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1. Introduction

The “naive” definition of transverse momentum dependent distributions (TMDs) introduced
in [1, 2] and considered in subsequent works, suffers from undesired uncancelled spurious rapidity
divergences. The definition of quark TMDs have been recently revisited and updated by Collins [3]
and Echevarria-Idilbi-Scimemi [4, 5] (at two loops in Refs. [6, 7]). And it is the goal of this
contribution to present the extension to gluon TMDs performed in Ref. [8], relevant for instance in
processes such as Higgs boson and quarkonium production in hadron-hadron collisions.

To do so, the Higgs gr-distribution in hadron-hadron collisions is considered, with general
polarizations, in order to obtain the proper definition for all the leading-twist (un)polarized gluon
TMDPDFs. This is crucial to be able to address different processes where they are relevant and
perform consistent phenomenological analyses. The cancellation of rapidity divergences is explic-
itly shown at next-to-leading order (NLO) for the gluon helicity TMDPDEF, which represents the
distribution of longitudinally polarized gluons inside a longitudinally polarized hadron.

The evolution of the gluon TMDPDF:s, as in the case of quark TMDs [9], turns out to be univer-
sal, i.e., the same evolution kernel describes the evolution of any of the leading-twist (un)polarized
gluon TMDPDFs. This finding is used to quantify the role of linearly polarized gluons inside unpo-
larized hadrons (see, e.g., [10, 11, 12, 13, 14]), extending the efforts in Ref. [15] by implementing
the resummation of large logarithms at next-to-next-to-leading-logarithmic (NNLL) accuracy, pro-
viding more accurate predictions and discussing their uncertainty.

2. Higgs boson g7-spectrum and definition of gluon TMDPDF's

Below we sketch the derivation of the factorization theorem for the Higgs gr-distribution in
polarized hadron-hadron collisions, A(P,S4) + B(P,Sg) — H(mg,qr) + X, by performing a set of
consecutive matchings between different effective field theories, relevant at each scale:

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

More details can be found in Ref. [8]. In the first step we integrate out the top quark mass, n1,, to
build an effective ggH coupling. In the second matching we integrate out the mass of the Higgs
boson, my, and obtain a factorized cross-section in terms of well-defined gluon TMDPDFs, which
holds for gr < my. Those gluon TMDPDFs will be expressed in terms of fundamental hadronic
matrix elements. Finally, in the region Aqcp < g7 < my, we can further refactorize the gluon
TMDPDFs in terms of the collinear gluon/quark PDFs, integrating out the large scale gr.

After performing the first two matchings, the cross-section can be written as

do

e 200(p) CA(m?, w)H (my, 1) (27)* / APk 1 ki APk 1 8P (g, — ki — kit —ks1)

X j,(,o)”v(xA,knl,SA;u)J,g(L)v(xB,kﬁLSB;IJ)S(ku;ll) +O(qr/mnu), 2.1)

where C?(m?, 1) and H(m?, 1) are the Wilson coefficients that integrate out the top quark and
Higgs masses, respectively. x4 5 = /T e, 7= (m% +¢%)/s and y is the rapidity of the produced
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Higgs boson. The Born-level cross section is op(pt) = m% a(u)/(72w(N?* — 1)sv?). The pure

C
collinear matrix elements and the soft function are defined as

0)uv

Jom xAPt [dy~d’y, o-i(d

3 zxAy7P+7yL'knL)
2 (27m)

X Y (PSAlBL (v ,y 1) IXa) (Xu| B, (0)[PSa)
A

(x4, kp i, Sas ) =

pr_ dy+d2yj_ —1( xBy+P7—yL~k,u)
2 (2m)3

xZ (PS| By (v",y.1) |Xa) (Xa| B'(0) |PSp) ,

J,go)“v(XB,kM,SB;H) =

Sthsib) = 52 B [ G e 017 000 ) 061 (5.0 "0 o)
(2.2)

In Ref. [8] one can find the particular definitions of the collinear and soft Wilson lines and the
SCET fields.

