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Introduction

Context

The new Electron lon Collider (EIC) at Brookhaven is expected to start in the next decade.

Among its main goals:

® Study of the 3D momentum distribution of partons inside protons or nuclei, using the
TMD factorization formalism for semi-inclusive processes

® Study of the non-linear dynamics of partons with low momentum fraction inside protons
or nuclei, using the CGC formalism for high energy (or low Bjorken ) processes.

=- What about the consistency and interplay between these two very different approaches to
QCD?

Here: Study this issue on the example of back-to-back dijet production in DIS at low Bjorken z,
in which both TMD and CGC formalisms should be valid.
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TMD vs CGC approaches

For a process with a hard P and a not so hard k transverse momenta:

® TMD factorization: leading power (twist 2) in the limit
k| <[P~ /s

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

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)

= What about power corrections in P?/s or |P||k|/s beyond the eikonal
limit?
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Introduction
Eikonal approximation in the CGC

High-energy dense-dilute scattering in the CGC : Semiclassical and Eikonal approx.

Dense target represented by a strong semiclassical gluon field A*(z) < 1/g
= Perturbative expansion in g needs improvement by all order resummation of

(g A (z))"
Eikonal approx. : limit of infinite boost of A#(x) along 2 ~:

e A/(z) independent on 2~ (static limit) due to Lorentz time dilation
= No p™ transfer from the target

® Lorentz contraction of A*(z) (shockwave limit)
= Partons from the projectile interact instantly in ™ with the target,
without transverse motion within the target

e Under a boost of parameter 7, along the " —" direction, A~ is enhanced and AT is
suppressed: A"=0() > AL =0(1) > A" =0(1/v)

Background field in the eikonal limit: A#(z ", 27, x) ~ §*~ A~ (27, x) o< 6(z™T)

= Only (gA~ (x“‘,x))n needs all orders resummation = Wilson line along 2™
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Introduction

Next-to-Eikonal corrections to the CGC

Next-to-Eikonal (NEik) power corrections to the standard CGC formalism:

e Of order 1/~; at the level of the boosted background field

e Of order 1/s at the level of a cross section

— They arise from relaxing either of the 3 approximations:

@ =~ dependence of A*(z) beyond infinite Lorentz dilation
— Treated as gradient expansion around a common x~ value:

LA =001 /%)

= Possibility of (small) p™ exchange with the target

® Target with finite width
= transverse motion of the projectile partons within the target

© Interactions with A field taken into account, not only A~

Note: Background quark field of the target also relevant at NEik.
= Separate contribution not included in this talk.
G. Beuf (NCBJ, Warsaw) Back-to-back DIS dijets at NEik

2PiNTS, IFJ PAN, Nov. 22-24 5/19



NEik quark propagator

Full NEik quark propagator through a gluon background field

Propagator from y before the target to x after the target:

dgtd’q pdktd®k L g gk (M)

S s = i — " "9 0k iweq jiy-k \A T 704

ey = [T [ e e ety emi vk
X /Ad2ze7iz'(q7k) {/ dz"et? (@T—kT) 1/11,—( + oo, 7o<;;z,:7>
oms(aT _ kT Agﬁiikil,/‘ 57 .

2mé(q k™) 2t TR ) dz=t Mp + oo, 2T 2z, 0) Z/[p( s oo,z,O)]

2n8(qt —kT) +
,zm/dz uF(+ooz )$D_D ( ,700,2,0)]

2r8(qt —kT) [+, ’YJ] + + (k+m)
W /d L{F(+ooz sz, O)Qt .F,J(z , 2, O)L{p( 700,2,0) BryEa
+NNEik

Altinoluk, G.B, Czajka, Tymowska (2021); Altinoluk, G.B (2022)

+ + B +too rpt i B N
Up (x ,z ) = 1+N2:1m7’+ |:—zg/yJr dzTt- A (z):|

® Generalized Eikonal contribution: also includes the NEik non-static corrections:
overall z— dependence of the Wilson line.
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NEik quark propagator

