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Most compelling physics questions

2

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!!



Town Hall Meeting @ DNP 2012:  macl@bnl.gov 3

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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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

pT - x correlation in p+p

Scattering of protons on protons
is like colliding Swiss watches to find out how they are 

built.
             

                      R. Feynman    
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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
4
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Saturation effects in the proton and nucleus
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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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Nuclear DIS → Structure Functions
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Nuclear DIS → Structure Functions
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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
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Constraining Δg(x) at RHIC, EIC
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• 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
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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

10

2 2.5 3 3.5 4 4.5
0

0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

eAu
eAu - sat

eAu - nosateCa

pT
trigger > 2 GeV/c

1 < pT
assoc < pT

trigger

|η|<4

ep Q2 = 1 GeV2

ΔϕΔϕ

C(
Δ
ϕ

)

C e
Au

(Δ
ϕ

)

2 2.5 3 3.5 4 4.50

0.05

0.1

0.15

0.2
EIC stage-II
∫ Ldt = 10 fb-1/A

2 2.5 3 3.5 4 4.5
0

0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

eAu
eAu - sat

eAu - nosateCa

pT
trigger > 2 GeV/c

1 < pT
assoc < pT

trigger

|η|<4

ep Q2 = 1 GeV2

ΔϕΔϕ

C(
Δ
ϕ

)

C e
Au

(Δ
ϕ

)

2 2.5 3 3.5 4 4.50

0.05

0.1

0.15

0.2
EIC stage-II
∫ Ldt = 10 fb-1/A

Xiao, Yuang et al (private 
communication)



Town Hall Meeting @ DNP 2012:  macl@bnl.gov

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

10

2 2.5 3 3.5 4 4.5
0

0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

eAu
eAu - sat

eAu - nosateCa

pT
trigger > 2 GeV/c

1 < pT
assoc < pT

trigger

|η|<4

ep Q2 = 1 GeV2

ΔϕΔϕ

C(
Δ
ϕ

)

C e
Au

(Δ
ϕ

)

2 2.5 3 3.5 4 4.50

0.05

0.1

0.15

0.2
EIC stage-II
∫ Ldt = 10 fb-1/A

2 2.5 3 3.5 4 4.5
0

0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

eAu
eAu - sat

eAu - nosateCa

pT
trigger > 2 GeV/c

1 < pT
assoc < pT

trigger

|η|<4

ep Q2 = 1 GeV2

ΔϕΔϕ

C(
Δ
ϕ

)

C e
Au

(Δ
ϕ

)

2 2.5 3 3.5 4 4.50

0.05

0.1

0.15

0.2
EIC stage-II
∫ Ldt = 10 fb-1/A

Xiao, Yuang et al (private 
communication)



Town Hall Meeting @ DNP 2012:  macl@bnl.gov

SIDIS in e+p → flavour-separated helicity PDFs
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• SIDIS measurements with identified π, k lead to much reduced 
uncertainties in the flavour-separated helicity PDFs as in Δg(x) 
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Exclusive processes in e+A - diffraction
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• 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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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 stage-I eRHIC) can distinguish between the two scenarios

13

0

Q2 = 10 GeV2
x = 6.6×10-3 
eAu stage-I
∫Ldt = 10 fb-1/A 

eAu - Saturation Model
ep - Saturation Model
eAu - Non-Saturation Model (LTS)
ep - Non-Saturation Model (LTS)

Q2 = 5 GeV2
x = 3.3×10-3
eAu stage-I
∫Ldt = 10 fb-1/A 

10-2

10-3

0.5
1

1.5
2

2.5

ra
tio

 (e
Au

/e
p)

(1
/σ

to
t) 

 dσ
dif

f/d
M

x2 (G
eV

-2
)

101
Mx2

 (GeV2)

10-2

10-3

0.5
1

1.5
2

2.5

ra
tio

 (e
Au

/e
p)

(1
/σ

to
t) 

 dσ
dif

f/d
M

x2 (G
eV

-2
)

101
Mx2

 (GeV2)

stat. errors & syst. uncertainties enlarged (× 10)stat. errors & syst. uncertainties enlarged (× 10)

no-sat (LTS) no-sat (LTS)

sat sat

0

Q2 = 10 GeV2
x = 6.6×10-3 
eAu stage-I
∫Ldt = 10 fb-1/A 

eAu - Saturation Model
ep - Saturation Model
eAu - Non-Saturation Model (LTS)
ep - Non-Saturation Model (LTS)

Q2 = 5 GeV2
x = 3.3×10-3
eAu stage-I
∫Ldt = 10 fb-1/A 

10-2

10-3

0.5
1

1.5
2

2.5

ra
tio

 (e
Au

/e
p)

(1
/σ

to
t) 

 dσ
dif

f/d
M

x2 (G
eV

-2
)

101
Mx2

 (GeV2)

10-2

10-3

0.5
1

1.5
2

2.5

ra
tio

 (e
Au

/e
p)

(1
/σ

to
t) 

 dσ
dif

f/d
M

x2 (G
eV

-2
)

101
Mx2

 (GeV2)

stat. errors & syst. uncertainties enlarged (× 10)stat. errors & syst. uncertainties enlarged (× 10)

no-sat (LTS) no-sat (LTS)

sat sat



Town Hall Meeting @ DNP 2012:  macl@bnl.gov

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
14
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Exclusive vector meson production
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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

15
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Imaging in e+p

17

• 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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∫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

18
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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

19
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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

20
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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) 

23

RHIC coverage

DSSV

DSSV + EIC 
(5x100, 5x250)

all uncertainties for Δχ2=9
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The eRHIC project

24

eSTAR
ePHENIX

30 GeV

30 GeV

100 m

Lin
ac

 2.
45

 G
eV

Linac 2.45 GeV

Co
he

ren
t e

-co
ole

r

Polarized

e-gun

Beam
dump

0.60 GeV

5.50 GeV

10.4 GeV

15.3 GeV

20.2 GeV

25.1 GeV

30.0 GeV

3.05 GeV

7.95 GeV

12.85 GeV

17.75 GeV

22.65 GeV

27.55 GeV

0.6 GeV

0.6 GeV

27.55 GeV

New 
detector

• 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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• 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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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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