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We study the effect of multiple scatterings on the propagation of hard partons and the production
of jet-bremsstrahlung photons inside a dense medium in the framework of deep-inelastic scattering

off a large nucleus.

We include the momentum exchanges in both longitudinal and transverse

directions between the hard partons and the constituents of the medium. Keeping up to the second
order in a momentum gradient expansion, we derive the spectrum for the photon emission from

a hard quark jet when traversing dense nuclear matter.

Our calculation demonstrates that the

photon bremsstrahlung process is influenced not only by the transverse momentum diffusion of the
propagating hard parton, but also by the longitudinal drag and diffusion of the parton momentum.
A notable outcome is that the longitudinal drag tends to reduce the amount of stimulated emission

from the hard parton.

I. INTRODUCTION

The modification of hard partonic jets in dense me-
dia provides a useful tool for studying the properties of
the highly excited nuclear matter produced in relativis-
tic heavy-ion collisions. One of the primary experimental
signatures for jet modification is the significant depletion
of the high transverse momentum (pr) hadron yield in
heavy-ion collisions compared to that in binary-scaled
proton-proton collisions [1-3]. Such depletion has been
attributed to the loss of the forward momentum and en-
ergy by the hard partons in the dense nuclear medium
they traversed before fragmenting into hadrons [4, 5].

By all accounts, one expects the energy loss to origi-
nate from a combination of elastic collisions [6-10] and in-
elastic radiative processes [4, 5, 11-13], that hard jets ex-
perience when propagating through the dense media. For
light partons, medium-induced gluon radiation is thought
to be the more dominant mechanism for parton energy
loss. For heavy flavor partons with large finite masses,
collisional energy loss appears to be equally or even more
important than medium-induced gluon radiation, espe-
cially in the low and intermediate pp regime [14-18].

There are currently a few different schemes for the
study of medium-induced gluon bremsstrahlung (the
radiative part of parton energy loss) in a dense nu-
clear medium: the Baier-Dokshitzer-Mueller-Peigne-
Schiff-Zakharov (BDMPS-Z) approach [11-13], the Gyu-
lassy, Levai and Vitev (GLV) approach [19-21], the
Amesto-Salgado-Wiedemann (ASW) approach [22, 23],
the Arnold-Moore-Yaffe (AMY) approach [24, 25] and
the higher twist (HT) approach [26-28]. Detailed com-
parisons of the different formalisms may be found in Ref.
[29]. Sophisticated phenomenological analyses have been
performed for various jet quenching observables, such as
single inclusive hadron suppression [30-32], as well as di-
hadron and photon-hadron correlations [33-36]. One of
the main goals of these studies is to quantitatively extract
the jet transport coefficients, such as ¢ and é, in dense
media by comparing with the data on jet modification.

This requires that the originating formalisms contain a
representative description of all physical processes that
influence the partonic substructure of the jet.

While different parton energy loss models mentioned
above have rather different origins and make slightly dif-
ferent approximations, the calculations of radiative en-
ergy loss have so far only focused on the gluon radiation
induced by transverse momentum diffusion, experienced
by the propagating hard partons in the dense medium. In
fact, when a jet scatters off the medium constituents, it is
not only the transverse momentum, but also the longitu-
dinal momentum that are exchanged between the jet and
the medium [37-39]. In many calculations, the transfer of
longitudinal momentum has only been considered in the
evaluation of purely collisional energy loss. There have
been studies on the longitudinal momentum loss experi-
enced by radiated partons in the context of jet shower
evolution [40-43]. However, the influence of exchanging
longitudinal momentum on the stimulated radiation ver-
tex has not yet been throughly considered. In this work,
we re-investigate the medium-induced radiation from a
light parton, by taking into account the influence from
both transverse and longitudinal momentum transfers,
when the parton undergoes multiple scattering with the
medium, in the radiation process.

As a step up to the more complicated calculation of
gluon radiation, we study the problem of real photon
radiation from a parton which propagates through a
dense extended medium and experiences multiple scat-
terings off the glue field of the medium. While the emit-
ted photon escapes the medium without further strong-
interaction with medium, very unlike the case of a radi-
ated gluon, such a problem does encode many interest-
ing features of the medium-induced gluon radiation, such
as the Landau-Pomeranchuck-Migidal (LPM) effect, as
well as the momentum approximation schemes involved
in the problem, which are the same as the problem with
gluon radiation. Therefore, the photon calculation serves
as an intermediate step for the further investigation of
medium-induced gluon emission from a hard jet. In this



regard, we will explore the effect of a larger than usual
longitudinal exchange with the medium: In most treat-
ments, the longitudinal momentum exchanged with the
medium is considerably smaller than the transverse mo-
mentum exchanged (Glauber-Coulomb scattering), how-
ever, in this paper, we will allow one component of the
longitudinal momentum to be of the order of the trans-
verse momentum exchanged.

In addition, photon bremsstrahlung from a high pp
jet is itself of great interest. Such process has shown
to be an important source for the photon production in
relativistic heavy-ion collisions, especially in the inter-
mediate py regime [35, 44]. As the production of such
photons involves the interaction between hard jets and
the dense medium, it also opens an electromagnetic win-
dow to probe the jet transport properties in dense media.
It is also of great relevance to the study of photon-jet cor-
relations [35, 45, 46], which are expected to provide more
stringent characterizations of the quenching experienced
by the jet in the dense medium, than single hadron or
dihadron observables.

The paper is organized as follows. In Sec. II the calcu-
lation of photon bremsstrahlung at leading-twist is pre-
sented in some details. In Sec. III, photon radiation from
a hard parton which experiences a number of scatterings
in the dense medium is analyzed. In Sec. IV, the sum
of photon production points is carried out. In Sec. V,
Taylor expansion for the hard part is invoked and the
number of multiple scattering is resummed to obtain the
final expression for the photon bremsstrahlung spectrum
from a hard jet in dense medium. Sec. VI contains our
conclusion and discussions.

