections in which the individual results are reported.
Channel |yy| binning

H — vy [0.0,0.15) [0.15,0.30) [0.30,0.60) [0.60,0.90) [0.90,1.20) [1.20,2.50]
H— ZZ [0.0,0.15) [0.15,0.30) [0.30,0.60) [0.60,0.90) [0.90,1.20) [1.20,2.50]




Table 4: The binning for p];t for the H — v and the H — ZZ channels. This binning coincides
with the binning of the unfolded cross sections in which the individual results are reported.

Channel p]Te i binning (GeV)

H— 7 [0,30) [30,55) [55,95) [95,120) [120,200) [200, co)
H—ZZ [0,30) [30,55) [55,95) [95,c)

5 Statistical analysis

The cross sections are extracted through a simultaneous extended maximum likelihood fit to
the diphoton mass, four-lepton mass, and msp distributions in all the analysis categories of the
H — vy, H = ZZ, and H — bb channels, respectively.

The number of expected signal events 7% in a given reconstructed kinematic bin 7, given anal-
ysis category k and given decay channel m is obtained from:

gen
Mpins

nS K (A |f) = ZAUJ (6) B" M (6), @)

l

where:

e jis a kinematic bin index at the generator level;

e 1S is the number of kinematic bins at the generator level, which is the same for all

decay channels;
e AU is the set of differential cross sections at the generator level, and L is the inte-
grated luminosity of the samples used in this analysis;

e 3™ is the branching fraction of the decay channel m. The overall effect of the branch-
ing fraction uncertainties on the combined spectra is below 1%, and has been ne-
glected.

° M;‘Z’” is the folding matrix, which is determined from Monte Carlo simulation; note

that the corresponding matrix M*" need not be square; the number of reconstructed
bins may be smaller than the number of bins at the generator level; and

e 0 is the set of nuisance parameters.

The bin-to-bin migrations are taken into account via the folding matrix, effectively allowing
unfolding of the detector effects. Following the prescription in Ref. [52], we find that no regu-
larization of the unfolding procedure is needed.

An extended likelihood function for a single decay channel m is constructed:

reco,m
bins cat nO ’kl’”

Lu(Aolf) = T] ]‘[]‘[(pdfkm oy Ad, 9)) -

i=1

x Poisson (N iken

n (80 16) + n] @), @)
where:

e O" is the observable, i.e. the diphoton mass, the four-lepton mass, or mgp for the
H — 9y, H = ZZ, and H — bb decay channels, respectively;

o np " is the number of reconstructed bins, nf%, is the number of categories for the

decay channel (see the individual analyses [23, 25, 27] for more details), and n{; is
the number of bins for observable O;



o NIm js the number of observed events reconstructed in kinematic bin i, category k

and observable bin I, and N*™ is the same but summed over all bins of the observ-

obs
able;

° nll?kg’ fe is the number of expected background events; and

o pdff™(O}*|Av, 8) is the probability density function for the observable, based on the
signal and background distributions of the observable which are determined via
simulation.

In order to combine the decay channels, the likelihoods for the individual decay channels are
multiplied:

L(Ac|6) = T Lu(A0l6) pdi(6), 4

where 1, is the number of decay channels included in the combination, £,, is the likelihood
formula from Eq. (3) specific to the decay channel m, and pdf(6) is the probability density
function of the nuisance parameters. For the individual analyses, the number of categories, in-
variant mass bins, and even the number of reconstructed bins may differ, although the number
of bins at the generator level and their binning need to be aligned between decay channels.
Note that a single common set of differential cross sections and nuisance parameters is fitted to
the data in all decay channels simultaneously.

The test statistic g, which is asymptotically distributed as a x?, is defined as [53, 54]:

q(Ac) = =2 In (M) : ©)
L (A(T 9)

The quantities Ac and § are the unconditional maximum likelihood estimates for the param-

eters A and 6, respectively, while 0 «,, denotes the maximum likelihood estimate for § condi-
tional on the values of Ag.

The Higgs boson coupling modifiers are fitted via a largely analogous procedure. In the like-
lihood function (4), the differential cross sections A¢ are replaced by parametrizations of theo-
retical spectra, instead of allowing them to be determined in the fit:

AT — Ka(Ka, Kp), (6)

where x, and xy, are the coupling modifiers to be fitted.

6 Systematic uncertainties

The experimental systematic uncertainties from the input analyses are incorporated in the com-
bination as nuisance parameters in the extended likelihood fit and are profiled. Among the
decay channels, correlations are taken into account for the systematic uncertainties in the jet
energy scale and resolution, and the integrated luminosity. Detailed descriptions of the exper-
imental systematic uncertainties per decay channel can be found in Refs. [23, 25, 27].

The measurement is made for the full phase space rather than limited to a fiducial phase space
(as is the case for the original H — ¢y and H — ZZ analyses). This means that the uncertainties
in the acceptances for the individual analyses and in the branching fractions may affect the



results. The effect of the acceptance uncertainties per bin on the overall uncertainty is less
than 1% and so this is neglected in the combination. For certain measurements the production
cross sections of non-ggH production modes are assumed to be their respective SM value. In
these cases, the uncertainty in the inclusive production cross section from non-ggH modes,
determined to be about 2.1% [55], has been taken into account as a nuisance parameter.

