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ABSTRACT: We provide the proper definition of all the leading-twist (un)polarized gluon
transverse momentum dependent parton distribution functions (TMDPDFs), by consid-
ering the Higgs boson transverse momentum distribution in hadron-hadron collisions and
deriving the factorization theorem in terms of them. We show that the evolution of all
the (un)polarized gluon TMDPDFs is driven by a universal evolution kernel, which can
be resummed up to next-to-next-to-leading-logarithmic accuracy. Considering the proper
definition of gluon TMDPDFs, we perform an explicit next-to-leading-order calculation of
the unpolarized (f{), linearly polarized (hllg ) and helicity (¢7;) gluon TMDPDFs, and
show that, as expected, they are free from rapidity divergences. As a byproduct, we ob-
tain the Wilson coefficients of the refactorization of these TMDPDFs at large transverse
momentum. In particular, the coefficient of gf 1» which has never been calculated before,
constitutes a new and necessary ingredient for a reliable phenomenological extraction of this
quantity, for instance at RHIC or the future AFTERQLHC or Electron-lIon Collider. The
coefficients of f{ and hf‘g have never been calculated in the present formalism, although
they could be obtained by carefully collecting and recasting previous results in the new
TMD formalism. We apply these results to analyze the contribution of linearly polarized
gluons at different scales, relevant, for instance, for the inclusive production of the Higgs
boson and the C-even pseudoscalar bottomonium state 7,. Applying our resummation
scheme we finally provide predictions for the Higgs boson gp-distribution at the LHC.
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1 Introduction

Observables sensitive to the transverse momentum of quarks and gluons inside a hadron
have a long theoretical and experimental history. They have proven to be valuable tools
to test the QCD dynamics at high-energy colliders, extending the information provided
by observables integrated over the intrinsic transverse momenta. At large transverse mo-
mentum these observables can be computed in perturbation theory, but if the transverse
momentum gp is much smaller than the probe of the hard reaction , then large logarithms
of their ratio appear and resummation becomes a must in order to obtain reliable results.
This issue was already addressed in the eighties by Collins, Soper and Sterman [1].

The main hadronic quantities in observables at gr < () are the transverse momentum
dependent functions (TMDs), first considered by Ralston and Soper [2, 3] and by Collins



and Soper [4, 5]. The TMDs represent, generally speaking, the probability of finding a
parton inside a hadron with a definite transverse momentum, i.e., TMD parton distribution
functions (TMDPDFSs); or the probability that a quark or gluon fragments into a hadron
with a given transverse momentum (TMDFFs). They play an important role in the rich
phenomenology of azimuthal and spin asymmetries (see, e.g., [6, 7]).

After the pioneering works, much effort has been devoted to properly describe the po-
larization of the partons/hadrons, the universality of TMDs and other relevant properties.
However, the “naive” (old) definitions introduced in [4, 5] and considered in subsequent
works, suffer from undesired features preventing them from properly represent physical
hadronic quantities, such as uncancelled rapidity divergences. Recently Collins [8] and
Echevarria-Idilbi-Scimemi [9, 10] have revisited and updated the definition of quark TMDs,
making it consistent with a generic factorization theorem and free from the bad features.
Having at our disposal the proper definition for such quantities allows us to better deal
with physical processes where they appear and from which we want to extract sensible
information on the hadron structure. Thus, it is the goal of the present work to extend
those efforts to the gluon TMDs, relevant for instance in processes such as Higgs boson
and quarkonium production in hadron-hadron collisions.

In order to properly define all the leading-twist (un)polarized gluon TMDPDF's we con-
sider the Higgs boson transverse momentum distribution, generated mainly through the
gluon-gluon fusion process. Thus, gluon TMDPDFs will be the relevant hadronic quan-
tities necessary to build our observable. Inclusive Higgs boson production in unpolarized
hadron-hadron collisions, has received much attention, both in the context of standard
perturbative QCD (see, e.g., [11-19]) and soft-collinear effective theory (SCET) [20-23]
(see, e.g., [24-27]). TMD gluon correlators were also considered in [28, 29]. However none
of the previous works paid attention to the cancellation of rapidity divergences in a proper
definition of gluon TMDPDFs. In this paper we reconsider the Higgs ¢p-distribution in
hadron-hadron collisions, but with general polarizations, in order to obtain not only the
properly defined unpolarized gluon TMDPDEF, but also the polarized ones, i.e., all the
leading-twist (un)polarized gluon TMDPDFs. Their proper definition is crucial in order
to be able to address different processes where they are relevant, such as quarkonium (see,
e.g., [30-32]) or heavy-quark pair production (see, e.g., [29, 33]), and perform consistent
phenomenological analyses.

In this work we pay special attention to three of the eight leading-twist gluon TMD-
PDFs, calculate them explicitly at next-to-leading order (NLO) and demonstrate that the
rapidity divergences cancel in their proper definitions. On one hand, the distributions of
unpolarized (f{) and linearly polarized (hllg ) gluons inside an unpolarized hadron, and,
on the other hand, the gluon helicity TMDPDF (g7, ), which represents the distribution of
longitudinally polarized gluons inside a longitudinally polarized hadron. The calculation
not only supports the definitions introduced in this work, but also allows us to extract
valuable perturbative ingredients to resum large logarithms and better control their non-
perturbative parts, eventually improving our description of experimental data. We empha-
size that the calculation of ¢{; is done for the first time, while for f{ and hfg one could
combine previous results and then carefully recast them into the new TMD formalism.



The evolution of the gluon TMDPDFs, as in the case of quark TMDs [34], turns
out to be universal, i.e., the same evolution kernel describes the evolution of any of the
leading-twist (un)polarized gluon TMDPDFs. It is interesting to contrast this finding with
the evolution of the parton distribution functions (PDFs) and double parton distributions
(DPDs) which have vastly different evolution depending on the polarization (see, e.g., [35]
for a direct comparison for DPDs). The currently known perturbative ingredients allow us
to use the evolution equations to resum the large logarithms up to next-to-next-to-leading-
logarithmic (NNLL) accuracy. Moreover, if we consider the perturbative coefficients of
the operator product expansion (OPE) of those TMDs at large transverse momentum, also
some parts of them turn out to be universal. Exploiting this feature, we introduce a further
step to resum the large logarithms that appear in the OPE coefficients, exponentiating the
double logarithms and improving the convergence of the resummation. Thus we provide a
general framework to deal with (un)polarized gluon TMDPDFs in different processes and
account for their perturbative and non-perturbative contributions.

Drawing attention to the distribution of linearly polarized gluons inside an unpolarized
hadron, several works have addressed their role at the LHC (see, e.g., [36-41]). In particu-
lar, in [41] the authors quantified their contribution in the context of the TMD formalism,
both for Higgs boson and C-even scalar quarkonium (x. and xpy) production. In the
present work we extend their efforts by implementing the currently known perturbative
ingredients to the full extent to perform the resummation at NNLL accuracy, providing
more accurate predictions and discussing their uncertainty.

The paper is organized as follows. In section 2 we apply the SCET machinery to derive
the factorization theorem for the Higgs gp-distribution in polarized hadron-hadron colli-
sions in terms of well-defined gluon TMDPDFs. In section 3 we discuss the QCD evolution
of all the leading-twist gluon TMDPDFs, which turns out to be driven by a universal evo-
lution kernel. Next, in section 4 we address the refactorization of TMDPDFs in terms of
collinear functions, which applies when the transverse momentum is in the perturbative
domain. In section 5 we consider the gluon helicity TMDPDF (g, ), that accounts for
longitudinally polarized gluons inside a longitudinally polarized hadron, and perform a nu-
merical study of the function itself and the impact of evolution. In section 6 we analyze the
TMDPDFs that contribute in unpolarized hadron-hadron collisions, i.e., unpolarized and
linearly polarized gluons (f{ and hi‘g respectively), and give some estimates of their relative
contributions at different scales. Then, in section 7 we study the Higgs boson transverse
momentum distribution, paying special attention to the role played by linearly polarized
gluons and the non-perturbative effects. Finally, conclusions are drawn in section 8.

2 Factorization theorem in terms of well-defined TMDPDF's

Below we derive the factorization theorem for the Higgs gpr-distribution in polarized hadron-
hadron collisions, A(P, Sa) + B(P,Sg) — H(my,qr) + X, by performing a set of consec-
utive matchings between different effective field theories, relevant at each scale:

QCD(ns = 6) = QCD(ns = 5) — SCET,, — SCETAqcp -



In the first step we integrate out the top quark mass, my, to build an effective ggH coupling.
In the second matching we integrate out the mass of the Higgs boson, mp, and obtain a
factorized cross-section in terms of well-defined gluon TMDPDF's, which holds for ¢y <«
my. Those gluon TMDPDF's will be expressed in terms of fundamental hadronic matrix
elements. Finally, in the region Aqcp < gr < mp, we can further refactorize the gluon
TMDPDFs in terms of the collinear gluon/quark PDFs, integrating out the large scale gp.

Before discussing the steps in the derivation of the factorization theorem, we introduce
the notation used through the paper. A generic vector v* is decomposed as v* =7 - ’U% +
n-vZ 4+ = ®m-v,n-vv) = (vhvT,vy), with n = (1,0,0,1), 7 = (1,0,0,—1),
n?=n%=0and n-n =2. We also use vy = |v, |, so that v} = —v2 < 0.

The production of the Higgs boson through gluon-gluon fusion is well approximated
by the effective local interaction [42—-46]

H o
Lo = Cy(mi, 1) o ()

T A (2.1)

where a4(p) is the QCD coupling at factorization scale p, FF® the gluon field strength
tensor, H is the Higgs field and v ~ 246 GeV is the Higgs vacuum expectation value.
The explicit expressions for the Wilson coefficient C; and its evolution can be found in
appendix E. Using the effective lagrangian just introduced, the differential cross section for
Higgs production is factorized as

1 (as(m))® 2, o d’q / 4, —ig-
== C 0L [ gy ity
77 2 (127rv> e(mes ) (@2m)32E, | V¢

x Y (PSa, PSp| F,F**(y) | X) (X| Fs F***(0) |PSa, PSp) , (2.2)
X

where s = (P + P)2. This expression manifests the first step in the matching procedure,
where we integrate out the large top quark mass through the perturbative coefficient C}.
The ny = 5 effective QCD operator is next matched onto the SCET-gr one:

ab
17 ) 7b
P B = —2°Cr(—¢%, 1) g, B (sjgsﬁ) B (2.3)
where ¢ = m%{ and the Bi(ﬁ%) operators, which stand for gauge invariant gluon fields, are
given by
1
Bi=|n PWJz’D#Wn} = inag! SWIFSOW, = inag! st (WP FSSY . (2.4)

The collinear and soft Wilson lines are path ordered exponentials

0
Wy (x) = Pexp [zg/ dsn - AL(z + ﬁs)t“] ,

0

S(z) = Pexp [z’g /

—0o0

dsn - Al(x + ns)t“] . (2.5)

Wilson lines with calligraphic typography are in the adjoint representation, i.e., the color
generators are given by (%)% = —if®°  In order to guarantee gauge invariance among



regular and singular gauges, transverse gauge links need to be added (as described in [47,
48]). In this work we stick to Feynman gauge for perturbative calculations, and thus
transverse gauge links do not play any role. The Wilson matching coefficient C(—¢?, 1),
which corresponds to the infrared finite part of the gluon form factor calculated in pure
dimensional regularization, is given at one-loop by

asCa O 2—q2 +i0 w2

— . 2.6
47 t 2 + 6 (2:6)

CH(tiHU‘) =1 +

In appendix D we report our explicit NLO calculation, and appendix E gives the evolution
and higher order contributions. We anticipate here that for the phenomenological study
discussed in section 7 we perform the so-called “m-resummation”, which consists on choos-
ing the scale in the above coefficient as 2> = —¢?. In this way the convergence of the hard
part is improved. See [49, 50] for more details.

