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Gluon double-spin asymmetry at small-x in Gluon+Proton collisions

Generalization of gluon double-spin asymmetry to Proton+Proton
collisions

K-factorization and including small-x helicity evolution.
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Origin of Nucleon Spin

Jaffe-Manohar spin sum rule for proton

Quark Spin
1

2 _1 2
S,(Q )_EJ dx AX(x, 02)

0

(0% =10GeV?) = [0.15, 0.20]

The RHIC Spin Collaboration (2015)

S,+L,+Sg+L; =

1

2

x € 10.001,0.7]

Gluon Spin

1

S-(Q?) =J dx AG(x, 0?)

0

S-(0? = 10GeV?) ~ [0.13, 0.26]

x € [0.05,0.7]

Missing spin of the proton maybe in quark and gluon orbital angular momentum Lq and L.

and/or smaller values of x




Longitudinal Double-Spin Asymmetry

How to measure quark and gluon intrinsic spin inside a proton?

dAc do™" —doT

doe  dott + dot+-
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Proton

RHIC has measured Ay ; for the productions of

jets, dijets, 7, #, direct photons. ..

at mid-rapidity, intermediate rapidity, forward rapidity...
at | /syy =200Gev and , /syy = 510GeV

RHIC Spin Collaboration, arXiv: 2302.00605



Longitudinal Double-Spin Asymmetry

Longitudinal double-spin asymmetry is related to parton helicity distribution.

dAc do™" —do™
do  dott + dot+-

A =

- . - . - - Babcock, Monsay and Sivers (1979),
Collinear Factorization (aISO parlty Invarlance) De Florian, Sassot, Stratmann and Vogelsang (2008)(2014) (DSSV)

dAoc = Z dea [dxb Af (x,, 0?) Af,(xy, 0?) dAG . (x,, Xp, D7 aS(QZ), prl Q)
ab

(Anti) quark and gluon helicity distribution  Af(x, @%) = fH(x, Q%) — f; (x, 0°)

Partonic level double-spin asymmetry AAG = déTT = dét



Longitudinal Double-Spin Asymmetry at small x

RHIC Spin Collaboration (2015, 2023)
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Low transverse momentum region, very large uncertainty in constraining the
sensitive to small x gluons, collinear small-x region of gluon helicity PDF using the
factorization probably breaks down. collinear factorization formalism.

Transverse momentum dependent framework + Small-x helicity evolution
equations, to describe A, ; in the low transverse momentum region and to
constrain gluon helicity at smaller values of x.
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Gluon Double-Spin Asymmetry at Mid-Rapidity

Goal: A;; at small-x for Gluon production at mid-rapidity
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Jager, Stratmann and Vogelsang (2004)

For low transverse momentum,
the gg channel dominates.

S
+ —

B ——

o quark /gluon

—

proton/nucleus

=

Gluon + Proton — Gluon + X

dAc do™" —do"
do  dott + dot-

A =

Generalization

q

<«

proton/nucleus

Proton + Proton — Gluon + X

What we calculate

4= The leading order unpolarized gluon production

at small-x has already been calculated.

Kovchegov and Mueller (1998), Kopeliovich, Tarasov and Schafer(1999),

Dumitru and McLerran (2002)



High Energy Scatterings at Subeikonal Order

The eikonal order interaction with the proton is insensitive to the spin structure of the proton.

b — . M7= U6 (z —y)(2m)2p~6(p~ — g )oan
TOBO0O00P00G0000000000 Cons
q .,z N LY, A

Ts
Uglzy, 27 ] = Pexp {zg/ de” AT (0%, 27, 2)

We need subeikonal order interaction with the proton at high collisional energies.

The shockwave picture of high energy scatterings: proton is treated as background gluon and quark fields

Bjorken, Kogut and Soper (1971)

Eikonality expansion = Expansion around infinite boost

Sk :(gbf\ei‘*’f(?)?exp {—z/

— OO

1. Light-cone Hamiltonian in the background fields.
+ 00
4))

szI(Z)} e~ K7 | ) 2. Boosting the background fields, expanding in powers of £ = ¢™%.

€

(61/Pexp {_i /+oo Az e K>y (2 )ei¥ 133} 60, 3. Small-x effective Hamiltonian up to linear order in £ (subeikonal order).

