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Outline:

¢ Eikonal approximation and NEik corrections in the CGC
® 4q dijet production in DIS at NEik accuracy in a pure gluon background field and gluon TMDs

® 4¢ dijet production in DIS at NEik accuracy from quark background field and quark TMDs

¢ Summary and outlook

Tolga Altinoluk (NCBJ) CGC beyond eikonal approximation 2/22



Dilute-dense scattering within CGC and Eikonal approximation

High energy scattering within the CGC relies on two pillars:

== dense target is represented by strong semiclassical gluon field A% (z) = O (1/g) at weak coupling g

== keeping only the leading power terms in the high energy limit

High energy limit can be achieved by boosting the target along x AL (1) — <
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(i) Background field is Lorentz contracted

In the Eikonal limit the background field
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() Background field is independent of x  due to Lorentz time dilation

— n
(QA (517+a X)) are resumed to all orders which leads to Wilson lines along x™

(i) Only the largest component of the background field is accounted for during the interaction

= no p* transfer from the target

== N0 transverse motion within the target

—_— Af(zT,z7,x) = A (27x) o< O(xT)
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Next-to-Eikonal corrections to the CGC

Next-to-Eikonal (NEik) corrections are O(1/ v,) at the level of the boosted background field.

D 4

1. Interactions with the suppressed components of background field (transverse component)

2. Finite longitudinal width of the target — transverse motion of the parton in the medium
3. x~ dependence of the background field beyond infinite Lorentz dilation

NEIk corrections to quark and gluon propagators in a gluon background have been computed with applications to TA, Beuf, et al. (2014-2025)

¢ forward parton-nucleus scattering at NEik (both dilute and dense limits)
¢ DIS dijet production at NEik (both dilute and dense limits)

An extra source of NEik corrections:
¢interaction between the projectile parton and the target occurs via t-channel quark exchange

¢ application to quark-gluon dijet production in DIS, dijet production in forward pA collisions

see also

quark and gluon helicity evolutions & single and/or double spin asymmetries
NEik corrections to quark and gluon propagators in high energy OPE formalism
subeikonal corrections via allowing longitudinal momentum exchange between projectile and target

formulation of inclusive DIS and exclusive Compton scattering that interpolates between small and moderate x
NEik corrections in the CGC via an effective Hamiltonian approach
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TA, Beuf, et al. (2023-2025)

Kovchegov et al. (2016-2025)
Chirilli (2018-2021)
Jalilian-Marian (2017-2020)

Boussarie et al. (2020-2023)
Li (2023-2024)
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Power counting for quark background field

Under a boost of the target of parameter y, along the “-” direction, a current associated with the target should behave as
J (%) J(2) oc (m)°, TT(2) o< ()™
<) XVt <) XA\M) <) X A\t

The quark background field of the target can be split into good and bad components as

U(z) = 0O (2) + U (2) with ()= L w(z), ¥H(2) =1 g2

Then the components of quark background current reads
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T(2)y " (z) = U (2) 7~ 0H(z).

Under a boost of the target, the projections \I/(_) (z) and \IJ(+) (z), should scale as

U (2) o ()7, U (2) o (34) 7>

\p(—)(z)
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DIS dijet production at NEik accuracy

qq dijet production in pure gluon background field

TA, Beuf, Czajka, Tymowska (2023)

TA, Beuf, Czajka, Marquet (2025)

Splitting before the medium Splitting inside the medium

: e 73 by, by
q; A
Y; ko, ho
< y; ko, ho
¢ Splitting inside the medium only contributes to the case of transversely polarized photon.
¢ DISCLAIMER:
qg dijet production via t-channel quark exchange TA, Armesto, Beuf (2023)
quark: py; x quark: p;x
7*3q,/1 . b/
kz | pOW
gluon: pz, v, 12, Clz;y A a}}%} gluon: pz, V, A‘Z’ az; }
¥(z2)
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qq dijet production in DIS at NEik accuracy
in pure gluon background field

