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Outline

4+ Introduction to Electron-lon Colliders
4+ Selected topics for EIC physics:
proton spin decomposition
proton 3D tomography
nuclear effects

4+ Summary and outlook



Nucleon partonic structure

4 Revolution in our view of nuclear structure
e Atom: Dalton 1803

® Nucleus: Rutherford 1911

® Proton: Rutherford 1919

® Neutron: Chadwick 1932

e Quark model: Gell-Mann and Zweig 1964
® Parton model: Feynman 1969

O ¢ I proton “charge cloud™:

-

f

i . /
| G R

¢ [f proton contains point charges. some of »
time see:

e Quark

. ¢ “.u . model
Modern Rutherford scattering TN —

D

P

» partons/quarks - moving relativistically

Gold Foil 1 9 1 1

a -Particle
emitter

Electron Scattering
from Hydrogen
188 MeV (LAB)

|

-l

<C
w
o
|

Anomalous
Moment

Cross Section (cm?/sterad)

1=
Mott
Experimental L
\
1032 T T T | T
30 70 110 150

Scattering Angle (deg)

e Quantum fluctuation - parton number is not fixed

* Birth of QCD

Fig. 5. Elastic electron scattering cross sections from hydrogen compared with the Mott

scattering formula (electrons scattered from a particle with unit charge and no magnetic
moment) and with the Rosenbluth cross section for a point proton with an anomalous magnetic
moment. The data falls between the curves, showing that magnetic scattering is occurring but
also indicating that the scattering is less than would be expected from a point proton.



How to probe the nucleon partonic structure?

4+ Indispensable joint efforts from experiments and QCD theory

Lepton-lepton colliders Hadron-hadron colliders lepton-hadron colliders

ot 'Y*/ZO . e D . glue - . e
_ S5 : . — K :
e q ® ;';E 9 ® hadrons
>\
BEPC, SuperKEKB RHIC, LHC HERA. JLab

» No hadron in the initial-state » Hadrons in the initial-state » Hadrons in the initial-state
» Hadrons are emerged from » Hadrons are emerged from » Hadrons are emerged from

energy energy energy
» Not ideal for studying hadron » Currently used for studying » Ideal for studying hadron

structure hadron structure structure



The modern experiments for nucleon structure

1980 1990 2000 2010 2020 Electron lon Collider
& SLAC BT RAITE
W FNALE66S | ST Rnile
CERNBCDMS || ZFRAiE
CERNEMC | NMC || Z7xAie

CERN CDHSW BT RATI B
 ENAL CCFRW el [ TR
HERA H1 & ZEUS [ ERAET-RTREN
SLAC Polarized targets | R FFRTTIR L
CERNSMC | COMPASS | BRBTITRAE
HERAHERMES  |[ MAEFIHIRMLE
JLAB 6GeV and 12 GeV 2| L RIB TR e

RHIC Spin Program > BB XE

Electron lon Colliders -> the next generation facility specifically for nucleon structure!
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Proposed Electron-ion colliders ik
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Time evolution of US EIC
BF - BFXHEY (EIC)
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Time evolution of EicC

ISSN 2095-0462
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@ Springer




Electron-lon Collider in China (EicC)

pRing
19.08 GeV (p)
1341.58 m
Polarized p, D, He-3

ERL Circulator
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2.8 GeV ~5.0GeV
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- Polarized electron injector + racetrack eRing + Figure 8 pRing
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Scientific goals at EIC worldwide

=In— }

“dilute region

In Q?

| The energy momentum i
distribution of partons

!
L
|
i
'
‘{
|
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Complementarity between EIC and EicC

N 3 (1
- R - | |eic10x100Gev?
4034 0 D
N B = | DElcC35x206eV2
' &
§ 10% 3 10°F JLab 12 GeV
> é i
ot © E
w -
B 10> COMPASS Ig
= s 10
“— HERMES - -
- "
5 0¥t e
= e [
=
5 doubly polarized beams unpolarized beams) :
1F1 cataal ettt sl ettt el d by
10 100 1000 10—4 10—3 | 10—2 10—1 1
Center of Mass Energy |s (GeV) Fraction of Momentum x

Mapping out the nucleon structure
via EICs worldwide
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How to probe the nucleon partonic structure?

