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Understanding the glue that binds us all

Since the discovery of quarks, DIS has been instrumental to our understanding of the
smallest building blocks of our universe.

But we have not yet fully explored
the structure of nucleon/nuclei.
There are still lots of things to be learned.

Especially the role of gluons—the “least understood’ particle in the Standard Model.
How do they give rise to the nucleon’s mass, spin, etc?



Experiment at EIC: Deep Inelastic Scattering (DIS)

k,

Two most important kinematic variables

Q? = —¢* photon virtuality
(resolution)
Q3 Bjorken variable
L= 2P - g (inverse energy)
~ Eparton
Eproton
(41-275GeV)

Proton, deuteron, helium, gold...any nucleus of your choice!

Electron, proton and light nuclei can be polarized.



Future DIS experiments worldwide

Planned DIS Colliders around the world

1812.08110

Facility Years Eem Luminosity lons Polarization
(GeV) (10%3em—2s—1)

EIC in US > 2028 | 20 - 100 — 140 2 - 30 p—U e, p, d, “He, Li
EIC in China > 2028 | 16 - 34 1 — 100 p — Pb e, p, light nuclei
LHeC (HE-LHeC) | > 2030 | 200 - 1300 (1800) | 10 depends on LHC e possible
PEPIC > 2025 | 530 — 1400 <103 depends on LHC e possible
VHEeP > 2030 | 1000 - 9000 10-5-10-4 depends on LHC e possible
FCC-eh > 2044 | 3500 15 depends on FCC-hh | e possible

FCC-eh

EPPSU DIS Input

The era of precision study of nucleon and nuclear structures
in the next 25~30 years.




Exploring terra incognita
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Scientific goals of EIC
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Multi-dimensional tomography

u(w) = [ - (Pla(0)y u(=")|P)

Ordinary parton distribution functions (PDF) can be
viewed as the 1D tomographic image of the nucleon

The nucleon is much more complicated!
Partons also have transverse momentum k|
and are spread in impact parameter space (_)'L

Transverse momentum dependent distribution

/ (TMD) 3D tomography
u(a?) u(a?, [;l) Generalized parton distribution (GPD)
3D tomography

u(x,b1,k1) Wigner distribution
5D tomography



PDF tamily tree

Wigner distribution—the "'mother’ distribution Belitsky, Ji, Yuan (2003)
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Semi-inclusive DIS

Tag one hadron species

e with fixed transverse momentum P,
When P, is small, TMD factorization Collins, Soper, Sterman;
Ji, Ma, Yuan,...
do
E — H(/'L) /dQQJ_dsz_f(ma kJ_a 22 C)D(Z, ql, M, Q2/<)5(2)(ZkJ_ + qg1 — PJ_) + e

TMD PDF TMD FF

Open up a new class of observables where perturbative QCD is applicable!



TMD is becoming precision physics

Define Fourier transform \/\d2kJ_€ikJ‘TJ‘ Flki..)=f(r...)

RG equation

0
mf(mﬂu_aﬂ’ag) - ’YFf(x’TJ"M’C)

Known to three loops
Collins-Soper equation Moch, Vermeseren, Vogt (2005)

0

al—nc (:UjTJ_ﬂl‘Lﬂ C) = _'D(TJ_)f(:U}TJ_J,‘%C)

'

Recently computed to three loops
Li, Zhu (2017); Vladimirov (2017)

Computable from lattice QCD at large 7|
Ebert, Stewart, Zhao (2018)
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Still in its infancy.
Fully blossoms in the EIC eral
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Universality up to a sign

Sivers function for the transversely polarized nucleon

—

ki

e
/

P,

~ 51 X EJ_ff‘T(CE,kJ_)

— Single spin asymmetry

The same function, but with opposite signs in DIS and Drell-Yan. (Collins, 2002)

DIS

43 g

Drell-Yan

Experimental test at Compass and RHIC. Continue at EIC.
EIC can also probe gluon Sivers function from open charm SSA.



Generalized parton distributions (GPD)

du= - or _
Pt / W (P B(0)y iy )| PS)

N
= H,(z, N)a(P' Sy u(PS) + E,(z, A)a(P'S") “’2 w(PS)  A=p-p
m
‘ Distribution of partons in impact parameter space b,

Fourier transform

Dupre, Guidal,

b, (fm)

Measurable in ap. %2 Vanderhaeghen
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(2017)

Deeply Virtual Compton Scattering (DVCS)
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Nucleon gravitational form factors

graviton
_ Pljav)a A
/ v = / v &
(P |T<}u,g|P> = u(P") Aq,g'Y(“P ) + By.g oM P _P"'
AFAY — ghv A2 _
+Dq,q J + Cq,gMQW U(P)

AM

All the form factors are interesting and measurable!

