Single Spin Asymmetry from Pomeron-
Odderon Interference

Eric Andreas Vivoda (University of Zagreb)
ACHT 2025, Budapest, 7.5.2025.




Transverse Single Spin Asymmetry

* Left-right asymmetry of produced particles in collisions involving
polarized hadrons

x A

4o = Nu—Ne _do' —do'  dAc
N = Np+Ngp do'+do* 2doy,,




Estimate in collinear QCD

* The polarized cross section for pr — hX is written using QCD factorization:

1. fP(x):collinear PDF

2. FP,(x): probability
to find g™ inp'

3. do'W: parton level
polarized cross sections

4. DM fragmentation
function

5. T:transverse polarization
6. U:unpolarized

T
doP'PohX = 7 @ FP @ d6' @ D"

T
+/P Q@ F, ®dé* ®@ DI~

* Rotational invariance of QCD:

dao = 17 @ (Ff — F} ) @ (d6" - dé*) ® D"

d6' — dé* o« Re(M;M_) ety Ay O &g ——  Vanish?




TSSAinp'p — hX - experiments
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Asymmetry is largest in forward region
of produced hadron!



TSSAinp'A — hX - experiments
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Significant A
dependence!
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|. Helicity flip should be generated unperturbatively!

»In pp and pA: Collinear twist-3 framework — Considering full set of twist-3
distribution and fragmentation functions

xP

P

_ ' . _ M
(P, S|P, S) o Pf(x) — éysP“LSlia_‘hl(x) + e (P,S|Fy|P,S) TNPE“P"SLGF(xl,xZ) + oo
ETQS function

ll. Rise of TSSA with xz — small-x (saturation) effects in target



Light-cone coordinates:
0 3
ore TR X
V2
°X| = xlél + xZéz

_ i . _ M
(P, S|p|P,S) o Pf(x) — %ySPJrSUa“hl(x) + - (P,S|YFy|P,S) TNPE“PnSlGF(xl,xz) + -
ETQS function

ll. Rise of TSSA with xz — small-x (saturation) effects in target




Structure of polarized cross section

* Consider a Dirac part of some Feynman amplitude: P, X1 P2, X2
[2 rae
Ty x, (01 D2) = Uy, (pr)yHer - yHanw,, (p1) = (CPT) = xax2T—y,—y, (01, P2)" :

e Parametrization:
Re Im Im Re

)(1)(2 (plr p2) X1 X2 [Aa(pli pz) + XlB (pl: pZ)] X1 —X2 [Ca(plr Pz) + XlD (P1; pZ)]

* Cross section level: in general interference of two amplitudes and summation
OVer y-

Re Im
Z T)?1X2T)?1X2* = (AaAZ + BaBZ + CaCl;k + DaD;) + Xl(AaBlj + BaAZ + CaDZ + DaC[;)
X2

* Ifa :l b (the square of the amplitude), imaginary spin dependent part vanishes
exactly

> TSSAis consequence of amplitude interference! > Cross sectionis real: we need another “i”



Some known ways in pr (on tree level)
* Generally: c~DQRFQR f X H
/

| T

Fragmentation function Distribution in projectlle Distribution in target Hard factor
NONPERTURBATIVE NONPERTURBATIVE NONPERTURBATIVE PERTURBATIVE
Pole-ETQS mechanism Twist-3 fragmentation Twist-3 from the target
e Twist-3 collinear (ETQS) * Twist-2 transversity distribution . -
distribution from polarized from polarized proton * Twist-2 fragmentation function
proton * Twist-2 collinear distribution .
« Twist-2 collinear distribution in target * Twist-2 transversity from polarized
in target nucleon
* Twist-2 fragmentation * |maginary part of twist-3
fragmentation function e Twist-3 distribution for
« Phase comes from imaginary gives necessary phase non-polarized target
art of internal propagator (SGP
P propag ( ) 0~D2®h2®F3®Hpole
0~D;, ®Grz ® 2 @ Hyppe o~Im(D3) Qh, &, @ H * Phase from pole!




