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Electron-lon Collider (EIC)

d A giant “Microscope”

To “see” quarks and gluons (dark!)
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To “cat-scan” nucleons and nuclei
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EIC: the world wide interest
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EIC: the world wide interest

HERA@DESY LHeC@CERN eRHIC@BNL MEIC@JLab HIAF@CAS ENC@GSI
Ecn (GeV) 320 800-1300 30-145 12-140 12 > 65 14
proton X, 1x10° 5x107 3x10° 5x10° 7 x10-3 >3x104 5x103
ion p p to Pb ptoU p to Pb ptoU p to ~4°Ca
polarization - - p, 3He p, d, 3He (6Li) p, d, 3He p,d
L [Cm-2 s-1] 2x1 031 1 033 1 033-34 1 033-34 1 032-33 ->1 035 1 032
IP 2 1 2+ 2+ 1 1
Year 1992-2007 2022 (?) 2022 Post-12 GeV 2019 > 2030  upgrade to FAIR
\ ' J] |\ ' ] | ' J

High Energy Medium Energy Low Energy



U.S. -based EIC

1 NSAC 2007 Long-Range Plan:

“An Electron-lon Collider (EIC) with polarized beams
has been embraced by the U.S. nuclear science
community as embodying the vision for reaching
the next QCD frontier. EIC would provide unique
capabilities for the study of QCD well beyond
those available at existing facilities worldwide
and complementary to those planned for the next
generation of accelerators in Europe and Asia.”

1 NSAC Facilities Subcommittee (2013):

The Subcommittee ranks an EIC as Absolutely Central in its ability to
contribute to world-leading science in the next decade.”

10z mqueag

1 NSAC NEXT Long-Range Process:
Officially started! Final report due on October 15, 2015

1 EIC Users Meeting @ Stony Brook University, June 24-27, 2014
http://skipper.physics.sunysb.edu/~eicug/meetings/SBU.html
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U.S.-based EICs - the Physics

 Explore and image the spin and
3D structure of the nucleon

Need a “machine” capable of
exploring how do quarks and gluons
move and distribute inside a hadron?

10—: ....................................

0 Discover the role of gluons in e
structure and dynamics R 1 _______________

Need a “machine” capable of exploring
QCD dynamics of gluons with quantum TR B (P R N .
occupation number near ONE Voo

i Confinement Regime
0,02 10° 10 10°
X

O Understand the evergence of
hadrons from color charge

Need a “vertex detector” at a v e é\g.
femtometer scale - the nuclei



U.S.-based EICs - the Measurement

Key questions: Key measurements:
€ How are the sea quarks and @ Inclusive Deep-Inelastic
gluons, and their spins, Scattering (DIS)

distributed in space and
momentum inside the nucleon?

€ Semi-inclusive DIS with one
or two of the particles in the

€ Where does the saturation of .
final-state

gluon densities set in?

& Exclusive DIS

-DVCS, ...
€ How does the nuclear
environment affect the
distribution of quarks and & Diffractive DIS
gluons and their interactions in — rapidity gap, ...

nuclei?



U.S.-based EICs - the Requirement

Key requirements:

& Electron identification
— scattered lepton

€ Momentum and angular
resolution — x, Q2

@ Particle identification,
and acceptance:
Y ’ TC+, T, K+9 K-’ p+, p-’ oo

€ Rapidity coverage,
t-resolution

Key measurements:

@ Inclusive Deep-Inelastic
Scattering (DIS)

€ Semi-inclusive DIS with one

- or two of the particles in the
final-state

< & Exclusive DIS
-DVCS, ...

< & Diffractive DIS

— rapidity gap, ...