M. Li, JHEP 07 (2023) 158.



Wilson Lines at Sub-eikonal Order

M9 —(am)2p 60 — ) [6(& — Uy + A6 (g — U] 4y G| LR 07 2023) 155

o ba Chirilli (2019), Kovchegov et al. (2022), Altinoluk and Beuf (2022)
+owd@ (@ —y)em) (™ +¢7)0 (" —¢7) (USH) T +0/s)

2%igPT [T Subeikonal order classical gluon fields
U g U] = / dz~ Ugoo, x| F2(z~,2)U[z~, —o0], Longitudinal Chromomagnetic Field were obtained by solving classical Yang-
5 —00 o n————— Mills equations at subeikonal order.
(Pt [T — —
Uf?[f] = —— dz=d*2Uy[o0, 27163 (z — 2)D (27 ,2)D(27,2)0% (y — 2)U,[z~, —o0], AT = Ady + Al
LY S oo — T — A’L _ )
— Ylsub-
’LgP+ oo _ _ 41 _ _
— < . dx x Ug [OO, L ]JT (5’3 - 2) Uy [33 ; _00]7 Transverse Chromoelectric Field Jt — Je—ii_k 4 Jsﬁb?
F00 JZ — gub'
Ug[g] = —g / d:L‘_Ug[OO, $_]F+_ (7, x) UQ[J}_, —00). Longitudinal Chromoelectric Field

M. Li, PRL 133 (2024) 2, 021902.



Polarized Wilson Line Correlators

Unpolarized gluon dipole correlator Chromo-electromagnetically polarized gluon dipole correlators

: 1
1 Gadi(s) = ((m [ugMuf| + 1 U, UgT] ) )
_ t - ulS r (U, r|Ug
i <Tr [U£ Ug]> 2,9 2N - D z Uy y
i,ad] _ i,G[2 i,G[2
G2y () = gy (T [0 U] - Tr [V U °81T]))
Averaging under Two-Gluon-Exchange Approximation
1 ma? N, 5 1 | T , Wongc 5
Dz,g21_§ Cr z —y IHAQ\Q—QP - Gy = A2 cn Insjz —y|”+...
2
. iadj /WQSNC . : 1 |
Quadratically approaches 1 as y — x Gg,gj ~ A Chr e’ (z — Q)j In A2|z — g‘g e

Logarithmically/linearly approaches 0 as y — x
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Relating to Gluon TMDs at Small-x

Polarized Wilson line correlators are related to the small-x limit of various gluon helicity TMDs.

4
a-§ k€

Fw;pa(k’P’S):/(Zw)‘l

prs po = +1i; +j
/ dk~ TT5%(k, P, SL) = iZI?P_I_SLEijglGL(xa k)

r — 0

Ne

a4

gfL(aj‘a k’%) —

Gl [ e 06 (o

Dipole Gluon helicity TMD

Cougoulic, Kovchegov, Tarasov and Tawabutr (2022)
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(P, S|Tr {F“V(O)Z/[H](O,f) Ff’"(g)l/{[_] (570)} [P, S) Mulders and Rodrigues (2001)

pvs po = 1ij; 1+

/dk 73 (K P, Sp) = —iSL e’ k' AHsy (z, k7)

r — 0

N
A

AH3; (2, k%) = d*ed*C e EE DG ((s)

Twist-3 gluon helicity-tlip TMD



Gluon + Proton — Gluon + X

The calculation is performed in transverse coordinate space.
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Sanity Check: Leading Perturbative Result

We calculated A; ; for gluon production in Gluon+Proton collisions:

How to obtain A, ; for gluon production in Gluon+Gluon collisions? Cougoulic and Kovchegov (2020)

p2—k+q

Use the Born level expressions: p

| N, > :
G20 (22 Bs) =207 =< In(Bsa?), %QQLU‘
CF + -
- N 1
G2 (0) (.2 — o212 . 1
2 (a1, Bs) = agm Cr 1l 2% A2 4
r =N A 5 S BRSNS v S TUAS YA S 2 T S S~ RN FAMGTAan JI, = >
i doGG—GGG _ 8a’ N, 3 1n @ Cn min{a, 5} s ? + +
T 2kr dy T sk A2 A2 é&m
O OO OR U — . R
dafﬁjﬁﬁﬁriz@d 4a2 N? 1 k?p k% Quadratically dependent on &
— In — e ALL ~ ——

d?kr dy rCr ki A2 s at large external transverse momentum
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Proton + Proton — Gluon + X

