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Introduction

Introduction

EIC is expected to start operating in the next decade - its focus is on scattering properties at
relatively low energies.

— infinite momentum frame of the dense target may not be a satisfactory framework to study
subtle effects

— need for more precise framework

Among main goals of EIC:

® saturation effects inside protons or nuclei - phenomenon predicted by Color Glass
Condensate (CGC)

3D momentum distribution of partons inside protons or nuclei - transverse momentum
dependent distributions (TMDs) and generalized parton distributions (GPDs)

® spin physics — Yuri's Kovchegov group
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Introduction

Eikonal vs Next-to-Eikonal approximation

Typical approximations applied to high-energy dense-dilute scatterings in CGC:
® Semiclassical approximation - dense target in saturated regime represented by a strong semiclassical gluon
field A*(z) o 1/g
— perturbative expansion in g needs resummation of (g.A*(x))" at all orders
e Eikonal approximation - limit of the infinite boost of the target along 2~

Relaxing Eikonal approximation:
e Lorentz time dilation: A*(xz) independent on z~ (static limit)
— no p* transfer from the target
* NEik: 2~ dependence of A*(x)
— treated as gradient expansion around a common z~ value: 6:4’47(})1) =0(1/w)

e Lorentz contraction of A*(z) (shockwave limit)
— partons from the projectile interact instantly in " with the target, without transverse motion within the
target

* NEik: target with finite width
— transverse motion of the projectile partons within the target
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Introduction

Eikonal vs Next-to-Eikonal approximation

Relaxing Eikonal approximation (cont.):

® boost of 74 parameter along "-" direction: hierarchy of A*(xz) components
S A" =0(y) > AL =0(1) > A"=0(1/v)
— background field approximated as: A (zt,27,x) ~ §*~ A~ (2, x) o §(z)
— only (gA=(z*,x))" needs all orders resummation (Wilson line along z*)

* NEik: interactions with the subleading component of the field A, taken into account, not only A~

® interactions determined by ¢-chanel background gluon field exchanges

* NEik: interactions of t-chanel background quark field exchanges also matter

Here: only background gluon field NEik corrections considered

For quark contribution see, for example:
Altinoluk, Armesto, Beuf (2023), Altinoluk, Beuf, Blanco, Mulani (2025)

NEik power corrections to the standard CGC formalism:

® Of order 1/~ at the level of the boosted background field
e Of order 1/s at the level of a cross section
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CGC vs TMD approaches

connection between CGC and TMD <= overlaping region between high-energy limit and
correlation limit

For a process with a hard P and a not so hard k transverse momenta, and center-of-mass energy /s —
hierarchy of scales

® CGC result: leading power (eikonal) in the limit [k| ~ [P| < /s

) i P2 n k2 n
- subleading power corrections suppressed as (T) , (7

® CGC result in correlation limit: |k| < |P| < /s
n
- subleading power corrections suppressed as (%)
® TMD factorization: leading power (twist 2) in the limit |k| < [P| ~ /s
n
- subleading power corrections suppressed as (%)

e CGC vs TMD: [k| < |P| < /5

- natural framework to study corrections of the type P2/s or |P||k|/s and study the interplay between
the two approaches

Consistency of both approaches shown in the double limit |k| < |[P| < /s at leading power (Dominguez,
Marquet, Xiao, Yuan, 2011)

Power corrections in |k|/|P] in the regime |k| < |P| < /s studied from the CGC approach (Altinoluk,
Boussarie, Kotko, 2019)
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NEik DIS dijet

DIS dijet at NEik accuracy: S-matrix for v}

ki h
1./ x; ki, by

w yi ko, hay

B 5o

Quark propagator that takes into account subeikonal effects calculated in (Altinoluk, Beuf,
Czajka, Tymowska, 2020)
DIS dijet cross section calculated at NEik accuracy, at LO in a; in the CGC
(Altinoluk, Beuf, Czajka, Tymowska, 2023)
® Only longitudinal photon contribution will be discussed for simplicity
® Second diagram vanishes in v} case, but matters in ], case