TA, Beuf, Czajka, Tymowska - Phys. Rev. D 107 (2023) 7, 074016
TA, Beuf, Czajka, Marquet - Phys. Rev. D 111 (2025) 1, 014010
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Quark propagator at NEik accuracy in gluon background

. + 42 + 42 . ' o
NEik quark propagator from  5,.(z. ) = [ % dgq di dgk 0(at) (k) e =i givF (4 ++m) L+ /dZZe—zz‘(q—k) {/dz_e?’z (0t —kT) (Z,Z—)
before to after the medium (27) (27) 24
} (k +m) + NNEik
2kt

TA, Beuf (2023)

+ oo B + 1N
- - _ 1 &L _
Genergllzed _Elkonal Z/{F(x+,y+;z,z ) =1+ Z P, —z’g/ dztt- A (%)

Wilson line — N -
= — 2 Z/{F(—I—oo,z—I_;z) UF(Z,—I_a—OO;Z)
— MF(+007Z+7Z) UF(Z+7Z,+;Z) MF(Z/—'_a_OO;Z)
= Z/IF(—I—oo,z—I_;z) Z/{F(z+,—oo;z)
and NEik contributions beyond the shockwave approx or due to A | .

quark helicity coupling with longitudinal chromomagnetic field of the target /;;.
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S-matrix for longitudinal photon

— ik zkg Y

S-matrix in terms of propagators Sqrgaery = Mgt oy o / d*x / dx— / d’y / dy e

< M) [ a2 U1yt S, 2) (ieery") (~Sr () v

S-matrix element
for longitudinal photon

L Sbef

bef
SQ1§2<—7L 91327 + 5

q1424¢7,
dec. on ¢ dec. on ¢

+ Sbef

bef
T S q192 <—7

q1G2 <—’Y
Gen. Eik

dyn. target

+—|—k+—]€+ —I—_|_k—|—_k—|—
S| = =205 atyyte) CHRR IR IR ot g ot )
Gen. Eik
« / e~ VKL gmiwks ¢ (QIW—VD / db~ et (ki +hg —a™) [up(v,b—)u}(w,b—) —1]
c €e k+ B k+ —v- —IW-
sbet = omd (i +kf —q") iQ L u(1)y +(2) & 2q+)22) / d2y e~V / Py e~
dyn. target
% | Ko (Qlw—v]) - (Q2 ") vl K, (Qw—vl)| [tr(v b—)?bfzﬂ (w,67)
QQ ’ F . -
bef + o+ 4y C6f ky 2. _—ivk; 2 —iwky A
Sy ) =2mo(k]{ +k3 —q™") o (—1D)Q 2 d°ve d“w e Ko (Q |w—v])
ec. on q
_ V) @ 1 (ky—ky) i
<ayt [l @) - ) vl (B 4 Do) | ubon v
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DIS dijet production at NEik accuracy in general kinematics

o : _ + + + +\
Sq1672<—’y* — 2q-|— db—ezb (kir+k;r—q+)iMGe_rl.<]_311§k (b—) Sq1672<—’yz = (2q ) 2T 5(k1 —|—k'2 —(q ) ZMC]1672<—’YZ
" |Gen. Eik T z~ indep.
Ao~ q1q PN S S on. Fi AT\ con mic (AT dO’YZ—WlCYz . un + + 4+ 2
. :2q+/d(Ab et (k=) N7 (MG Bl (= S )) Mg Ek (S) g =) 2ok kS —ah) ) Mages;

o Gen. Eik hel. , col. . r~ indep. hel. , col.

T - . _ . _ . _ |dec. on q . _ |dec. on q . _ |dyn. target

cross section — | | |

dP.5. dP.S. Gen. Eik dP.S. NEik corr. dP.5. NEik corr. dP.5. NEik corr.

