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• HERA
➡ 10-15% of all events were diffractive


• EIC
➡ saturation models predict that 30-40% of all events will 


be diffractive
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Scaling violation: dF2 
/dlnQ2 and linear DGLAP 
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Extracting F2 and FL at the EIC
• F2,L extracted from 


pseudo-data 
generated for 1 
month running at 3 
eRHIC energies


➡ 5+100 GeV


➡ 5+250 GeV


➡ 5+325 GeV


• Data, with errors, 
added to theoretical 
expectations from 
ABKM09 PDF set


➡ valid for Q2 > 2.5 
GeV2
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Charm and diffractive structure functions, FD2,L , Fc2,L
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• Fc2,L give more direct access to the gluon distribution than the 
inclusive F2 structure function


➡ Due to the high charm mass, they probe higher values of x
‣ Less sensitive to non-linear effects
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xP = 10�3


Q2 = 5GeV 2


• Fc2,L give more direct access to the gluon distribution than the 
inclusive F2 structure function


➡ Due to the high charm mass, they probe higher values of x
‣ Less sensitive to non-linear effects


• FD2,L is also sensitive to the gluon distribution
➡ Differences between linear and non-linear models appear at 


higher Q2 than for F2 (8 GeV2 vs 2 GeV2)
‣ More experimentally challenging measurement than F2







kT dependent gluons, gluon correlations from 
di-hadron correlations, SIDIS (semi-inclusive DIS)
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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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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
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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
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Never been measured - we expect to 
see the same effect in e+A as in d+A
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transport coefficients in cold nuclear matter 
from  large-x semi-inclusive DIS and jets
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Transport coefficients in cold nuclear matter
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Deliverables Observables What we learn Stage-I Stage-II


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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• tp - production time of propagating quark
• thf - hadron formation time 
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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
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b dependent gluons, gluon correlations from 
DVCS and diffractive vector meson production
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Silver Measurements
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Deliverables Observables What we learn Stage-I Stage-II


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







b-dependent gluons from DVCS and DVMP
• Transverse position distribution of gluons can be determined from Deeply Virtual 


Compton Scattering (DVCS: e+A ➝ e+γ+A) and Diffractive Vector Meson 
Production (DVMP: e+A ➝ e+VM+A)


➡ Proportional to the square of the gluon distribution!!


• Coherent diffraction (intact nuclear target)
➡ transverse distribution of gluon density


• Incoherent diffraction (dissociated nuclear target)
➡ transverse gluon correlations in addition
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Exclusive Vector Meson Production in e+A
• Many event generators exist for e+p collisions


➡ Pythia (v6), LEPTO, PEPSI, RAPGAP….
• Dearth of event generators for e+A collisions


➡ DPMJET-III
• Work at BNL (T. Toll, T. Ullrich) to write an e+A generator (SARTRE)


➡ Comparison of saturation vs non-saturation scenarios
➡ First case study is that of exclusive diffractive J/ψ 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
➡ For smaller nuclei, transition between coherent and incoherent is 


pushed out to higher |t|


➡ Need good breakup detection efficiency to discriminate between the two 
scenarios
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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 (encompassing both e+A 
and e+p) will be published shortly
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Good headway can be made on these measurements already 
with a stage-I eRHIC (Ee = 5 GeV) 
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• Hard to “see” glue in the low-energy 
world


➡ Gluon degrees of freedom “missing” in 
hadronic spectrum 


‣ Constituent Quark Picture?
➡From DIS:
- Drive the structure of baryonic matter 


already at medium-x 


★ Crucial players at RHIC and LHC
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What do we know about gluons?


➡ What is the spatial and momentum distribution of gluons in nuclei/nucleons?


➡ What are the properties of high-density gluon matter?


➡ How do quarks and gluons interact as they traverse matter?


➡ What role do the gluons play in the spin structure of the nucleon?


How do we get to the answers?


We have identified 4 important questions to address:







The role of gluons in hadronic collisions
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Strangeness Production
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How well do we know gluon distributions in nucleons?


