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1 Introduction

Photon production in nuclear collisions is a very interesting process for several reasons.
First, it can be used as a tool to constrain nuclear parton density functions (nPDFs) [1]
in the standard collinear framework. Second, it could be sensitive to deviations from
collinear factorisation that are expected at high energies or small momentum fractions
x, particularly to non-linear effects proposed long ago [2, 3] and subsequently developed
in [4-19] leading to the Color Glass Condensate framework (CGC). Finally, prompt thermal
photons constitute a probe of the characteristics and dynamics of the medium created in
heavy-ion collisions [20]. In this respect, accurate calculations of non-thermal prompt
photon production are most interesting as they constitute the background for the probe.
In the collinear framework, next-to-leading order (NLO) calculations have been avail-
able for several decades [21, 22]. Calculations within the kp-factorization scheme are also
available [23] although they are still restricted to a regime in which both participating
hadrons can be considered as dilute partonic objects. In the dense non-linear regime, only
recently an NLO calculation has appeared [24] that is adequate for central rapidities in
proton-nucleus (p-A) collisions. On the other hand, calculations for forward rapidities (in
the proton direction), a situation in which the so-called hybrid formalism [25] is suitable,
would be very useful. In this kinematic region, where the proton can be described using
collinear PDF's while the nucleus has to be treated as a dense object, the partonic structure



of the nucleus can be probed at small z and experiments at the LHC, particularly LHCb
and future upgrades of ALICE, should be able to perform the relevant measurements.

Within the hybrid formalism, NLO corrections to light [26-35] and heavy [36] hadron
production have been computed, but only leading-order expressions are currently available
for photon production [37]. In this work we compute the NLO corrections which are
leading in a specific kinematic situation that allows for simple analytic expressions, shows
sensitivity to saturation effects and may be experimentally accessible. In particular we
calculate the cross section for the production of a soft photon and two hard jets in forward
p-A collisions, in the small-z limit. We concentrate on the process:

p(pp) + A(pa) = v(q1) + 9(q2) +algs) + X, (1.1)

with the transverse momentum of the photon smaller than or of order, and the transverse
momenta of the jets much larger than, the saturation scale of the nucleus.! A somewhat
related calculation of photon plus two jet production, but tailored to the central rapidity
region and thus dominated by different diagrams, can be found in [38].

The plan of the paper is as follows. In the next section we present the calculation of
the cross section using the wave function approach to the CGC. This approach was used by
some of us previously to compute NLO corrections to particle production and to small-z
evolution [39]. Then, in section 3 we consider the limit of almost back-to-back jets, and
in section 4 the limit of a dilute target. Finally, in section 5 we discuss our results. The
details of the calculation of the wave function are presented in appendices A and B.

2 The wave function approach

The dominant contribution to photon production in p-A scattering comes from the photon
emission off the projectile quarks that propagate through the strong color field of the target.
At NLO, of course, there are additional contributions due to splitting of the projectile
gluon into a quark-antiquark pair. However this process gives negligible contribution in
the kinematics we are considering: emission of a soft photon and two hard jets, since a
splitting of a gluon into a gg pair that subsequently emits a photon would mostly result in
a photon radiation which is collinear to either the g or the q.

We note that there are also non negligible contributions coming from collinear two-
parton densities in the incoming proton, i.e., one quark emitting a photon and going
through the target, while the other parton, quark or gluon, going through the target
independently and producing the second jet. Analysis of this type of processes is a recent
development within the hybrid model approach [40]. In the present paper we will not
consider this kind of contributions, and this limitation of the calculation has to be kept
in mind.

Our primary interest in this paper will be therefore in the projectile quark state, which
of course has to be dressed by both gluon and photon radiation at NLO.

The proton is moving in the “+” direction and the nucleus in the “—” direction. The four-momentum
of the incoming quark from the proton is denoted (p™,p~,p).



2.1 Dressed quark state

The dressed quark state with +-momentum p*, vanishing transverse momenta, spin s and

color o can be written, in full momentum space, in terms of the bare states as?
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Here, A%, A7, A% and A% are normalization constants whose explicit expression is not
important for our purposes, t¢ are the generators of SU(N,.) in the fundamental represen-
tation, and ge, gs are the QED and Yang-Mills coupling constants respectively.

The functions F((;;) and F((;i) are the well-known functions that define the momen-

tum structure of the quark-gluon and quark-photon splitting amplitudes. The functions

F® 2
(av—asg) (ag—av)
two functions correspond to different orderings of photon and gluon emissions (see fig-

define the momentum structure of two successive splittings. These

ures 1 and 2 where the kinematics and the notation for momenta and positions are also
specified). The explicit expressions of these functions are well-known and can be obtained
from e.g. [37, 39]. In the most general case (i.e. with non vanishing transverse momentum
of the incoming quark p) the full momentum space expressions of these functions can be

2There is also an instantaneous quark contribution in the dressed quark state. However, in our kinematics
this contribution is suppressed by the large momenta of the jets. Therefore, we neglect it throughout the
paper.
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Figure 1. The first component of the dressed quark wave function eq. (2.1) where the photon is
emitted before the gluon.
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Figure 2. The second component of the dressed quark wave function eq. (2.1) where the gluon is
emitted before the photon.
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The expressions for F ((;;) and F ((jé—qu) are obtained by exchanging & <> & and k1 < ko
in the expressions above. Here, we have defined
o2 (&) = [(2 — €)My — Mo /51} (2.4)
an/ﬁ//(gl,éé) - g [(2 — 261 — 52)(;7777]63 rgtt — 2677770- / //52] (25)
S's é‘l

Also, we have defined the +-momentum ratios as k:+ &pT and k+ Spt, & =1-§,
& =1 —&. The next step is to Fourier transform the dressed quark state and write it in
the mixed +-momentum-transverse position space. Here, we only present the final result



but the details of the calculation can be found in appendix A.1. The dressed quark state
in the mixed space reads

(@)™, 0]$), = (2.6)
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Hereafter, integrals in transverse coordinate space are denoted as fw = [ d?w and we have
introduced A*(v — x1) as the electro-magnetic Weizsiicker-Williams field in the quark-
photon splitting function which is defined as

AANv—m)=——7— (2.7)

We have also introduced several variations of the Weizsécker-Williams field, denoted by
A and A in eq. (2.6), which take into account the Ioffe time constraint on the lifetime of
fast fluctuations in the quark wave function [41, 42]. In the context of a similar hybrid
calculation the Ioffe time constraint was first introduced in [35]. The explicit expressions
for various Ioffe time restricted Weizsacker-Williams fields can be found in appendix A. For
simplicity we will neglect this kinematic constraint in explicit calculations in the following.



If the Ioffe time restriction is neglected, then

1 &1(v — 1))
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The initial dressed quark state (with vanishing transverse momentum) eikonally scat-
ters through the target. Each bare state component of the dressed quark state given in
eq. (2.6) rotates in the color space by picking up a fundamental or an adjoint S-matrix
at the transverse position of the quark or the gluon that are defined in terms of the color
fields of the target as

S(Z) — P eigfdz*‘r“Ag(z*,z)’ (2.9)

with 7% being the generators of SU(N,) in the corresponding representation. The details of
the calculation of the outgoing wave function in terms of dressed components are presented
in appendix A.2.

The final result can be written as
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Let us make some comments at this point. First, since we are interested in production
of a photon and two jets, only the dressed quark-photon-gluon component of the outgoing
wave function is relevant. Thus, for our purposes, we can neglect the dressed quark, dressed
quark-photon and dressed quark-gluon components of the outgoing wave function.

Second, recall that we are interested in a very specific kinematics. We are considering
the production of a soft photon with transverse momentum smaller than s and two hard
jets with transverse momenta larger than ()s. In this kinematics, the main production
mechanism of the soft photon is collinear radiation from the incoming quark with vanishing
transverse momenta. The final hard momenta of the produced jets can arise from two
different sources. The quark can split into a quark-gluon pair with small relative transverse
momenta in the projectile wave function. In this case, the large transverse momentum of
the outgoing jets comes entirely from large momentum exchange between the target and
each of the propagating partons. In the second mechanism, the incoming quark splits into
a quark-gluon pair with large relative transverse momenta already in the projectile wave
function. In this case the leading contribution stems from small transverse momentum
exchange during the interaction with the target. Such process leads to almost back-to-
back (in the transverse plane) jets — the situation that we analyze in section 3. It has
been shown in [26] that the second mechanism is sensitive to the saturation scale whereas
the first one is not and provides a negligible contribution to the cross section. The same
mechanism is also the dominant one in the situation of large momentum imbalance in the
dilute target limit, as in this case only one of the partons needs to scatter in order to
produce the requisite momentum imbalance. We consider this situation in section 4 in the
limit of a dilute target.

