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1. Introduction

Gluons inside unpolarized hadrons can be linearly polarized [1]. It corresponds to an inter-
ference between +1 gluon-helicity states and requires nonzero transverse momentum. The distri-
bution of linearly polarized gluons inside an unpolarized hadron is thus described by a transverse
momentum dependent distribution function (TMD), here denoted by hng . For hng > 0 the gluon
polarization & is preferentially along k7, with a cos 2¢ distribution around it, where ¢ = Z(kr,€r).
This TMD is kr-even, chiral-even and T-even, and is fully allowed by the symmetries of QCD. Lin-
ear polarization of gluons is generated perturbatively, i.e. by radiative corrections, which was first
noted in a study of p p — yvX [2]. It modifies the transverse momentum distribution of Higgs pro-
duction (o(Q7)) at NNLO pQCD [3, 4]. Nonperturbatively it can be present at tree level, affecting
Higgs production at low Q7 [5, 6]. In this overview of the effects of linear gluon polarization in un-
polarized collisions, first the transverse momentum distribution of Higgs production is discussed.
Estimates are given using TMD evolution. Subsequently, (pseudo-)scalar C = 4 quarkonium pro-
duction is studied, heavy quark pair and dijet production are discussed, and the expectations in the
small-x limit are commented on.

2. Higgs transverse momentum distribution

Higgs production happens predominantly via gluon fusion gg — H. The inclusive Higgs pro-
duction cross section is described using collinear factorization (at & (ocf), i.e. NNLO, in [7, 8])
and involves only unpolarized collinear parton distributions. Also the transverse momentum dis-
tribution at large Qr is described by collinear factorization at fixed order in perturbation theory
(at NNLO in [9, 10, 11]), but at smaller Q7 large logs of Qr/my need to be resummed. The
perturbative state-of-the-art description is with NNLL resummation [12, 13, 14, 3, 15, 16, 17]).
At small Or, which in Higgs production can still be of the order of several GeV, nonperturbative
contributions need to be included. In this region it is more natural to describe the process in terms
of transverse momentum dependent distributions (TMDs). The TMD factorization expression for
pp — HX has the form [18, 19]:

do = H x convolution of A B+ high g7 correction (Y term) + power suppressed. 2.1

Here H is the hard partonic scattering factor, and A and B are TMDs, which apart from the trans-
verse momentum also depend on x, a rapidity variable { and the renormalization scale y. The
convolution in terms of A and B can be deconvoluted by Fourier transforming, which leads to an

expression:
do

p iy / Pbe P (b, 0: x4, x5) + 0 (01/0), 2.2)

where the hard scale Q is set by the Higgs mass my and Q% = q%. For unpolarized hadrons and
unpolarized gluons, W for the gg — H subprocess is given by (b = |b|)

W (b, Q;xa,x5) = H (Q) e 5009 £8 (s %5 12, 1y) f5 (xp, b7 42, ). (2.3)

Here H (Q) < (1+ 0,(Q*)Fi 4+ 0(0?)), with F; a renormalization-scheme-dependent finite term.
H(Q) contains no large logarithms. The Fourier transformed TMDs f7 are evolved to a b-dependent
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scale W, = bo/b =2e " /b (by ~ 1.123). This means that even at one given value of Q one probes
TMDs over a whole range of scales. The Sudakov factor S4 resums large logs in bQ. The inte-
gral over all b includes large, i.e. nonperturbative b values. For this reason one defines W(b) =
W (b,)e %) with b, = b/+\/1+b2/b2,, < bma. For the common choice bypa = 1.5 GeV ™!,
0,5(bo /bmax) = 0.62, such that W (b,.) can be calculated perturbatively for all b values, but the non-
perturbative Sudakov factor Syp cannot. In general Syp is Q dependent. No extraction of Syp for
gluons exists yet. As a first guess, one can modify an Syp for quarks from Drell-Yan fits, e.g. from
[20], by rescaling with the color factor ratio C4 /Cr [21]. Finally, polarization of gluons can be
included by using the following anisotropic gluonic correlator

~ 1 (i 2 N\~
) = 5 {8 7o) - (27— 87 ) i<t . 4

which adds a term to W(b) In principle, the Q-independent part of Syp can be different for the
additional term, but that will only have a minor effect at high O and will be neglected here. Assem-
bling all this, the cross section takes the form [6]

