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Strong Colour Fields and Hadronisation

๏ Quantitatively probe the universality of strong colour fields in A+A, p+A and e+A 
๏ Understand in detail the transition to the non-linear regime of strong gluon fields and the 

physics of saturation
๏ What is the spatial distribution of quarks and gluons in nuclei and how much does it 

fluctuate?
๏ How do hard probes in e+A interact with the medium?

Currently have no experimental knowledge of gluons in nuclei at small x!!
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3

time

CGC
JIMWLK/BK Hydro (EoS)

Hard Processes 
(pQCD)

FF/coal.
Hadron 

Transport I

mailto:macl@bnl.gov
mailto:macl@bnl.gov


Prague 2013: macl@bnl.gov

The need to know the gluons - initial conditions
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Why e+A collisions and not p+A?
•e+A and p+A provide excellent information on 

properties of gluons in the nuclear wave 
functions

•Both are complementary and offer the 
opportunity to perform stringent checks of 
factorization/universality

• Issues:

➡ p+A combines initial and final state effects   

➡ multiple colour interactions in p+A 

➡ p+A lacks the direct access to x, Q2
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Scattering of protons on protons
is like colliding Swiss watches to find out how they are 

built.
             

                      R. Feynman    
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Most compelling physics questions
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Spin physics

๏ What is the polarisation of gluons at small 
x where they dominate?

๏ What is the x-dependence and flavour 
decomposition of the polarised sea?

Determine quark and gluon contributions 
to the proton spin at last!!

Imaging

๏ What is the spatial distribution of quarks/
gluons in nucleons AND nuclei?

๏ Understand deep aspects of gauge theories 
revealed by kT dependent distributions

Possible window to orbital angular 
momentum

RHIC

DSSV

DSSV + EIC 
(5x100, 5x250)
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Constraining Δg(x) at RHIC, EIC

• RHIC data can constrain Δg(x) down to a few x 10-2

➡ Latest RHIC data show non-zero Δg(x) in measured range
➡ Large unmeasured region still exists

• DIS measurements at an EIC will lead to a dramatic reduction of the 
uncertainties in the unmeasured region

7
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SIDIS in e+p → flavour-separated helicity PDFs

9
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All energies scale 
proportionally by adding SRF 

cavities to the injector

All magnets would installed from the day one 
and we would be cranking power supplies up as 

energy is increasing

Staging of eRHIC: Ee: 5 to 30 GeV
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The eRHIC project
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3.05 GeV

7.95 GeV

12.85 GeV

17.75 GeV

22.65 GeV

27.55 GeV
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New 
detector

World’s first 

POLARISED e+p 

collider

1.27 m  
beam height 

30 GeV e+ ring 

30 GeV ERL       
6 passes 

HE ERL passes 

LE ERL passes 

30 GeV  
25 GeV 
20 GeV 

15 GeV  
10 GeV 
  5 GeV 

ARC’s

• eRHIC:
➡ Utilises the RHIC ion 

beams
➡ Two 2.45 GeV Energy 

Recovery Linacs (ERLs) 
accelerate the e- beam

‣  6 separate rings 
accelerate the e- up to 
a maximum energy of 
30 GeV

➡ 2-stage approach

‣ Stage 1: e-  5-10 GeV

‣ Stage 2: e- 20-30 GeV

➡ Space for new detector 
at IP12

‣ Possibilities for 
collisions in current 
STAR and PHENIX IPs
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What is eRHIC? 

e-

e+

p

Unpolarized and
polarized leptons

5-20 (30) GeV

Polarized light ions He3 
166 GeV/u

Light ions (d,Si,Cu)
Heavy ions (Au,U)

50-100 GeV/u

Polarized protons
50-250 GeV

Electron accelerator
(to be built)

RHIC
Existing = $2B

70% e- beam polarization goal

polarized positrons?

Center mass energy range: √s=30-200 GeV; L~100-1000xHera
longitudinal and transverse polarization for p/He3 possible

e-

15

protons
electrons
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DIS Kinematics

16

Measure of 
resolution 
power or 
“Virtuality”

Measure of 
momentum 
fraction of 
struck 
quark

Measure of 
inelasticity

Q2 = �q2 = �(kµ � k
�

µ)2

Q2 = 4EeE
�

esin
2(

�
�

e

2
)

y =
pq

pk
= 1� Ee�

Ee
cos2(

�
�

e

2
)

x =
Q2

2pq
=

Q2

sy

e(k) + p(p) ➝ e(k’) +X(pX)

Increasing Resolution 

(higher Q2)

