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Abstract We present the first extraction of the unpolarised
gluon transverse-momentum-dependent (TMD) parton dis-
tribution from Higgs-boson production data at the LHC
within the framework of TMD factorisation. The analysis is
based on the currently available set of ATLAS and CMS mea-
surements of the Higgs g7 distribution at \/s = 8 and 13 TeV
in the diphoton and four-lepton decay channels, restricted to
the small-g7 region where TMD factorisation is applicable.
Theoretical predictions are computed up to NLL accuracy,
with the contribution of the linearly polarised gluon TMD
hng accounted for. Fiducial selections are consistently incor-
porated for both two- (diphoton) and four-body (four-lepton)
final states. The fit reproduces both the shape and the nor-
malisation of the experimental data, and yields a moderate
sensitivity to the nonperturbative content of gluon TMDs. We
further assess the convergence of the perturbative expansion
and the stability of the extracted distribution under variations
of the g7 cut. This analysis provides a baseline for future
extractions combining LHC Higgs measurements with other
gluon-sensitive processes spanning a broader range of hard
scales.

1 Introduction

The internal structure of the proton is described, at lead-
ing power in the hard scale, by parton distribution functions
(PDFs). When the transverse momentum of partons with
respect to the proton direction of motion is resolved, this
description is extended to transverse-momentum dependent
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distributions (TMDs), which encode both the longitudinal
momentum fraction x and the intrinsic transverse momen-
tum k of partons inside a fast-moving hadron. TMD fac-
torisation theorems [1,2] allow us to express the differen-
tial cross section for suitable processes characterised by an
inclusive final state with invariant mass Q and transverse
momentum gy = |qr| < Q as convolutions of TMD dis-
tributions with perturbatively calculable hard coefficients.
Importantly, TMDs obey specific evolution equations whose
solution gives rise to the characteristic resummation of large
logarithms ln(Qz/q%).

Whereas quark TMDs have been extensively studied and
extracted from Drell-Yan and semi-inclusive deep-inelastic
scattering data over the past two decades [3—12], gluon TMDs
remain far less constrained. This asymmetry can mostly be
ascribed to the scarcity of experimental information. As a
matter of fact, a clean extraction of the unpolarised gluon
TMDs requires processes whose final state is colour-singlet,
so that soft and collinear radiation factorises without ambi-
guity [13—15]. Conversely, colour-entanglement issues can
compromise TMD factorisation in processes with coloured
final states such as jets or quarkonia. Nonetheless, a broad lit-
erature exists which includes studies of the gluon TMDs such
as quarkonium production at the LHC [16,17], gluon linear-
polarisation effects [18—22], and model calculations [23,24].

Inclusive Higgs production in proton-proton collisions is
possibly the cleanest probe of the unpolarised gluon TMDs.
Indeed, at the LHC the Higgs boson is predominantly pro-
duced through gluon fusion. Taking into account only elec-
troweak decay modes, the observed colour-singlet final state
avoids colour-entanglement issues that could hamper TMD
factorisation.

The theoretical description of the Higgs g7 distribution
has a long history. At small g7, the resummation of large
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logarithms of g7 is necessary to obtain reliable perturba-
tive predictions. The groundwork for such resummation
in the b-space formalism was laid by Collins, Soper and
Sterman (CSS) [1], and the Higgs case was first worked
out explicitly at next-to-leading logarithmic (NLL) accu-
racy in Refs. [25,26]. A comprehensive framework com-
bining resummation at small g7 with fixed-order matching
at large gr was developed in Ref. [15], who computed the
Higgs gr distribution at next-to-next-to-leading logarithmic
(NNLL) accuracy matched to next-to-leading order (NLO).
Subsequent advances pushed the accuracy to N> LL+NNLO,
achieved with different methods, such as momentum-space
resummation in Ref. [27], and soft-collinear effective theory
(SCET) in Ref. [28]. These developments established the the-
oretical infrastructure required for precision phenomenology
of the Higgs gr distribution.

In the small-g7 region, the differential Higgs cross section
becomes directly sensitive to the unpolarised gluon TMD flg

and to the linearly polarised gluon TMD hf‘g (Boer-Mulders
function). The linearly polarised gluon TMD was first studied
in Ref. [29], where it was shown that an unpolarised hadron
can contain gluons with linear polarisation in the transverse
plane, giving rise to an independent TMD that contributes
to the cross section on equal footing with flg . The matching

of h]Lg onto collinear gluon PDFs was computed at NLO in
Refs. [30,31] and pushed to NNLO in Ref. [32], completing
the perturbative ingredients needed for a consistent NNLO
treatment of both gluon TMDs in Higgs production.

Despite this theoretical progress, a direct extraction of
gluon TMDs from experimental data remains an open chal-
lenge. The reason is partly experimental: precision measure-
ments of the Higgs g7 distribution have only recently become
available from the ATLAS and CMS experiments at Run I
and Run II of the LHC, covering both the di-photon and
four-lepton decay channels. These datasets, while limited in
statistical power, now constitute a viable basis for a first phe-
nomenological extraction.

