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Multiple scattering leads to transverse momentum broadening of the struck quark in semi-inclusive
deeply inelastic scatterings (SIDIS). Nuclear broadening of the transverse momentum squared at
the leading twist is determined by the twist-four collinear quark-gluon correlation function of the
target nucleus that is in turn related to the jet transport parameter inside the nuclear medium. The
twist-six contributions to the transverse momentum broadening are calculated as power corrections
~1/ Q2. Such power corrections are found to have no extra nuclear enhancement beyond the twist-
four matrix elements and are determined by the nuclear modification of collinear parton distribution
and correlation functions. They become important for an accurate extraction of the jet transport
parameter inside large nuclei and its scale evolution at intermediate values of the hard scale Q2.

PACS numbers: 25.75.-q, 13.88.+e, 12.38.Mh, 25.75.Nq

I. INTRODUCTION

Multiple scattering of a propagating parton inside a
medium leads to many interesting phenomena such as
transverse momentum broadening and parton energy loss
[1-6]. These phenomena as observed in experiments in
both high-energy heavy-ion collisions and semi-inclusive
deeply inelastic scatterings (SIDIS) can in turn be used to
extract properties of hot and cold nuclear matter. One of
these medium properties as probed by propagating par-
tons is the jet transport parameter ¢. It is defined as
the transverse momentum broadening squared per unit
length [2] and measures the interaction strength between
the energetic parton and the medium. A recent com-
prehensive phenomenological study [7] of experimental
data on jet quenching in high-energy heavy-ion collisions
at both the Relativistic Heavy-ion Collider (RHIC) and
the Large Hadron Collider (LHC) has extracted values of
the jet transport parameter at the center of the produced
dense matter. They are about two orders of magnitude
higher than that in a cold nucleus as extracted from ex-
perimental data on semi-inclusive deeply inelastic scat-
terings (SIDIS) [8, 9]. Further improvements in the accu-
racy of the determination of the jet transport parameter
depend on the study of parton energy loss and the trans-
verse momentum broadening at the next-to-leading order
[10] and evolution of the jet transport parameter [11-15].

Within the framework of generalized collinear factor-
ization, multiple parton scattering and transverse mo-
mentum broadening can be expressed in terms of nu-
clear enhanced higher-twist contributions which depend
on the twist-4 parton correlation functions [16-19]. In
the same framework, we can also calculate parton en-
ergy loss and the leading hadron suppression [6, 20] in
SIDIS. In this paper we make the first attempt to calcu-
late the first power corrections to the transverse momen-

tum broadening in SIDIS off a large nucleus. Similar to
leading higher-twist corrections to hadron spectra, such
power corrections to the transverse momentum broaden-
ing can become non-negligible for intermediate values of
the hard scale Q2. Inclusion of these higher-twist correc-
tions should be important for a more accurate determi-
nation of the jet transport parameter from experimental
data on transverse momentum broadening and its scale
evolution.

Multiple soft interactions between the struck quark
and the remnant nucleus in SIDIS can also be resummed
in the eikonal limit into the gauge link in the transverse
momentum dependent (TMD) parton distribution func-
tions [21]. The transverse momentum broadening in a
large nucleus arises naturally from the expectation value
of the gauge link between the nuclear state. Under a max-
imal two-gluon correlation approximation, the transverse
momentum broadening takes the form of a Gaussian dis-
tribution with the width given by the path-integrated jet
transport parameter [22]. Within a systematic collinear
expansion of the hard parts of partonic scattering, one
can express the cross section of SIDIS in terms of TMD
parton distribution and correlation functions with dif-
ferent power corrections [23]. Calculations of the SIDIS
cross section have been carried out in the leading order
and up to twist-4 power corrections [24]. The results have
been applied to the study of nuclear dependence of the
azimuth asymmetry in both unpolarized [25] and polar-
ized nuclear targets [26, 27]. We will employ these cross
sections in this paper to study the transverse momentum
broadening up to O(1/Q?) corrections.

The remainder of this paper is organized as the fol-
lowing. In Section II, we present the kinematics of
SIDIS and review the differential cross section of the
SIDIS process in terms of the TMD parton distribution
and correlation functions within the collinear expansion.



FIG. 1: Feynman diagrams for multiple scattering in SIDIS.

In Section III, we calculate the transverse momentum
squared (k%) weighted differential SIDIS cross section.

The corresponding Ei-weighted parton distribution and
correlation functions are shown to become higher-twist
collinear (transverse momentum integrated) matrix ele-
ments which can be related to the jet transport parame-
ter. We calculate the transverse momentum broadening
up to O(1/Q?) corrections in Section IV. Conclusions
and outlooks are given in Section V.

