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Deep-Inelastic Scattering
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Using the color dipole picture of deep inelastic scattering (DIS) and the color glass condensate effective
theory, we study semi-inclusive jet production in DIS at small x in the limit where the photon virtuality Q>
is much larger than the transverse momentum squared P2 of the produced jet. In this limit, the cross section
is dominated by aligned jet configurations, that is, quark—antiquark pairs in which one of the fermions—the
would-be struck quark in the Breit frame—carries most of the longitudinal momentum of the virtual
photon. We show that physically meaningful jet definitions in DIS are such that the effective axis of the jet
sourced by the struck quark is controlled by its virtuality rather than by its transverse momentum. For such
jet definitions, we show that the next-to-leading order cross section admits factorization in terms of the (sea)
quark transverse momentum dependent distribution, which in turn satisfies a universal Dokshitzer-Gribov-

Lipatov-Altarelli-Parisi and Sudakov evolution.

DOI: 10.1103/PhysRevLett.134.061903

Introduction—The semi-inclusive production of a
hadron or a jet in deep-inelastic scattering (SIDIS) is a
process of fundamental importance for the study of the
partonic content inside a proton or a large nucleus. It allows
for an unambiguous extraction of the quark and gluon
distribution functions with increasing accuracy in pertur-
bative QCD [1-6]. In the small transverse momentum
region of the measured hadron or jet, it is sensitive to the
transverse momentum dependent (TMD) quark distribution
[7-10], whose precise extraction for both an unpolarized
and polarized target is one of the main goals of the
Electron-lon Collider (EIC) physics program [11-13]. In
this Letter, we consider the SIDIS process in the case of a
jet measurement at small xgj, where the color glass
condensate (CGC) effective theory [14—17] applies, and
demonstrate that the factorization of the next-to-leading
order (NLO) cross section in terms of the (sea) quark TMD
necessitates the use a new jet reconstruction algorithm

“Contact author: caucal @subatech.in2p3.fr
Contact author: edmond.iancu @ipht.fr
*Contact author: ahm4 @ columbia.edu
SContact author: fyuan@Ibl.gov

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’.

0031-9007/25/134(6)/061903(8)

061903-1

which captures the nontrivial dynamics of the quark struck
by the virtual photon.

Compared to hadron production in SIDIS, jet production
has the advantage that it can directly probe the TMD quark
distribution without involving a TMD fragmentation func-
tion. However, a precise measurement of low transverse
momentum jets is very challenging, in particular because
the usual k,-type algorithms may not be applicable.
Alternative approaches and detailed phenomenology appli-
cations have been carried out in the last few years [18-35].
Together with these developments, the novel jet algorithm
proposed in this paper will help to improve the precision
of future jet measurements in SIDIS at the EIC and
provide important probe to the nucleon-nucleus tomogra-
phy in terms of the TMD quark distributions at various x
ranges.

Aligned jet configurations—We work in the dipole frame
(related to the Breit frame by a longitudinal boost) where the
virtual photon has four momentum ¢* =[¢",q" =
—0?%/(2¢%),0,] and a nucleon from the nucleus target
has four momentum P = (0, Py, 0,) in light-cone coor-
dinates. The standard DIS variables are defined by Q? =
—¢* and xp; = Q*/8 with § = 24" Py At LO in the color
dipole picture of DIS at small xg; [36-39], the transversely
polarized virtual photon y7 splits into a quark—antiquark pair
that interacts with the nucleus target. We denote by &/ , the
four momenta of the quark and the antiquark and define
z; = ki /¢ Each outgoing parton can then form a jet for

Published by the American Physical Society
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FIG. 1. Geometric representation of the typical aligned jet
configuration at small xg; in the dipole frame.

which one only measures the transverse momentum P, . We
are primarily interested in the limit Q> > P?. The leading
power in the P3 /Q? expansion of the cross section comes
from aligned-jet configurations [40—42], that is very asym-
metric g pairs such that the quark has 1 —z; ~P3 /0> <1
and carries most of the longitudinal momentum of the virtual
photon while the antiquark has z, ~ P2 /0% < 1, or vice
versa (cf. Fig. 1). The struck fermion in the target picture is
naturally the one with z; ~ 1, yet the tagged jet with trans-
verse momentum P; can be either the fast (z; ~ 1),
or the slow (z; < 1), fermion in the dipole picture. In the
Breit frame, this would give either a forward jet in the
direction of the photon, or a backward jet close to the beam
remnants.