In this paper, we present the first extraction of the unpo-
larised gluon TMD flg from LHC Higgs data within the TMD
factorisation framework, employing perturbative accuracy up
to N°LL. We consider the complete set of available ATLAS
and CMS measurements of the Higgs gr distribution in the
H — yy and H — 4{ decay channels, and perform a fit
using the NangaParbat framework [7] developed by the MAP
Collaboration. We assess the quality of the fit, the nonpertur-
bative sensitivity of the current dataset, and the convergence
of the perturbative series from NLL’ to N3LL. The linearly
polarised gluon contribution is included in the theoretical pre-
dictions with its NNLO matching coefficient, and its numer-
ical impact on the extracted distributions is discussed.

The paper is organised as follows: section II provides an
overview of the TMD formalism used in the analysis; sec-
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Fig. 1 Higgs production in pp collisions through gluon fusion at lead-
ing order

tion III describes the datasets considered in the fitting proce-
dure and discusses the implementation of the selection cuts
in our theoretical framework; section IV presents the numer-
ical results of the fit and the k7 shape of the extracted gluon
TMD; in section V we draw our conclusions and elaborate
on possible extensions of the present work.

2 Formalism

We consider the following process

p(P1) + p(P) — H(g) + X, ey

in which two protons with four-momenta P; and P,, such that
(P + P»)* = s, collide to inclusively produce an on-shell
Higgs boson of invariant mass \/CT = My = 125.1 GeV,
rapidity y, and transverse momentum qr.

The dominant partonic production channel at the LHC is
gluon fusion, gg — H, mediated at leading order by a heavy
quark loop, as illustrated in Fig. 1. Since the Yukawa coupling
of the Higgs boson to fermions is proportional to the fermion
mass, the amplitude is dominated by a virtual top loop, and
contributions from lighter quarks (e.g. b, ¢) can be neglected.

The LO matrix element squared for Higgs production in

gluon fusion is [33]
Q 2
My

where o (Mp) is the strong coupling evaluated at the Higgs
mass, G = 1.16639 x 107> GeV 2 is the Fermi constant,
and M; = 172.9 GeV denotes the on-shell pole mass of the
top. The function A is given by

2 4 2
aS(MH)MHGF

M(gg — H)|* =
M (gg )l 28872

. @

3
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In the small transverse momentum region, g7 << My with
qr = |qr|, the differential cross section for the production of
an Higgs boson can be factorised in terms of TMDs. More-
over, we use the narrow-width approximation (NWA) which
sets the Higgs on the mass shell, producing

do a2(My)Gr
——— =P(Mu,y, qr) ——"—"Heeu (My, 1)
dydg? R T T, e e
o0
/0 dbr br Jo(qrbr)

x [ £, br e, &) £ (oau by i, £)
R (b S Y G, b )| ()

where x; 2 = (Mu/ ﬁ)eiy are the light-cone momentum
fractions. P is the phase-space reduction factor associated
with the kinematic cuts on the final state which will be
discussed in Sect. 3. The perturbative hard function Hgey
embodies hard and virtual contributions to the cross section
and its perturbative coefficients up to (’)(ozf) can be found
in Ref. [27]. The unpolarised and linearly polarised (Boer-
Mulders) TMDs flg and hllg , respectively, are expressed in
b7 space (with b = |br|) Fourier-conjugate to qr. Finally,
the renormalisation scale p and the two rapidity scales ¢
and &, are set as follows: u2 = ¢ = & = M%,.

As is well known, for small values of b7 both TMDs flg
and hf‘g can be matched on the unpolarised collinear PDFs.
Specifically, one has:

1
d
G b i) = 3 /%cg,xy,as(ub))
. X
1=8.9

fi (5 Mb) =[C® flog(x,brs o, 13)

1
dy
hfg(x,br;ub,ui)= E /TGgi(yvas(Mb))
. X
1=g.,q

fi (§ Mb) =[G ® flg(x, bri pp, 1) » &)

where up = 2¢™7E /by, with yg the Euler-Mascheroni con-
stant, and f; correspond to the unpolarised collinear PDFs,
which are taken from the NNPDF3.1 set [34] with pertur-
bative charm at the appropriate perturbative order [6] and
accessed through the LHAPDF library [35]. Also the running
of the strong coupling «; is taken from the PDF set. The
matching functions Cg; and G4; admit the following pertur-
bative expansions:

oo
% \" clnl
Cary.e) =81 =0+ 3 () cilo.
n—=

o0

Gulr.a) =) (=) GWo. ©)

n=1

which we truncate at O(«,) for NLL’ and NNLL, and at
O(a?) for NNLL’ and N°LL. Moreover, TMDs obey evo-
lution equations that govern their dependence on p and ¢.
The solution to these evolution equations is encoded in the
so-called Sudakov form factor, which is the same for both
unpolarised and linearly-polarised gluon TMDs and reads

moduy!

RS ol O = {Kg I Ve T e

[(Hb Mb) = (u 4)] exp (p) In " W
[y,“i (s (1) — v (as(u)) In %“ : (7)

The gluon anomalous dimensions K8 (Collins-Soper), yl‘f’:
(non-cusp), and yfé (cusp) also admit a perturbative expan-
sion and are truncated at the appropriate order depending on
whether the cross-section computation is carried out at NLL,
NNLL, NNLL’, or N3LL [6].