Consequently, here we will concentrate on the contributions to the cross section which
originate from hard quark-gluon splitting in the projectile wave function. Since the pro-
duced soft photon should be collinear to the original incoming quark, the photon must be
emitted before the hard splitting (see figure 1). This allows us to neglect the contribution
to the outgoing wave function when the photon is emitted after the hard splitting.

Finally, we would like to comment about the loffe time restriction. As it is discussed in
detail in [35], it is crucial in any NLO calculation since it directly affects the factorization
scheme when one wants to account for evolution. We have derived the outgoing wave
function taking into account the Ioffe time restriction for the sake of the completeness, and
also with the idea that it can be used without further work for the calculation of other
processes such as NLO photon production. However, in the explicit calculations of the



cross section in this paper we will not impose the Ioffe time restriction on the phase space
integrals in the wave function.

All in all, we can write the relevant part of the outgoing wave function (denoting it
with the overline) as
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where A7(z5—x5) and A*(v—x1) are the ordinary Weizséicker-Williams fields in the quark-
gluon and quark-photon splittings respectively. On the other hand, Ag‘Q /&, (v — 1) is the
field that appears in two successive emissions of the photon and gluon, defined in eq. (2.8).

When writing the relevant part of the outgoing wave function, eq. (2.11), we rescaled
the +-momentum ratio; % — &, for convenience. This corresponds to defining the +-
momentum ratio of the produced gluon with respect to the intermediate quark, rather
than with respect to the initial quark. After this rescaling the 4+-momentum fractions
carried by the photon and the gluon are defined as

ko ks

—&, 2 (2.12)
pt pt — kT

2.2 Production cross section

The production cross section can be written as a convolution of the quark distribution
function inside the proton, f% (x,), and the partonic level cross section as
o

doPA—avg+X dotA—avg+X
[y ) (2.13)

doPAmnetX o) BT
d*q, d*q,d%, " dq,dq,dy

where p? is the factorization scale and z, is the +-momentum fraction carried by the
incoming quark. Here, we introduced a short hand notation for the three-momenta, q, =
(qi+ ,qi). The momenta 4y 4y and q, are the three-momenta of the produced photon, gluon
and quark respectively. On partonic level, the production cross section of a photon and two
jets is formally defined as the expectation value of the “number operator” in the outgoing
wave function derived in the previous section:

0 d JqAaq'ngrX

(27m)”
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where the normalization factor 1/2N, comes from averaging over the color and spin indexes
in the incoming wave function in the amplitude and complex conjugate amplitude. The
number operator is defined as

O(a,: 4, 45) = 74 (a)m(a,)al’ (a,)al(a,)d]” (a,)d} (g,) - (2.15)

Here, ’yj\(gl) is the creation operator of a dressed photon with three-momentum ¢, and

polarization A, a;rb(g2) is the creation operator of a dressed gluon with three-momentum

N color b and polarization index i, and dlﬁ (g3) is the creation operator for a quark with
three-momentum 4 color 8 and spin t. When written in the mixed space, the expectation
value of the number operator reads
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The action of the creation and annihilation operators on the dressed one particle states
and on the Fock vacuum is defined in the usual way. For example, for gluons we have

ablas =) [T mal) | = 2m 0,00k — ) 6P (@2 = 2)|0),  (217)
al’(af 2)|0) = |(8)laF 1)l - (2.18)

Analogous equations hold for the action of quark and photon creation and annihilation
operators. Using these equations, one can calculate the partonic level production cross
section. After some algebra the result reads
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where (---), denotes averaging over the ensemble of the target fields that has to be per-
formed to obtain the final result (sometimes this average will not be indicated in the



intermediate expressions and will be reinstated in the final formulae). Using the explicit
expression for the splitting amplitudes that was defined in eq. (2.4), the square of the
splitting amplitudes can be calculated in a straightforward manner:

(€)Y (€) = v ™21+ D), (2.20)
O ()85 (€2) = 056" 2(1 + &3). 2.21)
The parton level production cross section then reads
dodA—=avg+X
(27’[‘)9 3 3 3. (222)
d gld QQd 4,
1 1 1

—g2g2 2m)o(pT — ¢ — a3 —q)

N, &ipt &&opt

y / i) ) e ()

e [;yz— <5+ )60 — (6! + )] 8O0 — (o3 + E252)

x 6@ [0 — (Says + &aua)] A(zs — 22) A"(ys — y2) (1 + &) (1 + &)

X {Ag (0 = y1) A, (v — 21)

xtr [ (1 (02) S ()" — 198} ) (15 (2) 551 (22) — S ()t

FANV = ) AN = 2) tr (¢ (L) = SEW)) (Sp(v) = Sp(w)) ]

— A, (0 = ) AN — ) [ (S () Sh )t — 1S ) (Sk(v) = Sw(w)) #]

— AN = ) A (0 = 2 tr 17 (SR — SE)) (195 r(25)85(20) = Sp(w)t?) ]}

Eq. (2.22) can be further simplified. Apart from performing the straightforward é-function
integrals, one can also simplify the Wilson line structure by using the Fierz identity

1 1
teatd, = = [(5 2080 — =030, A} 2.23
aBlo 9 | O Bo N, aBla ( )
and the identity that relates adjoint and fundamental representations of a unitary matrix,
S%(z) = 2tr [tasF(a:)tbs}(x)] . (2.24)

After some color algebra, the cross section reads
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where we have defined the fundamental quadrupole and dipole operators as

Qg u,0) = <t [Sp(@)SESFWSEW)] . s(r,y) = -t [Sp(@)Shw)] .

‘ ‘ (2.26)
The operators are defined such that Q = 1 and s = 1 for vanishing background field. In
this limit the total cross section vanishes as it should.

The integrations over w,v,w and v can be trivially performed, but we choose to leave
the expression in the above form as it is more compact. To obtain the p-A cross section one
should convolute the partonic level result, eq. (2.25), with the quark distribution function
inside the proton as mentioned earlier (see eq. (2.13)).

3 The back-to-back correlation limit

For production of jets with transverse momenta |g2| and |g3| much larger than the saturation
momentum of the target, |ga|,|q3| > Qs, our expressions can be simplified further. As
discussed earlier, the origin of the hard momenta of the produced jets is the large relative
transverse momenta of the split quark-gluon pair in the wave function. When the transverse
momentum transfer between the target and the quark-gluon pair during the interaction is
small, the final jets will propagate almost back-to-back in the transverse plane. The small
transverse momentum imbalance of the jets, |g2 + g3/, is then sensitive to the transverse
momenta of the gluons in the target which are on the order of the saturation scale, i.e.,
lg2 + g3] ~ Qs. This corresponds to a large relative momentum of the produced jets,
lg3 — q2| > Qs. Therefore, we are interested in the kinematics: |gal, |g3|, |¢2 — g3 > |a,
lg2 + q3| ~ Qs. In this situation the transverse size of the produced quark-gluon pair in

- 11 -



the coordinate space is small. This allows us to utilize a small dipole approximation and
expand our final result in powers of the dipole sizes.

We start with the production cross section, eq. (2.25), derived in the previous section
and perform the following change of variables:

1
r=23— 29, b:§(22—|—23), (3.1)
_ - 1
r=ys—y2, b=zt us). (3-2)

Here, r and 7 correspond to the transverse sizes of the produced quark-gluon pair in the
amplitude and complex conjugate amplitude respectively. It is also convenient to define
the relative transverse position of the produced soft photon by shifting the variables y; and
z1 in the following way:

N = zl—b—(1—2§2)g, (3.3)

= b (1-28)5. (3.4)

After performing these changes of variables, the parton level production cross section

reads
dodA—avg+X
@)’ = (3.5)
&g, d%q,d%q,
1 55 R 1
~959: 2m) 6(p" —qi" —q3 —¢: —
Ne (2m) &t b d)fler &i&op™

1

x /sz;mww exp {iql-(”’y—v)+i(q1+qz+qs)-(b—b)+2 [(1—252)q1—q2+q3]'(f—7’)}
x6® [ (b+617+(1-26)2 )] 6@ [~ (B+e13+(1-26)7 )|
5@ [U—(b+(1—252)g)} 52 [v'—(6+<1—2g2)g)} (1+E2) (14+E3) A" (r) A"(F)

2

x {A&(W)Ag(v) [A; (s (bfg,l_y—g) Q (E—g, b—r bt l_7+g)+s(W,w/)
-5 (b*;w/) s (b+g,b—g)fs (w,l;fg> s (l_)f;l_th))
oo ) b))

A=) AN) | P (500 (o) (0,50 )|
2

2

R [ ( (e 0) [ 055 D)t )

—|—% (s (w,5+g)+s(v,w/)—$ (U7b+;)—s(w,w’))]
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2

