PHYSICAL REVIEW LETTERS 122, 192003 (2019)
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We propose the lepton-jet correlation in deep inelastic scattering as a unique tool for the tomography of
nucleons and nuclei at the electron-ion collider (EIC). The azimuthal angular correlation between the final
state lepton and jet depends on the transverse momentum dependent quark distributions. We take the
example of single transverse spin asymmetries to show the sensitivity to the quark Sivers function. When
the correlation is studied in lepton-nucleus collisions, transverse momentum broadening effects can be used
to explore cold nuclear matter effects. These features make lepton-jet correlations an important new hard

probe at the EIC.
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Introduction.—A high energy and high luminosity
polarized electron-ion collider (EIC) is regarded as the
next generation QCD machine where the partonic structure
of nucleons and nuclei will be explored in great detail
[1-3]. In this Letter, we propose lepton-jet correlations as a
new class of observables in deep inelastic scattering (DIS).
They will provide unique probes of various interesting
physics aspects and thus set a new direction for the EIC
science program. The experimental measurements will give
direct access to the transverse momentum dependent
(TMD) quark distributions. Semi-inclusive hadron produc-
tion in DIS (SIDIS) has been studied in the pioneering
papers Refs. [4,5], where both TMD quark distributions
and fragmentation functions can be explored. We also note
that recently it was proposed to use jet observables to study
TMD physics focusing mostly on TMD fragmentation
functions [6]. Our proposal is complementary to these
studies.

We focus on large transverse momentum lepton-jet
production in the center of mass (c.m.) frame of the
incoming lepton and nucleon, see Fig. 1,

£(k) +A(P) - ¢'(ky) + Jet(Py) + X, (1)

where the lepton and nucleon carry momenta k and P and
we denote the momenta of the outgoing lepton and jet by k,
and P;, respectively. We label the rapidities of the final
state lepton and jet as y, and y; and their transverse

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/19/122(19)/192003(6)

192003-1

momenta as k,; and P;, . All of these kinematic variables
are defined in the c.m. frame of the incoming lepton and
nucleon. This is very different from the jet measurements in
previous DIS experiments such as those carried out at
HERA [7-9], where the cross sections were measured in
the c.m. frame of the virtual photon and nucleon. Similar
studies at hadron colliders have been carried out previously
for the correlation of dijets [10-15]. At the EIC, the lepton-
jet correlation depends on much simpler kinematics, and at
the same time utilizes the observed jet as an important
probe of the nucleon or nucleus, as will be demonstrated in
this Letter.

At leading order, the final state lepton and jet are
produced back to back in the plane transverse to the beam
direction. The intrinsic transverse momentum of the quark
and higher order gluon radiation will induce an imbalance
between the final state particles. We work in the correlation
limit where the imbalance transverse momentum ¢, =

|sz L+ D, 1| is much smaller than the lepton transverse
momentum and the virtuality of the exchanged photon Q

such that ¢, < |ky |~ Q. Here we can factorize the
differential cross section into the transverse momentum

Jet(PJ)

FIG. 1. Lepton-jet correlation for the tomography of the
nucleon or nucleus at the EIC.
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dependent quark distribution [16-21] and the soft factor
associated with the final state jet,

dPo(tp — ')

dy,d’ke d*q -0 / kole'hqu(x’ ki Ceomtr)

X Hryp (@ pp) Sy (AL, pr)
x 8 (gL =k, —2,). (2)

Here f, represents the TMD quark distribution, S is the
soft function associated with the final state jet which
implicitly also depends on the jet radius R, and Hpyp is
the hard factor. In the above, o is the leading order cross
section, uy denotes the factorization scale, and £, is the
rapidity cutoff parameter needed in order to define the
TMD quark distribution [21]. Both the intrinsic transverse
momentum k| of the TMD distribution and A, due to soft
radiation captured by §; contribute to the observed imbal-
ance ¢ | . We emphasize that the process introduced here is
complementary to semi-inclusive hadron production in DIS
processes [4,5,22], where both the TMD quark distribution
and fragmentation functions are involved. The uniqueness
of the process proposed in Eq. (1) is that the lepton-jet
correlation is defined in the lab frame, so that data can be
compared directly to similar dijet measurements at RHIC
and the LHC. Because of the large jet transverse momen-
tum P;,, a standard jet clustering algorithm can be
naturally used. This comparison will help in particular to
investigate the difference between the hot and cold dense
nuclear matter when an energetic jet traverses the QCD
medium.