Finally, TMDs can be computed as follows:

FE0brin ©) = RE [ (o 1) = (0.0
[C® flgCx. brs i, 113)
b ©) = RE [ (6. 1d) = (1, 0)
(G ® flg(x,brs 1o, 143) - ®)

However, when b1 becomes large, or equivalently when tp,
becomes small, these expressions become unreliable because
of the onset of nonperturbative effects. Indeed, in this region
the strong coupling approaches the Landau pole and the
matching formulas in Eq. (5) receive large power corrections.
In order to account for nonperturbative effects, we follow the
traditional CSS strategy [1] by introducing the function [3]

i e_b‘;‘/b?nax 1/4
) ©))

4 4
_ b/

1
b*(bT) = bmax <] _
with bpax = 2e™ 7 and bpin, = 2¢™ "2 /My, and rewriting
the TMDs as follows:

[, brs u, §) — fE(x, bulbr); 1, ©) fup(x, br, ©),

W8, brs i, £) = by (e, bu(br); i, ©) fap(x, br, ©)
(10)

Since b, (br) never becomes too large even for large values
of br, the replacements above guarantee that TMDs com-
puted in b, (br) are always in a regime where perturbative
matching and evolution are accurate. Nonperturbative effects
are instead factored out into the function fnp, which needs to
be parametrised and fitted to data (for more details see, e.g.,
Refs. [6,36]). In this study, we choose a simple Gaussian
parametrisation:
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1
INp(x, b7, 8) = exp [_Egb%} ; (1D

with g a free parameter to be determined from data. Two
observations are in order. The firstis that fyp is assumed to be
the same for both unpolarised and linearly-polarised TMDs.
In general, this might not be the case. However, current data
does not allow to determine fnp separately for the two TMDs
involved in the calculation. The second observation is that,
in general, fNp is also a function of the rapidity scale ¢. In
fact, the ¢ dependence of fp determines the nonperturbative
contribution to the Collins-Soper kernel (see, e.g., Ref. [12]).
However, within the NWA, data are considered at one single
scale, i.e. £ = MIZ_I. As a consequence, we have no way to
determine the ¢ dependence of fxp. Therefore, Eq. (11) is to
be considered valid only at { = M%I, where the parameter g
simultaneously captures both the intrinsic TMD component
and the nonperturbative effects of the evolution.

3 Experimental data

In this section we describe the experimental datasets included
in our analysis. We consider measurements of the Higgs-
boson transverse-momentum (g7 ) distribution performed by
the ATLAS and CMS experiments in the diphoton (yy) and
four-lepton (4¢) decay channels. The breakdown of the full
dataset included in this analysis is summarised in Table 1.

The datasets considered span different center-of-mass
energies (/s = 8 and 13 TeV) and probe phase-space
regions characterised by an invariant mass of the Higgs boson
around its on-shell mass My and typical momentum frac-
tions x ~ 1072, As for the ATLAS measurements, we
include only combined results when available, in order to
avoid double counting. Since the analysis is performed within
the NWA, the experimental data provides information only
at a single hard scale, My. Also, the included datasets are
integrated in rapidity y and thus provide very little sensitivity
to the x dependence of TMDs.

Our analysis is restricted to the region of validity of TMD
factorisation (Eq. (4)). As a consequence, we need to require
an upper value on the value of g7 of the data points included
in the analysis. As a baseline, we choose to cut all data
points which do not respect the cut g7 /My < 0.3. How-
ever, we also consider two more conservative cuts, namely
qr/Mp < 0.25 and g7 /My < 0.2. Since measurements
are provided in finite transverse-momentum bins, the cut is
conservatively applied using the upper edge of each gr bin.
The numbers of data points satisfying the g7-cut conditions
for all of the choices discussed above are reported in Table 1
for the single datasets and for the full ensemble. With the
baseline cut (g7 /My < 0.3), we include in the fit a total of
30 points.

@ Springer

All measurements are defined within fiducial phase-space
regions, characterised by kinematic cuts on final-state lep-
tons or photons. These effects are accounted for in the theory
predictions through the phase-space reduction factor P (see
Eq. (4) and Appendix A). Combined measurements, which
are extrapolated to the full phase space, are treated accord-
ingly without fiducial cuts. Tables 2—3 summarise the fiducial
cuts implemented for each channel and experiment.

Experimental uncertainties include both uncorrelated and
correlated components which are fully incorporated in our
analysis following the treatment adopted in past TMD anal-
yses, (e.g, see Refs. [6,7,10,12,46-49]). The collinear PDF
set used in the computation of TMDs (NNPDF3.1 [34], in
our case) carries additional uncertainties, which in princi-
ple should be accounted for. However, we found that PDF
uncertainties are at least one order of magnitude smaller than
the experimental ones. Therefore, we decided not to include
them.

We finally stress that no other normalisation factors have
been applied in this analysis, with the consequence that both
shape and normalisation of the experimental measurements
have an impact on the fit.