Edep%HX
d3q

« (S £+ [oumn*] ) +0 (;’;) , 2.5)

qr<<mpyg

where wy = ((le -kzr)2 - %k%Tk%T) / 2M* and the (angular independent) relative effect of lin-
early polarized gluons is given by:

_ Clwahy by
P = =

B fd2beih»‘lTe*SA(M,Q)*SNP(]?,Q) %1 (-xA7 *,‘ub 7“17*) (xB7b*"ub*hub*)

: , (2.6
deb eh-ar e—SA(b*7Q)—SNP(b7Q)f1 (xa,b *,ub* , ”b*)fl (xp,b *,/Jb* S Up,)
where
~ (b-k;)? — 1b%k2 -
hy 8 (x,b?) = / Pk, —L bZM; DKy 8 (x, k2 ) = / i i i (bkr )R8 (x,k2).

Due to the appearance of b, in the Z(Qr) expressions, only the TMDs at small b values are
required, the so-called perturbative tails of the TMDs. In leading perturbative order these are given
by [2,3, 5]

flg(xv bz;.ulzaub) = fg/P(X;ub) + ﬁ(as)

1
IS (x, b7 g 1) = %(Z;)CA/X % <i 1) forp(Bstp) + (o), 2.7
where f, /p(x; ) is the collinear gluon distribution. It should be mentioned that although small b
roughly corresponds to large k7, the large-kr behavior can be misleading. Under evolution, TMDs
develop a power-law tail at large k7, which can be calculated perturbatively. For both f{ and
hllg it is o< Qs Pryp @ fo/p / k% for some splitting functions Py and P, respectively. The amount of
linear gluon polarization at large kr, then becomes (0P, @ fy/p)/(04Pr @ f,/p) Which is not small
(50% or more for kr = 10 GeV) [22]. Hence, the ratio of the large-k7 tails of hng and ff" is large,
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but that does not mean large polarization effects arise in Higgs production at large Q7, because
that involves ratios of integrals over all kz. What matters is the small-b behavior of the Fourier
transformed TMDs, Eq. (2.7). The linear polarization at small b starts at order o, which gives it
an unavoidable suppression w.r.t. f{. Numerical analysis in [21] shows (Fig. 1 (left)) that in Higgs
production, linear gluon polarization contributes at the few % level (at the same level as a fixed
order expression at order & (my)? = €(1072)). The ratio % at Q7 = 0 falls off approximately
as Q798 The magnitude and the Q dependence are in agreement with the newer results in [19],
which includes higher order resummations and quark contributions (Fig. 1 (right)). Depending on
the choice of Syp that is considered there, the fall-off at Q7 = 0 varies from Q%84 to 9~ 11

In [21] not only the tail expressions (2.7) are considered, but also a model for TMDs that are
approximately Gaussian at small k7 and have the correct power-law tail behavior at large k7. The
difference with the "tail only" expressions using (2.7) is effectively a modification of Syp. In [21]
also the dependence on the treatment of the very small b region (b < 1/Q, see next section) is
studied. In Fig. 1 the range of predictions for Z(Qr) at Q = my of [21] is shown and compared
to that of [19] where different Syp are considered and also the renormalization scale is varied. The
conclusion is that the effect of linear gluon polarization in Higgs production is of order 2-5%. The
Higgs mass scale is thus sufficiently large to allow a reasonably precise prediction of the effect of
linearly polarized gluons, even though the nonperturbative contributions are essentially unknown.

my = 126 GeV my = 126 GeV
0.06 : ‘ : 0.06 : ‘ :
0.05¢ ] 0.05
0.04} ] 0.04\
R(Qr) 0.03} 1 R(Qr) 0.03}
0.02 ] 0.02
0.01 \ 0.01F
0-00; 5 10 15 20 0-00; 5 10 15 20
Qr [GeV] Qr [GeV]

Figure 1: Range of predictions for Z(Qr) of [21] (left) and of [19] (right).

