New Progress in Heavy lon Collisions:
What is Hot in the QGP
CCNU - Wuhan, China, October 5-9, 2015

Science at an EIC

Ernst Sichtermann (LBNL)
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What is a proton, neutron, nucleus?
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What /s a proton, neutron, nucleus?
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At high energy: an unseparated, broadband beam of quarks, anti-quarks, and gauge
bosons (primarily gluons), and perhaps other constituents, yet unknown.

40 years of an amazingly robust idealization:
Renormalization group-improved Parton Model

Factorization theorem(s) + one-dimensional parton distributions,
no correlations among the partons
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At high energy: an unseparated, broadband beam of quarks, anti-quarks, and gauge
bosons (primarily gluons), and perhaps other constituents, yet unknown.

40 years of an amazingly robust idealization:
Renormalization group-improved Parton Model

Factorization theorem(s) + one-dimensional parton distributions,
no correlations among the partons

Why and what about an Electron lon Collider?
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¥ Observed (or known): a
en= 050l ) : e
e = (E!sin6.,0, E cosb., E.)
Wi (OSSR, )

l.e. angles are defined w.r.t. the hadron beam direction (HERA-convention).

i
!

Relevant invariants:

o 4= (6 i p)2 Square of total c.m. energy
L / D Wi 1\ 2
g — € — € Q - —(6 e ) Square of (4-)momentum transfer
Q2
e Bjorken-x, ~parton mom. fraction
Ys
e== (q.p)/(e.p) Fractional energy transfer

X, Q2 can be reconstructed from the scattered electron, the “current jet”, or hybrids.
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Vast body of precision measurements over a wide kinematic range,
Best possible insight in high-energy proton structure to date.
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H1 and ZEUS preliminary

— HERAPDF2.0 (prel) NLO Q* =3.5 GeV?
min

- exp. uncert.

model uncert.

‘ parametrization uncert.

uz=10 GeV’

Xu,

I

“MWHL' M WWM’ .:ze.:;.'.".',?f'i":.e-‘.?;! Mﬂm Lﬂﬂm W JUWMWM% “‘!M WMHKM

Proton structure at high-energy is:
- far from elementary,
- gluon-dominated for x < 0.1,

Gluon content increases with
decreasing X,

|Gluons pose a number of questions

HERAPDF2.0:
15 parameters,
~1400 combined data points,
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| 4 v 72
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| Factorization, the separation of short distance and long distance physics,
¢ combined with PDFs are ‘universally invaluable’ in hard scattering processes.
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What /s a proton, neutron, nucleus?
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At high energy: an unseparated, broadband beam of quarks, anti-quarks, and gauge
bosons (primarily gluons), and perhaps other constituents, yet unknown.

40 years of an amazingly robust idealization:
Renormalization group-improved Parton Model

Factorization theorem(s) + one-dimensional parton distributions,
no correlations among the partons

Really?
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NLO/CT10

Relative uncertainty

1/o do/dng;e

0.45

0.4

0.35

0.3

CMS, ArXiv:1401.4433

Really? - Nuclear Modification

H. Paukkunnen, ArXiv:1401.2345

T - Textbook nuclear EMC effect, shadowing,
Vs = 2021 oY e | andanti-shadowing remain in search of a
— x “ — . 1 n n
, CTi0xDSSZ | comprehensive explanation.
QD CT10x HKNO7
X\ =PI average/2 Experimental opportunities:
Near-term:
- (polarized) p+A scattering,
- continued DIS, DY,
EIC-term:
_________ HKNO7 L DSS7 | B - QCD-evolution, esp. gluon region,
| ] - NC, CC probes,
e = - 1-particle semi-inclusive data,
"""""""""" N - n-particle correlations,
EPS09 uncert. . .
. : - diffraction,
-3 -2 -1 0 1 2 3

