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ABSTRACT: We study the process yA — ¢dg + X in the Color Glass Condensate (CGC)
effective theory. After obtaining the cross section, we consider two kinematic limits which
are encompassed in our result. In the so-called correlation limit, the vector sum of the
transverse momenta of the three outgoing particles is small with respect to the individual
transverse momenta; the cross section then simplifies considerably and can be written
in a factorized form, sensitive to both the unpolarized and linearly-polarized Weizsacker-
Williams transverse momentum dependent gluon distribution function (gluon TMD). The
second limit of the CGC cross section that we consider is the dilute limit, which we obtain
after performing a weak-field expansion; we recover a typical linear-regime expression,
involving a single unintegrated gluon distribution function. Using numerical simulations
of the small-x QCD evolution of the TMDs, we investigate the rapidity dependence of the
cross section in the correlation limit.
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1 Introduction

Quantum Chromodynamics (QCD) at high energies has been the subject of intense study
since many years. In particular, in certain processes such as deep-inelastic lepton-proton
scattering, it is possible to probe the constituents of a proton or nucleus at small val-
ues of x, where x is the fraction of the proton’s longitudinal momentum carried by the
struck parton. Since the basic laws of QCD favor the emission of gluons with arbitrary
small energies, at low = the proton structure is dominated by the gluon distribution. The
power-like rise of this gluon distribution with decreasing x, as predicted by the Balitsky-
Fadin-Kuraev-Lipatov (BFKL) evolution equations [1], is expected to be damped by gluon
recombination effects once a sufficiently dense regime is reached, characterized by the dy-
namically generated saturation scale (5. The ensuing non-linear low-x evolution equations
were established both from the point of view of the dilute projectile [2, 3], and from that
of the highly dense proton or nucleus [4]. In the latter case, the evolution can be ob-
tained from an effective theory known as the Color Glass Condensate (CGC) [5]. Both
approaches are equivalent and are often denoted BK-JIMWLK, after their main authors
Balitsky, Kovchegov, Jalilian-Marian, Tancu, McLerran, Weigert, Leonidov and Kovner.



Moreover, in the low-density regime, hence at momenta above the saturation scale, the re-
sults from linear BFKL evolution are recovered. In this work, we will use the most general
semiclassical description of small-z physics, and refer to it as the CGC framework.

More recently, in a series of papers [6] the CGC was explored in reactions characterized
by two strongly ordered scales, let us call them P and g¢:

V5> P> q~Qs 2 Aqep - (1.1)

The scales are required to be much smaller than the very high collision energy +/s, but
(a priori) larger than Agcp and thus perturbative. A prime example for such a reaction
is the forward production of a parton pair in lepton-proton or proton-proton collisions,
in the so-called correlation limit where the total transverse momentum of the produced
pair ¢ ~ |k; + kg| is much smaller than the typical momentum of the individual particles
P ~ |ki| ~ |ko|. The crucial observation that was made in Refs. [6] is that in these
kinematics, the small-z limit of the proton’s or nucleus’ transverse momentum dependent
gluon distributions (gluon TMDs) is probed [7]. Remarkably, at least for 2 — 2 processes,
taking the low-z limit of the calculation in the TMD framework yields the same result as
taking the correlation limit of the CGC calculation.

For the processes that have been studied, the CGC therefore generalizes two different
QCD regimes at low x: the TMD region with two ordered hard scales on the one hand, and
the BFKL regime at low enough gluon densities on the other. Inspired on this, a computa-
tion scheme dubbed ‘Improved TMD factorization’ (ITMD) has been developed in Refs. [§],
which is applicable to massless 2 — 2 processes and just like the CGC interpolates between
the low-z TMD and BFKL (sometimes called High-Energy Factorization, HEF) regimes.
Its advantage, however, is that it is much more suitable for numerical implementation. The
proof of this scheme as an all-order kinematic twist resummation was recently established
by some of us [9].

In addition to the conceptual interest, understanding the TMD framework within
the CGC makes it possible to apply the CGC machinery to TMDs, and vice versa. For
instance, in [10-12] JIMWLK evolution was applied to unpolarized and linearly polarized
gluon TMDs, using the nonperturbative McLerran-Venugopalan model [13] as an initial
condition. Likewise, Sudakov logarithms, which govern the TMD evolution [14], can be
resummed in a consistent way at low z, as was shown in [15] and carried out in e.g. [16].

At least to leading-order accuracy, the above mentioned correspondence between the
CGC and TMD frameworks in their overlapping region of validity holds for 2 — 2 processes,
also when masses are included [10, 12, 17], see [18] for an overview. The present work is
part of our efforts to investigate whether this is also true for more complicated processes!,
and can be regarded as a follow up of Ref. [19], in which we calculated the correlation
limit of three final state particles (two jets and a photon) in proton-nucleus collisions?. In
this configuration, the total transverse momentum of the outgoing particles qr = ki +
ko + k3 is again required to be much smaller than their individual transverse momenta

"We should remark that recently there was also made progress in this direction from the point of view
of TMDs, see Ref. [20].
2The correlation limit of two jets and a collinear photon was obtained in [21].



(k1,k1,ks). However, in contrast to the production of two final state particles, the 2 — 3
kinematics allow us to identify not one but two small transverse sizes in coordinate space.
We showed that it is still possible to take the correlation limit, although the procedure
becomes more involved, and that once again one arrives at an expression which is factorized
in terms of TMDs. We will show in this paper that the same argument holds for three-jet
photoproduction, with the additional feature that, due to the simple color structure of the
process (since there is no initial-state radiation), only the unpolarized and linearly polarized
gluon TMD of the Weizsécker-Williams type play a role. Using the results from [12], where
the JIMWLK evolution of these TMDs was performed, allows us to do a numerical study.
The remainder of the paper is organized as follows. In section 2, we give a concise
derivation of the CGC cross section for the process yA — ggg + X, relegating most of
the details to the appendices. After that, we analytically calculate the correlation limit of
our CGC result in section 3, and numerically study its rapidity evolution in section 4. In
section 5, we expand our CGC cross section in the dilute limit to recover the high-energy
factorization result, and finally summarize our conclusions and outlook in section 6.

2 CGC cross section

The usual approach to calculate a forward particle production cross section in the CGC
is to go to a dipole frame, which is justified at large enough energies and in which the
perturbative ‘dressing’ of the photon state takes place long before the scattering with the
highly boosted proton or nucleus target. In this frame, due to Lorentz contraction the
projectile sees the target as a highly dense shockwave, and the scattering between both
takes place almost instantaneous at a light-cone time which, without losing generality,
we can set to be 27 = 0. Due to the high energy, it is then justified to describe the
scattering in the eikonal approximation, where the hard particles do not undergo a change
in transverse position upon interacting with the target’s gluon fields, but only exchange
transverse momentum and color. Moreover, since due to the high density these gluon fields
are semiclassical, i.e. gsA ~ 1, the interactions need to be resummed which is done by the
use of Wilson lines. Finally, the way one averages over the semiclassical target gluon fields
reflects the nonperturbative proton structure, which we leave unspecified.

In light-cone perturbation theory (LCPT), the partonic cross section is defined as the
expectation value of the number operator calculated in the relevant component of the
outgoing photon wave function:

3 dog¥A—993+X
2k 2ky 2k3 (27) 276 (p U—
2 (2m)"2m Ez: d3k:1 d3/<;2 d3k3
1 ~ 1 7 7 o~
) outl (V) [p}A‘Nq(kl)Ng(@)Nq(ks)‘(’Y) 7]\ Dout o (2.1)

where the factor 1/2 on the right hand side stems from averaging over the photon polariza-
tion A\. The vectors l;z = (kl+ ,k;) stand for the three-momenta of the produced particles,
with kf being the longitudinal and k; the transverse momenta (El for the quark, ks for the
gluon and Eg for the antiquark), while p* is the forward component of the incoming photon



(note that we assume p = 0). Moreover, the number operators N; for the dressed (this
will be important later on) quark, gluon and antiquark, are defined in terms of the cor-

responding creation and annihilation operators. For example, the gluon number operator
Ny is defined as

Ny(ka) = al®(ks) af (k2) , (2.2)

with aja(l;g) (af(ﬁg)) the creation (annihilation) operator of a dressed gluon with color a,
polarization ¢ and three-momentum ks. The action of these operators on dressed Fock
states is defined in the standard way. For example, for the gluon we have

af}(%)}(g) [52]?>D = 2ky (21)36®) (k2 — 32)0%6,;
ol (F2)]0) = [(2) [}2] ), - (2.3)

In order to compute the partonic cross section, we need to calculate the explicit expres-
sion of the outgoing Fock state to the relevant order. Hence, for the process in this work,
one needs the outgoing wave function for a quark-antiquark-gluon final state initiated by
a real photon. Since the derivations of similar outgoing wave functions, i.e. ¢ — qgv and
g — qqdv, have been presented in detail Ref. [19], we do not show its derivation here but
rather give a summary in the appendices A.1 and A.2. The order gsg. contribution to
the dressed outgoing wave function of a real photon with longitudinal momentum p™ and
vanishing transverse momentum is given by>:

dkf dkf 1

5 (W — &%)
2m 2w 4]{;; /]{;;Fkagr /wvxlxzxg

(", P = 0l )out = ge0s /

X {‘I’é\g(f_i%) Zg(é)Aﬁ(Xl — x3)60) (v— 5—*1X1 — QXQ) X Gy {537 §§V>X17X27X3] CA

&3 &3 &3 &3 i

- ‘I’?é;\(gl) gsﬁ/(g—j)An(X3 — x)5?) (v— é—sz - g—?xs) X Gg [51, ?j;V,Xl,X%Xs}:\
+ @ig'(&,&)fs(z)(v) x Gco {5375152;W,X1,X2,X3} ;}

x (@), x1]%s (@) k7 %2l (@)K, xal ) - (2.4)

In the above, the quark with color ¢ and spin s carries longitudinal momentum sz and is
located at the transverse position x;. Likewise, the gluon with color ¢ and polarization n
has a longitudinal momentum k; and is located at the transverse position X, and finally
the antiquark with color j and spin s’ carries longitudinal momentum k:3+ =pt — k:l+ — k:;r
and sits at the transverse position x3. The longitudinal momentum fractions that enter
the splitting functions are defined as

&=kf/p", So=ky /pt, =1-86 &,
G=1-¢&, S=1-¢&, G=6+&. (2.5)

The outgoing state Eq. (2.4) contains combinations of three splitting functions, correspond-

3We have introduced a shorthand notation for the two dimensional coordinate integrals: fx =f d2x.
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Figure 2.1. The three contributions to the g;g. term in the photon’s Fock state.

ing respectively to the splitting of a photon into a quark-antiquark pair, the radiation of
a gluon by a quark, and the instantaneous splitting of a photon into a gluon, quark and
antiquark. Their explicit expressions are:

‘I/g‘{é( )=(1- 2z)(5)‘;\(5 _p—ieMad a—f
Fan(2) = (2 — 2)0M 0,5 — izeMad

P60, 60) = ”ff‘”’ (6 - 51>W5a,_ﬂ+z’<£3+£1>e%i,_5], (2.6)

where o3 is the third Pauli matrix, and with € the Levi-Civita tensor in two dimensions,
with €!2 = +1. Note that the splitting function for an antiquark emitting a gluon, is ob-

tained from the corresponding splitting function for the quark by an overall multiplication
with —1 and exchanging the spin indices.