Three quarks 
held together by 

gluons

Gluon splits into  
“sea quarks”

Quarks split into 
gluons split 

into quarks …

Important to note that in 
order to have different y 
for the same x and Q2, 

need to change the 
beam energies
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What did we learn from e+p collisions at HERA?
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Scaling violation: dF2 
/dlnQ2 and linear DGLAP Evolution ⇒ G(x,Q2)ZEUS NLO QCD fit
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The structure of matter at small-x

• Gluons dominate the PDFs at small- to intermediate-x (x < 0.1)
➡ Rapid rise in gluons described naturally by linear pQCD evolution equations
➡ This rise cannot increase forever - limits on the cross-section

‣ non-linear pQCD evolution equations provide a natural way to tame this 
growth and lead to a saturation of gluons, characterised by the saturation 
scale Q2S(x)

18
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however	  -‐	  saturation	  in	  the	  gluon	  density	  is	  not	  observed	  in	  the	  

gluon	  distribution	  at	  HERA	  -‐>	  too	  small	  an	  x
How	  can	  this	  be	  observed	  at	  eRHIC?
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Nuclear “oomph” effect

19
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What do we know about the structure of nuclei?

• e+p data covers large part of phase space
➡ low x and large Q2

• e+A data only a small fraction of this (e+A was a fixed target programme at 
HERA)
➡ high-medium x and low Q2

20
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Measurements with A ≥ 56 (Fe):
 eA/μA DIS (E-139, E-665, EMC, NMC)
 νA DIS (CCFR, CDHSW, CHORUS, NuTeV)
 DY (E772, E866)
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The distribution of valence and sea 
quarks are relatively well known in nuclei - 

theories agree well

What do we know about the structure of nuclei?
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theories agree well

Constrained by DIS

Constrained by DY

Constrained by sum rules

Assumptions

What do we know about the structure of nuclei?
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The distribution of valence and sea 
quarks are relatively well known in nuclei - 

theories agree well
Large discrepancies exist in the gluon 

distributions from models for mid-rapidity 
LHC and forward RHIC rapidities !!

Constrained by DIS

Constrained by DY

Constrained by sum rules

Assumptions

What do we know about the structure of nuclei?
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Phase-space coverage of e+A collisions for an EIC

22

• Existing data:
➡ Low energy (fixed 

target)
➡ Low statistics
➡ Mainly light A

• EIC coverage:
➡ Both “low energy” 

and “high energy” 
options extend the 
reach in x-Q2 beyond 
current data

➡ A coverage extended 
up to U

➡ Saturation scale at 
moderate Q2 can be 
investigated at the 
lowest x
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Measurements with A ≥ 56 (Fe):
 eA/μA DIS (E-139, E-665, EMC, NMC)
 νA DIS (CCFR, CDHSW, CHORUS, NuTeV)
 DY (E772, E866)
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Saturation effects in the proton and nucleus

• Plotting this distribution coming out of saturation inspired GBW 
model
➡ p: small effect only starting to come in at small-x and small Q2

➡ Au: much larger effects are visible

‣ nuclear “oomph” effects well manifested in the FL structure 
function
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Measuring the gluons: extracting FL

24

• FL ~ αs xG(x,Q2)

➡ y = Q2/xs 
➡ require an energy 

scan to extract FL

• 3 different proton 
energies run at 
HERA
➡ 2 low-statistics 

runs
➡ bad for FL 

extraction

�r(x,Q

2) = F

A
2 (x, Q
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+
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A
L (x, Q
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Measuring the gluons: extracting FL
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Feasibility study: �r(x,Q

2) = F
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x = 13.89 x 10-4x = 9.92 x 10-4

x = 5.34 x 10-4

Strategies:
slope of y2/Y+ for different 
s at fixed x & Q2

e+Au: 
20x50 - A ∫Ldt = 2 fb-1

20x75 - A ∫Ldt = 4 fb-1

20x100 - A ∫Ldt = 4 fb-1

running combined
~6 months total running
(50% eff)
statistical errors are 
swamped by the 3% 
systematic errors

Will be dominated by 
systematics, but would 
need a full detector 
simulation in order to 
estimate them
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Strategies:
slope of y2/Y+ for different 
s at fixed x & Q2

e+Au: 
20x50 - A ∫Ldt = 2 fb-1

20x75 - A ∫Ldt = 4 fb-1

20x100 - A ∫Ldt = 4 fb-1

running combined
~6 months total running
(50% eff)
statistical errors are 
swamped by the 3% 
systematic errors