The theoretical predictions described in Section 2 are subject to theoretical uncertainties from
the renormalisation scale yr and the factorisation scale . The standard approach to evaluate
the impact of these uncertainties is to compute an envelope of scale variations, and to assign
the extrema of the envelope as the uncertainty. To this end, pr and pr are independently varied
between 0.5, 1, and 2 times their nominal value, whereas the fraction ”—I; is constrained not to
be less than 0.5 or greater than 2.0. As the theoretical spectra in the i/ cg/ %}, case and the x./xp
case contain a resummation, the uncertainty in the resummation scale Q is also considered,
and it is evaluated by varying Q from 0.5 to 2 times its central value (while keeping ur and pur
at their respective central values). The theoretical uncertainties are assigned by applying the
minimum and maximum scale variations per bin. The resulting uncertainties for the spectra
under variations of x, and k. and variations of «x, Cg, and x;, are shown in Tables 5 and 6,
respectively.

Table 5: Uncertainties in the predicted pt spectra related to variations of theory parameters for
the x, and «. case.

Binning (GeV) [0,15) [15,30) [30,45) [45,80) [80,120)
ASSE (%) 89%  6.6%  181% 22.0%  21.6%

Table 6: Uncertainties in the predicted pH spectra related to variations of theory parameters for
the ¢, cg, and x}, case.

Binning (GeV) [0, 15) [15, 30) [30, 45) [45, 80) [80, 120) [120,200) [200, 350) [350, 600) [600, 800)
ASSe (%) 12.7% 74%  9.5% 12.8% 17.4% 19.3% 20.9% 23.4% 8.2%

Theoretical uncertainties are subject to bin-to-bin correlations. We adopt a procedure that pro-
duces a correlation coefficient p,;, directly from the individual scale variations:

 Yilowi —Ta)(0bi —0p)
P = \/Zi(‘Ta,i —04)? Zi(‘fb,z‘ - Eb)f @)

where 0,y ; is the cross section in bin a (b) of the ith scale variation, 7, is the mean cross
section in bin a (b), and p,y, is the resulting correlation coefficient between bin a and b. The
correlation structure is characterized by strong correlations among bins at moderate pi! (15 <
pi < 600 GeV). Only the bins with p! < 15 and pH > 600 GeV are anti-correlated with the bins
at moderate pH.

7 Results

7.1 Total cross section and B,,,/Bzz

The total cross section for Higgs boson production, based on a combination of the H — 7y
and H — ZZ channels, is measured to be 61.1 & 6.0 (stat) & 3.7 (syst) pb, obtained by applying
the treatment described in Section 4 to the inclusive cross section (i.e. with a single bin, both at
generator and at reconstruction level). The measured total cross sections from the individual
channels are 64.0 £ 9.6 pb for H — -y and 58.2 & 9.8 pb for H — ZZ. The likelihood scans for



the individual decay channels and their combination are shown in Fig. 1 (left). The combination
result agrees with the SM value of 55.6 &= 2.5 pb [55].

A measurement of the branching fraction for one decay channel is degenerate with a measure-
ment of the total cross section. However, the ratio of branching fractions for two decay channels
can be measured while profiling the total cross section. The ratio of the H — yyand H — ZZ
branching fractions, B, /Bzz, is measured to be 0.092 £ 0.018 (stat) £ 0.010 (syst). This is in
agreement with the SM prediction of 0.086 £ 0.002 [55]. The likelihood scan for B, /Bzz is
shown in Fig. 1 (right).

CMS 359 b (13 TeV) CMS 359 fb™ (13 TeV)
— 6., from CYRM-2017-002 — B(H = vy)
£ 5- Stat uncertainty £ 50 B(H = Zz) "om CYRM-2017-002
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Figure 1: Scan of the total cross section oo (left) and of the ratio of branching fractions B, /Bzz
(right), based on a combination of the H — vy and H — ZZ analyses. The markers indicate
the one standard deviation confidence interval. CYRM-2017-002 refers to Ref. [55].

7.2 Combinations of differential observables

The unfolded differential cross sections for the observables ptl, Niis, [yn/, and p]Tet are shown
in Figs. 2, 3, 4, and 5, respectively. Figure 2 (right) shows the differential cross section of pt
for Higgs boson production via gluon fusion; for this result, the non-gluon-fusion production
modes are considered to be background, constrained to the SM predictions with their respective
uncertainties. The numerical values for the spectra in Figs. 2-5 are given in Appendix A and
the corresponding bin-to-bin correlation matrices are given in Appendix B. For the observables

p?, Njets, and p]Tet, the rightmost bin is an overflow bin, which is normalized by the bin width
of the second-to-rightmost bin. Overall no significant deviations from the SM predictions are
observed. For the p¥ spectrum, the dominant source of uncertainty is the statistical one; in
particular, the systematic uncertainty is about half the statistical uncertainty in the rightmost
bin, and much smaller than the statistical uncertainty in all other bins. The total uncertainty
in the combination per bin varies between 30 and 40%. Compared to the measurement in
the H — 77 channel alone, the decrease in uncertainty achieved by the combination is most
notable in the low-pt region. The contribution of the H — bb channel to the overall precision
of the combination is most significant in the last p¥ bin.



