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Gluon TMD studies at EIC

Daniél Boer!-2

1van Swinderen Institute for Particle Physics and Gravity, University of Groningen

Nijenborgh 4, NL-9747 AG Groningen, The Netherlands

Abstract. A high-energy Electron-lon Collider (EIC) wouldfer a most promising tool

to study in detail the transverse momentum distributiongleéns inside hadrons. This
applies to unpolarized as well as linearly polarized glumséde unpolarized protons,
and to left-right asymmetric distributions of gluons irestdansversely polarized protons,
the so-called gluon Siverdtect. The inherent process dependence of these distrilBution
can be studied by comparing to similar, but often compleargrabservables at LHC.

1 Introduction

Transverse momentum dependent parton distributions (MBescurrently under active investiga-
tion, both theoretically and experimentally. Typical TMibpesses are semi-inclusive Deep Inelastic
Scattering (SIDIS) or the Drell-Yan process. The SIDIS pssxcép — € hX) is sensitive to the
transverse momentum of quarks, while for instaBemeson pair productiore(p — €D D X) is sen-
sitive to the transverse momentum of gluons in the backattklzorrelation limit. For studies of the
gluon TMDs, higher energw(s) or smallerxis required. A high-energy Electron-lon Collider (EIC)
can dfer clean probes of the distributions of unpolarized andilityepolarized gluons inside unpolar-
ized protons, and of the gluon Sivei$eet for transversely polarized protons. These distrilmstand
what we can learn about them at an EIC will be reviewed herth, @nphasis on the most promising
observables, the process dependence, and the expectéddmahbvior of the distributions.

Describing the transverse momentum of partons in a prosexs just a matter of adding a trans-
verse momentum dependence in collinear distributionsfii(®) — f1(x, k%), that appear in collinear
factorization expressions. Rather one has to deal with Thtflofization, in which new factors and
new distributions appear, such as the Sivélimsot TMD that describes a correlation between the trans-
verse momentum and the proton spin.

For gluons there are eight leading twist TMDs [1] that paraipe the gluon correlator

UL d&-P) %1 ipakc. . ,
Ty (x ker) = f 7()((5.”))2(25;3@” “VEPITH F™(0) Upog F¥() Upegy|Prer—o- (1)

The dependence on the gauge lilksand 2’ will be discussed later on. For unpolarized hadrons the
correlatorl, is parametrized by two gluon TMDs [1] (hek8 = —k2):

k) =~ {19~ (Tt 4 s ). @
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The unpolarized gluon TMO,” and linearly polarized gluon TM[Dj" are both functions ok and
k2. Nonzeraoh; ¢ requires nonzero transverse momentum and stems from afenetece betwees1
gluon helicities. For positivhj" the gluon polarizatiosr is distributed arounét with a cos 2 dis-
tribution (¢ = Z(kr, €1)). Linear gluon polarization modifies among others thesvanse momentum
distribution of Higgs production (perturbatively at NNLQ),[3] and nonperturbatively at LO in pQCD
[4,15]), which can be studied at LHC. In TMD factorization ttr®ss section takes the fori [5]

E do_pp—>HX
d3q

o (C[f7 £7]+ Clwnhi?hy?]) + O(q—T) 3)

Or <my My

whereC denotes a convolution of TMDs ang = ((le - kor)? - Ki; kgT) /2M*. Including resum-
mation of large logarithms the contribution of linearly aoted gluons relative to unpolarized gluons
is given by (for explanations cl.l[5]):

Clum N hi*) _ [ cPbeareS-0 S0 By (0, b2 ) By (4, b 1)
Clf 1] [ d2b &Pt e-Sa0-Q-Sue®Q ¥ (xn, b2; 1, ) T/ (e, 0% p16.)