U.S.-based EICs - the Machines

FFAG Recirculating Electron Rings ERL Cryomodules
Pre-booster lon
1.3-6.6 GeV v
7.9-21.2 GeV P2 j—- r"‘ﬁ'&i
hels V Beam Dump “ -
/ Energy Recoven y
Cot Lina @ rolarized
Electron Cooler Electron Sou
Detector |
hadr
Detector Ll
electrons
100 meters
—_—
lllll AGS

< First (might be the only) polarized electron-proton collider in the world

< First electron-nucleus (various species) collider in the world
< Both using the existing facilities



U.S.-based EICs - the Coverage

103 Current polarized DIS data:
C O CERN ADESY ¢ JLab oSLAC

Current polarized BNL-RHIC pp data:
® PHENIX t® ASTAR 1-jet

10" 107 10 10"

For e-A collisions at the EIC:

v" First e-A collider

v" Wide range in nuclei

v Variable center of mass energy

Q% (GeV?)

v" Luminosity per nucleon same as e-p

For e-N collisions at the EIC:

v' First polarized e-p collider

v Polarized beams: e, p, d/3He

v Variable center of mass energy

v Luminosity L, ~ 103334 cm2s-
HERA luminosity ~ 5x103' cm-2 s

10%} Measurements with A = 56 (Fe): =
F e eA/pADIS (E-139, E-665, EMC, NMC) 1
= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)

© DY (E772, E866)
102

10|

perturbative

?"r']on-penurbative <
= -
01 1Al M A |

10 107 102 107! 1




U.S.-based EICs - the Coverage

103 Current polarized DIS data:
C O CERN ADESY ¢ JLab oSLAC

Current polarized BNL-RHIC pp data:
® PHENIX t® ASTAR 1-jet

10" 107 10 10"

For e-A collisions at the EIC:
v" First e-A collider

v" Wide range in nuclei

v Variable center of mass energy
v" Luminosity per nucleon same as e-p

EIC explores the “sea” and the glue!

For e-N collisions at the EIC:

v' First polarized e-p collider

v Polarized beams: e, p, d/3He

v Variable center of mass energy

v Luminosity L, ~ 103334 cm2s-
HERA luminosity ~ 5x103' cm-2 s

CTEQ6.5 parton
3.5F distribution functions
Q? = 10 GeV?

3.0F
2.5F

Momentum Fraction Times Parton Density
N
o

0 RN S| r R X ]
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton



Unified view of nucleon structure

O Wigner distributions:

Wi(x,b, ky)
oD Wigner Distributions

N ”

[d’ky

. HERMES | ",
3D JLab12 |
flx,k;) | COMPASS| f(x.b;)

transverse momentum
distributions (TMDs)

impact parameter
distributions

Fourier trf.
by == A

B

H(.\',O,qu
t=-A"

semi-inclusive processes
& ™~

f(x)

Hl and ZEUS

parton densities

Q=10 GeV*

| fdx
‘.._D

(1)

form factors

inclusive and semi-inclusive processes

—elastic scattering

4 EIC - 3D imaging of sea and gluons:

JLab12
COMPASS
for
Valence

/

generalized parton

distributions (GPDs)
exclusive processes

n-1
f dxx |
P

A (D) + 4§A,2(t)+
generalized form

factors
lattice calculations

<> TMDs - confined motion in a nucleon (semi-inclusive DIS)

< GPDs - Spatial imaging of quarks and gluons (exclusive DIS)



Helicity contribution to proton spin

d EIC@QUS - the decisive measurement (15t year of running):
(Low x and wide x range at EIC)

MRARAY | MR ALY | TTTYTTY MR ALY | MERERRALLY | TTTTTT
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No other machine in the world can achieve this!
1 Solution to the proton spin puzzle:

<> Precision measurement of A G(x) - extend to smaller x regime

< Quantify the role of orbital angular momentum contribution - GPDs

BNL EIC Science Task Force



Semi-inclusive DIS

O Naturally, two scales:

< high Q - localized probe
To “see” quarks and gluons

< Low p; - sensitive to confining scale
To “see” their confined motion

< Theory - QCD TMD factorlzatlon

to probe TMDs

'

Best process rpA ; 5
\: O

_—
 Spin-motion correlation: I

- \}E
o
4 spin combinations -

7+7 74_757 7+7i

4 spin combinations
fy—i_a /7—'_’)/57 fy—i_f)/jl_




Quantum correlation between hadron and parton

d Sivers effect - between hadron spin and parton motion:

Observed Sivers function
particle
) — Hadron spin influences

parton’s transverse motion

S

[ Collins effect — between parton spin and hadronization:

S .
" _— Transversity Collins function

P Observed

T—F particle Parton’s transverse spin
- Xk influence its hadronization
q T.x

JLab12, COMPASS, and low energy EIC for valence,
EIC@US covers the sea and gluon! 16