After some standard algebraic manipulations and a Taylor expansion in order to retain
the leading order contribution in g7 /mp, the cross-section can be written as

——— = 200(p) CE(m?2, M)H(mH,M)(27r)2/d2knLd2kMd2ksL5<2> (@, —kni—kni—ks1)
x JOM (20, k1, Sa; )Jr(L:y(xB,km, Spip) S(ksysp) +Olgr/mu),  (2.7)

where H(m?2, 1) = |Cu(—¢2 w)|?, xap = /TetY, 7 = (m?% + ¢2)/s and y is the rapidity
of the produced Higgs boson. The Born-level cross section is

2 2
my Oés(:“)
= . 2.8
0(k) = T (NZ = D)s0? (28)
The pure collinear matrix elements and the soft function are defined as
+ 2
T g s, S =4y [ BT e k) (2.9)
2 (2m)3
xZ (PSAl B (v~ y.) | Xn) (Xal BT (0)[PSa)
(0) v :cBP Ay YL i(Lapyt Py, ko)
T (g R S 1) = tomy P ke
2 (2m)3
XZ (PSp| BYM (y",y.) | Xa) (Xa| B2(0)|PSE) |
d Y z ba
S(ksi;p) Z/ Lk (0](8185) " (1)1 Xe) (X (8184) ™ (0)]0).

Notice that, in order to avoid double counting, one needs to subtract the contribution
of soft momentum modes (the so-called “zero-bin” in the SCET nomenclature) from the
naively calculated collinear matrix elements, thus obtaining the “pure collinear” matrix
elements, denoted by the superscript (0) (see, e.g., [51] for more details). Note that in
eq. (2.7) we have applied the SCET machinery to decouple the collinear, anticollinear and
soft modes, removing the interactions between them from the Lagrangian [21]. Thus the



factorization of any operator in SCET is straighforward, as well as the final states |X),
which can be written in the factorized form |X) = |X,) ® | X5) ® |X;), describing the
collinear, anticollinear and soft states.

As shown in appendices A, B and C by performing an explicit NLO perturbative
calculation of unpolarized, linearly polarized and helicity gluon TMDPDFs, the collinear
and soft matrix elements defined above are individually ill-defined, since they contain
uncancelled rapidity divergences. We stress the fact that this issue is independent of the
particular regulator used. Thus, we need to combine them in a certain way to cancel
these divergences and obtain well-defined hadronic quantities. Based on the work done
in [9, 10, 34] for the quark case and using Tn(n) tO label generic parameters that regulate
the rapidity divergences present in the (anti-)collinear and soft matrix elements, then the
TMDPDFs are defined as

GZ;IA(xA’bLaSA; Cay i) = JOM (4, b1, Sas pinn) S—(brs 1150)
GhY (2, bu, Spi Gy pt) = T (23,61, S ) S (b 3 ) (2.10)

where (4 p are auxiliary energy scales, the twiddle labels the functions in impact parameter
space (IPS) and we have split the soft function in rapidity space as

S(brs; 1500, m7) = S— (brs w5 mn) St (brs 15m5) - (2.11)

The soft function can be split to all orders in perturbation theory, regardless which partic-
ular regulator is used, following the same logic as in [10]. In that work this fundamental
property was proven for the soft function relevant for quark TMDs. The proof for the soft
function that appears in the gluon TMDs follows analogously, simply changing the color
representation from the fundamental to the adjoint. The arbitrariness in the choice of the
rapidity cutoff to split the soft function, which is not explicitly shown in eq. (2.11), man-
ifests itself as the appearance of the auxiliary energy scales (4 and (g, which are bound
together by (alp = ¢* = m‘}{.
Resorting to the A-regulator for definiteness, the soft function is split as

S(brymiy, s AT, A7) = S_ (b Ca, s A7) Sy (brs Cay s AT

_ ) A A
S_ (br; Ca, 3 A ):\/S<p+,aﬁ>,
. R + A
S+(bT§CByﬂ§A+):\/S<1A 2 >

a p+ ) pf
where we have explicitly shown the dependence on the regulator parameters and (4 =

(2.12)

m%{ /o and (g = aqu, with a an arbitrary boost invariant real parameter.

We point out that an explicit dependence on ¢ = m%[ has been added as well in the
soft function. This is due to the use of the A-regulator, which induces such dependence, in
consistency with the fact that the soft function represents the cross-talking between the two
collinear sectors. On the contrary, pure collinear matrix elements do not have any remnant

information about the opposite collinear sector, and thus cannot depend on ¢ = m%{



Now, using eq. (2.12) the gluon TMDPDF's are defined as

éZ/VA(xAvbJ_asA%CA’N; A7) = JO (24,61, Sa; s A7) S_(by; Cay pi; A7),
G (@, b1, Spi Gy s AT) = TS (wp, b1, Sps s AT) 84 (bri G, s AY) . (2.13)

These hadronic quantities are free from rapidity divergences, i.e., they have well-behaved
evolution properties and can be extracted from experimental data.

As already mentioned, when one performs the perturbative calculations of the collinear
matrix elements, depending on the particular regulator that is used, the issue of double
counting the soft modes arises. In this case, one needs to subtract, on a diagram-by-diagram
basis, the soft limit of each collinear contribution (the “zero-bin”). With the A-regulator
one can show order by order in perturbation theory that the subtraction of the zero-bin
for each collinear matrix element is equivalent to divide it by the soft function:

B NTlLW b o2 Q.A— A-‘r
Jéo)“”(xA,bl,SA;u;A‘)ZJ (24, b, Sasmyy, w5 A7 A7)
S(br;m?, p; AT, A7)

(2.14)

The naively calculated collinear matrix elements, which do not have the label (0) anymore,
depend on the hard scale ¢% = m%, and the two regulator parameters A%, in contrast with
the pure collinear matrix elements. The latter should depend only on the regulator that
belongs to each collinear sector. The naive collinear matrix elements depend as well on the
spurious regulator for the other sector. Thus, for the particular case of this regulator we
can define the TMDPDFs as

bya(@a, b, SasCa, s A7) = JH (x4, b1, Saymiy, w A7, AT) ST (brs Ca,y s AT

ég
Gl (@B, by, Sp; Cpo s AY) = JF¥ (wp, b, Spymiy, s A7, AY) S7Hbrs Cay i A7) (2.15)
Notice that the spurious regulator in the naive collinear matrix elements is now cancelled by
dividing them by the proper piece of the soft function, thus recovering the correct regulator
dependence in the TMDPDFs as in eq. (2.13).

It is worth emphasizing that the proper definition of TMDPDF's in eq. (2.10) is indepen-
dent of the particular regulator used. We have given their definition using the A-regulator,
although one could conveniently modify eq. (2.13) in order to use, for instance, the rapidity
regulator introduced in [52]. One could also follow the lines of [8], where no regulator is
used, i.e., the rapidity divergences among the collinear and soft matrix elements are can-
celled by combining (before integration) the integrands of the relevant Feynman diagrams
order by order in perturbation theory.

Now, we can write the cross-section for the Higgs ¢p-distribution in terms of well-
defined gluon TMDPDFss:

do 9

1 o
m = 200(p) C’f(mt,u)H(qu,u) (271_)2/d2yJ_€QL Yy

X GSL;A(anyLvSA?CA,N) Gy/Buw(TB,Y1,SB;CB, 1t) + Olgr/my).  (2.16)



This factorized cross-section is valid for g7 < my. In the next section we discuss the refac-
torization of the TMDPDFs in terms of collinear functions when the transverse momentum
is a perturbative scale, i.e., when Aqcp < g7 < mp.

Before moving to the next factorization step, we first need to consider the dependence
on the hadron spin and separate the unpolarized (U), longitudinally polarized (L) and
transversely polarized (T) situations. In [53] the authors obtained the decomposition of
collinear correlators at leading-twist. We emphasize the fact that these correlators suffer
from rapidity divergences and thus cannot be considered well-defined hadronic quantities.
The decomposition, however, is not directly affected by this issue and follows equivalently.
Below, given the proper definition of gluon TMDPDF's in eq. (2.10), we extend the decom-
position of [53] and write

pv[U] gjt_V g 1 % 2k5j_kryzi lg
Gg/A (JUAJ%L) = _7f1 (l“A, k?nT) + ) g, — T hl (xA’knT)’ (2‘17)
nl
VL) e ertigl)
Gora (@askn) = =i5-Ag{, (4, knr) + Tf)\hmg(xmkw),
kn1S1
v|T ]/6 . anL . SL
G @ kns) = =gt = —— fif (was kar) — i€ =2 gl (2, k)
nT nT
knilmprd g kniingry | Silupr}
€] L Knt-S1 W9 (24, hor) + €1 L el TRy B9 (2.4, k).

2k% | knp T Aknp
The functions f7, hfg . g7 ;, and gir are T-even, while the rest are T-odd. In sections 6
and 5 we will pay special attention to the functions f7, hfg and gf 1, calculating them
explicitly at NLO to show that they are free from rapidity divergences and to obtain the
necessary perturbative ingredients to perform the resummation of large logarithms. These
three functions are the only TMDPDFs which are matched onto leading twist collinear
matrix elements, i.e., the canonical PDF's.

The Wilson line structure in the operator definition of the TMDPDFs gives rise to
calculable process dependence. In the types of processes considered here, where two gluons
fuse into a color singlet, the Wilson lines are past pointing. In a process where color would
flow into the final state, also future pointing Wilson lines play a role. Functions with
different Wilson line structure differ by matrix elements containing intrinsically nonlocal
gluonic pole contributions [54-57]. Depending on the number of such gluonic poles being
odd or even, the functions are T-odd or T-even. The functions come with specific process-
dependent gluonic pole factors that can lead to a breaking of universality, in the simplest
cases giving rise to a sign change, such as the Sivers function having a different sign
in Drell-Yan and in deep-inelastic scattering (DIS) processes. Other functions, such as
hng need to be written as a linear combination of two or even more functions, with the
coefficient in the linear combination depending on the Wilson lines and in turn on the
color flow in the process [58, 59]. However, for both the gluon-gluon fusion into a color
singlet considered here, as well as in the “gluon initiated DIS”, exactly the same linear
combination contributes to the cross section.



Finally, we provide the equivalent of eq. (2.17) in IPS, since as we show next, the
evolution of TMDPDFs is done in that space. With the Fourier transform given by

GhPl (24, b1) = /konJ_ etkosbs G (04 K ), (2.18)
we have
g 2N
N g ~ 1 v 205 b ~ L
GZ/LU](anbL) = —?ff(fBA,bT) +5 <gi - bLQ L) h 9 (g, b) (2.19)
1
~ 'GIW _ ebL{NbV}
GZ/,E\L](an b)) = *Z?)\Q%;(UTAJ)T) + WA hif? @ (24, br)
1
b1 Sy1
104 1/6 s . yb : S ~
G.Z/LT] (xa,b1) = —gﬁt_ LbT 1:,‘?(1)(:15,4, br) — ze‘j_ le J‘gfél)(xA, br)
bi{uyv} bi{uwgry | Si{wyrt
er b b -Si1g er Sy el b g
2bi bT h’lT (IEA, bT) + 4bT th (an bT) )
where for a generic function f(kr) we represent
F or) = 2m()" [ dier Ju(rba) £(0e). (2.20)

Worth noting is that while GZ 7,4 and ég /”A are each others Fourier transforms, this does
not hold true for the individual gluon TMDs which have factors of k,,; (b1 ) in the decom-

position (e.g., k1 and fv%l)).

3 Evolution of gluon TMDPDF's

The TMDPDFs defined in eq. (2.10) depend on two scales: the factorization scale p and
the energy scale ¢ (related to the rapidity cutoff used to separate the two TMDPDFs).
Thus, their evolution kernel is such that it connects these two scales between their initial
and final values. Below we derive first the part of the kernel that allows us to evolve the
TMDPDF's with respect to u, and then the one that corresponds to (.

The evolution of (un)polarized gluon TMDPDFs in terms of the renormalization scale
1 is governed by the anomalous dimensions:

d ~|Po
71DG[gp/fi] (24,01, 545 Ca, 1) =0 <as(ﬂ),ln%) ,

diny 7
G by S ) = e (), InE (3.1)
dlnp g/B\*B»YL,9B; B 1) =7G s\H), UQ . .