R(Qr) = (4)

whereﬁ" denotes the Fourier transform §f and

Tlg 2\ _ 2, (b kr)? - %b2k$ ~ibky plg 2 2 k% Lg 2
hy/(x,b%) = fd Kkt o e hyY(x kT) = _”fdkTW‘]Z(ka)hl x k7). (5)
The integrand irb space has been split into a calculable perturbative paraarmhperturbative (NP)
part that should be obtained from fits to data. Although thepeoturbative Sudakov fact@yp for
gg — H is unknown, at the Higgs scale it does not matter too much.tWiaéters most is the smal-
part of the TMDs, which is perturbatively calculable [2, 4, 6,(x, b? up) = f,p(X; ) + O(as),
while

2r X

Note that the perturbative tail bf ¢ is driven by the unpolarized collinear gluon distributiys(X; ).

In [7] and [8] the above expressions were studied numeyi¢etl [2] for the ranges of the predic-
tions). The conclusion from those studies is tR&D+) is on the order of 2-5% in Higgs production at
low Qr. This probably means that the extractiod‘éf/ from Higgs production will be too challeng-
ing. In [7] and [8] also heavy (pseudo-)scalie + quarkonium productiom p — [QQ] X, has been
studied. Much largerféects from linear gluon polarization are possible in thisechsit there are very
large uncertainties (cf.[9]). It is much more sensitivelte inknown NP part than Higgs production.
From this perspective the heavier bottomonium states aregty best to consider. Employing the
color singlet model [10] and LO NRQCD results [11/ 12], théfetiential cross sections fap, yuo
and yp, production have been obtained in/[13]. By forming ratios atfas, in which the hadronic
uncertainties cancel, it becomes in principle possiblatdeR(Qr) directly:

o (xb2) do(xbo)/d*ar oxwo) do(m)/dar _ 1-R(Qr)
o (xv0) do(xv2)/d*alr () do(xeo)/d?dr  1+R(Qr)

These are color singlet model expressions, which may bié@astor C = + bottomonium states from
NRQCD considerations [12, 14] and by several numericalietuaf color octet contributions [14-16].
TMD factorization for thep-wave stategp; has been called into question though/ [17]. Consistency
between the experimental results ®R(Qr) from (@), e.g. at LHCb, can be used to assess the possible
factorization breaking contributions. Because of the $erargy scale dierencesrfy,, = 9.4 GeV,

m,,, = 9.9 GeV,m,,, = 10.3 GeV), evolution &ects should be negligible in this comparison.

1 46 /&
hy?(x, b% up) = as(ke)Ca f dTX (g - 1) f,p(X; pb) + O(@?). (6)

~ 1+ R(Qr), (7



6th International conference on Physics Opportunitiem&lacTron-lon Collider (POETIC VI)

2 EIC probes

AtEIC hf” can be probed in open charm and bottom quark pair electrduptmn,ep — € QQX,

whereQ andQ are almost back-to-back in the transverse plane. Unlikg#ljiyoduction one needs
to study angular distributions now, e.g. a cgssBymmetry where = ¢ —¢, andgr,, are the angles
of K2 + K? [1€], under the restrictionr = (K2 + K®) <« K, = (K2 - K9/2. In the asymmetry
expressionhjg appears by itself, as opposed to in a product of two. Thesefarger &ects are
expected and the sign bf  can be determined. The asymmetry depend®&iK? and Mg, but the
maximum of the asymmetry is to a large extent independertiede scales, and around 15% [19].
There are also angular asymmetries w.r.t. the lepton stgjtelane that probhjg. These are mostly
relevant at smallelK_ | [1S]. Dijet DIS,ep — € jetjetX, is similar except that also quark TMDs
enter. The analogous procesggs— QQ X andp p — jetjetX at RHIC or LHC are not expected to
be TMD factorizing|[20].

At an EIC one also can consider transversely polarized psptovhereep’ — € QQX is a
very promising process for probing the gluon Siveffee. For a review of the status and prospects
of the gluon Sivers distribution, cfi_[21], and for specifiodel studies, cf. [22]. There are also
suggestions to measure the gluon Sivéisat in proton-protofion collisions (RHIC, AFTER@LHC),
in processes for which TMD factorization may holol: p — yjetX [23,124], p" p — J/yy X [25],
p'p — J/y I/ X [26,127]. According tol[25, 26], the color singlet contritmrt to a large extent
dominates over the color octet one in thy@ production processes.