Will be dominated by 
systematics, but would 
need a full detector 
simulation in order to 
estimate them
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Strategies:
slope of y2/Y+ for different 
s at fixed x & Q2

e+Au: 
20x50 - A ∫Ldt = 2 fb-1

20x75 - A ∫Ldt = 4 fb-1

20x100 - A ∫Ldt = 4 fb-1

running combined
~6 months total running
(50% eff)
statistical errors are 
swamped by the 3% 
systematic errors

Will be dominated by 
systematics, but would 
need a full detector 
simulation in order to 
estimate them
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Strategies:
slope of y2/Y+ for different 
s at fixed x & Q2

e+Au: 
20x50 - A ∫Ldt = 2 fb-1

20x75 - A ∫Ldt = 4 fb-1

20x100 - A ∫Ldt = 4 fb-1

running combined
~6 months total running
(50% eff)
statistical errors are 
swamped by the 3% 
systematic errors

Will be dominated by 
systematics, but would 
need a full detector 
simulation in order to 
estimate them
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Strategies:
slope of y2/Y+ for different 
s at fixed x & Q2

e+Au: 
20x50 - A ∫Ldt = 2 fb-1

20x75 - A ∫Ldt = 4 fb-1

20x100 - A ∫Ldt = 4 fb-1

running combined
~6 months total running
(50% eff)
statistical errors are 
swamped by the 3% 
systematic errors

Will be dominated by 
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need a full detector 
simulation in order to 
estimate them
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Feasibility study: �r(x,Q

2) = F
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Strategies:
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s at fixed x & Q2
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running combined
~6 months total running
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Will be dominated by 
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estimate them
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Work in progress… (H. Paukkunen)
• Take the generated Pseudo-data and include it in a 

global fit
➡ Only 20x100 and 5x100 included in these plots

‣ More data will constrain this further

30
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Work in progress… (H. Paukkunen)
• Take the generated Pseudo-data and include it in a 

global fit
➡ Only 20x100 and 5x100 included in these plots

‣ More data will constrain this further

31

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

10-4 10-3 10-2 10-1 1
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

10-4 10-3 10-2 10-110-4 10-3 10-2 10-1
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

10-4 10-3 10-2 10-110-4 10-3 10-2 10-1

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

10-4 10-3 10-2 10-110-4 10-3 10-2 10-1
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

10-4 10-3 10-2 10-110-4 10-3 10-2 10-1
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

10-4 10-3 10-2 10-110-4 10-3 10-2 10-1

C

C

C

C

C

C

R i
(x
,Q
2 =
1.
69
G
eV

2 )
R i

(x
,Q
2 =
1.
69
G
eV

2 )
C

C

mailto:macl@bnl.gov
mailto:macl@bnl.gov


Prague 2013: macl@bnl.gov

Exclusive processes in e+A - diffraction

32

e

W2

t

X  (MX)
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or 

γ*(Q2)

β

Largest rapidity 
gap in event

breakup of A
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3ƍ�Sƍ
S��3
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Q2 +M2
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• β is the momentum fraction of 
the struck parton w.r.t. the 
Pomeron

• xIP = x/β: momentum fraction of 
the exchanged object 
(Pomeron) w.r.t. the hadron

•Diffraction in e+p:
➡ HERA: 15% of all events are 

diffractive

•Diffraction in e+A:
➡ Predictions: σdiff/σtot in e+A ~25-40% 
➡ Coherent diffraction (nuclei intact)
➡ Incoherent diffraction: breakup into 

nucleons (nucleons intact)
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“Seeing” Diffraction
A DIS event (experimental view)

Slides from T. Ullrich

Friday, February 3, 2012

Visualising Diffractive events
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Visualising Diffractive events

343

“Seeing” Diffraction
A DIS event (experimental view)

Activity in proton direction 

Slides from T. Ullrich

Friday, February 3, 2012

Visualising Diffractive events
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Visualising Diffractive events
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“Seeing” Diffraction Slides from T. Ullrich

Friday, February 3, 2012

Visualising Diffractive events
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Visualising Diffractive events
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“Seeing” Diffraction

?