At NEIik order cross sections written in terms of decorated dipole and quadrupole operators

/ / 1 / / )
1
d(2)(V*,W) _ <NLCTI‘{Z/{§;2)(V)M}(W)}> Q(Q)(W/7V/7V*,W) — <]VCTr[UF(W/)U}(V/)UI(T’Q)(V)U}(W)}
CZV(V*,W*) — <NLCT1" (MF(V,[?_)SEU}(W,[)_))‘[)_:O >, @(W’,V/,VWW*) = <NLCTI‘ L{F(W/)Z/{}(v’)(Z/[F(V,b_)ﬁl/{}(w,b_))‘b_zo >

Tolga Altinoluk (NCBJ) CGC beyond eikonal approximation 10/22



Back-to-back production limit

Back-to-back limit of dijets are conveniently expressed in terms of: Dominguez, Marquet, Xiao, Yuan (2011)

(total dijet momentum) K =Kk; + Kk, and (relative momentum) P = (K — z/K»)
zp = kT /(K + k) and L=k +k)=1-z such that
k,=P+zk ky=—-P+25k

Back-to-back correlation limit: |k | << | P]|

In coordinate space:

(conjugate to P) r=v-—w

(conjugate to K) b=z v+2,wW

such that w=b-zr
V=Db+zr

Back-to-back correlation limit: |r| << |b/|

perform a small r expansion at the level of the squared amplitude
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Small r expansion in the back-to-back limit (i)

perform small r expansion, keep appropriate order in the expansion (in order to capture the interplay between subleasing power terms)
use [URT;;UIH i = [T]lg] l-j( U,),,, to simplify the results

Open dipole from Gen. Eik.

/b ¢~ ibk {up (b tzor, b—)u} (b R b—) _ 1}

:/ o —ibk |:—7j(1_|_z(222_21)1"k)1'jta//dv_l_Z/{A (‘|‘O<>av+5b>b_)a/a9~7'_j_ (vt,b,b7)
b a

r —

1 . . A
—irzrj o ¢b /dv+/dw+2/f,4 (‘|‘OO/U+§bab_)a/ag]:i_a(UJr’b’b_)

XU 4 (+oo,w+; b,b_)b,bgfj_b(w+,b,b_) + O (|r|3)]

Open dec. dipole from dynamics

[UF (v, b_)ybjz/f} (W, b)] = /z+ {Z/{F(V)Z/{} (z+, —00; W)igt-FJr_(er,w)M;( + 00,27; w)

b—=0

—Z/{F( + 00, 27; V) (—ig)t-FT= (27, v)UF (z+, —00; V)Z/{}(W)}

:2igt"’/ L[A(+oo,z+;b) F (", b)+ O(|r|)
~+

ab
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Small r expansion in the back-to-back limit (ii)

structures appear in decorations on quark line

/ e~ 1Pk { _ (Pj (21 ; ?2) k9> U (b + 2or) UL (b — 211) + - u<1> (b + 221) O;UkL (b — z11) — ildP (b + 2or) UL (b — 211)
b _
r , \
_ / e~ 1Pk [— P | (zzgzl)k — iz P (r- k)} Uy (b) UL (b) + [% 59 +Pﬂ'ri] Uy (0) UL (b) — iU (b)UL(b) + O (Jr]) ¢
b J

\ /

- gF% (27, b)

a a

Ul oy, (b) — 2t /Z L Ua ( + oo, 27T b)

Z/ll(?2> (b)Z/{);(b) = o' ¥ / (2T =2")0(zT —2"TUa ( + 00,27 ; b) g}"C;- “(z7,b)
zT 2!+ !

a a

Uy ( + oo, 2/t b) 97T, b)

X b
r — 0
r
r — 0 b

Uy (b) i} (b) = — 27t / dzt / dz' 2 Un(+00,2F5b) gy 9F% 7 (2, b)UA(+00, 2/ b)Yy, gF, 7 (2T, b)
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Back-to-back cross section: Gen. Eik contribution