The renormalization group (RG) equation applied to the factorized cross-section in
eq. (2.16) implies the following relation among the different anomalous dimensions:

B (as(p))
as(p)

#2947 (00,08 ) (00,04 ) 76 (s, mSE ) =0,
(3.2)

2



where the anomalous dimension of the coefficients H and Cy, v and ~' respectively, are
given in appendix E. Thus

. ( (1), lnff) = D)4 — 2"l
" ( (1), lnff) - —rgtspms(u))lnfg — (1)), (3.3)
where the non-cusp piece is
) = e )+ )+ 2 (.4

In the equation above 79 is the non-cusp piece of the anomalous dimension of the hard
coefficient C'y (see appendix E). It should be mentioned that the splitting of vz into the two
anomalous dimensions ¢ given in eq. (3.3) is unique following the restriction (4(p = m¥;.
The coefficients of the perturbative expansions of I'c,sp and 7™ are known up to three
loops and they are collected in appendix E.

Now we focus our attention on the evolution in terms of the scale (. Following the
arguments in [10], one can show that the soft function relevant for gluon TMDs can to all
orders be written as
ATA™
m2 2’

with a function Ry, depending only on by and u, and D, related to the cusp anomalous

lng = RS(bT; /,L) + Dg(bT; :u) In (3'5)

dimension in the adjoint representation by

dD, A
_— = F s . .
Tt = T (an(n) (36)
Given egs. (2.13) and (3.5), one obtains the following evolution equations in (:
L 0GP (2, b1, Sas Cas pt) = — Dy (brs 1)
leCA g/A A01,0A450A, ) = glor; ),
d ol
Tinc; G/ (8, b1, S ) = =Dybrs ). (3.7)

Notice that the same D, term drives the ¢ evolution for all gluon TMDPDFs, since the soft
function that enters into their definition and gives the entire ¢ evolution is spin-independent.
The coefficients of the perturbative expansion of the D, term can be completely obtained
from the calculation of the soft function. If we write

) " p2b7
o (brs Zd (L7) o Lr=l T (3.8)

then the first two coefficients are:

A
dy (L) = QFgO(ﬁoLT) - d(0).
A A
a(ir) = (oL + (5/3 ; d1<o>) T dy(0). (3.9)
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The finite coefficients d,,(0) cannot be determined by eq. (3.6), but, as already mentioned,
by a perturbative calculation of the soft function (or the cross-section in full QCD). The
coefficient d;(0) can be easily extracted from the NLO calculation of the soft function in
appendix A, and one gets d1(0) = 0. The coefficient d2(0) can be obtained from the soft
function relevant for DY or SIDIS processes [60] by using the Casimir scaling, i.e., rescaling
it by Cx/CFp (see also [26]):

404 112

At small by the Dy term can be calculated perturbatively, but at large by it has to be
modelled and extracted from experimental data. However, we can extend the fact that the
soft function is universal and spin-independent to this non-perturbative piece, and it can
therefore be used to parametrize the non-perturbative contribution to the evolution of all
(un)polarized TMDPDFs.

Regardless of how the non-perturbative contribution to the D, term is parametrized,
we can perform the evolution of all leading-twist gluon TMDPDF's consistently up to NNLL
(given the currently known perturbative ingredients, i.e., v and Dy):

Gg’fj} (xa,b1,845Cap10f) = GL‘}?E (xa,b1,Sa;Cai, i) BRI (b3 Caiy s Cagy i) (3.11)

where the evolution kernel RY is given by
_ mr di - Ca Ca —Dg(br;pi)
RI(br; Cais i, CALfs Jif) = €XP {/ R (as(u),lngf>} <’f - (3.12)
T Q CAji

Solving analytically the evolution equation of the D, term in the small by region,

i

i dﬁ

Df(brsgs) = Dyforia)+ [ LT, (313)
Mo H

where p, = 2e77% /by is the natural scale of the D, term, and implementing the running

of the strong coupling consistently with the resummation order, one obtains (see [60] for

quark TMDs)

R,y Lo 1( a Bl 4
Dg (bTa/iz)——27ﬁ()1r1(1—X)—|—5 <1—X) [_ 53 (X+1n(1—X))+% ]
1/ a \° r4 8,14
+2(1_X) {2d2(0)+250(X(2—X))+ 2581 (X(X —2) —2In(1 — X))
A 3
+522;§o X2 5212;54(1112(1—& —Xﬂ +0 ((1_GX) ) . (3.14)

In this result we have defined a = a(j1;)/(47) and X = afBoLy. The 3; and T'# coefficients
are given in appendix E.

As a final remark, we emphasize the fact that the evolution kernel in eq. (3.12) is valid
only in the perturbative region of small by < A(SéDv since the perturbative expression of
D, (even its resummed version) breaks down at large br [60, 61].
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4 Refactorization of TMDPDF's and resummation of large logarithms

As already anticipated, when the transverse momentum is perturbative, we can perform an
operator product expansion (OPE) of the TMDPDFs in terms of collinear functions, inte-
grating out the transverse momentum by means of Wilson coefficients. Depending on the
particular TMDPDF considered, the collinear functions that will describe its perturbative
small-br region will be different, and also the relevant Wilson coefficients. However, the
part of the Wilson coefficients originating from the evolution, which is universal and spin-
independent, will be common for all TMDPDFs. Below we give the general expressions for
these OPEs, and in the next sections we explicitly calculate the coefficients for the relevant
TMDPDFs in the cases of an unpolarized and longitudinally polarized hadron.

For by < Aéch we can refactorize the (renormalized) gluon TMDPDFs of a hadron
A in terms of (renormalized) collinear quark/gluon distributions:

Fypa(wabrsCap) = > Cori(@abriCa, i) @ fia(rasp) + ObrAqep) . (41)
J=a,3.9

The convolution refers to momentum fraction x for TMDPDFs that are matched onto
twist-2 collinear functions (like f7), while in the case of TMDPDFs that are matched onto
twist-3 functions (like the gluon Sivers function fIJ‘Tg ) it would represent a two-dimensional
convolution in the two momentum fractions of the collinear function. In the equation above
we have thus represented schematically the OPE of any TMDPDF, where Fg /4 stands for
any of the functions in eq. (2.19) and f; /4 the adequate collinear functions in each case.
For example, we could consider the unpolarized gluon TMDPDF f{ and match it onto the
unpolarized collinear gluon/quark PDFs, as shown in section 6; or we could consider the
Sivers function ff‘ﬁ ) and match in onto gluon/quark twist-3 collinear functions [62]. The
coefficients C’g /; are different for each TMDPDF.

The natural scale for the coefficients C/; is u ~ 1/br ~ qr, which is the large scale that
we integrate out when we perform the OPE. Thus, we can choose to set the resummation
scale either in impact parameter space or in momentum space. In the following we discuss
these two approaches in more detail.

4.1 Resummation in impact parameter space

If we perform the resummation of large logarithms in impact parameter space then the
resummed TMDPDF is written as:

" dp —Dg(br;po)
Fﬁit(xA,bT;cA,u)zeXp{Ao ;7G< ( )lnqA)} @)

X Z g/j anbT;QOaMO) ®fj/A(:CAnu0) > (42)
J=4,4,9

where (y ~ ,ug and pg ~ pp. The superscript Pert signifies that it is only the perturbative
part of the TMDPDFs,! valid at small by < 1 /Aqcp. Notice that the functions D,

We refer to the perturbative or non-perturbative nature of the transverse momentum (or impact pa-
rameter) dependence, leaving aside of course the non-perturbative collinear distributions, which are always
part of the OPE, both in the small and large br regions.
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is universal and spin independent, and thus it is the same for any of the TMDPDFs in
eq. (2.19). On the contrary, as already mentioned, the coefficients C’g /; are specific for each
TMDPDF, as are the collinear functions f;,4 which generate the perturbative tail for each
TMDPDF at small bp.

So far we have addressed the TMDPDFs in the perturbative region. For large br
we need to model them and extract them from experimental data. To do so, one could
implement a smooth cutoff that freezes the perturbative contribution slowly as by gets
larger:

Fypa(wa, br; Ca, i) = Fy 3t (wa, brs Ca, 1) FNF (w4, b15Ca) (4.3)

where the cutoff prescription could be, for instance:

~ 2\ 1/n
br(br) = be (1—e*<bT/bc> )/ , (4.4)

with n an integer number and b. the parameter that determines the separation between
the perturbative and non-perturbative regions. For small b7 the perturbative contribution
dominates, and gets frozen as we increase the bp, since by — b, for large by. The non-
perturbative model FNP is constrained to be 1 for by = 0 and plays an increasingly
important role as we increase br.

4.2 Resummation in momentum space

Instead of setting pg ~ up, in this case we keep it in momentum space. In this way we
avoid hitting the Landau pole in the strong coupling, and we write the TMDPDF as

Hdp —Dg(br;po)
PO (@a,brs Ca, 1) = exp {L T <a8(u)’ln<A>} @)

0

X Z /j anbTaC()uMO) ®f]/A(an:u’0) ) (45)
7=49,9,9

where (p = CC ub and po ~ gr. We have kept explicitly the dependence on the real
parameter C¢, which will be used later on to test the dependence of the results on the
rapidity scale, basically varying it between 1/2 and 2. This is because the way it enters in
the final resummed expression for the TMDPDF is subtle, contrary to the scale pg, which
can be easily identified where it appears.

Now the coefficients C’g /; contain large logarithms In(j0b) which are not minimized by
the choice pg ~ gp (this was the case in the previous subsection, when choosing 1o ~ 1/b7p).
However we can further split them by using their RG-equation

d

még/j (w,br; G, 1) = (Dusp Ly = 7™ = ToupInCE) Cyy5 (w,br; G, 1)

Ldz -
-3 / % il brs C2i ) Pogy /2) (46)
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where P;/;(z/z) are the usual DGLAP splitting kernels, so that double logarithms can be
partially exponentiated (see [63] for the quark case):

Cyys (0,73 Cepi, 1) = exp [hr (brs 1) = ho(brs j)] Iy (. bri o) (4.7)
where
—— =T —L = A" T4 InC2 . 4.
dlnp cusp™T' > dlnp + cusp nCC ( 8)
Choosing hr(y)(br; up) = 0, the first few coefficients for the perturbative expansions of
hr(,) are:
_ (n) (Qs\"
hr(y) = Zhl—‘(v) (E) )
1 1
hy = LAY he? = o (L4040 + 3LATY)
1
h® = 57 (LTT0 63 + 2L3TG 61 + 4LT fo + 6LTTS)
6+ InC? ype+ T nC? Ve +T{1InC?
p) = 0 0 s p2 - 0 TT0EC N2 [ TG L
v 5% (BoLr) , hy 17 (BoLr)"+ 570 (BoLr)
B3 _ 76 + T InC?2 (BoLr)® + 1 (91 +T{'InC? . 1 (9 + T InCE) B (BoLr)?
7 650 2 Bo 2 B3
1 (3¢ +T4nC?
+5 | | (BoLr) - (4.9)
2 Bo

After the various steps we have performed, the OPE of gluon TMDPDFs can be re-
written as

B di C C —Dg(br;po)
ng/i{t (A, br; Ca, p) = { —'ufy(; < (ii),1n A )} (CQA > ol (brsp0) —hy (brs o)
Z Iy (x4, 0135 10) © fi74(2 45 1o0) - (4.10)

J=a,q

The functions Dy, hr and h, above still contain large logarithms Ly that need to be
resummed when oLy is of order 1 (also the coefficients I /7). We have already calculated
the resummed expression for Df in the previous section, and following the same procedure
we can derive the resummed expressions for the terms hr(,). Let us consider their evolution

A /as(u) p ,Félsp( ") /a, dao
Cu = a Y
wwh o (1) B(a’) Jag(u) Ble)

H*dn
(7" 4+ TpInCE) = / ?“( V" +THpnCE) . (4.11)
M

b

equations, eq. (4.8):

hE (br; 1) = hr(br; )

5
h2H(br; ) = hey (s ) /
I

= ‘tl t' ‘:l
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Notice that we have chosen hp(,)(br; u) = 0. By expanding the S-function and re-writing
as(pp) in terms of ag(p) at the proper order, as shown in [60] for the quark TMDPDFs
case, we can solve these equations and get

I (X — (X —DIn(1l — X))

R .
h‘F (bT,/J,) - QGSBS
N Bilg (2X +1n*(1 — X) + 2In(1 — X)) — 284X + In(1 — X))
433
+ 4/804(;L8_X) (5§F§4X2 - BO(BlFf(X(X +2) +2In(1 — X))
+ BT (X —2)X +2(X — Dn(1 — X)) + BiT5(X +In(1 - X))?) , (4.12)
and
Ry WCHTEInCE 1/ as B1(76°+T§InC?)
b = =X+ (125 ) |- (X a1 )
V1€ 4+ T{'InCE 1/ as \?[1%°+T5InC?
() [T e
ne FA 2
i ;531 MCO X (x —2)— 2n(1 - x))
Ba(rp + T CE) ,  BE(yp° +T¢IC?) )
% % (In?(1-X) - X?)|, (4.13)

where again as = a/(47) and X = asfoLr.
The resummed expressions we have just found are valid only in the perturbative region
of small by. With them, we can finally write the resummed TMDPDFs as:

. ¢ ¢ —D¥(bripo)
ﬁiﬁt(xA,bT;cA,u):exp{ / :70<as(ﬂ),ln A)}( z ) e briso) =1 i)
7

0 ﬁ Cgﬂg
x> Iyyi(@a,bripo) © fija(zas o). (4.14)

J=4:4,9

Notice that the functions Df, hf? and hﬁ are universal and spin independent, and thus
are the same for any of the TMDPDFs in eq. (2.19). On the contrary, the coefficients
fg /; are specific for each TMDPDF, as are the collinear functions f;,4 which generate the
perturbative tail for each TMDPDEF at small b7.