4 Results

In this section, we present the results of the extraction of
unpolarised gluon TMDs from the current available mea-
surements of Higgs production (see Sect. 3). In Sect. 4.1,
we discuss the quality of the fit at N°LL in terms of the-
ory/data agreement. In Sect. 4.2, we present the extracted
unpolarised gluon TMDs from our analysis. We do not
present results for the gluon Boer-Mulders function. Indeed,
the contribution from linearly polarised gluons affects the
Higgs transverse-momentum spectrum at the level of only a
few percent [32], well below the current experimental uncer-
tainties of O(50%). Consequently, the available data do not
provide sufficient sensitivity to independently constrain its
nonperturbative component. In Sect. 4.3, we discuss the con-
vergence of perturbative corrections. Finally, in Sect. 4.4, we
study the dependence of the fit results on the g7 cut.

4.1 Fit quality

In this section, we present the quality of the baseline fit at
N3LL with cut g7/Mpy < 0.3. The error analysis makes
use of the bootstrap method, namely by fitting an ensemble
of Nrp = 200 of Monte Carlo replicas of the experimen-
tal data. Although the most complete statistical information
is represented by the full ensemble of replicas, we choose
the x 2 of the central replica, representing the best fit to the
unfluctuated data, as the best estimator of fit quality.

Table 4 shows the breakdown of x2’s normalised to the
number Ngq¢ of data points for each of the included measure-
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Table 1 Breakdown of the datasets included in this analysis. For each dataset, the table includes information on: the number of data points (Ngat)
passing three different cuts in g7 /My, the Higgs-boson decay channel, the center-of-mass energy +/s, and the reference

Dataset Nyat Decay channel /s [GeV] Ref.
qr/Mp < 0.2 qr/Mp < 0.25 qr/Mp < 0.3
CMS Run IT (2017-2018) 5 6 7 H—yy 13,000 [37]
CMS Run IT (2017-2018) 2 3 3 H— 40 13,000 [38]
CMS Run IT (2015-2016) 1 2 2 combined 13,000 [39]
CMS Run I 1 2 2 H— yy 800 [40]
ATLAS Run II (2017-2018) 5 6 7 H— yy 13,000 [41]
ATLAS Run II (2017-2018) 2 3 3 H — 4¢ 13,000 [42]
ATLAS Run IT (2015-2016) 2 3 3 combined 13,000 [43]
ATLAS Run I 1 2 2 H— yy 800 [44]
ATLAS Run I 1 1 1 H — 4¢ 800 [45]
Total 20 28 30 - - -
Table 2 Fiducial selection requirements for the H — 4¢ channel
Dataset pr.e [GeV] il Event pr [GeV] myee [GeV]
CMS Run II (2017-2018) > T (e), >5(u) <25(e), <24(w > 20, > 10 40 < myp < 120, 12 < m34 < 120

ATLAS Run I
ATLAS Run IT (2017-2018)

> T7(e), > 6(un)
>T7(e), >5(n)

<247 (), <2.7(n)
<247 (), <2.7(n)

> 20, > 15, > 10
> 20, > 15, > 10

50 < myp < 106, 12 < m3q < 115
50 <myp < 106, 12 <m3q < 115

Table 3 Fiducial selection

requirements for the H — yy Dataset Py /Myy Pr.n/Myy Iy |

channel CMS Run II (2017-2018) > 0.35 > 0.25 Iny| < 1.4442 1.566 < |y | < 2.5
CMS Run I > 0.35 > 0.25 Iny| < 1.44 1.57 < Iny| < 2.5
ATLAS Run I > 0.35 > 0.25 [ny| < 1.37 1.56 < |n,| < 2.37
ATLAS Run II (2017-2018) > 0.35 > 0.25 In,| < 1.37 1.52 < |n, | < 2.37

ments and for the full dataset. We note that the value of the
global x2/Nga = 1.49, corresponding to a p-value of about
3%, indicates that the fit is able to reasonably reproduce the
overall shape and normalisation of the datasets. Some resid-
ual tension is observed, which can be attributed to statistical
fluctuations in the region of relatively large g7. This tension
can be significantly reduced by adopting a more conservative
cutin g7 /Mpy (see Sect. 4.4 for details).

Concerning the individual experiments, we observe that
the description of the H — yy measurements is generally
worse than for the rest of the dataset. In particular, the CMS
Run II (combined) and ATLAS Run I H — yy data exhibit
the largest deviations from the fitted theoretical predictions,
and determine a significant increase of the global x2.

In order to visualize the quality of our fit, we present in
Fig. 2 the comparison between experimental data and theo-
retical results for a representative selection of datasets. We
display in the upper panel of each plot the gr-differential
cross section, and in the lower panel the data-to-theory ratio.
Coloured bands represent one-sigma uncertainties.

Table 4 Breakdown of the normalised x 2 to the number of data points
Ngae of the central replica for each dataset included in the fit

Dataset Ndat x%/Naat
CMSRunIl H — yy 7 1.15
CMSRun Il H — 4¢ 3 1.17
CMS Run II (combined) 2 4.46
CMSRunl H — yy 2 0.26
ATLASRunll H — yy 7 1.52
ATLASRun Il H — 4¢ 3 0.93
ATLAS Run II (combined) 3 0.99
ATLASRunl H — yy 2 3.58
ATLASRunl H — 4¢ 1 0.004
Total 30 1.49

We find that theoretical predictions are able to repro-

duce both shape and normalisation of data. Some tension
is observed in the peak region of CMS Run Il H — yy data
and in the tail of the ATLAS Run Il H — yy data. How-
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Fig. 2 Upper panels: comparison between experimental data and the-
oretical predictions for the g7-differential cross section for Higgs pro-
duction measurements from CMS Run II (left panel) and ATLAS Run IT

ever, as we will prove below, this tension can be significantly
reduced by adopting a more conservative gr cut. Note that
the larger theoretical uncertainty bands in the right panel are
due to the effect of the systematic shifts induced by corre-
lated experimental errors, which are particularly relevant for
the ATLAS Run Il H — yy dataset.