II. PHOTON BREMSSTRAHLUNG AT
LEADING-TWIST

In this section, we provide some details for the cal-
culation of photon bremsstrahlung from a hard parton
produced in the deep-inelastic scattering (DIS) off a large
nucleus at leading twist. Consider the semi-inclusive pro-
cess of the DIS off a nucleus in which one hard quark with
a momentum [, and a bremsstrahlung photon with mo-
mentum [ are produced,

e(L1) + A(Pa) = e(L2) +q(lg) +y() + X (1)

Here L and Lo denote the momenta of the incoming
and outgoing leptons. The incoming nucleus with atomic
number A has a momentum P4 = Ap, and each nucleus
inside nucleus A carries a momentum p.

Throughout this work, we utilize the light-cone compo-
nent notation for four vectors (p = [p™,p~,p.]), where

Pt =(E+p:)/V2p~ = (B —p.)/V2. (2)

In the Briet frame of the DIS, the incoming virtual pho-
ton v* has a momentum ¢ and the nucleus has a momen-

tum Py:

q= L2 - Ll - [_IBp+aq770L]7
Py :A[ervOaO]a (3)

where zp is the Bjorken variable, zp = Q%/(2p*q™),
with Q? the invariant mass of the virtual photon. The
radiated photon has a momentum [ and carries a fraction
y of the quark forward momentum ¢~, i.e., y =17 /q~.

The double differential cross section of such semi-
inclusive DIS process may be expressed as

Br,do  o. 1 dWH n
BLydlyd3l ~ 2ms Q1 dBlydl’

where s = (p + L1)? is the total invariant mass of the
lepton-nucleon collision system, and . is the electro-
magnetic coupling. The leptonic tensor is give by

1
L;,w — 5%[7 : L1%ﬁ : LQ’YV]' (5)

The semi-inclusive hadronic tensor is defined as

W = "(2m)*6* (¢ + Pa — Px)
X
x (A[J#(0)|X) (X" (0)[A). (6)

Here |A) represent the initial state of an incoming nu-
cleus A, averaged over spins. |X) represents the general
final hadronic or partonic states, with > running over
all possible final states except the stuck hard jet and
the emitted real photon. J¥ = Q¥,y"1) is the hadron
electromagnetic current, with @, the charge of a quark
of flavor ¢ in units of the positron charge e. Since we
are interested in the final state interaction between the
medium and the stuck quark, our focus will be on the
hadronic tensor. In the following, the leptonic tensor
will not be discussed further.
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FIG. 1: Leading twist contribution to the semi-inclusive DIS
hadronic tensor WH".

Fig. 1 shows the leading-twist contribution to the pho-
ton bremsstrahlung in the semi-inclusive DIS. It repre-
sents the process where a hard quark, produced from
one nucleon of the nucleus, radiates a hard photon and



then exits the nucleus without further interaction. In this
study, we choose the light cone gauge, and other types of
diagrams are suppressed. The leading-twist contribution
to the hadronic tensor may be expressed as:

= Z Qée2 d4l4 (2m)5(1%) d4lq4 (2#)5(13)
(2m) (2m)

d /
/d4y ezqyo/d4 /d4 I/ Q1 4

X e —iq1-(yo— z)e iqy (2 yo)e ilg-(z—z )e—zl (z 2")
7 a1 o g
X (AP (Yo 5——=7"(7 - 17" =5
— i€ ¢
X Gog(l). (7)

Here the factor Gos(l) represents the sum of the radiated

Apv
W5

L (0)] A)
— 1€

photon’s polarizations. In the light cone gauge (A~ = 0),
it is given by
nalg +ngly
Gap(l) = —gap + =, (8)

where we have defined the light cone vector n = [1,0, 0],
thus we have n -l = [7. With such setup, the largest
component of the vector potentials from the initial states
is AT component.

We may perform the integrations over the photon radi-
ation positions z, z’ which give two § functions. They can
be utilized to perform the integrations over the momenta
q1, ¢ which set ¢1 = ¢} = po + g. Then the hadronic
tensor reads,

o = ZQ362/ @

d'Po o 454 4, —ipo-yo
X 2m)* 0% (g +po—1lg—1) | d*yoe

4 o [ dY, )
7(2mi(?) [ Gt (emits)

(2m)*
x (Al (yo)y" Z'_q;v“(%lq)vﬁ l'jliev”w(O)lm
X Gagp(l). 9)

Here we have re-introduced the variable py from the fol-
lowing identity,

/dp%%o#@+m—z—m (10)

(2m)*
The above four-d-function can then be used to perform
the integration over l;. The on-shell condition for the
photon, §(12), can be used to do the integration over I
which gives [T = 13 /(217). The on-shell §(IZ) function
for the final quark gives,

(2m)

— 0 (xg —xB —xL.).
2pTq=(1-y) ( )
Here we have introduced the new momentum fraction
zr, defined as z;, = 12 /[2pTq y(1 — y)]. It is related
to the photon formatlon time as Tgorm = 1/(zzp™). In
the very high energy and collinear limit, the expression

(2m)8(13) = (11)

can be simplified via pa' = zop™, py — 0 and poi — 0.
In this limit, one may ignore the | -component of quark
field operators,

(Ai(yo) -+ 0(0)|4) = ACL (i (uo) - H(O)p)
~ AC W) LT (12)

where vT and v~ are used to project the leading spin

projection,
Y=+ V2, = (0 =%/ V2

The factor C;‘ represents the probability to find a nucleon
state with momentum p inside a nucleus with A nucleons.

The above d-function can be applied to perform the
integration over par = pTxg. We further perform the in-
tegrations over yar and yo, and obtain a three-d-function,
which allows us to carry out the integration over p, , po .
Now the hadronic tensor reads,

4ae/ /dll (2m) fq(zB + 1)

nl?2  8pt(q )2z
“(y 1) (7 - 417" Gap(D14)
Here f,(z) represents the parton distribution function of
a quark with flavor ¢ in a nucleon, with a fraction x of
the forward momentum p™ of the nucleon,

dy7 —izptys I ’YJF
) = [ e 1t ) v )

The trace combined with G5 can be carried out by using
the commutation relations of v matrices: {y*,77} = 2,

{v*,7%} =0, and {7*,7.} =0,

Yy - ) (7 1) (7 - )77 Gap (1)
= (=g"")8p" (a7 )?zL]P(y). (16)

The factor P(y) = [1+ (1 —y)?]/y is the quark-to-photon
splitting function, which represents the probability that
a quark radiates a photon carrying away a faction of y
of its forward momentum. The projection tensor ¢" is
defined as ¢/" = g"" — g"~ g — g"T¢¥~. The hadronic
tensor is now obtained as,

AZQ4Q€

(13)

Wit = AC S

7_
X T‘r[Tv“(v Q)Y

(15)

Tr[L
2

awgt
2ldy

)(27T)fq($B + xL)-

(17)

Since the parton is produced immediately after the ini-
tial hard scattering, its momentum is related to photon’s
momentum by [~ = ¢~ (1 —y) and 1, +1, = 0. There-
fore, the double-differential hadronic tensor for the mo-
mentum distribution of the final quark is given by

awgr o Awg
A2y dyd?l,  dl; — d*lidy

6(ly —q~ (1 —y))0* (g +11).