Finally, in order to parametrize the non-perturbative contribution at large by we over-
lap the perturbative expression in eq. (4.14) with a non-perturbative model and write

Fypa(a,briCas p) = Fy it (wa, br; Ca, p) FNT (2.4, b5 Ca) - (4.15)

The two functions, perturbative and non-perturbative, extend over the whole impact pa-
rameter space. However, their contributions should dominate in different regions. The
function FVP | the non-perturbative model, should be 1 for b7 = 0, where the perturbative
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expression applies, and play an increasingly important role as by gets larger. Moreover, it
should be such that it cancels the contribution that comes from the perturbative expression
F;;QA“ in the large by region, where it does not apply. In simple terms, there is no problem
with extending the perturbative expression to the whole bp-space, since the model is used
to correct for it in the non-perturbative region. This approach was used in [63] to perform
a global fit of Drell-Yan and Z-boson data and extract the unpolarized quark TMDPDFs.

As a final remark, we emphasize the fact that the non-perturbative model in this case is
not the same as in the previous subsection. They parametrize the non-perturbative region
in a different way, depending on what is the treatment of the perturbative contribution,
and thus they can be different.

5 Gluon helicity TMDPDF

The gluon helicity TMDPDF, g7, , represents the distribution of longitudinally polarized
gluons inside a longitudinally polarized hadron. In appendix C we perform for the first
time an explicit NLO calculation of this quantity and show that, if defined as in eq. (2.10),
then the rapidity divergences cancel among the collinear and soft matrix elements. We also
perform a NLO calculation on the collinear gluon helicity PDF g;,4(z; 1), which we use to
extract the OPE Wilson coefficient of gluon helicity TMDPDF:

3 Ydz -, _
G wabrsCap) = Y / — gy (@, br: Cas 1) gjya(wa /T 1) + ObrAqen) ,  (5:1)
J=4,9,9 ra

where the longitudinally polarized collinear quark and gluon PDF's are defined as

dy~ 1 —
IR / W b P (P, [EaW2] (57) B [ W] 0 1PS)

.f[;PJr . d B —il — a _ v.a
upalasn) = Tolich) [ e (P, B OBLO)IPSs) . (52

with &,(r) the (anti)collinear fermion field. The result of the coefficient is analogous to the
one for the unpolarized gluon TMDPDF, as we will show in next section, apart from the
DGLAP splitting kernel (similar result was found in the case of unpolarized and helicity
quark TMDPDF's in [64]). It reads

~ Qs 1 p? Bo
~ Olg
Cg/q ~or [ — L1Pag/ng + CFx] ’ (5.3)

where the one-loop DGLAP splitting kernels (collected for all polarizations in [65]) are

1— 3
Pag/ng() = Pyq(x) — 20’4( a:x) ’
1—
Pyjgl) = 2Ca [(1 St ret-a)| D51 ),
1—(1—2)?

PAQ/Aq(.T) = C'F (5.4)

T
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Cowp | 1" | 15 | Dgf | B | B3| Cyyy | Dy

LL al | ad | a? |agt] 0O a? | al
NLL a? al lad ol ]| ad [ 2] a2 | af
NNLL | o3 a2 | al | a2 | al [al| ol | a2

Table 1. Perturbative orders in logarithmic resummations, both for for resummations in momen-
tum space and in impact parameter space.

In order to illustrate the QCD evolution of gluon helicity TMDPDF we choose the
resummation scale in impact parameter space. We also set u? = ¢ = Q?, use the evolution
kernel in eq. (3.12) and separate the perturbative and non-perturbative contributions in a
smooth way as in eq. (4.3). Thus the gluon helicity TMDPDF is given by

_ Q du B 2 Q? —Dy(brspo)
3, (2a.br: Q% Q) = exp { /H " <as<u>,1nﬂz> } <C0) (5:5)

Vdz -, - ) )
g /“ 7 Cors (@573 G0, 10) 904 (/5 o) Fjj4 (24,673 Q)
J:q7Q7g

where (y ~ u% ~ ,uz. For our numerical studies the by prescription is

. 1/2
br(br) = be (1 - e—<bT/bc)2) . be=15GeV!, (5.6)

and we implement a simple non-perturbative model
ENV(wa,br; Q) = exp [bF(A + AoIn(Q%/QF))] . Qo=1GeV.  (5.7)

The parameters A\, and Ag have never been extracted from experimental data, and thus
we can only guess their values and give predictions by varying them in a reasonable range.
What we know is that Ag is the same among all (un)polarized gluon TMDPDFs, because
it parametrizes the scale-dependent part of the non-perturbative model, which is related to
the large-br tail of the universal D, function. Notice that for simplicity we have neglected
any x dependences in the non-perturbative model.

The gluon helicity TMDPDF is shown in figure 1 at x = 0.01, @ = 20 GeV, with
the non-perturbative parameters b, = 1.5 GeV~!, Ag = 0.3, A\g = 0.1. We use the latest
available parametrizations of collinear gluon and quark helicity PDFs [66] at NLO for our
numerical analysis. The running of the strong coupling is implemented at NNNLO with
the MSTW routine [67], with a variable flavor number scheme with m, = 1.4 GeV and
my = 4.75GeV. The input value for the strong coupling is set to as(Mz) = 0.1185, and
we impose a lower cutoff for the running scale u such that it never goes below 1 GeV. The
bands come from varying both the rapidity and the resummation scales by a factor of 2
around their default value, and keeping the largest variation for each point in kp. It is clear
that the theoretical uncertainty gets reduced as we increase the resummation accuracy by
including more perturbative ingredients, as schematically illustrated in table 1.
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Figure 1. The gluon helicity TMDPDF ¢, at Q = 20 GeV, 2 = 0.01 and with the non-perturbative
parameters chosen to be A\, = 0.3 and Ag = 0.1. The bands come from varying independently both
the resummation scale gy and the rapidity scale (y by a factor of 2 around their default value, and
taking the maximum variation.

In figure 2 we show the gluon helicity TMDPDEF at x = 0.01, for different values of
the energy scale and the non-perturbative parameters, at NNLL accuracy. In order to be
consistent with the factorization theorem we have cut the curves so that the condition kr <
Q is fulfilled. As can be seen, the larger the scale, the wider is the distribution. Moreover,
the larger the value of the non-perturbative parameters, the smaller the helicity distribution
is at low transverse momentum. It is interesting to notice that choosing small and equal
non-perturbative parameters, gives a qualitatively different gluon helicity TMDPDF at low
scales, as in the upper-left panel.

These results have been obtained using the OPE coefficients that have been calculated
for the first time in the present work. They are an important perturbative ingredient that
will allow us to better fix the non-perturbative parameters with new measurements, that
could be performed at RHIC or at the future AFTERQLHC or EIC with longitudinally
polarized hadron beams.

6 Gluon TMDPDFs in an unpolarized hadron

As shown in eq. (2.19) there are two gluon distributions that contribute at leading-twist in
the case of an unpolarized hadron: the unpolarized (f{) and the linearly polarized (hi‘g )
ones. The latter was introduced in [53] and implemented for the first time in the resumma-
tion of gluon-gluon fusion process in impact parameter space in [18, 19]. In appendices A
and B we perform an explicit NLO calculation of those distributions using their proper
definition in eq. (2.13), and we show that they are free from rapidity divergences when the
collinear and soft matrix elements are combined properly.

As described in the previous section for the gluon helicity TMDPDF, both f{ and hfg
in the small by region can be factorized in terms of collinear functions, which in this case
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Figure 2. The gluon helicity TMDPDF ¢f, at x = 0.01 for different values of the evolution scale
and the non-perturbative parameters, at /s = 8 TeV. All curves are given at NNLL accuracy.

are just the unpolarized collinear gluon/quark PDFs:

P/ (24, b Cay pt) = > / d?xc (@, br; Ca, 1) fiya(wa/@; p)+O(brAqep) ,

9/3
J=4,9,9
WP @by Cap) = Y / —CP (2, b5 Cas ) fi/a(wa /%5 1) +O(brAgen) , (6.1)
J=4,3,9

where the unpolarized collinear PDFs are defined as

fuatai = 5 [ B e sy 6] )5 [Wie] 0)1Psi)
Pt dy~ 1 pt 4’ —\1oa
o) = To- [ A P BB 0P (62)

Note that the TMDPDFs for the unpolarized gluon and the linearly polarized gluon are
both matched onto the same PDF, but the first non-zero order of the matching coefficient
for the linearly polarized gluon is one order higher in oy than for the unpolarized gluon.

~19 —



In appendices A and B we obtain their matching coefficients at NLO by subtracting the
collinear PDFs at the same order. Moreover, in section 4 we have shown that the OPE
coefficients for TMDs can be further refactorized, and thus the previous OPEs can be
written, setting 42 = ¢ = Q2 and using the evolution kernel in eq. (3.12), as

7 Q di 2 2\ —Dg(br;po)
e[ D} ()
x Z / g/] SU bT;COa/‘LO) fj/A(xA/j’/‘LO) +O(bTAQCD)7
1=49,4,9

- Q dii 2 252 —Dg(br;Ho)
Lg/A(2) 2 i Q Q-br
hl (‘TAabTaQ ’Q) - exp{//J [_L rYG (O{ ( ) hl/«LZ)} <4e2'YE>

0

dz
X Z / L~ g/](x bT,COaMO)fJ/A(xA/x 110) + O(brAqep) -

J=q,q,9 " A

The perturbative coefficients CN'f/; are given in appendices A and B, the one-loop DGLAP
splitting kernel P/, is given in eq. (5.4) and

1+ (1—a)?

Pyjq(x) = Cr -

(6.4)

The contribution of unpolarized and/or linearly polarized gluon distributions in unpo-
larized hadron-hadron collisions depends on the process under study and has been discussed
in several works [36, 38-41]. In this work we focus on the production of Higgs boson and
C-even pseudoscalar bottonium state 7, [30], since for the production of P-wave quarko-
nium states (like xp0) there are arguments that suggest a breaking of the factorization [68].
In the considered cases, Higgs boson and 7, production, both unpolarized and linearly
polarized distributions play a role, and thus one can investigate their relative contribution
to the cross-section. We use our results to quantify the contribution of linearly polarized
gluons, considering the following ratio:?