In this Letter, we first introduce the TMD factorization
framework for the proposed lepton-jet correlations. We
then focus on two possible applications. First, we consider
single transverse spin asymmetries which probe the quark
Sivers effect. Second, we study Pr broadening effects
which provide a unique handle on cold nuclear matter
effects in eA collisions Finally, we summarize our Letter in
the Summary section.

TMD factorization.—It is convenient to write the fac-
torization in Fourier transform b space,

do b, ., -
B — qrbiw (x,b,), (3
dy)f’d2kt’J_JzCIL 60/ (2”)2 ¢ q(x L) ( )

where o = (aZe2/30%)[2(52 + %)/ Q%] with 3, 7, and @
the usual Mandelstam variables for the process ¢ + g —
' +q. We have Q%= —-1=ks /S, ,e”” and &=
—xkgi+\/S.pe”, with §,, the c.m. energy squared of the
incoming lepton and nucleon. Within TMD factorization,
we can write Wq as

Wq = qu(x, bJ.?Cw/"F)SJ(bJ_’/"F)HTMD(Q’,“F)7 (4)

where the hard factor Hyyp(Q, #r) depends on the hard
momentum Q and pp is the factorization scale.

It is known that TMD factorization in dijet production in
hadronic collisions is more complicated [23—-33]. However,
in our case there are only final state interaction effects, and
the TMD quark distribution can be defined in the same way
as for SIDIS:

. 1 dé:_dzg —ixE~ iE K
fgnsub(x’ kJ_) _ E/ (2ﬂ)3l e iNE P HE kL

x (PSIw(&) LA &)yt L, (0 (0)|PS).  (5)

with  the future-pointing gauge link L, (&)=
exp [—ig [§° dAv - A(An + &)]. The above definition con-
tains a light-cone singularity, whose regularization and
subtraction defines the scheme. However, the final results
do not depend on the scheme when the QCD evolution
and resummation are performed [34,35]. We apply the
“Collins-11" scheme for the TMDs with the following soft
factor subtraction in b space [21]:

Sﬁl/<bl_>
Sn,ﬁ(bl)sn,v(bl_).

}q(x’ bJ.’CCHuF) :j‘anUb(x’ bJ.)\/ (6)

Here {2 = x*(2v - P)?/v* = 2(xP*)%e~>» where y, is the
rapidity cutoff in the Collins-11 scheme. The second factor
represents the soft factor subtraction where n and 7 are
light-front vectors n = (17,07,0,), a=(0",17,0,),
whereas v is an off-light-front vector v = (v, v",0,)
with v~ > v". The light-cone singularity in the unsub-
tracted TMD is canceled by the soft factor as in Eq. (6) with
Sy, v, defined as

Svl,v2<bl_> = <0‘£;2 (hl)ﬁil(bL)£1/1(0)£02(0)|0> (7)

In the process Eq. (1), soft gluon radiation associated with
the jet will also contribute to the imbalance ¢,. This
contribution depends on the jet size R [36-39], which we
compute using the narrow jet approximation [40]. We also
introduce a subtraction to define the soft factor associated
with the jet,

Snl,ﬁ(bl)

V Sn,ﬁ(bl) ’

where n; represents the jet direction. A one-loop calcu-
lation leads to the following result:

Sy(by) = (8)

a Tour 1 1

SV up) =22 Cr[ —tn—n™E - —m2 =), (9
J ( J_/"F) o F nﬁR2 nﬂlzj 211 R2 ( )
where u? = c}/b%, ¢y = 2e77¢ with the Euler constant y.
In order to derive the above result, we have averaged over
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the azimuthal angle of the jet instead of integrating over it at
the level of the cross section [41]. This average does not
factorize and our results will only be valid up to next-to-
leading logarithmic (NLL) order of In" b, [42], which is
the accuracy we achieve in our current work. To see this, we
note that the dependence on the azimuthal angle of the
unaveraged soft function at NLO is nonlogarithmic and
thus enters the Wilson coefficient only in the full evolution
formula. When integrating over the jet azimuthal angle, the
Wilson coefficient reduces to its averaged form. Therefore,
at NLL this is equivalent to performing the resummation
using Eq. (9) directly.