The final ingredients of Eq. (2.4) are the functions G,, Gz and G¢, which incorporate
the Wilson line structures of the three different amplitudes where the gluon is emitted
from the quark, from the antiquark, or directly from the photon during its instantaneous
splitting into a quark-antiquark-gluon state (see Fig. 2.1). They are defined as:

ofo e

= {[5r eSS (xa)Shxa)] ;= 55} AY (6. = vi 231 =)
—{[t°Sr(v)Sh(xs)],, — 5} AMxs — V), (2.7)

P o—

= {[Sr(x1) S} (x2)t°Sp (x2)Sk(x3)],; — 16} A <§17X1 2 X3 — X2>
—{[Sr(x)SE(v)e],; — 15} AMxp — V), (2.8)

Go [53,5152;W,X1,X2,X3} ;

= {[Sr(x1)Sh(x2)t°Sp (x2)Sk(x3)] ,; — 15} C(&, %3 — Wi €160, %1 —%a) . (2.9)

In these functions, the Wilson lines are defined in the standard way as the path ordered
exponential of the semiclassical gluon field a; (z7,x) of the target in a covariant gauge:

Sp(x) = P9/ dvittaa @t x) (2.10)



where t* is the SU(N,) generator in the fundamental representation, indicated with the
subscript! F. Moreover, in the above expressions, A%(x) stands for the standard non-
Abelian Weizsacker-Williams field, which accounts for a single emission:

1 2

2.11
2rx2’ ( )

Al(x) = —
On the other hand, A%(¢,x;x,y) is the modified Weizsicker- Williams field, responsible for

two successive emissions, whose explicit expression is written as

i _ 1 £a’
A& xx,y) = Ty (2.12)

Finally, we have introduced the Coulomb field which accounts for the instantaneous emis-
sion, defined as:

1 §
2m)% €x? + xy?

As mentioned earlier, the partonic cross section Eq. (2.1) is formally defined as the

Cl&xxy) = ( (2.13)

expectation value of the number operator in the outgoing wave function. This expectation
value can be calculated in a straightforward way from the action of the creation/annihilation
operators on the outgoing wave function given in Eq. (2.4). The resulting cross section is
then averaged over the configurations of the target field a~ (27, x). We denote this averag-
ing procedure by (- - - ), ,, since it introduces an implicit dependence on x ,: the longitudinal
momentum fraction of the gluons in the target wave function. The result is organized in
the following way:

deA—>qqg+X
2m)) —————— = g2g> 276 (p k)
(2" d3kyd3kad3ks k* * Z

X (Ioq+ Igg + oo + 204q + 21cq + 2—706>m : (2.14)

Each contribution in Eq. (2.14) can be studied separately.

Let us start with what we call the ‘quark-quark’ contribution Iy,, corresponding to a
gluon emission from the quark (leftmost panel in Fig. 2.1) both in the amplitude and in
the complex conjugate amplitude:

o 3
(Igq)ws = M«?q)\ i (537 Z) /W/ il;[l/)(ix; ki (x

ATy =27 =300 (v = P = o (v 2~ )

<T1"{QT {537? V/>X/17X/2>X§} x/Qq [§3,2;V,X17X2,X3]/\} >xA : (2.15)

4In the intermediate steps of the calculation, relegated to the appendix, one will encounter Wilson lines

where the generator is in the adjoint representation. These are indicated with the subscript A.



where the function Mg‘;‘ s the product of the v — ¢q and ¢ — qg splitting functions,

defined in Eq. (2.6), and reads
ANsii 52 _ 1 AN * 52 AN 52
MON (53,53) 3 V(& ) ol (53) U (&) gg<g3) (2.16)

It can be evaluated explicitly by using the expressions in Eq. (2.6), yielding:
ANsan! 52 — (2 2 52 777 SAN
MY (5,5) G+e)+(1- 5)}5 5
& §2 £ T AN
2— = — 2&3) e M . 2.17
&3 ( 53) (1=26) 217)

The color trace in Eq. (2.15) can be performed by using the explicit expression of the
function G,, given in Eq. (2.7), and using the Fierz identity

. 1 1
tagtor = 3 <5aA5ﬁa - ﬁcf;aﬁ%x) - (2.18)

The result of the color algebra can be written in a convenient way by introducing the
following functions

W1(X1,X2;Y1,YQ‘Z1,Z2;V1,V2) = Q(x1,%X2,¥1,y2)Q(21, 22, V1, V2)

— s(x1,%2)s(2z1,22) — s(y1,y2)s(v1,v2) + 1, (2.19)

Wa(x1,%2|y1,y2;21,22) = s(x1,%2)Q(y1,y2, 21, 22)
— s(x1,%x2)s(y1,y2) — s(z1,22) + 1, (2.20)

W3(X1,X2;Y1,Y2) = Q(x1,X2,¥1,¥2) — s(x1,X2) — s(y1,y2) +1, (2.21)

where the dipole and the quadrupole operators are defined as

s00,¥) = - T[SrC)SHY)]

[

Qx,y,u,v) = NiTr[SF(X)S};(y)SF(u)S}(v)] . (2.22)

[



The final expression for the I, contribution to the partonic cross section is:

I _ ]Vc2 5\5\’;1777 z (x)—x%;)
< QQ>$A - 2 qu §37
XX}
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[ W3 (31325 X, X432, 33 5, ) — W (31, 33, ) |

1

NZ

A _51 bY / /,51 / /

XA 537X3_V,77X1_X2A 3, X3 —Vi=,X] — Xy
&3 &3

1
N2 W3 (X17X3a X37 ,)}

- [Wz(X1,X2|X2,X3;X§,V/)
x AN (53,X3 -V ?ﬂil = X2)A;\/(X§ )
3
1
NZ

X AS\(Xg - V)A:\/ ({3,){% - v’ 2 x| — x2)

— [WQ(X,Q,XHV,Xg;Xé,XIQ) — Wg(V,Xg;Xg,Xll)}

(1 — i) W3 (v,x;;;xé,v’) AS‘(Xg — V)AS‘,

N2 (xh — v’)>mA : (2.23)

The second contribution to the partonic cross section Eq. (2.14) is the ‘antiquark-
antiquark’ term Igq, corresponding to the emission of the gluon from the antiquark (see the
middle panel in Fig. 2.1) both in the amplitude and in the complex conjugate amplitude.
It reads:

(e =5 (6 2) [ TT [ etoton

Tixa — ) AT (5 — 16D (v — Py — B3 )s@ (v — 2yt _ By
X AT = x2) AT (x5 XQ)(SZ(V §1X2 €1x3>52(v &1 %2 &1 )

t 53 A | N 5 . A

Tr g glva V,X1,X9,X3 glj fl,T,V,XhXQ,Xg . (224)
5 51 TA

In order to arrive to the explicit expression of the antiquark-antiquark contribution, one

computes the trace over color indices and performs the color algebra by using the explicit

expression of the function Gz given in Eq. (2.8). The result can be written in terms of the



functions defined in Egs. (2.19), (2.20) and (2.21), and reads:

N2
(ighes = 5 Moy (60 2) [ ] / el

X Aﬁ(x3 _ XQ)Aﬁ/ (X:/3 _ X/2) 5(2) <V _ @XZ 53 >5(2)( / 52 / 53 />

&1 & 62 4
1
X <|:Wl (X17X2;X/27X/1‘X27X3;Xi°,7XIQ) - WW3(X17X3;XZ‘%7X1)i|
x A (fl,xl —v; é,x;g — X2).A:\/ (fl,x'l —v'; é,xg - X/Q)
&1 &1
1
- [Wz(X27X3|X1,X2;V,,X/1) - WW3(X17X3;V/7X,1)}
X A’_\(ﬁl,xl -v; 5%37X3 - Xz)A
31
— [WQ(Xé,X’2|X'2,X’1,X1,V) — ng(xl,v;xg,x'l)}
X AS‘(xl - V)A;\/ ({1,X’1 — v/ ?,xg - X/2)
1
1 5 ¥
_ <1 - W> Wi (x1,v; v/, x]) ANxy — v)AN (x] — v’)> : (2.25)
c TA

N

Similarly to the quark-quark contribution, the function /\/l encodes the products of

the v — qg and § — gg splitting functions:

)\)\ $777] (5 é2> _ l‘l,g\’*(&) [_gbzg/’*(gj)} \IIA)\(fl) [ Sry <Z)} ;

= M (& ,52) . (2.26)
Note that, due to the charge conjugation symmetry on the cross section level, MM i’
can be obtained from qu i’ by swapping the quantum numbers of the quark and the
antiquark. Alternatively, we can calculate it using the explicit expressions of the splitting
functions given in Eq. (2.6), yielding:

MR (&1, ?) —(@+&) 1+ (1- ?) 57752

Z (2 — g_j)( 251)67777/65\5\/ . (2.27)

The next contribution that we consider is I3, corresponding to the emission of the
gluon from the antiquark in the amplitude and from the quark in the complex conjugate



amplitude, or vice versa. This term can be written as:

(Lg)a, = MONTT 51,52/ H/ i)

% Aﬁ(X?, o X2)Aﬁ (x/l _ X/2) 5(2) (V — ?XQ — §—3X3)5(2) <V’ _ gxl gz />

<T1f{gT {537 ? v/, X, X5, Xé} x/Qq {517 Z’; V, X1, X2, X3] A}>IA : (2.28)

As in the previous two cases, to evaluate this contribution we use the explicit expressions
for the functions G, and Gg, given in Eqgs. (2.7) and (2.8), respectively. This yields:

N2 Y\ -7 3 Sl
(Igg)os = 70M2$ i (51,52)/ H/ etk (x;—xi)
vV =1 X

x AT(x3 — x2) A (x] — x4) 6 (v _& Xo — §x >5(2)( &1 X! & />

&1 &1 53 &
1
([ ot 305 X 2, 33 X5, X0) = 05 W (31, 533 X5, %)
C
b 53 N /. 51 / /
XA fl,xl X3—X2A §3, —Vi=,X1 — Xy
51 &3

1
— [WQ(X17X2|X2,X3;X§,V/) - WW3(X1,X3;X§,V/)}
C

X Aj‘(&,xl -V g),xfs - X2>A5‘,(X§ —v)

1
— [ W (xh, [, 53 31, v) = 5 Wi o, i ) |
x AMxy — v) AN (53,x3 —v/; 2 x| — x’2)
1 by N
+ [W4(X1,V§X§,V/) - WW:% (X17V; Xéavl):|A)\(X1 - V)AA (Xé - V,)>IA )

(2.29)

where we have introduced a new function Wy (xl, X2;¥1, yg) corresponding to the following
combination of dipole operators:

Wy (x1,%2;¥1,¥2) = s(X1,X2)s(y1,y2) — s(x1,%2) — s(y1,y2) + 1. (2.30)
The product of splitting amplitudes Még " for this contribution is:
' 3 Moz §2
M ™ (61,62) = g”(gmzié)@§@>[¢gggy (2:31)

and reads, when computed explicitly:

A)\ i’ (£1,&) = (fl + &3 — 2,5153) (2 — 5_72 — @)55\5\/57777/

& &
&G -&)? AN
e T . (2.32)

~10 -



The next step is to compute the contributions stemming from the instantaneous split-
ting of the photon into a quark, an antiquark and a gluon (rightmost panel in Fig. 2.1). Let
us start with the I¢c contribution, which corresponds to the instantaneous splitting both
in the amplitude and in the complex conjugate amplitude. This contribution is written in
terms of the function G¢, defined in Eq. (2.9), and reads

(Icc)ea = Moc(&1,62) / / i b)) (w — €3;) ) (w' — €ix])

X <Tr{QTC {537 §16a; W', X, X2,X3} Ge [53, 1825 W, X1, X2, X3] }> - (2.33)

TA

After performing the color algebra, one obtains:

N2
(IoC )aa = ;MCC(§17§2)/ / e i) 6) (w — &%) 6@) (W' — &%)