4+ Indispensable joint efforts from experiments and QCD theory

m

e = — —

Experimental Hard part Nucleon partonic structure
measurements controlled by pQCD theory b
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Nucleon partonic structure - momentum distribution

4+ Multi-dimensional view of nucleon partonic structure
W(x9b19kr)

Wigner distributions

AN P 4
4 X

f d> bT // y, \_\\\ f d> k,

/ R
X P4
f(x9k1~) f(x9br)

transverse momentum impact parameter
distributions (TMDs) distributions
semi-inclusive processes
V 4

\ V4
[k /[,
h i

\e’ .R‘
Wigner distribution f(x)

parton densities
5D view

inclusive and semi-inclusive processes

partons inside nucleon.
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QCD global analysis of world data - nucleon 1D structure

4+ Current knowledge about proton PDFs

1
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Nucleon partonic structure - spin configuration

4+ Naive parton model
118 1) ={lG—5+3) +(—3+3+3) +4(G+35—3)]
+Hz+3+43]+[3+3+43]} =3
proton spin 1/2 is consistent with naive parton model, but contradict with experiments.

4+ Proton spin decomposition Jaffe, Manohar; Ji

1 1 1
%h=<P,%IJéCD IP,5>_ L ahS(r,0)+ [ dxAG(x,0)+ [ dx(; 1 12)

total
quark spin

angular
momentum

" Spinisone of the fundamental properties of matter
" We don’tknowyet how the spin of proton arisesin terms
of its quarks and gluons - spin crises.
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what do we know about the proton spin?

0.4

0.2

— DSSV 2014
with 90% C.L. band

DSSV 2008
90% C.L. band

Quarks ~ 30%

[dx Ag(x,Q%)

[
n

[

min

0.5

IIIIII | IIIIIIII LA | IIIIIIII | IIIIIIII L L L
DIS + SIDIS data — DSSV 2014
no pp data in fit with 90% C.L. band
RHIC spin

projected data up to 2015

Gluon ~ 40%

min

1/2- [ dx [1/2 AZ + Ag] (x,Q%)

= = >
~ @)\ o0
I

=
)

min

4+ Current knowledge about proton spin decomposition from world data

-
| |

DSSV 2008
90% C.L. band

— DSSV 2014
with 90% C.L. band

Orbital angular
momentum ?

It is more than the number 3 | It is the interplay between
the intrinsic properties and interactions of quarks and gluons

min




What can we do in future to pin down the proton spin?

4+ Flip the proton spin

Anderle, Hou, Yuan, HX, Zhao, JHEP 2021
Anderle et al, PRD 2021
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Nucleon partonic structure - 3D imaging

4+ Transverse momentum dependent PDFs (TMDs)

Sp

f(m) f(xa kJ_)
Collinear PDFs — Transverse momentum distributions (TMDs)

® Probing nucleon 3D structure requires two momentum scales

e Hard scale O, > 1/fm localizes the probes (particle nature of
quarks/gluons)

e Soft scale J, ~ 1/fm accesses the transverse motion of quarks/ SIDIS: Q>>P
gluons ' !
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Nucleon partonic structure - 3D imaging

TI\/I Ds: explore the fIavor—spln motlon Correlatln

Quark polarization

Unpolarized Longitudinally Transversely
(U) polarized (L) polarized (T)
N @ hi @ _ @
U
Unpolarized Boer—Mulders
CEC OB OO
v 1L <
Nucleon Helicity Longi-transversity

polarization

Ty B¢

@ gir @ = @ Transversity

T Sivers Trans-helicity 1 @ - @
hir

Pretzelosity

19



Nucleon partonic structure - 3D imaging

4+ Quantum correlation between proton spin and parton motion

-

~Fra Observed particle Sivers function fllT: proton
: S spin influences parton’s
‘— ’ ' ~ transverse motion

Polarized hadron

Ay ™ oc (sin(g, — @), < fir ® D,

4+ Quantum correlation between proton spin and parton spin

s. Observed particle Pretzelosity function hllT: proton
S — spin and parton spin influence
6 6 —_— parton’s transverse motion

Polarized hadron —~ Ag;etzelosw o <Sin(3¢h — ¢s)>UT oc by ® Hy
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Nucleon partonic structure - 3D imaging

By Andrea Signori

Unpolarized proton Transversely polarized proton

Repl. 105 (Q%=1 GeV?)
_0.05

_(-J : .1 -[—J X p(Gev—l’)

14

12
~..0.20
1.0 10

Transversely polarized quark distributionis distorted!

0.15
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Nucleon 3D imaging at EicC - Sivers effect
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What if the nucleon i1s bounded in nucleus?