(18)



In the following, we will investigate how the multiple
scatterings from the medium change the momentum dis-
tribution of the final quark and the spectrum of photon
radiation.

III. PHOTON BREMSSTRAHLUNG FROM
MULTIPLE SCATTERINGS

In this section, we derive the single photon radiation
spectrum from a hard jet which undergo multiple scatter-
ings from the dense medium. Higher twist contribution
is obtained from those diagrams which contain the prod-
ucts with more partonic operators in the medium. Usu-
ally, such contributions are suppressed by powers of the
hard scale @2, but in an extended medium, a sub-class
of these contributions may be enhanced by the longitudi-
nal extent traveled by the stuck quark. Our focus in this
work will be to isolate and resum such length-enhanced
higher twist contribution.

The generic diagram being considered here is shown
in Fig. 2. It describes the process that a hard virtual
photon strikes a quark in the nucleus with momentum
P} (po in complex conjugate) at location yj = 0 (yo in
complex conjugate). The stuck quark is sent back to
the nucleus, carrying momentum ¢f (¢; in the complex
conjugate). During its propagation through the nucleus,
the hard quark scatters off the gluon field at locations
y; with 0 < j < m (y; in the complex conjugate with
0 < i < n). Through each scattering, the hard quark
picks up momentum p} (p; in the complex conjugate).
The photon is radiated between locations ¢ and ¢ 4+ 1 in
the amplitude (p and p+ 1 in the complex conjugate).

In this section, and through most of the next, we will
retain terms at all orders and with no approximation as
to the momentum structure of the exchanged momenta.
At the end of Sect. IV and in Sect. V, we will approximate
and attempt to extract a closed form expression. Here we
will invoke the power counting of the exchanged gluons
in Fig 2, which lie in the Glauber limit [47]. In so doing

i
G =q+Ki=q+» pj, Vi<p+l;
j=0

G =g+ K =q+> pj Yi<q+1
j=0

we will use @ to refer to the hardest scale in the problem
and A to refer to a small dimensionless parameter, which
in product with @ will refer to a softer scale. In the case
of a near on-shell projectile parton (with a large near
on-shell momentum ¢~ ~ @Q and ¢* ~ A\2Q) scattering
off another near on-shell target parton traveling in the
opposite direction (with p™ ~ @Q and p~ ~ A\2Q), the
exchanged gluons have the standard Glauber scaling of
momenta,

ET ~X2Q; k™ ~X\Q; kL = )\Q. (19)

If one were to drop the requirement that the target be
an on shell parton, then a larger (—)-component of the
exchanged gluon can be absorbed, leaving the projectile
parton near on shell. This will be the scaling used in this
paper, sometimes referred to as a longitudinal-Glauber.
The scaling for such gluons is given as,

ET ~A2Q; k™ ~AQ; kL = )\Q. (20)
It is this second scaling that is assumed in this paper.
The goal is to test if a relaxation of the energy deposi-
tion rate in the medium can noticeably change the pho-
ton (and by extension the gluon) radiation spectrum. In
what follows, the scaling of all exchanged momenta and
gauge fields will be driven by the assumptions of Eq. (20)
for the exchanged gluon.

Following the notation of the previous section where
the photon momentum is denoted as [ and the final
quark’s momentum [,, the momenta of the quark lines
after each scattering at location yé are denoted as: qg- 11
before photon emission and (j;- 41 after the photon emis-
sion (y:, ¢i+1, and ;41 in the complex conjugate). For
the quark lines immediately around the photon radia-
tion, they are denoted as pj, and Py 1 (Ppt+1 and ppi1
in the complex conjugate), where ¢,+1 = ¢p+1 — ! and
Tg+1 = g1 — |- From the momentum conservation at
each vertex, various momenta denoted in the picture have
the following relations:

(ji+1:q+Ki_l:q+E;':0pj_lv Vi>p+1,

T =q+ K —l=q+3_gpj—1, Vi>q+1 (21)

For the sake of convenience, we have defined the new variables K; = Z;:O p; and K] = Ej‘:o p; which represent the
total accumulated momentum exchanges between the hard parton and the nuclear medium. For such a diagram (Fig.



2), we may write down the hadronic tensor as,

n 1
1 / d*l d*l
Apv 4 2 n+m a; aj; 2 q 2
Wiltha = Qi (HT ) (ET [ astema) [ St ense
X /d4yoeiq'y° (H/d4yi> H/d‘lyl; /d4z/d4z/
i=1 j=1
p 4 4 4=
% H/ d"g; e~ (yi-1—vi) /d Ip+1 e—i%ﬂ'(yp—z)e—il'z/ 4" G e~ tp+1-(2=Yp+1)
wrd (@m? (2m)* (2m)*
n d4q s = . ’ ks d4q/‘ - ’ ’
« U@ (Yic1=yi) | o=l (yn—v'1n) / J_ =i (5 =y 5-1)
1L/ &5 AL ) &

4~/ 4 1 q 4
« </ d(zqq;fe—iqéﬂ-@;p—z”e“" / d(zqqﬁle‘”;“'(z/_y;v H/ (d‘z qrﬁe—w;«yz-—yefn
s Vs YIS