II. SIDIS CROSS SECTION UP TO 0O(1/Q?)

We consider the differential cross section of the SIDIS
process e~ (£) + A(p) = e~ (¢') + q(k) + X (px) with an
unpolarized electron beam e~ and an unpolarized target
nucleus A which carries momentum p per nucleon in the
infinite momentum frame,
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where Qe is the fine structure constant in QED, s is
the Mandelstam variable for the center-of-mass energy
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squared, ¢ = ¢ — ¢/ and Q? = —¢? is the virtuality of the
virtual photon that probes the nucleus. We neglect all
the masses of particles.

The leptonic tensor L*” and hadronic tensor W#" are
defined as,
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respectively. In the infinite momentum frame, we param-
eterize the momenta in the following conventional light-
cone expansion [23, 24],
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1-— 1

m o= Y eppTak + ;q*n*‘+é;, (5)

un 1 bon XY

o = Epr n —|—Tq nt 4+ 0, (6)

" = —xpptnt+q nt, (7)

where the unit vectors are taken as n* = (1,0,0,0),n* =
(0,1,0,0).

At the leading order (LO) of a perturbative expansion
of the hard photon-parton scattering processes, one still
has to consider multiple interaction between the struck
quark and the remanent nucleus through soft gluon ex-
changes as shown in Fig. 1. The hadronic tensor can be
written as a sum of the contributions from all possible
diagrams with multiple gluon exchanges. With collinear
expansion of the hard partonic parts, the hadronic ten-
sor can be reorganized as products of collinear hard parts
and gauge invariant TMD quark (gluon) correlation func-
tions [16, 23, 28-31]. One can further reorganize the final
differential cross section in terms of a power expansion
in 1/Q. The differential cross section of the unpolarized
SIDIS process e~ (¢) + A(p) — e~ (') + q(k) + X (px) up
to the power of O(1/Q?) takes the form [24],
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where the TMD parton distribution and correlation func-

tions f,f, oL fA s 1o s Prg ey and @77 in



terms of matrix elements can be found in Egs. (A2)-
(A13) in the appendix. The above expansion in terms
of TMD parton distribution and correlation functions is
a generalized expansion similar to the collinear twist ex-
pansion. The first term is the leading twist contribu-
tion proportional to the TMD quark distribution function
qu (zp, k). This gives rise to the normal collinear quark
distribution function after integration over the transverse
momentum. The second term is the twist-3 contribu-
tion with an azimuthal asymmetry cos¢. The rest are
twist-four contributions. All high-twist contributions are

suppressed by O([[k1|/Q]", [M/Q]").

III. NUCLEAR DEPENDENCE OF
HIGHER-TWIST MATRIX ELEMENTS

To study the transverse momentum broadening, we
need to calculate the k?%-weight-integrated differential

cross section. Multiplying with Eﬁ_ and integrating over
the transverse momentum, one obtains from Eq. (8),
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where (k2 f)(x5), (K33 ) (zp), (E2¢7")(zp) and
(kK> (2)A>(:1:B) are k2 -weight-integrated parton distribu-

tion/correlation functions of f2(xp, kL), f&%f)(xB, kL),

QO(E)A(ZCB, ];'J_) and @f)A(ch, EJ_)7 respectively [see

Egs. (A14)(A19) in the appendix]. These k2 -weight-
integrated parton distribution and correlation functions
contain lzi-weighted matrix elements. Through partial
integration in the transverse momentum k 1, one can con-
vert each k 1 into a partial derivative with respect to the
transverse coordinate. The field operators in Eﬁ_-weight-

integrated parton distribution and correlation functions
are always two twist higher than those in the correspond-
ing distribution and correlation functions without Eﬁ_—
weight. Therefore the above Ei-weighted cross section
should contain parton correlation functions up to twist-
six.

Take the first term in Eq. (9) as an example, the l_ﬁ-
weight-integrated parton distribution function,
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is in fact a twist-four two-parton correlation function. In
the above equation, we have used the identity [22],
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for a derivative acting on a gauge link,
-
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The covariant derivative is defined as D' (y) = —id" +
gA’ (y). Note that the gauge link in Eq. (10) between
two space-time points with a transverse displacement is
defined as,

L£(0;y) = LT (00;0)L(00;y ™, F1), (13)

in a covariant gauge. According to the above identity, the
double derivatives on the gauge link in Eq. (11) produce

three different contributions. We only keep the term with
two gluon field strength operators which is enhanced by
the nuclear size with a factor of A*/3 due to the double
path integrations across the nuclear size. Other terms
that have one or two covariant derivatives on the quark
field are ignored because they do not have such a nuclear
enhancement. We also omit the gauge link in the final
expression of the parton correlation function for brevity.
Note that one can change the limits of the integration
over 1~ to the same as £~ in Eq. (10) with an overall
factor of 1/2.

