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Color Glass Condensate (CGC)

Quantum evolution

small-x partons

- P+ large-x partons
0
| | . Lt Probing values of x much smaller than factorization
e el A curees P scale (going to higher energies) requires
D, "] = ¥ W ) renormalization of sources
122 - o

Evolution is dictated by JIMWLK RGE

Large fraction of momentum partons: Static, localized

sources of color charge. Seeearens -z PYo goPT leeparons
| | | .t
| | |
Small fraction of momentum partons : Delocalized j o sowces - Woaylp]
dynamical classical field A*. i Javg e A e
(D, ] = J” sources We [o] 5




Effective vertices in CGC

High energy multiple scattering of particles with classical field is described by effective vertices
involving Wilson lines. For quark propagator:
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The light-like Wilson lines rotate color of partons while leaving rest of quantum numbers
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For gluons, similar expressions but generators are in adjoint representation



Quark production in pA scattering

Saturation of low k; modes
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Dijet production in pA scattering

Quark initiated channel Gluon initiated channel
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Dominguez, Marquet, Xiao, Yuan (2011)
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Dijet production in pA scattering

Back-to-back: ki1, = —ky,

Azimuthal angle correlations in pA scattering

* Measure number of dihadrons with angle A¢ between transverse w &
momentum of dijets ko

« Expected suppression and broadening near the back-to-back {}X
region for larger nuclear sizes, higher energies, and very
* Jo,° +p STAR-0.0047 p+p, TMD +rcBK
forward rapidities T At A

« Other mechanisms compete with saturation (initial and final
state radiation, energy loss,...)
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QOur ultimate goal is to compute the full next-to-leading order
corrections to dijet production in the CGC to improve the -
precision of these predictions

Albacete, Giacalone, Marquet, Matas (2018)
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Gluon TMDs factorization

Dominguez et. al. showed that by taking the back-to-back
————¢ )Y 38—} |imitin dijet production in the CGC, we can factorize cross
4’—@ kq W sections in terms of gluon TMDs

pA — q7+ X kq

}X As example, take qq dijet production in pA scattering;:
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Gluon TMDs factorization

»x In the back-to-back limit
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Real corrections to dijet
production in pA scattering



Real corrections to dijet production in pA scattering

They are obtained by computing LO trijet production and integrating out a final state parton.

Trijet production at LO

Integrate out

a(n) (anti)quark

Back-to-back limit of

two jets

Integrate out a
gluon

Sea-quark TMD
factorization

NLO corrections to
gluon distributions
(CSS, JIMWLK,
DGLAP)
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Real corrections to dijet production in pA scattering

Trijet production and real corrections for quark initiated channel addressed in: Iancu, Mulian (2019), Iancu,
Mulian (2021)

In gluon initiated channel, two final states involved: The qqg final state and the ggg final state

We use spinor helicity methods (Ayala, Hentschinski, Jalilian-Marian, Tejeda, (2017)) and techniques from
NLO calculations in DIS (Roy, Venugopalan (2019), Caucal, Salazar, Venugopalan, (2022))

Idea: Decompose fermion and gluon propagators into regular and instantaneous pieces

7 k?
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Amplitudes for each diagram will have the form
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Real corrections to dijet production in pA scattering

I will mainly focus on the qqg final state

Gluon emission by
quark

Gluon emission by
gluon

(R4) (R5) (R6)

Diagrams with emission from antiquark obtained from reversing current flow of quark diagrams
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Real corrections to dijet production in pA scattering

For gluon emission by a quark, the amplitude reads

Color factors

)\)\JJ ,ab 6 Moo’ ab
q,'z,j /d H '/\/-qr(g [ ql(CRl,z'j CR&'L}) (CRZ 27 CRﬂzj)}

Moo’
CRl 2] R%zj)'/\/-q inst } )

0, = Ly
wy zg(zq+zg)? " 2
2
O 5 = Tz
9, 7"2 + z2g(2q+24)> 7"
zxr zng wy

13



Real corrections to dijet production in pA scattering

For gluon emission by quark

Perturbative factors:
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Real corrections to dijet production in pA scattering

The qqg final state

For gluon emission by a gluon, the amplitude reads
Moo’ ,ab 6 Moo’ ab
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Real corrections to dijet production in pA scattering

— - X 1 _,5 1 5 =
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Real corrections to dijet production in pA scattering

Diagrams for ggg trijet production in pA scattering
ki,& a

Double gluon splitting

(RT7) (R8) (R9)

Four gluon vertex

(R10) (R11)

For this process we also need to consider permutations of the final state gluons 15



Real corrections to dijet production in pA scattering

Instantaneous parts of diagrams R7 and R9 are absorbed in amplitudes R10 and R11
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Real corrections to dijet production in pA scattering

The ggg final state

The regular contribution is analogous to other processes. The resulting amplitude for the process is:
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Real corrections to dijet production in pA scattering