As shown explicitly at NLO in Ref. [8], for unpolarized, linearly polarized and helicity gluon
TMDPDFs, the collinear and soft matrix elements defined above are individually ill-defined, since
they contain spurious rapidity divergences. Then, based on Refs. [4, 5, 9, 3], and using 1,5 to
label generic parameters that regulate the rapidity divergences present in the (anti-)collinear and
soft matrix elements, we define the TMDPDFs as

Gg/‘}A<anbJ_aSA§CA7H) = JOmY (x4, b1, Sas 13 M0) S—(bri 13 M)
Gg/vB(vabJ_aSECBa.u) — JOMY (g, by S s M) S (brs ) - (2.3)
Here {4 p represent auxiliary rapidity scales, the twiddle labels the functions in coordinate space
and we have split the soft function in rapidity space as [5]

S(br; 13 M, M) = S— (br: 13 M) S+ (b 13 M7) - (2.4)

The arbitrariness in the choice of the rapidity cutoff to split the soft function, which is not explicitly
shown in the above equation, manifests itself as the appearance of the auxiliary energy scales {4
and {p, which are bound together by {4{p = ¢* = m},. With properly defined gluon TMDPDFs,
the cross-section for the Higgs gr-distribution is now given by:

Vi eifh pan

———— =20p(1) Ctz(mtzhu)H(mI%I?
X Gg/ (anyngA CAa ) ~g/B,uv(xBaylaS].'i’; CBmu) + ﬁ(qT/mH) : (2.5)
3. Evolution and refactorization of gluon TMDPDFs

The evolution kernel that we derive below implements the evolution of the TMDs with respect
to the two scales that they depend on: the renormalization scale u and the rapidity scale .
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On one hand, the evolution in terms of the renormalization scale u is governed by the anoma-
lous dimension:

d
i G (x4, b1, a5 6, 1) = X6 (as(m,lnf;) : 3.1
where
CA T4 é_ c
Yo | os(i), 1nu = —TCugp(as(1 ))nu AT (3.2)

and G[p/(Al] represents any of the eight leading-twist (un)polarized gluon TMDPDFs in coordinate
space. The coefficients of the perturbative expansions of I'¢yp and v are known up to three loops.
On the other hand, the evolution equation in § is given by

Tt NG (xa, b1, Sa3 Ga 1) = —Dy(brs ). (3.3)

At small by the D, term can be calculated perturbatively, but at large br it has to be modelled and
extracted from experimental data. Notice that both the anomalous dimension ¥ and the D, term
drive the evolution of all (un)polarized gluon TMDs.

Given the currently known perturbative ingredients, and regardless of how the non-perturbative
tail of the D, term is modelled, we can perform the evolution of all leading-twist gluon TMDPDFs
consistently up to NNLL:

GZZI](XA,M,SA;CAJAW) GLI;A](XAvbJ_;SA Cais ki) RE (br: Ca i Capotiy) - (3.4)

where the evolution kernel RS is
.Uf d _ Dg bT ,Ll,)
RE(brs Cais tis Ca uf)—exp{/ “m( W(1),1 C“)}(C‘”) ENGR)
i au’ CAZ

When the transverse momentum is perturbative, the TMDPDFs can be expressed, by perform-

ing an operator product expansion (OPE), in terms of collinear functions, integrating out the large
transverse momentum by means of Wilson coefficients. This OPE can be written in general, for
br < AQCD, as

Fyia(xabriCa, ) = Y. Coyi(xa,briCas 1) @ fa(xas ) + O (brAqep) , (3.6)
J=49.9.8

where Fg / represents any of the leading-twist (un)polarized (renormalized) gluon TMDPDFs, and
fj/a the corresponding (renormalized) collinear quark/gluon distributions. The coefficients Cg;
are different for each case. The convolution refers to momentum fraction x for TMDPDFs that
are matched onto twist-2 collinear functions (like the unpolarized distribution f?), while in the
case of TMDPDFs that are matched onto twist-3 functions (like the gluon Sivers function f1 £ it
would represent a two-dimensional convolution in the two momentum fractions of the collinear
function. The natural scale for the coefficients Cg /jis W~ 1/br ~ gr, which is the large scale that
we integrate out through the OPE.



Phenomenology of gluon TMDs at NNLL Miguel G. Echevarria

Performing the resummation of large logarithms in impact parameter space, the resummed
TMDPDF is written as:

FJ (xas brs Gas 1) exp{/ 70( (u),ln%)} (2) o(br3to)

x Y. Coi(xa;br; Co, Ho) © fija(xa3 Mo) , (3.7
J=4:9.8

where {y ~ [.Lbz and Uo ~ Up. The superscript Pert signifies that it is only valid in the perturbative
region by << 1/Agcp. For large by 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:

Fyya(xa,brs Gas i) = Fyfa! (xas brs Ga, o) FNP (xa, br3 Ga) (3.8)

where the cutoff prescription could be, for instance:

n 2N\ 1/n
br(br) = b (1 - 0r/0) 7, (3.9)

with n an integer number and b, the parameter that determines the separation between the per-
turbative and non-perturbative regions. With this implementation, the perturbative contribution
dominates at small by, while it gets frozen as br increases. The non-perturbative model FNP s
constrained to be 1 for by = 0, and plays an increasingly important role as by increases.