Some known ways in pr (on tree level)
* Generally: o~DQXRFQXR f X H
/

| T

Fragmentation function Distribution in projectlle Distribution in target Hard factor
NONPERTURBATIVE NONPERTURBATIVE NONPERTURBATIVE PERTURBATIVE
Pole-ETQS mechanism Twist-3 fragmentation Twist-3 from the target

0 Q}Q)} * Twist-2 transversity distribution
from polarized proton * Twist-2 fragmentation function

 Twist-2 collinear distribution

in target * Twist-2 transversity from polarized
nucleon
* |maginary part of twist-3
« ETQS functions are real! fragmentation function * Twist-3 digtribution for
gives necessary phase non-polarized target
1 _ 1 : 2 0~D2®h2®F3®Hpole
p? + ie =P (p2> o (p™) o~1ImD3) Qh, &, QH * Phase from pole!




Some known ways in pr (on tree level)
* Generally: o~DQXRFQXR f X H
/

| T

Fragmentation function Distribution in projectlle Distribution in target Hard factor
NONPERTURBATIVE NONPERTURBATIVE NONPERTURBATIVE PERTURBATIVE
Pole-ETQS mechanism Twist-3 fragmentation Twist-3 from the target
@;}% f e Twist-2 fragmentation function
E * Twist-2 transversity from polarized
nucleon
ETQS functions are real! . . " Twist-3 digtribution for
* Twist-3 FFs are complex function non-polarized target
1 —p i _ i7'[5(p2) » Consider only imaginary part! 0~D, ®h, ® 15 Hpole
p? +ie p? * Phase from pole!




Some known ways in pr (on tree level)

* Generally:

o ~ D®F®f®H
/

Fragmentation function
NONPERTURBATIVE

Distribution in projectlle
NONPERTURBATIVE

Pole-ETQS mechanism

B [

ETQS functions are real!

1 1
—— =p(= |- ins@?
p? + ie (p2> i (p®)

Twist-3 fragmentation

* Twist-3 FFs are complex function

» Consider only imaginary part!

Distribution in target
NONPERTURBATIVE

| T

Hard factor
PERTURBATIVE

Twist-3 from the target

» Suppressed mechanismin
forward region

» This work: describe unpolarized
target in saturation framework

» Hybrid approach

» Dilute-dense approximation

N

p! p/A



Color Glass Condensate - " ..

=10 Gev’

xf

 — HERAPDFZ 0 NLO
0.8 ertaintie
I e p rimental l
[ ] model
[ parameterisation

* At high energies, small-x gluons dominate inside . o G N0
the target

xu,

* At some point, gluons wave functions start to
overlap

asN¢ xfg(x,Qz)

F g = =~ 1
> 99-9 (ch —1)Q2 T7R?
%@ﬁﬁ&m&r » At Qs the gluon occupation
%ng" et . number is maximal
Qaﬁmmo.r (- Saturation scale
mw_n_r 0000eL-
% %f«mm&m 1 » Can be treated as classical
200000000~ %?e@_e_mo_,- AN2 __ A3 A field
(Q5)° = A3( Qs
/ > How to obtain this field?

Nuclear dependence!



Color Glass Condensate

* If the saturated target is moving in —z direction all fast partons (x > x;)
form a color charge current:

v +\ oV— Color charge density is unknown stochastic
]xo = g6(x7)é Pp/A (x1, o) function

* Classical gluon field consists of slow (x < xq) gluons:

| 1
> Classical YM [DIU FMV] =Jv — Aﬁo — —95“_5(36'-'_)?,0,4(7@_; Xo)

equation: I

* Interaction with CGC: E _ E . E E o x(V(z)—-1)

* Wilson line: V(z,,xy) = Pexp [igf dZ+A_(Z+,Zl,Xo)]



https://indico.wigner.hu/event/1629/sessions/948/#20250507
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Cross sectionlevel = . (o), - owe ol

= n; W _pz
» Correlators of Wilson lines like (0, p) o €
the dipole distribution CGC average over
al.l colo.r » Independence on x, guaranteed by
/ configurations JIMWLK RGE

1
Sx,x' )= N_tr<V(xJ_)VT(x,J-)>YO

Real part of dipole distribution: | Imaginary part of dipole distribution:

| 1
Plx,,x' )= 2—]1VCtr(V(xl)VT(x’l) +V(XDVT(x))) OCxy,x'1) = — N, tr(V e VT (') = V(xDVT(xL))