EIC is the best for probing TMDs

O Naturally, two planes:
1 N'-N!
oIy _

AUT((phaqOS) = PN 4N
= 45" sin(g, + @) + A sin(g, — ¢g)
+A5;etzelosily Sln(3¢h _ ¢S) \.//

1 Separation of TMDs:

A o <Sin(¢h + ¢S)>UT « h @H; &% collins frag. Func.
Sers . . from e*e- collisions

AUT * <Sln(¢h _¢S)>UT ~ flT ®D1

A= o (sin(3g, =), * iy @ H j

Hard, if not impossible, to separate TMDs in hadronic collisions



EIC coverage on TMDs

lllllll T llllllll T T Illllll T LN B B B B T T LN B B B O )

Current data for Sivers asymmetry:
® COMPASS h* P, ;<1.6GeV, z>0.1

O HERMES % K:P,;<1GeV,02<2<07
®m JLab Hall-A =" P . <0.45GeV, 0.4<2<0.6

lllllll

1 llllll

1

1

Planned:
102} B9E JLab 12

lllllll
]llllll

T
1

Q? (GeV2)

10

lllllll
lllllll

T
1

First, maybe only, measurement of polarized sea and gluon TMDs



O Single transverse-spin asymmetry:

Asymmetry n* (a.u.)

. z . .
UB0S Z <085 0.50 <z < 0.55 0.70 <z <0.75
00<P,;<0.23; -
i i b
T b s e P i it I
Kl . - u ]
I-.-- . .. .- - .. a .. = : . i
-n - - . B
[asad ! A 1 _....I sasanaed oo ol | A Il
0.15F - Js
g E Vs (GeV) 1
o1k 04<P,;<06 , - e 15 | P
AF . 310
. n 1 - A 45 3
0.05 | ehhr g F m140 L s .
: pegFidith 3t | s s i |
Y o et a .‘i i :— 3 10
R A T T |
E ._..‘.‘ 4 s wt e eeen” E ..-I.I‘ a & ‘. .« ®o® . o8 .; F 1. s 4
-0'1 ": o8 g " :.l Lol " 1 £ ad 3 1
08<P,;<1.0 ]
. —
o . i ' i . * i i L I
" a ® 3 .
L . A L ] . L] FY E Y
- -" " . e *° ™ " - 4 n 3 L]
al ol ad L -.-ml Addaaasd a2 aaaaul adaasaul A A Al anld al. adadl
10* 10° 102 10

Precision of TMDs @ EIC

X

(;A29) .0



World effort on TMDs

o
— W o~
proton - . pion

3 &
BESIII @ %ﬁf““

electron i# pion

\

positron pion

e-e* to pions

\(:/cé/:z\’z %"L «({E 9)»

lepton

proton antilepton

Partonic scattering amplitude
Fragmentation amplitude

@ Distribution amplitude

Test of the sign change!
fi7'(SIDIS) = - £,;*(DY)
A (SIDIS) = -A* (DY)



Spatial imaging of quarks and gluons

1 Need Form Factor of density operator:

< Exchange of a colorless “object”

p C D' < “Localized” probe

< Control of exchanging momentum

\q
p pl
4 Exclusive processes — DVCS:
do GPDs
f dedQth ‘ Hq(x,f,t,Q),Eq(ZC,f,t,Q),...

x + & \_,. — &

- _— t = (o —p)2 F.T.of t-dep

p »

T t-dep

5_

(P'—p).n/2 mmmp Spatial distributions
JLab 12: Valence quarks

EIC: Sea quarks
Also for light meson production (EIC@China)

21



DVCS @ EIC

Y"+p—=y+p

f\ 20 GeV on 250 GeV

7 ._
g 109} ."*.A__’ .
T [

Qg 10:' \\‘\\ .
5 1} N\i\
0‘1 A A A A A A A A A A A A A A
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1
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0

0s |
0s |
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T T T T T T r—r
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P
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P PSR BT SR

0

02 04 06 08 1
by (fm)

xg F(xg, by) (IM2)

dogyesdt (pbiGe V)

Y+p—=y+p

., 5 GaV on 100 GeV

F e Jldte 10 ft° ;