A diffractive event (experimental view)

Slides from T. Ullrich

Friday, February 3, 2012

Visualising Diffractive events
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Day 1: Diffractive Cross-sections

• Ratio of diffractive-to-total cross-section drastically different 
between saturation (Marquet) and non-saturation (Frankfurt, 
Guzey, Strikman) models

• Expected experimental error bars (simulated for 10 fb-1 of data for 
a low-energy eRHIC) can distinguish between the two scenarios

37
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Exclusive vector meson production

• Exclusive vector meson production is most sensitive to the gluon distribution
➡ colour-neutral exchange of gluons

• J/ψ shows some difference between saturation and no-saturation

• φ shows a much larger difference
➡ wave function for φ is larger and hence more sensitive to saturation effects

38
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Exclusive Vector Meson Production in e+A

• Low-t: coherent diffraction dominates - gluon density

• High-t: incoherent diffraction dominates - gluon correlations
➡ Need good breakup detection efficiency to discriminate between the two scenarios
‣ unlike protons, forward spectrometer won’t work for heavy ions

- measure emitted neutrons in a ZDC

‣ rapidity gap with absence of break-up fragments sufficient to identify coherent 
events
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Finding the source...
• J/ψ shows little difference for both saturated and non-saturated modes.  

• φ shows a significant difference



Prague 2013: macl@bnl.gov

• At y=0, suppression of away-
side jet is observed in A+A 
collisions

• No suppression in p+p or d+A
➡ x ~ 10-2

42

∼π

€ 

xA =
k1 e

−y1 + k2 e
−y2

s
<<1

comparisons between d+Au → h1 h2 X (or p
+Au → h1 h2 X ) and p+p → h1 h2 X

di-hadron correlations in d+A
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• However, at forward 
rapidities (y ~ 3.1), an 
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observed in d+Au

• Away-side peak also 
much wider in d+Au 
compared to p+p
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di-hadron correlations in e+A

• At small-x, multi-gluon 
distributions are as important 
as single-gluon distributions 
and they contribute to di-
hadron correlations
➡ The non-linear evolution of 

multi-gluon distributions is 
different from that of single-
gluon distributions and it is 
equally important that we 
understand it

• The d+Au RHIC data is 
therefore subject to many 
uncertainties
➡ these correlations in e+A 

can help to constrain them 
better

43

Dominguez, Xiao and Yuan (2012)

Never been measured - we expect to 
see the same effect in e+A as in d+A
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• tp - production time of propagating quark
• thf - hadron formation time 

Jets and hadronization

tp thf

γ*

e-

e-
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: direct link to saturation scale 

Rh
A(Q2, ⌫, zh, p2

T ) : ratio of hadron production in A to D,
modifications of nPDFs cancel out

�p2
T =

⌦
p2

T

↵
A
�

⌦
p2

T

↵
p

mailto:macl@bnl.gov
mailto:macl@bnl.gov


Prague 2013: macl@bnl.gov

How can the EIC contribute?

45

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0

0.5

1

10 20

0

0.5

1

0 0.5 1

   He
   Ne

0.6

1.0

0.8

RA
h

  Kr
  Xe /-

0.6

1.0

0.8

K-

0

0.5

1.0

10 20
i (GeV)

0.5 1
z

1 10
Q2 (GeV2)

p<

Q2 (GeV2)

0

0.5

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

HERMES:

ν = virtual photon energy
Zh = Eh/ν

Ee = 27 GeV ➝ √s = 7.2 GeV
Eh = 2-15 GeV

mailto:macl@bnl.gov
mailto:macl@bnl.gov


Prague 2013: macl@bnl.gov

How can the EIC contribute?

45

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0

0.5

1

10 20

0

0.5

1

0 0.5 1

   He
   Ne

0.6

1.0

0.8

RA
h

  Kr
  Xe /-

0.6

1.0

0.8

K-

0

0.5

1.0

10 20
i (GeV)

0.5 1
z

1 10
Q2 (GeV2)

p<

Q2 (GeV2)

0

0.5

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

1.2

1.4

10 20

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1

   He
   Ne

0.4

0.6

1.0

0.8

RA
h

  Kr
  Xe /+

0.4

0.6

1.0

0.8

K+

0.6

0.8

1.0

1.2

0.4
10 20

i (GeV)
0.5 1

z
1 10

p

Q2 (GeV2)

0.4

0.6

0.8

1

1.2

1.4

0.8 0.9 1 2 3 4 5 6 7 8 9 10

HERMES:

ν = virtual photon energy
Zh = Eh/ν

Ee = 27 GeV ➝ √s = 7.2 GeV
Eh = 2-15 GeV

mailto:macl@bnl.gov
mailto:macl@bnl.gov


Prague 2013: macl@bnl.gov

How can the EIC contribute?