FF~ . . .
F[F Aoy gy | kiky [ 4P'P P'k/ + k'P’
< 11 > part of YL 749192 :g2(66 )2@2(q—|— 4kt — k—l—)?(q—l- — k4 k+)2 1 ™2 _ - 2(22_21)( + ) )
dP.S / 1 2 1 27 4(qT)8 2 214 2 214
Gen. Eik. contribution P Gen.Eik ) LPT 4+ Q%) P+ Q]
k-P)P'P/ k? ne - /
4 16(22-21) ( ) _ +0 (_8> :| (2q+) /d(Ab)ezAb (k;r—l—k;—qu) e—zk-(b—b ) /
[P2 + Q2]5 P b,b’ 2T 2T
Ab~ Ab™ Ab~ Ab~
(e A e A (st 2] (o))
ab

Thereis also (F| F, F| ) which are twist 3 contributions that are not written here explicitly

Kinematic twist 3 corrections (suppressed by |Kk|/|P])

(k- P)PiP’

AP'PJ (P'k? + k'PY)

FIFD
doys—aa | = 7 —2(22—21)
(P2 + Q2)4 2 P2 4 Q2

Strict Eik. Limit TR = (2¢7)2m8 (k" + k5 — q)(ees)?g?42325Q7 [
o Strict.Eik

-+ 16(22—21) [PQ n Q2]5

y / ik (b=b) / (F4(%.0) [Ul (oo, 240 Ua( 00, 27b)| F (2% ))
b,b’ 2t ot ab 7

Correlator related to twist 2 gluon TMD at x = 0O

Difference between Gen. Eik and strict Eik. terms involve correlators of the type (F| F F™7) or k(F F™7)  These are NEik but twist 4 contributions.
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Back-to-back cross section: Twist 2 gluon TMDs

Including all (| F| ) contributions Kinematic twist 2 Kinematic twist 3
dov s | 75 o [ APP (Pik/ + kiPY) (k- P)PiPI K
P = (2q7)2mo(k{ + kg —q7)(eef) g 42725 Q {(P2+Q2)4_2(22_Z1) P2 1 Q2] +16(2z2—21) P2+ Q2[5 Y (ﬁ)}

- ' (P + Q°) t
X / e~k (b—b") / {1 +i(zT — 21 +NNEik} <f§fr—(z’+,b’) [uA(+oo,z'+;b')uA(+oo,z+;b)]
b,b’ zt .2/t

F (2t b >
2q—|—212j2 po (Z ) )

a

Eik NEik Correlator related to twist 2 gluon TMD at x = 0
NEik corrections and kinematic twist 3 corrections to (¥, | ) contribution factorizes from each other!

TMD (F [ F| ) correlator in an unpolarized target:

OHPT (x k) = ! ! /dQZ e k2 /d,z”L e Prar?" <Ptar
xP_ . (2m)3

FEY(0) [Z/{L (+00,0;0) U4 (+oo, 2t Z) Lb]:lfa(f, Z)

1 (b P (st
S / o~k (b—b) / e Frar (27227 <F£“’(z’+,b’) {Z/{il(‘l‘OOaZHL;b/)UA(—FOO;Z+§b)} bfzﬁm(z+,b)>,
b,b’ 2t 2t a
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Back-to-back cross section: twist 2 and twist 3 gluon TMDs

Twist 2 gluon TMD with non-zero momentum fraction x:

dO’YZ 74132 ey > i ([ (P2—|—Q2) .
; _ ¥ . 1—3)—
72 2P Pk = Qem (s €7 CT,L(Zlv P.k) <\ 1+ T Oy + NNElk] [X(I) I (%, k)] } -~
— em (g 6?0 C%L(Zl, P, k)< X (I)i_;j_ (Xa k)] 2162 + NNElk} with
) = z122W2
Twist 3 gluon TMDs with momentum fraction x=0: Mulders, Rodrigues (2001)
do FUFTT 1
YT 7—>q1G2 ' — 4 — —3J—
dz ZQTP d2k — Qem (s 6? 2—+C%,L(Zlv P) |:X o7/ (Xa k) T X O (Xa k):| with
: N Eik 1 x=0
do e 1
’YE’T—>C]1C12 _ 2 L sijl P (I)l_;ij Kk (I)Z'j;l_ Kk :
dzy P d?k | o s €f 5 7 Crp (21 )[X (x,k) +x 2 (x, k) » with