: b

3 e 1
! ]
! ]
0 02 04 06 08 1 12 14 185

i (GeV2)

05

T T T T

aot

W —T——

05

04

03

02

Q1<xg<0.16
10 < Q2GeV2 < 17.8

o1

o --AI.A-A-A-.A-..---.-.-—A‘?Tﬂ-
0 02 04 06 08 1 12 14 156

br fm)



Polarized DVCS @ EIC

o

tn
~
e

" *(x,b,0% (fm?)
-
| 248
e

xq"™*(x,5,0") (Im?)
(=}

in

10 15

/ \ osf
00k—" . —~— 0.0k e .
15 40 05 00 05 10 15 1.5 -10 -05 00 05
by (fm) By (im)
a(x=10"b,0% = 4 GeV®) qQ'(x=102>b,0% =4 GeV?)
15
. .F ‘-!!-l
£ .-€
.| s
1k
T
15
15 1 A5 0 05 1 15 15 4 905 0 05 1 15

(0.9, 1.00)
(0.9.099)
[0.9,097)
0.9, 094)
0.8, 090
0.7, 0.80)
0.6, 0.70)
[0.5.060)
0.4,050)
(0.3, 0.40)
(0.2.0.30)
0.1, 0.20)
[0.0,0.10)
[0.0.005)
(0.0.002)
(0.0, 001)



EIC coverage on GPDs

Current DVCS data at colllders

O ZEUS- total xsec O H1-total xsec
® ZEUS- do/dt W H1-do/dt 3
B Hi-Acy A2

- Current DVCS data at fixed targets:

HERMES-A,; 4 HERMES-ACU
HERMES- ALy, AuL, A
HERMES-Ayr * Hall A- CFFs
CLAS- A, % CLAS-A,,

II]II'

T

XPD»

Ianned DVCS at fixed targ.:

,,,,,,,,,, COMPASS- do/dt, Acsu, AcsT
JLAB12- do/dt, ALy, AuL, AL

T IIIIII
_ U

T

First, maybe only, measurement of polarized sea and gluon GPDs



Spatial imaging of gluon density

d Exclusive vector meson production: do
drpdQ?dt
. 5/5 %\l e < Fourier transform of the t-dep
— =) Spatial imaging of glue density
T t-dep < Resolution ~1/Q or 1/Mg
d Gluon imaging from simulation: o rp e
7 ' ' ' '0.03' i ' t\; = o I - 1 - =
6 3 \%\‘\K IzLodtGe\}%:mbzso GeV |
— 002 8 10°} -+ .
E °} g | '
z 41 g 10%
X 3 0 i
< 2y L 10F  0.0016 <xy<0.0025
1t 3 1SBGeV2<02+M§hP<251GeV2
° 0 01.2 OI.4 Ol.6 OI.8 1 T; 1l.4 16 10 | 0I2 | 0|.4 | 06 0.8 1I | 1.|2 | 1.4 | 1.6
by (fm) - t (GeV?)

W

ARAR

AN
\

Only possible at the EIC
Gluon radius?

N

How spread
at small-x?




An immediate consequence

O Quark GPDs and its orbital contribution to proton’s spin:

L. 1
Jy = 5%5% drx |[Hy(x,&,t) + Ey(x,&,1)] = §Aq—|—Lq

The first meaningful constraint on quark orbital contribution to proton spin
by combining the sea from the EIC and valence region from JLab 12

This could be checked

c
g 0.4 5 Dy———-—4 - . B
by Lattice QCD § ' AZ"/2
)
E 02
L,+L,~0? 6 = o ) . Ld
g ) .
s o
2
< b, A o AREYEEY PV a9
8 0.2 3 ‘:’ Azd/z Ly
0.2 0.4 0.6
m? GeV?

26



Nuclear landscape

1.2

O EMC discovery: | © EMC + E136 [

1 « NMC <+ E665

Nuclear landscape
7& superposition

of nucleon landscape 0.7- . .
0.001 0.01 0.1 1

How would/does a nucleus look if we only saw its quarks and gluons?



