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The US Electron lon Collider Project

- What is the Electron lon Collider?
- What physics is motivating it?

MPI in nucleons and nuclei:
Precision study of role of Gluons in QCD

- What is the status? Connections to MPI’s

-l
Stony Brook Abhay Deshpande N?FE)}O/?LIS@TEO"RY

University



12/13/2017 EIC at MPI@LHC, Shimla, India

REACHING FOR THE HORIZON RECOMMENDATION:
We recommend a ﬁigﬁ-energy ﬁigﬁ-

[uminosity Joofarizec[ FIC as the
ﬁigﬁest priority for new faciﬁ’ty
construction foffowing the
com}ofem’on @C FRIB.

Initiatives:
Theory
Detector & Accelerator R&D

NEW Money for EIC Accelerator
LONG RANGE PLAN R&D already assigned $7m/yr

for NUCLEAR SCIENCE

Detector R&D money ~1.3M/yr
Significant increase anticipated

http://science.energy.gov/np/reports
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Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

1212.1701.v3
A. Accardi et al Eur. Phy. J. A, 52 9(2016)

SECOND EDITION
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The Electron lon Collider

Two options of realization!
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The Electron lon Collider

Two options of realization!

For e-N collisions at the EIC:

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

v e beam 5-10(20) GeV

v Luminosity L, ~ 1033-3¢ cm-2sec
100-1000 times HERA

v 20-100 (140) GeV Variable CoM

For e-A collisions at the EIC:

v Wide range in nuclei

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

World’s first
Polarized electron-proton/light ion
and electron-Nucleus collider

Both designs use DOE’s significant
investments in infrastructure

/ AGS \ \
100 meters/ \ \
/ / \ \
Not to scale
Ring-Ring

lon Collider Ring

Electron Collider Ring

Electron Source
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EIC: Kinematic reach & properties

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

Current polarized BNL-RHIC pp data:
@ PHENIX TI° ASTAR 1-jet

JAN
EEEE

For e-A collisions at the EIC:

v Wide range in nuclei

v Lum. per nucleon same as e-p

v Variable center of mass energy

v Wide x range (evolution)

v Wide x region (reach high gluon
densities)

Q% (GeV?)

10°

102

0.1

For e-N collisions at the EIC:

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

v Variable center of mass energy

v Wide Q2 range - evolution

v Wide x range - spanning
valence to low-x physics

T T ToTTTTT T U |

— Measurements with A = 56 (Fe):

-« eA/pADIS (E-139, E-665, EMC, NMC)

= VA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)
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QCD Landscape to be explored by EIC

QCD at high resolution (Q2) —weakly correlated quarks and gluons are well-described
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QCD Landscape to be explored by EIC

QCD at high resolution (Q2) —weakly correlated quarks and gluons are well-described

Strong QCD dynamics creates

Q?(Ge :
( A many-body correlations between

S | Quark quarks and gluons

5| Gluons - hadron structure emerges

2
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EIC will systematically explore
correlations in this region.
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QCD Landscape to be explored by EIC

QCD at high resolution (Q2) —weakly correlated quarks and gluons are well-described

@ (Ge Strong QCD dynamics creates

regime in QCD of weakly

FOMCIoNo coupled high density matter
Regge trajectories? Y

» 1/X

A many-body correlations between
S | Quark quarks and gluons
§| Gluons - hadron structure emerges
2
2
Stron

Sy A EIC will systematically explore
2 « 2 |correlations in this region.
g 53
£ S, 8
g Y,
2 o An exciting opportunity:
= ()] .
3 55  Observation by EIC of a new
£ 3 3
g
<
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A new facility is needed to investigate, with precision, the dynamics of
gluons & sea quarks and their role in the structure of visible matter

How are the sea quarks and gluons, and their spins,
distributed in space and momentum inside the nucleon?

How do the nucleon properties emerge from them and
their interactions?
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How are the sea quarks and gluons, and their spins,
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How do the nucleon properties emerge from them and
their interactions?