7.2 Combinations of differential observables
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Figure 2: Measurement of the total differential cross section (left) and the differential cross
section of gluon fusion (right) as a function of pi!. The combined spectrum is shown as black
points with error bars indicating a 1 standard deviation uncertainty. The systematic component
of the uncertainty is shown by a blue band. The spectra for the H — ¢, H — ZZ,and H — bb
channels are shown in red, blue, and green, respectively. The dotted horizontal lines in the
H — ZZ channel indicate the coarser binning of this measurement. The rightmost bins of
the distributions are overflow bins; the normalizations of the cross sections in these bins are
indicated in the figure. CYRM-2017-002 refers to Ref. [55].
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Figure 3: Measurement of the differential cross section as a function of Niets- The combined
spectrum is shown as black points with error bars indicating a 1 standard deviation uncertainty.
The systematic component of the uncertainty is shown by a blue band. The spectra for the
H — 97y and H — ZZ channels are shown in red and blue, respectively. The dotted horizontal
lines in the H — ZZ channel indicate the coarser binning of this measurement. CYRM-2017-002
refers to Ref. [55].

7.3 Fits of Higgs boson coupling modifiers: «}, vs. x

Figure 6 (left) shows the one and two standard deviation contours of the fits of the «},/«. para-
metrization from Ref. [12] to data, assuming the branching fractions are dependent on the
Higgs boson couplings, i.e., B = B(ky, kc), and that there are no beyond-the-SM contributions.
The substructure on the combined scan shows a ring shape around the origin, in agreement
with the SM prediction within one standard deviation.

In order to assess the constraint obtained only from the knowledge of the pi! distribution, the
total width and the overall normalization are profiled in the fit. This is effectively accomplished
by implementing the branching fractions for the H — 7 and H — ZZ channels as nuisance
parameters with no prior constraint, i.e. as free parameters. The result of this fit is shown in
Fig. 6 (right). As expected, the range of allowed values of x,, and «. is much wider than in the
case of coupling-dependent branching fractions.

Confidence intervals can be set on x, and . by profiling one coupling and scanning over the
other. The results of these single-coupling scans are shown in Figs. 7 and 8. The observed
(expected) limits at 95% CL in the one-dimensional scans are:

—11<x <11l (-13<x,<13),

®)
—49 <x. <48 (—6.1<xk.<6.0),
in the case of branching fractions that depend on «}, and %, and
—85 <K, <18 (—8.8 <k, <15), ©)

—33 <. <38 (—31< K <36),
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Figure 4: Measurement of the differential cross section as a function of |yy|. The combined
spectrum is shown as black points with error bars indicating a 1 standard deviation uncertainty.
The systematic component of the uncertainty is shown by a blue band. The spectra for the

H — vy and H — ZZ channels are shown in red and blue, respectively. CYRM-2017-002 refers
to Ref. [55].

in the case of the branching fractions implemented as nuisance parameters with no prior con-
straint. For the coupling-dependent branching fractions, the results are shaped predominantly
by the constraints from the total width rather than by distortions of the pi! spectrum. If the
branching fractions are fixed to their SM expectations, the one-dimensional scans yield the fol-
lowing expected limits at 95% CL:

—3.5 <xp, < 5.1,

(10)
—13 <x. < 15.

These intervals are comparable to those in Ref. [12], where k. € [—16,18] at 95% CL, noting
that the results here are based on a larger data set. The intervals obtained are competitive with
the intervals from other direct search channels summarized in Section 1.

7.4 Fits of Higgs boson coupling modifiers: «x; vs. cg and «; vs. xj,

The fits are repeated in a way analogous to that of Section 7.3 but with x, Cg, and x, the
coefficients of the dimension-6 operators added to the SM Lagrangian, as the parameters of the
fit, using the parametrization obtained from Refs. [28, 29]. The combined log-likelihood scan
for k¢ vs. c¢g, assuming branching fractions that depend on the couplings, is shown in Fig. 9
(left). The normalization of the spectrum is, by construction, equal to the SM normalization for
the set of coefficients satisfying 12c, + ¢ ~ 1. The shape of the parametrized pH spectrum s is
calculated by normalizing the differential cross section to 1:

o alkg)
si(Kt, cg) = m, (11)



12

CMS 35.9 b (13 TeV)
/>\ r ¢ Combination
(GDJ [ Syst. unc.
o) 10§ 4 Horyy
8 F ! H-ozz
B I aMC@NLO, NNLOPS
'—% 1= G, from CYRM-2017-002
B F ﬁ Ac(p?' > 95) /40
< - }l Ac(p’ > 200) /80
o L
102 \h T
5 4 |
5 3 ﬂ
A SN
s o} Jrp— [
8 5. Ly il i b il
30 55 95 120 200 hed

P (GeV)

Figure 5: Measurement of the differential cross section as a function of p]Tet. The combined
spectrum is shown as black points with error bars indicating a 1 standard deviation uncertainty.
The systematic component of the uncertainty is shown by a blue band. The spectra for the
H — 97y and H — ZZ channels are shown in red and blue, respectively. The dotted horizontal
lines in the H — ZZ channel indicate the coarser binning of this measurement. The rightmost
bin of the distribution is an overflow bin; the normalization of the cross section in that bin is
indicated in the figure. CYRM-2017-002 refers to Ref. [55].

where 0; is the parametrization in bin i. Inserting the expected parabolic dependence of 7;(xt, cg)
reveals that the shape of the parametrization for «;/ cg variations becomes a function of the ratio
of the two couplings, s;(cs /). Thus the dependence of the likelihood on the radial distance

Vi + cé stems from constraints on the overall normalization, whereas the dependence on the
slope cg/x: stems from constraints on the shape of the distribution. The dependence of the
likelihood on the slope becomes apparent in Fig. 9 (right), where the branching fractions are
implemented as nuisance parameters with no prior constraint in the fit. 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 (x;, ¢g) — (—x¢, —cg).