In the limit Q? > P?, the semi-inclusive single jet cross
section admits TMD factorization [41] in terms of the sea
quark TMD xF ,(x,P, ) at small x [40,43,44]:

dO'ﬁ'+A_)j+X 8”2aemejzf (0)
2P = 2 xFyq (X7PJ_)’ (1)
L o Q

where x = xp; as a consequence of minus momentum
conservation. The superscript (0) for F, refers to a LO
approximation for the quark TMD including its high energy
Balitsky-Kovchegov (BK) and Jalilian-Marian-lancu-
McLerran-Weigert-Leonidov-Kovner (JIMWLK) evolu-
tions [45-53] down to the value of x of interest. @, is
the fine structure constant and e is the fractional electric
charge of a light quark. This expression covers the case
where the quark jet is measured [54], but it is inclusive in
the jet longitudinal momentum fraction z. Explicit expres-
sion for the sea quark TMD in term of the quark—antiquark
dipole § matrix at small x can be found in [41,56,57]
(see also the Supplemental Material [58] for a brief
review).

Heuristic discussion of the Sudakov logarithm—At NLO
in the strong coupling a,, the dominant radiative corrections
to Eq. (1) are enhanced by double Sudakov logarithms
[82-85] in the ratio of Q*/P3. To DLA, these Sudakov
logarithms come from virtual emissions by the struck quark
in the phase space that is forbidden to the real gluon
emissions, that is real gluons which would modify the

structure of the final state [86,87]. Clearly, the real gluon
emissions with transverse momenta such that k7, > PJ
must be forbidden. On the other hand, virtual emissions with
k2, > Q* do not have any double logarithmic support (the
UV logarithmic divergence cancels above the hard scale Q>
among virtual graphs [88]). The transverse phase-space
which contributes to the Sudakov double logarithm is
therefore P} < k7, < Q*. Concerning the longitudinal
phase space, we observe that the gluon emission must have
a formation time 7, = 1/k; larger than the coherence time
7, = 1/|q~| of the virtual photon [89-92]. In the context of
high energy factorization, this condition is imposed on any
gluon emission which does not contribute to the (collinearly
improved) BK/JIIMWLK evolution [45—53] of the target
wave function. In terms of z, = k; /g™, this gives the
constraint z, > k2, /Q*. We thus end up with the following
integral for the Sudakov double logarithm,

aCF/Q dk?, /zmax dz, 2)
P ©/0 25

which factorizes from the LO cross section Eq. (1).

Consider now the upper limit z,,,, of the z, integral. In
the case of a hadron measurement, a forbidden real gluon
must be well separated from the collinear singularity for a
final-state emission. This singularity corresponds to (soft)
gluons obeying k,| = z,P, /z;, with z; ~ 1 for the struck
quark. Clearly such collinear gluons have no overlap with
the forbidden phase space at k;, > P73, so the collinear
singularity introduces no additional constraint on this phase
space. We can then take z,,,, = 1, which gives

a a.\‘CF Q2
Sut = 71112 <P_2¢) (3)

SDL =

as expected for hadron production [56,93].

The case of a jer measurement is considerably more subtle,
and here comes our main physical observation. The fast quark
with z; ~ 1 (see Fig. 1) is not put on-shell by the scattering,
rather it emerges from the collision with a relatively
large virtuality, of order Q. Indeed, after the photon decay
¥ — qq, the two quarks separate via quantum diffusion. By
the time 7, = 2¢"/ Q? of the collision with the target, the
wave packets of the fast quark and the slow antiquark spread
outover distances Ax; | ~7,/(z1¢") and Ax; | ~7,/(2,q"),
respectively. In the aligned jet limit, Ax;, ~1/0Q* and
qul ~1/P?%. For the fast quark, qul < 1/P% is very
small, showing that this parton is still localized by its
virtuality. Physically, this is so since the collision occurs
relatively fast: 7, = 2¢%/ Q? is much smaller than the
formation time 7, ~2z,¢%/ P% for the fast quark.
Accordingly, the angle made by this quark with respect to
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the collision axis by the time of scattering can be estimated
as 0, ~Ax,, /T, ~Q/q", which is much bigger than the
naive angle 6, ~ P /¢ it would have made if it was on-shell
(i.e., localized by its transverse momentum, see Fig. 1).

In order to be forbidden, a real gluon emission must not
be part of the jet sourced by the fast quark. This condition
imposes 6, ~k, /k; >0, ie., z,<k, /Q. Using
Zmax = kg1 /Q in Eq. (2), one finds

. C QZ
Sjet - _ A Fl 2 ) 4
DL an n 4)

7

Thus, remarkably, the Sudakov corresponding to a jet final
state is smaller by a factor of 2 than that for a hadron final
state. This is so since the fast virtual quark generates a
relatively wide jet, so the phase space that is forbidden to
real emission is correspondingly smaller.