Nuclear landscape

1.2 |

J EMC discovery: | o EMC s E136 I

1 « NMC <+ E665

Nuclear landscape
7& superposition

of nucleon landscape 0.7- . .
0.001 0.01 0.1 1

How would/does a nucleus look if we only saw its quarks and gluons?
4 “Snapshot” does not have a “sharp” depth at small xg

Boost

< Hard probe is very “sha’?ﬁ” in space:

1 1 1
Transverse size - 0 < 1 fm | Jongitudinal size - o0 < 1fm

< Longitudinal size > Lorentz contracted nucleon:

1 > 9R4+ 2 or z < 0.01 Hard probe can “see” gluons from all nucleons
Tp p ~ at the same impact parameter!



Non-linear evolution and saturation in QCD

1 SATURATION
In ‘

d Gluon recombination: <.
splitting recombination £ﬁ~

= =B S

4 Modified DGLAP: et

O nglw,Q?) ~ %N/—:vg:v Q?) M
K

81nQ2
oo [ [ g @2y o | (%)

Saturation: All power correction terms are equally important

mmm)  Saturation scale:  Q?(z) ~ a;(}%) rg(z,Q?) ~ x%
Counting single parton is not effective! ) Scattering amplitude,
Effective fields, ...

Q (x)

Power
corrections

as N,
T

>



Non-linear evolution and saturation in QCD

ml A SATURATION

O Gluon recombination: s <
splitting recombination &1“"

= . g - 4= /

4 Modified DGLAP: et

O nglw,Q?) ~ %N/—:vg:v Q?) M
K

81nQ2
oo [ [ g @2y o | (%)

Saturation: All power correction terms are equally important

mmm)  Saturation scale: Q2(z) ~ (@) rg(z, Q%) ~ 1

Q (x]

Power
corrections

as N,
T

7TR2 ;UA
Counting single parton is not effective!  wmmm)p  Scattering amplitude,
O Modified BFKL - BK equation: Effective fields, ...
O N(z,rr) ) ] )
: = K . N T, — Qg A’r T, |
omn(1/z) ~ O HprkL @ N(z,rr) —as [N(z,rr)

m) J/MWLK - equation

>



An “easiest” measurement

O EMC effect, Shadowing and Saturation:

1.2 Fermi motion
® EMC /
1 *®NMC /<
L E139 [
S |
c.ﬁ 1_ E665 i;, s @ ;ji | |
1 T® T =
=Sk s |
S PN \
0 gf; _
] I d
N */ NICA
= had T Ay original
- shadowing EMUC finding
0.7 —— N g
0.001 0.01 I 0.1 8

sea quark ° X valence quark

] Questions:

Why nuclear structure function suppressed at small x?
Will the suppression/shadowing continue fall as x decreases?
Ranage of color correlation — could impact the center of neutron



An “easiest” measurement

O EMC effect, Shadowing and Saturation:

S [ =356V 2 Fermi motion
RN T e Emc b
° m 1 *NMC
I ’ 30 E139 /ﬁ
E Q™ =10 GeV~ QN ] * E665 § - L i_g | ||
| — =2 LI—l 1_ éii 1 | = }
0 1: Q*=22 GeV* g H- 0.97 +§ . ; ry
a % sy i57) L/ \J\
' g 0.8 RS
B = /. original
0+ pl sl 1y P shadowing o b W 0
SECELT ] i _ I - I EMC finding
L & 0.001 001 0.1 1
: : é sea quark ° X valence quark
0 i
107 107

] Questions:

Why nuclear structure function suppressed at small x?
Will the suppression/shadowing continue fall as x decreases?
Ranage of color correlation — could impact the center of neutron



An “easiest” measurement

O EMC effect, Shadowing and Saturation:

Fermi motion

1.2

® EMC

] ® NMC
L E139 |
s ®

¢+ E665

b~

Saturation in R, | €
+

|

B original

EMC finding

Saturation in F, 0 7:

gtnr” S Sooni i ag o
sea quark ° X

Saturation in F,(A) = R¢, decreases until saturation in F,(D)

J Questions:

Why nuclear structure function suppressed at small x?

1
valence quark

Will the suppression/shadowing continue fall as x decreases?

Ranage of color correlation — could impact the center of neutron



The best signature for gluon saturation

d Hard scattering with a rapidity gap: I =560 JLdt=10 fV/A |
y .