We calculated A LL for gluon productlon in Gluon+Proton COlllSlOIlS

r " PPN WA PR — TSN AR AN e R PRSP = - " o NGOy ARy . ey NG BT AR RSO W ‘m

dU()\) QOZSN 1 ik-x 1 adi . X E 3 a a 1
dszdy =4 ™ s /dZCCe N lln (Q?J_A) GTdJ(xi’ﬁs) _7’| ‘2 . ‘k’Z (5 GTdJ(xJ_aﬁs)_I_QG dJ(x3768)>] i

3

" A - . i - o e — S deindios - o S A9 it R Al i o s o~ B — o SN - SR VoA e NS

It is projectile-target asymmetric!
5 projectiie sct asy Cre Inspired by the case for unpolarized

gluon production,
Kovchegov and Tuchin(2002)

How to obtain A, ; for gluon production

in Proton+Proton collisions? In (L) ~ (243 (0) = 5”’Gad*](0) (27, as) + ¢ 8@3%’(0) (27, as)

CCJ_A 2P (xJJ&S)

Born level expressions for
projectile proton:

- Step 0: Integration by parts. / d2ge ke [m( ! ) 2 ‘ ;’"‘2 . ] G2 (22 | Bs)

N, x| A k|2
G?Dd‘] (O)(ZCJ_,CVS) 2’ 7TC— In(as 22), | 1
F = —/d23: e kT ln( ) 5 v Gad) (22, Bs).
241 (0) AL | 1 zy N/ k%
0D (24, as) = aSWC—F n Az )

e GadJ (0) N Gadj Gg%] (0) _ GadJ

The final expression should be projectile and target symmetric (1" < P).

14



k~Factorization

The A, ; for gluon production in Proton+Proton collisions:

In momentum space:

1 ad] 2
do Cp 1 [ d*q , . - 19 (k—a) ¢ k\ (Gr((E—q)" fs)
d?kr dy T §4sk2 /(27:)12 (G dJ(QTaQS) GQC}’J(Q%7O‘S)) ( ) ( N
S ' G5 ((k — )?, Bs)

In terms of dipole gluon helicity TMD and twist-3 helicity-tlip TMD:

do 32nta, 1 / d2q . e (D gk (A HL T ((k— )%, 5L
deT dy - NC S]{% (27_‘_)2 (AH ) T’ as) glL (qT7 QS )> E(E_Q) 0 gG’T((k_q)2 k_T

» Bs
This equation is only applicable in the small-x regime.

as = 2p, kT = V25 kreV
Bs=2pTk™ = ﬂp?kcp e?

Y
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k~Factorization

The A;; for gluon production in Proton+Proton collisions:

PR A S R PG SR AN I TP Ay DR pas e e el A NPT SRS APty PG LA TIPSR SIS ANy P PR B PRI AP A

do 21t 1 d?q L p o p 2 ' 9 4k
Pkrdy  N. ski ) (2n) (amiz" . S ofiman )

G ,T
= g, ((E—q)7,

S e i A B s e e

St IR i SER Sl i

1. AH;L(kz, s) is a pure TMD effect that doesn’t contribute to gluon helicity PDF.

Q2
J dzkAHi(kz, S) &
0

2. Collinear limit? From 2 — 3 process to 2 — 2 process?

3. Solving AH;L(kz, x) and gﬁ(kz, x) from the small-x helicity evolution equations.
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Including Small-x Helicity Evolutions

A < adj 2 B
c2H 2, vp —v)) ( 2% ~ = Vi+Vy '?L> Gpro(xl,y—Yr)
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pooooooX 001
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[
[
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When a (Y, — y)* ~ 1, including
small-x helicity evolution on
the projectile side.

When a (y — Y7)* ~ 1, including
small-x helicity evolution on
the target side.
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In the double-logarithmic approximation:

1
as < 1, asln — < 1,

| L T

1 .
In— > 1. ESIHQ—NL]
X i

single-logarithmic terms can be discarded.

The small-x helicity evolution
equations under double-logarithmic
approximation, which close at large-

N_, have been derived.