[ &by e=iarbr 94 () b Q2 Q) PP (e, br; Q2 Q)
| &bp €’iqT'bei(]/A($A, br; Q%,Q) i(]/B(c’BB, br; Q%,Q)

where the numerator and denominator are the two terms in the factorized cross section

R(za,zB,qr; Q) = , (6.5)

which determine the relative contribution from linearly polarized and unpolarized gluons
to the cross section, for both Higgs boson and C-even pseudoscalar bottonium production.
In order to compute this quantity we will insert the TMDs as in eq. (6.3), choosing (y ~
No ~ ,ub and using the by prescription to separate the perturbative from non-perturbative
contributions as in eq. (5.6). The latter will be parametrized as:

ij/ﬁfp(‘WA, br; Q) = exp [—b%(/\f + )\an(QQ/Qg))] , Qo =1GeV,
FINP (0,b75Q) = exp [-63 (M + Agln(Q%/@R)] . Qu=1CeV,  (6.6)

2The moments of TMDPDFs, and in particular the second moment of hfg, are defined in eq. (2.20).
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Figure 3. Ratio R for different values of the non-perturbative parameters Ay(;) and Aq, at the
relevant scales for Higgs boson and 7, production. The curves are calculated at NNLL accuracy
and for /s = 8 TeV. The bands come from varying independently both the resummation scale
o and the rapidity scale (y by a factor of 2 around their default value, and taking the maximum
variation. Notice the differences in scales on the vertical axes.

similar to the model used previously for the helicity TMDPDEF. Notice that the parameter
A@ is the same for both functions, since the evolution is universal among all (un)polarized
TMDPDFs, that is, their scale-dependence is the same. Having precise estimates for this
ratio will help us predict the measurability of both unpolarized and linearly polarized gluon
distributions in a given process (or scale), which is the final goal. Using our resummation
scheme and the perturbative ingredients at the highest possible order we provide accurate
predictions for this quantity.

In figure 3 we show our results for the ratio R at the relevant scales for the trans-
verse momentum distributions of Higgs boson and 7, all at NNLL accuracy. We used
the MSTWO08nnlo set [67] and selected different values for the non-perturbative parame-
ters in order to check their impact on the result. The running of the strong coupling is
implemented at NNNLO with the MSTW routine, with a variable flavor number scheme
with m, = 1.4 GeV and mp = 4.75 GeV. The input value for the strong coupling is set to
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as(Mz) = 0.1185, and we impose a lower cutoff for the running scale p such that it never
goes below 0.4 GeV. Comparing our results to the ones presented in [41], we have included
the contribution of quark PDFs to the collinear expansion of gluon TMDPDFs (through
CN’;}Q in eq. (6.3)) and also higher order perturbative ingredients, performing the resumma-
tion consistently at NNLL accuracy. The uncertainty bands also represent an improvement
with respect to the results in [41]: they allow us to better quantify what is the effect of
non-perturbative contributions relative to the scale uncertainty, and whether experimental
data can be used to determine the non-perturbative parameters or distinguish between
different models of the non-perturbative input. The bands are obtained by independently
varying the scales (p and pg around their default value by a factor of 2, and plotting the
maximum uncertainty for each point in ¢p.

In order to estimate the impact on the ratio of the different non-perturbative param-
eters, we have chosen several values in a sensible range and selected some combinations in
limiting cases. First, the parameters should be positive, since the gluon distributions are
supposed to vanish at large by. Second, given the values found for similar models in the
case of quark TMDPDFs (see, e.g., [69]), we have chosen a maximum value of 1. Finally,
since our goal is to estimate the contribution of linearly polarized gluons as compared to
unpolarized ones, we have chosen the following limiting cases:

(i) Ag = 0.01, Ay = A, = 0.01. Small evolution parameter A\g and similar and small
parameters Ay and \j.

(i) Ao =0.01, Ay = 0.01, A, = 1. Small evolution parameter Ao and A\ > Ay.

(iii) A9 = 1, Ay = A\, = 0.01. Large evolution parameter Ao and similar and small
parameters Ay and Ay

(iv) Ag =1, Ay =0.01, A\, = 1. Large evolution parameter Ag and A, > Ay.

The outcome of the numerical study is clear: the lower the scale the more contribution
we have from linearly polarized gluons, although this contribution depends on the value of
the non-perturbative parameters, which will have to be fixed by fitting experimental data.
At the Higgs boson scale the effect of linearly polarized gluons is small, around 1-9%,
making it harder to extract their non-perturbative parameters from experimental data.
At lower scales, as in the production of 7, their role is enhanced, from 10% up to 70%,
and thus experimental data can better determine them. However, it seems plausible that
their non-perturbative parameters could be fixed in the near future by properly combining
experimental data for different experiments and at different scales. Thus the framework
introduced in this paper, with the proper definition of gluon TMDPDFs and their QCD
evolution, will be crucial in order to consistently address different processes in terms of the
same hadronic quantities and properly extract their non-perturbative parameters.

7 Higgs boson gr-distribution

After analyzing the contribution of linearly polarized gluons for 7, and Higgs boson produc-
tion in unpolarized hadron-hadron collisions, we apply our results to provide some predic-
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tions for the Higgs boson transverse momentum distribution at the LHC. The cross-section
for this process can be easily obtained from eq. (2.16) if we consider unpolarized protons:

do 9, o ) 1 ) -
m = 20’0(#) Ct (mt,M)H(mH, /_,L) (27[_)2 /d yL e q,'Y,
171+ -
x 5 f/A(xAvbT;CAa/‘L) iq/B(xBabT;CBmu)

+ 0y YA (@, bps Ca, ) B PP (@, bri Cao )| + Olar/mar) . (7.1)

It is well-known that the evolution kernel suppresses the TMDPDFs at large b, and
that this effect is enhanced the larger the relevant hard scale @ is, in this case my [60] (see
also, e.g., the discussion in [70] in the context of the Collins-Soper-Sterman approach).
Therefore, the larger the ) the more insensitive is the resummed expression to non-
perturbative contributions at large by. Based on this, we fix the resummation scale in
momentum space, g = Qo + gr (with Qo = 2 GeV), and write

a Q dp Q? Q2 =D (br;po) " n
19/ (xA7bT;Q27Q) = exp / —G (as(u),1n> () €hr (bT;HO)_hW (b;p0)
i
Ko

I Co
Ydz oy _
x Y — L5/, b13 ko) fj/a(wa/T; p10) + O(brAqep)
Ji=a,q,97 %A
~ Q - 2 2\ —DF(br;po)
4P (24,b7:.Q2,Q) = exp / dfuvc (as(ﬁ),anQ> <Q> et (bripo)—hif (bripmo)
po H Iz Co
1 -
dz -
Y / ?I_Z]I/j(fvbT;MO)fj/A(xA/@MO)+O(bTAQCD)a (7.2)
Ji=a,q,97 %A

where (o ~ ug. The perturbative coefficients I f(n) are derived from the results in appen-
dices A and B:

I, (@, brip) = 51— 2) + 2‘7 [—Pg/gLT - CA;r;é(l - w)] ;

—fg/q(%bT;M) = ;i; [~ Pyjqlr + Cra] ,

f;’/g(%bT;M) = %j [—QCA ! ; x} ;

gl brs ) = o2 [—QCF L ; x] . (7.3)

We parametrize the TMDPDFs as in eq. (4.15), which allows us to exploit the pertur-
bative results without using any prescription, like the bp. This procedure was already used
in [63] to perform a global fit of Drell-Yan data, to obtain the non-perturbative parameters
of unpolarized quark TMDPDFs. Following the same procedure, and leaving some room
for small non-perturbative effects, we multiply the TMDPDFs in eq. (7.2) by the following
non-perturbative models:

FP(w,br; Q) = 7101,
FP (@, br; Q) = 7P (7.4)

where we have neglected the dependence on x and @ for simplicity.
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The resummation of large logarithms in the cross-section in eq. (7.1) is done by eval-
uating each perturbative coefficient at its natural scale and then evolving them up to a
common scale by using their relevant anomalous dimensions. For the TMDPDF's the re-
summation was already discussed before and led to eq. (7.2). The natural scale for the
coefficient Cy is py ~ my, and its evolution is presented in appendix E. For Cx(—q?, i)
(remember that H = |Cy|?) it was discussed in [50] that the choice p?, ~ —m? leads to
a better convergence of the resummed expression, and thus we apply that procedure in
our numerical study, using the anomalous dimensions that appear in appendix E. At NLL
accuracy we take the coefficients at LO, and at NNLL accuracy at NLO, combined with
the TMDPDFs at the corresponding order given in table 1.

In figure 4 we show the Higgs boson transverse momentum distribution at /s =
8 TeV, for different values of the non-perturbative parameters and both at NLL and NNLL
accuracies. We have chosen 3, = 3; for simplicity, given that in the previous section we
showed that the impact of linearly polarized gluons at the Higgs boson scale is small. The
choices 8y = B, = 0 and 3y = 8, = 1 give the most extreme scenarios, where the total
non-perturbative contribution of both functions is zero or large. We used the MSTWO08nnlo
set [67] for the input PDFs. The running of the strong coupling is implemented at NNNLO
with the MSTW routine, with a variable flavor number scheme with m. = 1.4 GeV and
my = 4.75GeV. The input value for the strong coupling is set to as(Myz) = 0.1185, and
we impose a lower cutoff for the running scale u such that it never goes below Qg = 2 GeV.
The bands come from varying both the resummation scale pg and the rapidity scale (y
by a factor of 2 around their default values, which gives a much larger contribution than
the variation of the scales y; and pp. The bands at NNLL get smaller than the ones at
NLL, but there is no overlap between them. This is because we have exponentiated the
rapidity scale dependence of the parameter C¢ through the resummed h$ in eq. (4.13).
This exponentiation makes the cross-section at a given resummation order contain some
contributions of higher orders, and thus the NLL band, in particular, is smaller. At NNLL
this issue is much less relevant, as will be clear below when comparing with the prediction
with the resummation in impact parameter space.

If we compare the two panels in figure 4, we see that the impact of the non-perturbative
contribution leads to a significant change of the distribution. However the choice 3y ), = 11is
rather extreme, since the non-perturbative model in eq. (7.4), which is an exponential func-
tion, induces rather large corrections to the perturbative expression in the low by region,
exactly where one would expect it to work better. Thus, given that the non-perturbative
parameters should probably be smaller, we conclude that the Higgs boson transverse mo-
mentum distribution is not very sensitive to those parameters. The same conclusion was
drawn in [26], where a Gaussian model was used to parametrize the non-perturbative con-
tributions, and which led to an almost negligible impact on the distribution. This is easy
to understand, since the Gaussian function in the low by region is closer to 1 than the
exponential function and therefore has an even smaller impact.

Let us now turn our attention to figure 5, where we present a similar prediction to the
one already discussed, but with the resummation performed in impact parameter space.
We use here the same settings for the PDFs and the running of the strong coupling as
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Figure 4. Cross-section [pb/GeV] for different values of the non-perturbative parameters B¢
and the resummation done in momentum space, with py ~ gr. We have /s = 8 TeV and my =
125 GeV. The bands come from varying independently both the resummation scale pg and the
rapidity scale {y by a factor of 2 around their default value, and taking the maximum variation.

in figure 4. The relevant resummed expressions for the unpolarized and linearly polarized
gluon distributions were given in eq. (6.3). As can be seen, the bands at NLL are now bigger
compared to the previous approach, and overlap with the NNLL bands. Again, comparing
the two panels in this figure we see that the effect of the explored non-perturbative param-
eters is rather small. Notice that the NNLL curves within the two approaches, in figures 4
and 5, are compatible, and consistent with the recent results found in [27].

Finally, in figure 6 we show the predictions for the distribution at /s = 13 TeV, at
NNLL accuracy and again for extreme values of the non-perturbative parameters, with
both resummation approaches. The cross-section is bigger than at /s = 8 TeV, but the
same conclusions regarding the sensitivity to the non-perturbative parameters apply: the
range in parameter variation shown in the left figure is rather large, and it seems unlikely
that experimental measurements of the Higgs ¢ distribution at the LHC will be precise
enough to fix the non-perturbative parameters of gluon TMDPDFs, apart from excluding

the most vivid parameter values.