1
— W3 (x1,X3: X5, X >
Nc2 ( ) ) >3y 1) -

x C(&3,x3 — w; &2, x1 — X2) C(&3, x5 — w3 £1€0, %] — x5) . (2.34)

/ / / /
X <W1 (Xl,Xg;Xz,Xl‘XQ,Xg;X:s,XQ) —

The product of splitting functions for the Io¢c contribution reads

Meo(n,6) = 50X (€1, 6)pl(6,6) = 515253(5 512)- (2:35)
1 3

The remaining two contributions that need to be computed are (Icq )z, and (Icg)a,,

corresponding the interference between the gluon emission from the quark resp. antiquark
in the amplitude, and the instantaneous splitting in the complex conjugate amplitude. The
first one is given by:

(Iog)an = MCq &1, &) / H/ etk (i =xi) 5(2) <v — éx1 - ?X2>5(2) (W' — &%)

x A"(x; — XQ)<T1‘{QTC [5375152;W/7X’17X/27X§}gq {&’” g;v’xl’XQ’x3]/\}>xA ‘

As in the case of other contributions, using the explicit expressions of the functions G, and
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G and performing the color algebra results in the following expression:

(Icg)es = N 51752 /W H/ otk ()~

x AT(x; — x2) 0@ (V - gflxl - ixz) d (W' — &x))
3 &3

1
N2

C

X A’_\<£37X3 -V g,m - XQ) C(&3, x5 — W' €16, X) — X5)

x ([ W (et 303 5, 32, 35, X5) — o5 Wi (1, X X5, X4 ) |

1
N2W (v xd,x3,x1)}

X AS\(Xg — V)C(§3,X3 —w&6,x) — x’2)>“ , (2.37)

— {Wg(xéjxﬂxg,xé;v,x;;)

with the product of splitting functions M)(}Z equal to

MC’q(§1752) *%sf "(61,£2) U3 (&) m(Z) = 162636V (2 §2§3> . (2:38)
3

Finally, the last contribution (Icg),, is written in terms of the functions Go and Gg

as follows:
(Icq)aa = 51,52 / H/xx gt (=) (2)<V—ZX2—§—_1 )5(2 (W' — &%)
X Aﬁ(xg — Xo) <T1r{gzj [&;,fﬁg;W',Xﬁ,Xé,Xé} Gq [51, g—j;v,xhx%xgr‘}>m ’
(2.39)

and yields, after performing the color algebra:

(Icg)aa :]\; 51752 /w H/xx i+ (] =)

x A(x3 — x2) 5(2)( - 2){2 - Z)XS) 5@ (W’ — fzxg)
1

N?
X A’_\<£17X1 - V; ?,X?) - XQ) C(&3, x5 — W' €16, X — X5)
1

([ (31, 23 5, ) [ k2, X3 X5, XD) = 25 Wi (31, X35 %5, X1) |

1
N2W (Xl,V X3,X1)}

X AS‘(xl -v)C (53,X3 —w&6,x) — X’2)>“ , (2.40)

— {Wg(xgjxﬂxé,xﬁ;xl, )

- 12 —



where the product of splitting functions Méﬁq is:

Méﬁq(&,&) 190?2*(51752) (&) [_ ¢Z'ﬁ§(€?2)}

8 g
_ o (& &€
= —&16583 6™ (5—3 + 5%> . (2.41)

Let us summarize our findings for this section. The partonic cross section for the
photoproduction of a quark, an antiquark, and a gluon, is given in Eq. (2.14). Each
contribution to this cross section is calculated separately and the final results are given in
Egs. (2.23), (2.25), (2.29), (2.34), (2.37) and (2.40). As we would expect from the charge
conjugation symmetry of QCD, the result is fully symmetric under the exchange of the
quark with the antiquark.

Finally, the photoproduction cross section in ep or in eA collisions, or alternatively
in ultra-peripheral pp or pA collisions (UPCs), can be obtained in a very straightforward
way from the partonic cross section by using the equivalent photon approximation. This
approximation consists in simply convolving the partonic cross section with the relevant
photon flux fe,P,A%’y (ya /’L2):

gOPATA=eIgHX /dy a—VA_)qqurX(y)fe,p,A—yy(y:M2> , (2.42)

where y = P-p/P-{ ~ p* /¢* is the longitudinal momentum fraction carried by the photon
(with ¢# the momentum of the photon source) and where u? is the factorization scale. For
example, if the photon source is an electron, the real photon flux fe_ (v, ©?) is given in
the well-known Weizsécker-Williams approximation by the formula [22]:

zza(1+(1—y)21 =y o oo i_l—y> 543
fe%w(yv:u ) 27_‘_ y n mgyg + mey(MZ mng) ) ( ‘ )

where m, is the electron mass and « the fine-structure constant.

3 Correlation limit and gluon TMDs

In recent years, there has been a lot of activity in the study of gluon TMDs from CGC
calculations. In Refs. [6], it was shown that the dijet production cross section in forward
pA collisions can be written in terms of gluon TMDs, in a specific kinematic limit that
is referred to as the correlation limit. In these specific kinematics, the total transverse
momentum of the produced pair (~ |kj + ko|) is assumed to be much smaller than the
typical momentum of the jets (~ |ki| ~ |ka|). In such a situation, the produced jets fly
almost back-to-back in momentum space, which in coordinate space corresponds to a small
transverse distance between the produced jet pair, usually referred to as the dipole size.
Recently, the correlation limit of three final state particles (two jets and a photon)
has been studied in Ref. [19]. In this configuration the total transverse momentum q, =
ki + ko + k3 is again required to be much smaller than the individual transverse momenta
of the produced jets (ki, ki, ks). In contrast to the production of two final state particles,

~13 -



these kinematics allow us to identify not one but two small transverse sizes in coordinate
space.

Let us turn to our process, and identify the small transverse sizes around which we can
perform a Taylor expansion. These sizes are not necessarily the same for each subprocess,
and can be identified by inspecting the denominators of the structures Eqs. (2.11), (2.12)
and (2.13), which appear in the functions G,, G and G¢ defined in Egs. (2.7), (2.8) and
(2.9), respectively.

Firstly, let us consider the function G,, Eq. (2.7), which is a part of the amplitude
where the final state gluon is emitted from the quark. In the correlation limit, the small
transverse distance for this contribution appears to be

rg=x;—Xp and rjg=X3—V, (3.1)

where r, is identified as the size of the dipole formed by the final quark and gluon, and
where rg is the dipole size of the final state antiquark and the intermediate quark. With
the help of the delta function §(2) (v — %xl — %xz), which accompanies the function G,
in the outgoing photon wave function Eq. (2.4), we can substitute the coordinates x1, X3
and v in favor of the above defined dipole sizes:

X| =X + Iy, X3:X2+§_—1rg—|—rq, and V:X2+§rg. (3.2)
&3 €3
The small-dipole expansion of G, is then straightforward, and reads:
gq |:£3a§1;x27rgvrqi|cx = {[akSF(XQ)]S;‘(XQ)tC} ,,ch -’45\ (53»1'6% é;717[.!]) (33)
€3 ij ij 3
c t é E X . é k| gX . é;l ANy
+ {t SF(XQ)[akSF(XQ)] }z’j{gg T A (53,rq, 53,1'9) + 77 [A (53,rq, 53,1'9) A (rq)}} )

where we have used that [6kSF(X2)]S}(X2) = —Sp(x2) [akS}(XQ)].
Likewise, the dipole sizes appearing in the function Gz, Eq. (2.8), which corresponds
to the emission of the final state gluon from the antiquark, are:

rg=x3—Xp and ry=Xx;—V, (3.4)

where r, is the dipole size of the final quark and the intermediate antiquark, and where in
contrast to the previous case ry is dipole size of the final gluon and antiquark. Taking the
delta function §(2) (v — %Xg — g——“’){3) into account, which accompanies the function G; (see

&1
Eq. (2.4)), the transverse coordinates can be written as:

X3 =Xg + 7Ty, xlsz—i-g—?’rg—i—rq, and V:X2+§3r9. (3.5)
1 1
The Taylor expansion of G5 then yields:
§3 cA c A 3
Gg [51, a; X2,Tg, rq} y ~ {t Sr(x2) [8kS}(x2)} }ij 7"’; A (517 ry; 5_—1, rg) (3.6)
BENES A & A &3 X
+ { [8kSF(X2)]S}(X2)t }U{g 7“]; _,4>\ (fl’ ry; g, I‘g) + ’l“';; |:.A)\ (517 ry; g—l, I‘g) — Ak(rq)i| } .
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Finally, the small transverse sizes that appear in the function Go, Eq. (2.9), corre-
sponding to the instantaneous emission of the quark-gluon-antiquark from the incoming

photon, are:

1
ry=x; —xp and r;= g(Xg -—w), (3.7)

with r, the transverse size of the final quark-gluon dipole, and r; the size of the dipole
formed by the final state antiquark with the incoming photon. Again, rewriting the trans-
verse space coordinates in terms of these dipole sizes we get:

X1 =Xy+r,, and X3:X2+§I‘g—|—1‘q. (3.8)
3
Then, the Taylor expansion of the function G¢o reads

Go 51752;X2,1°g,rq}:j ~ (7"];{[3kSF(X2)]STF(X2)tC}ij (3.9)

# Sk ot (e 5L}, ) €6 irg ary)
With the small-dipole expansions of the functions G,, G5 and G¢ at hand, we are now ready
to compute the correlation limit of the partonic cross section Eq. (2.14).

Let us start with the I, contribution, given in Eq. (2.15). Using the change of variables
that are introduced in Eq. (3.2) both in the amplitude and in the complex conjugate
amplitude, as well as the Taylor-expanded expression of the function G, given in Eq. (3.3),
we obtain the following result:

No  sy/-
(o = = ME (6. 2) (3.10)

« / a0 (T 57:(x)) [0, 064)] i (3e2) [ (x2)] } )

TA

[ At e a7 ()
rgryrary

(A ome L)) (2 (o 2
)

( ? AN <§3,rq, é,l@) + rfj [Aj‘ (5371":7; 2#@) - A;\(rq)] ]

< (g 2 AV (&, 1% g,r;) AN (& xl 2 r)) - AV ()] )
(B E s S A ) )

&3 &3
(8 () AW o) 0] ]

where the combinations of transverse momenta q, and Q are defined as

ar = ki + ko + ks,

&1

Q=h+£k% (3.11)
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and are ordered as |qr| < |ks|, |Q|, corresponding to the dipole sizes to which they are
conjugate being ordered as [x3|, [xa| > [r}], [ryl, [r], [rz]. The integrations over the dipole

sizes ry, ry,, rg and r factorize from the Wilson line structure, and can be performed with

g7
the help of the follovvlng two integrals®:

[ n ey e S,
rgrg 53

k/\ 1 B Qan
= — (0" =2 3.12
k2 Q2 + cok3 ( Q2+ cok2> (3.12)
and
/ e AT TSI AT () 1g [AX (53,1“@; 2*9) - Aﬂ(rq)}
rgrg ~
Q" 1 N k:’\k:i
—_— (-2, 3.13
'@ k2+c1Q2( k§+c01(»22> (319
where we introduced
&1&2
co =212 3.14
€33 (314
Using the results Eqgs. (3.12) and (3.13), Eq. (3.10) can be simplified to:
Ne v (7. €2 MV
<Iqq >ZA = _7 qu o (5 ;?) [ ]Zj R (315)
[ e T ) [958 ()] Se (o) [0Se ()] )
XaX) TA
where the hard factor is defined as
[Hyg | 2 = 109k, o, Q) TV ke, 0, Q) (3.16)