- exclusive reactions (imaging),

,I(I:llf I ,,7. T ,I.’)’2

Simply this student’s list - input sought. 11



Really? - Forward Particle Suppression

Central

Forward-Forward Mid-forward correlation
15—(1:@1{% ----------------- iy | &1  Peripheral
A
g ——
H | -
B [
d+Au 60-88 p*  d+Au 0-20 p
11—
107} ++ > 05-0.75GeV/c ® 05-0.75 GeVic
- - 2 0.75-1.0 GeV/c ™ (0.75-1.0 GeV/c
- 2 10-15GeV/ic 4 1.0-15GeV/c
3 frag 2
10 Xa o 10

Phenix, Phys.Rev.Lett. 107 (2011) 172301
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Really? - Ridges, ridges, ridges

CMS 2010, V/s=7TeV
MinBias, 1.OGeV/c<pT<3.OGeV/c N>110,1 .OGeV/c<pT<3.OGeV/c

....
,,,,,,
2 L.

R(An,A9)
R(An,A9)

Seen in p+p, p+A at the LHC, A+A at RHIC and the LHC...

Causality implies that this structure is formed very early,

Initial state, final state, both?

13



Really? - Ridges, ridges, ridges

= e e=E
Untovcelocled j Cexilooked \j Cexialooked U
(Shott vuge)  (lLmyy vouge)

(oloR. lexctleions . doworde plant ~ Qwe

Salgado, QM'14

Seen in p+p, p+A at the LHC, A+A at RHIC and the LHC...
Causality implies that this structure is formed very early,

Initial state, final state, both?
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QCD

— A’k d
e dP o o QL -
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IS calculable; it is soft and collinear divergent - these divergencies must be resummed,

A
. : _ 5
Density of gluons per unit of transverse area: /Qs(x)
<1
poxxg(z,Q”)/TR? b
DGLAP E
Cross section for gluon ke 5
c :
o X ag/Q? i
y ; | saturation V
2 2 ’
1< po — Q < Q s (I) ~ (5> non-perturbative region Ot ~ 1
=
Gribov, Levin, Ryskin 1983 In x

Dense system, non-linear evolution - onset is largely an experimental question,
effective theory/theories. 15



Saturation at HERA? - Think outside the PDF!

® No/limited evidence from DGLAP fits in sub-ranges,

cb - x N -: ® e .
[ e ~#3:| |dea (Gellis, Caolo et al):
1045. ; sBlé?)?ns l-ii*
| - chorus | |  ermaaens - cut out data in a presumed saturation region,
O R N S a3fii il | L
| * ZEUSH2 | I HE - determine PDFs from remaining data,
| A2 il iﬂésézm
102:__22.,:?;'3 ............................... XXERX §§§ ..... ki - evolve down and compare with all data
F|— AL = 6.0 .1
10 R T E NI g™ e KX S SRR R ...
3 1.4 + Fit without cuts
- — Fitwith A, =05
{08 , 2 W Fitwith A, = 1.5
X N
% 1 * Data
G
Tendency to undershoot the data, 9 o8 :
. g ™m
however, do note the uncertainties. i
‘b. 0.6
Authors have studied NNLO and w4
reject this as a possible cause. 0o
10 10° 107
X

® Likewise, no evidence from comparisons with F. or Fo-charm .
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HERA c.s. data exhibit geometrical scaling with respect to

T = = —— for x <0.01

not seen in prior fixed-target experiments - Stasto et al.
However, DLL LO solution to DGLAP also scales - Caolo et al.

~15% of events is diffractive (!).
17
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H1 and ZEUS preliminary Equ|S|te |nS|ght In proton structure in terms

of quark and gluon degrees of freedom,

—— HERAPDF2.0 (prel.) NLO Q* =3.5 GeV*
min

- exp. uncert.

model uncert. Xu,

. and also some quite remarkable voids;

==L TR Precision F. - insufficient time,
Test isospin, u-d, - no deuterons,

d/u at large x - luminosity,

Strange quark distributions - luminosity,
Spin puzzle - no hadron beam polarization,
Quark-gluon dynamics in nuclei - no nuclei,

Saturation - insufficient Vs / no nuclei,

llllll 1 1 lllllll




Past

Vs [GeV]
proton Xpyin
ion

polarization
L [cm-2s-1]
Interaction Points
Year

Electron lon Collider Initiatives

HERA @ DESY
320
1x10%

D

2x 10%
2
1992 - 2007

Possible Future

LHeC @ CERN HIAF @ CAS
800 - 1300 12-65
5x107 7x10°-3x 10+
pto Pb ptoU
- p, d, 3He
1034 1032-33 - 1035
1(?) 1
post ALICE 2019 - 2030