Full NEik quark propagator through a gluon background field

Propagator from y before the target to x after the target:

dgtd?q r dktd?k

—iweg iy ke (M)
S LY) = 27 ® oagty ekt ix-q zykL+
ey = [ TSR [ oS ety et v R,
X /d2z e~ (ak) {/dz_eizi(q+_k+) L{p(«l» oo, 7oo;z,z_)
. +,.+M/+ : +i2,0) B tp (21, —oos
278 (q k )2(q++1€+)- dz [1/{1. (+oo,z 7z7(]) 2 UF (z s oo.z,())}
2m8(qt —kT) + + 5 p +
72W' dz [L{p(+oo.z ,ziy(]) i DZ7 L{p(/‘ 7foo,z.())}
2m8(qt —kT) [v*, 7] ¥ 5 + " (F+m)
W n /dz Z/(F(+oo7z ,z,()) gt-Fij(z ,z,O)Mp(z ,7oc,z,0) Py
+NNEik

Altinoluk, G.B, Czajka, Tymowska (2021); Altinoluk, G.B (2022)

+ gt N
Mp(m+,y+;z,z7) = 1+ Z"O i Py —ig/L dz+t<.A7(z)
Ne1 N! yt+

® NEik contributions beyond the shockwave approx or due to A .
Last term: quark helicity coupling with longitudinal chromoelectric field of the target F;;.

G. Beuf (NCBJ, Warsaw) Back-to-back DIS dijets at NEik 2PiNTS, IFJ PAN, Nov. 22-24 6/19



NEik quark propagator

Full NEik quark propagator through a gluon background field

Compact notations for the decorated Wilson lines:

Ml(,‘l,z(z /dz+Z/{F(+oo zT; )F) ( 7oo;z)
u(z)(z):/dz+lxlp + o0, 2 ;z)ﬁ;ﬁzup(er,foo;z)

uz(T‘S)”(z) /dz+MF(+ +;z)gt-]—'i]-(z+,z)1/{p(z+,700;2)

Propagator from y before the target to x after the target:

dgtd’q pdktd’k +y —iweq iy-k A+ M) 2 —ize(q]
s ) = 0 ok iz iy */d iz (qk)
() = [ P / e L ze

ootz (et k) - +_phy [ (@ KD uld)
X{/ dz e MF<Z-~ )+27r5(q k™) [ 2(q++k+) (Z)

3 i @), v, 7] u® (B +m) ;
@iiﬁﬁi% ()+ZGII?§ F7J)}} oF + NNEik
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NEik quark propagator

Full NEik quark propagator through a gluon background field

Compact notations for the decorated Wilson lines:
M(l)(z):/dz+l/{p(+oo z ,Z)SD->MF( 700;2)
L{;,Q)(z):/dz+l/{p(+oo z ,z)%‘iD ( +,7oo;z)

Z/l}(;?)” ):/dz+MF(+OO,z+;z)gt-.7:ij(z+,z)b{p(z+,7oo;z)

Alternative expressions for the decorated Wilson lines:

MI(TI»)j (z) = — Q/dzJr 2T Up (o0, z+;z)[—igt . ij(er,z)]L{F(z/Jr, —0c0;z)

U (z) = /dz+/dz’+ (=T =2y 0T =2 Mg (400, 27T, 2)[—igt - 7,7 (27, 2)]

x Up(zt, 2T [—igt - FT (T a)up (2, —o0;2)

Thanks to the relation:
c'?ulz{p(z_" +‘z z_)+igt~.A“(z+,z,z_)Mp(z+,y+; )7ng1p(z+ + _)t~A“(y+,z,z_)

=g [", T dst viz 2 ) FT (Up el y Tz 2 T) for u # +
y
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NEik DIS dijet

DIS dijet at NEik accuracy: S-matrix for 7}

k1, a5 ky, by

2
yi ko, o

ko, hy

o+
-7 T

DIS dijet cross calculated at NEik accuracy, at LO in as in the CGC.
(Altinoluk, G.B., Czajka, Tymowska, (2023))

® Only longitudinal photon contribution will be discussed for simplicity
® Second diagram vanishes in v} case, but matters in ], case.

. . dyn. target dec. on ¢ dec. on q
S-matrix at NEik accuracy: S = §Gen. Eik 4 g S o
Yo Pa1aa ey q132+7], + q1G2+7], + q1324F, q132¢7],
Gen. Eik _ eer + e~ iviky —iwky
o = —20 L amy ) ERSE e

(e +k —kF) (@t +k3 —K7) /
x Ko (Qlv-wl) /dlf ibT (R kT —a ) [up (vio  Juf(wio™) = 1]

0% = m? + (q++kjfk;)(q+7kf+k;)cg2
B 4(qt)?
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NEik DIS dijet

DIS dijet at NEik accuracy: S-matrix for 7}

k1, a5 ky, by

2
yi ko, o

ko, hy

o+
-7 T

DIS dijet cross calculated at NEik accuracy, at LO in as in the CGC.
(Altinoluk, G.B., Czajka, Tymowska, (2023))

® Only longitudinal photon contribution will be discussed for simplicity
® Second diagram vanishes in v} case, but matters in . case.