4.2 Extracted gluon TMDs

Now we move on to presenting the gluon unpolarised TMD
distribution flg extracted from our baseline fit at N°LL with
kinematic cut g7 /My < 0.3.! In order to gauge the sensi-
tivity of the included experimental data on the intrinsic non-
perturbative part of TMDs, we report the value of the free
parameter g obtained from the fit:
g=156+5.1GeV?, (12)
which corresponds to average and standard deviation over
the set of 200 Monte Carlo replicas. We observe that the
parameter is determined with a relative uncertainty of about
35%, which indicates that the current dataset has moderate
sensitivity to the nonperturbative part of TMDs. This is con-
sistent with the fact that the included measurements cover
a kinematic region at very large scale, where the perturba-
tive contribution to TMDs is dominant. In Sect. 4.4, we will
explore the effect on the parameter g of adopting more con-
servative cuts in g7.

As mentioned above, the NWA prevents the possibility of
disentangling the nonperturbative contribution of the Collins-
Soper kernel, related to gluon TMD evolution, from the rest of
the nonperturbative effects, which we will refer to as intrinsic

1" Also the linearly polarised gluon TMD hf‘g is accounted for in this
analysis. However, data is little sensitive to this TMD, so we do not find
it particularly instructive to discuss it here and draw any conclusions.
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(right panel); uncertainty bands correspond to one-sigma error. Lower
panel: ratio between experimental data and theoretical results

component. In order to achieve this separation, it is necessary
to include measurements spanning different scales broadly
different from My, such as J /v production data. Neverthe-
less, it is instructive to provide an a posteriori interpretation
of the extracted parameter g in terms of its intrinsic and evo-
lution components,

g =g1+g5log(t/03), (13)

with Q9 = 1 GeV and where g; represents the intrin-
sic component and ng the nonperturbative evolution. We
estimate gg from the quark value extracted in Ref. [50],
g2 = 0.16740.015 GeV?, rescaled by a factor C4 /Cp. This
assumption is motivated by perturbative considerations and
provides a natural guess in the absence of direct constraints.

We propagate uncertainties via bootstrap sampling of 10
replicas of (g, g§ ) obtaining

g1 =144 +5.1GeV?, (14)

which allows us to calculate gluon TMDs at values of © =
/¢ = Q different from My . We note that the value of g is
close to the total g, indicating that, within the current kine-
matic coverage, the nonperturbative evolution contribution is
small. This confirms the current limited sensitivity of Higgs
measurements on nonperturbative TMD effects.

In Fig. 3, we show the unpolarised TMD gluon PDF
as a function of the intrinsic transverse momentum |k |.
In the left panel, we show the TMD PDFs at the nom-
inal scales © = /¢ = My for different values of x,
namely x = 0.001, 0.01, 0.1. In the right panel, we show
the TMD PDF at x = 0.01 at three different values of
Q = u = /T, specifically O = 6 GeV, which roughly
corresponds to the production of a pair of J/v’s, the usual
Mpy, and Q = 350 GeV, which is the typical energy for
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Fig. 3 Left panel: The TMD PDF of the gluon in a proton at 4 = /¢ = 125 GeV as a function of the partonic transverse momentum |k | for
x = 0.001,0.01, 0.1. Right panel: gluon TMD PDF at x = 0.01 for u = /¢ = 6, 125, 350 GeV. Uncertainty bands correspond to one-sigma error

the production of a ¢7 pair. Bands correspond to one-sigma
uncertainties.

We observe the gluon TMD grows in size as x decreases. In
fact, its |k |-integral is related to the gluon collinear PDFs,
which indeed grows very rapidly at large scales and small
values of x. We also stress that the behaviour in x of the
gluon TMD is fully driven by the perturbative matching and
collinear PDFs because our model for fnp is independent of
x. Finally, we observe that the gluon TMD becomes broader
at larger values of Q as a consequence of the evolution.

4.3 Perturbative convergence

In previous sections we discussed our baseline fit, which
was obtained at N>LL accuracy. We now show the impor-
tance of including higher-order perturbative corrections in
the theoretical predictions to achieve a good description of
the experimental data. To this end, we perform additional fits
at lower perturbative accuracy, namely at NLL’, NNLL, and
NNLL’ [6], and compare the results with the baseline N3LL
fit. We do not consider LL and NLL accuracies because in
both cases the data/theory agreement is very poor. For these
additional fits, we use the baseline cut g7 /My < 0.3.

In Fig. 4, we show the behaviour of the global x2 as the
perturbative accuracy increases. Note that we didn’t divide
for the number Ny of data points in order to better appreciate
the size of the differences.