How do color-charged quarks and gluons, and
colorless jets, interact with a nuclear medium?

How do the confined hadronic states emerge
- from these quarks and gluons?

g How do the quark-gluon interactions create
nuclear binding?
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A new facility is needed to investigate, with precision, the dynamics of
gluons & sea quarks and their role in the structure of visible matter

How are the sea quarks and gluons, and their spins,
distributed in space and momentum inside the nucleon?

How do the nucleon properties emerge from them and
their interactions?

How do color-charged quarks and gluons, and
colorless jets, interact with a nuclear medium?

How do the confined hadronic states emerge
- from these quarks and gluons?

g How do the quark-gluon interactions create
nuclear binding?

How does a dense nuclear environment affect
the quarks and gluons, their correlations, and
their interactions?

What happens to the gluon density in nuclei? luon gluon
Does it saturate at high energy, giving rise to a emission recombination

gluonic matter with universal properties in all "
nuclei, even the proton? — %
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—

| EIC: 5 GeV on 100 & 200 GeV
EIC: 20 GeV on 250 GeV

Nucleon’s Spin:

All uncertainties forAy?=9

- Y
—— contribution q orbital angular I I S N

momentum 0.15 0.175 0.20 0.225
Quark Contribution to Proton Spin

results from multi-partonic interactions g os|
“Helicity sum rule” g
1 1 < g O _ current data
- h _— AZ + AG + E Lq + LZ % 05 _ (global analysis)
2 2 ?:;: \\ jg (_é — Q? =10 GeV?
)

1
—

quark
contribution

3D imaging of quarks and gluons in a nucleon: Wigner Functions
W(x,bp,ky)

Momentum f dsz f dzk

Space Distributions

T Coordinate
Space Distributions

kr

f(x,kr)

Semi-inclusive DIS &> TMDs =
Evidence of Orbital Angular Motion

f(x,br)

Impact parameter distributions
GPDs = Orbital Angular Mom
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2 40 T
3 CTEQ 6.5 parton
& 3.5[ distribution functions

Q* =10 GeV’
£ 30F

What do we learn from low-x studies?

u
- __._-‘.'\\ =
0 =\
= 0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton
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2\~ | What do we learn from low-x studies?

2 0 e
= 0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

'/Qg(x)

pQCD I

evolution
equation

Resolution
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B ~ | \What do we learn from low-x studies?

What tames the low-x rise?
* New evolution egn.s @ low x & moderate Q2
-« Saturation Scale Qg(x) where gluon emission

and recombination comparable

gluon gluon
emission recombination

= % At Qg
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sity
B

CTEQ 6.5 parton
3.5} distribution functions
Q% =10 GeV*

5 ~ | \What do we learn from low-x studies?

20F

mentum Fraction Times Parton Den:
o
[$)]

What tames the low-x rise?
A * New evolution egn.s @ low x & moderate Q2
'/ Q%) -« Saturation Scale Qg(x) where gluon emission
and recombination comparable
pQCD P
S eVO':tt_'O: gluon gluon
= , equatio emission recombination
o - <>
% @ @ m"{%: = :z"g@mm At Qg
Y .
saturation
non-perturbative region

First unambiguous observation of gluon recombination effects in nuclei:
->leading to a collective gluonic system!
First observation of g-g recombination in different nuclei
Is this a universal property?
Is the Color Glass Condensate the correct effective theory?

N\
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How to explore/study this new phase of matter?
(multi-TeV) e-p collider OR a (multi-10s GeV) e-A collider
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How to explore/study this new phase of matter?
(multi-TeV) e-p collider OR a (multi-10s GeV) e-A collider

Advantage of nucleus -

R~A"
L ~ (2mNX)-1 > 2 RA -~ A1/3
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How to explore/study this new phase of matter?
(multi-TeV) e-p collider OR a (multi-10s GeV) e-A collider

Teaney, Kowalski
Advantage of nucleus > Kovch}égov et al.

