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GTMDs

. partons carry finite k; in addition to x
. imaging/tomography: the (x,k;) distri

Belitsky, Ji, Yuan (2003)
Meissner, Metz, Schlegel (2009)

D+ Lorce, Pasquini (2011)

outions of partons depend on

the location within the proton -> (x,k

»b+) or (X,k+ A;)
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. measurements via e. g. exclusive dijets in ep or UPCs



GTMDs

. attractive to consider quark and gluon GTMDs at small-x

. connect to the conventional high-energy language of
Pomerons/Odderons

. practical computations of small-x GTMDs through Pomerons/Odderons and their
high-energy evolutions -> apply to processes

. similar analysis exist for TMDs, and for unpolarized GTMDs

Metz, Zhou (2011) Boer, Echevarria, Mulders, Zhou (2016)
Dominguez, Qiu, Xiao, Yuan (2012) Hatta, Nakagawa, Zhao, Xiao, Hua-Zhong (2017)
Boer, Echevarria, Mulders, Zhou (2016) Bhattacharya, Boussarie, Hatta (2024)

Boer, Cotogno, van Daal, Mulders, Signori, Zhou (2016) Bhattacharya, Kang, Padilla, Pentalla (2026)
Kovchegov, Sievert (2015, 2017, 2018) Kovchegov, Sun, Santiago (2026)

. complete analysis including also proton helicity flips has not been done, even in the
strict eikonal case



Recall some known results at small-x

. Small-x gluon is maximally linearly polarized (along its k;)
2
k
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unpolarized TMD

Metz, Zhou (2011)

1
hl 7 (:}:? k) Dominguez, Qiu, Xiao, Yuan (2012)

\ Linearly polarized TMD

. Small-x gluon spin and OAM are maximally anti-aligned
kaf (,CC’ k’ A) p— —MQCQ ({E, k‘,, A) Bhattacharya, Boussarie, Hatta (2024)

unpolarized GTMD Spin-orbit GTMD : <L% §%> -> -1

. proton is unpolarized are there more such relations?
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Gluon GTMDs
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Lorce, Pasquini (2013)
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Gluon GTMDs

m) rich decompositions, e. g./

g
HY

. GTMD notations

s+l +5+1

helicity GTMD (G, ,)

/

unpolarized GTMD (F ,)

Lorce, Pasquini (2013)

spin-orbit (F, ,)
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OAM transfer Al, = A—-X—(A"—X) =S, P, D, Fwaves



Gluon GTM Ds no ~ kg Ag - type terms: 2(k - A)kpAgr = k°A% + A%L%

(not independent)

. with gluon helicity flips L, App = A EHIA?
k?ﬁz 2.+ 12,4+ 2}-?,7 2,+; !2 +
g _ g ,+:ig 9y +:9g
linearly polarized gluons (forward Iimit)/ related to transversity-type GPDs

same, but with longitudinally polarized

proton (vanishes at small-x) (2016)

. small-x gluons in off-forward proton are linearly polarized as k + A/2,
so naturally the different D-wave GTMDs will become related

. typically A is ignored in high-energy (s>>t), but in this case it is essential



Gluon GTMDs: proton helicity flips

Im -> gluon Sivers in forward limit

_—
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g _ R! 172,+:9 R 172,+:9
HY i =5 |3 e |+ 3 i total of 16 complex GTMDs

at leading twist



Relation to gluon dipole at small-x

Dominguez, Marquet, Xiao, Yuan (2011) Proton and gluon spin indices factorize
Hatta, Xiao, Yuan (2016) (does not hold for WW type)
Boer, Cotogno, Van Daal, Mulders, Signori, Zhou (2016) \

3 ON. /.. 1 .\/.. 1. .
i o R 2 = 2 (k4 ) (b L) schck

z—0 \ 07 2

Bhattacharya, He, Kang, Padilla, Penttala (2026)

For skewness corrections, see _
Kovchegov, Santiago, Sun (2026)

. all GTMDs in principle described by Wilson line dipole

) / Iy —ik-(z—y)+iA - 21Y 1 (p'A|tr [VT(Q’)V(Z‘/)] pA)

Saa(k, A) _/(27‘.)2 (Qﬂ)ze N.. (PA|PA)

V(z) = Pexp {19 / d:UA+(a:,m)}
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Boussarie, Hatta, Szymanowski, Wallon (2020)

