
EIC Realization (e+A) - Basic Design
• eRHIC (BNL) 
‣ Add ERL+FFAG 

Recirculating e Rings to 
RHIC facility 

‣ Electrons 15.9 & 21.2  GeV   
‣ Ions (Au) up to 100 GeV/u 
‣ √s ≈ 18 - 93 GeV 
‣ L ≈ 1.7×1033 cm-2 s-1/A at 
√s=80 GeV 

• MEIC (JLab) 
‣ Figure-8 Ring-Ring Collider, 

use of CEBAF 
‣ Electrons 3-12 GeV 
‣ Ions 12-40 GeV/u 
‣ √s ≈ 11-45 GeV 
‣ L ≈ 2.4×1034 cm-2 s-1/A at 
√s=22 GeV
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Warm large booster 
(3 to 25 GeV/c) 

Warm electron collider 
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eRHIC: arXiv:1409.1633, MEIC: arXiv:1209.0757

The experimental future of e+A 
physics at an EIC

Matthew A. C. Lamont 
BNL
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Fundamental questions of QCD at an EIC

• Confinement, chiral symmetry breaking, quantitative 
understanding of hadron masses, structure of the nucleon 
and the nucleus

• QCD under extreme conditions:

➡ finite T (heavy ions, early Universe)

➡ finite μB (neutron stars)

➡ high energy QCD asymptotics
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What did we learn from e+p collisions at HERA?

Scaling violation: dF2/dlnQ2 and linear DGLAP Evolution ⇒ G(x,Q2)
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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 Q2
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McLerran-Venugopalan Model

• Large gluon density gives a large momentum (saturation) 
scale, Qs2.  Qs2 ~ #gluons per unit density ~A1/3 

• For Qs >> ΛQCD, theory is weak coupling (αs (Qs2) << 1) and 
the leading gluon field is classical

6
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High energy QCD: saturation physics
• The non-linear BK/JIMWLK equations and the MV model lead to a large 

internal momentum scale Qs which grows with both decreasing x, increasing 
energy s (λ~0.3) and increasing atomic number A

• such that:

• We can calculate total cross-sections, parton multiplicities, correlations… 
from first principles

• Bottom line: 

➡ Coupling is weak, Feynman diagrams work

➡ But: the system is dense and physics is nonlinear!
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High energy QCD: saturation physics

8
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Nuclear “oomph” effect

9
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What do we know about the structure of nuclei?

10

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

where RA
i (x,Q

2) quantifies the nuclear modification (also impact-parameter dependent versions
has been suggested, see Ref. [22]). For the moment, all groups rely on the isospin symmetry to
obtain the bound neutron PDFs (e.g. fn,A

u = fp,A
d ) — an assumption that would need to be revised

once the QED effects are included in the parton evolution [23, 24, 25, 26]. All but hkn07 assume
no nuclear modification for the deuteron, Rdeuteron

i (x,Q2) = 1. Although small, the nuclear effects
in deuteron are still non-zero, and have some importance when the deuteron data are included in
the free proton fits [27].

Different groups use different functions to parametrize RA
i (x,Q

2
0). For example, while eps09

employs a piecewize fit function (as a function of x), dssz uses a single fit function constructed
such that the analytic Mellin transform exists. In the works of nCTEQ, fp,A

i (x,Q2
0) is parametrized

directly with the same fit function as used for their free proton baseline. However, as the free proton
baseline is taken as “frozen”, this is simply another way of parametrizing RA

i (x,Q
2
0).

Most of the data that are used as constraints in the nPDF fits come as nuclear ratios similar to
that shown in Fig. 1. What makes such ratios especially appealing is that they prove remarkably
inert to the higher order pQCD corrections. Also, the dependence of the free proton baseline PDFs
gets reduced. The exception here are the neutrino-nucleus DIS data, included in the dssz fit,
that are only available as absolute cross-sections (or as corresponding structure functions derived
from those). The inclusion of these data also requires using a general-mass variable-flavor-number
scheme (GM-VFNS) for treating the heavy quarks overtaking the zero-mass scheme (ZM-VFNS)
employed in the older fits (eps09, hkn07).

Figure 2: Comparison of up valence and sea quark nuclear modification factors for the lead nucleus at Q2 = 10GeV2.
Blue line with error band is eps09, green dotted line with error bars dssz, and purple dashed hkn07.