CPCl=pP >  Pomeron! COC™Y=-0 »  Odderon!
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Connection to dilute regime

» Expansion of Wilson lines! ODDE RO“NE [ dx*ATa(xt,xy)
PO M E RO N Leading Odderon contribution: 3 gluons

Leading Pomeron contribution: 2 gluons bounded into a symmetric C-odd singlet

bounded into a C-even singlet configuration . )
configuration
2 3
.4 2 g
Pluy) =19y (a2, —5.)’) O0(xy,y) = —7d((az, - ay, )(ax, —ay )(az, —a5,))
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Connection to dilute regime

»Expansion of Wilson lines!

POMERON

Leading Pomeron contribution: 2 gluons

bounded into a C-even singlet configuration

2

g 2
Plxy,y)=1- 4_NC<(“§L¢ - agL) >

* Dipolar form of the small-x evolution:

a?(rl,bl, Y) achj Tﬁ_
— 2 2 [:P(rlLr bllr Y)
oY 2n? ), | ré ri,

+P(ry, by, Y) =Py, b, Y) —1]

* Equivalent to the BFKL equation!

af = [dxtAT(x", x))

ODDERON

Leading Odderon contribution: 3 gluons
bounded into a symmetric C-odd singlet

configuration
3

O(xJ_»}’L) ~ %dabc«agl - a;lJ_)(aijJ_ - aSL)(agJ_ - a}c’l»

* Dipolar form of the small-x evolution:

OO(TJ_, bJ_, Y) _ achj Ti
r

= ————[0(r11,b11,Y)
oY 2n? ),  rir5)

+0(ry.,b,,,Y) —O0(ry,b,,Y)]

* Equivalent to the BKP equation!



Connection to dilute regime

r,=x,—Yyi ry,=x,—z ro =z, —y,

by, =b, +

(rp—rqy) (r,—r,,)

1
bl:i(xL‘FYL) b, =b, +

d0(r,,b,,Y) asN 2
a? (rj_r bJ_; Y) aSNC Tﬁ_ 1»v], _ SiVc j n [0 (r b Y)
aYy - 272 -[r 2 [:P(rll' bll! Y) oY 2172 _— r%lr%l 11,711

1T,
1L
+P(rzy,by,,Y) —P(ry,b,,Y) — 1] +0(r2y1,by,,Y) — 0@, by, Y)]

* Equivalent to the BFKL equation! * Equivalent to the BKP equation!
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BK evolution equation

* If we know dipole at some initial xg,
how to obtain it at lower values of x?

Saturation region

* Balitsky-Kovchegov evolution equation

55(1]_, bJ_, Y) _ achJ 1‘3_
r

_ 2 2 2 L4 °
oY 2me ). riir3, :0.. S
. e o, ° Y
X [S(Tr1,b11,Y)S(ro1,b21,Y) =80, by, Y)] ¢ ® .
* Derivation idea: 2 2
jan) M
* Increasing the energy increases the
rapidity interval between dipole and target Nonlinearities s
* Larger phase space for the gluon are consequence ® oo )
radiation from qq of gluon ° DGLAP ~ | o o -,
* Gluon could also come from target recombination! *.

* Observables do not depend on that choice




Hybrid approach in forward pTA

Pole-ETQS in hybrid approach

Hatta et. all,
PRD, 2016.

13

Hatta et. all,

Twist-3 FF in hybrid approach o 2017

dAo M . J dz,

d Pny
—-xgh —Ime —F ,
Foamle im0 2)

E—— P15 |
dynd?Py, — 27" ) /2,

Phj foodzlp Zy Im EF(ZI’ZZ)
P? ), Z? 1/z, —1/z4 NZ -1

2nNZ [(Pri/z 1 Py
X —_—
( ”Rﬁ fo lldllF(xg' lL) - z1(1/z; — 1/24) F\ %o Zy

el XL SD(xg,xl)

+4
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Hybrid approach in forward pTA

Pole-ETQS in hybrid approach i;°:.2" = Twist-3 FF in hybrid approach o 2017

2nNZ [(Pri/z 1 Py
X —_—
( ”Rﬁ fo lldllF(xg' lL) - z1(1/z; — 1/24) F\ %o Zy




Hybrid approach in forward pTA

Pole-ETQS in hybrid approach

pA
AN

N ~1
pp
AN

F(Xg,KJ_) =

TR
(2m)?