Nuclear partonic structure Parton propagating in nuclear medium

23



“Old” and long standing problems for cold nuclear matter effect

® Nuclear partonic structure
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Power of EicC for nuclear partonic structure - 1D

® Nuclear partonic structure - nuclear quark distribution

nPDF Relative uncertainty
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Power of EicC for nuclear partonic structure - 1D

® Nuclear partonic structure - nuclear gluon distribution
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Nuclear partonic structure - 3D

 From collinear (1D) to TMD (3D)

SIDIS Measurements

Multiplicity ratio R} = M, /My, .
-HERMES 2007

-ET772
-Prelim. RHIC

-Prelim. JLab
-Planned JLab
-Possible EIC.

® do/dq. (pPb) 10*
ATLAS

CMS 10°;

&'%\ 4

S51102'5

SN

101-;

100-;

Alrashed, Anderle, Kang, Terry, HX
arXiv:2107.12401

_' . CMS 5 TeV

| = E866

B E772
RHIC
EIC
HERMES

JLAB 12 GeV -

.,.,1,(.),_4 . 10_3 10_2 , 10_1 : 100
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nuclear 3D imaging - global extraction from world data

1.0 —~ - 2 Ne E  ATLAS, -3<y<2, N =107
10'EE  OMS, A =1.08
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Reasonable good overalldescriptionon world data from HERMES, FNAL, RHIC, LHC
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fA

Three-dimension imaging in nuclel

0.9

(Xa k_l_a Q QO)

u/p

I - EIC Q|2 — I1oo IGe\Iﬂ, xl = 6.05: A : A1|1 | ]

. | B EIC . Q% — 4 CeV?, 2= 0.05, A= Au : Alrashed, Anderle, Kang, Terry, HX

| 0.8 MMM JLab, Q* =25 GeV?, z =04, A=Pb - arXiv:2107.12401
4t I

. o 0.7 5

[ mp e I

| ot e First time quantitativej
: 0.5 1 | determination of nuclear]

TMDs

'+ ldentification of transverse
' momentum broadening In|

o Dy}r(-le-/u (Z7 Pl, QO)

Dn"‘/u (Z7 Pl, QO)
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EicC for parton propagation in nuclear medium

® Quark-gluon propagation in nuclear medium - energy loss vs. hadronization
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From dilute to dense QCD dynamics in nuclear medium

y=n—| w EIC Color Glass Condensate

small-x saturation formalism
See talk by S.Y. Wei

Relatively dense region
High-twist expansion formalism
Qiu, Sterman 91

Kang, Wang, Wang, Xing, 13

Dilute region
Collinear factorization
Collins, Soper 81

‘JLab

~ dilute region

>
In Q?

Matching CGC and high-twist!
Fu, Kang, Salazar, Wang, HX, in preparation
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Connections to HEP

e JET physics
ATLAS + CMS N BIC Liu, Ringer, Vogelsang, Yuan, PRL 19
= ' Kang, Liu, Mantry, Shao, PRL 20
Hatta, Xiao, Yuan, Zhou, PRL 21
Liu, HX, 2104.03328, 2021
oM a2 04 6 s 200 %06 2008 200 2012 2014 2016 2015 2020 Li, Vitev, PRL 21

Year Year

(<D}
o
(o]
21500 -
(@)

)
= 10001
=

500 -

CERN Document Server

Integrated

e Call for high precisions

NLO SIDIS at high twist, Kang, Vitev, HX, PRD 13, Kang, Wang, Wang, HX, PRL 14

Jet production at NLO in longitudinal polarized DIS, Boughezal, Petriello, HX, PRD 2018

Jet production at N3LO, Gehrmann, Huss, Niehues, Vogt, Walker, PLB 2018

Jet production at N3LO, Currie, Gehrmann, Glover, Huss, Niehues, JHEP 2018

Jet production at NNLO in longitudinal polarized DIS, Borsa, Florian, Pedron, PRL 2020
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Summary

 EicC is one of the ultimate machines to explore the
iInner world of proton at fm scale

1. Proton 1-D 3-D imaging

2. Proton spin

3. Nuclear effect

« EIC., EicC. JLab are complementary to each other
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Advertisement

EicC email list:

http://lists.ustc.edu.cn/sympa/subscribe/eicc_member?previous_action=info

The 3rd EicC CDR workshop

23-26 September 2022
Shandong University (Qingdao)

Asia/Shanghai timezone

Overview

Update: After discussion, we decided the new date for our 3rd EicC CDR workshop

in Qingdao: September 23-25, 2022. September 23 will be the arrival day, and

Timetable September 26 is the leaving day. We kindly ask you to modify the registration

Contribition st information in particular the arrival/departure date by the end of August 31, to help
us reserve the hotel room.

Scientific Programme

Author index

. '
Registration We hope to see you all in Qingdao!
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