NA 2

% - QS,quafk MOdeH
S [ — Au,medianb - -- b=0
o e — Ca, median b
(@] — p, medianb

~ -1 > ~ 1/3 10-1 Lol ool L1 i
L (szX) 2 RA A 10-5 10—4 10-3 10—2
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How to explore/study this new phase of matter?
(multi-TeV) e-p collider OR a (multi-10s GeV) e-A collider

Teaney, Kowalski

Advantage of nucleus = Kovchegov et al.
X < 10
- 2
03 > Q2 uark Model-|
S i — Au, medianb --- b=0
Nv —— Ca, median b
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How to explore/study this new phase of matter?
(multi-TeV) e-p collider OR a (multi-10s GeV) e-A collider

Teaney, Kowalski

R « 10F -

10 e I > Q2 qark Model-|
:_..P..‘.‘.E!Qn-(s‘-,,?c ------------------------------ S — Au,medianb - -- b=0
............... N‘-’ — Ca, median b
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- N N
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075 08
At N 0 2 10 . 1 o111 1 L1111
arton momentum fraction, X 10° 10* 10° 10
(increasing energy —) X
Enhancement of Qg with A:

Saturation regime reached at significantly lower
enerqy (read: “cost”) in nuclei
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Transverse imaging of the gluons nuclei

Diffractive vector meson
production in e-Au

" (11 b
Diff. MC: “Sartre
fLcdt = 10 fo A o coherent - no saturation
10° 1 < Q% <10 GeV? o mncoherent - no saturation
a x <001 = coharant - satburation |bSat)
INKgacay)l < 4 « incoherant - saturation [bSat)

o = 5%

10° :-‘:‘mmmmmrm-mmmn
o 80 amm“lﬁurwmmﬁm

L

3

]

€

ot
->Does low x dynamics 2 e _ﬁ:‘hh 1
(Saturation) modify the . 10 CAC e 8
transverse gluon distribution? 2 ) @ ” “‘*%h

2':, ! -..'ﬁ.‘-. g
Experimental challenges being ¥ "
Studied.

'0'2 e Ll ll | l e ll Ll Ll ll 1A l 1A ll 1 ll
0 002 004 006 008 01 012 014 0.6 0.18

Itl (GeV2)
Simulation study by Toll & Ullrich
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Transverse imaging of the gluons nuclei

Diffractive vector meson
production in e-Au

H (11 b
Diff. MC: “Sartre
fLcdt = 10 fo A o coherent - no saturation
10° 1 < Q% <10 GeV? o mncoherent - no saturation
.o x <001 = coharant - satburation |bSat)
- INK gpeay ) < 4 « incohaerant - saturation (bSat)
10* Q p(K,.;,,) > 1 GeVic
o = 5%

HoG0C :ammmx‘
!‘l:utmn:am

=>Does low x dynamics
(Saturation) modify the
transverse gluon distribution?

dg®+Au e LA 9t (nbiGeV?)

Experimental challenges being ol "o
Studied. S

'0‘2 lllll ll | l e ll Ll Ll ll 1A l 1A ll 1 l]
0 002 004 006 008 01 012 014 0.6 0.18

Itl (GeV2)
Simulation study by Toll & Ullrich
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diffraction most sensitive:
oait < [9(z, Q%))
p

At HERA
ep: 10-15% diffractive

At EIC eA, if Saturation/CGC
eA: 25-30% diffractive

EIC at MPI@LHC, Shimla, India 11

Saturation/CGC: What to measure?

Many ways to get to gluon distribution in nuclei, but

: Fraction of diffractive events
18¢ in eAu over that in ep
16|
14 F
12§

1 ............................................................................
0.8 F
06| Without Saturation
04}
0.2 _ 02 =5 GGVZ
<P Judt=11b1/A X =1x10"3
O ™ I 1 4 l . !l
10" 1 10

Mass squared of produced
hadrons, M? (GeV?)