- x=3.3x103
= eAustageI

I H+|M+H}

saturation model

g
o

n
— T

—A
L L B B

Double ratios:
Diffractive over total cross section
eA over ep

- I»'.
non-saturation moded (LTS) ]

Ratio of diffractive-to-total cross-
section for eAu overthat in ep
.
1

o

o

— T
1

< Strong non-linear effect, color singlet exchange [ | " ® st tneermmtes camedx 107 ]
<> Factorization works in DIS, not in pp, pA, AA 1 10
PP, P M2 (GeV?)

The factor of 2 enhancement is only for eA
(no equivalent in pA!)

This is a clean and unambiguous signal of saturation physics at EIC
34



Hadronization puzzle

1 Strong suppression of heavy flavors in AA collisions:

| ! | ! | ! | !
Dﬁé 2( Au+Au— D° + X @ 200 GeV y10+y1T]
A - = 0-10%
1.5
) H H = 0-12%
1 I 8 PP

0.5:H 3'] b

P, (GeV/c)

O Emergence of hadrons:

T LI L e B B R

= L L B L A Tt
mé 1 .8: Pb-Pb, \}SNN =2.76 TeV
1.6 . ]
- eAverage D°, D*, D" |y|<0.5, 0-7.5% ]
1.4~ owith pp p_-extrapolated reference —
- = Charged particles, n|<0.8, 0-10%
1.2~ < Charged pions, n|<0.8, 0-10%

;
0.8l
o.sf
0.2f

o] 5 10 15 20 25 30 35 40

o (GeV/c)

How do hadrons emerge from a created quark or gluon?
How is the color of quark or gluon neutralized?

d Need a femtometer detector or “scope”:

Nucleus, a laboratory for QCD

Evolution of partonic properties



Hadronization — energy loss

How hadrons emerge from quarks and gluons?

d Unprecedented v range at EIC: b ® D0 mescns o e
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d Heavy quark energy loss:
- Mass dependance of fragmentation
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Ratio of particles produced in lead over proton

0.01 < y<0.85 x>0.1,10 "
Higher energy : 25 GeV< Q<45 GeV’ 140 GeV < v < 150 GeV
Lower energy : 8 GeVx <12 GeV’, 32.5 GeV< v < 37.5 GeV
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Need the collider energy of EIC
and its control on parton kinematics




Electroweak physics at EIC

O Running of weak interaction — high luminosity:
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< Fills in the region that has never been measured

< have a real impact on testing the running of weak interaction
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Summary

4 EIC is a ultimate QCD machine:
1) to discover and explore the quark/gluon structure and
properties of hadrons and nuclei,
2) to search for hints and clues of color confinement, and
3) to measure the color fluctuation and color neutralization

d EIC is a tomographic machine for nucleons and nuclei
with a resolution better than 1/10 fm

1 EIC designs explore the polarization and intensity frontier,
as well as the frontier of new accelerator/detector technology

d Complementary designs of EIC around the world have been
proposed to cover different kinematic regimes of QCD
— EIC@US is sitting at a sweet spot for rich QCD dynamics

Thanks!
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Color fluctuation — azimuthal asymmetry

3 Preliminary low energy data: Hicks, KEK-~IPAC2013
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only statistical uncertainties shown

pq)
 Classical expectation:

Any distribution seen in Carbon should be washed out in heavier nuclei

4 Surprise:

Azimuthal asymmetry in transverse momentum broadening

. /
== Fluctuation and v, at EIC too! See Brooks talk at EICA



Another clean signature for gluon saturation

 Strong suppression of dihadron correlation in eA:

Theory Simulation
0.18 2 2 B trigger
- S Qo=1GeV L EIC stage-l pr99%>2 GeVic
- ep’ |~ L :
y 0.16 s p:, \ 021 [Ldt = 10 fb-1/A 1< p$ssoc < pjlpgger
' E 0.14 F i Ini<4

eAu - nosat

P12
Either Jets or use leading ‘\Q_’
hadrons from jets (dihadrons) bean view

< Never been measured!

< Directly probe Weizsacker-Williams (saturated) gluon distribution
in a large nucleus

< A factor of 2 suppression of away-side hadron-correlation!

<> No-sat: Pythia + nPDF (EPS09)