A new jet distance measure in DIS—To properly reflect
the above physical picture, a jet measurement in DIS must
be endowed with a clustering algorithm that accounts for
the high virtuality ~Q? of the struck quark. This is
generally not the case for the jet algorithms that are a priori
designed for hadron-hadron collisions, such as the k,
algorithms [94-98]: when applied to DIS, they typically
cluster particles “around” an axis with angle P, /(zg™") in
the dipole frame [99-106] and thus do not capture the effect
of the large virtuality of the jet with z ~ 1. Related to that,
they fail to cluster the remnant of the struck quark into the
same jet, as noted in [26]. In order to cope with these issues,
we introduce a new jet distance measure, via

d - 7” diB - 1, (5)
where d;; is the distance between two particles labeled i, j,
and d;p is the particle-beam distance [107]. The measure
depends on the invariant mass squared M}, = (k; + k;)*
and the longitudinal momentum fractions z; = k; - Py/
(q- Py). For a given list of final state particles, the jet
algorithm then runs inclusively [108] through pairwise
recombination of particles iy, jj if d; ;, is minimal among
all d;;, d;p, d;p, while declaring iy a final state jet if d; p is
minimal, until no particle remains.

The algorithm depends on two parameters, the jet radius
R and the power p. With p = —1, 0, 1, it gives, respectively,
a k;, mass, or angular ordered clustering in the dipole
frame. We shall focus here on the specific choice p =1,
which is dynamically favored, as we shall shortly argue.
With this choice, one finds (in the dipole frame and in the
limit of a small relative angle 0;; < 1)

d Q%j(q+)2
Ly Q2R2

, forp=1. (6)

Using this criterion at NLO, where the final state is
made of two partons, the quark i and gluon j, one sees
that these two partons are clustered within the same jet if
0;; < RO, with 6, ~ Q/q™", in agreement with the dynam-
ics of the fast virtual quark that we have just elucidated.
This is a consequence of both the normalization of the
distance measure with Q? and the choice of p. We assume
the jet radius R to be small, but not foo small, so
that an additional In(1/R) resummation is not needed
[109,110].

For p = 1 and in the fragmentation region of the struck
quark in the Breit frame, the algorithm is akin to gener-
alized k, algorithms originally designed for e e~ annihi-
lation [98,112-114] and subsequently extended to DIS
in [115,116] (cf. Supplemental Material [58]). However,
unlike the latter, which are only defined in the Breit
frame, Eq. (5) is longitudinally invariant by boost along
the y*-A collision axis (see also [26,117]), so that d;;, d;p
can be computed either in the Breit frame, or the dipole
frame. This makes the distance measure Eq. (5) more
convenient for higher order calculations and jet studies
in DIS.

TMD factorization at NLO—For the inclusive production
of jets in DIS, that is, in situations where the jet transverse
momenta are not measured, but only their number, it was
known since [115,116] that special jet definitions are needed
to guarantee the validity of the standard collinear factori-
zation for the jet cross section. In what follows, we would
like to demonstrate a similar property for the semi-inclusive
production of a jet with a given P . Specifically, we will
show that the NLO corrections to the jet cross section (as
computed in the dipole picture) are consistent with
TMD factorization—in the sense that they correctly gen-
erate the expected Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) [118-120] and Collins-Soper-Sterman
(CSS) [9,85,121,122] evolutions of the quark TMD—if
and only if the quark and the gluon jets are separated from
each other by using the jet distance (5) with p = 1. To show
that, we consider a relatively hard jet, with Q> > P? > Q2.
In this regime and to lowest order in Q2 /P2 , the transverse
momentum of the measured jet is either given by the recoil
from a hard gluon emission with k, | ~ —P, (real contri-
bution) or by the target itself (virtual contribution).

For the real contribution, our starting point is the quark—
antiquark-gluon Fock component of the virtual photon
wave function and, more precisely, its contribution to the
rT + A — gg cross section, as obtained after integrating out
the antiquark [123]. The quark and the gluon are nearly
back-to-back: their transverse momentum imbalance €| =
ks, +ky, is small compared to the relative momentum
P, =zky —z21kg 0 ¢ <Py and z; +z,~1. In the
CGC calculation, this process is shown to factorize in
terms of the quark TMD as [125,126]
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doritA—agtX
&P, d*¢  dz,dz,

zaeme]%a Cro(1-z1—2z,)
221[(P2 +0%)?+ 2P +210Y
Pi[P]+ 0%

X, FOxp1),  (7)

with 0% = z,2,0? and x, = (M}, + Q*)/3. The contribu-
tion of (7) to SIDIS is obtained by integrating out the
kinematics of the unmeasured jet over the region in phase
space where the quark and the gluon form two separated
jets. Using the jet definition Eq. (5) with p =1, the
associated phase space constraint reads P} > R?Q%z3z2.
The subsequent integrals over z; and z, are controlled by
711 and z, SP,/(RQ) <1, so only relatively soft
gluons contribute. Such soft gluons can be transferred into
the target wave function [124,125,127,128] via a change of
variable z, — &, with