45

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0

0.5

1

10 20

0

0.5

1

0 0.5 1

   He
   Ne

0.6

1.0

0.8

RA
h

  Kr
  Xe /-

0.6

1.0

0.8

K-

0

0.5

1.0

10 20
i (GeV)

0.5 1
z

1 10
Q2 (GeV2)

p<

Q2 (GeV2)

0

0.5

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

1.2

1.4

10 20

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1

   He
   Ne

0.4

0.6

1.0

0.8

RA
h

  Kr
  Xe /+

0.4

0.6

1.0

0.8

K+

0.6

0.8

1.0

1.2

0.4
10 20

i (GeV)
0.5 1

z
1 10

p

Q2 (GeV2)

0.4

0.6

0.8

1

1.2

1.4

0.8 0.9 1 2 3 4 5 6 7 8 9 10

HERMES:

ν = virtual photon energy
Zh = Eh/ν

Ee = 27 GeV ➝ √s = 7.2 GeV
Eh = 2-15 GeV

EIC:
light hadrons:

large ν range ➝ boost 
hadronization in and out of nucleus

mailto:macl@bnl.gov
mailto:macl@bnl.gov


Prague 2013: macl@bnl.gov

How can the EIC contribute?

45

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0

0.5

1

10 20

0

0.5

1

0 0.5 1

   He
   Ne

0.6

1.0

0.8

RA
h

  Kr
  Xe /-

0.6

1.0

0.8

K-

0

0.5

1.0

10 20
i (GeV)

0.5 1
z

1 10
Q2 (GeV2)

p<

Q2 (GeV2)

0

0.5

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

10 20

0.4

0.6

0.8

1

0 0.5 1

0.4

0.6

0.8

1

0.8 0.9 1 2 3 4 5 6 7 8 9 10

0.4

0.6

0.8

1

1.2

1.4

10 20

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1

   He
   Ne

0.4

0.6

1.0

0.8

RA
h

  Kr
  Xe /+

0.4

0.6

1.0

0.8

K+

0.6

0.8

1.0

1.2

0.4
10 20

i (GeV)
0.5 1

z
1 10

p

Q2 (GeV2)

0.4

0.6

0.8

1

1.2

1.4

0.8 0.9 1 2 3 4 5 6 7 8 9 10

HERMES:
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EIC:
charm hadrons:

large ν range ➝ boost 
hadronization in and out of nucleus
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HERMES:
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Ee = 27 GeV ➝ √s = 7.2 GeV
Eh = 2-15 GeV

EIC:

large ν range ➝ boost 
hadronization in and out of nucleus
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Jets at an EIC

• E665 at FNAL have measured jets in μ+A at 
√s ~ 30 GeV
➡ Feasible to start a jet programme in phase 1
➡ caveat that collider kinematics are different 

to fixed target

46
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1+1 jets, dominated by q processes ➝ allow study 
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1+1 jets, dominated by q processes ➝ allow study 
of parton propagation through cold nuclear matter

2+1 jets➝ sensitive to nuclear gluons
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By measuring 1+1 jets, can extract information on gluons
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Detector Coverage: DIS Kinematics

q  Even for colliders: 
q Strong x-Q2 correlation

Ø  high x à high Q2

Ø  low x à low Q2

low y-coverage: 
limited by E’e resolution
à hadron method
à or change energy

high y limited by
radiative corrections
can be suppressed by

requiring hadronic
activity

HERA:
y>0.005

Possible limitations in kinematic coverage:
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Lepton Kinematics

• Low-Q2 coverage is critical for saturation physics
• Increasing beam energy ⇒ lower Q2

➡ 5 GeV: Q2 ~ 1 GeV ⇒ η ~ -2
➡ 10 GeV: Q2 ~ 1 GeV ⇒ η ~ -4 

• Strong constraints placed on the phase-space coverage of the detector
48
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Hadron kinematics

• Increasing the hadron energy
➡ Increase the max hadron momentum at a fixed η

• Increasing the cms energy
➡ Hadrons are boosted from forward to backward rapidities
➡ No difference between π, K, p

49
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Possible realisation of a detector

50
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eSTAR kinematics in phase 1: 5 GeV electrons

51

5 GeV e + 50 GeV/nucleon
D

IS
 re

gi
on

5 GeV e + 100 GeV/nucleon

TPC

Missing today

mailto:macl@bnl.gov
mailto:macl@bnl.gov


Prague 2013: macl@bnl.gov

eSTAR kinematics in phase 1: 5 GeV electrons

• “Forward” (-2.5 < h < -1) electron acceptance is essential in order to span 
the DIS regime
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eSTAR kinematics in phase 1: 5 GeV electrons

• “Forward” (-2.5 < h < -1) electron acceptance is essential in order to span 
the DIS regime

• Both “forward” and “backward” hadron coverage is needed for SIDIS physics
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eSTAR kinematics in phase 1: 5 GeV electrons

• “Forward” (-2.5 < h < -1) electron acceptance is essential in order to span 
the DIS regime