4. Gluon helicity TMDPDF

The gluon helicity TMDPDF, g5, , represents the distribution of longitudinally polarized glu-
ons inside a longitudinally polarized hadron. Here we explicitly show that, if properly defined as
in Eq. (2.3), then rapidity divergences cancel among the collinear and soft matrix elements. We
use dimensional regularization with the MS-scheme (u? — u?e’ /(4x)) for ultra-violet (UV) di-
vergences and the A-regulator [4] for IR and rapidity divergences. More details can be found in
Ref. [8]

The collinear matrix element for the partonic channel of a gluon splitting into a gluon, at NLO,
is

o
i
! 2n

5(1—x)< o | 2, A)

2eygv euv Q?

A
—|—2CA5<1 —x)LTln@ — Ly <PAg/Ag - 6(1 _x)ﬁzo>

u? (1-x)(1+x*) (1-x)? In(1—x)
In—P, —-2C — In(1—x)—2C4 | ——
IR e/ A{ x x ] ( ) A< 1—x >+

2 17 2
+6(1—x) (_ZCA+9CA_9nf>] . “4.1)
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The mixed divergences in the result above ( lnA) are rapidity divergences, which are eliminated
by subtracting half of the soft function (subtractlng and not adding because we need to take care of
the double counting of the soft region), which at NLO is:

0,Cy

- 2 2 A? A? n2
S = | L3 +2L71 . 4.2
1= [ a2, + . n,uZQZ +L7 +2LrIn——— 2Q2 ] 4.2)

The final result for gluon helicity TMDPDF at NLO is then

8 = ;‘T{é(l - )[CA+1 <g° +Culn HC >] —Lr {a%gmg—go&l —X)}

ely €V

2 2 2

u /4 u 17 2
f — 12> 6(1 —)C) —+ @Ag/Agan +5(1 —X) |:9CA — 9l’l,f:|

—2Cs [“ —x)(1+2%) (1 —x)3]ln(1 —x) —2Cy (h’(l_x)> —CATLZ5(1 —x)}- (4.3)
X X +

1
+Cs8(1 —x) <—2L% +LzIn

1—x 2

As anticipated, in this result all rapidity divergences have disappeared. The only A-dependence, in
the second line, parametrizes the infra-red long-distance physics.

Below we illustrate the effect of QCD evolution on gluon helicity TMDPDE, which is imple-
mented as

aima-en{ [ 22 (sms)} (£) "

dx _ _

) / CCS (5bri oo o) 814 (0 /T H) PR (3,05 0) . (4)
J=4,4.8

The Wilson coefficients C* o) Are calculated at NLO, for the first time, in Ref. [8]. Here we choose

8o ~ /,LO ~ /.Lb, and in order to separate the perturbative and non-perturbative regions we implement
the BT prescription

N 1/2
br(br) =be (1= CrP) 7 = 15Gev 4.5)
with a simple non-perturbative model
FJJi (xa,br; Q) = exp [~b7(Ag + A0n(Q°/Q7))] , Qo =1GeV. (4.6)

The parameters A, and Ay have never been extracted from experimental data. However Ay 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.
Fig. 1(a) shows the gluon helicity TMDPDF at Q = 20 GeV, with some particular choice of the
non-perturbative parameters and collinear gluon and quark helicity PDFs obtained from Ref. [16].
It is clear that the theoretical uncertainty gets reduced as we increase the resummation accuracy. In
Fig. 1(b) shows the effect of the QCD evolution on gluon helicity TMDPDF for a different choice
of non-perturbative parameters. As can be seen, the larger the scale, the wider is the distribution.
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Figure 1: (a): The gluon helicity TMDPDF glf . at Q =20 GeV, x = 0.01 and with the non-perturbative
parameters chosen to be Ay = 0.3 and Ag = 0.1. The bands come from varying independently both the
resummation scale [y and the rapidity scale §y by a factor of 2 around their default value, and taking the
maximum variation. (b): The gluon helicity TMDPDF géf 1 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.