We observe that the agreement between data and theory
improves significantly moving from NLL’ to NNLL’, while it
remains essentially unchanged taking a further step to N>LL.
This indicates that the perturbative series is converging and
that the inclusion of higher-order perturbative corrections
is important to achieve an accurate description of data. We
conclude that, given the current experimental uncertainties,
NNLL’ accuracy or higher is appropriate to reliably extract
gluon TMDs.

70

65

60

551

Global x?

50

45

NLL’ NNLL NNLL N°LL

Fig. 4 Values of the global x2 of the fits at NLL’, NNLL, NNLL’ and
N3LL perturbative accuracies

In order to better visualise the impact of higher-order cor-
rection, in Fig. 5 we compare fitted theoretical predictions
for all of the available perturbative orders to the ATLAS Run
II (H — yy) dataset.

We see that the agreement between data and theory
improves as the perturbative accuracy increases, with the
NNLL’ and N3LL predictions being able to reproduce at best
both shape and normalisation of the dataset. In particular, the
inclusion of higher-order corrections helps describe the peak
and the tail of the distribution at relatively large values of g7,
which is the region where most of the tension between data
and theory is observed at lower perturbative orders.

4.4 Dependence on the g7 cut

Finally, in this section we discuss the dependence on the cut
on the measured transverse momentum gr. This is a key
ingredient of any TMD fit since it restricts the analysis to
the region where TMD factorisation is valid. In our base-

@ Springer
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Fig. 5 Comparison between experimental data for the ATLAS Run II
measurements at 13 TeV and the theoretical predictions obtained from
the fits at NLL’, NNLL, NNLL’, and N3LL. The layout of the plot is
the same as in Fig. 2

Table 5 Values of the global x2/Ngy and extracted g parameter of
the fits at N>LL for different choices of the cut on g7 /M. The number
of data points Ny, included in each fit is also reported

Cut Naat X%/ Naa g1[GeV?]
qr/Mpy <02 20 1.08 71443

qr/Mpy < 0.25 28 1.35 12.6 £4.7
qr/ Mg < 0.3 30 1.49 144+£51

line analysis, we include all data points with g7 /My < 0.3.
Given the scarcity of Higgs data, this choice has the scope
of retaining as much experimental information as possible
while staying in the applicability region of TMD factorisa-
tion. Nonetheless, it is instructive to explore the effect of
imposing more conservative cuts. In Table 5, we report the
values of the global X2 /Ndat of the N3LL fit with the corre-
sponding extracted value of the parameter g; for three differ-
ent choice of the cut, namely g7 /My < 0.2, 0.25, and the
baseline cut 0.3.

We observe that the data/theory agreement increases for
more conservative cuts. In particular, the global X2 / Ndat
decreases from 1.49 for the baseline cut to 1.08 for the most
conservative cut. This is an indication that some of the tension
observed in the fit with the baseline cut can be attributed to
data points in the region of relatively large g7. However, the
price to pay is a significant reduction of the number of data
points, from 30 to 20, which also hampers a sound statistical
interpretation of the results.

In order to better understand the origin of this tension, in
Fig. 6 we compare the fitted theoretical predictions for the
three different cuts to the ATLAS Run II (H — yy) and
CMS Run II combined datasets.

We observe that the tension between data and theory is
mostly driven by statistical fluctuations in the tail of the dis-

@ Springer

tribution at relatively large g7. The tension is particularly
evident for the CMS Run II combined dataset, which is the
one with the largest X2 / Ngat in Table 4. Indeed, the X2 / Ndat
for this dataset decreases from 4.46 for the baseline cut to 0.76
for the most conservative cut. For the data points included
in all three cases, the agreement between data and theory is
similar, which indicates that our choice of the baseline cut is
not significantly biasing the TMD.

In the last column of Table 5, we report the value of
the extracted g; parameter for the three different cuts. We
observe that the value of g decreases for more conservative
cuts, which is an indication that the data points in the region
of relatively large g7 are driving the fit towards larger values
of g1. However, given the current experimental uncertainties,
the values of g obtained with different cuts are compatible
within one-sigma error. This is yet another indication that the
choice of the baseline cut is not significantly affecting the fit
results.

In order to better visualise the effect of the different cuts,
in Fig. 7 we compare the gluon TMD at u = /¢ = My and
x = 0.01 obtained from the fits with different cuts on g7.

As expected, distributions obtained with different cuts are
compatible within one-sigma error. We also see that the TMD
obtained with the most conservative cut is slightly less broad
than the one obtained with the baseline cut, which is conse-
quence of the decrease of the g;. This is an indication that
the data points in the region of relatively large g7 are driving
the fit towards smaller TMDs at low |k |. However, given
the current experimental uncertainties, this effect is not sta-
tistically significant.

5 Conclusion

In this work, we have presented the first extraction of the
unpolarised gluon TMD flg from LHC measurements of the
Higgs-boson transverse-momentum distribution. The analy-
sis is based on the complete set of available ATLAS and CMS
data at \/s = 8 and 13 TeV in the diphoton and four-lepton
decay channels, and is carried out within the TMD factori-
sation framework at N3LL accuracy, including the linearly
polarised gluon TMD A7 with its NNLO matching coeffi-
cient. The fit is implemented in the NangaParbat framework
of the MAP Collaboration, and fiducial selections are con-
sistently incorporated through a phase-space reduction factor
computed for the relevant decay topologies.