I R L R ) N R R L C)

_L (521_[)‘171[1(3,00,(2] Hﬁ;ii[Q,cal,kg]] [?HA’n][kd,Co,Q] Hn )\][Q7CO 7 ]] 7

&3
and Where we introduced the compact notation:
%% [p, ¢ == —— " -2—]. 3.17
[p7 0 q] p2 q2 + COp2 < q2 + Cop2 ( )

The crucial observation is now that the remaining integrals of x2 and x5 in Eq. (3.15), over
the Wilson line structure, are nothing but the small-z limit of the so-called Weizsacker-
Williams (WW) gluon TMDs® (see e.g. Ref. [12]):

o s o51 ) 05 ) )

TA

1(1 ...
= —g2(2m)* = [waw(xm ar) +

1|9 (QqTQT—yj)HWW(*TAaQT)} . (3'18)

2\" g2

®The derivations of these two integrals can be found in [19].
®Note that in our earlier work, these TMDs are usually written as .7-25?) and Hé‘?.
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(3)

In the above, .7-"9(3) (4,4qr) is the unpolarized Weizsécker-Williams gluon TMD, and Hgg (4, q7)

its linearly polarized partner. Substituting Eq. (3.18) into Eq. (3.15), we can write the final
result for (I, )., in the following TMD-factorized form:

i (g, €2 AN st
<Iqq>wA = cgg ™ qu L (&’)75 ) [ qQ]z‘j "

X [;yijW(xA; ar) + %(2%# - 6ij)HWW(xA7qT):| . (3.19)
ar

Let us now calculate the correlation limit of the (g5 ),, contribution to the partonic
cross section, which corresponds to the gluon emission from the antiquark both in the
amplitude and in the complex conjugate amplitude. The calculation is straightforward
and can be performed following the same steps as in the previous case. Equivalently
however, we can circumvent the calculation by observing that, since QCD preserves C-
parity, (g5 )z, has be equal to (Iyq )z, after exchanging the quark with the antiquark. In
our notation, this corresponds to exchanging 1 <+ 3, as well as swapping the relevant color
indices (note that, with the introduction of the products of splitting functions M, the spin
indices are already contracted). Hence, we have:

)\)\ 777 (51’612) 163 M)"\l 77 (5,§2> 7

S &3
cA 143 cA
gq |:£17§ XZargarq] H gq|:€3a§ X2argarq:|] )
6iqT'(X/2—X2)+ZQ’(I'g—rg)"‘lki‘s'(rq_rri) 23 equ-(XQ—X2)+1K~(rg—rg)+ik1'(rg—rq) , (320)

where the new combination of transverse momentum K is defined as

K=k3+ 23 ki, (3‘21)

and |qr| < k1| ~ |K|. Thus, one can immediately write down the following result:

(Tden = e 00 3) = Mo 2 M (1, ) 1 7

1 .. 1/ did’ »
507 Fww(zasar) + 5 (2‘1(% — 5@])%WW(;UA, qT)} , (3.22)

T

where the hard part is defined as

[Hag] 2 = [Hyg] 2™ (1 65 3) = IV [k, &, K] TIX 9k, 7, K] (3.23)

[23 ke 20, K]~ IPK 7 Ja)) (S0 k0, K] - 07K, 25 k)
1

1 _5 =1\ 5
_ (?Hw[kl,ch] + TN K, egl,kl]] [?HA Tk, 60, K] + TA[K, Eal,kﬂ] )
1

with & = ¢o(1 > 3) = §2§3
1
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The interference contribution (/ly5),, originates from the gluon emission from the
antiquark in the amplitude and from the quark in the complex conjugate amplitude, or
vice versa. The small transverse dipole sizes that appear in this contribution are given by
Egs. (3.2) and (3.4). When written in terms of these new variables, this contribution takes
the following form:

<Iq(j >x _ )\)\ N (§1’£2)/ eiqT~(x’2—x2)+iQ~r§]+ik3~r%—iK~rg—ik1.rqAﬁ(rg)Aﬁ/(r;)
x2xérgrgrqr%
N A
< (e gfes. Sixdrry] 6o Loxargr,] ) (3.24)
5 91 {1 TA

After introducing the expanded expressions for the functions G, and Gz given in Egs. (3.3)
and (3.6), respectively, one can easily perform the transverse integrals. The final expression
for the (I,g)z, contribution in the correlation limit reads:

N N7
(Tog)as = Neg?m® MY ™ (€1, 6) [Hyq] 1 "

<3 Fnenan + JCEE - enan] 629
where the hard part is equal to:
[Hgq) fj’;ﬁﬁ’ — Vi [ks3; co, Q] (?j T [ky; 0, K] — Y [K;éalykl]) (3.26)
(B g0, Q) = 0 Qg ] ) TP e, K
+ % [?HA M1k, o, Q] + 17 [Q; gl,kg]] (?HW [ky; 0, K] +H’73XJ'[K;EO_1,k1}] .

We can now continue with those contributions to the cross section that include the
instantaneous emission of the quark-antiquark-gluon final state from the incoming photon.
The first of these contributions is (Ic¢ )z ,, corresponding to the instantaneous emission
both in the amplitude and in the complex conjugate amplitude. After introducing the
change of variables given in Eq. (3.7), and using the expanded expression of the function
Ge, Eq. (3.9), (Icc )z, can be written as:

(Icc ey = —]\;CMCC(&,&)/ , eiqT'(xé_x2)<TY{5F(X/2)[ajS}(Xé)]SF(Xﬂ[aiSF(X2)]}>

X2Xo TA

X/ eiQ‘(rl rg) +iks-(r (53){3 q7§1£27 9) (537531‘(7;51§2,I'g)

"
gTaly

1
(o) ve g o) o

The integrals over the dipole sizes rg, r’g, rz and r’q can be performed thanks to the following

q

expressions
/ e~ 1Qry —iksrg réc(&,&s rq;&&?rg) - g 53 - Hmﬂ [cho k3],
rgrg
/ e QT ~iksTg rhC(&s, &arg; £160,1g) = ———= 11" [k3;¢0, Q] - (3.28)
rgrg €3£3
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Finally, one obtains:

(Icc Yoy = Nega ™ Mec(é1,62) = [Hcc]ij

5353
< L6 Fopun (20 an) + 1(2M 59 ) M (.0, ar) (3.29)
2 ) 2 q% b )
with the hard part equal to
1. _
[HCC]i- = ?H7kk [Q;Col,kg] ]kk [Q?co 9 ] (330)
0

(SZfan Q] T e Q) (ST Q1 ] 174 0, Q)

£3€3 _ : £33 . _ ¥

- ( ‘ % ikk [Q7 0 1’ k ] Hl,kk’ [kg; co, QD [?H],kk [Q, ¢ 1, k3] _ H]Jﬂc [k3; co, Q]] )
The last two contributions to the cross section are the terms with the instantaneous

emission in the conjugate amplitude, and the gluon emission from the quark resp. antiquark

in the amplitude. Their calculation is completely analogous to the previous cases, and for

(Icq )z, one obtains:

ey)en = Neg?w* MY, (61.62) = [He]})
%5iﬂ'fww(mA,qT) + ;(2%? - 5ij)HWW(xA,qT)] : (3.31)
with
[He,)) = ! HA i [ks; co, Q) TR [Q 5!, k] (3.32)
N (?Hx;m‘ [ks; co, Q] — I17% [Q;cgl,kg}] [fz&)’ﬂl Qi 5" ks] + T kg co, Q) )
L e )1 ) (B ] k)

Likewise, the result for (Icg)s, is:

<ICt7 >xA - Cgs 7'[' (51752) S g. [ch]
1. 1 .
X |:2($Z‘7.FWW(:I:A,qT §< TqT 523>%WW(-TA7CIT):| 9 (333)
where the hard part reads:
g = (S0 Queg k] + 9 ey, Q] ) 1P ey, K] (3.34)
“ 53 Co

e rae)
1

RS (Hﬂ'v’“’“[kg;ce;q] ) | S SER SRR
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Combining all separate contributions, we reach the main result of this section, i.e. the
TMD factorized expression for the photoproduction of three jets in the correlation limit at

low-z:

9 dog7A—49q9+X

—_— - = == 2 5 + - k+ H t.(.)tal 335
d3k1d3k2d3k’3 T (p Z 1 )[ ]z] ( )

corr. limit i=1

(2)

1 .. 1 i o) .
X |:25Z]]:WW($A7C1T) + 5(2% - 52])HWW(xA7qT):| )

T

where Fiyw (4, qr) and Hyw (24, qr) are the unpolarized and linearly polarized Weizsécker-
Williams gluon TMDs defined in Eq. (3.18), and where the hard factor is found to be:

[H]Fc?tal — N.g2gn® 1 { )\)\’ 7 (5 7572)[ qq]A/\ s’ +Mrm AN <£ 7@)[ ﬁ‘;\’;ﬁﬁ’

i k* + &3 & ij
+2MZ§“”’ (51,52) [Hyq ]M M4 Mee(, 52)515 [Hoel,,
353
+2 Mey(61,60) e [Hoy ) + 2 Mog(6r.) o [Feq] '} (3.36)

The explicit expressions of the products of splitting functions and of the hard factors
are given in Eqs. (2.17)-(3.16), (2.27)-(3.23), (2.32)-(3.26), (2.35)-(3.30), (2.38)-(3.32) and
(2.41)-(3.34).

4 Numerical study of the cross section in the correlation limit

In this section, we will further study the cross section in the correlation limit, using both
analytical and numerical models of the gluon TMDs in the target proton.

Before doing so, let us make some estimates of the relevant phase space for our process.
Photoproduction can take place as the low-Q? limit of deep-inelastic lepton-proton/ion
scattering, for instance in the future Electron-lIon Collider, or in ultra-peripheral collisions
(UPCs) involving protons or heavy ions. Let us denote our process as I(£) + A(pa) —
q(k1) + g(k2) + @(ks) + X, with A the target proton or ion, and where [ the source of the
real photon flux; either a charged lepton, either a proton or ion. The momenta of the
photon source and the target are:

(=(¢*,07,0) and p,=(0",p,,0), (4.1)

hence the center-of-mass energy is equal to s = (£ + p4)? ~ 2¢*p,. The four-momenta, of
the real photon p and the gluon k are then given by

p=yl=(y(t,07,0) and k= (0", k] +ky +k;, ki +ko+ks), (4.2)

and the value of z reached in the experiment is:

&S & &

a:AZk_=1<k%+k%+k§).

= (4.3)
Pa
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It follows that for realistic EIC center-of-mass (c.o.m.) energies y/s ~ 100 GeV, and for
values of y as large as possible, demanding that < 1072 means that the transverse
momenta of the jets should not exceed 3 GeV. On the other hand, in ultra-peripheral
proton-proton or lead-lead collisions at the LHC one is able to reach c.o.m. energies of
the order of \/s ~ 3TeV and /s ~ 7- 102 GeV, respectively (see e.g. Ref. [26]). In such
collisions, values of  down to  ~ 1072 —10~* are attainable, with transverse jet momenta
of more workable magnitudes |k;| ~ 10 GeV.

For these kinematics, it is a reasonable choice to use the nonperturbative McLerran-
Venugopalan (MV) model [13] to estimate the gluon distributions inside the unpolarized
nucleus or proton. In the MV model, the unpolarized and linearly polarized Weizsacker-
Williams gluon TMDs read [6]:

Fivw (i, q2) = 2LF /erO(MTr') <1 _effc.?igln(l/rm?)) 7

ogmd r
S.C J r _202 In(1/r
M () = S8 [ g 20T (1—e T/ W)) - (4.4)
s "R

In the above formulas, S| is the transverse size of the proton, and A is an infrared cutoff,
which we take to be Aqcp ~ 0.2GeV). Furthermore, Q4 is the gluon saturation scale for
which we choose the value Qs; = 0.6 GeV for z = 1072 [11, 12]. A factor e is added inside
the logarithms to guarantee the convergence of the expressions Eq. (4.4).