• Both “forward” and “backward” hadron coverage is needed for SIDIS physics
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eSTAR kinematics in phase-II: 30 GeV electrons 

• With 30 GeV electrons, need very forward coverage

• eSTAR is unsuitable for this energy regime
➡ Will need a fully comprehensive detector, which 

eSTAR can complement in the first phase.
52
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STAR forward instrumentation upgrade

• Forward instrumentation optimized
 for p+A and transverse spin physics
– Charged-particle tracking
– e/h and γ/π0 discrimination
– Baryon/meson separation

eSTAR specific upgrades: 
EToF: e, π , K identification,
ETRD: electron ID and hadron tracking
BSO: 5 GeV, 10 GeV electron beams
Re-instrument HFT

FHC (E864)

~ 6 GEM disks
Tracking: 2.5 < η < 4

RICH/Threshold 
Baryon/meson 

separation?

nucleus electron
>2016

W-Powder EMCal

FHC (E864)

Pb-Sc HCal

Forward Calorimeter System (FCS)

BSO

iTPC

ETTIE
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See	  Talk	  by	  
Jamie	  Dunlop
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Possible Schedule To Realise eRHIC

54
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Summary and Conclusions
• The e+A physics programme at an EIC will give us an unprecedented opportunity 

to study gluons in nuclei 
➡ Low-x: Measure the properties of gluons where saturation is the dominant 

governing phenomena
➡ Higher-x: Understand how fast partons interact as they traverse nuclear matter and 

provide new insight into hadronization

• Understanding the role of gluons in nuclei is crucial to understanding RHIC and 
LHC results

• The e+p programme at an EIC will allow us to:
➡ Constrain Δg(x) at small x along with the flavour-separated helicity PDFs
➡ Image the spatial and momentum gluon distributions in nucleons

• The INT programme in the Autumn of 2010 allowed us to formulate the 
observables in terms of golden and silver measurements
➡  A detailed write-up of the whole programme is on the ArXiv: 1108.1713
➡ An EIC White Paper (not just e+A), expounding on the INT programme has just 

been released to the community ArXiv: 1212.1701

55
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entire	  science	  programme	  is	  uniquely	  tied	  to	  a
future	  high-‐energy	  electron-‐ion	  collider
never	  been	  measured	  before	  &	  never	  without
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Eskola, Paukkonen, Salgado: arXiv0902.4154

The distribution of valence and sea quarks are relatively well known in nuclei - 
theories agree well

What do we know about the structure of nuclei?
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The distribution of valence and sea quarks are relatively well known in nuclei - 
theories agree well

Large discrepancies exist in the gluon distributions from models for mid-rapidity 
LHC and forward RHIC rapidities !!

What do we know about the structure of nuclei?
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di-hadron Correlations - relative yields

58

log10(xg)

J eA
u
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Q2 = 1 GeV2

pT
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1 < pT
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|η|<4

EIC stage-II
∫ Ldt = 10 fb-1/A

10-3 10-2

1

10-1 peripheral
central

xA
frag
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• PHENIX measured JdAu - relative yield of di-hadrons produced in d+Au compared 
to p+p collisions

➡ Suppression in central events compared to peripheral as a function of xAfrag

• Curves come from saturation model

• Can perform the same measurement in e+A collisions
forward-forward mid-forward

A. Adare et al., Phys. Rev. Lett. 107, 172301 (2011)
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Importance of the knowledge of the initial conditions

• A comparison of data and theoretical predictions using viscous 
hydro for v2h(pT) with Glauber initial conditions (left) and KLN CGC 
(right)

• The different assumptions in the initial conditions lead to a factor of 
2 difference in the extracted η/s

• Figure adapted from: M. Luzum and P. Romatschke, Phys. Rev. C79, 
039903 (2009)
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Fundamental questions addressed via e+A collisions
• What is the role of strong gluon fields, parton saturation effects, 

and collective gluon excitations in nuclei?
➡ Can we complete the discovery of the gluon saturation (CGC) 

regime, tantalising hints of which have been observed at HERA, 
RHIC and the LHC?

‣ Accomplishing the discovery of a new regime of QCD would have 
a profound impact on our understanding of strong interactions.

• Can we experimentally find evidence of non-linear QCD 
dynamics in high-energy scattering off nuclei?
➡ One of the main predictions of saturation is the x-dependence of 

DIS cross-sections and structure functions is described by non-
linear evolution equations.

‣ Discovery of the saturation regime would not be complete without 
unambiguous experimental evidence in favour of these non-linear 
equations
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Fundamental questions addressed via e+A collisions
• What is the momentum distribution of gluons and sea quarks in nuclei?  