Twist-3 FF in hybrid approach

» Gets washed away by high energy evolution

f el XL SD(xg, xl)

r;

13



Hybrid approach in forward pTA

VWhat about the
Odderon???



CGC-odderon mechanism for TSSA

»Odderon in CGC = imaginary part of dipole distribution:

‘S(xj_ix,l) = P(xJ_) x’J_) +

»Phase from Odderon?

»Asymmetry calculated at parton level (up to NLO), i.e. qTA collisions

»No LO contribution; no interference

dAoc
Eqa 0.6 lasjk

1ko)

> Polarized cross section:

J H@,,r,,5))
T'J_bJ_r’J_

X [:P(T'J_, bJ_)O(r,J_' b,J_) o O(rj_r bl)?(r,l' b’_l_)]

»For Py, = Qs the TSSA has significant nuclear suppression:

Ay x A77/6




CGC-odderon mechanism for TSSA

In this work we embed this idea at the level of pTA — hX by considering
twist-3 functions from the fragmentation side of cross section!

14



15
Kanazawa and Koike,

Twist-3 expansion of cross section =

: : dAgP'A-hX 1
* Starting formula for cross section: En P, ~ 20203 z W;(2)

i=q,9

* Up to twist-3, two diagrams contribute to hadronic tensor W (z)

Py

W(z) =

q

S;El) (q1,492)

501 contains hard factor and distributions from projectile and target

.
W(z) = | Tr (A(O) (q)S(O) (Q)) + j Tr (Aﬁl) (g4, Q- )S(l)/l(ql) qz))
q d1.,492



. Strategy perform colinear expansion of S(® and S around

gt = Ph and use QCD WT identities

. Gauge Invariant twist-3 polarized cross section:

SO (K)
oK% _Pp

dAo B 1
dy,d?P,, 2(2m)3

d d
[Sfucrsoio« [ S

~1
dz.dz 1 1 _
- J ; 22 P <_ - _) Im Tr[A%(z, 7,)8a" (24, 25) + A%(ZZ:Z1)SolcR (Zl:ZZ)]>

Z1Z5 Z, 7
M M AawP
INTRINSIC (Ol|h, X)(h, X|1|0) < A(2) ——el(z) +5, OyqlVs€E néz(z) + -
KINEMATICAL  (0]a, 3|k, X){h, X|1|0) o AL = —y5 ﬁhy e*WPrE(z) + -

2

_ My "
DYNAMICAL  (0[y|h, X){h, X|)F|0) « A%(zy,2,) = 7)/5 zVAEAaWPhEF(Zl,ZZ) + e

Distribution in projectile: transversity (Ply|P) =

LO contributions!

16
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Contribution from real partof Er(z, z,)

* Only dynamical twist-3 FF may contribute (they have real and imaginary part)
* |Imaginary part led to Pomeron dependent cross section

e Contribution from real part:

-1
dAc 1 My .., jdzldzz 11 A Pu oo I?‘h e
= — h P|——— X Re E , XImT YaSq Sa
dy,d2Py,, 2(2m)3 2 212222 Z, 7 e Ep(zy,2z,) X Im Tr| ys Zz (z1,22) +¥ V5 (21, 22)

* Projectile and distributions are contained in S

+

1 2 P _
Sc(zl)L(leZZ) = 2P+ (NCZ, — 1) j dxq(Zn)5 <£ - xqp+> (trC(MgCD(xQ)Mta))
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Contribution from real partof Er(z, z,)

. (Phi_p ).
MG (zy,2,) = ij e‘ki'xiel( Z3 ko) leqga(kl,zl,ZZ)V(xl)thab(yl) Adjoint Wilson line:
kixiyi
U (y,) = trc (taV(YL)thT()’l))
+ Q- P v
qua(kj_»zlizz) = if (Zn)VJr p L 2 Vﬁ aﬁp 2
- (—h—k) + ie (qu+k——h) + ie
Z1 Z1
(P
M = —ij eikl'xlel(z_zl_kl)'yl]’JrV(xl)
kixiyi1
(L 1 2 Py R . o
S, (21, 2,) = 2PF (V= 1) f dx,(27m)6 Z—qu (tre(MEd(x, ) Mt))
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Final formula for the cross section

