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Scientific goals of EIC

Finding 1: An EIC can uniquely address three profound questions about nucleons-
protons—and how they are assembled to form the nuclei of atoms:

e How does the mass of the nucleon arise?
e How does the spin of the nucleon arise?
e What are the emergent properties of dense systems of gluons? = talk by Stasto
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Proton spin problem

The proton has spin %.

The proton is not an elementary particle.
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Orbital angular
Gluons’ helicity = Momentum
(OAM)

Quarks’ helicity

AZ — ]  inthe naive quark model

AN ~ (0.3  from polarized DIS experiments
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Evidence of nonzero gluon helicity AG :/ dzAG(z)
0

: : , - talk by Vogelsang
A major achievement of the RHIC spin program!
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Huge uncertainty from the small-x region = EIC

Renewed interest in helicity-dependent small-x resummation
- talk by Kovchegov

Does the remaining spin (~30%) come from
the small-x region of AG(z) ?



An elephant in the room: Orbital angular momentum

At small-x, helicity and OAM cancel.

There might be a sizable contribution to A{7
from the small-x region.

But there will be even larger L, from the same
x-region with an opposite sign.
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Helicity is only half of the story. Can EIC seriously address OAM?



OAM from single/double spin asymmetries in dijet production at EIC

Ji, Yuan, Zhao (2016) (single)
Bhattacharya, Boussarie, YH (2022) (double)
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Transverse Single Spin Asymmetry (SSA)

Production of hadrons are left-right asymmetric.

Discovered in the 70’s, not fully understood yet.

Asymmetry can be as large as 20-30% in hadron
collisions.

Many origins (Sivers&Collins functions,
twist-3 quark-gluon correlator,...)
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Global analysis of SSA

—_
8
~—
-
=
8
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
000 - L .04 : L
8 B\ e - } === Echevarria et al ‘14
~— ‘\ ; u ~ ..\.\ += Anselmino et al ‘17
~_ A /
35—0.02 S 2 0.02+ f7
s Ny
q&? AN ’,/ s JAM20
—0.04 ~aie ' ' 0.00 ' :
0.2 0.4 0.6 X 0.2 0.4 0.6 €T
— 0.0 -
N Anselmino et al ‘13
’_"\—/ 0.3 Anselmino et al ‘15 / unf
= —-— Kang et al ‘15 Va
_| 0.2F. . _° 4 /~ -+ Radici, Bacchetta ‘18
= 0.1k - - 7 —:— Benel et al ‘19
. ~— . .j'
1 1 3

zZ

-== D’Alesio et al ‘20

At the moment, the only viable way to generate
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O(10%) asymmetry seems to be twist-3 FFs
convoluted with the transversity distribution.

— Constraints on the nucleon tensor charge.

Cammarota, Gamberg, Kang, Miller, Pitonyak,
Prokudin, Rogers, Sato (2020)

Simultaneous fit of
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Breaking the myth of ‘tiny pQCD contribution’
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Benic, YH, Kaushik, Li (2021)

Perturbative contributions at SSA start at 2-loop, believed to be
negligible for 40 years.

This will no longer be the case at the EIC!

Spin asymmetries from higher order pQCD could be
systematically studied at EIC

cf. Abele, Aicher, Piacenza, Schafer, Vogelsang (2022)

0.00 F
—0.01F
—0.02F

—0.03 |
0.0025 F

0.0000 |
—0.0025 F
—0.0050 |

—0.0075 |

n.(r‘z:
0.01 _
n.(}u:*- — :

_0.01} ¢ A:l-lir(o'ﬂ
—0.02f e
0.02}
0.01}
0.00F —
—0.01}

—0.02E

0.1 <xp<0.7

-JT

sin(¢,—os) 1

¢ A(_-'T

sin(¢p,+0s) T
Aur 1

: Aam (20n,—05) :

5 20 55
Pyr (GeV)

_|_



Semi-inclusive DIS

Tag one hadron species

with fixed transverse momentum P,

When P, issmall, TMD factorization

Collins, Soper, Sterman; Ji, Ma, Yuan;...

do

H® f(z, k) ® D(z,q.)
TMD PDF TMD FF

dP,

Open up a new class of observables where perturbative QCD is applicable.
Variety of novel phenomena due to intrinsic transverse momentum
(i.e., Sivers function)

Significant recent developments in theory and lattice.
TMD is already precision science!

- talk by Kang, Zhao (lattice),
Stewart (pre-town)

Accuracy| H, J [Tewn(as) [7f () [12(0s) | Blavs)
LL Tree level| 1-loop — — 1-loop
NLL Tree level| 2-loop | 1-loop | 1-loop |2-loop
NLL/ 1-loop 2-loop | 1-loop | 1-loop | 2-loop
NNLL 1-loop 3-loop | 2-loop | 2-loop | 3-loop
NNLL' 2-loop 3-loop | 2-loop | 2-loop |3-loop
N3LL 2-loop 4-loop | 3-loop | 3-loop |4-loop
N3LL/ 3-loop 4-loop | 3-loop | 3-loop |4-loop
N1LL 3-loop 5-loop | 4-loop | 4-loop | 5-loop
N*LL/ 4-loop 5-loop | 4-loop | 4-loop | 5-loop

Duhr, Mistlberger, Vita (2022)



TMD global analysis
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- talk by Constantinou (lattice), Qiu (pre-town)

Generalized parton distributions

Non-forward A = P’ — P generalization of PDF
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Nucleon Gravitational Form Factors (GFF)

Second moment of GPD = gravitational form factors
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All the form factors are interesting and measurable!
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Quark D-term from DVCS

D(t = 0) is a conserved charge of the nucleon,
just like mass and spin!

Interpretable as ‘pressure’ and ‘shear’ inside a nucleon
Polyakov, Schweitzer (2018)
rrd 1

T (1) — (_ _ 55%'-7') s(r) + 69 p(r)

r2
u,d-quark D-term can be in principle extracted from DVCS,

1 graviton = 2 photons

However, two-photon state probes not just spin-2, but
infinitely many twist-2 operators.

Need a significant lever-arm in Q2 - EIC

r2p(r) (<1072 GeV fm™)

Burkert, Elouadrhiri, Girod (2018)
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Quarkonium photo- and electro-production near threshold

Ongoing experiments at Jlab, future at EIC? e e
Originally proposed to probe the gluon condensate

~ (%)

— talk by Joosten

J/, T

<P’F”WFW/ ‘P) Kharzeev, Satz, Syamtomov, Zinovjev (1998)

—> Origin of proton mass

Recent theory developments have unlocked
exciting new directions—gluon GFFs, gluon D-term,
mass/mechanical radius, glueballs,...

1 graviton ~ 2 gluons

2004.12715

over the past 70 years. It’s just the beginning for GFFs!

{ So much work has been done for EM form factors }
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Recommendation for the Long Range Plan

Needs and challenges for EIC theory reviewed at
CFNS workshop: EIC theory in the next decade, Sept. 20-22, 2022, MIT

Organizers: lan Cloét (ANL), Dmitri Kharzeev (Stony Brook University/BNL), Xiandong Ji
(University of Maryland), Peter Petreczky (BNL), Jianwei Qiu (JLab), Phiala Shanahan
(MIT), lain Stewart (MIT), Ivan Vitev (LANL), Feng Yuan (LBNL)

Resolution:

“We recommend the establishment of a national EIC theory alliance to
enhance and broaden the theory community needed to advance EIC
physics goals and the experimental program.

This theory alliance will develop a diverse workforce through a
competitive national EIC theory fellow program and tenure-track bridge
positions, including appointments at minority serving institutions."