5 P2©§ xB_]

Zg_l—sz xq’ (8)

where we have also used M2 =P 1/(z1z,) and z; ~ 1. The
integral over & is restncted to xgj<&<1-RP,/Q,
where the upper limit is introduced by the jet constraint
7, <P /(RQ), while the lower limit comes from
the condition x, < 1. Note that Eq. (7) is not singular as
z, — 0 meaning that the contribution from Eq. (7) to the
NLO cross section does not overlap with the high energy
evolution already accounted for through the x dependence
of xF E]O> in Eq. (1). Finally, the integral over the momentum
imbalance | < P, builds the quark PDF xf, on the
resolution scale of the hard jet:

P
xfé°><x,Pi>=/A2 e xFY (v ). (9)

with A of the order of the QCD confinement scale. Based
on the above, a straightforward calculation yields

dorrtA=i+X _ 87r2aem€% oy L ‘R% de
P, | Q0 21 PT Jy
XBj +(0) [ *Bj
<@ L0 (B.rt). (0

with P, (&) = Cp(1+&)/(1-¢) the unregularized
q — qg splitting function. In Eq. (10) we included a factor
of 2 to account for the fact that the tagged jet can be
generated by either the fast quark (z; ~ 1), or the slow
gluon (z, < 1). The NLO correction in Eq. (10) exhibits
TMD factorization, as anticipated: the expression in the
second line can be interpreted as an evolution of the quark

TMD. The singularity of P, (&) at £ =1 introduces a
logarithmic sensitivity to the upper limit, that can be
isolated with the help of the plus prescription:

xFP(x, P, 0%k

g [ P03 (5.1)

aSC 1 Q2 0
2 ZFPZI <R2P2>xf‘(1>(x’Pi)’ (11)
1

+

where P(qz) (&) differs from P, (&) only via the replacement

(1-¢) = (1=¢), in the denominator. We recognize in
Eq. (11) one (real) step in the DGLAP + CSS evolution of
the quark TMD. (See also [124,125] for similar arguments.)
As shown in the Supplemental Material [58], Eq. (11) is
also the standard result for the one-loop contribution of the
collinear gluon radiation to the quark TMD at moderate x
and P > A [10]. Recovering this well-known result is a
nontrivial check of our jet definition. Indeed, the precise
coefficient of the Sudakov logarithm in the second line is a
consequence of choosing p = 1 in our jet distance measure
(5). If one were using another jet definition from that class,
or a definition with an effective jet axis set by the angle 6,
in Fig. 1, the upper limit of the £ integral in Eq. (10) would
change (e.g., it would be & < 1 —R?P%/Q? for p =0),
which would in turn modify the normalization of the
Sudakov logarithm. With p = —1 in Eq. (5), the quark
and the gluon would typically be clustered within the same
jet, so that the TMD evolution that we have just unveiled
would not be resolved within the wide jet formed by the
struck quark.

An important consistency check refers to the detailed
balance between the real and the virtual NLO corrections:
after integrating the cross-section over P, the Sudakov
logarithms must cancel between real and virtual terms (see,
e.g., the discussion in [124]). In order to verify this condition
and also to complete our calculation of the cross section to
the accuracy of interest, we need the virtual NLO contri-
butions in the limit Q> > P? > Q2. They can be inferred
from the NLO calculation of the SIDIS cross section in the
CGC, as presented in [88]. The details of the leading power
extraction in these expressions are provided in Supplemental
Material [58]. The virtual terms too are sensitive to the jet
definition, as clear from the fact that they include the phase-
space region where the quark and the gluon are nearly
collinear with each other and hence must be clustered within
the same jet. The collinear singularity cancels between real
and virtual contributions, but the finite reminder, which is
enhanced by (double and single) Sudakov logarithms, is
clearly dependent upon our definition for the jets. Using
Eq. (5) with p = 1, the virtual term reads.
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Aol A=iX | Ao g Oy
T Y T TR
3 11 32
—In(R) + — 2%
SR+ =

where x, is a O(1) number that marks the separation
between the phase spaces z, < x,k7, /Q* contributing to
collinearly improved BK/JIMWLK evolution [89-92] of
the quark TMD, and z, > x,k;, /Q* contributing to the
NLO impact factor. Since the latter has undergone a power
expansion in P, /Q and Q,/P,, unlike the former, the
cancellation of the x, dependence between small x evo-
Iution and NLO impact factor is not complete anymore, but
the remaining x, dependence is a pure NLO effect, as clear
from Eq. (12).