S-matrix element at NEik accuracy (longitudinal photon polarization)

_ oGen.Eik gdyn.target | gdec. on g | gdec. ong

a1a2¢7f T a2y q1d2¢F | Tardee; T Ta1daeg

with okt k) (ot bkt — Kt
SGen Bk 50 8F poqyata2) (a7 +ky —ky )@ +ky —k7) / o—ivikl —iwiky
q132+7*L o v 4(q+)2? o
. [ S S _ _

x Ko (Q\w—vl)/db et (ki thy —a™) [up(v,b )u;(w,b )—1]

* Oth order term in the expansion around a common value b~ = (v~ + w™)/2

* resembles the strict eikonal term with extra b~ dependence
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NEik DIS dijet

DIS dijet at NEik accuracy

kF—k) ) .
dyn. target _ + o+ + (ky —ky 2 —ivky 2 —iwko
a1d2 e =2n6(k] +k3 —q ") 'LQ 'u.(l)'y v(2) @z . d°ve . d“we

52 _ 2
X |:Ko (QIw—vl|) — % [w—v|K1 (Q \W*V|):| [UF (va_)@brq"; (w* b_)] ‘b—:o

* first term in the expansion of the around the common value b

/d2v57iv4k1/d2wef'ink2 Ko (@ |w—v|)

.dec. on q __ + + eer
‘Sqmz« 7 =2md(ky kg — ) ( UQ( +)2

toNd k i
x a(1)y T {% U@ ) —iu@D ) +ull ) <( . i) + awj>] Ul (w) v(2)

* similar expression for g
* stem from finite width and the interaction with the transverse component of the background field

decorated Wilson lines:

Lt + +
L L
M(l)( )= / er dv+up(7,v+;v)Evjl/lF(’U+7*T;V)
T2
Lt + +
2 2 L 55— L
Mé>("):/7£ dU+Z/{F(77ﬂ+§V) v DvJ'MF(UJrv—T?V)
2
Lt L+ +

U@ (v) = /; avt tp (T vt v ) gt Fg e (v, - i)

025 7/15
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NEik DIS dijet

NEik corrections as F*¥ insertions

Expression for the cross section is lengthy before taking the back-to-back limit!
Consider only one term of the cross section to discuss the idea!

doy: s

dP.S.

dec. on ¢ 9 k+k+ k+
— (920F gt oty ’pt et 02 (C4F ‘9
= (2¢%) 2w (ki +K3 Q)ka(h)(ﬁﬁﬂwﬁ

x 2Re / gk (v'=v) e“‘Q'(WLW)KO (Q ‘W/_VID Ko (Q ‘W_VD
Jv vt ww

><Tr<[Z/{p(w')Z/{;@(v’)71]Kfz'b{}'))(v)+<kz k7>u<;3( ))u*(w)+ Uyl (v )a)w,u;(mD

NEik corr.

. 3 . .
Terms with L{I(;;z] (v) cancel at cross section level for 77, but survive for v,

On the way to TMDs: the relation between derivatives of the Wilson lines and field strength insertions:

A (x*,y 5 v,07) +igh A (o, v o Up(at y v, vT) —igle (e y T v o) Ayt v, )
zt
= —ig dv T Up(xt vt v vt J',f(v)UF(v*‘y*:vﬁ v7) for pp # +

yt
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Back-to-back limit at amplitude level

Change of variables and back-to-back limit

In momentum space:

(total dijet momentum) k = kq + ko and (relative momentum) P = (20k; — z1ks)
z1 = ki (ki +k3) and zo = k3 /(ki + k3) = 1—2 such that
In coordinate space:

(conjugate to k) b = (21v + zw) and (conjugateto P) r =v —w
back-to-back correlation limit: |k| < |P| and |r| < |b|

perform a small r expansion at the level of the squared amplitude and go to adjoint representation