Whether a few percent effect is measurable at LHC is another matter. It is smaller than the
10-20% uncertainty of the perturbative NNLO+NNLL result of [17]. Besides that, the current Q7
resolution of the Higgs is too low at low Q7 (see e.g. ATLAS-CONF-2013-072), which ultimately
will be somewhere around 5 GeV (private communication with Paolo Gunnellini, Hannes Jung and
Pierre Van Mechelen). Moreover, depending on the Higgs decay channel, there may be different
sources of dilution, such as due to the energy scale resolution (e.g. AQ ~ 0.5 GeV in the yy decay
channel), which leads to smearing, and the background processes to deal with in numerator and
denominator of Z(Qr). E.g. linearly polarized gluons enter in the process gg — vy without Higgs
[2, 23], although this is only a small contribution (a sub-percent level Z(Qr) at RHIC energy
V5 =500 GeV at low Q (4 < Q% < 30 GeV?) and low Q7 (0 < Q7 < 1 GeV) [23]). Finally, at
small k7 gg — yYg needs to be included and could even dominate [24]. As a further complication
that channel is sensitive to different initial and final state interactions (ISI/FSI), cf. the study of
linearly polarized gluons in Higgs plus jet production [25]. In conclusion, measuring the effect of
linear gluon polarization in Higgs production at LHC may turn out to be too challenging.
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3. Quarkonium production

Measuring the effect of linear gluon polarization in heavy (pseudo-)scalar C = + quarkonium
production seems more promising', but here the theoretical uncertainties are significantly larger,
preventing accurate predictions of the size of the effects. The ranges of predictions for Z(Qr)
of [21] and [19] shown in Fig. 2 correspond to the same variations as for Fig. 1. Clearly large
effects are possible in quarkonium production, but there are very large uncertainties. The increasing
uncertainties with decreasing Q as seen in the comparison of Q = my,, = 3.4 GeV and Q = my,, =
9.9 GeV, arises mainly from the treatment of the very small b region, as will be discussed next.

My = 9.9 GeV My = 3.4 GeV ) My, = 9.4 Gev
0.7 : 0.7
020 e 06
015 0.5 : 0.5
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Figure 2: Range of predictions of Z(Qr) for y,0 (left) and x.o (middle) production from [21] and for 1,
production (right) from [19].

3.1 Very small b region

At low Q there is quite some uncertainty from the very small b region (b < 1/Q) as dis-
played in Fig. 2. In this section we will discuss this in more detail. First we consider the in-
tegral over all transverse momenta which formally corresponds to b = 0, i.e. if one integrates
W (gr) = E.T.[W(b)], which is the first term in Eq. (2.2), over all q7 one obtains W (0). The per-
turbative expression for Sy has the property that e~54(0:0) = 0, which forces the whole expression
for W(0) to be zero and which will lead to a negative W (g7) for large g7, outside its range of
applicability, where the Y term needs to be taken into account. This well-known (see e.g. [26])
behavior of W can be avoided by introducing the following regularization in the perturbative Su-
dakov factor Sp: Q2/u2 = b*Q*/b3 — Q*/w;* = b*Q* /b3 + 1 [27], which below is referred to as
the ‘Parisi-Petronzio (PP) method’. It avoids the appearance of an infinitely large scale in Sy as
b — 0. The precise form of the PP regularization usually is not very relevant since matching to
the Y-term at large gr is needed anyway [14]. The scalar particle production case is special be-
cause the sensitivity to the very small b region (b < 1/Q) already arises at g7 = 0! But the region
b < 1/Q at low Qr region ought to be power suppressed, that is of order 0% /Q%. As it turns out
(see below) the problem resides in the denominator of % that receives an increasing contribution
from the b < 1/Q region as Q decreases. The origin of the problem is however not with S4 at b =0,
such that the PP method does not solve the problem, but rather it is with the unpolarized collinear
gluon distribution at large scales and small x values®. As b decreases and L, increases, the latter
grows without bound: f,/p(x; tp) 529 o, while o (Up) 9. Despite the fact that the integration

'In J # 0 quarkonium production, including J /v and Y production, the effects are either absent or suppressed.
2 thank Markus Diehl for pointing this out.
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over the small b region remains finite, even if no form of regularization is introduced (indicated by
‘No regulator’ below), the rapid growth of the unpolarized collinear gluon distribution especially at
small x causes the large dependence on the treatment of the very small b region at smaller Q, as dis-
played in Figs. 1 (left) and 2 (left & middle) for which x = Q/+/s with /s = 8 TeV. Figs. 3-5 show

Q=126 GeV Q=126 GeV
' ' ' ' SOl e - —— PP method
—— PP method memo
4000 | S N4 S N, No regulator
————— No regulator 40
X Up' method
-------- Hp' method
= 3000
% § 30
S [
£ e
S 2000 2
o = {
1000 / 10 |4
0 ol 7]
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
b b

Figure 3: Integrands bV~V(b) for the denominator and numerator of % at Q = 126 GeV. The vertical line
indicates where b = 1/Q.