The first term in the square bracket in Eq. (12) is the
Sudakov double logarithm that we heuristically derived in
Eq. (4). It agrees with the expectation from the CSS kernel
for the quark TMD alone [9,85,121,122]. The second term
is a Sudakov single logarithm, which depends both on the
quark anomalous dimension I'y, = (3a,Cr/4x) and on the
jet parameter R. By only keeping these logarithmic terms,
one obtains the virtual contribution to the DGLAP + CSS
evolution of the quark TMD:

Xfr(fl)(x,PL,QZNV

= B (x P
X Bln2 (%) - (%—i— ln(R2)> In (?—;)} (13)

After integrating Eqs. (11) and (13) over P2 up to Q2, it is
straightforward to verify that the effects of the Sudakov
logarithms which are manifest in these two equations
mutually cancel, as announced. Furthermore, the piece
3/2 in Eq. (13) gives a contribution (3/2)5(1 — &) to the
splitting function in Eq. (11), thus completing the standard
expression for the regularized DGLAP splitting function
P,q(&) [9]. This real vs virtual cancellation is a crucial
feature of the jet definition that we employed, i.e., Eq. (5)
with p = 1 (we show in Supplemental Material [58] that
other common choices of DIS jet definitions do not satisfy
this condition). We thus obtain the DGLAP equation for the
quark PDF in integral form:

2 9} )
i+ [ 2D

A2 Pi 27
1
x / déqu(r:))—gfq@,Pi), (14)

|

3

3
+ I () + g In(xy) + O(R?)

1
—Z1In?
Zn

&) (omm)l)

BEC

|

where we have also inserted a running coupling, as standard
in this context. The CSS equation obeyed by the quark TMD
can be obtained by taking a derivative w.r.t. In Q2 in the sum
of Egs. (11) and (13). The precise relation between our “top-
down” approach [124] to the resummation of Sudakov
logarithms and the standard CSS formalism is given by
xF,(x.P, 0% = x]:(qSUb)(x,PL,,uF =0.{. = Q), where
F EISUb) is the subtracted quark TMD in the Collins-11 scheme
[9] and pp, §. are, respectively, the UV and rapidity
renormalization scales, both identified with the hard scale
Q of the process [129]. As shown in [130,131], this diagonal
scheme also has the advantage of preserving the validity of
Eq. (9) connecting the quark TMD to the quark PDF [with
xFY xF (x, €1, P%)] up to O(a?) corrections.

In the end, the single inclusive jet cross section at small x
and Q% > P > Q2, for our new jet distance measure can
be written

(12)

do.y.}+A—>j+X

P,

B 8ﬂ2aeme%

==
3a,C

x {1 —%mmw(a(%) . (15)
T

xF,(x, Py, 0?%)

NLO

where all the potentially large logarithms «,In(1/x),
a;In(P%/A?), an?(Q*/P3) and a,In(Q*/P?) are
resummed within the quark TMD via BK/JIMWLK—or
Balitsky-Fadin-Kuraev-Lipatov (BFKL) [132,133] in the
dilute limit P, > Q,—and DGLAP + CSS evolution
equations, respectively.

To summarize, we have demonstrated that TMD fac-
torization for jet production in SIDIS is not guaranteed by
all jet definitions and we have designed a longitudinally
invariant jet clustering algorithm which preserves both the
factorization and the universality of the DGLAP + CSS
evolution of the quark TMD at small x. Physically, this jet
definition is able to resolve the DGLAP and Sudakov
dynamics of the struck sea quark and to distinguish
the backward antiquark jet (in the Breit frame) from the
beam remnant. While these results are derived in the
context of the high energy factorization, they also apply
at moderate values of x, as demonstrated in the
Supplemental Material [58], where we find a similar
factorization property by following the dynamics of the
struck quark in the target picture. Once again, the proper
choice of the jet definition turns out to be essential to ensure
the correct matching between the NLO corrections to
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SIDIS and the DGLAP + CSS evolution of the quark
TMD. It will be important to investigate further the jet
definition Eq. (5) both at small and moderate x, as we
anticipate that it could be of great importance for the
forthcoming quark tomography at the EIC with jets [24,25].
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