The ggg final state
Perturbative factors: A . 2¢%p G (zfﬁzg) Tye GV (21 + 25) - P
gogreg ALTL YL, 21) = = T2 r2, r2
wA

NN
ggg,inst, A

2, — _ _ __ _ _
g 212223{((22—21)(1+Z3)+1) 5,\/\55,—£+((2’3—21)(1+22)+1) 5A£5£,—/\_25/\g5,\,—5}

212 X%, (21+22)2 (z1+23)°
N gt

__92129;5)1%23 {((Zzézii;a)ﬂ) 5Xg5A,—é+((leizi;;@)“) 5:\555,—A_25;,\5.§,—5}
k€ a, @,
Color factors: 5 W
O (@s,y1.21) = 79 f " Une(@ 1)Uy (y 1)Uen(21) i el
Cosd(war, z1) = f2 U, (w1 )Ueg(21) T

Cheta(vi) = ff1Usa(vL). ““

20



Sea quark TMD factorization



Factorization in pA qg dijet production

Remarkably, when we take back-to-back limit and integrate out a(n) (anti)quark, expressions simplify
drastically and can be expressed in a factorized form in terms of sea quark distributions

. Dijet variables
Measure qg dijet )
back-to-back 29kq | — zgkg |
P, = :
Zq T Zg

K., = ktu +k9¢=
A :kQLijQL +kcn'

We are interested in the limit K2, Q? < Pi.

2
In this limit, integral over antiquark kinematics is dominated by values k;, ~ K, and z; ~ % <1
1

22



Factorization in pA qg dijet production

The amplitudes expressed in momentum space, and expanded in leading powers of K| /P,
and Q,/P, can be expressed as
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Factorization in pA qg dijet production

and color factors:
Ci(aan) = [ Paidiy e AN @)y, ),

CP(x, y, )= [t“V(mL)thT(yL) — t“V(wL)thT(mL)]ﬁ,
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Factorization in pA qg dijet production

CGC gives explicit expressions for quark TMD distributions which have a general universality following
a process dependent gauge link color flow (C. J. Bomhof, P. J. Mulders, F. Pijlman, 2006). They are built
from two fundamental distributions number of wilson loops

zq"™ (z, K 1) = /d?dequ <D§fnl)(bl’ q,)Q(bL, K, — qL)>

n i 1 "
D%)(bL,ql)E/dQTLe Ly (—Tr [V(bL+rL/2)VT(bL—rL/2)]) ,

N,
C - qJ_ 0 J_ J_ — QJ_ A
Qb , K ) = d*q, Dy’ (b, [1— - m( H §$
Target, A

We proved that this factorization holds for the rest of the processes with a(n) (anti)quark in the final state in

pA scattering and DIS
arXiv: (2503.16162)
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Numerical results



Numerical results

Using the MV model, assuming translational invariance and using the mean field approximation we
compute the distributions for proton (Q? = 0.2 GeV?) and a nucleus (Q? = 1 GeV?)

Solid: Q% = 1.0 GeV?, Dashed: Q? = 0.2 GeV?
MV model
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S ! 4 Ar %10

Ratio
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Higher values of n show higher suppression!

0.2
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Numerical results

High energy evolution

Evolution equation given by
d Y =In —

d_Y<O>Y = Hymawrk (O)y L

ij_ — @ )?
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In the large N, limit, it simplifies to BK evolution equation. For dipole correlator: ':%% :s; ;e;{g
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Numerical results

High energy evolution
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Numerical results

CSS evolution

Resums double and single

logarithms of the ratio % :
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Numerical results

Nuclear modification ratio between proton and nucleus with small-x and CSS evolution
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Numerical results
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Summary and outlook

« Dijet production is an important observable to look for saturation

« NLO corrections are important to increase the precision of the predictions for this observable

* We calculated the real corrections of gluon initiated channel processes in pA collisions

« In the back-to-back limit, we showed that these corrections simplify significantly when integrating out
an (anti)quark, and can be expressed in a factorized form in terms of hard factors and sea-quark TMD
distributions

« The CGC approach allows us to write explicit expressions for these distributions

«  We will compute the real corrections for an integrated gluon which requires more careful treatment
due to various logarithmic divergences.

« We will compute the virtual corrections
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   k   q - ⊥ ∼  K ⊥


   z   q - ∼    K ⊥ 2   P ⊥ 2 ≪ 1


   K ⊥ /  P ⊥


   Q s /  P ⊥  


  S e a   q u a r k   T M D   d i s t r i b u t i o n s


  𝛼


  𝛼  


   Q s 2 = 0 . 2   G e  V 2 )


   Q s 2 = 1   G e  V 2


   N c


   x j


  x


   𝜇 f =  P ⊥ .


   P ⊥


     P ⊥   K ⊥ .


  x