Q=9.9 GeV Q=9.9 GeV

7 6
4x10% —— PPmethod | 4x10 —— PP method
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3x107} / N e uy' method ’ N

-------- Hp' method

2x107F

Denominator

1x107}f

0.0 0.2 0.4 0.6 0.8 ) i i i i i )

Figure 4: Same as Fig. 3 but for 0 = 9.9 GeV.

b times W(b) for the denominator and numerator of & for three energies (Q = 126,9.9,3.4 GeV)
for three different treatments of the b < 1/Q region (again at x = Q/+/s with /s = 8 TeV). Be-
sides the unregulated ‘No regulator’ expressions and the one with S4 regulated with the PP method,
we employ another way of regulating, referred to as the ‘u; method’. In this case the TMDs are
evolved to the bounded scale ) = [b?/b%+1/0Q% /2 2113, that is approximately p, for b > 1/Q
and Q for b < 1/Q, rather than to the unbounded p,,. This ‘u; method’ tames the large rise of
the unpolarized collinear gluon distribution, while at the same time regulates the behavior of S4 as
b — 0. As can be seen the largest effect of the p1; regularization arises in W(b) of the denominator
at the lowest of the three energies, Q = 3.4 GeV (Fig. 5 (left)), which corresponds to the smallest
x considered here (x ~ 4-10~%). The u, method” seems a more appropriate way of regulating and
leads to the largest Z(Qr) in Fig. 2 (left & middle), which is very promising for measurements in
quarkonium production.

3In [21] the scale u;, was actually taken to be [b/bo+ 1/ Q}*l, which for the present purpose would be equally fine.
For the curves in that case, see the slides of the actual presentation at QCD evolution 2015.
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Figure 5: Same as Fig. 3 but for O = 3.4 GeV.

3.2 Bottomonia

Bottomonia have the advantage that they are less sensitive to the very small b region than
charmonia and the effect of linearly polarized gluons is likely not as small as in Higgs production.
Using the color singlet model and NRQCD results, in [28] the following expressions are obtained
for the differential cross sections of C = + bottomonium production:

do(ny) _ 270

dyd’qr ~ 9 MPs (o[e" ('50)|0)€ [£f ] [1 - %(a7)], 3.1)

d 8 3o
djg(b;;) = 57;45; (0[P CP)[0) 6 [£f ff] [1+2%(a7)] 3.2)

do(xy 2ol
dyc(lzqu) =5 5. o CR)0)¢ [f f], (3.3)

with the same %(q?) as in Eq. (2.6). The hadronic matrix elements (0|&' I[QQ] |0), and hence the
uncertainties about the hadronic wave functions, drop out when normalizing to the integrated cross
section:

1 do(my) _ C[ff]
o(ny) dyd*qr i

L do(uw) _ €A 1]
o (xw) dyd*qr iR

I do(u) _ €A A]
o (xp2) dyd*qr LR

Extracting Z(Qr) for a single state is difficult, as it is a modification of a cross section contribu-

[1-%(q7)], (3.4)

[1+%(q7)], (3.5)

(3.6)

tion that cannot be isolated separately. However, by measuring the cross section for two or more
bottomonia it may become feasible to probe Z(Q7) directly, by considering ratios of ratios:

o (X52) do(xp0)/d*ar 2

~14+% 3.7
o (x0) do(xp2)/d*ar +atar), ©-7)
o(xw) do(ny)/d*qr - 1-2%(q7) (3.8)
o(ny) do(xw)/d*qar — 1+Z(q7) '
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Because of the very small scale differences, my,, ~ my,, ~ m,,,, evolution will not play a significant
role in the comparison. Consistency between the results for (3.7) and (3.8) serves as a cross-check.

The above expressions are all color singlet model expressions [29], which may be justified for
C = + bottomonium states from NRQCD considerations and by several numerical studies of color
octet contributions [30, 31, 32, 33, 34]. The measurement of the transverse momentum distribution
of such bottomonium states will not be easy, but is in principle possible at LHC.

It should be mentioned that there are other processes involving heavy quarks, that could probe
the linear gluon polarization directly. These exploit angular modulations of the cross section. The
best opportunity may be offered by open charm or bottom production in electron-proton collisions:
ep— Q0X. Here hllg appears by itself, rather than in a product of two, so the effect should be less
suppressed and moreover, the sign of the function can be determined. Nonzero hllg leads to cos2¢
asymmetries in heavy quark pair electro-production [35], which are maximally 15% asymmetries
[36] and are best measured at an Electron-Ion Collider (EIC). In contrast, the analogous process
pp — Q0OX at RHIC or LHC runs into the problem of TMD factorization breaking [37].