Figure 10 (left) shows the combined log-likelihood scan as a function of x; and «,, with branch-
ing fractions scaling appropriately with the coupling modifiers and Fig. 10 (right) with the
branching fractions implemented as nuisance parameters with no prior constraint. As the
H — v+ branching fraction depends linearly on «, the constraints on the H — 7+ channel and
the combination in Fig. 10 (left) are not symmetric with respect to the x; axis. For the branching
fractions implemented as nuisance parameters with no prior constraint, the parametrization
is symmetric under (kt, x,) — (—%kt, —kp,), which explains the observed symmetry in Fig. 10
(right).
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Figure 6: Simultaneous fit to data for x;, and «, assuming a coupling dependence of the branch-
ing fractions (left) and the branching fractions implemented as nuisance parameters with no
prior constraint (right). The one standard deviation contour is drawn for the combination
(H — yyand H — ZZ), the H — 77 channel, and the H — ZZ channel in black, red, and
blue, respectively. For the combination the two standard deviation contour is drawn as a black
dashed line, and the shading indicates the negative log-likelihood, with the scale shown on the
right hand side of the plots.
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Figure 7: Likelihood scan of x;, while profiling x. (left), and of x. while profiling xj, (right). The
filled markers indicate the limits at 95% CL. The branching fractions are considered dependent
on the values of the couplings.

8 Summary

A combination of differential cross sections for the Higgs boson transverse momentum ptl, the
number of jets, the rapidity of the Higgs boson, and the pr of the leading jet has been presented,
using proton-proton collision data collected at /s = 13 TeV with the CMS detector, correspond-
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Figure 8: Likelihood scan of x, while profiling x. (left), and of k. while profiling x;, (right).
The filled markers indicate the limits at 95% CL. The branching fractions are implemented as
nuisance parameters with no prior constraint.
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Figure 9: Simultaneous fit to data for x; and cg, assuming a coupling dependence of the branch-
ing fractions (left) and the branching fractions implemented as nuisance parameters with no
prior constraint (right). The one standard deviation contour is drawn for the combination
(H — v, H — ZZ,and H — bb), the H — v channel, and the H — ZZ channel in black, red,
and blue, respectively. For the combination the two standard deviation contour is drawn as a
black dashed line, and the shading indicates the negative log-likelihood, with the scale shown
on the right hand side of the plots.

ing to an integrated luminosity of 35.9 fb~'. The spectra obtained are based on data from the
H— vy, H—Z2Z,and H — bb decay channels. The precision of the combined measurement
of the differential cross section of pH is improved by about 15% with respect to the H —
channel alone. The improvement is larger in the low-p! region than in the high-p tails. No
significant deviations from the standard model are observed in any differential distribution.
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Figure 10: Simultaneous fit to data for x; and x;,, assuming a coupling dependence of the
branching fractions (left) and the branching fractions implemented as nuisance parameters
with no prior constraint (right). The one standard deviation contour is drawn for the com-
bination (H — vy, H — ZZ, and H — bb), the H — 7 channel, and the H — ZZ channel in
black, red, and blue, respectively. For the combination the two standard deviation contour is
drawn as a black dashed line, and the shading indicates the negative log-likelihood, with the
scale shown on the right hand side of the plots.

Additionally, the total cross section for Higgs boson production based on a combination of the
H — 9y and H — ZZ channels is measured to be 61.1 & 6.0 (stat) 4= 3.7 (syst) pb.

The spectra obtained are interpreted in the x-framework [30], in which simultaneous variations
of x;, and «, xt and xp, and x; and the anomalous direct coupling to the gluon field cg are fitted
to the pt! spectra. The limits obtained for the individual couplings are —1.1 < &, < 1.1 and
—49 < x. < 4.8 at 95% confidence level, assuming the branching fractions scale with the
Higgs boson couplings following the standard model prediction. For the charm coupling . in
particular, these bounds are comparable with those obtained from direct searches with charm
quarks in the final state.

Acknowledgments

We thank Fady Bishara, Ulrich Haisch, Pier Francesco Monni, Emanuele Re, Massimiliano
Grazzini, Agnieszka Ilnicka, Michael Spira, and Marius Wiesemann for guidance regarding
their predictions of the Higgs boson transverse momentum spectra. We congratulate our col-
leagues in the CERN accelerator departments for the excellent performance of the LHC and
thank the technical and administrative staffs at CERN and at other CMS institutes for their
contributions to the success of the CMS effort. In addition, we gratefully acknowledge the
computing centres and personnel of the Worldwide LHC Computing Grid for delivering so
effectively the computing infrastructure essential to our analyses. Finally, we acknowledge
the enduring support for the construction and operation of the LHC and the CMS detector
provided by the following funding agencies: BMBWF and FWF (Austria); FNRS and FWO
(Belgium); CNPq, CAPES, FAPER], FAPERGS, and FAPESP (Brazil); MES (Bulgaria); CERN;
CAS, MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES and CSF (Croatia); RPF



16

(Cyprus); SENESCYT (Ecuador); MoER, ERC IUT, and ERDF (Estonia); Academy of Finland,
MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany);
GSRT (Greece); NKFIA (Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN
(Italy); MSIP and NRF (Republic of Korea); MES (Latvia); LAS (Lithuania); MOE and UM
(Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP, and UASLP-FAI (Mexico); MOS (Mon-
tenegro); MBIE (New Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portugal);
JINR (Dubna); MON, RosAtom, RAS, RFBR, and NRC KI (Russia); MESTD (Serbia); SEIDI,
CPAN, PCTI, and FEDER (Spain); MOSTR (Sri Lanka); Swiss Funding Agencies (Switzerland);
MST (Taipei); ThEPCenter, IPST, STAR, and NSTDA (Thailand); TUBITAK and TAEK (Turkey);
NASU and SFFR (Ukraine); STFC (United Kingdom); DOE and NSF (USA).