—AA(—'_y)Ag\z(—’y) {J\;C (s (b—l—g,b—g) {s (b—g,v’)—s (b—g,w’)} —s(w,v')—l—s(w,w’))

—|—% (5 (b+g,w’)+s(w,v’)—s (b—&—g,d) —s(w,w')ﬂ } :
In this expression the conjugate momentum to 7 — v is q1, the conjugate momentum to
b—bis q1 + g2+ g3 and the conjugate momentum to 7 —r is [(1 —2&)q1 — g2 +¢3]/2. In our
kinematics |q1 + g2 + q3| = |g2 + 3] and |(1 — 2£3)q1 — ¢2 + q3] = |q3 — ga|. Therefore, in the
back-to-back limit |7, |r| < |7, |y| and |7|,|r| < |b],|b|]. Now, we can perform the small
dipole approximation which amounts to Taylor expanding the dipole and the quadrupole

operators as well as ./42‘2 (—7%) and AE‘Q(—V) in powers of r and 7. Here, we only present the
final result for this expansion with the details given in appendix B.
The first non-vanishing term in the expansion is O(r7) and the production cross section
can be written as
9 do?A—=avg+X
d*q,d*q,d%q,
1

v 9292 2m)s(rT —af —af —aq3)
C

(2)

11 .
&ipt E1&op™T a

% / ei‘h‘(’7_7)"‘2'((]1+qz+lI3)‘(6—b)+%[(1—252)111_(124‘(]3}‘(F—T)Aﬁ(T)AU(F)A)\<,.),)A/\(:Y>
rrbbyy
NZ—1, . (1-26)] /1 ; .
c ©=] 2 . 2 Jj ot
x S { {52 S } <Nc tr (a Sp(b)d SF(b))>

_N(;Vf 1 <J$ tx (9'Sp(B)SHBP e B)SHD)) s(b,b)>T} , (3.6)

T

where we have reintroduced the average over the target color field configuration that has
to be performed to obtain the final result.

Our next order of business is performing the integrations over r, 7, v and 7. Let us first
consider the integrations over r and 7 which are factorized from the rest of the expression.
After defining the conjugate momenta to the difference between the dipole sizes in the
amplitude and complex conjugate amplitude, (7 — r), as

Kr= 3 [(1-26)0 — o+ a5 (37)

and using the explicit expression for the modified Weizsécker-Williams field eq. (A.11), the
integration over r and 7 can be performed in a straightforward manner:

A _ CFo 54
K= T iy (27)? . (3-8)
/7"7‘ r2r? K}

After integrating over r and 7, the production cross section can be written as
dodA—=avg+X
(27r)9d3 Ba dBa.
4,079,079
1 1
§upt S&ipt

(2m)s(pt—qi —a3 —q3 ) ACr a0 (2m)? (14&) (1+£3)
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1 1 L ) _ = 1—9 ' )
- - iq1-(F—~)+iPr-(b—0b) v 2 ( 52) i i of
X Ké{ (277)2 /bl_;,fy»‘ye ,72,72 { |: 27 NCQ_ N (8 Sk ( )8 SF(b)) .

- N{f : <J\1[Ctr (a%‘sp(b)S}(B)aisF(B)Sp(b)) s(b,5)>T} , (3.9)

where we have defined the total transverse momentum of the produced particles conjugate
o (b—b) as

Pr=qg +q+gqs. (3.10)

Note that the integrations over v and % are factorized from the rest of the expression as
well. We use the identity

ki 1 ik Zi
= 27TZ,/Zez = (3.11)

to integrate over v and 7, to get

( )9 dan—)q’yg—i-X
2n) ——————— =
3 3 3
d°q,d°q,dq,

1 1 (1
&ipt L&pt

e g e (e s owsio)),

c

2m)o(pt — ¢ — 4 — 43) 4CF o (27)? +&)(1+8)

Névi 1 <]\1[ tr (8’SF( b)St(6)0'Sr(b) ST (b)> s(b,b)>T} . (3.12)

To obtain the final result this parton level cross section has to be convoluted with the
parton density function, eq. (2.13). Using z;, = p* /p; , the full production cross section
gives

9 deA%q'yg+X
d3q,d3q,dq,

ot T
4 193 +43 3 11 1
dx, x, 2 (x 5<x— 2m)° 4CF asa =
/ P Jye ()0 7 Py (2m) TEpt Gpt &pt

<148 4By [ O |-G (e (sewosy @) )

_N]gvi <]\1[Ctr (aiSF(b)sT( )9'Sp(b)Sh (b)) s(b, b)>T} . (3.13)

(2m)

Eq. (3.13) is the final result for the fixed order production cross section of a soft photon
plus two hard jets in the back-to-back correlation limit.

This expression has to be supplemented with the appropriate Sudakov factor [43] that
resums the double logarithms coming from higher order emissions. This aspect has been
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extensively studied previously, see [44], and we simply modify our expressions following the
results of [44]. The resulting expression reads

9 doPA—=avg+X

27m) g =
dq,d*q,d%q,

ot
4 +4y 143 3 L1 1
dx, x, f (x (5<x— 2m)° 4CF o« =
/ pp ()0 | Py (2m) TCpt &ipt Lépt

<48 048 g [0 |- (B (L (seo'sh®) )

NZ 1 i NaiQ (7, 7 ud/r 7
-3 <Nc tr (9'Sp(b)S]B)I Sp(b)SEB) ) s(b, b)>T} S5, 3, (3.14)
with
a 201 _ )2
S54(b,b) = exp [—2;@‘ ;r CF 12 <KT(ZZ% ) )] (3.15)

and ¢y = 2e~72. With |b—b| < 1/Qs determined by the averaged dipole scattering matrix
(s(b,b)), and |Kp| > Q in our kinematics, the modification due to the Sudakov factor
is not evidently small.

Before we conclude this section, we would like to point out that our result in the back-
to-back correlation limit can be written in terms of the transverse-momentum-dependent
(TMD) gluon distributions. The first two TMD gluon distributions are defined as [45]

FV (g, ky) = ;Q/my otk (@) <tr [aiSF(x)aislg(y)Dm, (3.16)
FO (o, ky) = _;2 / o) ([0 ()] ()9S (1) S}
X tr [SF(x)S;(y)Dm, (3.17)

where (---),, denotes average over the target boosted to rapidity In1/xs. Using these
definitions of the TMD gluon distributions, we can write the production cross section at
partonic level given in eq. (3.12) as

9 dodA—avg+X

1 1
27m)" s
d3q,d*q,dq,

&ipt L& pt

= 2m)o(p* —qf — @3 —q4F) alae (27)° (1+&)1+&)

L1 ([, 271 .. 2
XK&*(J%{[&_NE Fig) (@2, Pr) + Fig) (@2, Pr) ¢ (3.18)

which should be convoluted with quark distribution functions in order to arrive to the full
production cross section as in eq. (3.13).

4 The dilute target limit

The CGC cross section derived in section 2 allows us to study the dilute target limit which
probes the linear (non-saturation) small-z regime of the target. The interaction with the
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target in this limit is dominated by a single hard scattering of one of the propagating partons
with the target and corresponds to the situation when the two hard jets are produced far
from back-to-back, i.e., |gal,|q3|, |q2 + @3] ~ |¢2 — ¢3|]. The additional requirement of a
collinear photon to be produced as well constrains the scattering off the dilute target to
happen after the photon has been emitted. If the hard interaction with the target happens
with the initial quark (before the emission of the photon) the probability of having a
collinear photon in the final state is negligibly small. Neglecting the initial interaction
amounts to setting Sp(w) and S}; (w') to a unit matrix in eq. (2.19). The cross section in
this kinematics is then

0 dodA—avg+X

2 —_— = 4.1
<7T> d3g1d3g2d3g3 ( )
1 5, 11
9292 Cm)o(pt —af —43 —43 ) — =
N, 99 GO0 ~0y ~45) ey we T

[ it e a2 50— (6o 20)) 60w~ G0+ )
Y121,Y222,Y323,wv,w' v’

x 8P u—(€a23+6222)] 6 [v'— (Eays+Eay2)] A" (23—20) A" (y3—y2) (14+€7) (1463)

{A§2( —y1) AR, (v—21) []\;62 (S(Zzayz)Q(yQ,227237y3)+1—u(v)—UT(U/)>

N2-1

+ ANV —y1) AN v—21) { (s(v,v’)+1—u(v)—uf(u'))}
—AE\Q(U/—M)A (v—21) [ (8 (Y2, y3) [ s(v y2)—UT(y2)}—U(0)+1)
+; ( "(ys)+u(v)—s(v,y3)—1 }