High-Energy Physics

ENC @ GSI MEIC/ELIC @ JLab
14 20 - 140
5x 103 1x104
p to ~*Ca pio Pb
p,d p, d, 3He (5Li)
1032 103334
1 2+
upgrade to FAIR post 12 GeV

eRHIC @ BNL
78 - 145
5x 105
ptoU
p, SHe
1033
1-2
2025

Nuclear Physics

World Wide Interest

19



Past

Electron lon Collider Initiatives

Strategy: optimally use existing investments,
pursue luminosity;10x - 100x HERA
nuclei and polarization (eRHIC,MEIC),
nuclei and energy (LHeC),
optimized instrumentation.

HERA @ DESY LHeC @ CERN HIAF @ CAS ENC @ GSI MEIC/ELIC @ JLab eRHIC @ BNL
Vs [GeV] 320 800 - 1300 12-65 14 78 - 145
proton Xmin 1x10% 5x107 7x102-3x 10+ 5x10% 1x104 5x 10%
ion p pto Pb ptoU p to ~Ca pio Pb ptoU
polarization - - p, d, SHe p,d p, d, 3He (&Li) p, SHe
L [cm-2s-1] 2 x10% 1034 103233 - 103 1032 103%34 1033
Interaction Points 2 1(7) 1 1 2+ 1-2
Year 1992 - 2007 post ALICE 2019 - 2030 upgrade to FAIR post 12 GeV 2025
¢PH.ENIX I o
Z) €STAR: A Letter of Intent
Seence Requrements and = S| e
Conceptual Design for a Coneepts for Machine and Desector

Electron lon Collider:
The Next QCD tier

Polarized Medium Energy
Electron-Ion Collider at
Jefferson Lab

LHeC Study Group

C"\

2012

+ popular press, most recently “Les gluons nous posent encore des colles”, Ent, Ullrich, Venugopalan, Pour La Science 455, Sept. ‘15

20



U.S.-based EIC - Two Facility Concepts

eRHIC:

- upgrade to RHIC hadron beam,

MEIC:

- upgrade to CEBAF 12 GeV electron
beam,

21



U.S.-based EIC - Two Facility Concepts

eRHIC:

- upgrade to RHIC hadron beam,

- add ERL and FFAG Recirculating
electron ring,

-6.3-15.9 and 21.2 GeV e energy,

- Heavy lons up to 100 GeV/u

- /s up to 93 GeV

- L~ 1033 cm=s-1/A base design.

MEIC:

- upgrade to CEBAF 12 GeV electron
beam facility,

- new hadron injector,

- new figure-8 collider configuration,

- 3-12 GeV electron energy,

- 12-40 GeV/u Heavy lon energy,

- L~1034 cm=s-1/A

P28
20V Ry Beam Dump
/ nergy Recovery Lina
eeeeeeee Ge

Polarized
ooooooooooooooooooooooooooo

eeeeeeeee

hhhhhhh

FFFFFFF

Warm large booster _ .
(3to 259 GeVic) Three Figure-8 rings

Cold ion collider

Warm electron collider ring (25-100 GeV)

ring (3-12 GeV) Medium-energy IPs with
horizontal beam crossing

Injector
12 GeV CEBAF

22



U.S.-based EIC - Science Focus

coberent comtributions from many nueckons
effoctively amplify the gluon density being
peobed.

The EIC was designated in the 2007 Nu-
clear Physics Long Range Plan as “embody-
ing the vision for reaching the next QCD
fromtier” [1]. It would extend the QCD sci-

enoe programs in the U.S, established st both
the CEBAF sccelerstor at JLab and RHIC st
BNL in dramatic and fundamentally impoe-
tazt ways. The most intelloctually pressing
questions that an EIC will address that relate
to our detailed and fundamental understand-
lng of QCD in this frontier environment are:

« How are the sea quarks and gluons, and their spins, distributed in space
and momentum inside the nucleon? How are these quark and gluca distributions
correlated with overall nucleon propertios, such as spin direction? What is the role of
the orbital motion of sea quarks and gluoes in bailding the nucleon spin?