With these expressions at hand, we plot the logarithm of the differential real photon-
proton cross section in the correlation limit, Eq. (3.35), but expressed in slightly different
variables and with the overall azimuthal dependence integrated out:

: dO_'yAﬁqqg+X
n d912d9321'[id&d\kz‘|

(4.5)
corr. limit
In the above, the angles #12 and 35 are defined as in Fig. 4.1. We present the result in
Fig. 4.2 for the choice |k;| = 10GeV and & = 1/3 with i = 1,2, 3, and using the WW
gluon TMDs introduced in Eq. (4.4). Since our calculation is valid in the correlation limit
lar| < |ki| ~ 10GeV, the maximum value of ¢, where our calculation can be trusted
is estimated to be ¢r max = V10 GeV, and is illustrated by a black dashed line. Note
that we choose to normalize the cross section by its maximal value over the kinematic
range, so that we are not sensitive to prefactors such as S,. For illustrative purposes,
we separately plot the contributions to the cross section from the unpolarized and from
the linearly polarized gluon TMDs. Since the amplitude of the latter is several orders of
magnitude smaller than the former, its contribution to the total cross section is almost
negligible. Nevertheless, as is clearly visible from the plots, the contribution from the
linearly polarized gluon TMD exhibits azimuthal modulations, which can be exploited to
extract this TMD experimentally (see e.g. Ref. [23]).
Furthermore, in Figs. 4.3 and 4.4, we show the nonlinear low-z evolution of the cross
section. For this, we make use of the results of Ref. [12], in which the numerical JIMWLK
evolution of different gluon TMDs was performed, including the unpolarized and linearly
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Figure 4.1. Definition of the angles, in function of which we plot the cross section in the correlation
limit.
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Figure 4.2. The cross section in the correlation limit. The limit of validity is demarcated by the
black dashed line.

polarized Weizséicker-Williams distribution. Its initial condition is a numerical implemen-
tation of the MV model, which slightly differs from the analytical one in Eqs. (4.4). Once
again, we identify the starting point of the evolution to be x = zq = 1072 with an asso-
ciated saturation scale Qs; = 0.6 GeV. The evolution is performed to values of z ~ 1073
and x ~ 10~4, with corresponding saturation scales of Qsg = 0.86 GeV and Q4 = 1.5GeV,
respectively [11, 12]. Clearly, the peak of the cross section around ¢, = 0 broadens quickly
with the evolution, which is expected from the behavior of the saturation scale ()54 around
which the gluons inside the target are distributed. Likewise, the angular modulations,
which appear in the contribution to the cross section from linearly polarized gluons, are
suppressed and pushed further away from the center at g; = 0.
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5 Weak-field approximation in the CGC and the HEF limit

As is well known, the high-energy factorization (HEF) framework is compassed within the
CGC formalism, and can be extracted by performing the weak-field approximation for
the gauge fields of the target. In this limit, the Wilson line structure in the amplitude
and in the complex conjugate amplitude should be expanded to second order in powers
of the background field o (z*,x) of the target. However, the structure of the functions
Gg, Y3 and G, which incorporate the Wilson lines at the amplitude level, ensure that it is
enough to perform the expansion to the first order in powers of the background field since
the zeroth order terms vanish (see Egs. (2.7), (2.8) and (2.9)). The standard weak-field
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expansion of a fundamental Wilson line reads

Sp(x)ij = 65 + igs / dattl ap (@t x) +O[(a7)?] . (5.1)

In order to compute the dilute limit of the cross section, we will follow the same strategy
as in the correlation limit, i.e.: we first perform the expansion on the level of the amplitude
for the quark, antiquark and instantaneous contributions, and then combine the results on
the cross section level. To do so, we introduce the reduced quark amplitude

cA

cn/\ H/ —1k; szn Xl —Xg) gq {3, ?;fl}clg—m’xhx%xg . (5.2)
3 3 ]

As is clear from the above expression, we define the reduced amplitude as the regular
amplitude, stripped from the tensor structure of the product of the splitting functions
/\/l/\)‘/“777/, such that, taking the example of the I, contribution to the cross section (2.15):

(Igq)an = MIT™ (&, )<Tr[ "X 7™, - (5.3)
After introducing the following change of variables

&1 &2

1
r =X — X3, bzi(XI—FXQ), X3 = X3 — =X] — =X2, (5.4)

&3 &3

and using Eq. (5.1) for the expansion of the Wilson lines in the function G, the reduced
quark amplitude can be cast into the following compact form:

[74] f}m = igs /

b

e [artagat ) [ = (e et i )
rxs
ayc zr p23—ik3-X3 ayc cia —ir-p13—iks-X3 7 B - . 61
+ | (44%),5 — (1 — 115 e AT(r) A (ﬁg,x;),,?,r)
3

+ (tcta)ij efir-m12+i(k1+k2)'X3Aﬁ(r) |:A5‘(}_(3) _ A;\ (53’ %3 ?7 I'):| } ) (55)
3

In the above expression, q, is the total transverse momentum defined in Eq. (3.11), and
we defined the following combinations of transverse momenta:

pi3 =ki + &1 =ks, pa3=k+ ?ks , Mg = €2k1 - g*1k2 (5.6)
3 3

& &3 &3

In Eq. (5.5) the integrals over r and X3 are factorized from the rest of the expression and
can be performed in straightforward manner. The reduced quark amplitude then becomes:

T = g, [ e [ @t ag @b (5.7)
b
X {(t“tc)ijAA(k@Aﬁ(p%; co,k3) + (£t — t°t*);; A% (k3) A" (p13; co, k3)

+ (tcta)i]‘x&;\(kl + k2) [Aﬁ(mlg) — Aﬁ(mlg; co, ki + kg)] + (tcta)ijA)‘(k;;)Aﬁ(mlg)} ,
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where A*(k) and A*(k;c, p) are the standard and modified Weizséicker-Williams fields in
momentum space, given by:
A k.)\

ANK) = L and  AMk;c,p) =

= (5.8)

k2 + cp?’
and the combination of forward momentum fractions co = (£1&2)/(£3&3) which was defined
earlier.

In a similar way, the reduced antiquark amplitude is defined as

7;1 H A (x3 —x2) Gg &1, X2 + X3X1,X2,X3 . (5.9)
" 86" & ij

Following the same steps as for the reduced quark amplitude, the weak-field limit of the
reduced antiquark amplitude can be computed and reads:

[7&]:}77’_\ = 1gs /be_iqT'b/dzL'Jr a, (z%,b) (5.10)

X {(tcta)ijzzlj‘(kl)jlﬁ(q%; Co, kl) + (tcta — tatc)z'szl)‘( )A (Q31; Co, kl)
(1)1 AN + k) [A7(m135) — AT (s o, ko + k)] + (£49);5 A (ki) A (o) |

with
&3 &2 &3

Q21—k2+§k1, q =ks+ ki, m3p = ks — ks, (5.11)
S & & &1

and the combination ¢y = (£2€3)/(£2€1) which was also defined earlier.
Finally, we define the reduced amplitude for the instantaneous contribution:

3 -
= H/ TN G [, 61605 3 — E1x1 — §2X27X1,X27X3]Z\7 (5.12)

X;

which, after the weak-field expansion, takes the following form

[TC]‘?’.}‘ = ig, /e‘iqT'b/d:E”La;(:EJ’,b){(tatc)ij C(&3, E3pas; E160, k) (5.13)
b

ij
— (¢ — 1°4%);5 C(&3, E3prs; €162, k3) — (1°17);; C (&3, E3miz; E160, Ky + k2)} ,

where the different combinations of transverse momenta pi3, pog and mys are defined in
Eq. (5.6). The function C(&3,&p; €162, k) is the Fourier transform of the Coulomb field
defined in Eq. (2.13) and reads:

&
&p? + &16k?

We will now use the explicit expressions of the reduced amplitudes in the weak-field
limit: Eq. (5.7), (5.10), and (5.13), to calculate the HEF expression for the photoproduction
cross section.

C(&s,6p; 6162, k) = (5.14)
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Let us start with the (I )., contribution to the partonic cross section. Written in
terms of the weak-field expansion of the reduced quark amplitude Eq. (5.7), this contribu-
tion can be cast into the following form:

_ aa’ )\)\’nn )\/\ B1in] &2
(o = 2T WA (6, 2)

% / e—iQT'(b—b/)/dx+dx/+< a( 2t b') (x+’b)>“ (5.15)
bb’

where the Weizsacker-Williams field structure Wé‘q)‘l;ﬁﬁ/ for this contribution is computed

Wi = (Ax(kS) [A7(mi2) — A7(p13; co, k)] (5.16)
+ ANk + ko) [A (1) — A7(my9; o, ki + ko) )
x (A (ks) [A7 (m12) = A7 (D13 o, Ks)|
+ AV (k1 4 ko) [A7 (1) — A7 (m19; 0, k1 + k)] ]
+ (A;\(k?:) [A"(pas; co, k3) + A" (p13; co, k3)] )

[A’\/ k3) [A7 (p23; co, ks) + A7 (p13; co, k)] )
1
- N2

C

[A;\(ks) [A"(pas; co, ks) + A7(my)]
+ ANk + ko) [A7(m5) — A7(mys; co; k1 + k2)] )
x (/Nlj‘l(kg) [A7 (pas; co, ks) + A7 (my5)]
+ AV (k; + ko) [A™ (my2) — A7 (my2; co; ki + ko) ] } .
Using the relation (A.72) between the correlator of gauge fields and the unintegrated gluon
PDF F,/4, we finally obtain:

S a1
<IQQ>90 =TT 92N MM\ i (f 73) WA/\ i qf g/A(CUmCIT) . (5‘17)
The (Igg)z, contribution can be computed in a similar manner. Using the dilute ex-
pansion of the reduced antiquark amplitude given in Eq. (5.10), together with the definition

of the unintegrated gluon distribution, one obtains:

_ 1
(Igg )as = 7262 Ne MO (é ?) W o7 Foraleasar) (5.18)
T
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with the Weizsacker-Williams field structure Wq%)‘ l;ﬁﬁ/:

qu—;‘/;ﬁﬁ/ = [A;\(lﬁ) [A(mg5) — A(q315 0, ki )] (5.19)

Al 4 k) [A7 () — A7 (i 0, Ko + k)] )
< (A (0e0) [A7 (mag) — A7 (s .
+ AY (ky + ks) [A7 (myp) — A7 (mp; G, ko + k)] ]
+ [Aj\(kl) [A"(q215 &0, k1) + A" (qa15 &0, k1) ]
X (fly(kﬁ LA™ (13 20, k1) + AT (a1 €0, Ky )] ]
1

_ m (AS‘(kl) [Aﬁ(miﬁ) + Aﬁ(q21§ Co, kl)]

¢
+ ANk + ks) [A7(mgy) — A7(may; éo; Ko + Ks)] )
X [A;\/(kl) [A™ (m32) + A7 (qa1; 0, k1)
+ /I;\l(kg + k3) [Aﬁ/(mgg) — flﬁl(mgg; co; ko + ks)] ) )
Not surprisingly, the above expression is the same as the one we obtained for the quark-
quark contribution in Eq. (5.16), up to the change of the subscripts 1 <+ 3. Since, as

discussed previously, the functions that encode the product of splitting amplitudes follow
the same rule, we have that

<I(7£7 >1"A = <Iqq >IA(1 < 3), (5.20)

reflecting the invariance of QCD under charge conjugation.