Tolga Altinoluk (NCBJ)

. 1J o g 1
o' (x, k) = % flg(x, k) + [kf‘kt7 — — 5”]

k2

) on2 1

Lorce, Pasquini (2013)

2K o 1)

tar

ST (x, k) + TV (x, k) =

I (x, k) 4+ DY (x, k) = € €™
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g g dijet production in DIS at NEik accuracy
from quark background field

TA, Armesto, Beuf - Phys. Rev. D 108 (2023) 7, 074023
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gg dijet production in DIS

Gluon TMDs are dominant in the eikonal CGC. TA, Armesto, Beuf (2023)

Beyond eikonal accuracy quark background field is included in the CGC ===

Two mechanisms that contribute to the production of quark-gluon dijet:

quark: p;x bef Zpl x _ P2y A2 k -+
7y 7y
gluon: p,,v,4,,a,y _
></ e 1w 2 (@) G*2 (Y, 2)appSr(x, w)(—iees )V Sr(w, 2)(—ig)y,t" ¥ (z)
w,z
quark: p;; x Slvn_nth — N l_il_m / / eip1-aj ﬂ(l)f}/"" @iPQ'yGQQ (pg)*(_Qp;)
SETNY p,b;/ TEYT o0 Jxy Jamy
>
_ )\ : b :
S I U <[ e ) Gy w)annSrol, w) (~ig) S (w, 2) (—iee ) (2)
2 DT T2 W,z
Y(z)

inside-after quark/gluon propagators together with before-inside and before-after quark propagators are computed at Eik. order.

Full set of propagators: before-inside, inside-after, before-after quark/gluon propogators are computed later. TA, Beuf, Mulani (2025)
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Contribution from photon splitting before the medium

Using the explicit expressions for various propagators, one gets

2 (v—z)K _
Sbef . 2§ + + 4+ —iV-P1—1Z-P2 d“K €Z(V 2 7 (1 fy—i_’y Fbef [/ +. [ ( )UT + - )tb\:p( T )
o —saqrge = 1€€5g2mo(py +py —q ") e > — u(1) TL A (+o00,2752)  Up(v)Uf (27, —00; 2 27,z
; V.7 (277) |:K2 i m2 , P1 P Q2:| 2 o 2
| " (gT)?
4+ o+ + + i
. bef _ oP1P2 ~ j*x _j bef __ _i _j* | (P11 — P2 5] ' '
with I _2(q+)2Q5/\2’V‘7 L'r —572\5/\2 {K K gt )52 T T o } +mv7’}77

In the back-to-back Iimit:

Ua (+oo, 2T z)a2b UF(V)U]JL (z+, —00; z) tPU(27,2) — Ug (+oo, 27T b) UF(b)U} (z+, —00; b) tPU (2T, b) = t2Up (+oo, Z 7T b) U(z",b)

aob

- . zt |b
@z V r— 0 +
)
1)
+ ot o+ o
bef .eerg2mo(py +py —a7) _ VTV et —ib-k +. +
Serﬂ,L—ﬂhgz = [PQ + QQ} all) 2 FT?L b ¢ o UF (—HX)’ © 7b) P(z",b)
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Contribution from photon conversion to quark inside medium

Using the explicit expressions for various propagators, one gets

") ' VY
/ /e_zz'<p1+p2)u(1) F%ﬁ/ t?Up (+00,27;2) U(27T, z)
ot

Sin . 66f927-‘-6(p1|_+p3_—q
YT —q192 — 17 + 2
(Pl — ZZZ—#PQ) +m?| 7*
2

2

| . o ot T + i\ . |
with [P = el &l { {pzl — p—ing} { ( £l n £ > 6% 4 o 27 ]} | mwl} v
b 1%
S,i;z_mgQ = 0 at NEik in Light-cone gauge, because ¢, (¢) ¥{7)(z) = q% v () (2) = 0.