From the above result, we obtain the anomalous dimen-
sion y{") = — In(7/2R?)Cra,/2x. Together with the result
of the quark distribution from Refs. [21,43], the TMD
factorization is verified at the one-loop order [42]. For anti-
ks jets [44], the hard factor is given by

o k2 K2
Hiyp(0.ks1) = 5, Cr —1n2§— 8 — 3ln§
3.1 1 1 13 2
+n—+-In>—+ =52 ’ (10)

2 R 2 R 2 3

where we have chosen {2 = § and 2. = k% to simplify the
expression.

The large logarithms in the TMD quark distribution and
the soft factor can be resummed by solving the relevant
evolution equations. The result can be written as

Wq|(resum) :x}q(x7bL7€c = \/§uuF :kfj_)er‘x(bj_)c’ (11)

where the TMD quark distribution j?q now contains the all
order resummation and I’ is the corresponding exponent
for the soft factor,

2
b

ro - | "Q”L‘jf‘zy“‘(as(u)), (12)

with the one-loop result of y, obtained above. In Eq. (11),
the matching coefficient C contains finite terms from both
the soft and hard factors in the TMD factorization in
Egs. (9) and (10). Note that in particular the double
logarithmic terms ~In?(1/R?) cancel out. We note that
it is possible to further factorize Eq. (4) in order to jointly
resum logarithms of the jet radius R following the tech-
niques developed in Refs. [45,46]. However, at the EIC a
large jet radius R ~ O(1) will be advantageous to increase
statistics, see e.g., Ref. [47].

Starting at two loops, nonglobal logarithms (NGLs) start
to contribute to the cross section [48,49]. The leading
contribution at order O(a?) is [42,50]

2 2 12
(2) Cy(a\*m 2 (ke b1
s (bL)——CF—<—> ™ n (_ (13)
NGL 2 \n) 24 g

The resummation of these NGLs is more complicated than
that of the global logarithms captured in the resummation
formula in Eq. (11). For the numerical calculations pre-
sented below, we include their contribution by substituting
in Eq. (11)

Wq = WqSNGL(bL)7 (14)

where we use a simple parametrization Sy (b ) for the
NGL contribution at leading color [48,49].

Single transverse spin asymmetries as probes of the
quark Sivers effect.—The distribution of the total transverse
momentum ¢; can be studied through the azimuthal
angular correlation between the final state lepton and jet,
and the uncertainty is better controlled experimentally than
for g, itself [11,12]. In Fig. 2, we show this correlation
for typical kinematics at the EIC with ,/S,, = 80 GeV,
ke = 15 GeV, P;; = 10-20 GeV, and we choose equal
rapidities, y, = y; = 1. The TMD quark distribution takes
the form [35]

}q(x’ byl = \/§’/4F = kfl_)
— e—S;fm(bQ—Sip(bL)ZCq/i(x’ o) ® filx ), (15)

where b, = b, /\/1+ b% /b}. with by, = 1.5 GeV~!,
and f;(x,p) is the integrated parton distribution. Since
there is only one TMD, the Sudakov form factor is given by

1 (R, dp? 3
Stelbs) =5 [ L[ 0 105+ 2, )
K I’