* After some algebra, the cross section is found to be:

€S, (% - k)
dAO- . MN Ng deleZP 1 1 -1 h ( )R E‘ ( ) }[(Z1’Z2’ kJ_) — Z_2 1 5 J
dy,d?P,, 2m2NZ—1) 2222 \z z,) Fam\Fa)Reiriinz 7 (%— kl)
1

P P
(1) _hi _ Chi 0H
H (KJ_,AJ_)[?(ZZ ,AJ_>O(KJ_,AJ_) ?(KJJAJ')O(ZZ ;AJ_>] }[(AJ_:O)+A_L (A_L:O)E}[(O)-I_}[(l)

|

1AL dA,
* For the Pomeron and Odderon we use separable form:
dT (b
P(ri,b) = PIIT(G,) 0(r1,b1) = R0 T2 cos(gry)
1
Py Py
* We applled the apprOXimation: Z1J - i F(xy)dr, = sz > iy F(rey )diy
0 0



* Approximation enables to use QCD EOM relation

é1(z;)

[t
= — e Z1,7Z
Z9y Zy Zf 1/Z2—1/Z1 FASL 22

e Cross section used in numerical estimations is then:

. Pna
dAo NCZ EUSJ_l'Phj 1 1 dz P "z
dyhdzphl = NNCZ' 1 P}?J_ Rfljz - 2 el(Z Phl)thl(xq,PhJ_)G ., j;) KJ_F(KJ_)dKJ_
T[Ri iK: T : i iK1
F(k)) = 2n)? jrle LTLP(r)) i cos(pya)G(xcy) = (27)?2 jrle LTL0(r, ) cos(pra)
A . ) M, 1
* For é;(z) we use Chiral quark model & = MNl —D,(2) = 57— Di(2)

* Pomeron and Odderon obtained from

BK solutions

19

for twist-2 FF D, (2)

for twist-2 PDF f;(x) in unpolarized CS

for transversity hq (x)

» Other nonperturbative functions are from tables:



100 x Ay

Numerical solutions

—x, = 0.2
J5 = 200 GeV ===z =06

pTp—o 70X
0.5 |
—1.0}
Qs(xy) = 0.35 GeV
1.5

2.0 2.5 3.0 3.5

Py /QS(%)

1.5

» TSSA grows as a function of Feynman-x

» This mechanism is significant for low transverse
momenta of produced hadron
» Smaller P;; than STAR and PHENIX

» TSSA obeys a sign change! Consequence of the node
in the Odderon (small change of node position is
consequence of k;, = Py, /2)

20



Nuclear effects

0.5

» The node position is shifting to higher values of P; |

Scales as: A 1/6

» TSSA is decreasing with mass number

Numerical check: AN ~~ A_7/6

0.00

—0.01

In agreement with Kovchegov and Sievert (2012.)!

—xp =02
- o 'TF = 04
ceelp = 0.6
e, — 0.8

—x, — 0.2
==, = 0.6
ey, — 0.8

...........................................




Summary:

1. Completely new contribution to TSSA coming from the combination
of the real part of genuine twist-3 FF and the Odderon

2. TSSA changes sign as a function of Py, |

3. TSSAis largestfor P;,; ~ Q5 (saturation scale)

THANK
YOU!