A comparison of the RPb
uV

(x,Q2 = 10GeV2) (up valence) and RPb
u (x,Q2 = 10GeV2) (up sea)

from the available parametrizations is presented in Fig. 2. The areas with yellow background
are those regions of x where the direct data constraints do not exist or they are very weak. In
these regions the bias due to the assumed form of the fit function and parameter fixing may be
significant. Whereas the RA

uV
from eps09 and hkn07 agree at large x, dssz, strangely enough, is

clearly above at x ≃ 0.5. This is rather unexpected as in this EMC region there are plenty of data
constraints from DIS experiments. The same behaviour is there already in the dssz precursor,
nds [28], and the probable source of this has been identified as a misinterpretation of the isospin

3

correction that the experiments have applied to the data1. In eps09 and hkn07 the assumption
RA

uV
(x,Q2

0) = RA
dV

(x,Q2
0) was made as only one type of data sensitive to the large-x valence quarks

was included in these fits. Indeed, at large x, one can approximate

dσℓ+A
DIS ∝

(
4

9

)

uAV +

(
1

9

)

dAV ∝ upV

[

RA
uV

+RA
dV

dpV
upV

Z + 4N

N + 4Z

]

≈ upV

[

RA
uV

+
1

2
RA

dV

]

, (4)

which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

. Despite the lack of other type of data sensitive to the valence quarks, the assumption

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was released in a recent nCTEQ work leading to mutually wildly different

RA
uV

and RA
dV

(see Fig.1 in Ref.[21]). Other type of data sensitive to the valence quarks would
obviously be required to pin down them separately in a more realistic manner. Despite the fact
that some neutrino data (also sensitive to the valence quarks) was included in the dssz fit, the
authors did not investigate the possible difference between RA

uV
and RA

dV
.

In the case of RA
u , which here generally represents the sea quark modification, all parametriza-

tions are in a fair agreement in the data-constrained region. This is also true if the nCTEQ results
are considered (Fig.1 in Ref.[21]). Above the parametrization scale Q2 > Q2

0, the sea quark modi-
fications are also significantly affected, especially at large x (x ! 0.2), by the corresponding gluon
modification RA

g via the DGLAP evolution.
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Figure 3: Comparison of the gluon nuclear modification factors for the lead nucleus at Q2 = 10GeV2 (left), and the
nuclear modification for inclusive pion production in d+Au collisions at midrapidity (right).

The largest differences among eps09, hkn07, and dssz are in the nuclear effects for the gluon
PDFs, shown in Fig. 3. The origins of the large differences are more or less known: The DIS and
Drell-Yan data are mainly sensitive to the quarks, and thus leave RA

g quite unconstrained. To
improve on this, eps09 and dssz make use of the nuclear modification observed in the inclusive
pion production at RHIC [29, 30]. An example of these data are shown in Fig. 3. Although the
pion data included in eps09 and dssz are not exactly the same, it may still look surprising how
different the resulting RA

g are. The reason lies (as noted also e.g. in [31]) in the use of different

1M. Stratmann and P. Zurita, priv.comm.
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that are only available as absolute cross-sections (or as corresponding structure functions derived
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What do we know about the structure of nuclei?
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correction that the experiments have applied to the data1. In eps09 and hkn07 the assumption
RA

uV
(x,Q2

0) = RA
dV

(x,Q2
0) was made as only one type of data sensitive to the large-x valence quarks

was included in these fits. Indeed, at large x, one can approximate
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which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

. Despite the lack of other type of data sensitive to the valence quarks, the assumption
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(x,Q2
0) = RA

dV
(x,Q2

0) was released in a recent nCTEQ work leading to mutually wildly different

RA
uV

and RA
dV

(see Fig.1 in Ref.[21]). Other type of data sensitive to the valence quarks would
obviously be required to pin down them separately in a more realistic manner. Despite the fact
that some neutrino data (also sensitive to the valence quarks) was included in the dssz fit, the
authors did not investigate the possible difference between RA

uV
and RA

dV
.