Such gluon Siversfeect measurements ipp collisions are complementary to EIC studies, be-
cause TMDs are actually process dependent, as will be diedusext. Although this process depen-
dence can be calculated, not all Sivers functions from altgsses can be related to each other!

3 Process dependence

It has been realized that TMDs in general are not univer€30]. Gluon rescattering corrections
can be summed into path-ordered exponenflélsin TMD correlators|[31], where the gauge link
or Wilson line is along a patf. The path in this Wilson line depends on whether color claeage
coming from the initial state or going into the final state|,[29, 32+-35]. Surprisingly, it has turned
out that in certain cases the shape of the Wilson lirfiects observables, such as the Sivefeat
asymmetries. In SIDIS the quark TMD correlator has a futaiating staple-like Wilson line arising
from final state interactions (FSI), referred to as &nk. In the Drell-Yan (DY) process it is past
pointing from initial state interactions (1Sl),-alink. The quark Sivers functions with and- links
are related by parity and time reversal invariance by anaMeinus sign: {15! = —£0"] [o¢],

In general, the more hadrons observed in a process, the roonglicated the resulting Wilson lines
and the possible relations among TMDs of various proce8€es3B]. Wilson lines may even become
entangled or trapped, leading to factorization breakirfg 82].

The processes that allow access to the linearly polarizagahgtlistribution and the gluon Sivers
distribution depend on two gauge links as in Eq. (1). The sutgssy*g — QQforep —» &€ QQ X
probes a gluon correlator with twelinks, i.e. both are future pointing. In the kinematic regimhere
gluons in one protonip p — yjet X dominate, oneféectively selects the subprocesg — y q. The
latter subprocess probes a gluon correlator witheaad— link (future and past pointing), enclosing an
area. As a consequence, these two processes probe twetdistitrependent gluon Sivers functions.
They correspond to antisymmetrity{:) and symmetricdapc) color structures as discussgd{i)rn+[40].

gL+, —

At LHC gg — H andgg — [QQ] both probe a gluon correlator with twe links. As h]
hit>7 (@ndh /01 = h¢17*) one concludes that EIC and LHC can probe the safffdunction.
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Table 1. List of processes that probe the WW #omdDP unpolarized gluon TMD at smati[41].

DIS&DY | SIDIS| pA—hX | pA— yjetX | Dijetin DIS | Dijetin pA
£757 (ww) X X X X v v
/7 (oP) Vv v v Vv X v

But e.g.gg — Hg probes a more complicated link structure. On the other handhe gluon Sivers
function it holds thatf,/t"* = —£L90T and fot1 = _¢191541 " One thus concludes that the
proposed gluon Sivers TMD studies at EIC and at RHIC or AFTERI@ are complementary [21].

This TMD nonuniversality is not just a polarization issuiewas first realized in a smak-context
that this process dependence also applies to the unpalaizen TMD f [41].

4 Small-x: atale of two gluon distributions

At small x (and largeN.) there are two unpolarized gluon distributions that mg4éi, the gluon
correlator with two+ links (for which flg[+’+] = flg[”’]) and the one with & and a- link (for
which ff’“"l = fl"["+]). In [41] these were denoted 1652 andG@, respectively. At smalk they
correspond to the Weizsacker-Williams (WW) and dipole (@IR}ributions, which are in general
different. The fact that there are two distinct but equally vekdinitions for the gluon distribution
was noted first in “A tale of two gluon distributions” by Khaev, Kovchegov & Tuchin (KKT) in
[42], where the authors say that they “cannfieoany simple physical explanation of this paradox”.
The explanation turns out to be the process dependence @iluba distribution, in other words,
its sensitivity to the ISFSI in a process. Here it is not so much the direction, buteratthether
a process is only sensitive #ither ISI or FSI or toboth ISI and FSI. The dference between the
WW and DP distributions would disappear without/F31. In the MV model considered by KKT,
one may not notice the origin for theffirence, because the two gluon distributions become related
xG@(x, q,) "o 02 V2 xGW(x, q.) [41,142]. For instance, the procegs — Q QX has been studied
in [43] in the MV model, where the cross sectidnr/dydk, is expressed in terms @(k,) =
[ d?x, €U (0)U7(x.)) ~ G@ which is the DP distribution, whereas the process rathdsgsthe
WW distributionG® ([+, +]).