U oy (b) = 2t /+ S ta( oo, sTib) gF(b)
U? byl (b) = —t7't¥ /+ . z:z'ﬂ(/(zhz’*)uf,@oc.,ztb)a,agf‘;*(ztb)uf,@oo.,z’+;b)

UG (b) uUf(b) = —207't¥ / 2 Ua(+00, 2% 1b)ara gF% ™ (2, b)U(+00, 2" 1 b)ys g7~ (2", b)
2t 2t

b — (It
b’bg]:j (#*,b)

% contributions with either 1 or 2 7~ (like in generalized eikonal case)

* now with an extra factor z* or (27 —2'T) (NEik suppression with the target width)
— similar results for decorations on the antiquark line
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S EseeeeEy
Back-to-back cross section: Eikonal piece
The dijet cross section for the longitudinal photon in the back-to-back corrlation fimit:

corr. lim. corr. lim.

doy; »q doy; s

dP.S. dP.S.

Eik NEik corr.

= (2¢")270(kf + k3 — ¢")(ces)’g*42123Q°

corr. lim.
doy; »q
dP.S.
doys sqa e

dP.S. |
Eik

4PiPJ

[

21

(P'K + k'PY) DN (S P)P'P/ K2
[PZ 4 Q'Z]A + 1)(42* -1)W (ﬁ) :|

></ e (b=b) <]—"f’(z'+,b') Ul (+00, z'*;b’)Z/{A(+oc,z+:b)] ]fb,lf(zﬂb)>
b.b’ A A ab -

o twist-2 gluon TMDs in the target (both unpolarized and linearly polarized), with momentum fraction x = 0 and
transverse momentum k, with a future staple gauge link

e kinematical twist-3 corrections, suppressed by an extra |k|/|P] in the back-to-back dijet limit |k| < |P|

e not shown here: genuine twist-3 corrections, involving a correlator of the type (F ~F ~F )

o difference between Gen. Eik and Strict Eik.: involves correlator (F ~F ~F ) = twist-4 and NEik correction!

DIS dijet production at subeikonal order September 26, 2025



Back-to-back cross section: twist-3 TMDs from NEik

From the interference between the non-static NEik correction and the strict Eikonal amplitudes:

FUFH
oy sz | + ot vep2.22 2 2i%8(z —21) PUP? +m?)
d%’.S. =(2¢")2m0(ki” + ky — q")8Q% e esg pes PIL 0
NEik

* 2Re / ¢~k (b-b) (F2 () [l (o0, 23 DUa(0, 2¥5b) | F (27 b))
bb ot ab

zt,

= NEik. correction stemming from the dynamics of the target is a twist-3 gluon TMD, (Mulders, Rodrigues, 2001) with
momentum fraction x = 0.

From the interference between the NEik correction with Z/{?z] and the strict Eikonal amplitude:

® Vanishing result in the 77 case due to Dirac algebra.
® An extra contribution to the cross section in the 7], case:

F [ F
Aoy gian |7 ) ,
i i x2Re / el / (F5 W) [Ul (0,200, 25 b)| FE(=* b))
dP.S. NEik Jop St ab

= The other twist-3 gluon TMD as found in Mulders, Rodrigues, 2001, with momentum fraction x = 0.
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Results at the cross section level

Back-to-back cross section: x dependence from NEik

Including all contributions of the form (]:f]-'[), of order Eik or NEik, and twist-2 or twist-3:

do_ _ ‘Fjjfjj
e = (2a7)2mO (k] + k5 = q")(ees)’g42125Q°
4PIPI (P + KiPI) (k- P)PPI K2
X f72(52721>f (Q*Z])f —
(Pz + Q2)4 [Pz + Q_)]-l [Pz + ()21() P38
i ; N ) (P?+Q?
></ c’“"(b’w/ {1 +i(zt :;/*)7(“ jr 2 )] <]~"; (2D {M£(+00y21+1bl>l/{A(+OO,Z+;b)
, b 2qT 2129 ab
b,b 2tz
= NEik corrections and kinematic twist-3 corrections to the (F ~F =) contribution factorize from each other!
The NEik correction can be summed into a phase! (using the conservation relation) = dependence of the twist-2 gluon
TMDs on x
do. LT
e = (247)2m3(k} + ki —q")(ees) 9?42 4Q7
4P'PI (PkI + k'PJ) (k-P)P'PJ k2
= 2(n—2) =57 + 16(20—21)——=++O
X{(P2+Qz)4 (z2=21) P2+ Q24 +16(z2—21) P2+ Q7 + Ps
></ e’lk'(b’b/)/ (il =y, <]—‘7I’(z’+,b’) Z/IL(Jroc,zHr:b')UA(Jroc,z*;b)] I]-“_’,/’(z*,b)>
Jb,b 2t 2t ab