— AN yl)A52 v—21) [ (s (23,22) [8(29,0")— U(Zz)]—uT(U/)+1>

+% (u(z3)+uT(v')—3(23,’U/)—1>] } ,

where we have defined u(v) = (1/N;) tr Sp(v). The terms involving a trace of a single
Wilson line are somewhat unusual, but as we will see below they do not contribute in the
kinematics we are interested in. The integration over the photon transverse positions, and
w, v, w and V', gives

9 quAHq'yg+X

2m)? ———— = (4.2)
dq,dq,dq,
1 5, oo () (148
— 2m)o(pT —q" —qy — v
Ncgsge( )6(p" =4y —42 —43) Gp- Gt
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X/ eifh-(v’7v)+iq2-(y2722)+if13-(y3*2’3) An(Z;g—Zz) Aﬂ(yg_y2)
Y222,Y323

X {iy:% Yol [23—22| K1 (\/ 2 ys— yz(h) K ( £ e E2 o Z2Q1>

X [26 ( (ZQ,QQ)Q(?J%22,23793)+1_U(U)—UT(1)/))+% (u(zg)-kui(yg)—s(z;z,,y;:,)—l)]

+1% [chl ( (0, 0)+1—u(v)—ul( ’)}

\/>|1!3y2 (\/>y3 yqu)

<5 (s [0l )] ) +1) 45 (o) +u0)-s(0.39)-1) |

2

_ @i] z3—29| K1 £26s 2= z3—22 |1
1] &1

N? 1
x [2 (s(25.20) [s(z200") —uz2)] —ul () 1) + 5 (u(za)+ul (V)= s(zs, U')_1)} } ,
where v = €a23+E&r29 and v/ = Eyy3+Eaya. It is useful to change the integration coordinates
to v and v/, and r = z3 — 29 and 7’ = y3 — y2. Then we have

quA%q'yg+X

Pl — (4.3)
d3q1d3g2d3g3

g? 2 (2m)o(pt—qf —a5 —qF) g

Z\H

’I“T‘ v’

{55 ol K( 5252\ ql) K( ifq)

(sCe2. Q2,20 ) 41-0(0) - () 5 () () -s(ea, )1

1% [ (0, o)+ 1—u(v)— uT(v/))}

& 1 | 5252
\a ’7 ( === 1)

<52 (st st )] ute+1) 5 (a1 +u0)-s(0rm) 1)
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62 §2 L ”I“| K 5252

L el

SR
X[ﬁg@@&@Hﬂﬁﬂﬂ—w@ﬂ—maw+0+i(M%Hmwurﬂ@&uyaﬂ ,

where Pr = g1 + ¢2 + ¢3 and Ip = &q3 — £2g2. We have kept the old notations 2o = v — &,
23 = v+E&or, yo = v/ — &1’ and y3 = v’ + &1’ in the average for simplicity of the subsequent
equations. For two hard jets with large momentum imbalance, both |Pr| and |i7| are large.
The terms in the curly brackets that do not depend on v, v or both, give 5 )( r) after
integrating over v and v’. This contribution is peaked around |Pr| = 0 and can be dropped
in the high-|Pr| limit. The cross section simplifies to

dqu—ﬂnngX

(2 ) B — (4.4)
al3(]1al3(]2al3q3

1+&) 1+&)
Gpt &iéap™T

1
ﬁgigz @m)spt — g —af —a7)
C

y / P =0) il (=) An () AN

5252 5252 &
|| K 2l | K {221
&1
N? 1 1 N2-1
X S 3(22792)Q(y272272373/3) - *3(2373/3) + 9 3(”71},)
2 2 ¢ 2

52 52 | Ky 5252

N? 1
=== | {8(y2,y3)8(v,y2)—8(v,y3)}
|91| 2 2

2
8 Ly, (/22 ) [ stenza)stea) = Jstenns)
Iq | 2 2
In the dilute target limit, for both |Pr| and |lr| large, one can expand the correlators
for small transverse separations, which corresponds to expanding the Wilson lines to sec-
ond order in the background field A; (2", 2) (two-gluon exchange). After expanding the
modified Bessel functions of the second kind for small |r| and |r'|, we obtain

dadA—avg+X (1+8) (1+8)
2m)0 e = Crg2g? 2m)S(pT — ¢ —aqF —qF Lo~ 2 4.5
(2m) d3g1d3g2d3g3 Fg59e (2m)0( 1 2 3) Ept Gbapt (4.5)
qu2/ eiPT-(v’fv) eilT-(r’fr) An(T) An(T/)
1 rr’vv
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x | —g2NTI(22 — y2) — g2CrT (23 — y3) — g2CrI'(v — ')

92N,
=5 C(z2 — 23) + T'(y2 — y3) — D'(y2 — 23) — T'(22 — y3)]
2 2 2
gsNC g
IsZleiy, T(yy — _
+ 5 (v —y2) + 5 (Y2 —y3) — 2N (v —1y3)
2N 2N
pIsepn ) 4 Bep(ny — o) — gsmg—vq,

2 2N,

where

INz—y) = /dx [ (:L‘ ,0) —(x + z—y)] , (4.6)

with (2T, z — y) associated with the average value of the two-field correlator in the back-
ground field of the target:

(Aa o)A (yh oY) = 878 —y" Atz —y) . (4.7)
After performing the Fourier transformations in eq. (4.6), we get
dot4=19+X (1+&f) (1+&) 1 f(Pr)
27)? —————— = Cpgig? 2m)6(pT—qi —q5 —q3 L2 g
( ) d3g1d3g2d3g3 9sYe ( ) ( 1 2 3) 2§1p+ 2€1€2p+ q% P/12—‘
1 nr-mmr lT-mT 1 lT ‘nr
N, —+C C — N,
x [ ¢ m%—'_ F nT+ F l2 n%m% ¢ 2m2, N, 12n2,

(4.8)

The newly introduced transverse momenta in the above expression are defined as mp =
&q1 + g3 and ny = &2q1 + ¢2. The factor of transverse area of the target, S| arises as the
result of the impact parameter integration. We have also introduced f(Pr) as

f(Pr)= —P%/dQT [(r)e " = P%/dm+’~}/(x+,PT), (4.9)

which can be related to the dipole scattering amplitude, i.e., to the unintegrated gluon
distribution appearing in the total cross section for deep inelastic scattering [46, 47]:

1 Nc 2 iPT~(b_’—b/) Y
- : 4.1
JFr) (2m)asSL N2 — i /b,b-, c (s, 1))y (4.10)

The final result for proton-nucleus scattering convoluted with the quark distribution in the

proton can be written

daPA—a1g+X + Tt
(P i —— /da:p zp [ (2p) 0 <xp_q1+q2+q3>

3 3 3 +
d°q,d*q,d>q, b

1 (1+€]) (1483) 1

x 4(21)3 agoe — = —
Tt Gpt &Lé&pt @

1 1 1 nr-mmrm lT-mT 1 lT ‘nrtr
X |:Nc 72+CF 72+CF l?"‘Nc 5 o — {iVc l2 P} N l
mp np T npmop M T”T
x / P ® =) (5, 1)), (4.11)
vy



There is no ordering between the transverse momentum of the jets and their momentum
imbalance. The contribution from the Sudakov logarithms is therefore small.

5 Discussion

In conclusion, we have computed the cross section for production of a soft photon and two
hard jets in the hybrid formalism suitable for the forward rapidity region in p-A collisions.
After obtaining the full cross section, eq. (2.25), we have calculated two limits of this
production cross section: the back-to-back correlation limit (the final result is given in
eq. (3.13)) and the dilute target limit (the final result is given in eq. (4.11)).

In the back-to-back correlation limit, the produced jets have transverse momenta much
larger than the saturation scale of the target whereas the transverse momentum imbalance
of the jets is of the order of the saturation scale. We have shown that the full production
cross section in this limit simplifies and it can be written in terms of the transverse-
momentum-dependent (TMD) gluon distributions fé;)(xg, k) and ]-'q(g) (2, k). Our ex-
pression in the back-to-back correlation limit is very similar to the one for forward djiet
production in the same limit [45] (up to the kinematical factors due to the emission of the
extra soft photon), which coincides with the small-x limit of the TMD formula [45, 48]
in their overlapping validity region. Obviously, the production cross section of the soft
photon and two hard jets is suppressed by a power of ., compared to the forward dijet
production cross section, but it is enhanced by the inverse of the transverse momentum
of the soft photon in the back-to-back correlation limit. Thus, the e, suppression can
be compensated by the transverse momenta of the soft photon which indicates that this
observable might be also very interesting experimentally. Moreover, forward dijet produc-
tion was studied to show the agreement between the CGC and TMD frameworks [45].
Our results have shown that the emission of the soft photon does not spoil the TMD
structure that was seen in the forward dijet production. Finally, we would like to point
out that our result shows sensitivity to saturation scale and its evolution in rapidity is
given by the nonlinear Jalilian-Marian-Iancu-McLerran-Weigert-Leonidov-Kovner [11-16]
or Balitsky-Kovchegov [7-10] equations.