Assuming a large and loosely bound nucleus, one can
factorize the twist-four quark-gluon correlation function
as a product of the quark distribution function for A



nucleons and soft gluon distribution density integrated
over the size of the nucleus [32],
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where £y = (07 +§7)/2 and A~ =& —n~. We have
taken the medium ensemble average,
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for the gluon field strengths over all possible nucleons in-
side the nucleus and pﬁ (€y) is the spatial nucleon density
normalized to the atomic number A. Given the definition
of the collinear quark and gluon distribution functions,
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the Ei—weight—integrated quark distribution function be-
comes
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where
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is the jet transport parameter for a quark. It represents
the transverse momentum broadening squared per unit

length. The averaged total transverse momentum broad-
ening squared inside a nucleus is then,

Aop — / denir(Ex), (19)

which should be proportional to the nuclear size R4 ~
1.12AY/3 fm.

One can obtain similar relation for the Izi—weight—
integrated parton distribution function in the second
term of Eq. (9),

(B fi ) (@) = AfN_ (@) Asr + O(4),  (20)
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is a twist-4 collinear quark distribution function.

Since the integration over the length of the nucleus
should be proportional to the nuclear size R4 ~ A'/3,
the nuclear enhanced parts of both </§f_ f;‘)(x) and
</%’i é%f))(x) are proportional to A*/3. One can neglect
other contributions that are not enhanced by the nuclear
size, including those that describe quark-gluon correla-
tion functions inside a single nucleon.

The third term of Eq. (9) contains contributions from
double scattering processes in Fig. 1 with two gluon ex-
changes. The associated parton correlation functions
have two covariant derivatives and have contributions
from both left and right-cut diagrams,

$P A i) = 5 [ B + B B
(22)
The corresponding l_f’i-weight-integrated parton correla-
tion functions can be similarly simplified assuming fac-

torization in a large and loosely bound nucleus,
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where we again omit the gauge links in the final expression for brevity. Using Eq. (11) we can also get,
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which help to reduce the Ejl_—weight—integrated parton correlation functions to the following forms,
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These are twist-six matrix elements for parton correla-
tion functions inside a nucleus. Under the same approx-
imation of a large and loosely bound nucleus, one can
similarly factorize these twist-six matrix elements into
products of twist-four or twist-two matrix elements in a
general form,

(KL PN (1) o~ APy @ (FF)y ® (FF)y
+ AYV3WFFY)y ® (FF)n
+AY3FFFF)n @ (0y)n + O(A), (29)

where (...)nN represents the expectation value over a
nucleon state. Since the hard photon-quark scattering
can happen in any nucleon in the nucleus, summation
of these interactions over all nucleons inside the nucleus
contributes to a factor A. Integration over the position
of another nucleon in the secondary interaction along the
propagation path of the struck quark will give another
factor of R4 ~ A'/3. These matrix elements are en-
hanced by a factor of A'/3 for each additional nucleons
involved in the interaction beside the hard photon-quark
scattering. Other contributions without the nuclear en-



hancement can be neglected here.
Let us exam separately contributions from the left and
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right-cut diagrams in the first term in Eq. (2
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where &y = (5 +£7)/2 and €'y = (1~ +&)/2 are
the light-cone positions of the nucleons. In Eq. (30) we
approximate the integral boundary for £~ € (y—,00) by
& € (0,00). Since y~ is confined to the size of a nu-
cleon for large and moderate values of momentum frac-
tion x, the difference should be small. In Eq. (31) we
first interchange the integration variables '~ «+» £~ and
then make variable changes ¢~ — ¢~ —y~ and '~ —
7'~ —y~. We also assume the translational invariance of
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the matrix element (N|F/{" (5"+y‘)FL‘;(n’_+y_)|N> =

(NIFPT(E)F (' 7)IN) and py (&'x +y7) = pR(€'y)-
The final result 1n Eq. (31) is obtained with another vari-
able change 2= — 27 —y~.

Note that there is a sign difference between contribu-
tions from the left and right-cut diagrams. The net sum
of these two contributions gives,

FePi@) = ¢ [(FLeE (@) + (R, 1)
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that contains a commutator of the gluon field strength
tensor which should vanish on the light-cone [33, 34].
Therefore, </€jl_ (24 )(2) has no leading contribution with
A®/3 nuclear enhancement due to the cancellation be-
tween left and right-cut diagrams.