#» Where does the saturation of gluon densities set In? Is there a simple boundary
that separates this region from that of more dilute quark-gleon matter? If so, how
do the distributions of quarks snd gluoss change s one crosses the bousdary? Does
this saturation produce matter of universal properties in the nucleon and all nuclei
viewed at nearly the speed of light?

s How does the nuclear environment affect the distribution of quarks and
gluons and their interactions in nuckei? How does the trazsverse spatial dstri-
bution of gluons compare to that in the nucleon? How does nuclear matter respond
1o & fast moving color charge passing through it? Is this response differest foe Eght
and beavy quarks?

Answers to these questions are essential for understanding the nature of visthle matter,
An EIC 5 the ultimate machine to provide answers to these questions for the following
FeASOnS

& A collider is noeded to provide kinematic reach well into the gluon-dominated regime;

® Electron beams are needed to bring to bear the unmatched peecision of the electro-
magnetic isteraction as a probe;

e Polarieed mucleon beams are neoded to determine the correlations of sea quark and
gluon distributions with the nucleon spin;

Electron lon Collider:
The Next QCD Frontier

® Heavy bon beams are needed to provide peecocious access to the regime of saturated
gluon dessitios and offer a peecise dial in the study of propagation-length for color
charges in nuclear matter,

Understanding the glue
that binds us all

SECOND EDITION

The EIC would be distinguishbed from
all past, curremt, and contemplated facili-
ties around the world by being at the inten-
sity fromtler with a versatile range of kine
matics and beam polarizations, as well as
beam species, allowing the above questions
to be tackled at one facility. In particu-
lar, the EIC design excoeds the capabilities
of HERA, the only electron-proton collider

to date, by adding a) polarized proton and
light-jon beams; b) a wide variety of beavy-
iom beams; c) two to three orders of mag-
nitude Increase In luminosity to facilitate to-
mographic imaging; and d) wide energy vari-
ability to emhance the sensitivity to glweon
distributions. Achieving these challenging
technical improvements in a single facility
will extend U.S. leadership in accelerator sci-

23



U.S.-based EIC - Science Focus

colerent contributions from many nuckons enoe programs in the U.S, established st both
effectively amplify the gluon density being the CEBAF sccelerstor at JLab and RHIC st
peobed BNL in dramatie and fundamentally impos

current
data

In Q?

Momentum along y axis (GeV)
S
3 o

L -0.5 0 0.5
: Momentum along x axis (GeV)

beam species, allowing the above quest
to be tackled at one facility
lar, the EIC design excoe

f HERA, the only electron-proton co

ArXiv:1212.17010

24



U.S.-based EIC - Observables

Key questions: Key measurements:

® How are the sea quarks and gluons, and e Inclusive Deep-Inelastic Scattering,
their spins, distributed in space and momentum
inside the nucleus?
® Semi-inclusive deep-inelastic scattering with
one or two of the particles in the final state,
® Where does the saturation of gluon densities
set in?
® Exclusive deep-inelastic scattering,

® How does the nuclear environment affect the
distribution of quarks and gluons and their ® Diffraction.
interactions in nuclei?

ArXiv:1212.17010

25



U.S.-based EIC - Observables

&
Key requirements: Key measurements:
e Electron identification - scattered lepton ® Inclusive Deep-Inelastic Scattering,
® Momentum and angular resolution - x,Q2 %< ® Semi-inclusive deep-inelastic scattering with
one or two of the particles in the final state,
et -, K+, K, pt, p, ... identification, -
acceptance ® Exclusive deep-inelastic scattering,

@ Diffraction.