The baseline fit, performed with the cut g7 /My < 0.3,
reproduces both the shape and the normalisation of the exper-
imental data with a global X2 /Ngat = 1.49, and yields an
intrinsic nonperturbative parameter g; = 14.4 £+ 5.1 GeV>.
The relative uncertainty of about 35% reflects the limited
sensitivity of current Higgs data to the nonperturbative con-
tent of gluon TMDs, a direct consequence of the large hard
scale My at which the perturbative contribution dominates.
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Fig. 6 Comparison between experimental data for the ATLAS Run II (left panel) and CMS Run II combined (right panel) measurements at 13
TeV and the theoretical predictions obtained from the fits with different cuts on g7 /Mg . The layout of the plot is the same as in Fig. 2
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Fig. 7 The TMD PDF of the gluon in a proton at 4 = /Z = Mg
and x = 0.01 as a function of the partonic transverse momentum |k |
obtained from the fits with different cuts on g7 /Mg . Uncertainty bands
correspond to one-sigma error

The narrow-width approximation, together with the single
scale spanned by the dataset, prevents us from separately
constraining the nonperturbative component of the Collins-
Soper kernel; the latter has therefore been estimated by
rescaling the corresponding quark coefficient extracted in
Ref. [50] by C4/CF. The study of perturbative convergence
shows a marked improvement of the data/theory agreement
from NLL' to NNLL', and only mild changes when mov-
ing from NNLL' to N3LL, indicating that the perturbative
series has effectively stabilised at the highest accuracy con-
sidered. Variations of the g7 cut have a moderate impact on
the extracted distribution: all values of g; obtained with dif-
ferent cuts are mutually compatible within one-sigma uncer-
tainties, suggesting that the baseline choice does not intro-
duce a significant bias in the extracted TMD.

Several directions naturally follow from this analysis.
First, the inclusion of gluon-sensitive observables, possibly
measured at future fixed-target experiments [51,52], at scales
significantly different from My . One such example is J /-

pair or other quarkonium production, which would enable
a direct determination of the nonperturbative Collins-Soper
kernel for gluons and disentangle the intrinsic component
from the evolution contribution. Second, the increased statis-
tical precision expected from Run III and the high-luminosity
LHC programme should substantially tighten the determina-
tion of the nonperturbative parameters and eventually pro-
vide access to the x dependence of gluon TMDs, which is
presently driven entirely by the perturbative matching onto
collinear PDFs. Third, more flexible parametrisations of fxp,
possibly distinguishing between f; lg and hf‘g and incorporat-
ing an explicit x dependence, will become meaningful as the
data sample grows. We leave these developments to future
work.
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Pg) =

/ﬁ ) d*p1d* pr 8(pD) 8(p3) 6(p1.0)0(p2.0) 8P (p1 + p2 — q) [M(p1, po)|°
.reg.

In the following, we discuss the computation of P for the
two-body and four-body final states relevant to the diphoton
and four-lepton decay channels of the Higgs boson, respec-
tively. We first treat the diphoton channel, H — yy and
then we extend the construction to the four-lepton channel,
H — 4¢.

1. Cuts on the two-particle final state

For the diphoton final state, Eq. (A1) reads

f d*pid* pr 8(pD) 8(p3) 60(p1.0) 0(p2.0) 8P (p1 + p2 — q) [M(p1, po)|°

; (A3)

Appendix A: Phase-space reduction factor

In this appendix we sketch the computation of the phase-
space reduction factor P introduced in Eq. (4), which encodes
the effect of the kinematic cuts applied to the particles in the
final state. The factor P accounts for the impact of fiducial
selections on the theoretical cross section. It is defined, for
a generic N-particle final state, as the ratio of the squared
decay amplitude integrated over the fiducial region to the
same quantity integrated over the full phase space, namely

/ﬁd doy |/\/l(171,--~,1?7/v)|2
Plg) = ==

; (AD)
/ddDN |M(p1, ..-,PN)|2

where ¢ is the four-momentum of the decaying particle, M
is the amplitude of the decay process and d @ is the N-body
Lorentz-invariant phase space,’

N
don(g; pi. ..., px) = 2m)*s@ (q - Zm)
i=1

N

d*p
1525 80P6(pio).

(A2)
i=1 (27[)3

2 Throughout this appendix we neglect the mass of the final-state par-
ticles, so that the on-shell condition reduces to pi2 =0.

@ Springer

where p; and p; are the four-momenta of the outgoing pho-
tons, ¢ = pi + p2, and M(p1, p2) is the amplitude for the
decay H — yy. This latter can be written as

2
e 8
= Gnp iy T prp2g™ = pi) ey enpa).

(A4)

where e is the electromagnetic coupling, g is the weak cou-
pling, My is the W-boson mass and €, (p;) is the photon
polarisation vector. The function F collects the contributions
of W and fermion loops,

F = Fy(Bw) + > NeQF Fr(By). (AS)
f
with N, = 1 for leptons and N, = 3 for quarks, and
_AMy Ay

Bw = o Br = M_t%l (A6)
while
Fw(B) = 24+3+362—B) f(B).