Back-to-back limit is not needed for this contribution. Upon changing Z — b:

Sin _ .€erg 27T5(pil_+p;_q+)

Yr—q192 t [P2 e (1 - Z)QmQ]

A .
(1—2)%a(1)2 ; rg&/e—zb'k/ tUp (+00, 27 b) U(zT, b)
b 2zt
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Quark TMDs from back-to-back dijet production in DIS

dO-’YT L9192

In the back-to-back limit, the cross section  (2m)°(2p7)(2p3) = 2m6(py +p3 —q") (47) demasCre; Hr, (P, 2z, Q)T (k)

P2 |corr.lim.

. o 4Q%23(1 — 2)? S, 22)P? 4 (1 — z)*'m? N 2° + (1 = 2)°]P* +m” 22°P?
with the hard factors L= Tp2s 02 and T = P2+ (1 — 2)2m2]? P21 Q2 P21 Q2P 1 (1 — 2)2m?
target averaged color operator T (k) :/bb’ e (b= /+ . <‘TJ(Z'+,b')W_U}(ﬂLOOaZ’+;b')UF(+O<>,Z+;b)‘I’(Z+,b)>
1 : _
unpolarized quark TMD filz. k) = 5 53 /b ileb / e i (P [ (2, 0) LU (00, 2+ b)Up(+00,0,0)W (0, 0) | Py
CGC average < quantum (©) = lim (Par|O|Prar) _ lim (Plr|O|Prar) » T(k) = (2m)? iz = 0,Kk)
expectation value in target state Flor=Prar  (Pigp|Prar)  Plyy=Prar 2P, (21)2 6(P'y,, — Py ) 03 (P'iar —Piayr) p !
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Summary and outlook

gq production in the back-to-back limit in a pure gluon background field at NEik accuracy in DIS

* probed = <]:@'_~7:j_>
¢ shown the factorization of the kinematic twist 3 and of NEik corrections

¢ NEIK correction is shown to be the first order correction to the Taylor expansion of TMD around x=0

¢ Non-zero x dependance of the TMD is obtained by resuming corrections to all orders beyond Eik approximation
% probed — (F, F T7) and (F,” Fi;) (for transversely polarized photon)
¢ further contributions from NEIk corrections
* probed - (F,FF)

¢ appear already at Eik. Order. How to resum and its parametrization? on going work — TA, Beuf, Czajka, GoslawskKi

qg production in the back-to-back limit in DIS at NEik accuracy via t-channel quark exchange

*probed unpolarized quark TMD at x=0

Inclusive DIS and SIDIS at NEik accuracy (both quark and gluon background contributions) on going work — TA, Beuf, Favrel, Fucilla
with NLO corrections
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BACK UP
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NEIk correction from beyond static approximation

Effect of relative z— dependence of A~ insertions along one propagator:

A (2" + Az ) — A (27 )~ Az 0_ A (27) v \ / /ﬁ

@ Slow z~ dependence from time dilation: A(z 4 Az)
Az~
— L - wp A
Yt

@ Small Az~ displacement of the trajectory
within the target width L™:

L—i-

- - 1
AZ_NZ?—AZ+§1?—L+:O<—>
pt pt Ve
Double power suppression, beyond static approx and beyond shockwave approx:

— NNEik effect within a single propagator!
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NEIk correction from beyond static approximation

Effect of relative z— dependence of A~ insertions along one propagator is NNEik.

T
P

However, dependence on average z™ Is r
suppressed only once.

— Use Wilson lines with overall z— dependence

1
O_Up(+o0,—00;2,27 ) x — Up(+00, —00;2z,2 )

Y Up(+00, —00; Z, 27 ) \

— Accounts for NEik effects beyond static
approx

Up(+oo, —00; X, 1)

In particular: NEik corrections induced by the

difference in z— between different Wilson lines.
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