It turns out that the HEF limits of all the remaining contributions, i.e. (Iyg)a,,
(Icc)zas (Icq)za and (Icg)a,, which can be calculated with the help of the expansions
Egs. (5.7), (5.7) and (5.13) on the amplitude level, can be cast in a similar form:

(I )ay= 7_(293 N, (M(&,fg) & W) (:Qfg/A(JEA, qr) - (5.21)

T

where the symbol ® denotes a contraction over all open vector indices. The corresponding
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Weizsicker-Williams field structures W are given by, respectively:
Wé\qy;ﬁﬁ/ = [AX(kfﬂ) [A7(p23; co, k3) + A(p13; co, k)] ) (5.22)
X (A;\l(kl) [A7 (m35) — A7 (q31; G0, k1)]
+ AX/(kz + k3) [Aﬁ/(msz) — A (m3g; &0, ko + k3)] ]
+ (A’_\(ki’a) [A7(m12) — A"(p13; co. k)]
+ ANk + ko) [AT(mys) — A7(my2; o, ki + ko) ]
X (AS‘/ (k1) [A7 (qa13 &0, k1) + A7 (qs1; é0, k1) ]

flj‘(k:a) [A"(my2) + A" (pas; co, k3)]

—

_Fg

+ Ak + ko) [A7(my2) — A"(mya; co; k1 + ko)) ]

X (A’\' (k1) [[1’7'(11132) + A7 (qan; &, ki)

+ A (ky + ks) [A7 (mz5) — A7 (M3 03 ko + k3] ] ’

Wee = (0(5375_31)23; &1&2,ks) — C(&3,E3p1s; &1, k3)] 2

+ (6(537 &3p13; &162,k3) — C(&3, &mua; €162, ki + ko) ] ’

- % (6(53753p23;§1§2, k3) — C (&3, Emun; 6160, ki + kg)] i , (5.23)
Wéz = (A;\(k:ﬁ) [A(pas; co, k3) + A7 (p13; co, ks)] ] (5.24)

X (6(53,531323;51527 ks) — 0(537§3p13;§1€2,k3)]
(AN (k) [A7(m12) = A7(p1s; o, Ks)]
+ ANk + ko) [AT(m1) — AT(myy; o, ki + ko) ]
X (6(53753p13;§1§2,k3) — C(&, &mig; 6160,k + k2))
- ]\22 [Ax(k:s) [A7(m15) + A"(pas; co, k3)|
+ ANk + ko) [AT(m15) — A7(my9; o3 ki + ko) ]
X [6(537§3p23;§1§2,k3) — C(&, &amuz; &162, k1 + k2)) ;

and lastly:
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WL = (A;\(kl)[,iﬁ(qgl;éo,kl) + jl’?(qgl;éo,kl)]]
X (0(537§3p13;€1€27k3) — C(&3,&mg; 160,k + k2)]
(AN (k) [A7(mg) — A7 (13 o, k)]
+ ANy + k3) [A7 (mgy) — A7(ma; &0, ko + ks)] ]

X (6(537531323;5152,1(3) - 5(53,531313;5152,1(3)]

;2 [A/\(kl)[A”(ms.z) + A" (q21; é, k1)
+ AX(IQ + k3) [Aﬁ(mw) — A (m3y; éo; ko + k3)] ]
X [6(5375_3[)23;5152,1{3) — C(&, &3mya; G160,k + kz)] } . (5.25)

We can now combine all the contributions that have been computed separately, and
write down the final factorized expression for the photoproduction of three jets in the HEF
limit as:

3

1
=2rd(pt — § khywrert — Fa(za,ar) , (5.26)
HEF limit i—1 a7

d UvA—)qtig—i—X

(27T)92p+ —_—
d3kq d3ks d3ks

where the total Weizsacker-Williams field structure Wtet! reads

Wtotal — 7T2NC gegs {M)\/\ i1 (f 3 §2>W/\)\ s’

k;+ ¥ &
+/\/l’777 AN (5 5;) ANy QMM s’ (€1, E2)W A}\ s’
’é. )

+Mec (&, &)Weoe + 2 ME (51752) T2 ME (51,52)ch } - (5.27)

The products of splitting functions and the Weizsédcker-Williams field structures are given
in Egs. (2.17)-(5.16), (2.27)-(5.19), (2.32)-(5.22), (2.35)-(5.23), (2.38)-(5.24) and (2.41)-
(5.25), respectively.

6 Summary and outlook

We calculated the partonic cross section for the forward inclusive production of a quark-
antiquark pair plus a gluon in the scattering of a real photon with a proton or nucleus.
The computation was performed at leading order in the CGC effective theory, valid at low
values of x, taking the multiple rescatterings of the partons off the semiclassical gluon fields
in the target proton or nucleus into account. From our partonic cross section, the cross
section for three-jet production in the low-Q? limit of deep-inelastic scattering, or in ultra-
peripheral collisions, can be easily obtained by convolving the result with the relevant real
photon flux. Note that the cross section for three-jet production in deep-inelastic scattering
at low-x has been calculated in a helicity framework in [24].
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Our main result is the correlation limit of this cross section, corresponding to the
kinematical configuration where the total transverse momentum ¢, of the three outgoing
particles is much smaller than their individual transverse momenta. We demonstrated how
in this limit the cross section simplifies and factorizes into a partonic hard part on the one
hand, independent of ¢r, and a gluon correlator on the other hand, which parametrizes the
proton or nucleus target in terms of the unpolarized and linearly polarized gluon TMDs
Fww (4, qr) and Hww (x4, qr). Using earlier results of the JIMWLK evolution of these
two gluon TMDs, we numerically studied the nonlinear small-z evolution of this cross
section.

In addition, we calculated the dilute limit of the CGC cross section by performing the
weak-field expansion. Once again, a simple factorization formula was obtained, this time in
terms of the unintegrated gluon PDF, and with a hard part corresponding to the vg* — qqg
off-shell matrix element in the language of high-energy factorization (or k,-factorization).

Our calculation provides an important contribution towards establishing the phe-
nomenology of forward particle production at low-z, in the line of [20, 24, 32]. In particular,
recently there has been much interest in processes with photons in the final state as a clean
probe for saturation effects [19, 33-36], and it can be noted that the cross section for the
photoproduction of two jets and a photon can very easily be adapted from the results of
the present paper, with a simplified Wilson line structure.

More importantly, we demonstrated for the first time that the CGC-TMD correspon-
dence still holds, at least at leading order, when considering three outgoing colored particles.
Finally, within the framework set up in this work and in [19], we are currently pursuing
the computation of photon-jet production in the CGC at NLO, to investigate whether this
correspondence holds beyond tree level as well.
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A Appendices

A.1 Fock states and wave functions

The perturbative time evolution of an asymptotic eigenstate |wp) of the Hamiltonian, into
a physical Fock state [¢(0)) at the time of interaction z+ = 0, can be computed as follows:

0

\wan)zi%mp<—i/lmdx+ﬂmdm+0km>

(A1)

+Zl m+z, (] Hint o) (' | Hint o)
Q% — (9 — ¢ )g —a7)

UJOJ

In the above, Hine(2) is the interaction part of the Hamiltonian, which evolves in light-cone
time as Hint(zh) = e B [ e BT where Elw) = ¢~ |w). Adapting the above formula
to the perturbative dressing of a real photon state, we obtain the following expression to
order gsg. in the coupling (using the notation k= (k*,k)):

(MBI D = [(V)[BIn)o

&g i iy (@GS @B [ Hin| (7))
# 3 [ e @ @@, L i
7T ql

3o T -
5.5 0,] 2m)” 2q5 P —q —4

B3k a3k B L . Ny
i Z / 21k+ (27)° 22k2+ (2w)3§k+’(qﬂkl]s;(g)[kg]Z;(q)[k3]5,>0

y [ / T ((a)[k1]%; (&) [kl | Hine| (@) [E) () [11%; (@) k3], | Hinel () [P1)
(2m)3 21+ Pk =y —ky [ e

. / Bm () [ko)ds (@) ksl Hinel @)[7]L) (@) [m]E; (a) (k1] Hine| (7) [P12)
(27)% 2m+ p- — ki —ky — kg p-—m~ — ki~

(@) [k1]L; (&) [ka]?; (@) ksl | Hine | (7) [P]1)
pm —ky —ky — kg

+ + O(9%ge, 959°) - (A.2)
In the above expression, the standard properties of light-cone perturbation theory (LCPT)
apply. In particular, at each vertex three-momentum is conserved, hence it is understood
that ¢4 = P — ¢, Eg =p— ky — Eg, and so on. Moreover, the momenta satisfy on-shell
conditions, implying that in our massless case k; = k?/ 2/{17". Introducing what we call the
‘wave functions’ F', the dressed photon state can be cast in a much more compact form:

3 .
(7)o = 70+ 966 [ 5 PO (@il @RI, * (@ lalis (@ @)

d3]€1 dskg{ 2) (2) - - PV
+9e9st5; | 3 FO 4+ F2+F k1l; (2)[ka); (@) [k
ety [ s s (2 7+ ) [ b @
x [(@)[k1]5; (&) [k2)ds (@) ksl o - (A.3)
The wave functions contain the dynamics of the splittings, and their expressions in terms
of the matrix elements are obtained by comparing Eqs. (A.2) and (A.3). They can be
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calculated with the help of the Feynman rules in appendix A.3. Since their calculation
has been performed explicitly for similar processes in Refs. [19, 21], but with slightly
different conventions, we restrict ourselves here to the computation of Fv(l): the leading-
order splitting of a photon into a quark-antiquark pair. For the other wave functions, we
will merely present the final results.

The (dimension —1) v — ¢q wave function (see Fig. A.1) is defined as:

F{) [<q>[q11 @[@]),
g _{0]ds'(G2)b; (q1) Hing at(9)]0) (A.4)
z / - [

2m)32qy P-4 — a4 ’

where one should be careful to note that an arrow over a momentum vector indicates
k = (k*,k), while an arrow over a coordinate means Z = (z~, x). Making use of the LCPT
Feynman rules as well as the conventions for the (anti-)commutation relations listed in
appendix A.3:

F® [( )au; <q>[qz]]ss,
3f<0\d;’<q’2>bf<qa> L q(B)A(E)q() - P (9)]0)
2q1 SSZ: / 2m 32q /d PT—q — 4y ’ (A.5)

dQ25 P—a — @) _,
Z/ I B @) @)

s,8,4,5

Note that, with a minor abuse of notation, we extracted the factor g.6% from the interaction
Hamiltonian and placed it in front of the wave function in Eq. (A.3). After some algebra,

we find that:
—pt

P —q — 4y = —F/ =
PO 2t (ot - qf)

<j;+p a)’, (A.6)

such that we obtain:

FO [(@)[d); @2 Z AR (@)
5,8',1,] ( +P ql)

(A.7)

As we will show in appendix A.4, the numerator in the above formula can be calculated in

terms of the so-called good spinors, on which we will elaborate later. In the massless case

under consideration, the result is generic and does not depend on whether one considers

quark or antiquark spinors. We can therefore read off the result from the general formula
(A.37), and adapt it to the kinematics of the 7 — ¢g splitting under consideration:

+ + o + o g

UGAPE) = 5 (5~ dSaa(@n” (1= 2057 — iV ua(@) . (A8)

To make this result more explicit, we choose a set of polarization vectors and Dirac spinors,

for which we refer to appendix A.6. With this choice, our final result for the v — ¢¢ wave
function is:

+ + 4+ A + A +
1. == 1T q +q 4192 — 424 q
Fy(l) [(a)[@]; (@)[@]];, = - ! 2 12 27 ‘1”\’\( ! ) (A.9)

2 7 ss
N 2@(qfqz—q§q1) o +a
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Figure A.1. The relevant leading-order splittings.
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where \Il;\§ (€) is the dimensionless splitting function, defined as:

WI(E) = (12005, _y —ieMod . (A.10)

S*S

For the other wave functions, the computation is analogous, and we refer to Refs. [19, 21]
for the explicit calculation of similar second-order functions. Apart from the v — ¢q case,
the ¢ — qg and ¢ — gg leading-order wave functions (see Fig. A.1) will be important in
this work:

1 (e R

2ky \/E

o = R K kK -

ks kSk] — k(K]
5( + +) 4 4 2
kl + k? (k’2 k1 — kl k2)

(1) = n nn
7 [(g)[ka]; (@) k3] e ) . (A1)
! 2k [kt kS +k§ 7 (ks — ko)’
with:
$ad(2) = (2 — 2)0M 80 — izeMal, . (A.12)

Once again, with some abuse of notation the factors gsti; were extracted. The results for
the second-order splitting functions (see Fig. 2.1) are:

FO (@l (@) @Rl = — w2 )¢ (2) S =k A3
D@ @)kl (@[] oy e D@ ) ey A
y €33k — &0 — k)
L(&p —ki)? + & (&ep — k2)? — (&ki — &ika)?
zﬂWm%H@@Hm%fﬂ=1w&@wm&)“’_%
q ’ ’ ss’ 4]{;\/% s NS (§1p—k1)2

& (&k] — L™ —K]))
E2(&1p — ki1)? + &1(&op — k2)? — (E2ki — &1ko)?

