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Next generation experiment

The computers and smartphones we use every day depend on what we
learned about the atom in the last century. All information technology—
and much of our economy today—relies on understanding the
electromagnetic force between the atomic nucleus and the electrons that
orbit it. The science of that force is well understood but we still know little
about the microcosm within the protons and neutrons that make up the
atomic nucleus. That's why Brookhaven Lab is building a new machine—an
Electron-lon Collider, or EIC—to look inside the nucleus and its protons and
neutrons.

https://www.bnl.gov/eic/

The Electron-lon Collider

A machine that will unloeck th@z,secrets of the strongest force in Nature

The EIC will be a particle accelerator that collides electrons with protons
and nuclei to produce snapshots of those particles’ internal structure—like
a CT.scanner for atoms. The electron beam will reveal the arrangement of
the quarks and gluons that make up the protons and neutrons of nuclei.
The force that holds quarks together, carried by the gluons, is the
strongest force in Nature. The EIC will allow us to study this “strong
nuclear force” and the role of gluons in the matter within and all around us.
What we learn from the EIC could power the technologies of tomorrow.
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Next generation experiment

https://www.bnl.gov/eic/

The Electron-lon Collider

A machine that will unlock thgsecrets of the strongest force in Nature

3D structure of protons and nuclei Gluon saturation and the color glass condensate

The EIC will bring high-energy electrons into head-on collisions with high- Recent experiments and advances in theory suggest that protons,

energy protons or atomic nuclei to produce “freeze-frame” snapshots of neutrons, and nuclei appear as dense “walls” of gluons at high energies,
those particles’ inner structure, creating the first-ever tomographic 3D creating what may be among the strongest force fields in nature.

images of the “ocean” of gluons within. These images will tell scientists Discovering and studying this form of matter, the “color glass condensate,”
how gluons and quarks bind each other to form the particles within and will provide deeper insight into why matter in this subatomic realm is
around us. stable.

Solving the mystery of proton spin

The EIC will be the world’s first polarized electron-proton collider—meaning f : ” Giluon spin
the “spins” of both colliding particles can be aligned in a controlled way.

Ouark and aluon
This will make it possible to experimentally solve the outstanding mystery - ;TL”iéiuﬁiéth:
of how the teeming quarks and gluons inside the proton combine their

spins to generate the overall spin carried by the proton.
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Why 3D?

It has been confirmed in experiments that quark’s and gluon’s spin contributions
are not sufficient

How can we access the orbital angular momenta 7

- Canonical OAM C. Lorce and B. Pasquini, Phys. Rev. D84, 014015 (2011)
classical quantum Y. Hatta, Phys. Lett. B708 (2012)
Lz — ('FJ_ X ﬁj_)z Lé = /da:/deT/dsz (ET X ET)zfq(QZ,ET,ET)

fo(z, kr,bp) © Wigner distribution

- Mechanical OAM

1 1
Ja == clmc(Hq(:c,O, 0) + Eq(m,0,0))
2 0

model relation

M. Burkardt, PRD 66(2002) S. Meissner, A. Metz and K. Goeke, PRD76(2007)

#O)q(m) = —L(z)E9(x,0,0) L(z): model function

kr-moment of Sivers TMD function fquf](x, kr)

Understanding the transverse degrees of freedom is a central task in
modern nucleon structure physics 2/16



Large single spin asymmetry

—— Single Spin Asymmetry (SSA) ———

dot — dot
Axy =
doT + dot

U U

m

~ P—; negligible
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Large single spin asymmetry
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Large single spin asymmetry

—— Single Spin Asymmetry (SSA) ———

do! — dot

An —
N dot + dot

~ —2 negligible

Sivers effect . W. Sivers, Phys. Rev. D41 (1990)

F. T (pSLIb(0)y p(An, Z1)|pSyL) ~ € P pakrs Sy fig (x, kr)
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Successes of TMD

SSA data in SIDIS has been reported in the past couple of decades
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Collinear twist-3 framework