4. Small-x aspects

A natural question is whether the linear gluon polarization plays a role at small x. It is known
that the distribution of circularly polarized gluons Ag(x) is suppressed w.r.t. g(x) = f, /p(x) at small
x, because its evolution kernel does not have a 1 /x behavior. In contrast, the perturbative tail of the
linearly polarized gluon distribution inside unpolarized protons does grow with 1/x and is driven
by the unpolarized gluon distribution, cf. Eq. (2.7). There is no theoretical reason why the amount
of linear polarization should be small at small x. It turns out the linear polarization can even become
maximal at small x. E.g. the small-x “kp-factorization” approach involves maximum polarization

[38], i.e.

2 kb

ng(x,k]")max pol = — T2T fig(x7k%")
x ki

This expression has been used in the study of Higgs production in [39].

It is expected that at very small x gluon saturation will take place. The effect of saturation has
been studied in the CGC framework of the McLerran-Venugopalan (MV) model. It was recognized
in [40] that at small-x (and large N,) there are two distinct unpolarized gluon distributions to con-
sider: the Weizsicker-Williams (WW) and the dipole (DP) distribution (elucidating “A tale of two
gluon distributions” by Kharzeev, Kovchegov & Tuchin [41]). The WW and DP distributions of
unpolarized and linearly polarized gluons have been studied within the MV model [42], showing
that the dipole hng distribution is maximal for all transverse momenta, whereas the WW hng is
suppressed w.r.t. ff in the saturation region (k7 < Q) and maximal outside it (k7 > Q).

Which distribution (WW or DP) is of relevance depends on the considered process. Ref. [40]
lists processes that probe WW and/or DP distribution for unpolarized gluons. Not all of these allow
a study of hlL & It turns out that DIS, DY, SIDIS, hadron and ¥+ jet production in pA collisions
are in leading power not sensitive to hng [43]. In dijet production in ep and eA collisions at
small x the WW distribution is probed and in dijet production in pp and pA collisions at small
x a combination of the WW and DP distributions are probed. The latter holds in the large N,
limit, otherwise additional gluon distributions enter. Although in general dijet production in pp
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and pA collisions suffers from factorization breaking effects [37], in the small-x limit factorization
breaking contributions may become suppressed, effectively allowing TMD factorization [44, 45].

Dijet production in ep and eA collisions can be studied at an EIC. Since the expectations for
the WW hng inside and outside the saturation region differ a lot, it would thus be very interesting to
study dijet DIS at a high-energy EIC as a function of dijet transverse momentum and x. Expressions
involving the hng for general x can be found in [36], while small-x expressions can be found in
[42, 46]. We note that for dijet DIS these expressions involve only the WW-type distributions
without requiring large N,. As a side remark, dijet DIS also happens to be the golden channel for
the gluon Sivers effect at EIC. Just as the gluon Sivers function would be zero without ISI/FSI, the
difference between WW and DP distributions would be absent without ISI/FSI.

5. Summary

In this contribution the effects of linear gluon polarization have been studied. Using TMD
evolution (to different levels of accuracy) the effect in Higgs production is estimated to result in
small contributions (2-5% level) from linearly polarized gluons at the Higgs mass scale. This
is smaller than the current theoretical uncertainty in the perturbative cross section description
(NNLL+NNLO) and given the poor Qr-resolution below 10 GeV, the feasibility of measuring the
effects of linear gluon polarization in Higgs production at the LHC is doubtful. Studies of C = +
quarkonium states may offer promising alternatives, but here the predictions are very sensitive to
the treatment of the very small-b region and to the large-b region. It leads to much larger effects,
but unfortunately with much larger theoretical uncertainties. Future data from LHC on the bot-
tomonium states ¥/, and 7, are most promising. The bottomonium scale may be optimal from
the perspective of reducing contributions from the very small-b and large-b regions while maintain-
ing sufficiently large effects from linear gluon polarization. In addition, evolution will hardly play
a role in the comparison of different bottomonium states. Heavy quark pair and dijet production
in DIS at a high-energy EIC may exhibit large hllg effects too, allowing ways to study its sign, its
small-x behavior, and, even saturation effects.
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