. . Y 1
) ] = 790?;7/(51752)

vk
1
“GEp k)2 + E(6p — k)2 — (Ek1 — E1ko)?

where the notations & = ki /p*, & = ki /pT, & = (pT — ki — kJ)/pT were introduced.
The splitting function of the instantaneous splitting of a photon into a gluon, a quark and
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an antiquark, is given by:

§16283

%5(5175 ) = £Es (&3 = &)6™M60—p +i(&3 + &)eMal 4] . (A.14)
In mixed Fourier space, the wave functions are found to be:
C ot ot +
_ A —1gy (q] + ¢ ) q
FO [(@lai i) (@lag xs]] 2y = B gy
2 qf‘q; 1 +q2

x 5@ (g x1 + ¢ x3)AMNxy)
ik +k)2 g
1 + - + 1 LA 2 2
F [(@)[k, xa]; (8) [k, %2]] 7, T o ( [ k;)
x 0 (ki xo + ki x1)A7(xz)

—q k+(k++k+)% ) +
(1) n PN n _ \Rg Ry 3 k;
Fq [(g)[kQ 7X2]7(q)[k37X3]:|S/§_ 2]{7;_ nn~(k+—|—]{j+)

x 0@ (ki xo + ki x3) A7(x3) (A.15)
and

FO[(@kf . w —xi): (8) k5w — o (@) w — xs]]

1 &2 &1 &2
_ \Iﬁv\ 07 5@ (w — X 5O (v — Ly 32
sk kT kS ek (53)/v (v )0 (v & £3x2>
x AM(x1 — X2)A5‘(§3>X3 -V ?,Xl X2)
3
An

FO (@l w —xal: () b w — xal: (@[ w — ]

-1 &2 &2 €3
_ \If)"\ i 5D (w — x)6@ (u— Zxy — 2
akd Pk el (g, )/u (=)0 (u = o = i)
x A(x3 — XQ)AS\ (&1,x1 — u; ?,x;; X2) ,
1

FE (@l w — il (@), w — ol (@)l w — 5]

= @ig(§1752)5(2) (W —&ixi) x C(&,w — x3;&162, %2 — X1 (A.16)

The expressions for the non-Abelian Weizsacker-Williams field A, the modified Weizséacker-
Williams field A and the Coulomb field C can be found in Egs. (2.11), (2.12) and (2.13).

/

A.2 Outgoing Fock state

The first step towards the computation of the outgoing Fock state, is performing the Fourier
transform of the transverse coordinates. For the zeroth-order term of the dressed photon
state (A.3), this is trivial and yields:

(o], = [ ™Y@ whio (A1)
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For the order g. term, we have that:

iJ dglj —iai-(z+2z') —igo- ’ B A

(o] =0 [ g [ ety )10 (@)l 2 @l )]
N yzy 'z s's
<@laf 2l (@la vl (A18)

Renaming y' = w —y, using that ¢ = p— ¢1, and integrating over the momentum qi, one
obtains:

A

|()[PIx) D

=0 [ S [ e @l w - @l -t v
<@l 7l @l — af yldo (A19)

Likewise, for any of the g.gs contributions the Fourier transform looks as follows:

d? k‘1 d3k2 -
gegstzj/ H/ ik - (xi4x])
gegs XZX

An

[(MPIN) D

< FO (@I, xi]: ()lkF xb): (@)K x5]]
< I(@lk xalis (), xalls (@[3 x3t o (A.20)

After the substitution x5 — w — x3, and integrating over the momenta k; and ko:

+ gt ‘
| = / SR [ e
x F@) [(Q)[kT7W—X1];( ks s w — xa; (@) [k, w — x3] Z
x |(a) [k, xa]s (&) kg, x2] s (@) [k, x3]7)o - (A.21)

Combining the above elements, the complete dressed photon state in mixed Fourier space
reads (where we set the transverse momentum p of the incoming photon equal to zero):

()t = 0 D—/r [ wla)o

+gec5”/ dai / q1,W—Z];(Q)W—QT,W—Y]ES
wyz
a)lq 2l; (01)[1?+ — ", ¥10)0
+ gegst / d2k+ diig
T 27 Jwxixoxs

x (F® + F® 4 £ [(Q) [k, w —x1]; (g)[k2, w — xa]; (q) [k3, w — X?’]] :’75

x (@)[kf,x1)is () kg, x2l2s (@)[k3, xs]1 o - (A.22)

Now, the outgoing state is obtained by acting on the bare components with the appropriate
Wilson lines (defined in Eq. (2.10), the subscripts F' and A denote whether the generators
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of SU(N,) are in the fundamental or adjoint representation, respectively):
(2 =0l)n = [ )" wle
@ IS st Jae) + w ol (a\ [t _ ot _
+ Je o [ F(Z) F(Y)] iy (q) [ql y W Z]7 (q)[p q1 W y]
wyz

< [(a)[gi 2% (@)[pT — i, ¥l

A

s's

dky” dky / dt d
+ e9s Sp(x1)t*Sp(x3)|,.Sa(x2)™
2 2w lex2x3[ F(x3)] J
n
X (Fq(Z) + Fq@) + Fé?)) [(q) [k1, w — x1]; (g)[ke, w — x2]; (@) [k3, W — x3] e
x (@)[k x1]ks () [k, x2]27; (@) [k, x51%)o - (A.23)

Finally, the outgoing state needs to be written as a function of the dressed states,
not the bare ones. Schematically, the procedure goes as follows: first, observe that all the
dressed states are, up to g.gs accuracy, related to the bare ones as:

b = 7)o + F >\qq>o+(Fq<2>+F<2>+F )agg)o ,

l43)p = la@)o + (F" + F£V)|gag)o ,
l939) D = 9dg)o - (A.24)

The outgoing state is then given by:

Mout = 7)o + [Sr(2)Sh()] FV ag)
+ [Sp(x1)t°S ) (x3)] SA<X2> (F@) +FP + FD)lgggho
= o+ ([Sr(z)Sk(y)] — 1) Fga)p
+ {([SF(Xl)fCSL(XS)]SA(Xz) ~1)(FP + FP + FY)

~ ([$r(2)8h)] = V) (FD + FV) Haag)p (A.25)

The above procedure can be performed explicitly from a closer look at the |¢q) — |qGg)
splittings. It is easy to see that, in mixed Fourier space:

[(@)[n ", bl (@)[m™, e]5)o = [(a)[n ", blL; (@)[m™, )5 p

dk; n
ot [ [ ROt = - kbl @b xal]
X1X2

2 SS
(@K =nt — ki, x)s (@) ks, %) @)k = m™T,x3 = a2 )p

dkS n
S E @ e - xali @Ik =m* ke - x|
X2X3

2
x|( q)[’ffZ x1 = bl (g)[kg, x2 s (@)K = m™ =k xsl)p - (A.26)

ER
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We thus obtain for the outgoing state (retaining only the terms that yield the three outgoing
particles we are after):

dki dks
+ — 1 M dgt de _ 4c
(MP™, P = 0]x)out = gegs o 9 /pr(zx5 { ([SF(Xl)t SF(X?:)L‘]‘SA(X?) tz])

% (F? + F® 1 F2) [(q) [k w —xa]; () [k, W — x2]; (@) [k3 , w — X3]KZ
_ /V ([roSr(v)SExs)],; = ) FD [(@IkT + ki w = Vs @)1k, w = x| A
< FD (@t v = xi]s (@) v — XQ]I;

_ / ([5r0e)SE, — t6) EO (@), w —xals @Ik + b w 1]
x F{V [( k3 v —xa]; (@)K, v — xz«xﬂ:,g}

< @)k )t () [k 22 (@) xal ) (A.27)

Using the results for the Fourier transforms of the splitting functions Eqs. (A.15) and
(A.16), as well as the definitions (2.7), (2.8) and (2.9) and the identity:

[SF(Xl)tdS;(Xg)]Z.jSA<X2>dC — [SF(XI)S;,(Xg)tCSF(XQ)S;(Xg)] i (A.28)
one arrives at the final expression Eq. (2.4).

A.3 LCPT conventions and Feynman rules

We follow the conventions of Ref. [25], in which the quark and gluon fields are defined as
follows in terms of the creation- and annihilation operators:

H fzkzsﬂ 7 ik@ gts TN s /7
@) Z/ 2k+ bi (k)u® (k) + ™ d;” (k)v (k:)} ,
(A.29)
—iEfA_’#_’ KT TN (T (T
Z/ 2k+ ag(k)e\ (k) + e al (k)€ (k:)} ’
with the following (anti-)commutation relations:
{03 (F). 0} (R2) } = 2k (2m)°6@) (R — B2)6°' 53
{di (Fv), dI" (2)} = 2k (2m)°6@® (k1 — K2)5°5;5 (A.30)

As is clear from the above definitions, in our conventions all the creation and annihilation
operators have mass dimension —1. Hence, it follows that the for the moment unspecified
Dirac spinors are required to have dimension 1/2, in order for the quark field to have
dimension 3/2. Following the same reasoning, the polarization vectors are dimensionless,
such that the boson field has dimension 1. With these definitions, each n-particle Fock
state in momentum space has dimension —n.
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9s [ &% : 3(2) 4,() o() :

‘ 9uge | BT : GEVA(E) 5o Ay (£)2(F) + AR, (7) sl Ay (F)g(F) ¢

Figure A.2. Relevant LCPT Feynman rules. As in the covariant case, the quark-antiquark-photon
vertex is simply obtained from the quark-antiquark-gluon one by replacing g, — g. and A, — A,.
Note that : O : denotes normal ordering, and that we used the notation ¥ = (z~,x).

The above conventions are in contrast with the ones used in our earlier work Ref. [19,
21], where all creation and annihilation operators have dimension —3/2, while the quark
and gluon fields keep their usual dimensions 3/2 and 1.

The Feynman rules for LCPT can be found in Refs. [25, 28]. The relevant ones for our
process are listed in Fig. A.2, where it is understood that the gluon field is 4, = A, .t°.
The quark-antiquark-photon vertex is then obtained from the quark-antiquark-gluon one
by the replacement g5 — g. and A, — A,.