5. Gluon TMDPDFs in an unpolarized hadron

There are two gluon distributions that contribute at leading-twist in the case of an unpolarized
hadron: the unpolarized (f) and the linearly polarized (hllg ) ones. The latter was introduced in
[17] and implemented for the first time in the resummation of gluon-gluon fusion process in impact
parameter space in [18, 19]. As described in the previous section for the gluon helicity TMDPDF,
both f7 and hng in the small b7 region can be factorized in terms of collinear functions, which in
this case are just the unpolarized collinear gluon/quark PDFs:

~ 0 df o 2\ ~Delbrit)
S (xa,br3 02, Q) = exp {/m %YG <06s(l.£),ln§2)} <%O>

Vdx -
x Y /;C;’{/j(?@bﬂCo,.uo)fj/A(xA/f;HO)+ﬁ(bTAQCD),
Jj=4,3,87*A

- 0 dii 2 252\ ~Ps(brito)
1g/A(2) N u .0 O°by
hl (xAvbT’Q 7Q> _exp{/pto ‘l_i YG (as(u)alnFLz)} <4g27E>

Vdx .
x Y /? Y (& br; G, o) fia(xa /% o) + O (brAgep) . (5.1)
J=4,9,8 *A

The perturbative coefficients CN‘;; /ﬁ are given in Ref. [8].

The contribution of unpolarized and/or linearly polarized gluon distributions in unpolarized
hadron-hadron collisions depends on the process under study and has been discussed in several
works [10, 12, 13, 14, 15]. In this work we focus on the production of Higgs boson and C-even
pseudoscalar bottonium state 71, [20], since for the production of P-wave quarkonium states (like
X»o) there are arguments that suggest a breaking of the factorization [21]. In the considered cases,
Higgs boson and 1, production, both unpolarized and linearly polarized distributions play a role,
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Figure 2: Ratio % for different values of the non-perturbative parameters ),f(h) and Ao, at the relevant
scales for Higgs boson and 1y, production. The curves are calculated at NNLL accuracy and for \/s = 8 TeV.
The bands come from varying independently both the resummation scale Ly 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.

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:

Jd?br e a4 (x4 b 02, 0) iy PP (xg, b1 02, 0)
[ d*by e~iarbr ~ig/A(xA7bT;Q27Q) ~ig/B(xBbe§Q27Q)

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

K (xa,x8,q150) = , (5.2)

termine the relative contributions from linearly polarized and unpolarized gluons, for both Higgs
boson and C-even pseudoscalar bottonium production. In order to compute this quantity we choose
Go ~ ug ~ ug and use the by prescription to separate the perturbative from non-perturbative con-
tributions as in Eq. (4.5). The latter will be parametrized as:

FIN (a1 Q) = exp [ 03 (s + 20In(Q2/ Q)] . Qo=1GeV,
FU3T (xeasbr; Q) = exp (b7 (4 + A0In(Q°/Q5))] , Qo =1GeV. (5.3)

Notice that the parameter Ay 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.

In Fig. 2 we show our results for the ratio % at the relevant scales for the transverse momentum
distributions of Higgs boson and 1), all at NNLL accuracy, and for different values of the non-
perturbative parameters. Comparing our results to the ones presented in [15], we have included
the contribution of quark PDFs to the collinear expansion of gluon TMDPDFs (through C‘g /Z in
Eq. (5.1)), performed the resummation consistently at NNLL accuracy and produced consistent
uncertainty bands to address the theoretical error. 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.
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6. Summary

We have derived the factorization theorem for the Higgs boson transverse momentum distribu-
tion in hadron-hadron collisions with general polarizations, A(P,S4) + B(P,Sg) — H(mu,qr) + X,
using the effective field theory methodology. By doing so, we have provided the proper defini-
tion of all the leading-twist (un)polarized gluon TMDPDFs, combining adequately the relevant
collinear and (part of) soft matrix elements, in order to cancel the spurious rapidity divergences.

The evolution of all leading-twist (un)polarized gluon TMDPDFs is universal, and the cur-
rently known perturbative ingredients allow the resummation of large logarithms contained in this
evolution kernel up to NNLL accuracy.

We have obtained, for the first time, the NLO Wilson coefficient for the gluon helicity TMD-
PDF gf, ., which will allow more accurate phenomenological studies of this quantity in the future,
e.g., at RHIC, AFTER@LHC or EIC. We have also obtained the OPE Wilson coefficients for f%
and hllg in the framework presented in this paper. Using these results, we have performed a nu-
merical 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.
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