J=1

p n _
x (Al (yo)7" (H o w-A“i(yn) R | %vw(y» vl

2 .
iy 4 e Qpy1 — 1€ i1 G
T N v den [T N
< | [T v-A%w)=5—= | "= [] 7 A% )= | 7"¢(0)|A)Gaps(l). (22)
J=m q’j + i€ Qg1 T 1€ =g q;" +ie

The phase factor associated with the photon insertion locations z and 2z’ may be isolated and it reads
e~ @r1tl=ap1) 2l @ H=001) % Ope may carry out the integration over the locations z and z’, and obtain
two 0 functions. These § functions can be utilized to perform the integrations over the momenta g,4+1 and q‘fl 11
which give us ¢p41 = gp+1 — [ and (j; 1= q; 11 — I The remainder of this phase factor can be expressed as:

(H’.l 1 e_ipi'yf‘) (Hm 1 eip;"yé').
i= j=

q . q
q1 q1
Pf) P’1 b1 Po
A Y
o o e o
AP J ) ) J : AP
o 1o Y Yq Yor1  Un I Yn Yp+1 Yp (7 Yol 5

FIG. 2: An order of n+m contribution to hadronic tensor W*" with n gluon insertions in the complex conjugate and m gluon
insertions in the amplitude.

Similar to the previous section, we may factor out one-nucleon state from the nucleus state and ignore the (L)-



component of the field operators,
- A RN RV ANNT S BT
(Al (yo)y" Ov"1p(0)|A) = AC, <P|¢(y0)7¢(0)|]9>1\f[77”77 ]Tf[7<A|O|A>]' (23)

Now we change the integration variables ¢;11 — p; and g;; — pj, and re-introduce the n-th momentum p, by
inserting the following momentum conservation identity,

/ @'pn 2m)* 6t (1 +1, — K, —q) =1 (24)
(2m)* o '

The m-th momentum p/, in the amplitude is determined by all other momenta as, p,, = K,, — K/, ;. Since the
calculation will be carried out in the light-cone gauge (A~ = 0) in the Breit frame at very high energy, the dominant

component of the vector potential is the forward (+)-component. In this effort, we approximate v- A = vy~ AT, and
neglect the contribution from A; component. This is due to the fact that the non-zero contribution containing an
A, term is of form (v, - p;1)(vL - A1), which is two orders smaller than the contribution containing A* term. As a
result, the corresponding v matrices have only (—)-component. With these setups, the hadronic tensor now reads,

n 1 , 4 4
Winr = ZQ4 2 "+m (H T) H T9% / %(2@5(12) / %(2@5(13) (25)

i=1 j=m
n m n—1 m— /
d*p; ; dp
d4 d4 i /d4 / T / 7 / s 2 454 l l _Kn_
<t @/ y) e (U )| 1 (2 B o= o =)
X e_zpi'yi eZPj'yj -
2 2 2, - -2 .
=1 j=1 -1 4~ i—pt1 B 7€ jo1 4G te j=qt1 4 Tt i€

n 1
< (=g AC (i (30) T-0(0) ) (4] (HA+“i<yz->> [T A7) | 14)Gas (@)
=1 j=m

_ P n qg+1 1
-~ (HW : qm‘) v | I vav | vl | Ly @ | 9%y don | TT 74
i=1 i=p+1 Jj=m J=a

The largest length-enhanced contribution comes from the situation where the maximum number of quark lines are
close to on-shell. For the quark lines before the photon emission,

G =+ K)?=2pY¢ 14+ K; /¢ )[~xp + % — Tpil, (26)

where we have defined the momentum factions,

py K : K2
fry fr— 2 i: . = 2 27
Z% Z Tp gD LT (27)

«pt pt’ ptq

For the quark line after photon emission,

G = (g +Ki—1)? =2p"q" 1+ K /q~ —y)|~2p + & — Zcil, (28)
where we have defined the momentum factions,
(KzJ_ - IJ_)2

fCi:ZICjzxL(l—y)-i- (29)

2ptq~ (1 + K /g~ —y)

Therefore the contribution from all the internal quark line denominators together with the on-shell delta function of
the final quark [, gives,

b Cy 1 foms 1 11 1
@)t \ Ly —ee 3 —3pi ) \ L —ws + 3= 3o |\ —Te T — T

m—1



where the factor C, stands for,

P 1 n 1 q 1 -1 1
Co = 1L o T — — e K 31
' <H1+Ki/q> H”Kf/q’—y H1+K§-*/Q‘ — LT K /a7—y !

=0 1=p j=0 Jj=q

The simplification of the numerators of the quark lines (the trace part) can be done by isolating the largest components
of the momentum that are related to various components of the photon polarization sum G,g(;). We can decompose
Gop into the following components,

21+ z
G =Gt =0, 6T = G =6t = 5 G = g (82)

The trace combined with the projection G, | now reads,

Ny = (—g{")Tx [% <H Y g™ + Khh‘) (V@™ +K) +y Kyl
i=1

n

<y v e + Ky =)+ K =10y | [ v e + K -1y

i=p+2
+7— [ — (- 1= - — St ’= - ’
<) | TTv e + 55 =) | v {rt e + Ky = 17) e (K - 1)
Jj=m
1
<A {rta =K )+ Ko ([T v @ +K50)] (33)

Jj=q

Here the transverse components of the quark momentum in the numerators of the propagators are only retained for
those terms immediately before and after the photon insertion; these terms yield leading contributions. Using the
anti-commutation relations of the v matrices, the above expression may be simplified as:

~2(2¢7)ntmt Ky -K'g1 (Kpr —11) - (K'q1 —11)
N, = —— — T —— P (34)
Cq A+ Ky /q) A+ K7 /q7)  (+ Ky /g —y)(+ K7 /g —vy)
Using a similar procedure as above, the terms in the trace originating from the projection G gives,
4(2q—)n+m+1 li
Nyy =——MmM—=. 35
A o y? (35)
The contribution from the terms associated with the projections G+t and Gt reads,
2(2¢7)ntmtl 1 K, -1 K, -1 K,  —1,)-1 K, —1,)-1
N¢++N+¢:—(q) 1L pl L ql 1L +(pL 1) L+( gl —11)- 11 .(36)

Cq y O+ Ky /qm) (4K /q) (+EKy /g —y) (+K /¢ —y)