. . dyn. target dec. on ¢ dec. on @
S-matrix at NEik accuracy: S, = §Gen. Eik 4 g S o
Yo Pa1qa ey, q132+7], + q1q2+7], + 91327, + 91327,

dyn. target o4+ vkl 2 —iw-kg
Sq1q2<—’~f =27n8(k{ +ky —q )'LQ—u(l)'y v(2) ( +)2 /d /d we

x | Ko (Qv—w]) — %w—wu(l (Q|v—w|):| [uF(v,b*)ﬁu}(w,b*)] .
2 ki kg

~2 _ 2
QT =m"+Q @2
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NEik DIS dijet

DIS dijet at NEik accuracy: S-matrix for 7}

ki, a5 ky, by

4.\
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DIS dijet cross calculated at NEik accuracy, at LO in ag in the CGC.
(Altinoluk, G.B., Czajka, Tymowska, (2023))

® Only longitudinal photon contribution will be discussed for simplicity

® Second diagram vanishes in v} case, but matters in . case.

S-matrix at NEik accuracy: S, = GGen. Bik 4 gdyn. target | gdec. ong 4 gdec. on g

132477, q1d2+7], 91327}, 91327}, q132¢7],
dec. on g _ o5t 4kt —qT) S5 (C1)Q M [y emivia [ g2y iwka g (@Qv—wl)
(11L72<—’Yz - 1 271 27 (q+)2 ’

) J_ I ;
_ + 05 @ (@) (1) (ky—ky) i t
X a(1)y Y MF;ij (v) —ilUp’(v) +MF:j (v) s + > 04j U (w) v(2)
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NEik DIS dijet

DIS dijet at NEik accuracy: S-matrix for 7}

ki, a5 ky, by

4.\
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DIS dijet cross calculated at NEik accuracy, at LO in ag in the CGC.
(Altinoluk, G.B., Czajka, Tymowska, (2023))
® Only longitudinal photon contribution will be discussed for simplicity

® Second diagram vanishes in v} case, but matters in . case.

S-matrix at NEik accuracy: S = GGen. Bik , gdyn. target | gdec. on g | gdec. on g

- * 1 o c °
91927, q1q2477, q1G2+77, q1G2+77, q1q2+77,

+
k ) ) _
:2775(kf+k;—q+) e;% (-1)Q (qJ:)2 /d2v e~ ViK1 /dzwefﬂ”'k2 Ko (Qlv—w]|)

(i} —k})
5 _ %)“(F{}T (w)> }U(Q)

7
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dec. on g
91d2+77F,
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X a(l)y* [zmv) (% U = )+
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Back-to-back limit at amplitude level

Change of variables and back-to-back limit

Back-to-back limit of dijets are conveniently expressed in terms of:

(dijet momentum imbalance) k = ki + ko and (relative momentum) P = (z2k; — z1ks)

z1 =k (ki +k3) and zo = k3 /(ki + k3) = 1—2 such that

ki =P+ 21k ky = —P + »k
back-to-back correlation limit: k| < |P|

In coordinate space:

(conjugate to k) b = (21v + zow) and (conjugate to P) r=v —w

such that

back-to-back correlation limit: |r| < |b|
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Back-to-back limit at amplitude level

Small r expansion for the eikonal contribution (1)

Open dipole from the Generalized Eikonal term forr = v —w — O:

/b o—ibk [Z/(F (b +zor, b_)lfl}\: (b — oz, b_) - 1]

- /b e~k [zzrj (8;Up (b, b~ UL (b,b7) — 2107 Up (b, b7 ) (3;UL. (b, 7)) +O(r2)]

= rJt“/ eilb'k/ Z/{A(+oo,z+;b,b7) (—ig)F% ™ (2T, b,b7) + O(r?)
b zt+ ab J

r—0

Note: Oth order in the r expansion trivial — first order in r is the leading power
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Back-to-back limit at amplitude level

Small r expansion for the eikonal contribution (1)

Open dipole from the Generalized Eikonal term forr = v —w — O:

/b o—ibk [Z/(F (b +zor, b_)lfl}\: (b — oz, b_) - 1]
= _/b e—ib-k [zzrj (8;Up (b, b= ) UL (b,b7) — 217U (b, b7) (9;U} (b, b7)) + O(r2)]

= rJt“/ eilb'k/ Z/{A(+oo,z+;b,b7) (—ig)F% ™ (2T, b,b7) + O(r?)
b zt+ ab J

Note: Oth order in the r expansion trivial — first order in r is the leading power

However: the aim is to study the interplay between subleading power corrections
= Terms of order r? needed as well!
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Back-to-back limit at amplitude level

Small r expansion for the eikonal contribution (2)

Open dipole from the Generalized Eikonal term forr = v —w — O:

/ e—ib-k [MF (b+22 r, b_)l/{}\, (b —z1r, b_) — 1]
b
_ —ibk | (g, i(z2m21) j o’ + bbb - (ot b
=/ e i [71(1+#r4k)ru“ /dv Ua (+oo,vF3b,b7) L, gF,~ (vF,b,b7)
1 e '
751'11'] 1o ¢b /dv*/dux*b{,g (+oo,7.":b,bf)a/agffu(v*,b,bf)

XU (+00,wTsb,b7), 9F,, (T b,b7) +0(Ir?)

r—0

= Order |r|? correction: contributions with either one or two field strength F

G. Beuf (NCBJ, Warsaw) Back-to-back DIS dijets at NEik 2PiNTS, IFJ PAN, Nov. 22-24



Back-to-back limit at amplitude level

Small r limit for the non-static NEik correction

For the open decorated dipole due to the dynamics of the target:

[up (b+zQ r, b—)@,ﬁu} (b . r,b‘)]

b—=0

/z+ {L{F(b)b{;r7 (z'*'7 —00; b)igt-]:'*'_(z'*'7 b)l/{;r? ( + 00,2t b)

~Up ( +o00,2T; b) (—ig)t-F+= (=, b)Up (z+, —o0; b)u}(b) + O(|r\)}

2ita,/ Z/IA<+oo,z+;b) gF =z, b)+O(r))
=t a’a

Involves the longitudinal chromoelectric field 7+~ instead of the transverse field .7-']._

Note: Similar result for the NEik corrections with L{I(f)” but with F;; instead of Ft-
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Back-to-back limit at amplitude level

Small r limit for the NEik corrections in Z/l}l)] and Z/ll(f)

Terms with U}lz and L{g) decorating the quark line (remembering that |r| ~ 1/|P]):

/ bk {7 (P + @w) UL (b + zor) U (b — 21)
. ;
+ %u}{}(b + 2o1) QUL (b — z17) — iU (b + zor) UL (b — zlr)]
- / e—ibk { [_ Pi 4+ @kd - izzpj(r.k)} U (b)uf(b)
. ;

+ E 549 + Pjri] Ut () aiutf (b) — itt? (b) Ul (b) + O (Ir)) }

ji_, b
. r g
r—0 s

9F% (z*,b)
a

a’

u}i}(b)u}(b) = 2it” /Z+ 2t MA<+OO,Z+§b>
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Back-to-back limit at amplitude level

Small r limit for the NEik corrections in U}l)] and Z/ll(f)

r—0

(2T =2 )0zt =2/ )Ua ( + 00, 2t; b) gF% = (z*,b)

a’

2 ’ /

I+ b — 1+
XZ/{A(+OO7Z ’b)b/bg}—j (2™, b)
U (b) i (b) = — 269" ¢¥ / dzt / A2 2 Un (400,271 b)org gF% ™ (2T, b)
X Ua(+00,2'T;b)yry g}'l; ~(2'*,b)
Like in the GEik term: contributions with either 1 or 2 ]:L_'

but now with an extra factor zt or (21 —2't): NEik suppression with the target width.