® Rapidity coverage, t-resolution



U.S.-based EIC - Detector Concepts

Ko

Key requirements: Key measurements:
e Electron identification - scattered lepton ® Inclusive Deep-Inelastic Scattering,
® Momentum and angular resolution - x,Q2 %< ® Semi-inclusive deep-inelastic scattering with
one or two of the patrticles in the final state,
et -, K+, K, pt, p, ... identification,
/ acceptance ® Exclusive deep-inelastic scattering,
\
® Rapidity coverage, t-resolution ® Diffraction.

eRHIC New Detector

eRHIC ePHENIX

rimeter

4 m inner coil

3m Coilwall
EM calol

Si-pixel

vertex + Si
disks
central tracker
EM calorimeter

(top view)

eRHIC eSTAR " "MEIC new detector

dual-solenoid in common cryostat

| barrel DIRC + TOF
3 forward orwar
tracker racker

EM calorimeter

Coil wall

27



Existing eA landscape - eRHIC kinematic range

102

10

Q® (GeV?)

0.1

Measurements with A =56 (Fe):

e eA/pA DIS (E-139, E-665, EMC, NMC)
= vADIS (CCFR, CDHSW, CHORUS, NuTeV)

o DY (E772, E866)

¥ B H_E |

| ..

.

€du g um

1 1 lllllli

10 1073

X

102

107"
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Existing eA landscape - eRHIC kinematic range

I LI I 1 I 1 LI I'I¢‘ I 1 I L l 1 1 1 LI I 1 1 1 UL
103} Measurements witI;vA'z 56 (Fe): —
= o eA/uA DIS{E-139, E-665, EMC, NMC) :
= vADIS (CCFR, CDHSW, CHORUS, NuTeV) 1
o DY (E772, ES66) |
102 .- ’ o o 8"%"F -
Y | N | -
.7 00000 0 & | #
o [ 0000 0 0 ¢ . P
R 0000 O dum
% S 0000 0 o Sl s -

G Oe ‘ | i_H § E N 77
= 10} S | yo oo
N ~ ,&6 || \ 7]
O GQ\Q\\O o // eee E
Q§ Ay y 7
1k -

0.1 I I N

-
o. ..
N

10 1073

X

LHeC, if realized, will obviously provide unprecedented kinematic reach,
complementarity in polarization, A capabilities.
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dZO.eA—>eX 471'(){2 2 2
-2 | (1-v+ B Reon - LR

F,(x,Q%) - log,o(X)

—r

dzd(Q)? rQ* 2
— 5 ——
- Fyine+Au ° 50n50 GeV = F_ine+Au [Ldt =10 fb"'/A
[ = 50n 100 GeV 45’_
i 0+\o'°' X o 20 on 100 GeV T
F v F2 World Data (A=Fe) N = 20 on 50,75,100 GeV
. %4200 o = CTEQ10+EPS09 : » 50n 50,75,100 GeV
F o 2/0 5 AP Al 35 R GRRREERERE x =3.7x10*
- o 8 % e [Ldt =10 fb"/A < OV 1 . e
" . K N | - -rg- X = 0.9x
[ = / 5_2,«\03 Errors enlarged = 3L .ﬁl _______ X = 1.4x103
- m© © A0° by factor 3 o L % -
i 8.2 L :
[ om0 Q (o O [ --%--a--------- e....... x = 2.6x10°
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Suppression of back-to-back hadron or jet correlation directly
probes the (un-)saturated gluon distributions in nuclei,
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eRHIC - exclusive vector meson production
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Towards Imaging!
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Closing Comments
® EIC will address compelling questions:

® How are the sea quarks and gluons, and their spins, distributed in space and momentum inside the nucleus?
® Where does the saturation of gluon densities set in?

® How does the nuclear environment affect the distribution of quarks and gluons and their interactions in nuclei?
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Bl 0ssv+ |
Sx100
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: B 50 - Momentum along x axis (GeV) ArXiv:1212.17010

Momentum along y axis (GeV)

through identified measurements - inclusive, semi-inclusive, exclusive and diffractive - with quantified impact.

® There is precedent for surprises in nature, provided you look,

® U.S. Nuclear Science Community is finalizing its 2015 Long-Range-Plan;
look forward to a strong recommendation.

® Next EIC User Meeting will be upcoming January 6-9, 2016 at U.C. Berkeley;
look forward to seeing many of you engage.

® Thank you and many contributors to the EIC case over the years! 39