Aq,g Momentum fraction 1 J J
r | 2 =Jg T Jyg
By, i sum rule 1
Jo == [ de(H E
Dy 4 ‘Pressure’ and ‘shear’ inside proton 77 9 / x(Hq(z) + Eq(z))

Mass, pressure
Cq,g P



D-term: the last global unknown

/ 1] Ak kA2
<P |T7,3 ‘P> ~ (A?’A —0"A )D(t) Burkert, Elouadrhiri, Girod (2018)
_ 15[
D(t = 0) is a conserved charge i
of the nucleon, just like mass and spin! - Repuisive
? or pressure
E
Related to the radial pressure distribution : ®
inside a nucleon <
* 0
y rird 1 . pressure
1 _ 1 1
TJ(T')—( ’]“2 —553) S(T)—{—(SJP(T) -5 <«
0 lOf2I I I0.14I l IOI.GI I ICJI.Bl I ]1.IOI I I1I.QI I I1!4I I I11.6I l I1I.8I l I2.0
r (fm)
First extraction at Jlab, large model dependence. » EIC

Need significant lever-arm in Q2 to disentangle various moments of GPDs
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QCD at small-x

1 —=x

.
»

h

X

as predicted by BFKL
(Balitsky-Fadin-Kuraev-Lipatov)

n

Probability to emit a soft gluon diverges

2
OCl
T

A myriad of small-x gluons
in a high energy hadron/nucleus!

> (a1 /z)" ~ (i)



Gluon saturation

The gluon number eventually saturates, forming the universal
QCD matter at high energy called the Color Glass Condensate.

Gribov, Levin, Ryskin (1980); Mueller, Qiu (1986); McLerran, Venugopalan (1993)

Gluons overlap when

r

Y =In1/x"

The saturation momentum

. Dilute system

BFKL Q — Qs(aj‘) > AQCD

s
High density, but weakly

nAZ, n Q2 coupled many-body problem




Has saturation been observed at HERA, RHIC, LHC?
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eA collision at EIC : Dream machine for saturation

No initial state interactions (advantage over LHC, RHIC)

Nuclear enhancement of the saturation momentum (advantage over HERA)

< >

Ry ~ Al/3

............ EIC Vs = 90 GeV (eAu)

perturbative regime ——»

] 05 1 15 2 25
A2 Q3 (GeV?)



Golden channel for saturation: Diffraction

~
VVVVVA j‘> £ J/T.ﬁ- JJs - Cross sections proportional to the
M square of the gluon distribution
— rapidiity gap - More sensitive to saturation
P P
 Total diffraction Kowalski, Lappi, Marquet, Venugopalan (2008)
. .., 04 O di Nucleus stays intact in ever
Day 1 prediction —AIT | 20% > 2T y | y
Ttot |ea Ttot |ep 1 out of 5 events!

* Incoherent diffraction—> Partonic fluctuations inside the proton (Good-Walker)
Schenke, Mantysaari (2016)
* Exclusive diffractive dijet = Wigner distribution

YH, Xiao, Yuan (2016); Boussarie, Grabovsky, Szymanowski, Wallon (2016);
Mantysaari, Mueller, Schenke (2019)
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Proton spin decomposition

The proton has spin %.
The proton is not an elementary particle.

mm) Jaffe-Manohar sum rule

1 1
—=-AY+AG+ LT+ L7

22[ ‘ \

Orbital angular

Quarks’ helicity
Gluons’ helicity Momentum (OAM)

A, =1 inthe quark model



‘Spin crisis’

In 1987, EMC (European Muon Collaboration) announced a very small value

of the quark helicity contribution

AY, =0.12 -

Recent value from NLO QCD
global analysis

A =0.25~0.3

-0.14 17

0.09 -

A

25



Evidence of nonzero AG

Global analysis including the RHIC pp data

1
JdxAg(x,Q°=10GeV?) = 0.20%% .  DSSV++

0.05

0.2
[dxAg(x,Q?=10GeV?) =0.17+-0.06 NNPDFpoll1.1
0.05
0.8
[dxAg(x,Q°=1 GeV?) =0.5+-0.4 JAM15
0.001
Z ""'I._'“'I'I:'|'”'"'”"""
Huge uncertainty from the small-x region f - :::'w
EIC will pin down the value of AG 0 :_________1__'_'%"_:.___:
... finally solve the spin puzzle? No! ) _ & _