Individuals have received support from the Marie-Curie programme and the European Re-
search Council and Horizon 2020 Grant, contract No. 675440 (European Union); the Leventis
Foundation; the A.P. Sloan Foundation; the Alexander von Humboldt Foundation; the Belgian
Federal Science Policy Office; the Fonds pour la Formation a la Recherche dans 1'Industrie et
dans 1’Agriculture (FRIA-Belgium); the Agentschap voor Innovatie door Wetenschap en Tech-
nologie (IWT-Belgium); the ER.S.-FNRS and FWO (Belgium) under the “Excellence of Science
— EOS” — be.h project n. 30820817; the Ministry of Education, Youth and Sports (MEYS) of the
Czech Republic; the Lendiilet (“Momentum”) Programme and the Jdnos Bolyai Research Schol-
arship of the Hungarian Academy of Sciences, the New National Excellence Program UNKP,
the NKFIA research grants 123842, 123959, 124845, 124850, and 125105 (Hungary); the Council
of Science and Industrial Research, India; the HOMING PLUS programme of the Foundation
for Polish Science, cofinanced from European Union, Regional Development Fund, the Mo-
bility Plus programme of the Ministry of Science and Higher Education, the National Science
Center (Poland), contracts Harmonia 2014/14/M/ST2/00428, Opus 2014/13/B/ST2/02543,
2014/15/B/ST2/03998, and 2015/19/B/ST2/02861, Sonata-bis 2012/07/E/ST2/01406; the
National Priorities Research Program by Qatar National Research Fund; the Programa Estatal
de Fomento de la Investigacién Cientifica y Técnica de Excelencia Maria de Maeztu, grant
MDM-2015-0509 and the Programa Severo Ochoa del Principado de Asturias; the Thalis and
Aristeia programmes cofinanced by EU-ESF and the Greek NSRF; the Rachadapisek Sompot
Fund for Postdoctoral Fellowship, Chulalongkorn University and the Chulalongkorn Aca-
demic into Its 2nd Century Project Advancement Project (Thailand); the Welch Foundation,
contract C-1845; and the Weston Havens Foundation (USA).

References

[1] P. W. Higgs, “Broken symmetries and the masses of gauge bosons”, Phys. Rev. Lett. 13
(1964) 508, doi:10.1103/PhysRevLett.13.508.

[2] E Englert and R. Brout, “Broken symmetry and the mass of gauge vector mesons”, Phys.
Rev. Lett. 13 (1964) 321, do1:10.1103/PhysRevLett.13.321.

[3] G.S. Guralnik, C. R. Hagen, and T. W. B. Kibble, “Global conservation laws and massless
particles”, Phys. Rev. Lett. 13 (1964) 585, doi:10.1103/PhysRevLett.13.585.

[4] ATLAS Collaboration, “Observation of a new particle in the search for the standard

model Higgs boson with the ATLAS detector at the LHC”, Phys. Lett. B 716 (2012) 1,
doi:10.1016/j.physletb.2012.08.020,arXiv:1207.7214.



References 17

[5]

6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

CMS Collaboration, “Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC”, Phys. Lett. B 716 (2012) 30,
doi:10.1016/j.physletb.2012.08.021,arXiv:1207.7235.

CMS Collaboration, “Observation of a new boson with mass near 125 GeV in pp
collisions at /s = 7 and 8 TeV”, JHEP 06 (2013) 081,
doi:10.1007/JHEP06(2013)081,arXiv:1303.4571.

ATLAS and CMS Collaborations, “Measurements of the Higgs boson production and
decay rates and constraints on its couplings from a combined ATLAS and CMS analysis
of the LHC pp collision data at /s =7 and 8 TeV”, JHEP 08 (2016) 045,
doi:10.1007/JHEP08(2016)045,arXiv:1606.02266.

ATLAS and CMS Collaborations, “Combined measurement of the Higgs boson mass in
pp collisions at /s =7 and 8 TeV with the ATLAS and CMS experiments”, Phys. Rev. Lett.
114 (2015) 191803, doi:10.1103/PhysRevLett.114.191803, arxXxiv:1503.075809.

CMS Collaboration, “Combined measurements of Higgs boson couplings in
proton-proton collisions at /s = 13 TeV”, (2018). arXiv:1809.10733. Submitted to
Eur. Phys. . C.

S. Dimopoulos and H. Georgi, “Softly broken supersymmetry and SU(5)”, Nucl. Phys. B
193 (1981) 150, do1:10.1016/0550-3213(81) 90522-8.

E. Witten, “Dynamical breaking of supersymmetry”, Nucl. Phys. B 188 (1981) 513,
doi:10.1016/0550-3213(81)90006—7.

F. Bishara, U. Haisch, P. F. Monni, and E. Re, “Constraining light-quark Yukawa
couplings from Higgs distributions”, Phys. Rev. Lett. 118 (2017) 121801,
doi:10.1103/PhysRevLett.118.121801,arXiv:1606.09253.