Different processes prol" or G or a mixture, as listed in Tab[e 1. For dijet productiorpiA
collisions, the result requires larg, otherwise (four) additional functions appear (cf. [44]).

This process dependence of TMDs implies that also theiwidths are process dependent, and
as a consequence, it gives an additional process depenmemebroadening [45].

The WW and DPhj" distributions will be diterent too. Within the MV model [46] the DP
hj” distribution is found to be maximal for all transverse momagmvhile the WWhj" distribution
is maximal only at largésr (> Qs) and suppressed w.rt/ in the saturation regiorkf < Q).
Maximal (positive) linear polarization also arises in tineadl-x “ kr-factorization” approach [47]:

, 1 Keky
rgl;l (X, KT)max pol = T T—2T flg(x’ k‘2|') (8)

X k2
Finally, the perturbative tail ohiq in Eq. (8) has a Ax growth, which keeps up with,’ towards
small x. Clearly there is no theoretical reason V\Mﬂ should be small, especially at small In

analogy tof,?, in Table[2 we list processes where the WW and P[?I@ distributions enter (or not).
It turns out that the processes DIS, DY, SIDIS, hadron @andjet production inpA collisions do
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Table 2. List of processes that probe the WW #@rdDP linearly polarized gluon TMD at smatl

DIS&DY | SIDIS| pA—hX | pA— yjetX | Dijetin DIS | Dijetin pA
hy /T (ww) X X X X N N
h: ‘' (DP) X X X X X N

not probehj” in leading power|[48]. Dijet production iap andeA collisions at smalk probes the
WW distribution. Since there areftirent expectations inside and outside the saturationmegio
would thus be very interesting to studjljg (via the cos 2 asymmetries discussed earlier) in dijet
DIS at a high-energy EIC. The relevant expressions for ggnecan be found inl[19] and small-
X expressions in_[46, 49]. As said, these expressions invohhg the WW-type distributions (at
any N¢). In contrast, dijet and open heavy quark pair productiomp mand p A collisions sifer
from factorization breaking [20]. Although at smallthe factorization breaking contributions may
become suppressedtectively restoring TMD factorization [44, 50], still a comnlation of six distinct
distributions is probed, complicating the analysis coasadly, probably too much.

5 Summary

Production of (pseudo-)scalar particles at LHC is a good tegyrobe gluon distributions, but unfor-
tunately the &ect of linear gluon polarization on Higgs production is sn@5% level), smaller than
the current theoretical uncertainty in the perturbatieatment (NNLI+NNLO). C = + quarkonium
states may fder alternative probes, but in this case the predictions lzage theoretical uncertainties.
Future LHC data on bottomonium stages,» andn, are most promising. Linear gluon polarization
is expected to lead to largeffirences between these three states.

Heavy quark pair and dijet production in DIS at a high-end&ttfy offer clean channels for probing
linearly polarized gluons and the gluon Sivefieet. Specific cos@ asymmetries may exhibit large
hj” effects, allowing to study its sign, its smallbehavior. It may even show saturatiofieets,
as it probes the WW of -type ([+, +]) distribution, which is expected to show a significant ofpan
in behavior aroundk, ~ Qs. This same distribution happens to appear in Higgd®r = 0**
quarkonium production at LHC. In contrast, for the gluone®s/TMD the cleanest probes at EIC and
at RHIC angor AFTER@LHC are actually entirely complementary.
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