Combining various parts with all of the above simplifications, the hadronic tensor now takes the following form,

n 1 4 4
Wik = 2 Qe (HTC“) 174 )| [ goremie) [ Goren'sta+t, - K. —q
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o) ) 159) (1)
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_O—ZCB—FzL'i—,TDi—ZE - —rB +I; — Ty — 1€
1= 1=p
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m—1 1
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H—xBJr@g—f’ciﬂe (2m)o(=2p + Zn = Fon)

H—xB—i—x —xD + 1€

B + n 1 ,
X (—g‘i")AC;‘<p|¢(yo)77¢(0)lp></ll <H At (%)) H AT (y;) | 1A4)

=1
1+(1—7‘3 )(1—7)
2 — ’
X T2 L /e R 1, - L,K L]l - 7KI‘1L ) (37)
(2ptq™) yz(l_#)(l_i) 14 2
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Here we have changed the integration variables pl- — ;= p;r /pt and p}+ :C = p]Jr /pT. This renders a factor of

(p*)"t™T1 to cancel that in the expression of D,. Also for convenience, we have used the three-vector notations for

momentum and space variables: p = (p~,p.) and y = (y*,y.), and their dot product p-y =p~y"™ —pL - y..
Now we do the integrations over the momentum fractions x; and x; The phase factors related to them read as,

n m—1
It — He—izw*(yf—yi{) H eiw;zﬁ(yg’—yi{, (38)

where we have used the overall momentum conservation p,, = Y ., p; — Z;n 01 pJ Further using the on-shell delta
function for the last quark line (27)6(—xp + T, — Ten), we can perform the integration over the last momentum
fraction x,. Then the phase factor can be rearranged as

n—1 m—1
It = e—ilzs+zcn)pty, H e—iwipt (i —yy) i +T6, ) H PR A (T rirt. (39)
i=0 j=0

Here we use I, and T}, to denote the factors associated with z; (1 <4 <n) and :1:; (1 < j < m) integrals, respectively.
The remaining integration over x; and x; may be performed using the technique of contour integration.

We start from the propagators adjacent to the cut and proceed to the propagators adjacent to the photon vertices.
In the following, we write down the details for the x; integration; the x; integration is completely analogous. The
first integration is over the momentum fraction x,,_;. Isolating the piece related to x,_1 integral, we can perform the
integral by closing the contour of x,,; with a counter-clockwise semi-circle in the upper half of the complex plane,

. Y- -
/ dwn—l e 1Tn-1p W1 =Yn) _ 19(y7 _ y_ )ef’i(CEBJrfC'nfl7in*2)p+(y;717y;)' (40)
2T —Tp + Tpo1 — TCn_1 — %€ " n—l

Here the #-function represents the physical effect that the quark line is propagating from y,,_; to y,, . Correspondingly,
the phase factor combined with these from the contour integration becomes,

n—2
T s ib(yy — yo_y)e o v gmientacn—p Y, (H eiwﬂyww) . (41)
i=0
The remaining longitudinal momentum fraction z; integrals can be done in a similar way until we reach the integration

involving 1. The phase factor up to this step reads,

n

P
5o [ ] 0 —y)eimew i | emitsticrnr g, (H”“’y)> (42)

i=p+2 i=0



Now we perform the integration on z,. Note that around the photon insertion, there are two propagators, either of
which can be evaluated to obtain the on-shell conditions for x,. Performing the contour integration for x,, we obtain

/ daj; e*ixpp+(y;7yg+l)
2 (—,TB +Tp —Top — ie)(—:vB +Zp — Tpp — ie)
—iZcp(Yp —Ypi1) _ o~ 18Dp Uy —Ypy1)
. NP - e P p+1 e P p+1 izt -
=0y, — y; e TP Yp ~Ypi1) ey 1Pt vy —yp ) (43)
p+1 P = 7
Icp — xDp

The above two contributions represent the fact that the leading length enhancement arises when at least one of the
propagators is close to on-shell. The phase factor up to this step becomes,

n

p—1
o o\ —imepty— s = - it (0 —
1—‘: ; II 0y, —y e e v | e W(xp+Zpp)p Y, (l | e~ iwip™ (y; yp)>
i=0

i=p+1

oy e 4
e~ 0ZppP Y, _ o—0TDpD Yy

,(44)

557[):0

where we have defined the variables 6Z p; = Z¢; — Zp; for convenience (the definition of Zp; is extended to the regime
i > p+1). The remaining integrations over the propagators after the photon insertion are similar. After performing
the integration over all momentum fractions x; in the complex conjugate, the phase factor becomes

e +o— e + -
e 0T ppp Yp _ e 0T ppp Ypi1

n P
() — — —izcipTy; (- - —izpipty; —izppty,
Lo | 1L a0 —yiemer (II% e ) o 5oy (45)

i=p+1 i=1

The integration over the momentum faction x7 in the amplitude (to get I'}}) is completely analogous, except an
factor of (—i) instead of ¢ associated with the 6 function, which originates from the contour integral which we perform
by closing the contour of x,,_1 with a clockwise semi-circle in the upper half of the complex plane. After carrying out
the integration over the quark lines, we obtain the hadronic tensor as,

n

WA;U/ Z Q4 2 n+m TI‘ H T ﬁ Ta; / Lﬂ (271')5([2) / d4lq (277)464 (l + lg— K, — ) (46)
nmpq N.. Pl Pt (271')4 (27T)4 q n—q
/ dz:f)?; <H eipi'Yi) H eip/j'y/j

et (T f o) (X1 o) (052 (T /

n m
« e~ ixBpTyy (H i0(y; — yi_l)eixmfyi) H(_i)g(y;f _ y/;l) eienipty'

i=1 j=1

< (=g AC (100 0 0) ) 4] (HA*%.-)) [Taw) |14

=1
n n
> H efi(;:EDip+y; H eiéxD;p+y;7 (e*itstijer; _ e*iJEDPery;rl) (eiJE'quer;7 o eiéi'qu+y/;+l)
1=p+1 Jj=q+1
R /A -y
1 2 1t (1 1+K;/q*) (1 L+K, " /9~ ) y y /
X SaDpTg 24 P 42 ” bo- ==K | | - =Kl ]
D - J Yy P q
— y (1 1+K;/q*) (1 TK, /- ) 1+ 35 1+ 3%

where we have defined the variable dzp; = x¢; — xp; for convenience (the definition of xp; is extended to the regime
i>p+1).