(16)

dN/dAg

L i i i i J A¢

-03 -02 -01 0.1 0.2 0.3

FIG. 2. The azimuthal angular correlation between the final
state lepton and jet at equal rapidities y, = y; = 1 in the c.m.
frame of the ep collisions at /S, =80 GeV. We show
Ap = ¢; — ¢, — n, where ¢; and ¢, are the azimuthal angles
of the jet and lepton, respectively. We choose k,; = 15 GeV and
integrate the jet transverse momentum over 10-20 GeV, with
radius R = 0.5. The red and blue curves show the correlations
when the spin of the transversely polarized nucleon is parallel or

antiparallel to I_éf |, respectively.
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with A, = (a,/7)Cr, B, = —(a,/7)3 Cr, and where for
simplicity we take the leading order expression for the
coefficient function C. We use the nonperturbative
parametrization of Refs. [35,51]: Sgp = 0.1066% +
0.42In(Q/ Qo) In(b,/b,) with Q3 = 2.4 GeV?. The result
in Fig. 2 is shown as a function of A¢p =¢; —p,— =
which can be viewed as a measure of the decorrelation
away from the back-to-back configuration. As expected,
the distribution peaks around A¢ = 0 where the broad-
ening effects depend on the TMDs. We also find that the
NGL contribution is very small for most of the kinematic
range considered here except for A¢ ~ 0, where it yields a
suppression of about 5%.

When the nucleon is transversely polarized, the TMD
quark distribution will have an azimuthal asymmetry due to
the Sivers effects. As a result, the azimuthal angular
distribution will no longer be symmetric with respect to
A¢ = 0 [23]. The deviation probes the size of the quark
Sivers function. The transverse-spin dependent differential
cross section can be written as

2
O / LOs g, (17)
dyfdzkﬂdzcu - (2”)2 7

The spin-dependent qu can be factorized into the Sivers

quark distribution fllTﬁ and the soft and hard factors as

Wh, = xFif(x.b.)S, (b1 . pr)Hbyp (0. pr). (18)

Again, a one-loop calculation can be carried out for this
observable. Most of the calculation is similar to that for
SIDIS [52,53], except for the dynamics associated with the
observed jet. The hard factor turns out to be the same as in
the unpolarized case, and we leave a detailed derivation for
future work [42].

For the numerical calculations, we use the parametriza-
tion of the quark Sivers function of Ref. [43],

i\ M x%(1 —x)Pe
2 4 a(o]"q

1B
17/" (.X, bJ_v é‘cvﬂF) =

qq
X fq(xr by Ceopp)ett,  (19)

where g, = 0.062 GeV?. Here we assume that the twist-
three correlation of the quark Sivers function (transverse
momentum moment) has a similar scale dependence as the
integrated quark distribution, f,(x,u,) in Eq. (15), which
will introduce a small theoretical uncertainty in the kinemat-
ics of interest at low transverse momentum [43]. This could
be improved in the future by taking into account the complete
scale evolution of the twist-three functions [54-58].

As an illustration of the Sivers effect we show the
modifications of the correlation spectrum in Fig. 2 when the
transverse spin of the nucleon S, is parallel or antiparallel

An(A®)
0.081 Kn=7GeV
------- Kr=10GeV
0.06} mmm = Kr=15GeV
0.04} /" ------------------------
I
/
[ e
I —
;e
/L
/.

000k A
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

FIG. 3. The single transverse spin asymmetry as a function of

A = ¢; — ¢, —n for different lepton transverse momenta

ke =7, 10, and 15 GeV, respectively, which illustrates the

transverse momentum dependence of the quark Sivers function.

to the transverse momentum /Ef . of the final state lepton.
This is the configuration where the spin asymmetry of the
azimuthal correlation between the lepton and jet is maxi-
mized. In Fig. 3, we show the single spin asymmetry
directly as a function of A¢. The A¢ distribution provides
information on the transverse momentum dependence of
the Sivers function as A¢ is proportional to ¢, in the
correlation limit. The magnitude of the asymmetry depends
on how large the Sivers function is compared to the
unpolarized quark distribution. For example, for k,, =
7 GeV the asymmetry is very small because the probed
value of x is about 0.03 and the quark Sivers function is
very small. Therefore, by varying the lepton’s momentum
and the rapidities of the lepton and jet, we can study the x
dependence of the asymmetry, which will lead to signifi-
cant constraints on the quark Sivers function. Compared to
the Sivers asymmetry in SIDIS, this observable has the
advantage that it does not involve TMD fragmentation
functions. The asymmetry itself can directly provide
information on the size of the quark Sivers function relative
to its unpolarized counterpart. This will provide a unique
opportunity for the transverse momentum tomography of
the quark in a transversely polarized nucleon at the EIC.
From the size of the effect we expect that it will be
observable at the EIC and allow detailed scans of the k|
and x dependences of the Sivers functions with a clear
physics interpretation within TMD factorization.