In the case of RA
u , which here generally represents the sea quark modification, all parametriza-

tions are in a fair agreement in the data-constrained region. This is also true if the nCTEQ results
are considered (Fig.1 in Ref.[21]). Above the parametrization scale Q2 > Q2

0, the sea quark modi-
fications are also significantly affected, especially at large x (x ! 0.2), by the corresponding gluon
modification RA

g via the DGLAP evolution.
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Figure 3: Comparison of the gluon nuclear modification factors for the lead nucleus at Q2 = 10GeV2 (left), and the
nuclear modification for inclusive pion production in d+Au collisions at midrapidity (right).
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1M. Stratmann and P. Zurita, priv.comm.
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Fundamental questions to be answered in e+A

• What is the fundamental quark-gluon structure of 
light and heavy nuclei?

• Can we experimentally find and explore a novel 
universal regime of strongly correlated QCD 
dynamics?

• What is the role of saturated strong gluon fields?  
What are the degrees of freedom in this strongly 
interacting regime?

• Can the nuclear colour filter provide novel insight 
into propagation, attenuation and hadronization of 
coloured probes?

11
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Nucleus 
serves as:

Object of 
interest

Amplifier of 
physical 
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Analyzer of 
physical 
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The realization of an Electron-Ion Collider
• eRHIC (BNL)

➡ Add ERL+FFAG recirculating e rings 
to RHIC facility

➡ Electrons: 6.3→15.9 & 21.2 GeV

➡ Ions: up to 100 GeV/A

➡ √s ≃ 20 → 93 GeV

➡ L ≃ 1.7x10
33

 cm
-2

s
-1

/A at √s = 80 GeV

• MEIC (JLAB)

➡ Add a Figure-of-8 ring-ring collider to 
CEBAF

➡ Electrons: 3 → 12 GeV

➡ Ions: 12 → 40 GeV/A

➡ √s ≃ 11 → 45 GeV

➡ L ≃ 2.4x10
34

 cm
-2

s
-1

/A at √s = 22 GeV
12

EIC Realization (e+A) - Basic Design
• eRHIC (BNL) 
‣ Add ERL+FFAG 

Recirculating e Rings to 
RHIC facility 

‣ Electrons 15.9 & 21.2  GeV   
‣ Ions (Au) up to 100 GeV/u 
‣ √s ≈ 18 - 93 GeV 
‣ L ≈ 1.7×1033 cm-2 s-1/A at 
√s=80 GeV 

• MEIC (JLab) 
‣ Figure-8 Ring-Ring Collider, 

use of CEBAF 
‣ Electrons 3-12 GeV 
‣ Ions 12-40 GeV/u 
‣ √s ≈ 11-45 GeV 
‣ L ≈ 2.4×1034 cm-2 s-1/A at 
√s=22 GeV

5

Warm large booster 
(3 to 25 GeV/c) 

Warm electron collider 
ring (3-12 GeV)  Medium-energy IPs with 

horizontal beam crossing 

Injector 

12 GeV CEBAF 

Pre-booster 
SRF linac 

Ion 
source 

Cold ion collider 
ring (25 -100 GeV) 

Three Figure-8 rings  
stacked vertically 

eRHIC: arXiv:1409.1633, MEIC: arXiv:1209.0757
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The landscape of e+A collisions
• Existing data is sparse - typically low 

energy and low A

• Not a large coverage in (x,Q2) phase-
space (unlike e+p)

➡ Existing data is well away from the 
saturation regime

• JLab 12 GeV upgrade will explore the 
landscape at high x

• To go to lower x and explore saturation 
physics, need higher energies

➡ A low-energy EIC, with √s=45 
GeV/A (e.g. 5x100 GeV) goes 
some way to this whilst also 
maintaining the ability to study 
high-x phenomena

➡ However, we really need higher 
energies to explore low-x in detail 
e.g. 20x100 GeV -> √s = 90 GeV/A 
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Inclusive nDIS - Structure functions F2
A and FL

A

• The reduced cross-section can be written in terms of 
structure functions:

• F2(x,Q2): A measure of the momentum distribution of 
quarks and anti-quarks

• FL(x,Q2): A measure of the momentum distribution of gluons

• F2(x,Q2) and FL(x,Q2) are benchmark measurements - 
theory/models have to be able to describe the structure 
functions and their evolution
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Inclusive nDIS - Structure functions F2
A and FL

A

16

�r =
⇣

d

2
�

dxdQ

2

⌘
xQ

4

2⇡↵2[1 + (1� y)2]
= F2(x,Q

2)� y

2

1 + (1� y)2
FL(x,Q

2)

EIC: Structure Functions (Inclusive DIS)

