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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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Saturation Scale, Qs

• As we go higher in energy (larger 
values of  1/x) we move away 
from the linear BFKL regime to 
the non-linear BK/JIMWLK realm

• Take advantage of the fact that 
gluons are self-interacting

➡ Not only can we have gluon 
splitting, but also recombination

‣ Tame the explosive growth of 
the gluon density in the nucleon 
observed from fitting HERA data
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Nuclear “oomph” effect
•When we accelerate the 

nucleus to high energy, 
we give it a Lorentz boost

• Incoming probe interacts 
coherently with all of the 
nucleons in the nucleus
➡ Qs is given a boost 

simply by the geometry 
of the collision system
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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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Nuclear “oomph” effect
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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
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The need to know the gluons - initial conditions
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• Hadron-Hadron

➡ Probe/Target interaction 
directly via gluons 

➡ Multiple colour interactions 
possible between probe and 
target

➡ lacks the direct access to info 
of partons

h
h

Why e+A and not p+A?

9
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• Electron-Hadron (DIS)

➡ Explore QCD and hadron 
structure via point-like probe

➡ Indirect access to glue via 
modification of EM interaction

➡ High precision and access to 
partonic kinematics
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• Electron-Hadron (DIS)

➡ Explore QCD and hadron 
structure via point-like probe

➡ Indirect access to glue via 
modification of EM interaction

➡ High precision and access to 
partonic kinematics

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

built.
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13



Hot Quarks 2012:  macl@bnl.gov

INT Writeup….
• ~ 6 months to write

➡ 189 authors

➡ 7 chapters, 550 pages

• arXiv:1108.1713

13



Hot Quarks 2012:  macl@bnl.gov

Followup EIC White Paper

14



Hot Quarks 2012:  macl@bnl.gov

Followup EIC White Paper

• Final draft has just been released to the community for consideration

• 148 pages in total

➡ 50 pages of which dedicated to discussing e+A part of the project
14
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Fundamental questions which arise:
• What is the role of strong gluon fields, parton saturation 

effects and collective gluon excitations in scattering off 
nuclei?
➡ tantalising hints of a saturated/CGC regime have been 

observed at HERA/RHIC/LHC

• Can we experimentally find the evidence of non-linear 
QCD evolution in high-energy scattering off nuclei?
➡ x-dependence of DIS cross-sections and structure 

functions

➡ The discovery of the saturation regime would not be 
complete without unambiguous evidence in favour of 
these non-linear equations

15
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Fundamental questions which arise:
• What is the momentum and spatial distribution of gluons and 

sea quarks in nuclei?

➡ Large-x: the physics of multiple scatterings at allows us to 
reconstruct the momentum and impact parameter 
distributions of gluons and sea quarks in nuclei

➡ Small-x: momentum distribution may allow us to identify the 
saturation scale, Qs

• Are there strong colour (quark and gluon density) fluctuations 
inside of a large nucleus?  How does the nucleus respond to 
the propagation of a colour charge through it?

➡ Need to understand fluctuations in order to fully understand 
the spatial and momentum distributions of sea quarks and 
gluons

16
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Important Measurements
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Deliverables Observables What we learn Stage-1 Stage-II

integrated gluon 
distributions F2,L

nuclear wave 
function;

saturation, Qs

gluons at 
10-3 < x < 1 saturation regime

kT dependent 
gluons;

gluon correlations
di-hadron 

correlations
non-linear QCD 

evolution /
universality

onset of saturation measure Qs

b-dependent 
gluons;

gluon correlations

DVCS;
diffractive vector 

mesons

interplay between 
small-x evolution 
and confinement

moderate x with 
light, heavy nuclei

smaller x, 
saturation

transport 
coefficients in cold 

matter
large-x SIDIS;

jets

parton energy loss, 
shower evolution;

energy loss 
mechanisms

light flavours and 
charm;

jets

rare probes and 
bottom;

large-x gluons
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See talk later today by Tobias Toll
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Integrated gluon distributions 
from inclusive structure functions
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Deliverables Observables What we learn Stage-I Stage-II

integrated 
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distributions
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saturation 
regime
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The effects of higher-twist corrections on FL