DI p0|e decom pOSItlon Hagiwara, Hatta, Pasechnik, Zhou (2020)
proton helicity flips! AXS)-t
- e
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San(k, A) = oapnS(k, A) + 05 —pr k, ) 4 O — A/ i Sr(k,A)
yd (ka type \ l
(k-A) . spin-independent
P +i O k-A
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spin-dependent Pomerons
and Odderons

transverse spin

S
vs helicity basis 510 =

(|A +) + €9 |A =)

Sl

» 3 independent complex functions vs total of 16 GTMD

. all GTMDs can be calculated in terms of Pomerons and Odderons
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Proton vs parton helicity flip small-x gluons carry

: k
eikonal vertex — small-x T some ky o oa
gluon cannot induce T - Can transter

parton helicity flip 12= 0 2= 41

. In light-cone models, the L # 0 components become developed by the
Melosh rotation Pasquini, Yuan (2010)
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Full set of relations between gluon GTMDs

. proton is unpolarized

2 Ov_; O, ; : £ . ]
k 3931 1b9 ~ M2x51 ;Lag unpolarized ¢ spin-orbit connection

L2, Df i|_ 9 g2 Df E.g — M24+S ? ;r .9 unpolarized €< linearly-polarized
() ('

N

polarized along k = polarized along A (new relation)

. proton is transversely polarized Related to the GPD EB but the
, 0 GPD itself vanishes due to k; -> -
k~a P1 1619 ~ —(k ' A)ﬂfpl 1(;9 __— k; symmetry (GTMD eikonal but

k2./L'P1’1l; ~ kQZCPf)—{(;g (k A)LI;’PO—'— :g GPD is nOt)

SB, Hagiwara, Sari¢, Vivoda, 2603.06092
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Full set of relations between gluon GTMDs

. proton is transversely polarized SB, Hagiwara, Sari¢, Vivoda, 2603.06092

unpolarized <= linearly-polarized
gluon in transversely proton

. in the forward limit collapses to the known relations

T ( P1 9 A

/ kz J_g Boer, Echevarria, Mulders, Zhou (2016)
2A[2 h Boer, Cotogno, van Daal, Mulders, Signori, Zhou (2016)
y

. 2,+;
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GPD limit

at leading twist only

2(k - A)? .
P(k,A) =Po(|k|,|A]) + [ (kQAQ) - 1] 2P (K|, |A]) + ... Pomerons contribute..
o1 = 2Ne [ @2kk2p, . Hatta, Xiao, Yuan (2017) GPD E is eikonal and governed
(87 .
4; 2 by spin-dep Pomerons
B9 — a; / A2k k> [2M2 (P70 + Pit.e) +PT,O] ot Zhou (2022
atta, Zhou

. Observable for the GPD E?

-> direct way: tag the polarization of outgoing proton -> is it possible??
-> indirect way: single spin asymmetry in exclusive J/psiin e + pt cempel, kroll, Metz, zhou (2011)

Lansberg, Massacrier, Szymanowski, Wagner (2022)

ﬁ(l +&)|Ar|sin(¢-)B(HEEE™)

1= £2)[HE + 155518812 — 2620 (H8EE )

Vanishes in the eikonal limit (CFFs are purely imaginary)

SSA --

_instead, look at double spin asymmetry € + p1 DSA™ %(‘ZZT:*)

SB, Dumitru (2025)
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GPD limit

SB, Hagiwara, Sari¢, Vivoda, 2603.06092

. gluon transversity GPDS/ new
2N K in- liptic pi re new
ol = = [ PRE S Pl spin-dep elliptic pieces are ne

not considered in Hatta, Xiao, Yuan (2017)

SN, M? k*
B = — /kokQ [73 H—"Pir.+2Pr ] \

~ 8N, M?
-, 4N M2 K’ cEY +2zHY = ——=— fd2kk27>€
ZCH%: a—; 5 fd2kk2 [M2P1T6+27)T€] R — OfS A
new

. transversity GPD could be probed even in unpolarized DVCS or exclusive J/psi

do Hatta, Xiao, Yuan (2017)

d“i"d(,)gd‘g A[]Ag COS Zl;f}&g)

\ Mantysaari, Roy, Salazar, Schenke (2021)
/ e ozSA2
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Seaquark GTMDs at small-x Lorce, Pasquini (2013)