ATLAS Collaboration, “Search for Higgs and Z boson decays to J /¢y and Y (nS)y with
the ATLAS detector”, Phys. Rev. Lett. 114 (2015) 121801,
doi:10.1103/PhysRevLett.114.121801,arXiv:1501.03276.

M. Koénig and M. Neubert, “Exclusive radiative Higgs decays as probes of light-quark
Yukawa couplings”, JHEP 08 (2015) 012, doi:10.1007/JHEP08 (2015) 012,
arXiv:1505.03870.

ATLAS Collaboration, “Search for the decay of the Higgs boson to charm quarks with the
ATLAS experiment”, Phys. Rev. Lett. 120 (2018) 211802,
doi:10.1103/PhysRevLett.120.211802,arXiv:1802.043209.

ATLAS Collaboration, “Measurements of fiducial and differential cross sections for
Higgs boson production in the diphoton decay channel at /s = 8 TeV with ATLAS”,
JHEP 09(2014)112,doi:lO.lOO7/JHEPO9(2014)112,arXiv:l407.4222.

CMS Collaboration, “Measurement of differential cross sections for Higgs boson
production in the diphoton decay channel in pp collisions at /s = 8 TeV”, Eur. Phys. J. C
76 (2016) 13, do1:10.1140/epjc/s10052-015-3853-3,arXiv:1508.078109.

ATLAS Collaboration, “Fiducial and differential cross sections of Higgs boson
production measured in the four-lepton decay channel in pp collisions at /s = 8 TeV with
the ATLAS detector”, Phys. Lett. B 738 (2014) 234,
doi:10.1016/7j.physletb.2014.09.054, arxXiv:1408.3226.



18

[19] CMS Collaboration, “Measurement of differential and integrated fiducial cross sections
for Higgs boson production in the four-lepton decay channel in pp collisions at /s =7
and 8 TeV”, JHEP 04 (2016) 005, doi:10.1007/JHEP04 (2016) 005,
arXiv:1512.08377.

[20] ATLAS Collaboration, “Measurement of fiducial differential cross sections of
gluon-fusion production of Higgs bosons decaying to WW* — evuv with the ATLAS
detector at /s =8 TeV”, JHEP 08 (2016) 104, doi:10.1007/JHEP08 (2016) 104,
arXiv:1604.02997.

[21] CMS Collaboration, “Measurement of the transverse momentum spectrum of the Higgs
boson produced in pp collisions at /s = 8 TeV using H — WW decays”, JHEP 03 (2017)
032,do0i:10.1007/JHEP03(2017)032,arXiv:1606.01522.

[22] ATLAS Collaboration, “Measurements of Higgs boson properties in the diphoton decay
channel with 36 fb~" of pp collision data at /5 = 13 TeV with the ATLAS detector”,
(2018). arxiv:1802.04146. Submitted to Phys. Rev. D.

[23] CMS Collaboration, “Measurement of inclusive and differential Higgs boson production
cross sections in the diphoton decay channel in proton-proton collisions at /s = 13 TeV”,
(2018). arXiv:1807.03825. Submitted to JHEP.

[24] ATLAS Collaboration, “Measurement of inclusive and differential cross sections in the
H — ZZ* — 4/ decay channel in pp collisions at /s = 13 TeV with the ATLAS detector”,
JHEP 10(2017) 132, doi:10.1007/JHEP10 (2017)132,arXiv:1708.02810.

[25] CMS Collaboration, “Measurements of properties of the Higgs boson decaying into the
four-lepton final state in pp collisions at /s = 13 TeV”, JHEP 11 (2017) 047,
doi:10.1007/JHEP11(2017)047,arXiv:1706.09936.

[26] ATLAS Collaboration, “Combined measurement of differential and total cross sections in
the H — 7y and the H — ZZ* — 4/ decay channels at /s = 13 TeV with the ATLAS
detector”, (2018). arXiv:1805.10197. Submitted to Phys. Lett. B.

[27] CMS Collaboration, “Inclusive search for a highly boosted Higgs boson decaying to a
bottom quark-antiquark pair”, Phys. Rev. Lett. 120 (2018) 071802,
doi:10.1103/PhysRevLett.120.071802, arXiv:1709.05543.

[28] M. Grazzini, A. Ilnicka, M. Spira, and M. Wiesemann, “Effective field theory for Higgs
properties parametrisation: The transverse momentum spectrum case”, in Proceedings,
52nd Rencontres de Moriond on QCD and High Energy Interactions: La Thuile, Italy, March
25-April 1,2017, p. 23. 2017. arXiv:1705.05143.

[29] M. Grazzini, A. Ilnicka, M. Spira, and M. Wiesemann, “Modeling BSM effects on the
Higgs transverse-momentum spectrum in an EFT approach”, JHEP 03 (2017) 115,
doi:10.1007/JHEP03(2017)115,arXiv:1612.00283.

[30] LHC Higgs Cross Section Working Group, “Handbook of LHC Higgs cross sections: 3.
Higgs properties”, CERN (2013) doi:10.5170/CERN-2013-004, arXiv:1307.1347.

[31] A.Banfi, P. F. Monni, and G. Zanderighi, “Quark masses in Higgs production with a jet
veto”, JHEP 01 (2014) 097, doi:10.1007/JHEPOL (2014) 097, arXiv:1308.4634.



References 19

[32] G. Bozzi, S. Catani, D. de Florian, and M. Grazzini, “The gt spectrum of the Higgs boson
at the LHC in QCD perturbation theory”, Phys. Lett. B 564 (2003) 65,
doi:10.1016/S0370-2693(03)00656-7, arXiv:hep—-ph/0302104.