• Plotting FL-FLleading twist/FL coming out of saturation inspired GBW 
model
➡ protons: little effect of leading twist corrections, only starting to 

come in at small-x and small Q2

➡ Au: much larger corrections coming from leading twist contributions

‣ nuclear “oomph” effects well manifested in the FL structure function
19
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Measuring the gluons: extracting FL
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Measuring the gluons: extracting FL
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Strategies:
slope of y2/Y+ for different s at 
fixed x & Q2

e+Au:  1st stage
5x50 - A ∫Ldt = 2 fb-1

5x75 - A ∫Ldt = 4 fb-1

5x100 - A ∫Ldt = 4 fb-1

running combined
~6 months total running
(50% eff)
statistical errors are swamped by 
the 1% 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)

A¹⁄³ A¹⁄³

rcBK
EPS09 (CTEQ)

Q2 = 2.7 GeV2, x = 10-3Q2 = 2.7 GeV2, x = 10-3

rcBK
EPS09 (CTEQ)

stat. errors enlarged (× 50)
sys. uncertainty bar to scale

Cu AuSi

Beam Energies  A ∫Ldt
5 on 50 GeV  2 fb-1 
5 on 75 GeV   4 fb-1
5 on 100 GeV  4 fb-1

1 2 3 4 5 6 70

0.2

0.4

0.6

0.8

1

1.2

1 2 3 4 5 6 70

0.2

0.4

0.6

0.8

1

1.2

R 2
 = 

F 2A /(A
 F

2p )

R L
 = 

F LA /(A
 F

Lp )

Beam Energies  A ∫Ldt
5 on 50 GeV  2 fb-1 
5 on 75 GeV   4 fb-1
5 on 100 GeV  4 fb-1

stat. errors enlarged (× 5)
sys. uncertainty bar to scale

A¹⁄³ A¹⁄³

rcBK
EPS09 (CTEQ)

Q2 = 2.7 GeV2, x = 10-3Q2 = 2.7 GeV2, x = 10-3

rcBK
EPS09 (CTEQ)

stat. errors enlarged (× 50)
sys. uncertainty bar to scale

Cu AuSi

Beam Energies  A ∫Ldt
5 on 50 GeV  2 fb-1 
5 on 75 GeV   4 fb-1
5 on 100 GeV  4 fb-1

1 2 3 4 5 6 70

0.2

0.4

0.6

0.8

1

1.2

1 2 3 4 5 6 70

0.2

0.4

0.6

0.8

1

1.2

R 2
 = 

F 2A /(A
 F

2p )

R L
 = 

F LA /(A
 F

Lp )

Beam Energies  A ∫Ldt
5 on 50 GeV  2 fb-1 
5 on 75 GeV   4 fb-1
5 on 100 GeV  4 fb-1

stat. errors enlarged (× 5)
sys. uncertainty bar to scale



Hot Quarks 2012:  macl@bnl.gov

kT dependent gluons, gluon correlations from 
di-hadron correlations, SIDIS (semi-inclusive DIS)

23

Deliverables Observables What we learn Stage-I Stage-II

kT dependent 
gluons;
gluon 

correlations

di-hadron 
correlations

non-linear QCD 
evolution /
universality

onset of 
saturation measure Qs

kT dependent 
gluons SIDIS at small x

non-linear QCD 
evolution / 
universality

onset of 
saturation

rare probes and 
bottom;

large-x gluons

e+A ➝ e + h + X

Direct link between pT of produced 
hadron and that of the small-x gluon
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kT dependent gluons, gluon correlations from 
di-hadron correlations, SIDIS (semi-inclusive DIS)
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• 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

24

∼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 
away-side suppression is 
observed in d+Au

• Away-side peak also 
much wider in d+Au 
compared to p+p
➡ x ~ 10-3

di-hadron Correlations in d+A
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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

25

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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di-hadron Correlations - relative yields

26
log10(xg)

J eA
u

-3 -2.5 -2 -1.5 -1

1

eAu - sat

eAu - nosat

Q2 = 1 GeV2

pT
trigger > 2 GeV/c

1 < pT
assoc < pT

trigger

|η|<4

EIC stage-II
∫ Ldt = 10 fb-1/A

10-3 10-2

1

10-1 peripheral
central

xA
frag

J dA
u

RHIC dAu, √s = 200 GeV

• 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
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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) heavy-ion results

• The INT programme in the Fall 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) has just been released to the community

27

Good headway can be made on these measurements already 
with a stage-I eRHIC (Ee = 5 GeV) 
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