8 Conclusions

Using the effective field theory methodology we have derived the factorization theorem for
the Higgs boson transverse momentum distribution in hadron-hadron collisions with general
polarizations, A(P,S4) + B(P,Sg) — H(mpy,qr) + X. By doing so, we have provided
the proper definition of all the leading-twist (un)polarized gluon TMDPDFs which could
contribute, adequately combining the relevant collinear and (part of) soft matrix elements
in order to cancel the spurious rapidity divergences. We have explicitly shown at NLO that,
as expected, those rapidity divergences cancel in the proper definition of gluon TMDPDF's
for three different distributions: unpolarized gluons in an unpolarized hadron (f{), linearly
polarized gluons in an unpolarized hadron (hf‘g ) and longitudinally polarized gluons in a
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Figure 5. Cross-section [pb/GeV] for different values of the non-perturbative parameters \fp o
and the resummation done in impact parameter space, with pg ~ pp. We have /s = 8 TeV and
mpy = 125 GeV. The bands come from varying independently both the resummation scale pg and
the rapidity scale (y by a factor of 2 around their default value, and taking the maximum variation.
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Figure 6. Cross-section [pb/GeV] at /s = 13 TeV and NNLL accuracy for different values of the
non-perturbative parameters 8y and Afj ¢, depending on the resummation scheme used. On the
left plot the resummation is done in momentum space, while on the right plot it is done in impact
parameter space. The bands come from varying independently both the resummation scale ug and
the rapidity scale (y by a factor of 2 around their default value, and taking the maximum variation.

longitudinally polarized hadron (g7, ). Having at our disposal the proper definition of gluon
TMDPDFs is crucial in order to consistently analyse different processes where they appear.

From the structure of the factorization theorem derived, we conclude that the evolu-
tion of all leading-twist (un)polarized gluon TMDPDF's is universal, i.e., the same evolution
kernel can be applied to evolve any of them. Moreover, given the currently known per-
turbative ingredients we have performed the resummation of large logarithms contained in
this evolution kernel up to NNLL accuracy.
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TMDPDFs are functions that contain perturbatively calculable information when the
transverse momentum is in the perturbative domain. In this work we have considered
all gluon TMDPDF's and discussed their operator product expansion in terms of collinear
functions. The OPE Wilson coefficients depend on the particular distribution but we have
shown that part of them is the same for all TMDPDFs. We have furthermore resummed
those universal pieces at NNLL accuracy, increasing our control over the perturbative
ingredients of the TMDPDFs. Moreover we have derived, for the first time, the NLO
Wilson coefficient for the gluon helicity TMDPDF gf,, which will allow more accurate
phenomenological studies of this quantity in the future, e.g., at RHIC, AFTERQLHC or
EIC. We have also derived the OPE Wilson coefficients for f{ and hng in the framework
presented in this paper.

Using the obtained results we have performed a numerical study of the contribution of
linearly polarized gluons for the productions of 7, and Higgs boson in unpolarized hadron-
hadron collisions. The major conclusion is that the larger the relevant hard scale is, the
less sensitive is the observable to their non-perturbative contribution, and therefor harder
to extract. Thus one would need to combine low- and high-energy experimental data and
properly implement the QCD evolution of gluon TMDPDFs in order to extract it. On the
other hand, the fact that at large scales the transverse momentum distributions are less
sensitive to the non-perturbative parameters of the TMDPDFs allows us to obtain accurate
predictions even if currently there is no information on these parameters.

Finally we have provided some predictions for the Higgs boson transverse momentum
distribution at the LHC, both at /s = 8TeV and /s = 13TeV, using the formalism
presented in this paper, i.e., expressing it in terms of well-defined gluon TMDPDFs. We
have studied the impact of non-perturbative contributions on the distribution and have
shown that the sensitivity to them is very small.
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A OPE of f{ at NLO

In this appendix we present the calculation of the unpolarized gluon TMDPDFs at O(as),
using dimensional regularization with the MS-scheme (u? — p?e7#/(4n)) for ultra-violet
(UV) divergences and the A-regulator [9] for IR and rapidity divergences. We use the
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Figure 7. One-loop diagrams that give non-zero contribution to the collinear matrix element J£¥,

which enters in the definition of the gluon TMDPDF GS 71[40]. Those diagrams correspond as well
to the collinear gluon PDF f;, 4. Hermitian conjugates of diagrams (a), (b) and (d) are not shown.
Double lines stand for collinear Wilson lines. The blob in diagram (a) represents the WFR.

Keldysh formalism to perform the calculation (see, e.g., [73, 74]). Our first goal is to show
explicitly the cancellation of rapidity divergences in the properly defined gluon TMDPDFs
in eq. (2.13). On the other hand, we will extract the Wilson matching coefficients of the
TMDPDF onto its collinear counterparts, as they appear in eq. (6.1).

With the A-regulator, we write the poles of the gluon propagators that involve p or p
with a real and positive parameters A¥,

—igh R —ighv
(p+ k)2 +1i0 (p+k)?2+iA=7
—ighv —ighv
—_— _— Al
G+ hZE+i0 (Dt k2 tiAT’ (A1)
and for collinear and soft Wilson lines one has
1 1
) A2
EEi0 kT tiot (A.2)

Now, given the fact that the soft and collinear matrix elements must reproduce the soft
and collinear limits of full QCD, they need to be regulated consistently, and thus 6% are
related with A* through the large components of the collinear fields,

_A_

_l’__ —
5t =", =

(A.3)

ﬁlw‘z

Note that A (and hence 6T) are regulator parameters, and are set to zero unless they
regulate any divergence.

Let us now proceed with the partonic calculation, using eq. (2.15). If we consider a
hadron with definite helicity A and take into account only the functions flf , hng and g7,
in eq. (2.17) we then have

_ 2k, Ky

GHV()\) = 9 g, L[ w ho ~)\€iU g A4
()——7f1+§ g1 K2, 1AL (A.4)
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Thus in order to pick up the different distributions we do:

=g+ + e ()],

d—2
v 2kH kY
hi_g = (g 7;{% L) +Gw/( )] )
nT
1 i€,) [GM(+) — G*(— A5
91 = (d—2)(d 3) ;w ( ) ( )}a ( )
where we have used that
gi_ugiy =d—2 )
ejyej‘_” =(d—2)(d-3). (A.6)

In this appendix we focus on the unpolarized gluon TMDPDEF, but in the following ones
we calculate the linearly polarized and helicity gluon TMDPDFs.
At tree level the (naive) collinear matrix element is

dy~ deJ_ —i(szy pT—y kn uv 1 * ily—pt
do= T [ it nke) ) LS e ) e

pols

=61 —2)0® (k) , (A.7)

where we have averaged over the gluon polarizations, projected with gTj to extract the
unpolarized TMDPDF (see eq. (A.5)) and used that?

eu(p; H)es(pi+) +en(pr —)en(ps =) = g »
e Heb (s +) — en(p; —)es (0 —) = —iey, . (A.8)
The Wave Function Renormalization (WFR) diagram 7a and its Hermitian conjugate

give
Ta)+(7a)* 1 * v —i1 T T TT
‘]1( )+(Ta)* _ 5(1—x)5(2)(km)ﬁZea(p)ey(p)(—gj )ﬁi (nf znqﬂ+zﬂgﬂ+zHGﬂ)+h.c.
pols
asCa 1 p?>\ (5 2np\ 16 4ng

= §(1 —2)6P(k, —tIn-— ) - |+——==" A9
g O k)| o= (3756, ) Y e, Y

where

%k Tr [y (p - §)]
(2m)d [k2 +40])[(p — k)2 + A7)

dk y 5 46 poy bp v
(zw)d[_g (p+k)° — g7 (p—2k)" + g°"(2p — k)7
1

< L9320 = K)y = g3 e = 2K = 8500+ W3] g~ aa )

1
dlg" = 2920.4/125/

ap _ . [ dk (p — k)"k*
e = “Oap? / (2m)® [k2 +40][(p — k)% +iA—] "

30ne can easily prove these relations by considering the helicity polarization vectors e+ = % (e1 £ ie2),
where 1 = (1,0) and 2 = (0, 1).

(A.10)
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2

All tadpole diagrams are identically 0, since n? = 72 = 0 and they will not be consid-

ered any further. Diagram 7b and its Hermitian conjugate give

d + 4t
(TO)+(70)* _ . 2 oas(2) % d°k 2pT +k
/i igCad(1=2)0 " (kn )1 / r) T —ioF[(p+R)2 iR i0] T ¢
_asCac 52
= Z2A5(1 = 2)0) (k)
2 oF 1 2 ot 2 5t T2
Sl PSS M\ —1——12— 1—— A1l
L‘UV m]f“JrEUvjL AT Tt A pt * 12 ( )

Diagram 7c gives

7c) 2e

1
Jl( —7TCAg d— 2( QLaV)H

/ A% 0(kT)o(kt — (1 — 2)pt)8(k2)6@ (k1 + ko)

(2m)d [(p— k)? +iA7][(p — k)* — iA7]

(_ neki, npkis nsnpk? )
Il it TR st ()2 4 (07 )2

o Noos - =R e (p— k)
1 ot —kt | |95 T T g

(—91x0)

x [ = 9%2p — k)’ + g4 (0 — 2k)" + ¢"(p + k)]
< [g0(p— 2k)* — g, (2p — k)° + g*° (p + k),
_asCy [ T (1-=2)1 +$2)}

72 |1—=x T
_ 2)2 2
X (- 2) : Fur . (A.12)
(1= 2)? + (0% /p*)?] [k — i(1 — 2) A7 ][k + i(1 — ) A7]
Now we list the Fourier transforms of the previous results:

Jo=06(1-2z), (A.13)
sraykra) _ sCag (1 w2\ (5 2np\ 16 dny A 14
/i el A e A & R Yory A Yoy (A4.14)
gy _ @sCage [ 20 60 1 et o T R e8t T
J =0 d(1—x) [€lenp++5UV —|—1nA +21np lnA In p++1 THE

(A.15)
7#(7e) asCy £z (1—=2)(1+ '7’2) _ _ i _ LQ
J = - {[(1_$)+ + . o(1 x)lanr LT+1T1A7
(1—z)(1+2?) In(1—x) g0 7
———In(l—2)— In 1— Al
. n(l—z) 12 ++2 +12 0(1—z) ¢, (A.16)

where Ly = In(u?b2.e*7 /4).
We have used the following identity in d = 2 — 2¢ to perform the Fourier transforms:

[tk o) =vten) [ ayytay ) f (y) S @A

br
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Figure 8. One-loop diagrams that give non-zero contribution to the soft function. Hermitian
conjugate of diagrams (a) and (b) are not shown. Double lines stand for soft Wilson lines.

with the particular result

dy, iky-b T _
when A — 0. We have also used the following relations:
1 1 2 ot
= ——— —2In—4(1— A.19
10 | ey ] O [y i) )

In(1—x) In(1—2) B In(1—x) ot w2
10 [y v =) (1—x>+‘ (mhe+Tg) o).
where f(x) is any function regular at x — 1.

Thus, in IPS, the collinear matrix element for the partonic channel of a gluon splitting
into a gluon is

7 204, AT
JI9 = e ls(1 — g ( bo —|—ln>
! ( ) 2eyv - euv Q2
AJr
+2Ca0(1 — x)LThl? — Lt <Pg/g —6(1— x)ﬁ20>
2 2
1 (1—2)(1+42°) In(1 — )
+ lniAi Pg/g — 2CA1H(1 — CU) T — QCA ﬁ .

2
+6(1—2x) <—7;CA+170A—2TLJ0> . (A.20)

9 9

The mixed divergences in the result above (ﬁlnAJr) are rapidity divergences, which need

to be eliminated by combining it with the soft function as in eq. (2.15) in order to get a
well-defined TMDPDF.