IV. SUM OVER PHOTON PRODUCTION ton radiation spectrum from a hard quark jet which expe-
POINTS riences multiple scattering off the gluon field within the
nucleus. The expression is quite general in that we have
not made any assumption regarding the nature of the nu-
clear states. In this section, we will carry out the resum-
In the previous section, we have derived the single pho-
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mation over different photon insertion locations. Here in very high energy limit, since nucleons are traveling in
we only consider the case with n = m, i.e.,the number straight lines and are almost independent of each other
of scatterings in both the amplitude and the complex over the time interval of the interaction of the hard probe
conjugate are the same. The case with n # m either with the medium due to time dilation. As a consequence,

constitutes higher twist nucleon matrix elements or rep- the expectation of field operators in the nucleus states
resents the unitarity corrections to the terms where the may be decomposed into a product of the expectations
quark experiences scatterings min(n,m) times [48, 49].  in the nucleon states. Due to the fact that a nucleon is
The case with p = ¢ represents the squares of the am- a color singlet, any combination of quark or gluon field
plitude, and the case with p # ¢ represents the LPM insertions should be restricted to a color singlet. There-
interference terms. fore, the first non-zero and the largest contribution comes
For 2n (n = m) gluon insertions, we first simplify the from the terms where 2n gluons are divided into singlet
matrix elements of the gluon vector potentials in the nu- pairs in separate nucleon states.
clear state. In this work, we assume that the nucleus With the help of the time-ordered products of 6 func-
may be approximated by a weakly interacting homoge- tions, the expectation of the 2n gluon operators in the

nous gas of nucleons. Such approximation is reasonable nucleus state may be decomposed as,

(4l <HA*‘“<yi>> [T4™ ) |A>—<2p+> ( 7oA i>A+<y;>|p>>, (47)

i=1 j=n

where we have averaged over the colors of gluon field operators. Note that the quark operators has been factorized
out in the previous section. With such decomposition, we can easily evaluate the trace for the color matrices,

(HTLII)(HT(I) - <N§i1)n' (48)

We may further change the integral variables y and y’,

1
NC(NCQ - 1)”

Tr

Y= (yi+yi)/2 O0yi=yi—yi (49)
Using the translational invariance of the correlation functions,
(Aly; ,yi)Aly; »yi)) = (Aly; 0y Ay, 0)), (50)

we may carry out the integration for the phase factor,

[ [ty ewi — @mps o - pi) [ dsye o, (51)

The 0 function means that each pair of gluon field insertions in each nucleon states carry the same momentum, so
we may use the ¢ function to carry out the integration over the momentum pj. Putting various parts together, the
hadronic tensor now reads,

, , O \"( p \" [ dU dl
Wit = (-a1)40] Qi (521) (=) / oy @000 [ Gl s, - K —) 62
- d —1 —ix E - - - -
X /dyo d3yo/ (25)036 POYo IR o (plyh (1) (H/dyz dy; 0(y; — yi1)0(y; —y'i1)>
=1

~ <H —izpipTy; i@ pip y1> (H/d35yz i ) o 6y1> (H p|A+ yz ,5yz)A+(yl , )|p>>

=1
n n
% H e~ Wzpipty; H iz pivtyi” (efiéfppﬁy; _ efiéfppzﬁygﬁ) (eiéquﬁy;* _ ez‘éi’Dqﬁy’;ﬂ)
1=p+1 1=q+1
v V(1 —»
1 2 1+ (1 1+K, f)( 1+K,~/q~ )
X P /(1 1 _ - Kpl . ll _ y K/ql

0T ppdT'y, (2ptq—)?2 2(_ y )(_ y ) Ky K~
20Ty (P47 2 (1 1+K, /a- 1 1+K,~ [q- 1+ 2% 1+ 3¢
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Up to this point, we have retained all orders in terms of the form K /I, i.e., there can be any relation between
the accumulated transverse momentum of the hard quark and that of the radiated photon. In the remainder of this
paper, we will consider the case of hard photon radiation where p, /I; ~ A < 1. As we will demonstrate below,
in this limit, it will become possible to derive closed form expressions for the sum over photon emission points. To
perform the summation of photon insertion points p and ¢, we recall the expression of Zp, and Z¢, which appear in
both the phases and matrix elements,

K2, B 2 (Kpi —11)?

D Top = — — . (53)
Pt 04Ky Ja) T ey g L+ Ky g —y)
The expressions for 2’ q and ro! o are completely analogous. The difference between these two variables gives,
2
(h - %Km) K- 1 K
5po:fcp—:po: 14Ky /a zIL< —L—f—Q %) (54)
l-ygq i1

+g— -y

Here we only keep terms up to linear in K /q~ and K, /1. Using the same procedure, the last line of the hadronic

tensor (which we denote as 07),,) may be simplified as,

2yP 1-— K, +K,” 1 (K, +K))
5T, = y2(y) T y)2 vt 8o | (55)
3 1+(1—-yv) q 3
To simplify the phase factor, we note that
_ _ _ _ K .
Tpi =Tp; —Tpi—1 ~0; Toi =Tei —Toi1 R TL (—yq—f - 2ylL llzf“) i 0Tpi =Tci — Tpi N T (56)

One may see that dzp; < 6Tp;. If we only keep the leading term and ignore the terms in higher order K, /q,
K, /q~ and Ky1 /11, K;L/ll, the phase factor can be simplified as

- i ot y— ol = R
—ixppty, _ o—izrpTy iwrpty, T _ girrpTy —
(e »—e P+1) (e . —e q+1) = gpYq- (57)

Here we use g, and g, to represent the phase factors associated with the complex conjugate and the amplitude,
respectively. With these simplifications, we may perform the sum over the photon insertion locations p and ¢,

2yP _ ]
Znggqéqu y ( ) —mLp+yo 1+1 1 Zpk Fy + Z L Pm 7 (58)
p=0¢=0 + —
where F}, stands for
F = emioep G0 —u0)  gimnktuy T _ omimnnt (V0L /2405) . elennt (VT =000 /2) (59)