Using similar techniques one finds that the contribu-
tions from the third term of Eq. (29) also vanishes due
to cancellation between left and right-cut diagrams. The

2p—

only remaining contribution with nuclear enhancement
is the second term in Eq. (29) which can be cast in the
form,

(KL (@) = AN (2)Ap + O(4),  (33)

where
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are twist-four parton correlation functions for a nucleon
state. We have omitted the gauge links in the above
expressions for brevity. One can similarly find that

(1 @0 (@) = APV (@) Ao + O(4).  (37)
The definition of z/NJ(f)N( ) is similar to ) 2)N(:zc). Both
are given in the appendix.

IV. TRANSVERSE MOMENTUM
BROADENING

In the previous section, the lgf_-weighted cross section
should also contain contributions that are not enhanced
by the nuclear size, including those that contain parton
correlations inside a single nucleon. These contributions
are essentially the same cross section for a single nucleon
target multiplied by the atomic number A. We should
subtract these contributions to obtain the final result for
the nuclear enhanced k? -weighted differential cross sec-
tion,
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The averaged transverse momentum broadening is de-
fined as,
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where the transverse momentum integrated cross section
can be obtained from Eq. (8),
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The above expression for transverse-momentum-

integrated cross section is suitable for both nuclear and
nucleon targets. The definition of twist-four parton
correlation functions w(f) (zp) and 1) 2)A( B) (see the
appendix) are also suitable for both nuclei and nucleons.
Because of the cancellation between contributions from
right and left-cut diagrams, the interaction with the soft
gluon field is limited within the size of a single nucleon
[the integration over z~ in Eq. (36) for 1/1(2) (xp) is
limited to the size y~ of the nucleon, for example].
Therefore, 1/) (:Z:B) and ¥ 2)A( pB) have no nuclear
enhancement similarly as fA(:vB) and f( y(@B).

Including only the leading nuclear enhancement in the

lgi—weighted and k 1 -integrated differential cross sections
and expanding both in terms of power-corrections, one
has
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Since all the collinear nuclear parton distribution and
correlation functions, f(zp), f;%f)(xB), z/J(f)A(:EB)
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and 1/?5_2)’4(:1:3), have no extra nuclear
ment beside their linear dependence on A,



ratios f;‘%_)(:vg)/ff(wB), (f)A(CUB)/f;‘(iCB) and
~(2)A

N xB)/f(xB), also do not have any nuclear
enhancement.  Therefore, the power corrections in
the above transverse momentum broadening are not
enhanced by the nuclear size. The finite power correc-
tions to the transverse momentum broadening depend,
however, on the difference between the collinear parton
distribution and correlation functions in a nucleus
and that in a free nucleon. If the nuclear parton
distribution and correlation functions are just the sums
of those of free nucleons, i.e., f;‘(a:B) = AfN(xp),
fa_ @) = AfN_(zp), v @) = AP (zp),

~(f)A(ch) = Az/NJ(f)N(xB), the above power corrections

will all vanish. Therefore, the power corrections to the
transverse momentum broadening are sensitive to the
nuclear modifications of the collinear parton distribution
and correlation functions.

V. CONCLUSION

In conclusion, we use the differential TMD cross sec-
tion of SIDIS up to twist-four contributions to calcu-
late the transverse momentum broadening of the struck
quark up to the first power corrections in 1/Q?. The

Ef_—weighted differential cross section depends on higher-
twist collinear matrix elements of nuclear states up to
twist-six which are shown to factorize approximately into
products of jet transport parameter and collinear parton
distribution and correlation functions. Because of the
cancellation between left and right-cut diagrams, these
higher-twist matrix elements are shown to have no ex-
tra nuclear enhancement in addition to that involved
with the jet transport parameter. The final transverse
momentum broadening of the struck quark is shown to
be proportional to the leading twist result given by a
path-integral of the jet transport parameter. The next
power corrections are found to have no additional nuclear
enhancement. The coeflicients of these power correc-
tions are determined by the nuclear modification of the
collinear parton distribution and correlation functions.
Such power corrections to the transverse momentum
broadening might be important for extracting the jet
transport parameter from experimental data. Under-
standing of these power corrections is also important to
the study of the scale evolution of the jet transport pa-
rameter according to the QCD evolution equation from
the NLO higher-twist contributions to the SIDIS cross
section [10], especially at intermediate values of Q2.
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Appendix A: Definitions of the matrix elements

The TMD parton distribution and correlation func-
tions in terms of matrix elements of parton field opera-
tors that we use in the differential cross sections of SIDIS
in Eq. (8) are defined as follows [24],
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The corresponding collinear (/2 | -integrated) parton dis-
tribution and correlation functions, f;‘(:zr) and f;é_)(:zr),

—

can be obtained from the above by integration over k| .