Similar results for decorations on the antiquark line instead.
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Results at cross section level

Back-to-back cross section: (Generalized) Eikonal piece

Squaring the single 7~ part of the Generalized Eikonal contribution in the back-to-back limit:

]:Jj ‘FL7

doy; e 2 a4 ; kfky [ 4P'P (P’ + K'P7)
— e =g°(ee gtk - kD)2 — K+ k)22 {7A —2(2—21)————
JpP.S. - g (ees)"Q°(q 1 ) (¢ 1 2) A(q+)® (P?+ 0% (22—21) [P+ 02
(k- P)PP/ <k2)] + / iAb (ki +hi —qt —ik-(b—b’
+162727A,+0 (2 Ab)eAT (KR —aT) e~k )
(z2—21) P21 O ps q") )e - o
Ab Ab Ab Ab
a—( J+ W t A WA +. b—(,+
X <]—'l (z b, — ){M (+oo,2 ;b = )MA(-FOO,Z ;b, 3 )]ab}'j (z b, 3 )>
Strict Eikonal result found by neglecting Ab~ in the fields:
do. e
s = (2q")2m3(ki + kf — q*)(ees)’g* 427307
© 7 IStrict.Eik
4PiPI (P + Kk'P7) ) (k- P)P'P/ k2
2 —21) =5 + 16(22—21) 5= —
[(P2+Q2)4 (2—21) P21 Q2 +16( 1) P2+ Q2 Ps

ab 7

« /bb ik (b-b) ) +<}-,1,7( 2, b) [Z/{‘\(+oc 2B (o0, 2 b)} }-1)—(2+1b)>
, ot

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|
o 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*~) = itwist 4:and NEik correction!
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Results at cross section level

-back cross section: twist 3 TMDs from NEik

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

FIF

_ i (p?
= (2q7)270(kF + kf — g7)8Q2e2g? #23(2 = 21) PP + m?)

qt (P2 +Q2)!

—ik-(b—b’) a—( 0+ [yt I+ b +. -t
X QRc/be,e /er " <}—1 (2", p') [L{A(oo,z ;b UA (00,273 b) ab}",, ( ‘b)>

doy; sqa

dP.S.

NEik

= 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/[I@z] and the strict Eikonal amplitude:

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

dows FIFy

Y132

dP.S.

o<2Re/ e’“"(bfb/)/ <]'-‘Z7(z’+,b’) Ul (00, 273 b YU (00, 275 b) ]-'ij(:*.b)>
NBik /b,b! whatt a

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

o-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:

-
doy; sqa | 7T Vo (Lt 4t _ ot 2424,8,302
S = (2¢7)2m(k + k3 — g7 )(ees) g 427 25Q
PP (PR KP) (k-P)PPJ K2

prrge 2 ) g ) T Ps

P2+ Q?) P2+ Q7 P2+ Q2] P

. 2+ Q%)

></ 8’“"("4’)/ {1+/‘(:*—:’ %2]+NNEH¢] <]~"f’(z/’,b’) [uj,(+oc.z/+;b’)u,1(+oo,z+;b)] ’]?"7’(2+,b)>

Jb.b! J ot gt 2qtz129 ab

= NEik corrections and kinematic twist 3 corrections to the (F~F ") contribution factorize from each other!

The “—” momentum extracted from the target can be defined from the conservation relation (where the k? term is a twist
4 correction):

o Km? K4m? Q7 (PP+QY) K
ar. = kT Hhy —q = = = = —
. 2kfr 2]@2r 2qt 2qt 2122 2qt

The NEik correction can be summed into a phase! = dependence of the twist 2 gluon TMDs on x

do. Wl
—e = (2¢")2md(k{ + ks — q")(ee)*g?42{23Q°
4P'P/ (P'k? + k'P7) (k-P)P'P? k?
= 2(z0—21)= = 16(22—21)~=5—=37 =3
[rra 2o S+ e G +0 (s
« / 6—zk.(b—bf)/ (it —2")xP, <}—(f (1) I:ML(‘FDC,Z’+;b,)MA(+0C,3+:b):| }-f; (z+,b)> + NNEik
b’ ot ‘ ab
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Summary

To further understand the interplay between CGC and TMD, we studied the NEik DIS dijet
cross-section in the back-to-back jets limit, including twist 3 power corrections. Various types of
contributions are obtained:

° <]—'if]-"j7>: twist 2 gluon TMDs

® |n that sector: factorization of kinematic twist 3 and of NEik correction
® NEik correction reproduce the expansion of the phase defining the x dependence of
the TMDs

® Twist 3 gluon TMDs: (F,” F*~) and (for v4) (F,~ Fi;), as further NEik corrections.

® 3-body twist 3 correlators (F,~F,” F;7): beyond TMDs!
Already appear in Eikonal contributions. NEik corrections partially resum into phase.

Remark: Odd (resp. Even) Twist terms typically proportional to Odd (resp. Even ) powers of
P -k, for unpolarized target.

= Odd (resp. Even) azimuthal harmonics in terms of P and k
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