12

�r =

✓
d

2
�

dxdQ

2

◆
xQ

4

2⇡↵2[1 + (1� y)2]
= F2(x,Q

2)� y

2

1 + (1� y)2
FL(x,Q

2)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

  -1x = 8.2=10

  -1x = 5.2=10

  -1x = 3.2=10

  -1x = 2.0=10

  -1x = 1.3=10

  -2x = 8.2=10

  -2x = 5.2=10

  -2x = 3.2=10

  -2x = 2.0=10

  -2x = 1.3=10
  -3x = 8.2=10

  -3x = 5.2=10
  -3x = 3.2=10
  -3x = 2.0=10

  -3x = 1.3=10
  -4x = 8.2=10

  -4x = 5.2=10
  -4x = 3.2=10
  -4x = 2.0=10

1 10 102 103

Q2 (GeV2)

ʘ/GW� ����IE-1/A

Errors enlarged 
by factor 3 

ѫ U
HG

(x
,Q

2 )
- l

og
10

(x
)

5 on 50 GeV - e+Au
5 on 100 GeV - e+Au
20 on 100 GeV - e+Au
:RUOG�'DWD��$*Fe)

• Pythia + EPS09 

• Assume 3% systematic 
uncertainty 

• Measurement 
dominated by 
systematic, not L hungry
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• Use Pythia + EPS09 to generate data

• Generate 107 events, then scale to 10 fb-1

➡ Statistical uncertainty is negligible

• Assume a realistic 3% systematic uncertainty
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Inclusive nDIS - F2
A Structure Function

17
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• Use HERMES method to 
calculate F2 from σr

• The pseudo-data is scaled to the 
EPS09 calculation

➡ Errors on pseudo-data and 
EPS09 are scaled for visibility

• At higher x, uncertainties on 
EPS09 and pseudo-data are 
negligible

• At smaller x, pseudo-data 
uncertainties are much smaller 
than EPS09

F2 World Data (A≥Fe)
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Effect of EIC psuedo-data on EPS09

18

• Ratio of reduced cross-sections, e+Au/e+p

• Large reduction in the cross-sections at low-Q2

➡ low-x and low-Q2 is dominated by gluons and sea-quarks

• High-Q2 is well constrained with existing data

• The A-dependence of eRHIC allows us to constrain smaller nuclei such as Carbon, which has uncertainties 
almost as large as Au!
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Effect of EIC psuedo-data on EPS09
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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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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

Feasibility study: �r(x,Q

2) = F

A
2 (x,Q

2)� y

2

Y

+
F

A
L (x, Q

2)
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σ r
ed

σ r
ed

σ r
ed

σ r
ed

σ r
ed

σ r
ed

σ r
ed

σ r
ed

σ r
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x = 3.66 x 10-4

Q2 = 1.389 GeV2

x = 23.15 x 10-4

x = 7.71 x 10-4

x = 4.63 x 10-4x = 4.08 x 10-4

x = 6.31 x 10-4

x = 13.89 x 10-4x = 9.92 x 10-4

x = 5.34 x 10-4

mailto:macl@bnl.gov


GDR PH-QCD 2014: macl@bnl.gov

Inclusive nDIS - FL
A Structure Function

22
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• The measurement of FL however is a 
different beast

• Require data from 3 different energies in 
each x,Q2 bin

➡ Use Rosenbluth Separation 
technique to extract FL

• Much larger uncertainties and much 
smaller acceptance than the F2 
measurement

• Good complementarity with FL 
measurement at LHeC

➡ Both measurements are statistically 
limited and σr is the best way to 
constrain the nuclear PDFs

20 on 50,75,100 GeV
5 on 50,75,100 GeV
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Inclusive nDIS - FL
A Structure Function
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• The measurement of FL however is a 
different beast

• Require data from 3 different energies in 
each x,Q2 bin

➡ Use Rosenbluth Separation 
technique to extract FL

• Much larger uncertainties and much 
smaller acceptance than the F2 
measurement

• Good complementarity with FL 
measurement at LHeC

➡ Both measurements are limited by 
their uncertainties and σr is the best 
way to constrain the nuclear PDFs

Plot taken from LHeC CDR,
courtesy of N. Armesto 
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Inclusive nDIS - F2
c,A Structure Function

24
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• F2
c only driven by photon-gluon fusion (PGF)