The following high-twist TMD parton distribution
functions in terms of the matrix elements from both left
and right cut diagrams in Fig. 1:
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where,
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S(2L)A _ / dry  dy~d*y, ptdz piwapT 2 iapt (y™ —27)—ik L L —ie’
vL xo —x —ie (2m)3 27 k%
_ +
X (A[BO) = £(0:27,0.0)Dp(=7,01) Do (27, 00) (=", 0150 ()] A), (A11)
@2R)A _ / de,  dy d’yy ptdz— iapt 2 izpt(yT—27) =ik g1 —d”
ot x1 —x+ie (2m)3 27 k%
+
_ ol - - - -
X(A[D(0) 5 L£(0:27,y1) Dy (27,51 ) Do (27, y 1)Lz, y 15 y)¥ (y) A), (A12)
52RA / dr,  dyd’y, p*dz” piap Tz Fizpt (yT —27) =ik G —ief”
ot x1 —x+ie (2m)3 27 k3
+
T 57 - - - -
><<A|1/1(0)5T£(0; 27y )Dp(27,y1) Do (27, y ) L(2 7, yrs 9 (y)]A), (A13)
[
where d"’ = g" — ntn” — a¥nk, € = P n,n, and In the calculation of the Ef_—weighted differential cross
€*”P? the anti-symmetric unit tensor. The four-vector of  section, the following collinear parton distribution and
the transverse momentum is defined k; = (0,0,k,). correlation functions are used.

(k2 ()

/ PRLR A (e R

=[BRS o B a0 0014, (AL
(27)? 2
Frio)e) = [ @R p @ E)
dy~d*y ., d?k -
= 2 [ AR ety R 0 L0001 4), (A15)

27, — 72 - .
<E4 S0(27L)A>(:E> _ / d de'rQ. dy(2d)gl p+2dz eix2p+zf+izp+(y’7z’)7iki_~g]_ (dpalgi)
To — T — i€ ™ s

s (AP (0) Lo £(0;27,01)D,p (27,01 ) Do (27, 00)L(~, 015 ) (y)|A), (A16)
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27 — 72 + 7= -
=4 (2,R)A B dkidey dy”dyy pTdzT ot iapt (g —a ) —iks g (po 12
Lt )(z) = /xl—x—l—ie (2m)3 o ¢ (d kl)
+
_ 0 B B B -
XA (0)5L£(0: 27, y1) Dp(=7 1) Do (27, y ) L(=7 y 15 9)d (y) | A), (A17)
27 - 72 + 7,— .
74 ~(2,L)A _ d de'rQ dy d YL p dz ixopT 2T Fixpt (yT —27)—iky -7y [, P02
I e o = (ie2)
- +
><<A|¢(o)75; L£(0;27,0,)D,(2~,01) Do (2, 0.)L(z~, 01390 (y) | A), (A18)
27 — 72 + 7=
74 ~(2,R)A _ d*kidxy dy~d7y, pTdz ixpT 2T tiwipt (v —2 7)) =ik -Gy [ POT2
(Lot /(@) = /xl—x—i-ie (2m)3 o (Zel kJ‘)
+
-\ V5 — - - -
< (A[p(0)Z—L(0; 27,y ) Dy, y1) Do (27, yL ) L(z 7 yr; 9)¥(y)] A). (A19)

2

In the calculation of the k 1 -integrated differential cross section, one also encounters the following collinear parton

correlation functions,

@A) = 2 [RBON @) + (7 o E P )]
-y L _ +
=it [ G [ e A 0) L0 D )L ol )14) (A20)
IP4a) = 5 [FEFD @) + (BN @]

dy~ v — iz - _po n
—p+/f—w/0 dz= e’y €7 (A]p(0)

Since nucleons are color singlet states, the quark field
operators in the above matrix elements must operate on
a single nucleon inside the nucleus. This limits the range
of the coordinate y~ to the size of a nucleon, which also
limits the range of z~ integration. Therefore, the above
matrix elements should be proportional to the atomic
number of the nucleus and do not have any extra nuclear
enhancement.

5

Aoyt

L£(0;27)Dy(27) Do (27)L(275y 7 )y )[A). (A21)

All the matrix elements defined above for nu-
clear states are also valid for a nucleon. The k-
weight-integrated nuclear parton correlation functions
<lgj*_go(f)A>(:v) and (qjl_gé(f)A)(x) are also related to the
parton correlation functions in Eqs. (A20) and (A21) for

a nucleon state as shown in Sec. III.
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