12/13/2017 EIC at MPI@QLHC, Shimla, India

Requirement are mostly site-independent with some slight
differences in the forward region (IR integration)

In Short:

e Hermetic detector, low mass inner tracking, good PID (e and n/
K/p) in wide range, calorimetry

* Moderate radiation hardness requirements, low pile-up, low
multiplicity

10x100 GeV
Q2> 1GeV?2

~ e-endcap

Curtesey of Thomas Ullrich
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EIC Detector Concepts
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EIC Detector Concepts
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JLEIC Det

4.4m

Muon chambers
Modular (flux return yoke) (top view)
aerogel

Flux-return
I coils

mirror:

solenoid coil
|

EMcal (Sci-Fi)

DIRC & TOF
> O

.:

Central tracker

Other ideas from the Users Group ‘.I*"'_I Gowmesase) |
are welcome! (essential!) A=Mca! |

Endcap
GEM

trackers

[ | 20

GEMC implem
m by Zhiwen .
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JLEIC Det
ANL's: “SIEIC Detector” Si-tracker & Fluxcretum  a4m
. . . il
Precision calorimetry: particle flow detecor |c°'s.\,.oc,u.;,,Ir e (top view)
concept e mirror
. solenoid coil

‘\

EMcal (Sci-Fi)
=

DIRC & TOF
e e —— — -

S e ———
- Central tracker
IE¥ A (low-mass DC)

GEMC implem

trackers m Py Zhiwen

[ | 29 5
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- EIC Status:
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EIC Status:

- 700+ collaborators have joined the EIC as potential users
from 160 institutions and 29 countries

- Science driven by compellinv questions raised over the
last 50 years in QCD =>US nuclear science advisory
committee has give it a “go”

- US National Academy of Science is currently reviewing
this = report imminent in April 2018 after which the
DOE's critical decision process will begin

- Expect first collisions by ~2027 = We are looking for
good ideas and further strengthening of the science case
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Thank you.




Uniqueness of EIC among all DIS Facilities

Luminosity (
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JLAB/CEBAF

6 12
®

I s Ac

EIC

COMPASS
HIAF-EIC

BCDMS
o N
HERMES NMC

HERA (ZEUS/H1)

ep Facilities & Experiments:

LHeC/HE-LHC
FCC-he

LHeC/HL-LHC

LHeC/CDR

IIIIllII | L1 1111

10

10° Vs (GeV)

All DIS facilities in the world.

However,
if we ask for:
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All DIS facilities in the world.

However,
if we ask for:

* high luminosity &
wide reach in Vs
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Uniqueness of EIC among all DIS Facilities

Luminosity (
o o o
% % S
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X

1033

1032

10°"

EIC

ep Facilities & Experiments:

10

10°

10°

Vs (GeV)

All DIS facilities in the world.

However,
if we ask for:

* high luminosity &
wide reach in Vs

* polarized lepton &
hadron beams

* nuclear beams

EIC stands out as
unique facility ...

5
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Uniqueness of EIC among all DIS Facilities
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= Distribution and Spatial Imaging g
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Connections to other areas of physics

Explorations of the stringy dynamics of hadrons led to the string theory of
Gravity. A weakly coupled regime of 10-d gravity is conjectured to be dual to
strongly coupled 4-d QCD-like theory. Further profound connections may
emerge from deeper investigations of the QCD landscape.

The dynamics of strongly coupled cold atom gases and QCD (non-Abelian
gauge fields but also strong nuclear fields) show strikingly common features.
Cold atom scientists are actively engaged in engineering cold atoms
simulators of gauge field mechanism.

Strong connections have emerged between studies of strongly correlated
condensed matter systems and QCD: topological effects arising from chiral
anomaly

Strong field QED explores the breakdown of the QED vacuum and its
nonlinear optical response in e*e- pair creation. Reaching this regime is a
major goal in developing high powered lasers.