Extending the above calculation to the dijet spin asym-
metry in pp collisions [23] will be very interesting. In
particular, the previous calculations [25,59] should be
improved by taking into account QCD evolution effects.
Using the correlation of dijets, it will be possible to explore
factorization breaking effects and the nonuniversality of the
Sivers functions by comparing to the available experimen-
tal data [60].

Py broadening as a probe of cold nuclear matter
effects.—As a second example we will show that the
process in Eq. (1) can be used to explore cold nuclear
effects in eA collisions at the EIC. When a highly energetic
jet is produced in the hard partonic process, it experiences
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dN/dAg

Lepton+Jet at EIC
Lepton Pr=10GeV | ——ii-0cev?

........ qL=0.2GeV?

----- GL=0.8GeV?

0 L L L L 1A¢
0.1 0.2 0.3 0.4 0.5

FIG. 4. Pr-broadening effects for the lepton jet azimuthal
correlation due to the interaction with cold nuclear matter as a
function of A¢ = |¢p; — ¢, — x| for two typical values of §L.

multiple interactions with the target nucleus which will
generate Pr-broadening effects [61]. These final state
interactions can also be factorized into the TMD quark
distribution of the nucleus [62].

As shown in Refs. [63,64], nuclear Py -broadening
effects can be systematically included within the frame-
work of TMD resummation by modifying Wq as

aLb?

L

W, = We 7, (20)

where gL represents the typical transverse momentum
obtained by the quark through multiple interactions with
the cold nuclear matter. On the right-hand side of the above
equation, the first factor contains the intrinsic contribution
from the nucleon and the Sudakov exponent associated
with QCD evolution. In a consistent framework, we can
combine the nucleon’s intrinsic contribution with the gL
term to represent the TMD distribution of the nucleus [62].

In Fig. 4, we plot the azimuthal angular correlation as a
function of A¢ for different values of gL. These values are
in the range of a theoretical estimate for cold nuclear matter
[61]. We expect that this correlation can be investigated at
the future EIC, and the comparison with the dijet corre-
lation measurement in heavy-ion collisions [14,15,65-70]
will provide important information on hot and cold dense
nuclear matter using hard probes.

Summary.—We have proposed lepton-jet correlations as
a new class of observables in DIS at the future electron-ion
collider for the tomography of nucleons and nuclei. In
particular, we have demonstrated that the single transverse
spin asymmetries for this process directly probe the quark
Sivers function. In eA collisions, the measurement of Pp-
broadening effects will be a great opportunity to explore
cold nuclear matter effects through hard probes.

The advantage of the lepton-jet correlation as compared
to the standard SIDIS processes is that it does not involve
TMD fragmentation functions. Extensions to other observ-
ables that are sensitive to the various TMD quark distri-
butions at leading order shall follow. For ¢A collisions, we
can also study jet energy loss in the process Eq. (1). The

comparison with heavy ion data [14,15,69,70] will shed
light on the underlying physics mechanisms for jet energy
loss in hot and cold QCD matter. Further studies of the
theoretical uncertainties associated with the QCD scale
choice [71] and hadronization corrections are needed to
consolidate the proposed observable at the planned EIC.
However, we do not expect that this will affect the general
conclusions of this work. In addition, it will be interesting
to extend our calculation to moderate or large transverse
momentum, where the matching between the TMD region
and collinear factorization will provide a unique oppor-
tunity to study the associated QCD dynamics [72,73]. We
hope that the results presented in this work will stimulate
further theoretical developments along these directions.
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of Nuclear Physics, under Contract No. DE-ACO02-
05CH11231. X.L. is supported by the National Natural
Science Foundation of China under Grant No. 11775023
and the Fundamental Research Funds for the Central
Universities.
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