Unfortunately (unlike for some other observables, see e.g. [49]), the sensitivity to the
saturation scale is somewhat washed out by the corrections due to the Sudakov emission.
In order to roughly estimate such effect for the piece containing fé;)(.xg, k), let us take
the Golec-Biernat-Wiisthoff (GBW) model [50, 51] for (s(¥',b')),, which corresponds to

P’% e_PJZ"/Qg
Q7

with Qs the saturation scale of the target. The model is not realistic for large Pr but it

D(Pr) (5.1)

suits our purpose, since as explained above our main interest is in the small momentum
transferred from the target. In figure 3 we show the ratio of egs. (5.1) for two different
values of Qs = 1 and 2GeV versus |Pr|. In figure 4 we show eq. (5.1) versus @ for
|Pr| = 1GeV, normalised to its value at Qs = 1 GeV. Now, to estimate the effect of the
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D(PT,Qs=2 GeV)/D(PT,Qs=1 GeV)

1.2¢
1.0t GBW without Sudakov
0.81 GBW with Sudakov, KT=10 GeV
0.6} GBW with Sudakov, KT=20 GeV
0.4}

PT (GeV)

0.5 1.0 1.5

Figure 3. Ratios of eq. (5.1) (solid blue line), eq. (5.2) with |K7| = 10 GeV (dashed orange line)
and eq. (5.2) with |Kr| = 20 GeV (dotted green line) with Qs = 2GeV over the same equations
with Qs = 1GeV, versus |Pr|.

PT=1 GeV
D(PT,Qs)/D(PT,Qs=1 GeV)
1.0 M
S

0.8l GBW without Sudakov
GBW with Sudakov, KT=10 GeV

0.6 GBW with Sudakov, KT=20 GeV

0.4¢

: : - s (Ge
1.5 2.0 2.5 3.0 Qs (GeV)

Figure 4. Eq. (5.1) (solid blue line), eq. (5.2) with |Kp| = 10GeV (dashed orange line) and
eq. (5.2) with |Kr| = 20GeV (dotted green line) normalised to their values with Qs = 1GeV,
versus Qs, for |Pr| =1GeV.

Sudakov, we define

_ N.P? 1

Dsua(Pr) = 2m2a (27)2

/_ eiPT‘(l_J/—b’) <S(b/,BI)>T SSUd(b/,BI) (52)
'y

and plot in figure 3 the ratio of egs. (5.2) for |[K7| = 10 and 20 GeV for two different
values of Qs = 1 and 2 GeV versus |Pr|, while in figure 4 we show eq. (5.2) versus @ for
|Pr| = 1GeV, normalised to its value at Qs = 1GeV. We have used as; = 0.2, and the
SU(3) values for C4 and Cr. While the Sudakov factor somewhat washes away the effect
of saturation, the sensitivity remains® in the region |Pr| ~ Qs even up to fairly high values
of |Kr|. This conclusion may be of more general applicability for other processes studied
in [44].

We have also discussed the dilute target limit of the production cross section of a
soft photon and two hard jets. In this limit, the momentum imbalance between the two
produced jets is large and our result simplifies to a single dipole gluon distribution of

3The region of large |Pr| > Qs cannot be trusted in the GBW model that produces a Gaussian decrease
in contrast with the expected perturbative power-law behavior.
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the target which follows the linear Balitsky-Fadin-Kuraev-Lipatov evolution [52, 53], as
opposed to the back-to-back correlation limit.

The computation in this work constitutes a first step towards photon-jet production
at NLO and eventually a complete NLO calculation of photon production in the hybrid
formalism.
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A Details of the calculation of dressed quark state

A.1 Dressed quark state in the mixed space

Even though we are considering incoming quark with vanishing transverse momenta in this
paper, for future work we will calculate the mixed space expression for the dressed quark
state with non vanishing transverse momentum of the incoming quark. For this general
case, the full momentum expression of the dressed quark in terms of the bare states can
be written as

[(@p",pl2), = AT (@p",plS),

+ g2
#4703 / S Py [V kil (@™ = p—i

x|(q) [PJF—ka,p—k‘l] (DR ki,

dkS dk
+Aqggsz / o (22 1o Flaw (@ Rl (@7 =k p—hal. ]

<@ [t =k pkal s ) [k ] )

dky d2k1 dk+ d?ks
A997 g, 62 E ts
* 959 o / m (2m)2 P
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X {F((;»)y—qg) |:(’7) [kfa kl]Aa (g)[k;7 k2]7]7 (Q) [p+_kf_k27p_kl_k2]ss”]
Py @)1 o], (0K bt (@) k5 =k, p—ko =il |}

X ‘(q) [P—F*kfr*k;,p*kl kZ] 7 a( ) [k‘i;ka]; ’ (/7) [k;rvkl])\>0
(A1)

As it is argued in section 2, for our purposes we can set the normalizations A%, A9 A%9
and A%97 to one. The explicit momentum space expressions of the splitting amplitudes
FY and F? ) are given in eqs. (2.2) and (2.3) respectively. Now, let us consider each

(av) (av—ag
component separately.

(i) bare quark component: it is completely trivial to write the bare quark component of
the dressed state in the mixed space:

@ pl)y = [ (@l wi), (A.2)

(ii) bare quark-photon component: the bare quark-photon component of the dressed quark
can be written as

2
3 |5 dki d "“ Fiay [l (@* b9 — b
X ‘(Q) p* - kf,p — k1] /?(7)[kf_,k1])\>0

gez/ k+ d2k1/ etk (z1+w1)—i(p—k1)-(22-+v)
Z122T10

<Fi [ 215 (@™ = b 22l

@l = k0195 () k),
(A.3)

Integration over k; results in §®)[z; — (22 + v — 21)]. After trivially integrating over
z1 by using the d-function, and renaming zs + v = w, we get

3 |5 dii d S E) [ B @~k p =l
X ‘(Q) i kf,p k]S (MR kala),

=X [ [ R [0 sl o]

x \(q)[f — kTl (K @) (A4)
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Now, we need to calculate the Fourier transform of the splitting amplitude by using
its explicit expression in full momentum space,

d? d? :
1 a1 4 iqi-(w—z1)+i(g—q1)-(w—v
P, [0l omans @l =k wmelu] = [ Gy e et
AN _ p)
% ¢ss ( ) (glq Q1)2 . (A5)
V26ipt | (Gig—a1)
After performing the following change of variables:
§ig—q1 = &P, (A.6)

quKa

it is straightforward to perform the integrations over P and K. The mixed space
expression of the splitting amplitude reads

F((;»)y) [(V)Uﬁ‘r,w - $1])\; (q)[p+ - kf‘,w — U]SS/ (AS)
= [\/(2_517) &) | AN = 21)0P[w — (G + &)

Finally, by using eq. (A.8), we can write the bare quark-photon component of the
dressed quark state in mixed space as

+ 72
962/ k d kl )) [(’y)[kf’kl])\’ (q)[p+_k1+7p_kl]ss/}

x |(aq) [p* —kf,p—kl]sl ; (’y)[kf,k1])\>

dk+ —7,p w )
= Ge Z / /wvacl [ 251 ¢ss’ ({1)
x \(q)[ptkr,v]z/; (D) (A.9)

AN o—21)8Pw—(Erv+€121))]

(iii) bare quark-gluon component: the calculation of the bare quark-gluon component is
exactly the same as the bare quark-photon component. Thus we can read off the
result from the final expression of the bare quark-photon component:

dk; dk .
gsZ / S o o Flagy (@S Ral”, (@l k] o]

x (<q> [p+—k2+,p—k2]f, (8K k21;>0

‘( )t —ks,v)0s (g)kg ) . (A.10)

)| AL (v=22)0? [w—(Gv-+o2)
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The Weizsacker-Williams field in the quark-gluon splitting function takes into account
the Toffe time restriction. It reads

_ +
Al —z1) = ;&Z_;i[yﬂm<w—my2a1—ai>]. (A.11)
The Ioffe time restriction ensures that the life time of the quark-gluon pair is larger
than the propagation time of the pair through the target. Hence, it guarantees
that only quark-gluon pairs that are resolved by the target during the interaction are
included in the projectile wave function. In the definition of the modified Weizséacker-
Williams, eq. (A.11), 7 can be identified as longitudinal size of the target at the initial
energy.