What is the spatial distribution of gluons and sea quarks in nuclei?
➡ The physics of multiple re-scatterings at larger-x, along with parton 

saturation (if found) would allow us to reconstruct the momentum and 
impact parameter distributions of gluons and sea quarks in nuclei.

‣ At small-x, the transverse momentum distribution may allow us to identify 
the saturation scale, Qs. 

• Are there strong colour (quark and gluon density) fluctuations inside a 
large nucleus?  How does the nucleus respond to the propagation of a 
colour charge through it?
➡ Our understanding of the spatial and momentum-space distributions of 

quarks and gluons would not be complete without understanding their 
fluctuations.

‣ The typical size of colour fluctuations can be measured by sending a quark 
probe through the nucleus.

‣ The conversion of the quark probe into a hadron my be affected by the 
nuclear environment, giving us a better understanding of the process.
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Most compelling physics questions
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Spin physics

๏ What is the polarisation of gluons at small 
x where they dominate?

๏ What is the x-dependence and flavour 
decomposition of the polarised sea?

Determine quark and gluon contributions 
to the proton spin at last!!

Imaging

๏ What is the spatial distribution of quarks/
gluons in nucleons AND nuclei?

๏ Understand deep aspects of gauge theories 
revealed by kT dependent distributions

Possible window to orbital angular 
momentum

Strong Colour Fields and Hadronisation

๏ Quantitatively probe the universality of strong colour fields in A+A, p+A and e+A 
๏ Understand in detail the transition to the non-linear regime of strong gluon fields and the 

physics of saturation
๏ How do hard probes in e+A interact with the medium?

Currently have no experimental knowledge of gluons in nuclei at small x!!
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Extension of x,Q2 coverage with an EIC

• Increase reach in x by a factor of 100 in both polarised e+p and e+A - into 
the range where gluons dominate
➡ e+p: constrain the helicity sum rules?
➡ e+A: saturation effects become visible?

• Increase in Q2 coverage
➡ study scaling violations
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SIDIS in e+A → di-hadron correlations

• Predictions from a saturation model show an ordered attenuation of 
the away-side with increasing nuclear mass

• Simulations (PYTHIA + DPMJETIII) for e+Au show that the sat/no-sat 
scenarios can be distinguished within errors
➡ Gives a handle on multi-gluon distributions
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Imaging in e+p

65

• As with e+A, exclusive measurements can be used to 
image momentum space (TMDs) or position space (GPDs)

• Map out the x-dependence of the gluon distribution

 0

 1

 2

 3

 4

 5

 6

 7

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6
 0

 0.4

 0.8

 1.2

 1.6

 2

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6

0.0016 < xV < 0.0025
15.8 GeV2 < Q2 + M2

J/ψ < 25.1 GeV2 
0.16 < xV < 0.25
10 GeV2 < Q2 + M2

J/ψ < 15.8 GeV2 

x V
 F

(x V
,b

T) 
 (f

m−2
)

x V
 F

(x V
,b

T) 
 (f

m−2
)

bT (fm) bT (fm)

-t (GeV2)

BR
(J/

ψ
 →

 e+ e-
) ×

 dσ
/d

t (
pb

/G
eV

2 )  

BR
(J/

ψ
 →

 e+ e-
) ×

 dσ
/d

t (
pb

/G
eV

2 )  

-t (GeV2)

 0

 0.01

 0.02

 1.4  1.6

 0.03

 1.8  0

 0.01

 1.4  1.6

 0.02

 1.8

 1

 10

 102

 103

 104

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6
 1

 10

 102

 103

 104

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6

∫Ldt = 10 fb-1
20 GeV on 250 GeV

∫Ldt = 10 fb-1
5 GeV on 100 GeV

γ∗ + p → J/ψ + p γ∗ + p → J/ψ + p

• Fine binning in (x,Q2,t) space

➡ Small statistical error bars 
in ~ 1 years running

• Fourier transform the 
momentum distribution to get 
the b-dependent gluon 
distribution
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Imaging in e+p

• As with e+A, exclusive measurements can be used to 
image momentum space (TMDs) or position space (GPDs)

• Map out the x-dependence of the gluon distribution
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Summary and Conclusions
• Both the e+A the e+p physics programmes at an EIC will give us a unique 

opportunity for precision studies of gluons in nuclei and nucleons

• e+A:
➡ Low-x: Measure the properties of gluons where saturation is the dominant 

governing phenomena
➡ Higher-x: Understand how fast partons interact as they traverse nuclear 

matter and provide new insight into hadronization

• e+p:
➡ Constrain Δg(x) at small x along with the flavour-separated helicity PDFs
➡ Imaging of the spatial and momentum gluon distributions in nucleons