TMD framework requires small transverse momentum of the observed particle Pr
relavant to small parton momentum k7, and large scale () for a perturbative treatment

O SIDIS, Drell-Yan, et e~ -annihilation

x pp — hX

Higher twist framework has been developed to describe single-scale processes
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Twist-3 phenomenology

K. Kanazawa, Y. Koike, A. Metz and D. Pitonyak, Phys. Rev. D 89(2014)

0.4 T T T T T 0 T
STAR 04 I STAR 12 70 e
33<n<4.1 n=3.68

0.2 + {

=2
<
3
O bnpe st
02 03

0o2 b T L} hd T
BRAHMS 07 0= 4° e

01l 6=23° b

=z i —4+—3
< o e
§ 3%
0.1
02 0.25 03 015 02 025 03
XF XF

STAR 08

0.1F <n>=3.3

<n>=3.7

| STAR 08
<n>=3.7

SV1 |

sv2 |

The twist-3 framework gives a resonable description to exiting RHIC data
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Relationship between TMD and twist-3

TMD and the collinear twist-3 are equivalent in intermediate Pr region

X. Ji, J-W. Qiu, W.Vogelsang and F. Yuan, PRD73(2006)

PLB638(2006)
A
55 N Agep < Pr, @ Twist-3
/ TMD
i > Pr
Lq(1 n %
TFpr(,2) = fi7 O (x) (00 = [ e (Ge) Rt )
twist-3 QS-function kr-moment of Sivers

twist-3 function gives indirect information about the transverse momentum
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S9As in heavy quark production

We discuss SSAs in

SIDIS: e~ +pl e~ +J/Yp+ X

pl4+p—=J/v+X

Understanding the gluon Sivers effect is a task of future experiments

Heavy quarks are mainly produced by gluon fusion.

p p

Heavy meson production such as D, J/,--- are ideal observables
to investigate gluon distribution functions
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(Gluon Sivers effect in TMD

A lot of papers have been published on the gluon TMD Sivers effect

- D-meson production

PRD 70, 074025 (2004) PRD 94, 114022 (2016) PRD 96, 036011 (2017)
PRD 97, 076001 (2018) PRD 99, 036013 (2019)

- J /1 production

PRD 96, 036011 (2017) PRD 99, 036013 (2019) PRD 91, 014005 (2015) EPJC 77, 854 (2017)
PRD 98, 014007 (2018) PRD 100, 014007 (2019) PRD 100, 094016 (2019)

PRD 101, 054003 (2020) EPJC 79, 1029 (2019) PRD 102, 094011 (2020) PRD 107, 014008 (2023)

CGI-GPM model is used for pp collision
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little information on the gluon TMD Sivers function
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Gluon Sivers effect in twist-3

- D-meson production

PRD 78, 034005 (2008) PRD 78, 114013 (2008) PRD 82, 054005 (2010) PRD 84, 014026 (2011)

- J /1 production

Phys. Rev. D108 (2023), arXiv:2605.19300 this talk
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Two independent functions
0(331,332) N(LUl,ib‘Q)

O(z,z) = N(z,7) = KgG(z) Kg = (6.0712) x 1074
Upper bound of the functions
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Collinear twist-3 + NRQCD

We adopt non-relativistic QCD framework for the hadronization into J/v

- The charm quark pair is produced through a hard scattering

Y +g— )., ccnl+g n: possible Fock state | 35"

- Haronization happens nonperturbatively
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($2 — fl?l)p

L Top
H. Beppu, Y. Koike, K. Tanaka and SY, Phys. Rev. D82 (2010)

[ 31 gremeintra=r) (ps, | { 7 }F (010, o 2™ () [m, AnlagF§™(An) | PS 1)

= aBypns | O(z1,22) pyeapns | Olz2,22 — 1) va fpns ) O(z1,21 — 22)
QMN[g ) { N(z1,22) }—l_ 7 { N($2>332_371) gt N(zq1,21 — x29)