(iv) bare quark-gluon-photon component: the two terms in this component, as explained
previously, correspond to two different orderings of the emissions. Let us first consider
the first term where the photon is emitted before the gluon:

dk dky d2k1 d’ky .
gsge;/ 2 27 ( (27T)2ta’8

F((jzyfqg) {(’Y) [k, k’l]/\S (&)[ks , k2]7c77 (a) [p+—k:f'—k‘§',p—k‘1—k2]ssu]

< |(@lp kT =k p—ki—kal s ()R kalfys () K k)

= gsde Z/ kJr kor dgkl d2k2 e / e~k (z14a1)—iky- (22+@2)—i(p—k1—k2)-(23+23)
x;i%j

v o 2m (2m)2 (2m)2 P

FD ey [T 2115 (@)1 2005, (@) k7 5 28] |

x| (@ i sl (@) walis (1)), (A12)

Here we have introduced a compact notation fxizj = Similar to the

f$1x2z32122z3'
previous components, we can now integrate over k; and ko. These two integrations
give two d-functions that can be used to integrate over the variables z; and z9. Finally,
similar to the quark-photon and quark-gluon components, we can perform a change
of variables for z3 — w — x3 to write down the mixed space expression of the first

term in the bare quark-photon-gluon component of the dressed quark state as

diki dky '
%3 4 o
9sGe Z 2 2w 8 /wmwzm ‘

XF gy (VT 0 = 2] @)k, — w2l (@)lp* — kT = k@ — @]

<@t — ki = sl (@)K el (VI ), (A.13)
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Now, let us calculate the Fourier transform of the splitting amplitude F((q) —ag) by
using its explicit expression in full momentum space, eq. (2.3):
2
Fla-a [(v)[kr,w—xm; (&)l w—aal"s ()P —kf ki, w—za].or
2 2 2
Z ss’ s’ s”(§17€2) / d’p d°ky d°kp eikl-(w—ml)+ik2~(w—m2)+i(p—k1—kg)-(w—mg)
\/2§1p+ V26pT ) (2m)? (2m)2 (27)?
(§ip—F1)* [ (p—FK1)—E1ka]" (A14)
(E1p—F1)? Ea(&1p—F1)?+E&1 (Eap—h2)?—(Eok1—Er1k2)?
After performing the following change of variables:
flp - k‘l = P, (A15)
&ao(p — k1) — Eik2 = G1K, (A.16)
we can integrate over p to get the following expression:
2
F2 ey [T 0 = 2] (@) 0 — ol (@)t = kT — b w = 23]
#3(&1) ¢m7~(51,§2)
- s's 8P [w — (Ga1 + Eaa + (1 — & — &)73)]
Z V26pT /26pt
2 2 " _(w71'>71’ (xa—zx 5‘ n
/dP dK P K (v )1 P K (AT
@m? 2m?* & P? 2 65 p
§1€7

Now, we can perform the integrals over P and K by considering the following integral

/ P BK pppens P K" (A.18)
(2m)? (2m)? P2 K2+ coP? .

In order to be consistent with the “bare quark-gluon component” we should introduce
the Ioffe time restriction for the gluon emission. Effectively, this corresponds to restricting
the integration region of the momentum K, which is conjugate to the quark-gluon dipole

size, from above, i.e.,
+ _ kHr
K2 <282 (1 - §2> A" W (A.19)
T

Here, 7 corresponds to longitudinal size of the target at some given initial energy. We can
perform the integral over P in eq. (A.18) which simply reads

PP ip, P <dp 1 .
iP-r _ omi 1 P

/ (271')26 PZ(KQ + 60P2) /0 (271‘)2 (K2 + C()PQ) |: ™ ‘T|J1 (’ ’ |7’D:|

i [ Ll

g ()|

22
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where Ji(r) is the Bessel function of the first kind whereas K (r) is the modified Bessel
function of the second kind. By using the result in eq. (A.20), we can now consider the
remaining K integration in eq. (A.18) with the Ioffe time constraint, which reads

i rl K e [K™ |r| K™ 1
—— e — K K . A21
2T 7’2 /I{2<a (27‘(’)2 € K2 \/60|K‘ ! <,/C()’ ‘ ‘T"):| ( )

Integrating the first term in the eq. (A.21) over K is straightforward and the result can be

written as
. /K m
/ d?K e —5 = 27rz 4 [ —Jo (Valr'])] . (A.22)
K?<a K
The result of the K Integration of the second term in eq. (A.21) is more complicated
and reads
e KT 1
PPK e — Ky ( K||r )
Jloca P s (g HIN
pim Va 1 ,
= 27—+ dK||K|x K1 | —=|K J1 (| K
i [ R < (Sl ) 1)
m
— omi CO\@ (A.23)

"] Tl Ceor %)

Ay S () g (2 )-8 (al) g (2 0) |

After combining all the pieces we can write the result of eq. (A.18) with the Ioffe time

constraint as

/dzP/ K ez‘P~r+z’K.r’£l K"
(27)2 Jgocqn (2m)2 P2 K2+ ¢oP?
1 r’m 7t
7’2 a
<= (Val) = g (V) - vaa e (el £ (1)

Val|  (Valr]) K (ﬁu)} . (A.24)

Now, by using eq. (A.24) we can simply write the splitting amplitude F((ji_qg) that corre-

sponds to successive emission of a photon and a gluon with the Ioffe time restriction as

FO_ oo [0l — 21 () [k;,w —mal" (@l — K~k — ]

= Y e ) 6, 0 o + o + (=~ )

) i (w —1?1))\
X (—=1)A"(x3 — x2) [_271 S(w—21)2+ &1 — & — &) (z3 — 132)2] &1
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X{l—Jo (\/a|$3—$2|)—£2(1_€1_§2) (3 — ) (\F|$3—$2|)

&1 (w—x1)?
Lol — &1 — &) (w3 — 12)? ay
¢ & w2Vl K W a6 &) ”“‘)
af
+\/a]a:3 —a:2|J1 (\/&‘:133—1’2’) Ky ( M|w—x1|>} . (A25)

We can simplify this complicated expression. First of all, for future convenience, we can
write the d-function as

5@ [w— (&121 + &xa + (1 — &1 — &2)3)]

s S E bl

e (O e e

Second, we can write the splitting amplitude ¢~) in terms of ¢. The splitting amplitude QEZZ "
is defined in eq. (2.5) as

&ZZ// (517 52) - ZTI
1

=& ( Z) Mg g1 — zenﬂaf,s,é_ } &1, (Z) . (A.27)

Finally, using eq. (A.26), we can write
(w— :Ul) =& (v — xl);\. (A.28)

{(2 =261 — &) "5y 50 — i€"o} o}

Thus, the splitting amplitude F, ((qﬂ)yiqg) that corresponds to successive emission of a photon
and a gluon with the Ioffe time restriction reads

Fipy ) (DI = 21 (@) k5w — 2] (@) p™ = K — k0 — sl

/5(2) [v — {(1 - Z) T3+ sz}] 6w — (€121 + €1v)]

Aﬁ(CL‘g — 152)/12\2/51 (7) - 551))

(A.29)

% (—1) (=4 i 53
> || |y ()

where A”(z3 — x2) is the usual Weizsdcker-Williams field in the quark-gluon splitting that

is defined in eq. (2.7), while Ag‘ JE (v — 1) is the Weizsédcker-Williams field-like term that

appears in the splitting amplitude F( 2) —ag) and it is defined as
1 51 (’U—.Tl)j‘ [

1—fgg) (;v—x1,23—22) | ,

/_122/5_1 (v=21) = =~ :
1

2m ﬁl(v—$1)2+% (1—%) (w3—22)?
(A.30)
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where fgg)(a; v — x1, T3 — x2) is the correction due to the loffe time constraint which is

&1
defined as

& (U — 21,33 — x2) =
{ 12 (1-8) o (e - )

iéﬁ _fﬁ ( ) ng% B
+\/O‘§151 <1 51) ‘U_$| Ja (Valzs — :L‘2|)K1< 52(51752)\11 :1:1|)

- \/a’l’g — $2‘J1 (\/&‘.%’3 — xQD KQ ( Ciflfib)’v - xﬂ) } N (A.?)l)

§2(&1 —

&1
conjugate to quark-gluon dipole size, where 7 can be identified as the longitudinal size of

with o = 2% (1 — 5——2) Gt being the upper bound of the momentum integral that is

the target as in the case of quark-gluon splitting.