[33] T. Becher and M. Neubert, “Drell-Yan production at small g1, transverse parton
distributions and the collinear anomaly”, Eur. Phys. ]. C 71 (2011) 1665,
doi:10.1140/epjc/s10052-011-1665-7,arXiv:1007.4005.

[34] P. F. Monni, E. Re, and P. Torrielli, “Higgs transverse-momentum resummation in direct
space”, Phys. Rev. Lett. 116 (2016) 242001, doi:10.1103/PhysRevLett.116.242001,
arXiv:1604.02191.

[35] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi1:10.1088/1748-0221/3/08/508004.

[36] ]J. Alwall et al., “The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations”, JHEP 07
(2014) 079, d0i:10.1007/JHEPO07 (2014) 079, arxXiv:1405.0301.

[37] T. Sjostrand et al., “An introduction to PYTHIA 8.2”, Comput. Phys. Commun. 191 (2015)
159, d0i:10.1016/j.cpc.2015.01.024, arXiv:1410.3012.

[38] P.Skands, S. Carrazza, and J. Rojo, “Tuning PYTHIA 8.1: the Monash 2013 tune”, Eur.
Phys. ]. C 74 (2014) 3024, doi:10.1140/epjc/s10052-014-3024-y,
arXiv:1404.5630.

[39] R. Frederix and S. Frixione, “Merging meets matching in MC@NLO”, JHEP 12 (2012)
061,doi:10.1007/JHEP12(2012)061,arXiv:1209.6215.

[40] K. Hamilton, P. Nason, and G. Zanderighi, “MINLO: Multi-scale improved NLO”, JHEP
10 (2012) 155, doi:10.1007/JHEP10 (2012) 155, arXiv:1206.3572.

[41] A.Kardos, P. Nason, and C. Oleari, “Three-jet production in POWHEG”, JHEP 04 (2014)
043, doi1:10.1007/JHEP04 (2014) 043, arXiv:1402.4001.

[42] NNPDF Collaboration, “Parton distributions for the LHC Run II”, JHEP 04 (2015) 040,
doi:10.1007/JHEP04 (2015) 040, arXiv:1410.88409.

[43] CMS Collaboration, “Particle-flow reconstruction and global event description with the
CMS detector”, JINST 12 (2017) P10003, doi:10.1088/1748-0221/12/10/P10003,
arXiv:1706.04965.

[44] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kr jet clustering algorithm”, JHEP 04
(2008) 063, do1:10.1088/1126-6708/2008/04/063,arXiv:0802.1189.

[45] M. Dasgupta, A. Fregoso, S. Marzani, and G. P. Salam, “Towards an understanding of jet
substructure”, JHEP 09 (2013) 029, doi:10.1007/JHEP09 (2013) 029,
arXiv:1307.0007.

[46] A.]. Larkoski, S. Marzani, G. Soyez, and ]. Thaler, “Soft drop”, JHEP 05 (2014) 146,
doi1:10.1007/JHEPO5(2014)146,arXiv:1402.2657.

[47] ]J. Dolen et al., “Thinking outside the ROCs: Designing decorrelated taggers (DDT) for jet
substructure”, JHEP 05 (2016) 156, doi:10.1007/JHEPO05 (2016) 156,
arXiv:1603.00027.



20

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

I. Moult, L. Necib, and J. Thaler, “New angles on energy correlation functions”, JHEP 12
(2016) 153, do1:10.1007/JHEP12 (2016) 153, arXiv:1609.07483.

A.J. Larkoski, G. P. Salam, and J. Thaler, “Energy correlation functions for jet
substructure”, JHEP 06 (2013) 108, doi:10.1007/JHEP06 (2013) 108,
arXiv:1305.0007.

J. Thaler and K. Van Tilburg, “Identifying boosted objects with N-subjettiness”, JHEP 03
(2011) 015, do1:10.1007/JHEP03 (2011) 015, arXiv:1011.2268.

CMS Collaboration, “Identification of heavy-flavour jets with the CMS detector in pp
collisions at 13 TeV”, JINST 13 (2018) P05011,
doi:10.1088/1748-0221/13/05/P05011, arXiv:1712.07158.

P. C. Hansen, “The L-curve and its use in the numerical treatment of inverse problems”,
in Computational Inverse Problems in Electrocardiology, p. 119. Southampton: WIT Press,
2001.

G. Cowan, K. Cranmer, E. Gross, and O. Vitells, “ Asymptotic formulae for
likelihood-based tests of new physics”, Eur. Phys. ]. C 71 (2011) 1554,
doi:10.1140/epjc/s10052-011-1554-0,arXiv:1007.1727. [Erratum:
doi:10.1140/epjc/s10052-013-2501—-z].

The ATLAS Collaboration, The CMS Collaboration, The LHC Higgs Combination Group,
“Procedure for the LHC Higgs boson search combination in Summer 2011”, Technical
Report CMS-NOTE-2011-005, ATL-PHYS-PUB-2011-11, 2011.

LHC Higgs Cross Section Working Group, “Handbook of LHC Higgs cross sections: 4.
Deciphering the nature of the Higgs sector”, CERN (2016)
doi:10.23731/CYRM-2017-002,arXiv:1610.07922.



21

A Tables for the differential cross section measurements

Tables A.1-A.5 show the measured differential cross sections for the considered observables.

Table A.1: Differential cross sections (pb/GeV) for the observable pH.