• As FL is a difficult measurement, F2
c
 may be the 

way forward

➡ Larger uncertainties than F2 but smaller 
than FL

➡ Statistics are not an issue

• At low x, uncertainties are smaller than EPS09

➡ Will provide some constraints.  How much 
needs to be evaluated

• Can provide access to differences between 
models

➡ Ratio of rcBK to EPS09 shows the possible 
discriminatory power of this measurement

*γ
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• At low x, uncertainties are smaller than EPS09
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Effect of EIC psuedo-data on EPS09 fits

26

• Ratio of reduced cross-sections, e+Au/e+p

• Without EIC pseudo-data, large uncertainties, especially for sea quarks and gluons

• Adding in EIC pseudo-data significantly reduces the uncertainties for sea quarks and 
gluons, particularly at small-x

• Fitting the charm pseudo-data has a dramatic effect at high-x

➡ Something the LHC, for example,  will not be able to address
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• Ratio of reduced cross-sections, e+C/e+p
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di-hadron angular correlations in d+A
• 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

28

∼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
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di-hadron angular correlations in d+A
• 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

28

∼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

•However, at forward 
rapidities (y ~ 3.1), an 
away-side suppression is 
observed in d+Au

•Away-side peak also much 
wider in d+Au compared to 
p+p

➡ x ~ 10-3
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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

29

Dominguez et al. PRD83, 105005 (2011),  
PRL 106, 022301 (2011)

Never been measured - we expect to 
see the same effect in e+A as in d+A
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Pythia+DPMJet+Fluka+EPS09+E-loss
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Diffraction in nuclei

• The diffraction pattern contains information about the size (R) 
of the obstacle and about the optical “blackness”

• In optics, diffraction is studied as a function of θ 

• In high energy scattering, an analogous measurement can be 
made in terms of the Mandelstam variable t (t = ksinθ)

30

Diffrac-on(in(op-cs(

plane
wave

obstacle
or aperture

(detector)
screen

diffraction
pattern
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distance d

Diffrac-on(pa`ern(contains(informa-on(about(the(size(R(of(the(obstacle(and(about(the(
op-cal(“blackness”(of(the(obstacle.((
In(op-cs,(diffrac-on(pa`ern(is(studied(as(a(func-on(of(the(angle(θ. In(high(energy((
sca`ering(the(diffrac-ve(cross(sec-ons(are(plo`ed(as(a(func-on(of(the(Mandelstam((
variable((t(=(k(sin(θ.( 35(
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dσ
/dt
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Incoherent/Breakup
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Intensity

θ2 θ3 θ4θ10 Angle
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Incoherent:(target(nucleus(breaks(up,(but(nucleons(are(intact.( 36(

Coherent diffraction:
nuclei stays intact

Incoherent diffraction:
nuclei breaks up, 

nucleons stays intact
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Exclusive processes in e+A - diffraction

31

e

W2

t

X  (MX)

q

or 

γ*(Q2)

β

Largest rapidity 
gap in event

breakup of A

e′

P′,p′
p, P

xIP

⎫
⎪
⎬
⎪
⎭

Y  (MY)
⎫
⎪
⎬
⎪
⎭

t = (p� p0)2

� =
x

xIP
=

Q2

Q2 +M2
X � t

• 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

•Detecting diffractive events:
➡ Rapidity gap

- Required a hermetic detector
➡ Discriminating between coherent and incoherent

- Roman Pots (e+p)
- detect neutrons in the ZDC (eAu)
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Diffractive cross-section

32

At HERA, in e+p, the 
diffractive cross-section 
was ~15% of the total 
cross-section

Predictions for e+A 
collisions at an EIC have 
this even
higher 
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Diffractive cross-section

• For Q2 = 1 GeV2 and x = 1x10-3, saturation models predict this to be about 25%

• This increases at higher Q2 (and the same x), but non-saturation models have 
a smaller ratio than in e+p

• This is easy to check → a “day 1” measurement
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At HERA, in e+p, the 
diffractive cross-section 
was ~15% of the total 
cross-section

Predictions for e+A 
collisions at an EIC have 
this even
higher 
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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
33
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e  + p(Au) →  e’ + p’(Au’) + V

     J/ψ no saturation

  J/ψ saturation (bSat)

Experimental Cuts:
|η(Vdecay products)| < 4
p(Vdecay products) > 1 GeV/c

Coherent events only
stage-II,  ∫Ldt = 10 fb-1/A
x < 0.01

d� / g(x)2
Sartre: Toll, Ullrich,

 Phys.Rev. C87, 024913 (2013)