I’ 1 dz_dg‘z ixPT2~ —ik-z 7.
Wik =5 [ e e R N (2 2 /2 o)
.at the leading twist | U9 = Whﬂ, L1 = W[’YJF%]’ Th = Lo ]

. similar to gluon case we have decomposition into S, P, D-wave GTMDs

. quarks emerge through the interaction with the small-x gluons, also taking
care of shockwave-gauge link , interaction”

P(2)(w) = S(z,w) 29(2_)9(10‘)5()(2:10)+9(2‘)6’(—w‘)/‘dily(?(y‘)so(zjy)“/‘So(y;w)V(y)

—80(—==z7)f(w™) /d4y5(y‘)5’o(z,J)“/"So(y:w)VT(y) +0(—27)0(—w™)S (2, w)
Xiao, Yuan, Zhou (2017)
McLerran, Venugopalan (1994) Bhattacharya, He, Kang, Padilla, Pentalla (2026)
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U N pOla rized seaq ua rk GTM DS SB, Hagiwara, Sari¢, Vivoda, 2603.06092

. unpolarized Xiao, Yuan, Zhou (2017)
2
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Kovchegov, Santiago, Sun (2025)
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Seaquark GTMDs with proton helicity flips

. quark helicity flip (chiral odd) impossible by the eikonal (chiral even)

interaction vertex
. proton helicity flips

qguark Sivers in forward limit

1 kr \ . A . .
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Seaquark GTMDs with proton helicity flips

Imaginary parts
governed by spin dep
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Dong, Zheng, Zhou (2017) 19



High k Iimit SB, Hagiwara, Sari¢, Vivoda, 2603.06092
T

. important to verify that in the high-k; limit all the quark GTMDs become
sourced by the gluon GPDs

as H(x.A)  2(k-A)? —k*A* as Ed(x,A) +2H%(z, A)
o K Ve 4872 k*

S0,+;
X0 M ke, A) =

Isotropic sourced by Elliptic sourced by transversity GPDs

unpolarized GPD (this combination does not flip proton helicity)

M? 110 A
yl""ﬂj Nk, A) = 2‘; PEa l(l; )\*twmt 3 gluon GPD (d-type)

> dzmd . (s wl : ; ,
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Pt ) 21 2nm
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+ 2iA0pr —p (Sa 1 L' + S RY) M

< [R6T O (1,02, A) + 0968 O (3, 5 — 10, | A]) £ 57457 Onr 21— 2. A)] + ..
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SB, Hagiwara, Sari¢, Vivoda, 2603.06092

High k; limit

Quark Sivers

P0,+:q o s M HT(x;A) J_:q PO.+
Ak &) = e T 17 = Y1 |a=o
g M2 1 05 (xj A) Dong, Zheng, Zhou (2017)
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Yl,ld ](x? k? A) - s k2 E k?

Proton helicity flip GTMDs sourced

B s M2 10y(x. A by gluon transversity GPDs and
Ylp(]a:. 1q(x;k3 A) — @S _ 2(3:; )

, 127 kY L2 / the gluon GPD E \

P0,+:q s H%(.r A)+2E9(x, A) 2(k - A)® — k*A” Qg H%(l‘ A)
Xy ak,A) = 2 - Y 2
) 2472 k L2 )2 4872 k

PO, —; g M?1 ()2(333 A)
Yl,la 'q(g"’l?k?A) — 127 k2 E k?

0;—; (b- A7) r/7 I 7
. matches onto the results by Bertone etal Siw" = 55775 Cols © Ef — §Ef + 28]

except fOI’ spin-orbit Case Bertone, Echevarria, del Rio, Rodini (2025)
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Conclusions

. completed the inventory of eikonal gluon and seaquark GTMDs at the leading twist

. computations possible based on models for Pomerons/Odderons

. gluons

-> TMD case: out of 8, 5 are eikonal, 2 independent

-> GTMD case: out of 16 (complex), 12 are eikonal, 3 independent
-> GPD case: out of 8, 5 are eikonal and independent

. quarks
-> TMD case: out of 8, 2 are eikonal, and independent

-> GTMD case: out of 16 (complex), 6 are eikonal and independent

-> GPD case: out of 8, 2 are eikonal and independent
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