Two independent twist-3 functions

(C-even function is related to gluon TMDs

Y. Koike, K. Yabe and SY, Phys. Rev. D101(2020)
G%})(a:) = 4r (N(CU, r) — N(z, O))
AHWY (z) = —87N(z,0)
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CI’OSS SeCti()n in SIDIS kinematical variables
Sep:(p+€)2 $‘5):2;0-91

SIDIS e~ (¢) + p'(p) = e~ (¢') + J/¢(Py/p) + X

] Phys Rev. D108 (2023)
(lﬁA(f _ agma\(?("ﬂMN) (\ OJ/'I/ 3§' ) Z ./4 (/) )

.4.89

P | l
3 [QT (l - = J/V;) (l - —)] [N(.\‘. x)oN + N(x,0)0N? + N(x, Ax)o™3
X

(1.\'B(IQ2d:fdP%d(/)d;{ 4r 9;,, i

407/ g

+ N(x, (1 =A)x)o* + N(Ax, - (1 -

= sin(¢n — ¢s)(F1 + Fz cos ¢y, + F3 cos 2¢y,)
+ cos(¢n — ¢s5)(Fysin ¢y, + Fssin 2¢p,)

- C-odd function O(x1,x2) is canceled <+ D-meson production

We perform numerical calculations for five normalized structure functions

F1 F2 F3 I Fs o P . unpolarized cross section
~U? U U’ U’ U
91 201 201 207 207 LDME is canceled in the ratio 13/16



Numerical simlation
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Cross section in pp

Mandelstam variables

pT(p) +p(p') = J/(Prsy) + X §=(zp+op)? t=(ap—P))? a=(z'p —Py)?

PO dAo arXiv:2605.19300
T dBP,

47ra§(S7rMN)(N-<OJ/¢[3S£1)]>)f‘i_cf(;(x’)/d—xé(§+f+ﬁ—m3)

72
- By : - 1 1 d 4, d .
x(sePJp SL_ (t —m?%)z'enrp Si) (_NECF + 4CF) [mdmN(m,m)(—%aU) —|—33£N(a:,0)ap

—|—N($,CB)5‘ND1 —|—N($,0)5ND2 —|—N($,H£U)5‘H1 +N(33 —Hw,CE)a‘Hg —I—N(HI,H:U—CE)@'H?,],

- C-odd function O(x1,x2) is canceled

- 5 types of functions

N(z,z), N(z,0), N(z,Hz), N(x — Hz,z), N(Hx, Hx — x)
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Numerical simlation

N1,2,3,4,5 —
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TMD related functions
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Summary

- Sivers effect is a key for understanding transverse momenta of partons

- Understanding of gluon Sivers effect is a challenging task in future experiments

A lot of studies within TMD, but insufficient within the collinear twist-3

- We have derived the cross section formula for the SSA in ep — J/¢X
in pp — J/YX

Our results give a theoretical basis to analyses at RHIC, EIC, LHCspin

o Future work

- Calculation for color-octet channels

- Matching between TMD and the collinear twist-3 on gluon Sivers
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Pole contributions

Sivers effect arises from pole contributions in the twist-3 calculation

There are two types of poles in J/v production

1
s fy (P42 (e~ w)p)? = " e
> 1 P m?
o P P 5|~ iﬂé(( J2/¢ — (zg — x1)p)? — i/w)
A 2 (2 — (o — 21)p)? — 222
<V Soft-gluon-pole(SGP) ~im - —o(a: ~ )

O(z,z), O(x,0), N(z,z), N(z,0)

1

2
(a:lp—l—q—lj‘;ﬁ)z—%-l-ie

, |
Hard-pole(HP) —in By ) 6(331 - Asc) A#£0

= 1l = =

O(x, Ax), O(z,(1 — A)x), O(Ax,—(1 — A)x)
N(x,Ax), N(x,(1—A)x), N(Az,—(1 — A)x)



Evolution equations of the twist-3 gluon distributions

V. M. Braun, A. N. Manashov and B. Pirnay, Phys. Rev. D80 (2009)