[ dx Ag (x)



Don’t forget Orbital Angular Momentum. It’s there!
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Ji, Yuan, Zhao (2016)

IVI eaSU rl ng OAM at E I C YH, Nakagawa, Xiao, Yuan, Zhao (2016)

Bhattacharya, Metz, Zhou (2017)

Exploit the connection between OAM and the Wigner distribution
L99 = /dm /dzbldzkl(zi X k1), W9 (z, b, k)

Longitudinal single spin asymmetry in diffractive dijet production

k; proton recoil momentum

X

o7 — o0 xsin(¢op — o)

|

dijet relative momentum

H
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}

L

oo™

I
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|
IL-

Need more work, more new ideas!



Scientific goals of EIC

NAS report
(2018/07)
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AN ASSESSMENT OF
PNU'S-BASED ELECTRON-ION
COLLIDER SCIENCE

Gluon
saturation

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 TIOW dOcs the spin o1 the nuclcon arisc:
e What are the emergent properties of dense systems of gluons?



Proton mass crisis

u,d quark masses add up to ~10MeV, only 1 % of the proton mass!

i

guark mass

Higgs mechanism explains quark masses, but not hadron masses!



The trace anomaly

QCD Lagrangian approximately scale (conformal) invariant.
Why is the proton mass nonvanishing in the first place?

Conformal symmetry is explicitly broken by the trace anomaly.

QCD energy-momentum tensor

U
"4 F? +igy(H DY) g

TH = —FMF% +

e = P9 g2 1 4 y(9))dg

29

_ 2
(P|ITE|P) =2M



Photo-production of J/4 near threshold

Kharzeev, Satz, Syamtomov, Zinovjev (1998)
Brodsky, Chudakov, Hoyer, Laget (2000)

Sensitive to the matrix element (P'|F*"F,,, | P)

& 100 -
g
~ 104
= ]
4
H
T .
g i
P / ° = HERA (2002)
t P E + Fermilab/E401 (1981)
; 0 Fermilab/E516 (1983)
] o PFermilab/E687 (1993)
: e SLAC (1975)
Straightforward to measure. + Comnell (1975)
Ongoing experiments at Jlab. 0,1 g — s
10 100
W (GeV)
Difficult to compute from first principles

(need nonperturbative approaches) Win =~ 4.04GeV



Holographic approach v v eos

is dual to a massless string called dilaton

The operator F“VFW

-_
4

/\

graviton dilaton

Suppressed compared to graviton exchange at high energy, but not at very low energy!

o(nb)
5 |
ﬁ:“/
Fit of the latest data from JLab 1! — Red: with trace anomaly
YH, Rajan, Yang (2019) 030} %r’ S Blue: without trace anomaly
0.10f » Cornell(1975)
0.05}

GlueX (Preliminary)

- - - - E,(GeV)
9 10 11 12 13



Threshold production at high energy colliders ?

EIC photo-production limit

eSTARlight Monte Carlo Lomnitz, Klein (2018),
Klein, talk at POETIC 2019

RHIC, Ultra-peripheral pA collisions

YH, Rajan, Yang (2019)

d{TP_.\

dydk’,
Red: with gluon condensate
Blue: without gluon condensate

BOF

60f

40F

" 2 2 " _—
0.5 L0 L5 2.0 25 3.0

Challenging to measure, need forward detectors.

do (ep — ep J/y)/dy [nb]

-k
1

107

e B

y energy [GeV]
k<20

- 20 <k < 60

— 60 < k<300

- 1800 < k

—300<k<1800 |

Jhy rapidity

4 rapidity



Sub-threshold photo-production of J/v¥, Y

YH, Strikman, Xu, Yuan, 1911.11706

If the target is a nucleus, J/psi can be produced at lower photon energy

E., =82GeV

Cross section in this region is sensitive to the
short range correlation / 7P threshold

in the target nucleus.

1
EIC in China ideal for Y
£ 0.100
= <
g . \}CAN F[ELD> 5 0.010
=
b SRR 0.001
S Cgar 7an.!)
= "'80% » E,(GeV)
=
El;
I~ ~209 .
. L 20% > Completely dominated by the SRC
NUCLEON MomMENTUM contribution




Conclusion

*In 10-15 years from now, DIS machines
will be running in the US, China and
possibly in Europe.

* Tremendous physics opportunities for
theory, experiments, and lattice QCD.
Exciting times ahead.