Finally, by using eq. (A.29) we can write the first term in the quark-photon-gluon
component of the dressed quark state (which defines the emission of the photon first and
gluon later) as

dki dky d2k1 d%ky
sJe tg
959 ;/ o 2r (2m)2 (2m)2 P

XE ey (DT T (@)K Kol () — kT~ p—hi |

< (@l kT =k p—ki—kalCs ()R Rl () KT k)

B dky dky . @) &2 §2 ) 3
—oe [ Gt [, [ (-8) a0 lomtn s

) (&
ve z[ D (51)] [W% (2)

< (@It =~k 2ol s (@)l () [KT ) (A.32)

Aﬁ(wg—xg)ﬂg‘z/é—l (v—11)

If the Ioffe time restriction is neglected, then

1 &1(v —xl)j‘
A (v—m) = —— =A) - (v—m). (A33)
R 1 L

Let us now consider the second term in the quark-photon-gluon component of the
dressed state which corresponds to emission of the gluon first and photon later. The
calculation of this term can be performed exactly in a similar manner but the effect of
the JToffe time constraint is different between the two orderings of the photon and gluon
emissions.
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The second ordering term in the mixed space reads

+ 2 2
gsgez/dk dk} dk1 ks

o 2 21 (2m)? (2m)? of
2 c
XFa oy [ @)1 Kol (I R (@)™ = B — K5, p = b = koo

x (@I = kT = K p = by — kol (@)K Rl (V) [KF k)

dl{:+ dk‘+ d2k‘1 dzkig i . .
= Gse e —ik1-(z14+x1)—tka-(2z2+x2)—i(p—k1—k2)-(23+x3)
= gs9 Z/ o1 2m (2m)2 (2m)2 P /;m]e

IIA
XFa oo | @)1 22l (NIKT 21 (@)lp™ = K = K, 2]

<@t = k= s wal s (@) anlis (1)), (A.34)

As for the first ordering term we can integrate over ki and ko, use the resulting two -
functions to integrate over the variables z; and zo, and finally perform a change of variables
for z3 — w — x3 to write down the mixed space expression of the second term in the bare
quark-photon-gluon component of the dressed quark state as

dk dif .
S,Z)\:n 2 2w P Wz

XEa) oy [ @)1 0 = 2l (T w = 1[5 (@ pF = kT = kw0 — 2]

< |(@lp* = k= k5wl (@) kT el () K al) (A.35)

( )
(ag—qa

expression of F((q;—qv) in full momentum space can be simply read off from eq. (2.3) by

Let us now calculate the Fourier transform of the splitting amplitude F; )" The explicit

setting &1 <> & and k1 <> ko. Then the mixed space expression reads

F ooy @5 w—2]s ()T -] (@)~ —k  w—zs] |

(ag—ay
¢ZZ(§2) ég\’)}s” (52751) / d2p d2k:1 d2k2 eikl~(’w—x1)+ik2-(w—x2)+i(p—k1—k‘2)~(w—x3)
= V26pT /26T (2m)? (2m)? (2m)?

(&ap—h2)" (1 (p—h2)—Eaka ] (A.36)
(bap—F2)? £1(Eap—h2)?+E&(E1p—F1)? —(E1ka—Ek1)? ‘
After performing the following change of variables:
§op — ko = P, (A.37)
&i(p — k2) — &2k1 = &K, (A.38)
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we can integrate over p to get the following expression:

Fo oy | @ w = 2] () w = 2] (@™ — K = b w — @]

7777
Z \/S;(f;r o5 ;/1/2(521;51) 6w — (&1 + Eoma + (1 — & — &)a3)]
2 1

2 2 (w—mo) . i 5\
/ &P GK ip g i) L B K . (A.39)
@) 2n)2° & P? 2 +% P2
262

For the integration over P and K the expression looks very similar to first ordering term,
however for this term the Ioffe time restriction is on momentum P rather than momentum
K, with

2 A
Pe <286 - = 0. (A40)

In our generic integral expression given in eq. (A.18) we can first perform the integration
over K and the result reads

2K ! K™ ') r/m
B P| K7 (/o | Pl 7). A 41
/(2%)26 K2+C()P2 2T | ’| ‘ ‘ 1( CO‘ HTD ( )

The remaining integral over P can be performed by using the result of eq. (A.41) to get

i r'm &P p, P!
2 VO ooy

5z [PI KL (Veo [PIIr)

0 Tlm ’Fl VB
:@ﬁ;wm PPl (Ve P A (P (A42)

Thus, the final result after performing K and P integrations for the second ordering
term reads

/ d2P d2K meKT/P K™ (A43)
p2<5 P2 K2—|—C[)P2 ’

rm ’I"l
- _(2ﬂ)2 <r’2 ) 24 cor’2

<[ev/Beatn (VB) K (vBeal))~v/Bea 1 (V/Bir) K (Bealr) ]

Finally, by using eq. (A.43) we can simply write the splitting amplitude F; ((qé @) that

corresponds to successive emission of a gluon and a photon with the Ioffe time restriction as

F((zé—qv) [(g) [k;,w—aﬁg]”; () [kf,w—xl])‘; (q) [p+—kf—k§',w—m3]ssu} (A.44)

P (&) ——— ¢s'5§" (&2,61)0P [w— (&2 +Eama+(1—E —E2)x3)]

Z V 25 + V €1p+
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X i (w—$2)ﬁ ¢,
x(—1)AMNz3—11) [_27r 52(w_x2)2+§1(1—51—52)(:163—361)2] 2

{1—1— ﬁf( —&1— §2)|x3 w1l (\[w $2\> ( 5(1_5_12_52)|$3_x1|>

6 62 5252
§1(1— 51 &) (w3—21)? |w—2] §1(1-61—&2)
~VB |w—22| . <\/B & ) ke ( P €92 |x3_$1’> }

We can simplify the above expression by using the analogues of eqs. (A.26)—(A.28).
First, we rewrite the d-function as

0P [w — (G121 + Eaa + (1 — & — &)73))]

= fenre (Gr Bt )

= [89 o= (e + &) o~ { (1- 8 )m s S )] aa)

Then, we rewrite the splitting amplitude (5 in terms of ¢ as

:52{< 2)(5’\’\(555//—7,6)‘)‘03/5/,?} E2p, <§2> (A.46)

Finally, using eq. (A.45), we can write

O (&2, €1) =

(w—22)" = & (v — ). (A.47)

Eventually, the splitting amplitude F ((qé ay

gluon and a photon with the Ioffe time restriction reads

) that corresponds to successive emission of a

Fo) oy [@0F 0 — was (0K w = 215 (@)™ = b — ki, w = 23]

) (O R T

Aag = e AL g, (v = @2),

« (_) 717 ( ) 51
= | [ (&)

(A.48)

where A (x3—x1) is the usual Weizsicker-Williams field in the quark-photon splitting that

is defined in eq. (2.7) and AZ /6 (v — x2) is the Weizsicker-Williams field-like term that

appears in the splitting amplitude F(( ) —q) and it is defined as

-1 o (v—22)" [
2m ﬁz(v—$2)2+% (1—%) (w3—21)?

1—f§fw (Biv—zo,23—11) | ,

AN _ _
A&/éz(v 3) = 2

(A.49)
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where f ggV) (B;v — x9,x3 — x1) is the correction due to the loffe time constraint which can

&
be written as

I e (A50)
Lo (&) o) _ 1§1< §1> )
~Vige (1-8) St (VAo a) <\/ eo\ &)

1 fl 51 1 51 51
\/ & & (1 - §_2>|$3 —nlk (\/B\U—mI) K (\/ & & <1_ 5—2>|$3—$1’> :

with 8 = 2525_2% that is the upper bound of the momentum integration which is conjugate

to the quark-gluon dipole size. As in the case of the first ordering term, when the Ioffe
time is neglected we get

— — n
U — 1) — 1 §a(v — x2) 4

51/5( o o ve, a(1_4&a B &1/&
Glo=o2?+ g (1-2) @ -2

Note again, that the corrections due to the loffe time constraint are different between

(v—a2).  (A51)

the two emission orderings in the quark-photon-gluon component of the dressed quark state.
This is due to the fact that the two orderings have different momentum that is restricted by
the loffe time constraint, which changes the result of the momentum integrations performed
in order to Fourier transform the splitting amplitudes F((li) and F(gg) Q-

By using eq. (A.48) we can write the second term in the quark—photon—gluon component
of the dressed quark state (which defines the emission of the gluon first and photon later) as

k+ dk+ d2k1 d?ks .
gsges/z,;/ 2 27 ( (27r)2taﬂ

2 c
X F ) @)K kel (V[T k) (@) =k = p—ka =kl

x ‘(q) [t ki —ky , p—k1—ka]? s (&) [k3 , a]Cs () [, k‘l]A>O

ki dki . & & -
= B B GRS SHE SR

—ip-w nmn ( ) &1
xe Z[ 2£ +¢ss’(§2>] [\/W(bs s (5_2>

x ‘(q) [t ki kg, 25]00; (&) k3, wa]Ss (7) [, xl]k>0 : (A.52)

By combining egs. (A.2), (A.9), (A.10), (A.32) and (A.52) together and setting p — 0, we
get eq. (2.6).