Now we turn our attention to the soft function. Diagram 8a and its Hermitian conju-

gate give
. dk 1
(Ba)+(8a)* _ _ 9,2 (2) 2e
S 2ig°C a0 (ks ) /(%)d I — i H ]l £ 0 J[E2 £ 0] +h.c.
asCa 2 2 0T6 ot w2
= =225 (kg S In? = 1. A21
5 (ks1) L%V auvn 2 +1In 2 + 5 ( )
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Diagram 8b and its Hermitian conjugate give
. d% 6P (kL + ks )0(E>)O(ET)
S(Sb)+(8b) = 4 20 25/ 1 sl e
[ Y I iy o ey o B
_ a0y 1 oto~

1 . A.22
72 K2 —oto | K (4.22)
Using the relation
A a [ d
[ st ) = vptn [ dyytag ) ) (A.23)
and the particular result
. 1 A? 1 ,de e g2
d ik -b 2
k Lo In— = —=1 - — A24
/d S Ry Chy ] ”( 2" A% 3> (A.24)
when A — 0, we combine the virtual and real contributions to the soft function in IPS
to get
~ (AT AT asCy 2 2 ATAT 9 A-AT g2
Si|—,— ) = — | L 2LrIn——% + — A.25
1<p+715_> 2 [5%v+€UvnM2Q2+ T+ TDM2Q2+6}’ (A.25)

where we have made the replacements 6+ = AT /p~ and §— = A~ /p™.

Combining the collinear and soft matrix elements as in eq. (2.15) we get the unpolarized
TMDPDF in IPS for the g/g channel:

g . _ z9/g 1 & (1AT AT
flg/g(xabT7M7C)_5(1_x)+ |: 1 _55(1_x)51 (ava_
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+0(1—ux) <—7T20A+170A—2nf> } (A.26)
2 9 9

Notice that in this result the rapidity divergences have disappeared, and that we have

ended up with UV poles, which will give us the QCD evolution of this quantity, and a

single IR pole (parametrized by the A7), which is a manifestation of true long-distance

physics of QCD or confinement.

Finally we calculate the g/q channel, which corresponds to diagram 7e:

d NS+ — (1 — 2)p )8 (k)6
50— n g / d'k O(kM)5(kt — (1 — 2)pt)5(k2)5@ (ky + ki)

(2m) [(p = k)2 +iA7][(p — k)* —iA7]
o )\,r—Loz AV ,ﬁ,é’
enfi] (st - 22 (- O

o2 9/ (1 — 2)2 (A7)

(A.27)
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In TIPS we get

2
flgg/q(:v, br; 1, ¢) = %‘;'Pg/q <—LT + ln% —In(1— x)) . (A.28)
This channel at this order does not have any rapidity divergences.

Next we calculate the collinear unpolarized gluon PDF, since our goal is to obtain the
OPE Wilson coefficient of the perturbative expansion of the unpolarized gluon TMDPDF
at large transverse momentum. Virtual diagrams are the same as for the unpolarized
gluon TMDPDF, apart from the §(? (k, ). The Wave Function Renormalization (WFR)

diagram 7a and its Hermitean conjugate give

g G+ _ @sCag [ 1w\ (5 2ng 16 dnglo
fl 47 ( x) 5UV+ nA_ 3 3CA + ' ( ' 9)

Diagram 7b and its Hermitian conjugate give

— In—+—+In‘—42In—Int— —In>— 41— —|.
27

g () asCy 2 6F 1 u? ot P ot T
J1 = §(1—x) — —
evv pt oeuv A pt A pt 12

Diagram 7c gives

g (7¢) _ o L 2e [ Ak O(kT)S(kT — (1 —a)pt)a(k*)
1 =g g5 (gL / ) [(p— K2+ A ][(p — b — A I
B ﬁglﬁ_p ﬁpk‘h; B ’ﬁgﬁpki
x ( R S S (EF)2 + (67)2

» [91,@ _ (I;:k)%fﬁ] [ » (- k’)iﬁu]

Lp pt —kt
x [—g"%(2p — k)" + g% (p — 2k)" + g™ (p + k)”]
X [g5“(p —2k)* — g"*(2p — k)‘s + gaa(p + k)“]
_ aCa [( A Gk (€ s ST :c)ln‘w <1 + 1n“2>

T 1—x)y x pt] \euv A~
9 2

The unpolarized collinear gluon PDF in the g/g channel is then given by

1 w2
— 4+ In— | P
<€UV + HA_> 9/9

—2CIn(1 — x) (1= x)il +27) —2Cy <1n§1__$$)>
I

Fypglwsm) =o6(1—z)+ o~

2 1 2
+0(1 - 2) <—7;CA + 570/4 - 9nf> ] . (A.32)

Notice that the single IR pole, which is parametrized by the logarithm of A~ is the true
collinear divergence of the PDF, remnant of QCD long-distance physics.
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We are ready now, given eq. (6.1), to extract the matching coefficient of the TMDPDF
onto the PDF in the g/g channel:

2 2

N . 1
C;/g = 5(1—1’)4—% [C’Aé(l—m) <—2L2T—|—LT11152—71T2> — Lt (Pg/g—é(l—x)ﬁ;)} . (A.33)

For the g/q channel the unpolarized collinear gluon PDF is given by

2e A% O(KT)O(kT — (1 — a)p*)o(k?)
(2m)4 [(p — k)? +iA7][(p — k)* — iA~]

AP ne _\P ,ﬁﬁ
x Tr [75’75'%’704] <gia _ w> (giﬁ w> (79L>\p)

Fio e (@3 p) = 7Crg? / z

Qg 1 Iu2
=5 | oo T gz ) Posa = Pojaln(l — 2) = Cra, (A.34)

and thus the matching of the TMDPDF onto the PDF in the g/q channel is

~ as
el = o { — LrPyq + CF:E:| : (A.35)

B OPE of hy? at NLO

The calculation in this appendix follows the same logic as in the previous one, so we limit
ourselves to provide the relevant results.

For the distribution of linearly polarized gluons inside an unpolarized hadron at NLO
only real diagrams contribute. In the g/g channel we have:

(7e) _ 2 1 oe [ A%k O(kM)S(kT — (1 —2)pt)d(k*)6®) (kL + K1)
N = mCag G5 (= gra)n / @mi [(p—k)2+iA[(p— k)2 —iA]
2(p —k)uiap— k) 1o
X <9L,\a - w— k)2
nsk 1, Nk Ls It
XN\ Tt s T st ()24 (07)2

oo =R [y (p—k)iny,
ILB ™ T pF T —

x [ —g"%(2p — k)P + ¢°P(p — 2k)" + g* (p + k)”]
x [g%(p — 2k)* — g"*(2p — )° + g™ (p + k)]
:_aSCA1—$ k:TQLT (B.1)
w2z [k —i(1—2)AT][kE, +i(1 —2)AT] '
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For the g/q channel we have:

d VY — (1 — 2)pH)8(k2)6@)
J1(7e) _ 7TCFg2,LL2€/ d*k H(k‘ )(5(k ( .ZL')p )(5(]€ )(5 (kJ_ +knJ_)

(2m)4 [(p— k) +iA~][(p — k)? — iA~]
o (p—k)n° (p—k)} ” 2(p—k) Lx(p—k) L
x Tr []Mﬂk%ﬁ (gi —er_]iJr> <Qj)_ﬁ—]ﬁ_li+> <9LAp— (p—k)i p)
a,Crl—ux k‘%
R k2, —i(1— x)A‘][ZgT +i(l —x)A-]" (B-2)

In order to go to IPS we do

h9 P (z,by) = —2r / dent Kt Jo(knrbr) B9 (2, k) | (B.3)
so then
Bfgg/f) - af = ; - (B4)
and
g - GO LT (B.5)

Notice that at this perturbative order we do not find rapidity divergences.
The matchings of the linearly polarized gluon TMDPDF onto the collinear PDFs in
the g/g and g/q channels are then:

h

Corg = WCA r

~n Qs 1—x

Cora = - Cr z (B.6)

Those results follow directly from the OPE of ;Lng ) in terms of the collinear quark/gluon
PDFs, given that at LO the later are simply §(1 — x) while hi‘g @) starts at order Q.

C OPE of g{;, at NLO

Again the calculation in this appendix follows the same logic as in the previous ones, so
we limit ourselves to provide the relevant results.
At tree level the (naive) collinear matrix element is

+ -2
Jo = Tp /dy d Y. efi(%xy_p'*'fyl-knl)

2 (2m)3
(ie™) R o -
X m len(p; +)es (0 +) — €u(p; —)es(p; —)] e
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The Wave Function Renormalization (WFR) diagram 7a and its Hermitean conjugate
give

JIOHI (1 _ 53 (1, ) [ea(p;+)6$((z;; j)gif_(];)_)ei(p; -)]

—1
x (ie;") ZQ(nsz“—FzHo‘“—i-zHa“)—i-hc

asCy 9 1 ,u 5 2mny 16 4 ny
= §(1—2)6@ (k ——+In -——— — 1. (C.2
I 01 ("L)KsUV“L A- ><3 504) 79 o, (€Y

Diagram 7b and its Hermitean conjugate give
d + 4t
(TH)+(70)* _ . 2 s 2¢ [ dk 2p" +k

J; 19°Cad(1—2)0') (kyi)p / @2n)d [k‘*‘—ié*‘][(p—&—k) —|—iA—][k’2+iO]+h'c' (C.3)

asCy 2 5t 1 ot 6t T2
= —25(1-2)0@ (kny) | —In—+—+Int—+21 e A P LA P
2T ( 17) ( L) EUV p+ + [S19AVA + A +en HA . p+ * 12

Diagram (7c) gives

109 rCg? [ea(p;H)es(ps+) — ea(D; —)eb(p; )] o

(d—2)(d—3) H
/ dk O(kT)o(kt — (1 — x)p+)5(k2)(5(2)(k:l YR 0 | |
(2m)? [(p— k)2 +iA[(p— k)% — il €
nok Mk g7 k>
" <_gm" Fra T T (§+)2)

oo =R [ (k)i
91p pt — Kkt Lo gt et

x [=g"2p— k) + 9" (p - %)” +9”(p+ k)7
x [g""(p — 2k)™ — g"*(2p — k)° + g (p + k)¥]
_aSC'A T 1—x)(1+x ) B (1—m)3} (1—2x)?
B L— x z  [[(1—a2)*+(6t/pT)?
2
i - x)A—ﬂ:;iT Til-DA ] (4
Diagram 7e is given the g/q channel:
(7e) _ o [ A% O(KT)S(kT — (1 —2)pT)o(k*)0P (kL + k1)
W = nCrgie / @m? [ k2 +id[(p— k)Z —iA7]
o )xﬁoz R AYZ ﬁ,@
x Tr[ = prsv8Kval (gi“ - w> (giﬂ - w> (ie1xp)
Qg ki
= WPAg/Aq(ﬁ)kﬁT Ta 77;6)2@,)2 , (C.5)
where
(1 — )2
Payyag(e) = Cpt— L2 (C.6)
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Now we list the Fourier transform of the previous results:

~(7a)+(7a)* _ asCa 1 w2 5 2ny 16 4 ny
- ooy | (—— +mi ) (220 ) 22 20y :
i el x)[<eUV+ "A~)\3730,) "9 90, (C.7)
gy _ 0sCag [ 2 00 1 e T 8t T
Jp == 0(1—x) [SUVIHP++EUV+IHA +21n lnA In er—i—l 1
(C.8)
~7¢)  asCa T (1—-2)(1+2?) (1—x)3 ot u?
- . (-2 | (— L+t
7 = e[ s (e
— 2 _ )3
B {(1 z)(14+2%) (1-—=z) }ln(l—x)
x x
In(1—z) G0 w2
_ <1_x>++2 (1 T o) ¢ (C.9)
2
=(7e) _ Qs M
J1 = glpAg/Aq($) <1HA_ - LT - ln(l - l‘)) . (ClO)

Combining all the results, the collinear matrix element for the partonic channel of a
gluon splitting into a gluon is

jiq/g _ %

+IHZ2_PA9/Ag —QCA[(l —x)il—i-x?) _ (1 —xa?):s]ln(l _a)— 20, <1n§1__;7)>
+

1 2

+0(1—x) <—CA+ 7CA—9nf>] (C.11)

The mixed divergences in the result above ( L lnA*) are rapidity divergences, which need
to be eliminated by combining it with the soft function (from eq. (A.25)) as in eq. (2.15)
in order to get a well-defined TMDPDEF. The result is

~ - 1At AT
Tpgyg =00 —2)+ [Jf/g ;5(1 —x)5 (a = ’p)} (C.12)
:5(1—x)+;;{5(1_x)[0,4 + L 1 <50

u Bo
m) | L 20501
e a— +Ca )] T[PAQ/AQ 25( 96)]

2 ¢
2 2 2

1
+ Oud(1—2) (—QL?F—i—LTlnMC—;)5(1—3:)+73A9/Agln/2

— 20, {(1_5”)3(51”2) - (1_5”)3] In(1—2)—2C4 <ln(1_x)> +—CA7;25(1—.’L')} .