e Result of the same form can be obtained for transverse photon case.
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Results at the cross section level

Back-to-back cross section: twist 2 TMDs contribution

Introduce notation: TMD (F*FP7) correlator in unpolarized target:

. 1 1 5 -
T (x k) = o= @ /dzzeﬂk-z /dz* %P2t <Pm
XL (2T)°

FE(0) {UL (400,05 0) Ua (400, 27T; z) ]ab]:lfd(zf z)|P/m>

_ 1 —1k-(b—b’)/ ixP;,, (zT—2'T) TS ESRN] t .o +. PO [+
g L [ ] ),

Dijet cross section involving the terms (F ~F ~):

- ‘
= Qlem Qi c? C;Z_],J(zh P, k){ [1 +

d e
T} r=r0d2

(P2+Q?)
dz1 &P Pk

legvvz

O + NNEik] [x B (x, k)} }

x=0

= e 5 €3 Cif (21, P, k){ [x i (x, k)] ‘ ot NNEik}

2,02
x={EHL Q,z
2129 W

Non-zero value of momentum fraction x in the twist 2 gluon TMDs recovered from NEik corrections!

Standard parametrization of =¥~ (x, k) (with the target mass M):

. 6
i—j— g i)d
P (x,k) = 5 fi(x k) + [k k: 3 e

2
k 511] L hdo(x, k)
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Results at the cross section level

Back-to-back cross section: twist 3 TMDs from NEik

From the interference between the non-static NEik correction and the strict Eikonal amplitudes: terms in (]-'*’]-'[)

do Y12
L,

dz P d?k

1 X »
= Qo Ol ef; Q(TCJT,L(Zh P) |:x QI (x, k) + x &I (x, k)}

NEik x=0
= NEik. correction beyond the static approximation for the target involves a twist-3 gluon TMD, (Mulders, Rodrigues
(2001)) with momentum fraction x = 0.

From the interference between the NEik correction with Z,{I(fzj and the strict Eikonal amplitude: terms in (F7F )

FoFi
doy: —qg | * 1 i
5 I— jil—
7 2P Pk ZZTP K = Qe Qs Lf Oy ;j, (21, P) | x @73 (x, k) 4 x DU~ (x, k):|

NEik

x=0

® Contribution from another type of twist-3 gluon TMD, (Mulders, Rodrigues (2001)), still with x = 0.
® Note: term absent in in the ~;: Clel(zl,P) = 0 due to Dirac algebra.

Parametrization (from Lorcé, Pasquini (2013)):

P (k) + 09 (k) = 2 play 1o
tar
B (x, k) 4+ B (x, k) = dn 2 gl 1)
tar
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Summary

To understand the interplay between CGC and TMD frameworks, we studied the back-to-back limit
of the DIS dijet production at NEik accuracy, including twist-3 power corrections.

We obtained various contributions:
® twist-2 gluon TMDs: (F,"F,")

® factorization of kinematic twist-3 and of NEik correction

® NEik corrections reproduce the expansion of the phase defining the x dependence of the TMDs
® twist-3 gluon TMDs: (F,”F*~) and (for ~;.) (F,” Fi;) as further NEik corrections

® 3-body twist-3 correlators (F,~F,” F;"): beyond TMDs!
Already appear in Eikonal contributions. NEik corrections partially resum into phase.
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