Exclusive Diffractive Vector Meson Production

18

• Allows to measure momentum transfer t in eA 
‣ in general, one cannot detect the outgoing nucleus and its 

momentum 
‣ here: 

Dipole Radius 

qqı

dilute
linear-
regime

saturation
non-linear-regime

Q2
s ¾

1
r 2

Dipole Cross-Section:

J/ψ
ϕ

a* V = J/s� q� l� arA

AvA
t

q

}q

• small size (J/Ψ): cuts off saturation region 
• large size (φ,ρ, ...): “sees more of dipole amplitude” 
→ more sensitive to saturation

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2
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Exclusive Diffractive Vector Meson Production

18

• Allows to measure momentum transfer t in eA 
‣ in general, one cannot detect the outgoing nucleus and its 

momentum 
‣ here: 

Dipole Radius 
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• small size (J/Ψ): cuts off saturation region 
• large size (φ,ρ, ...): “sees more of dipole amplitude” 
→ more sensitive to saturation

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2
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J/ψ vs φ - Saturation effects
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non-sat 
dipole model

t = (pA � pA0)2 = (pVM + pe0 � pe)
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• Dipole cross-section is saturated as it approaches the 
black-disk limit

• J/ψ has a small radius - not much affected by saturation

• φ shows a much larger difference

➡wave function for φ is larger and hence more 
sensitive to saturation effects

mailto:macl@bnl.gov


GDR PH-QCD 2014: macl@bnl.gov

Exclusive Diffractive Vector Meson Production

18

• Allows to measure momentum transfer t in eA 
‣ in general, one cannot detect the outgoing nucleus and its 

momentum 
‣ here: 

Dipole Radius 

qqı

dilute
linear-
regime

saturation
non-linear-regime

Q2
s ¾

1
r 2

Dipole Cross-Section:

J/ψ
ϕ

a* V = J/s� q� l� arA

AvA
t

q

}q

• small size (J/Ψ): cuts off saturation region 
• large size (φ,ρ, ...): “sees more of dipole amplitude” 
→ more sensitive to saturation

non-sat 
dipole model

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2

J/ψ vs φ - Saturation effects

34

d� / g(x)2

Exclusive Diffractive Vector Meson Production

18

• Allows to measure momentum transfer t in eA 
‣ in general, one cannot detect the outgoing nucleus and its 

momentum 
‣ here: 

Dipole Radius 

qqı

dilute
linear-
regime

saturation
non-linear-regime

Q2
s ¾

1
r 2

Dipole Cross-Section:

J/ψ
ϕ

a* V = J/s� q� l� arA

AvA
t

q

}q

• small size (J/Ψ): cuts off saturation region 
• large size (φ,ρ, ...): “sees more of dipole amplitude” 
→ more sensitive to saturation

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2

Exclusive Diffractive Vector Meson Production

18

• Allows to measure momentum transfer t in eA 
‣ in general, one cannot detect the outgoing nucleus and its 

momentum 
‣ here: 

Dipole Radius 

qqı

dilute
linear-
regime

saturation
non-linear-regime

Q2
s ¾

1
r 2

Dipole Cross-Section:

J/ψ
ϕ

a* V = J/s� q� l� arA

AvA
t

q

}q

• small size (J/Ψ): cuts off saturation region 
• large size (φ,ρ, ...): “sees more of dipole amplitude” 
→ more sensitive to saturation

non-sat 
dipole model

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2

• Dipole cross-section is saturated as it approaches the 
black-disk limit

• J/ψ has a small radius - not much affected by saturation

• φ shows a much larger difference

➡wave function for φ is larger and hence more 
sensitive to saturation effects

mailto:macl@bnl.gov


GDR PH-QCD 2014: macl@bnl.gov

Exclusive Diffractive Vector Meson Production

18

• Allows to measure momentum transfer t in eA 
‣ in general, one cannot detect the outgoing nucleus and its 

momentum 
‣ here: 

Dipole Radius 

qqı

dilute
linear-
regime

saturation
non-linear-regime

Q2
s ¾

1
r 2

Dipole Cross-Section:

J/ψ
ϕ

a* V = J/s� q� l� arA

AvA
t

q

}q

• small size (J/Ψ): cuts off saturation region 
• large size (φ,ρ, ...): “sees more of dipole amplitude” 
→ more sensitive to saturation

non-sat 
dipole model

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2

J/ψ vs φ - Saturation effects

34

d� / g(x)2

Exclusive Diffractive Vector Meson Production

18

• Allows to measure momentum transfer t in eA 
‣ in general, one cannot detect the outgoing nucleus and its 

momentum 
‣ here: 

Dipole Radius 

qqı

dilute
linear-
regime

saturation
non-linear-regime

Q2
s ¾

1
r 2

Dipole Cross-Section:

J/ψ
ϕ

a* V = J/s� q� l� arA

AvA
t

q

}q

• small size (J/Ψ): cuts off saturation region 
• large size (φ,ρ, ...): “sees more of dipole amplitude” 
→ more sensitive to saturation

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2

Exclusive Diffractive Vector Meson Production

18

• Allows to measure momentum transfer t in eA 
‣ in general, one cannot detect the outgoing nucleus and its 

momentum 
‣ here: 

Dipole Radius 

qqı

dilute
linear-
regime

saturation
non-linear-regime

Q2
s ¾

1
r 2

Dipole Cross-Section:

J/ψ
ϕ

a* V = J/s� q� l� arA

AvA
t

q

}q

• small size (J/Ψ): cuts off saturation region 
• large size (φ,ρ, ...): “sees more of dipole amplitude” 
→ more sensitive to saturation

non-sat 
dipole model

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2

• Dipole cross-section is saturated as it approaches the 
black-disk limit

• J/ψ has a small radius - not much affected by saturation

• φ shows a much larger difference

➡wave function for φ is larger and hence more 
sensitive to saturation effects

mailto:macl@bnl.gov


GDR PH-QCD 2014: macl@bnl.gov

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
35
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Sartre: Toll, Ullrich,
 Phys.Rev. C87, 024913 (2013)
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Finding the source...
• Take the dσ/dt distribution and perform 

a Fourier Transform to extract the b-
distribution of the gluons

φ non-sat

Sartre: Toll, Ullrich,
 Phys.Rev. C87, 024913 (2013)
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Centrality Determination in e+A collisions
• A recent paper by Lappi, Mäntysaari and 

Venugopalan shows that the centrality of an e+A 
collisions can be calculated by measuring the 
“ballistic” protons knocked out of the nucleus

➡ Measured in Roman Pot detectors 
downstream of the interaction

➡ Multiplicity of ballistic protons is a measure of 
collision centrality

• Although the ρ and φ wave-functions are large 
and hence insensitive to collision centrality, the 
small wave-function of the J/ψ is sensitive to this

➡ The ratio of the J/ψ cross-sections in central/
minbias collisions is proportional to the ratio 
of the saturation scale, QS, in central to 
minbias collisions..

➡ The ratio of J/ψ to ρ or φ shows a strong 
enhancement at low Q2
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Why e+A collisions and not p+A?

38

•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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• Collisions of p+A at RHIC will 
allow us to go to lower-x than 
eRHIC at the most forward 
energies

• This would allow us greater 
access to a saturation regime
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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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Important measurements in p+A

39

• di-hadron correlations will be a 
benchmark measurement, as in 
d+A and e+A and will measure 
the same physics

• RpA of direct photons is a key 
measurement as there is no 
strong interaction in the final 
state

➡ RpA can be measured in 
STAR with the FMS for 3<η<4

➡ The issue is that it only 
probes large Q2

- Nuclear PDFs are relatively 
well constrained at high Q2
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Timescale of eRHIC construction

40

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

Machine &  
Detector  

Upgrades

RHIC Physics

RHIC:

HF, spin BES Jets
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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 - structure functions: Measure the properties of gluons where saturation is the dominant 
governing phenomena

➡ Low-x - diffraction: Can gain access to the initial wave function through vector meson production

➡ di-Hadron Correlations: Analogue measurement to p/d+A, but less uncertainties on the 
measurement

• Other important observables not discussed due to time limitations:

➡ 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

➡  A detailed write-up of the 2010 INT EIC programme is on the ArXiv: 1108.1713

➡ An updated EIC White Paper (not just e+A), expounding on the INT programme has been 
released to the community ArXiv: 1212.1701.   

➡ A Design Study document for eRHIC has also been released: ArXiv: 1409.1633

41
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