In the last expression, we have made the variable change from y; and y} to Y;~ and dy; ,

Y7 =y i )/2,0y =y —yi - (60)
Using the the fact that Y, is the location of the photon insertion points which can span over the nucleus size, while

Yo and éy, are confined within the nucleon size, we may drop y, and Jy, as compared to Y, in the expression of
Fj, and obtain the following:

Fy, ~ 2cos(zpptY). (61)

The hadronic tensor now reads,

WARY — ACA 4O‘e duP d’ly 431 du=e~i@B+zL)pT Yy o170 = ﬁ 0
= (—g ZQ yPW) | — ¢ [ dyge (pleo(yg) 5 ¢(0)]p)
1

Py _iprsy, -
X — <H/dY /déyz < 12£+> /d35yi (27336 POY (p| A (0y; 75yz-)A+(0)lp>>
1+ Qpr Fi+y Z 1 - PpJ_

B +1,— K, —q). (62)

V. RESUMMATION OF MULTIPLE In the previous section, we have performed the re-
SCATTERINGS
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summation over different photon production points for of the matrix elements, the last line in the hadronic ten-
a given number of scatterings experienced by the hard sor, as a series of the Taylor expansion in the three-
parton. In this section, we will perform the resumma- dimensional momenta p; = (p; ,p;1) around p; — 0.
tion over the number of multiple scatterings. With the Keeping the expansion up to the second order derivative
assumption of small momentum exchange in each of the in both longitudinal and transverse momenta, we obtain:
multiple scatterings, we may expand the hard part H(p;)

9

0 Lo
1+pzaa+ pz 18—85—’—

-1

Here the values of « and g take “—” or “1”. In the above expansion, the zeroth order terms (with no momentum
derivative) represent the case where the exchanged gluons carry zero momenta. These terms correspond to the gauge
corrections to the diagrams with lower number of scatterings which carry nonzero momenta. They should be included
in the gauge invariant definition of the jet transport coefficients and will not be considered further. Terms with
momentum gradients higher than the second order are neglected in the above equation and should be straightforward
to include. They correspond to higher moments of the momentum distribution of the exchanged gluons.

Performing the integration by parts over p;, we may use the following substitutions,

) H|p1~vpn:0' (63)

P R X 9

(PIA" (B3 A" Olp)e P %58 5 = &P (=0) (0" AT (630 A" (O)lp) 5 (64)

(Dl AT (5y0) AT (O)]phe P ¥ipop? 0 O mpidvipigm At (5y,)0° AT (0)p) 2 -2 (65)
op; 9 15 op} ap?

Now since the Taylor expansion imposes the condition p; — 0 on the hard part H, it no longer has functional
dependence on p;. Therefore, we may perform the integrations for p; and dy,;. With the above steps, the hadronic
tensor reads,

e d?l ~T
Wi = co1acy Sage [ e [T [ @ [ agetermn pios oo

) 9?
<H/dY [ Drig— +2DL2 — + DTgvpqupl...pn_o. (66)
op; 0%p

In writing the above expression, we have considered the symmetry of the system and only kept these terms with
non-vanishing coefficients. The transport coefficients in the above equation are defined as,

C _ e _

Dua = g [ A3 wlio” AT AT )l (67)
C _ _ o

Dua= g5y [ 52 wlom 4 ) AT O)) (68)
C _ _

Dm:gzNTil/dy 2?%@@/1*(1/ )ALAT(0)[p). (69)

These coefficients D1, Dy and Drs are (up to an overall factor) elastic energy loss rate é, the diffusions of longitudinal
and transverse momenta és and ¢ [37]. It should be noted that in the above definitions of jet transport coefficients
are not gauge-invariant. The gauge invariant definitions of these coefficients may be obtained by resumming over
an arbitrary number of soft gluon insertions. This will give the Wilson lines between the the gluon field strength
operators, which renders the operator product gauge invariant. More discussion about gauge-invariant definition of
jet broadening coefficient ¢ can be found in Ref. [50, 51]. We note that the first calculation of the jet transport
coefficient ¢ within the framework of finite temperature lattice gauge theory was carried out in Ref. [52], whose result
is consistent with the values obtained from phenomenological studies of jet quenching at RHIC and the LHC [53].
With above expansion, we may now perform the resummation of the number of multiple scatterings,

+

v Qe d2l — —i(x x . T — o
WA — (—g)ac) Y Quge [anP) [T [y [y e et i) Lo @Ie( 1., (70
q 1
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where we have defined the distribution function ¢(L~, g 1g 1),
1 (& o 1 0?2 1
=) — dY; |-Dpy——= + =Dro—— + =DpoVp? | | Hlp,...p,=0- 71
;n' <Zl:[1/ i |: Llapl—+2 L252p;+2 T2 pzj_:|> |p1 P»=0 ( )

We may write down the double differential hadronic tensor as:

dI‘fA;,w u a ( )
- —(—¢"™)ACh ot L™ 07, 1,0). 72
L dls (—g'")AC, E Qg fq(:vB +ar)o(L7, 1l 1q1) (72)

Note that we may split the hard part into three parts, H = Hy + H_ + H,, representing the three terms in H.
Accordingly, we may split the above distribution function ¢ into three parts, ¢ = ¢g + ¢_ + ¢, . The contribution
from the term Hj, after resumming the number of multiple scatterings, reads,

7] 1 0? 1 2 - - 2
¢p = exp (L |:DL1 al; + EDLQ% + 5DT2V[‘“D 5(lq —q¢ (1—y))d (qu_ +1,), (73)
where we have converted the derivatives over p; to the derivatives over I,. The above distribution function obviously
satisfies the following evolution equation,