(A7)
Fr(B) = =2B[1+(1—=pB) f(B)],

with f(B) the function defined in Eq. (3). Summing over
photon polarisations, one obtains
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g2 (it p2)*

2
|IM|” 3 .

2
/ dq)4 |M([71,P2a D3, p4)|
fid.reg

Plg) = o (AT1)
so that Eq. (A3) becomes /d®4 |M(p1. p2. p3. ps)|
/ d*p1d* pas(p1) 8(p3) 0(p1.0)0(p2.0) 8Y (p1 + p2 — @) (p1 + p2)*
,P(q) _ fid. reg. (A9)
/ d*p1d* pas(p1) 8(p3) 0(p1.0) 0(p2.0)8Y (1 + p2 — @) (p1 + p2)*
The restriction of the integration domain to the fiducial where p; (i = 1,...,4) are the lepton four-momenta,

region can be implemented through a generalised step func-
tion ®(p1, p2), which equals one inside the fiducial region
and vanishes outside. This allows one to extend the numer-
ator integration to the full two-photon phase space. Exploit-
ing momentum conservation through the four-dimensional
S-function both in the numerator and in the denominator,
and dropping the overall factor (p; + p2)* = ¢*, which
is independent of the integration variables, the phase-space
reduction factor takes the compact form

/ d*p 3 8((q — p)%) 6(p0) (o — p0) O(p.q — p)
P(q) = .

f d*ps(p*)8((q — p)*) 0(po) 0(q0 — po)
(A10)

The two outgoing photons are subject to asymmetric,
hierarchy-dependent selections, as summarised in Table 3.
Following the standard experimental convention, the leading
(subleading) photon is defined as the one with the largest
(smallest) transverse momentum, and a different p7 thresh-
old is applied accordingly. Because of asymmetric cuts on
the photon rapidities, see Table 3, an analytic evaluation of
Eq. (A10) is not feasible, and we rely on a Monte Carlo inte-
gration.

2. Cuts on the four-particle final state

We now extend the calculation of the phase-space reduction
factor P to the four-lepton final state,

M[°

(W7 +aD? +4vial] (pr-p3)(p2-ps) + (v —ad)? (p1-pa)(p2-p3)

M is the amplitude for the decay H — ZZ — 44, and
d®4 is the four-body Lorentz-invariant phase space defined
according to Eq. (A2). The decay amplitude can be written
in terms of the HZZ vertex, the two Z propagators, and
the leptonic currents. Recalling the Z-boson couplings to
fermions,

e

8z = vp = I3y —2Qy sin” Oy ,

sin By cos Oy
ar = I 7, (A12)
with Oy the weak mixing angle, I3 ; the third component
of the weak isospin of the fermion f, and Q its electric
charge (for charged leptons I3, = —% and Qy = —1), the
amplitude reads

—i g/M
(p1+p2)? =M% +iT My

M = igZMZguv{

—igz
2

1, (p1) va(ve — agys) ve”(l?z)}
—i g™
N
(p3+pa)-—Mz;+ilTzMyz

—igz
2

it} (p3) vp(ve — agys) v,i4(p4)} ,
(A13)
where Mz and I'z are mass and width of the Z boson, and

s; are the lepton spin indices. After summing over the lepton
spins, the squared amplitude takes the form

[((p1 + p2)> = M2)* + TEM2] [((p3 + pa)> — M3)* + T3 M3]

(A14)
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The explicit dependence on the individual lepton momenta
in Eq. (Al4) prevents any further analytic reduction of
Eq. (Al1), and a numerical evaluation is required.

To enable an efficient numerical evaluation and a trans-
parent implementation of the fiducial cuts, we factorise the
four-body phase space into a sequence of nested two-body
phase spaces, in accordance with the tree-level topology of
the decay H — ZZ — 4{. We introduce the intermediate
four-momenta

q+q = q,
(A15)

q1 = p1+ p2, q2 = p3+ p4,

together with their virtualities Q% = q12 and Q% = q22.
)
i

Inserting two unit factors of the form f in2 8 (ql.2 -
into Eq. (A2), the four-body phase space factorises as

d®4(q; p1, p2, p3, Pa)

dQ%dQ%
= —L =2 4dy(q: q1.
2n)? 2(9: 91, 92)

d®2(q1; p1, p2) dP2(q2: p3. pa) . (A16)
This decomposition is particularly well suited for a Monte
Carlo implementation: each two-body sub-phase space is
parametrised by two angular variables in the corresponding
rest frame, while the virtualities Q% and Q% are sampled
independently with an importance-sampling weight tuned
on the two Z Breit-Wigner peaks of Eq. (A14). This proce-
dure reduces the effective dimensionality of the integration
while exposing simple two-body kinematics, and allows the
fiducial selections of Table 2 (p7 thresholds, |n| windows,
mz, /mz, mass windows, ordered-lepton cuts) to be imposed
directly at particle level. Equation (A11) can thus be evalu-
ated numerically in a stable and efficient way for any value
of the kinematic variables (Q, y, g7).
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