T 1—x

1
+0(1—x) [;CA_znf]

Notice that the UV poles coincide with the unpolarized gluon TMDPDF in eq. (A.26), i.e.,
as expected, both have the same anomalous dimension.
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Next we calculate the collinear gluon helicity. Virtual diagrams are the same as for the
gluon helicity TMDPDEF. The Wave Function Renormalization (WFR) diagram 7a and its
Hermitean conjugate give

g (Ta)+(1a)* _ @sCa 1 p?\ (5 2ny 16 4ng
= 1-— —4+In— ||z —== — ———. 1
gL el x)KngJr "A-)\3730.) "9 " 9c, (C-13)
g ey _ asCago [02 00 Lot 0t et 2§ _m
qir 5 —0(1—x) Lleanr—Fng—H A 4—21np+lmA In“—+1 13
(C.14)
g (7¢) _ asCy € (1—%)(14—1’2) _ (1_‘T) 1—2)1 ﬁ L 1 /1’72
i T {[(1—$)++ T z ~o(1=a) np+ 5UV+ YA-
_ 2 —7)3 —
B [(1 z)(1+2%) (1-x) ]1n(1—x)—<ln(1 CL‘))
T T 1—=x i
ot w2
— 2 —
+ 2<1 +12>5(1 x)} (C.15)
The collinear gluon helicity PDF in the g/g channel is then
2
9/9 _ 51 _ Qs 1 L o2y
g =0(1—2x)+ 27T{PA9/A9 <€UV +1HA> +Cu0(1 —x) |: 9 Yo (C.16)
_ 2 _.\3 _ 2
_ QCA[@ n)1+27) (=2 ]111(1 — )20, <ln(1 x)> - ”5(1—:5)@,} .
T T 11—z n 2
The collinear gluon helicity PDF in the g/q channel is given by diagram 7e:
2
(7e) _ s 1 H
g = - { <€UV + lnA> Pag/ag — Pag/agn(l —z) — Cpx] . (C.17)

Thus the matching of the gluon helicity TMDPDEF onto the collinear gluon helicity
PDF in the (g/g) channel is

c9 =41 % oo Lz nmt - ) (P 5(1—) 0
0g = 0( —$)+g A46(1 — ) —otrT T g ) TR\ Pag/ag ( 90)2
(C.18)
The matching in the g/q channel is
~ Qs
g/q 7T|: LTPAg/Aq —I—CFJ}:| . (0.19)

D Hard part at NLO

In this appendix we report the explicit NLO calculation of the hard matching coefficient
Cy in eq. (2.6), which accounts for the hard reaction in the gluon-gluon fusion to Higgs
boson process. For simplicity we will take A* = A. The tensor structure that appears in
the effective ggH vertex g(p) + g(k) — H is:

gfy(pa k)=(p- k)g,uu - puk,u . (D.1)
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Figure 9. One-loop virtual diagrams for the Higgs production in full QCD. Hermitian conjugate
diagrams are not shown. The crossed diagram of (a) and the analogous one of (b) are not shown.

The results of the diagrams in figure 9 are, omitting a common prefactor 6(1—x4)d(1—
$B)5(2)(‘h)3

(9a) _ —2rasCa 5, ﬂ
Ve = e | G (b2)
X (—gp) (= g9l (0. D) gl (0 — kD + k)
% |97+ 26)° = g (25 + k)T + g7 (5 — k)|

< [—9 (P + k)" +9°"(2p — k)3 — g%, (p — 2K)°]

1
TG+ R+ AT [(p— k)2 + A ][R + 0]
CoCa [ 9iA 13 (1 1 5( 1 —iA 17
=0 [ In Q2+ <5UV+1 Q2+2+m +2 e In 2 +1 B +h.c.,
plony _ —12masCa_ o / d’k
@—2)ppp" ) @)

% (=g s) (=g 91, (1.P) [ 975 — P+ k) + 77 (p — 20)° — 7P (5 — k)]

+ h.c.

1
X [=9pa(2P = k)y + Gra(p + k) p + gyp(p — 2K)a] [(p — k)2 + iA] [k + 0] +h.c.
asCy 3 1 —iA~
=— = -1 1| + h.c. D.
47 2|:€UV n,u2+:|+ o (D3)
v =g, (D.4)
@ 2" | @)y
X (—gi) (=95 gh (0, D)gps(p — k. D + k) [9595” 9790 — 9% 9L + 9l 9"
X ! +h.c
(P + k)2 +iAT] [(p— k)2 +iA7]
asCa [ 13/ 1 2 17
= —— | —+In—=5+2 h. D.5
ot |13 (ol +2in) + g e (D.5)
Now, adding the contributions in full QCD (with ny = 5 flavors) we get:
2
Vaop =2V 10 42y 0a) Ly (90) Ly (9d) — asCat 2 g é—?ln %Jr +2|. (D.6)
2r  |euv w2 Q
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(9a) hecause of the crossed diagram, and twice the

We have twice the contribution of V'
contribution of V(9% because of the two possible diagrams. Notice that we have not included
the calculation of the WFR, because its results will be the same in QCD and in the effective
theory and thus will not contribute to the extraction of the hard coefficient.

From appendix A we already have the virtual part of the collinear matrix element in

SCET (we do not include the WFR and omitting the prefactor 6(1 — x4)0® (k,1)):

JIn =

2 2
aSCA[ 1 T ] 7 (D.7)

2
W22 A LA A pu
S Y N B Pl ¢ R ) e YN LN
o leov A oyt Mo Tt A T T 12

where we have set (4 = Q2. Similarly, for the anti-collinear matrix element in SCET we
have (omitting the prefactor 6(1 — z3)0® (kn1)):

Cal 1 22 A A AP s
Jn = dsTA [ +lnu— + ——In— —In® = —G—QIH—IDM— +1-— W] )

D.
27 EUV A EUV Q2 Q2 Q2 A 12 ( 8)

where we have set (g = Q2. From appendix A we get the virtual part of the soft function
in SCET (omitting the prefactor 6 (k)):

S =

2 2 2 2
O‘;CA {— P S S Y 10 e W ”] . (DY)
m gy fuv Q% euv @ % Q* A 2
Finally, using eq. (2.7) and properly including all the deltas in the corresponding
prefactors, we obtain the hard coefficient by subtracting to the (renormalized) virtual
contribution in full QCD the (renormalized) virtual contributions of the collinear, anti-
collinear and soft matrix elements in SCET:

H(Q27M):1+ [VQCD_Jn_Jﬁ+S]

renormalized

(D.10)

which coincides with the result given in eq. (2.6). Notice that we have added the soft
function instead of subtracting it, in order to compensate for the double counting of the
soft region between the naive (anti)collinear and soft matrix elements.

E Anomalous dimensions

The anomalous dimension of the top quark Wilson coefficient is given solely by the QCD

[B-function,
dinCy(m3, 1) d Blas(p))

t t\!Tl 2
. _ — . E.1

Thus we can write the evolution of the coefficient as

Blas(p) /o (1) 2

Cy(m?, 1) = = Cy(mz, po) - E.2
t( t M) B(QS(NO))/QE(MO) t( t MO) ( )
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The coefficient C; is known up to NNNLO [75, 76]. At NNLO it is [77, 78]

Co(md, ) =1+ (st (5Ca — 3CF)

47
s (i) 27 m? 100 m? 1063\
11In— — — — | "Tn— — ——
+( @r> 5 ke (1w croa - (- 13%) 3
e R Yo 8lnm—%—i—5 CrTiny — 20 CuTyn (E.3)
3 Uptr — o Lalr 2 Flpng = Calpng| . .
The anomalous dimension of the hard part is given by
d A _m%{ g
mCH( mH::u) = I‘cusp(OéS) In M2 + (Oés) CH( mH:M) (E4)
and thus the evolution of the hard coefficient H = |Cy|? is driven by
A my
YH = 2Fcusp(a5) th + 2’)/‘9(0[5) . (E5)

The two-loop expression for the Wilson coefficient C' can be extracted from the results
of [79]. Writing its perturbative expansion as

Cr(—m3, 1) f1+20 ( >>n, (E.6)

where L = In[(—m?%)/u?], the one- and two-loop coefficients are

Ci1(L) = Cx <—L2 - ”2> ,

6
L* 11 67 w2 80 11x?
Cy(L) = C> T+ )2 L
2(L) A[2+9 <9+6> T\ 7
5105 6772 w* 143 67
= T 4L — — +1
62 T35 T C‘”’} +Cr F"f< 3 " 6<3>

4 20 104 472 1832 572
+cATan[_9L3+L2 ( ”) wr o

L— =202 20 TRl (BT
9 57 T 9 C3] (E.7)
The three-loop result can be extracted from [80-82].

Below we give the expressions for the anomalous dimensions and the QCD S-function
in the MS renormalization scheme. We use the following expansions:

00 00 0o
A _ A Qs\™ o g s\ B g\
FCUSP( ) - ;Fn—l (E) ) ’yg(as> - ;Fyn—l (E) ) ’Ync(as) - ;7251 (E) )

0o
A\ T
s) = —2as Z Bn-1 (ﬁ) . (E.8)
n=1

The cusp anomalous dimension in the adjoint representation can be obtained by multi-
plying that in the fundamental representation by C4/CF (at least up to three-loop order).
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The first three coefficients are

Iy =4Cy,

67 w2 20
M =404 | = - % )| Ca— =

(5 -5)en- o]
245 13472 117t 22 418 4072 56
rd =4 -~ - T - =
2 CA[CA(G 27 45 3C3>+CA F"f< o7 T ar <3>
55 16

The first three coefficients of the anomalous dimension 79 are [83, 84]

7 =0,
160 1172 208  4Ax?
37045 610972  3197x* 244 4072
9 =03 — - - —32
= [ 729 T 243 135 < 3 9 > G C5]
167800 239672  1647* 1424
2
T — -
T CaTrny ( 729 243 135 Q”)

1178 4x% 167* 608

20 gg) +8CETpny

+ CaCrTrmny < 27 3 45

24520  80m> 448 176
CAT ~_CpT?n E.10
+C4 F f ( 799 + 31 ) FLpn f ( )
The first three coefficients of "¢
22 8
¢ = —2B0 = -3 Cy + gTanv
692 11x2 256 272
=2 +2 204T - = T
CA< o7 + — 13 Cg)—l- Ca an<27 9 >+8CF FNf,
_ 908 97186 N 610972  3197* N 122 2072
72" =200 |~ 186 270 3 9
30715 119872 827r4 712
20%T — —
20Ty ( 720 243 133 43)
2434 272 8x* 304
2 T o = — 40T
+2C4CrTFrny < o 3 15 C3> CrTrng
538  40m2 224
+204TEn; ( R > CFT}%n?c. (E.11)
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Finally, the coefficients for the QCD S-function are

11 4
o= 5 Ca— 5 Trny, (E.12)
34 20
bi=7 C3 — 5 CaTrny = 4CrTeny,
2857 4 , 205 1415 44 158 -
=220 202 — =2 oA ¥) = 2Cou)T
B9 5 CA+<CF 9 CrCy 97 CA rny + 9 Cr+ 97 Ca U
149753 1078361 6508 50065  6AT2 , 1093
- 4¢5 — — = —
fs = 5 35646 ( 162 27 <3> ”f+< 162 81 C3> "It g M

where for 83 we have used N, =3 and Tp =

1
3
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