8¢0 0 1 0? 1
D =Dy D Vv? 74
A== Llal_ 2P + 5Dr2Vi, | ¢o(L™, 1 1q1). (74)
In fact, such evolution equation describes the three-dimensional evolution of the momentum distribution of a prop-
agating parton which only experiences multiple scattering without any radiation. The three terms in the evolution
equation represent the contributions from longitudinal momentum loss and diffusion, and the diffusion of transverse
momentum. For the case of no radiation, the initial condition is ¢o(L~ = 0,1;,141) = 6(I; — ¢7)8°(1g +11), we
will return to the result found in Ref. [37]. For the case of photon bremsstrahlung, the initial condition changes to
do(L™ =0,1;,141) = 0(l; —q (1 —y))6*(l4 +11). This represents the case that the photon is immediately radiated
after the initial hard collisions. For such initial condition, the distribution ¢y has the following solution,
e—(l;—f(1—y)+DL1L7)2/(2DL2L7) e*(qu_JrlJ.)z/(?DmL*)
bo = . (75)
V2rDroL~ 2w Dpa L=
The above solution represents the case that the photon is radiated immediately after the hard collisions, and after
that the propagating parton experiences multiple scatterings in the medium.
Now we look at the (—)-part of the distribution function ¢ (L~,1;",1,1) which reads,

0
¢*71+ 1—y 2Zn|2/dy Fk—< Dy — DL28T>

" _ 0 1 0? 1 5 - 2
X i_gik/dy; (DLla + §DL2% + §DT2quJ_> 0y —q (1 =y))o"(lgr +11). (76)

Assuming the transport coefficients D1, Dro and Dpo are position independent, we may perform the Y, integral
for the function Fy,

2sin(zpTL7)

L~ L
ay, Fy = / dY, 2cos(zpptY, ) = 7
/o k 'k o k (zLp™Y, ) cLpt (77)
The sum over k just give a factor of n, which can be used to shift the sum over n from 0. Thus, the distribution

function ¢_ (L7, 1;,1,1) is directly related to ¢g as,

y(l —y) 2sin(zppTL7) < )
_ = -D D 78
=T Aoy st i = Drag= ) ¢o. (78)
The analysis of ¢, (L™, 1, ,1,1) is completely analogous, and we obtain
2sin(xpptL7) I, -V,
P P N , W R 79
b=y oipt L o (79)
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Putting three contributions together, ¢ = ¢g + ¢_ + ¢, we obtain

2sin(zpptL™) {
q

y(l—y) ([ Di
xrpt

=<1+

0 { 1+ (1 —y)?

The double differential hadronic tensor now reads:
dw Am

dyd?lydlg d?l,. 127 i3

Dpy 0 Droly -V,
Fa) v (P fees i@

_ (_gﬁy)AOI;A ZQ4048 ( )fq('rB +xL)

x{l—i—

The above equation represents the main result of this
work. The differential spectrum of photons radiated from
a hard parton which experiences multiple scatterings in
the medium has been expressed as factorized product of
the photon splitting function, the three-dimensional dis-
tribution of the propagating parton, and a multiplicative
factor (in the curly bracket). The first constant term rep-
resents the case that the incoming parton is virtual and
radiates photon immediately, and the subsequent mul-
tiple scattering experienced by the hard partons is de-
scribed by ¢o. The other terms represent the additional
contribution in which the propagating parton experiences
multiple scatterings and exchanges longitudinal momen-
tum and/or transverse momentum with the medium, and
radiates a photon. Such contribution has been written as
the sum of three pieces, corresponding to the contribu-
tions from the longitudinal momentum drag, the diffusion
of longitudinal momentum and the diffusion of transverse
momentum.

One can see that the longitudinal momentum loss (the
drag) produces a negative contribution, meaning that the
drag tends to suppress the medium-induced photon ra-
diation. The diffusions of longitudinal and transverse
momenta also contribute to the double differential spec-
trum of the propagating hard quark and the radiated
photon. But we note that in the extremely high energy
and collinear limits where the exchanged momentum be-
tween the hard parton and medium is small, the integra-
tion over dl; from the longitudinal diffusion term and the
integration over d?l,, renders zero in the above equation.
This is due to the fact that we have only kept terms up
to linear in K, /¢~ and K, /I, in Eq. (55). Therefore
at this linear order, the longitudinal and transverse dif-
fusion do not contribute to single photon emission spec-
trum. However, for the three-dimensional propagation
of the hard jet in the dense medium experiencing mul-
tiple scatterings and photon bremsstrahlung, Eq. (81)
represents the leading contribution.

2sin(:CLp+L ) [ y(1—vy) (
zrpt 1+(1-y)?

VI. CONCLUSIONS AND DISCUSSIONS

We have studied the photon bremsstrahlung from a
hard parton undergoing multiple scatterings when prop-

DLI DL2 0 DTZIJ_'vqu)]}
= q alq) +y( li ¢0( ) q7 qJ_)

agating through an extended dense nuclear medium. In
particular, we have included the effect of longitudinal
momentum exchange from multiple scatterings for the
calculation of medium-induced photon emission. We in-
vestigated the problem in the framework of deep-inelastic
scattering where a virtual photon strikes a hard par-
ton in a nucleon. The struck parton then propagates
through the nucleus, scatters with medium constituents
multiple times and radiates a real photon. The gluon
emission from the hard parton is neglected in the cur-
rent calculation. In the interest of studying closed form
expressions, we have approximated to the case of a vir-
tual quark, with radiated photon transverse momentum
l1 > p1, the mean momentum exchanged between the
quark and the medium per scattering. Our result has
been factorized into the product of the photon splitting
function, the three-dimensional momentum distribution
of the hard parton, and a multiplicative factor which en-
codes the interference effects encountered by the propa-
gating parton through the dense nuclear medium. This
three-dimensional momentum distribution encodes the
effect of the longitudinal momentum drag and diffusion,
and the transverse momentum diffusion experienced by
the propagating hard parton which experiences multiple
scatterings with the medium constituents without any
radiation.

The present work is the first effort to incorporate the
longitudinal momentum exchanges, besides the trans-
verse momentum exchange, in the calculation of medium-
induced radiation. The study of photon emission in this
work serves as an intermediate step for the investigation
of the same process with medium-induced gluon emis-
sion. While photon does not interact with the medium,
its formation incorporates many interesting physics is-
sues such as the LPM interference effect, which will ap-
pear in the future calculation of medium-induced gluon
radiation from a hard parton in the dense medium. The
medium-induced photon radiation process explored here
is also relevant to the study of the photon production and
photon-hadron correlations in heavy-ion collisions. Such
phenomenological application is left for future effort.
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