4. Numerically confirmed nuclear scaling

22



Details of calculation



* Object to calculate: color and Dirac traces

PhJ_ kJ_

e AAWPR Ty ﬁ S(l)L dx.h 21)8 P_+ — + plkix, l(m_kl) Vi —ik| x| l( Z ) Y1
Ys—VaSa  (21,22) 2 Xq 1(xq)( ) XqP e e e 2
ZZ Z(N 2 kJ.'xJ_JyJ_'kJ_JxJ_JyJ_

. P
2

* Color structure calculated with SU(N) Fierz identity; Large N:

/

) Imaginary part vanishes under
transverse integration: NO ODDERON

1
(trC(VT(xl)tbv(xl)ta)Uba(yl» =3 (NCZ‘S(yJ_r x))S(xy,y,) —

2

* Dirac trace is calculated in forward limit; keeping leading power of P,f:

P =
P p+ (Z—ill - k) _ The support properties of Ef
eAWPLTY ((l)/ o~ )y Vs y;l qga(kl,zl,zz)> —16 Zh eV ]2 »1 (0< 2z, <1,2z, < z; < ) enabled
1 (h — kJ.) straightforward k™~ integration
Z1



* After calculation of the mirror diagram (gluon on right side of the cut):

dAo My N dz;dz, (1 1\ " . elig (ﬁ_ k)
= P|l——— h Re E ) Lt :
dynd®Pp,  2m? NG — 1j zizy \z2 =z o (g )Re By (21,22) H (21,25, k) = 2 p & n
Z
g
iPhi. r Z
j ethuTs e “2 }[(21: Zy, k) )[P(ry, bJ_)O(rJ_; bJ_) + :P(TJ_; bJ_)O(rJ_; b,)]
k.L!rJ_rb.L'rJ_
* Fourier transforms of Pomeron and Odderon:
P(k,,A)) = j el Tielhrbrp(r b)) Oy, A)) = f ef1Tiethibi O(r b))
r1,by ri,b,

* As a function of b, Odderon peaks around R, (small A, approximation)

-1
dAo My N¢ szldzz (1 1) ~
= Pl———| x,hi(x,)Re Ex(zq,2,) OH
dynd?Py,  2m°NE—1) ziz} \z z) ™ 1(xa)Re Erl, 2 H=H(A,=0)+A,5— (4, =0)
1
P —
}[(1)(’CJ_:AJ_)[ ( AJ_)O(KJ_;AJ_)_:P(KJ_JAJ_)O( AJ_)] Vanishes under angular
KA Z2 integral due to Odderon

@

cosine modulation




Separable Pomeron and Odderon

* We assume separable form of Pomeron and Odderon:
P(ry,by) =P )T(h,)

_ D2
T(b,) is a profile function normalized as: j T(by) = mRy
dT(b,)

b
O(ry, b)) =R40(ry) db cos(¢,p) .
i

* After performing angular integrations ¢,. and ¢, cross section becomes:

dAo My NZ €YS,:Py;

1 (0)e]
- A3T2(A,)dA
dy,d?P; 2 NCZ. —1 pﬁl anflJO 1T#(A)dA,

Pp,y

1 dz, (*dz 1 1\ P 3
j —22 —21P <— — —) Re Ep (21, 25)xqh1 (%) 226 <%> Z1 JO "y F ey )diey
Z

min 72 Y23 Z1 22 41 2

2

. R :
Fle) = Gz | €m0 {cos(a)G0e1) = sy | €470 cos(ra)




Setup for numerical calculations
* Due to support properties of twist-3 FFs we approximate:

Pny Phy

zlJ “ kK, F(x,)dk, zzzjzz kK, F(x,)dk,
0 0

* Remaining z; dependence is of the form to use QCD EOM relation:

él (Zz) _ «© le < 1

—| = Ref

2
ZZ ZZ Zl

+ For the profile function we take the Gaussian form: T(b,) = e~?*/Ra

Phi

dAo Ng EijSJ_l'Phj 1 1 dz PhJ_ z
=M —¢&,(z, P? Jx,hi(x,, P? )G | — j Kk, F(rx,)dk
dy,d?P,, ~VNZ-1 P}, Rgfz 2 1(2 Pr1 )xqha (xq, Prir) s )) (e )drey

min

M
In numerical calculations: Chiral-quark model  é:(2) =M—z1ile(Z)

Pomeron and Odderon obtained from solutions of BK equation



	Slide 1
	Slide 2: Transverse Single Spin Asymmetry 
	Slide 3: Estimate in collinear QCD
	Slide 4: TSSA in bold italic p to the up arrow , bold italic p goes to bold italic h bold italic cap X  - experiments
	Slide 5: TSSA in bold italic p to the up arrow , bold italic cap A. goes to bold italic h bold italic cap X  - experiments
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39