A’\(acg z1)Al

&1/& (U—xg)

A.2 Outgoing wave function

The dressed quark state scatters through the target eikonally, which means that each bare
state component of the dressed quark state rotates in the color space by picking up an
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S-matrix. Thus, the outgoing wave function — when written in terms of the bare states
— reads

‘( [p+ } >out_

/Saﬁ ]B>O

dki —i)
‘h%Z/ : /wv:cl [ 2{1 ¢ (&)
<|(@) Lzo*—kf,vf;(v)[kf,xmo

w5 st ot e
x| (@)[p" ks w3 (g)[ky 22y,

i diky o abo .
+0a 33 [GEGE [ s e a)
2 2w wWUT1T2T3

s's"" An

Al

A(z3— 302).,4g /& (v—21) (A.53)

AN v—21)6® [w—(E1v+&121)]

AT(v—12)8®) [w—(Ev+Eama)]

|Gt | e (8)
52 [ { <1_2> xg—l—leﬂ 5C) [ (Eaa +E20)]

A)\(Ztg ;Ul)ﬂg/& (U—l’g)}

(i) (=) &
||| e ()
< (@l =i =k sl (@) el (7))

We would like to write the outgoing wave function in terms of dressed components instead
of bare components. In order to do so, one should realize that the dressed states are written
as decomposition of various bare states. Let us first explain how to rewrite outgoing wave
function in terms of dressed states in a schematic way. The dressed states can be written
in terms of the bare ones up to O(g.gs) as

1 2 2
IQ>D = ‘Q>0 + geF((;,)),)|qf}/>0 + gsF((qg))\ng + gegs F((q’ig) + F((qg),y) ‘Q’Yg>0 )
l97) b = lav)o + 95y la79)o (A.54)

1
la9)p ~ lag)o + 9. F . lava)o
lavg)p = lavg)o -
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The outgoing wave function, when written schematically in terms of the bare states (an
analogue of eq. (A.53)), reads

(Dot = S (w)laho + geF () Se(@)|ar)o + g Flgoy Se(v)Sa(w2)lag)o

+9e9s [Fiatg) + Finy | Sp(@3)Sa(w2)la79)0. (A.55)

We can now rewrite eq. (A.53) in terms of the dressed components by using eq. (A.54)
and group the dressed components. Finally, the outgoing wave function when written
schematically in terms of the dressed components reads

|@out = Sr(@)|g)p+geFL) [Sk(0)=Sr(@)] [47) p+gsFoD) [Sp(v)Sa(as)—Sr(w)] lag)p

(a7) (q9)
+9egs { [F<(q§g> (Sp(ws)Salws)—Sp(w)—F ) FL) (SF(’U)—SF(M))] (A.56)
+ |l (Sp(@3)Sa(e2)=Sr(w)~Figp Fip) (Sr(v) Sales)=Sr(w))| } lara)p

Finally, with the guidance of the schematic expression, eq. (A.56), we can write the outgoing
wave function that was given in eq. (A.53) in terms of the dressed states as in eq. (2.10).

B Expansion in the back-to-back correlation limit

In this appendix we provide the details of the expansion in the back-to-back correlation
limit where the small parameters are the quark-gluon dipole sizes in the amplitude and
in the complex conjugate amplitude (r and 7). Thus, the Taylor expansion of a dipole
s (b + 5, b+ %) simply reads

(503 &
Nitr{SF(b—l— )ST (b+ )}

:]\1rtr{ [Sp(b)—l-zriaiSF(b)—l—;TirjaiajSF(b)] [s}(B)Jr;f’“akS}(B) <7 okl st (b)] }

Cc

We start with the expression that we get for the production cross section, which is
written in terms of the new variables r,7,b,b,v and 7, eq. (3.5), and use eq. (B.1) to
expand each term separately.

(i) Ag(—'_y).Ag(—’y) term: when expanded in powers of r and 7

Q(g_f - b+ el ) i Ly (aisF(b)s;(z?)ajsp(é)s;(w)

2’ N,
_%rwNictr(aisp(b)ajs;(b)) ;r 7 ; tr (9'Sp(D)SL®))
roor 1,1 ; j
r _r _ oy 2 B 12 ¥) i
s(b+o.b-1) = 1-5r'r N tr (9'Sp(0)2SE()) (B.2)

s <g,f’g+f) = k%fiiji tr (aisF(B)ajs;(B)) .
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Using eq. (B.2), the O(NN?) contribution to the operator structure of Ag (—’7)./422 (=)
term can be written as

2
5w o] 5000) = e+ @) + 5170 (56(0) - (1 - 22)5¢ 0 + )
+é7“i?“j8iaj (SF(b) — (1 — 2§2>2SF(b + 51’}’)):|
<[ (SHO) = $EG-+6m) + 740 (SH0) - (1 - 26516 + 7))

ok (S}(B) —(1-26)*SL (0 + fw))] }

2
_Ncr%«j;c tr (951 (0)SL B Sr(B)SH (1)) s(0.)
2
*’\; N tr (9'Sp(0)d SE(B)) [s(0,5) — s(b, b+ &17)]
NE i L (998 p(0)a9 LB ) Ts(b.B) — s(b b B.3
) rﬁcr( F(B)TSLB)) [5(6,8) = 5(b+€1%,8)] - (B.3)

One can also calculate in a similar way the O(1) contribution to the operator structure

of A2‘2(—’7)Ag\2(—7) term as
~5 04 [(57(0) = Sp(b-+ €01) = 5170 (86(0) + (1 = 20)S5(0 + 1)
+3r O (Sp(D) — (1~ 260Se(b+ 617)
ty ot (e m Lokak (gt (7 (54 £
. {(SF@) ~ShB+6) - 0 (SEG) + (1 - 26)Sh(b+ 617))
—1—81" Frlok ok (ST (b) — (1 — 262)%Sh.(b + m))} } : (B.4)
Now let us consider the expansion of A’\Q(—'y) in the small 7 limit:

A _ b & (=) _ L= 1 ~ AN _@L
Aa(—7) = 2 €192 + E&ar? 2 2 14 52—52—2 A < )
(B.5)

5)
Using egs. (B.3), (B.4) and (B.5), we can write the expanded expression of .Ag (—79)
Afz( 7) up to O(r?) as

A =y AN 1 N2-1 && (r? T2
AN (—5)A (—v)thr{ : [1—51 (,yzwﬂ

< (Sp()=Sp(b+617)) (ShB)-Sh(b+617))
1 [N2+1 N2-1

'S (b)-

(=260 (0+617)| (SEG)-SLG+617)
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+%fi (SF(b)—Sr(b+£17)) {]\%ﬂais}(b)—]\é_l (1—252)5i5}(b+§17)}

Nf;“w (0907 50 (0)—(1-262 200 S (b+47)| (SEG)-S}(B+617))

Ne L L (56(0)-Se(b+67) [09) S4B~ (1007} (54617

Ne—1 1 [0SO SH0)+(1-2670 Sp(b+67)|

_Ne+ li 7 (1—265) [aisF(b)aJ‘s;(6+m)+aiSF(b+£17)8j52(5)]}
—AMN—7) AN~ —C i 1C tr (WSF (b)& S (b)S1, (b)) 5(b,b)
—AM—7) AN~ 1Ctr(alsF b)d7 S} (b ) [5(b,b)—5(D, b+617)]
_AN—) AN~ _Z_JNtr<alSF b’ SL.(b ) s(b,b)—s(b+£17,0)] . (B.6)

C

(i) AN —5)AMN—y) term: the expansion of the A(—¥)A*(—y) term can be performed

in a similar manner and the result reads

: - - —
% ]\1[ tr { (Sp(b) = Sp(b+ &) (ShB) - SEE+67))

AN=3) AN (=)
50026 [ (950 (0) —~ Sp (b -+ €07) (SHG) — Sh(+6))
7 (Sp(B) = Sp(b+&17) (9'Sh(B) - 'SL (B + &) )|
+é(1 —26)? [rird (0095 p(b) ~ 0D Sk(b+ &) (ShD) - Shb+&7)) (B7)
+77 (Sp(6) = Sp(b+ &17) (9D SE() - 9D (b +617))
+2r'7 (9"'Sp(b) — 0'Sk(b+ £17)) (aﬂ's}(é) —SL(b+ m))] } .

(iii) Ag;(—”y)A’\(—fy) term: the result of the expansion of Ag‘z(—fy)AA(—fy) reads
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(iv) A)‘(—'_y)Ag(—'y) term: the result of the expansion of A’\(—'_y)A2‘2(—'y) reads

R { B g
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C

Now, we can combine all the terms using egs. (B.6)—(B.9). Then we see that the first
non-vanishing terms are O(rr) and the result reads
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