67
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entire	  science	  program	  uniquely	  tied	  to	  a
future	  high-‐energy	  electron-‐ion	  collider
never	  been	  measured	  before	  &	  never	  without
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EIC White Paper
• 2010: Ten week INT programme on “Gluons and the quark 

sea at high energies”
➡ 550 page proceedings on the ArXiv: http://arxiv.org/abs/

1108.1713

• 2012: White paper released to community
➡ ~150 page document, recently released to the community
➡ http://www.bnl.gov/rhic/eicrev/ch/ch-files/c1-c6.pdf

‣ Simulations and other tasks identified in INT 
programme were performed for this document and 
presented in this talk

• Community input and comments requested by October 31st
68
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Why e+A collisions and not p+A?
•e+A and p+A provide excellent information on 

properties of gluons in the nuclear wave 
functions

•Both are complementary and offer the 
opportunity to perform stringent checks of 
factorization/universality

• Issues:

➡ p+A combines initial and final state effects   

➡ multiple colour interactions in p+A 

➡ p+A lacks the direct access to x, Q2
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Scattering of protons on protons
is like colliding Swiss watches to find out how they are 

built.
             

                      R. Feynman    
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SIDIS in e+p → flavour-separated helicity PDFs

• SIDIS measurements with identified π, k lead to much reduced 
uncertainties in the flavour-separated helicity PDFs as in Δg(x) 

70

RHIC coverage

DSSV

DSSV + EIC 
(5x100, 5x250)

all uncertainties for Δχ2=9
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The structure of matter at small-x

• Gluons dominate the PDFs at small- to intermediate-x (x < 0.1)
➡ Rapid rise in gluons described naturally by linear pQCD evolution equations
➡ This rise cannot increase forever - limits on the cross-section

‣ non-linear pQCD evolution equations provide a natural way to tame this 
growth and lead to a saturation of gluons, characterised by the saturation 
scale Q2S(x)
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(Very) Brief Recap of Saturation at an EIC

72
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(Very) Brief Recap of Saturation at an EIC
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QCD in the limit of the large number of colors Nc.2 Generalization of Eq. (1.3) beyond the
large-Nc limit is accomplished by the Jalilian-Marian–Iancu–McLerran–Weigert–Leonidov–
Kovner (JIMWLK) [62, 64, 65, 68, 69] evolution equation, which is a functional differential
equation.

The physical impact of the quadratic term on the right of Eq. (1.3) is clear: it slows down
the small-x evolution, leading to parton saturation, when the number density of partons
stops growing with decreasing x. The corresponding total cross sections satisfy the black
disk limit of Eq. (1.2). The effect of gluon mergers becomes important when the quadratic
term in Eq. (1.3) becomes comparable to the linear term on the right-hand-side. This gives
rise to the saturation scale Qs, which grows as Q2

s ∼ (1/x)λ with decreasing x [55, 61,96].

1.1.2 Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton saturation is a universal phenomenon, valid both for
scattering on a proton or a nucleus. Here we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon, making it easier to observe and study experi-
mentally.

Imagine a large nucleus (a heavy ion), which was boosted to some ultrarelativistic ve-
locity, as shown in Fig. 1.4. We are interested in the dynamics of small-x gluons in the
wave function of this relativistic nucleus. One can show that due to the Heisenberg un-
certainly principle the small-x gluons interact with the whole nucleus coherently in the
longitudinal (beam) direction: therefore, only the transverse plane distribution of nucleons

Boost

Figure 1.4: Large nucleus before and after an ultrarelativistic boost.

is important for the small-x wave function. As one can see from Fig. 1.4, after the boost,
the nucleons, as “seen” by the small-x gluons with large longitudinal wavelength, appear
to overlap with each other in the transverse plane, leading to high parton density. Large
occupation number of color charges (partons) leads to classical gluon field dominating the
small-x wave function of the nucleus. This is the essence of the McLerran-Venugopalan
(MV) model [94]. According to the MV model, the dominant gluon field is given by the
solution of the classical Yang-Mills equations, which are the QCD analogue of Maxwell
equations of electrodynamics.

2An equation of this type was originally suggested by Gribov, Levin and Ryskin in [55] and by Mueller
and Qiu in [97], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well: in [28,78] the exact form of the equation
was found, and it was shown that in the large-Nc limit Eq. (1.3) does not have any higher-order terms in N .
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