Kovchegov, Pitonyak and Sievert (2015-2019)
Cougoulic, Kovchegov, Tarasov and Tawabutr (2022)



Including Small-x Helicity Evolutions

o T - e [ T o T
b g
Gad‘j 2 , Y — Y
ad — CF ! d2 —tk-z ( adj, 2 _ adj 2 _ igL V. %i +Y. -V, T LY r) |
| AP, P P o A S o ot A PR e O _— — IR S—

oN. a2
G(x2), z5) = GO, zs) + ;ﬂc J : J'?illr(xlzo, x3,,2'5) + 3G (x3,,7's) + 2Gy(x3,, 2'5) + 2D5(xi, X357, 2'9) |
et
- min[x7. 13,5} )
C(xgo, X375 2'5) = GO, 7's) + OZZ J iz J %[F(xfo, x2,,2"8) + 3G(x2,, 2"s) + 2G,(x2, 2's) + 20, (6%, x322,z”s)],
32

S)Clo

: 2 1
¢, minlXig7]

aN. [ d7 dx3
2 — 02 s’ c 21 2 2
G 29) = GV 29) + = J , [ x—zlG(xm,z ) +26,(:3,75)].
21
A2 max[xlzo,z#s]
/x%l '
y Z % . mm[?xfl,t] y ,
a Z// x32
F2(96120a x221, 7's) = GZ(O)(X%O, 7's) + Sﬂ - — [ . [G(xgzz, 7's) + 2G2(x322, z”s)] .
32

Can be thought of as spin-dependent BFKL for polarized Wilson line dipoles at large-N..
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Kovchegov, Pitonyak and Sievert (2015-2019)
Cougoulic, Kovchegov, Tarasov and Tawabutr (2022)

G=4G, GM=2G,.

I"and I', have the same operator

definition as G and G,, respectively.

But they have different life time
ordering constraints.



Conclusions

We derived the first-ever transverse momentum dependent small-x expression for double-spin

asymmetry of gluon production at mid-rapidity in longitudinally polarized proton-proton
collisions.

In the pure glue case, the expression contains dipole gluon helicity TMDs and twist-3 helicity-
flip TMDs from both the projectile and the target in a projectile-target symmetric form.

The expression exhibits k- factorization. Together with the small-x helicity evolution equations

under double-logarithmic approximation, 1t can be used to constrain gluon helicity distribution at
small-x using experimental data from RHIC on A;; for inclusive jet and neutral pion productions.
(ongoing work by Nicholas Baldonado and Matthew Sievert within the JAM collaboration)

Including the qg and qq channels for phenomenological applications.

19



Backup



Including Quarks (work in progress)

Scattering amplitudes depend on background (anti) quark fields.

92201r r by T b ’Y+75 / !
= TP [y [ da Uloo, )Y oy ) Valey a7 ) 4 e ) (Ul o) + e

_w —
Ly

oo

ngii_ bb/— b/ ’7_'_ / /
— TP [ duy [ g Unloo, a7 ) g )t Vil o7) 5t 0t 1) Ualor, —o0]) — e

_m R
L1

We also need the subeikonal order quark Wilson lines:

g g vy ]
(Vg,g;a’,a)w — (Vw)z] 5(2) (£ . 2)50,0’ 4 0_5070, (VQGD] 4 Vé][ﬂ) 5(2) (£ _ Q) 4 5070/ (Vgc,;g[z] + V£[2]5(2) (£ — y))

— H = __-m_' —

Quark initiated channels: Quark + Proton — Gluon + X




Including Quarks (work in progress)

New types of diz{grams contributing to gluon production.

=

N

AN

Uiiiiahis

/'zmms\

. g’P*
O(x,y) =
- S
i
—- (Op00000
—0 * +00

We have extended the small-x helicity evolution equations

— OO0

000

000

_@’T“w‘m@_—

%

\

+00 +00
J dx‘J dy™ Uy*[+c0, y~]wr(y~, _y)(teV_y[y‘, — o] VI[x~, — oo]td)

Altinoluk, Armesto and Beuf (2023)

— | y(x,x) U§d[+oo,x_] +c.c.

The new operator 1s related to the small-x limit
of quark helicity TMD.

Chirilli (2021)

to include the quark-gluon (gluon-quark) transition operators in the large N, & Ny limiut.

Borden, Kovchegov and Li, arXiv:2406.11647.