A.4 Generic quark-boson-antiquark splitting function

In this subsection, we show how to derive a generic expression for the quark-boson-
antiquark splitting, irregardless of which particle is the radiator. Without losing generality,
let us focus on the structure:

u(@2)fx(P)v(qL) - (A.31)

We will decompose the spinors in terms of good and bad components, which can be per-
formed by means of the projectors:

+n— 0 -t 0+
T 7T and PGE,Y’Y =1L (A.32)

2 /2 2 /2

In LCPT even intermediate particles follow the classical equations of motion, hence it

Pp =

follows in a straightforward way from the Dirac equation that the bad components of a
spinor depend on the good ones through the relations (see Ref. [25]):

- ")/J'_ — — ’y+ -
B(R) = gk yug(R) and vh(E) = Sk v o) (A.33)
and similarly:
o . + 5 5 +
(k) = a5 (k- v and Th(K) = 05 (F)k -y (A.34)
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With the above relations, as well as the following parameterization of the polarization
vector for the gluon:

- k- e
& = (0550 | (A.35)

and using the identities in appendix A.5, we obtain the following expression for Eq. (A.31):

w(q)INP)(R2) = (aa(q1) + us(q1)) D) (va(d2) + vB()) |
+
i = Y
:EAUG(QI)(1+Q1"Y2 +><p+’y )( 2 +Q2 'Y)UG((D)
+
p i
= \ua(q )(p+’Y+ v - ;r )( + ﬁm ’Y)’UG(Qz)
I e N pf ’Yz 7‘
= e\ug(q1)y <p+ +qr- ’Y2qIr + 2(50& ’Y)’UG(QQ) :
(A.36)
Furthermore, using the decomposition Eq. (A.42), we obtain the result:
4 N ¢ g g ¢
— (= - :Z* - 74_7 6]1_‘]’L+ 51]
MMA@M@)GW&@M(w_Q%( i) 52 (=6 0" Juo(@)

J J
ij (12 gl >
ERTE. N
2¢5  2q
(A.37)
which was obtained earlier in Ref. [25]. Since in the massless case the good and bad

projections (A.33) and (A.34) are the same for the quark and the antiquark, the above
result is general, and one can freely interchange © — v or v — wu.

L o4 G
= et (5 - A - )
Pt 20 2q8

For instance, imposing 5= ¢ + ¢ in Eq. (A.37), and defining ¢ = ¢ /p™, one obtains
the numerator of the v — ¢q splitting function:

TP = 526~ o[- 2000 - io o). (439
1 2

A.5 Useful identities

Gamma matrices From the relation:

(" =29""1y (A.39)
and the definitions v* = (v £ +?)/v/2, one easily obtains the following identities:
(v =0,
{~*.7'} =0, (A.40)
{7"2"} = V2.

Moreover, any transverse gamma matrix v* sandwished between ‘good’ Dirac spinors ug =
Pau or vg = Pgv disappears:

gy (k) ug () = v& (k)" v (9) = v () (p) = ug(k)y'v& () = 0 - (A.41)

-39 —



The following decomposition will often be useful:

1 1 . .
Yyl = 5{7273} + 5[7’,7]] ,

= 51 — g

(A.42)

where we defined o = (i/2)[*,7].

Dirac sigma The Dirac sigma is Hermitian (O’ij )T = ¢ and commutes with the non-
transverse gamma matrices: [aij ,70} = [Uij,73] = 0, and by extension [O'ij ,q/ﬂ =
[O‘ij , Pg] = 0. Moreover, we have that:

olloit = 64 (A.43)

and y
Tr(Pgo) =0,
x .CTYUH) o (A.44)

Tr(Pgoo™) = 2™ .

A.6 Explicit spinor representation

One can simplify the wave functions considerably by choosing an explicit parameterization
of the Dirac spinors. We follow the so-called ‘Kogut-Soper’ conventions [27, 28], in which
the transverse polarization vectors of the gluon are written as follows:

- ke
k) = (0.5 . (A.45)

and the longitudinal polarization vector (with Q? = k?):

e (k) = <0 @ o) . (A.46)

) kja
However, in contrast to Kogut and Soper, we choose linear polarization vectors:
el = o™, (A.47)

with ef\Teg\ = 6. We work in the chiral representation of the gamma matrices:

01 . 0 —o'

0 2 i

= = ) A48
’y (12 0) ) ’Y (O_z 0 ) ’ ( )

with the usual Pauli matrices:

0'1: (0 1) , 02: (O Z) ) 0-3: (1 0) ) (A49)
10 t 0 0-1

such that:
0000 000 -1 00 0
L_|0o00v2 ST LR B LR (A.50)
V200 0 010 0 0—i 00
0000 100 0 i 0 00
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The Dirac sigma is explicitly:

. %
oV = ,

A

1000
0-10 0
0010 |’

000-1

(A51)

With these conventions, the Dirac spinors are given by (1 corresponds to spin up, —1 to

spin down):
V2Kt 0
W) = 21/41F (kl +iky () = 21/41\/]? _kﬁ w0 (A5
V2kT
and
V2kT
o) = 21/4\/?* (kl vin | U ®= 21/41\/1? klffz (A.53)
V2Et 0
From the alzove expresilons and i in the massless case, it is very easy to obtain the good
spinors ug (k) = Pgu’(k) and v (k) = Pgv®(k):
1 0
ub(F) = 24w 8 g (R) = 2R 8 , (A.54)
0 1
and
0 1
v (k) = ugt (k) = 2Y/4Vk+ 8 o ugh(k) = ub (k) = 2V 8 (A.55)
1 0
The complex conjugates are:
ak (k) = 2Y/4V/k+ (0, 0,1, 0) . ag(R) = 2Vt (0, 1,0, 0) : (A.56)

and

0b(F) = g (F) = 2/4Vi+ (0,1, 0, 0)

oG () = a (k) = 2V/Vi+ (0,0, 1, 0) .

(A.57)

Useful identities in the computation of the squared splitting function are:
aﬁo'%@ =P =6, , (A.58)
O'E%_B = _Uaﬂ and o3, =0. (A.59)
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A.7 Weizsacker-Williams gluon TMD and unintegrated gluon distribution

In this part we construct the gluon distributions of a right-moving nuclear target, to be
consistent with the rest of the appendix in which we set up the LCPT rules for a right
mover. However, in the calculation to which this paper is devoted, we take the projectile
—the dressed photon— to be a right mover, scattering off a left-moving target. In order
to apply the formulas derived in this subsection to the calculation in the main text, they
should be converted to a left-moving target which can be done by simply exchanging the
indices + <> —. Note that, in this appendix, we also keep the gluon fields A" general; i.e.
they are not necessarily semiclassical background fields a*.

We define the gluon density inside a right-moving proton or nucleus as the gluon
number operator evaluated in the target’s nonperturbative Fock state [29]:

(L2 Pk — 22m) % (F)a2 (k) - (A.60)

where z, = k* /pj& is the fraction of the target’s longitudinal momentum carried by the
gluon. From the Fourier expansion of the gluon quantum field, keeping in mind that the
integration over the longitudinal momentum component is restricted to k* > 0, we easily
obtain that:

1, - - 1 .-
- d T - = it
k), and  AY-R) = oal (), (A.61)

where we chose linear polarization vectors ef\ = 6f\. Moreover, in a light-cone gauge AT = 0
the color field strengths are equal to F'* (k) = —ik™ A%(k), such that:

AL(R) =

dNg 1 , o

— 9 = —_(F'"N(—k)F'"(k . A.62
dh’l(l/f]fA>d2k 47T3< c ( ) c ( )>xA ( )
Weizsiacker-Williams gluon TMD The operator definition of the Weizsacker-Williams
gluon TMD is

—q2
Fww (T, k) = ;/dé;;feik*s—eik.ﬁ
A
T (PIF QU OF 00U I OIP),  (A6)

where the color field strengths are evaluated in the proton states |P), and where a gauge-
invariant definition is guaranteed by the inclusion of the following gauge links:

Ut (e=,6) = U(07,0;07, +00)U (0™, +00; £, +0o)U (£, +00;£7,€) . (A.64)

These links can be eliminated by choosing a light-cone gauge” AT =0, A*((~ = +00) =0,
such that,

U [AEPE e ace it (e o1t (0
Fuwlea k) = [ GSEe AP € QRN 0 0IP), (A65)

"The WW distribution is the only gluon TMD for which all gauge links can be eliminated simultaneously,
and for which the interpretation of counting gluon states holds.
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where we also evaluated the trace, using Tr(¢%t’) = §%°/2. Furthermore, making use of
translational invariance and Fourier transforming the field strengths:

v*—w’)eik(v—w)

1 1 /dv‘dZwa_d2'w€_ik+(
- P (2m)3E)(0) (2m)?
x (PIF (v™ w) e (w™, w)|P)
1 1

= ZEW<P|FE+(_E)FE+(E”P> : (A.66)

Fww (T4, k)

Finally, the Fock states of the nuclear target differ from the usual hadronic states by a

normalization:
P|O|P
(O)y, = w, with  (P|P) = (2n)*2p6®)(0) (A.67)
(P|P)
such that:
_ L i gt — ANy
Fww(xa, k) = 13 (FX(=k)F (k) y, = din(1/z.)d%k ° (A.68)

Unintegrated gluon distribution The unintegrated gluon distribution F,4(z4,k), on
the other hand, is commonly defined via the dipole cross section in the dilute limit of the
CGC, to which it is linearly related [30]:

dreg [ d?k
Udip(ﬂﬁmr) = N K2
C

Foa@a, k) (1 — ™). (A.69)

To compute the dipole cross section in the dilute limit (again, for a right-moving target),
we need to expand the Wilson lines to second order in the gauge fields, this time in a
covariant gauge:

Y2
Sp(x) ~1+ igs/dzA;r(z,X)ta + (zg;') 77/dzl_dzZ_A(J{(zl_,x)t“A;f(zQ_,x)tb . (A.70)

Note that, to the present accuracy the path ordering does not matter (since Tr(t%t’) =
Tr(t't?) = 690 /2), and there is thus a strict separation between transverse and longitudinal
dynamics. With this expansion, the dipole cross section reads:

1
Oaip(a,T) = 25 (1 — ﬁCTr Sp(r)Sh(0))s, (A.71)
9251
= B4 [ v dw (A (7, 1) AT (w7 ) — AT (0 D) A (07,0
gz C
= ﬁ‘l dv~d®vdw ™ d*w
x (6P (v —w) = 6@ (v —w — 1)) (A (v, V) AT (0™, W))ay |
2
= jgv—sc dv~d?vdw~d?*w
X/ d’k (e—ik(v—w) o e—ik~(v—w—r))<A+(,U— V)A+(w_ W)>m
(27T)2 a ) a ) A
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which is equal to Eq. (A.69) when we define:

k2 .
Foralza k) = 2 /dv_dQde_d2w eV A (0 VAT (W, W))e, . (ALT2)

Restoring the factor e=*"(*"=w™) ~ 1 and choosing a covariant gauge such that Fit(z—,x) =

0'A}(x~,x), we obtain after partial integration:

‘FQ/A(xA7k) = (271r)2 <Fé+(_E)Fé+(E)>ZA )

dN,

= WW . (A.73)

Hence, in the dilute limit at low-z where Eq. (A.69) holds, the unintegrated gluon PDF and
the Weizsédcker-Williams gluon TMD are equal up to a factor 7 [31]. In the appropriate
gauge, both can be shown to be equal (up to the same factor m) to the gluon number
counting operator evaluated in the CGC average.
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