P (GeV) 0-15 15-30 3045 45-80 80-120 120-200  200-350 350600 >600

3 4 4

H =9y 10753 1703 05753 03751 017558 003755 00173350 —34x 107530 —19x 10743470,
H—27Z 07493 1704 04+01 0.08 +003 3.3 x 1074 F26x10°3

— —3 —4

H—bb None 9.6x 107+ 1210 1.1x 10741200,

-3 - —4

Comb. 0873 1763 0.6703 0375, 0.175¢ 0.03 7451 0.01 391107 —28x 1070 3740 58 x 1077 10107,

Table A.2: Differential cross sections of gluon fusion (ggH) (pb/GeV) for the observable pt,
with non-ggH production modes fixed to their SM prediction.

pH(GeV) 0-15 15-30 30-45 45-80 80-120 120-200 200-350 350-600 >600
Comb. 08792 1492 05%92 0273}, 0.175% 0.0275% 8.3 x 1073 +26X197 1,6 % 1074 +34x1077 3.5 1075 +38x10°7

Table A.3: Differential cross sections (pb) for the observable Nets.

Niets 0 1 2 3 >4
H— 7y 50185 14751 48x 1071127 31720 13+88x10
H— ZZ 41190 877133 6.9 137 12121

Combination 47782 11+37 3511 1877 12 fg:gﬁgj

Table A .4: Differential cross sections (pb) for the observable |yy|.

|yH| 0-0.15 0.15-0.3 0.3-0.6 0.6-09 09-12 1.2-25
H—oqy 420 390 31055 28%57 2475 18773

18 11 13 8.9 6.7
H— 77 3917 35 34t 4517 13183 13187

Combination 41*9¢ 3897 32*70 35*71 17+7% 15+31

Table A.5: Differential cross sections (pb/GeV) for the observable pjTEt.

pjTet (GeV) 30-55 55-95 95-120 120-200 >200
—142.0x107" —1+9.2x1072 —1+9.5x1072 —5 +1.8x1072 —2+9.1x1073
H— vy 1.6 x 10 72A1§10,1 2.0 x 10 79.3§10,2 1.3 x 10 79'2§10,2 1.5 x 10 71'7§10,2 29 x 10 79'2§10,3
H - ZZ 4.8 x 1071 F24x1070 77,102 488X107 g0 % 1072 #5910
—2.0x10-1 —6.9%102 —4.4x102

P —1+14x107! —147.7x1072 —1484x1072  _ —3 +1.7x1072 —2 +87x1073
Combination 32 x 107" T 570 1.3 x 107 Tei7i0, 1.1 x 107 Tg7ri ) 42x107° et 27 x 1075 00 s
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B Correlation matrices for the combinations of differential observ-
ables

Figs. B.1-B.4 show the correlation matrices for the considered observables.

1 1
CMS 359" (13TeV) CMS 35917 (13TeV)
— — o < — o
% >600 (0.0074 0.019 0.016 0.0015 0.0083 0.0083 0.0098 -0.0084 Q % >600 [0.0048 0.0069 0.006 -0.000810.0032 0.0021-0.00019-0.0039 Q
C ~ CNO) - 08 &
]\:I 350-600 |0.0042 0.018 0.016 -0.0018 0.0046 0.008 E“ ,:I 350-600 |0.0082 0.02 0.015 0.00083 0.012 0.014 0.016 -0.0039 g’
rolll L o T 06 ©
ER- — >
200-350 | 0.031 0.064 0.032 0.038 0.042 0.024 0.0048 0.0098 ; — 200-350 | 0.088 0.13 0.076 0.037 0.071 0.044 0.016 -0.00019 04
— o — :
120-200 | 0.024 0.046 0.031 0.016 -0.18 0.024 0.008 0.0083 120-200 | 0.048 0.073 0.048 0.021 -0.15 0.044 0.014 0.0021 0.2
80-120| 0.036 0.055 0.034 0.018 -0.18 0.042 0.0046 0.0083 80-120| 0.084 0.12 0.072 -0.0028 -0.15 0.071 0.012 0.0032 0
45-80 | 0.033 0.036 -0.27 0.016 0.038 -0.0018 0.0015 45-80 | 0.037 0.063 -0.27 -0.0028 0.021 0.037 0.00083-0.00081 -0.2
30-45| 0.023 0.04 -0.27 0.034 0.031 0.032 0.016 0.016 30-45| 0.099 0.086 -0.27 0.072 0.048 0.076 0.015 0.006 0.4
[ -0.6 [ 0.6
15-30 | -0.013 0.04 0.036 0.055 0.046 0.064 0.018 0.019 15-30 | 0.074 0.086 0.063 0.12 0.073 0.13 0.02 0.0069
-0.8 -0.8
0-15 -0.013 0.023 0.033 0.036 0.024 0.031 0.0042 0.0074 0-15 0.074 0.099 0.037 0.084 0.048 0.088 0.0082 0.0048
| | | | | | | | 1 | | | | | | | | 1
0- 7. 3 7. - 7 -
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Figure B.1: Bin-to-bin correlation matrix of the pi! spectrum (left) and of the pH spectrum of
gluon fusion (ggH), where the non-ggH contributions are fixed to the SM expectation (right).
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Figure B.2: Bin-to-bin correlation matrix of the Njets spectrum.
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Figure B.3: Bin-to-bin correlation matrix of the |yg| spectrum.
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Figure B.4: Bin-to-bin correlation matrix of the pjTe’t spectrum.
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