• HERA: e+p collisions:


➡ 27.6 GeV (e-) on


➡ 920 GeV p


• Wealth of data allows a high-
statistics extraction of valence 
quark, sea quark and gluon 
densities as a function of xBj


➡ Gluons and sea quarks 
dominate over valence 
quarks at smaller values of 
xBj


• Small experimental and 
model uncertainties
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The distribution of valence and sea quarks 
are relatively well known in nuclei - 


theories agree well


What about gluons in nuclei?
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theories agree well


What about gluons in nuclei?


Constrained by DIS


Constrained by DY


Constrained by sum rules
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The distribution of valence and sea quarks 
are relatively well known in nuclei - 


theories agree well


What about gluons in nuclei?


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







• Using the Linear DGLAP evolution 
model:


➡ Linear evolution has a built-in high-
energy “catastrophe”


➡ xG has rapid rise with decreasing x 
(and increasing Q2) ⇒ violation of 
Froissart unitarity bound


‣ Must have saturation to tame the 
growth


The problem with our current understanding
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What’s the underlying dynamics?
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proton


N partons new partons emitted as energy increases
could be emitted off any of the N partons
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• BFKL: evolution in x


➡ linear


‣ explosion in colour field at low-x
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Non-linear QCD - Saturation


• BFKL: evolution in x


➡ linear


‣ explosion in colour field at low-x


• Non-linear BK/JIMWLK equations


➡ non-linearity ⇒ saturation


‣ Allows for the recombination of 
gluons in a dense gluonic 
medium


➡ characterised by the saturation 
scale, QS(x,A)


48


proton


N partons any 2 partons can recombine into one


Regimes of QCD Wave Function







The Nuclear “Oomph Factor”
• Enhancing Saturation effects:


➡ Probes interact over distances L ~ (2mnx)-1


➡ For probes where L > 2RA (~ A1/3), cannot distinguish 
between nucleons in front or back of the nucleus.


‣ Probe interacts coherently with all nucleons.
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R ~ A
1/3


Simple geometric considerations lead to:


Nuclear “Oomph” Factor:


Enhancement of QS with A: ⇒ non-linear QCD regime 
                                                  reached at significantly lower 
                                                  energy in e+A than in e+p


(QA
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�
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A dependence : xGA � AHERA: A dependence:







The Nuclear “Oomph Factor”


50


e.g. Kowalski, Lappi and Venugopalan, 
PRL 100, 022303 (2008); Armesto et 
al., PRL 94:022002; Kowalski, Teaney, 
PRD 68:114005


More sophisticated analyses 
⇒ confirm (exceed) pocket 
formula for high A







The Nuclear “Oomph Factor”


50


e.g. Kowalski, Lappi and Venugopalan, 
PRL 100, 022303 (2008); Armesto et 
al., PRL 94:022002; Kowalski, Teaney, 
PRD 68:114005


More sophisticated analyses 
⇒ confirm (exceed) pocket 
formula for high A


One would require an energy in e+p 
~ 10-100 x e+A to get to same Q2S







The Nuclear “Oomph Factor”


50


e.g. Kowalski, Lappi and Venugopalan, 
PRL 100, 022303 (2008); Armesto et 
al., PRL 94:022002; Kowalski, Teaney, 
PRD 68:114005


More sophisticated analyses 
⇒ confirm (exceed) pocket 
formula for high A


One would require an energy in e+p 
~ 10-100 x e+A to get to same Q2S


10-5
10-4


10-3
10-2


1


10


0.1


Λ2
QCD


Q
2  


(G
eV


2 )


200 120 40
A x


P
ro


to
n


C
al


ci
um


G
ol


d


Parton Gas


Color Glass Condensate


Confinement Regime


EIC
 C


overage







Diffraction in e+A


51


-t (GeV2) -t (GeV2) -t (GeV2)
0 0.05 0.1 0.15 0.2 0.25 0.3


Gı
�G
W��
QE
�*
H9


2 )


-610


-510


-410


-310


-210


-110


1


10


210
e+Al e+Cu e+Au


0 0.05 0.1 0.15 0.2 0.25 0.3


-510


-410


-310


-210


-110


1


10


210


310


0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2


-210


-110


1


10


210


310


410


510


610


FRKHUHQW


sum


LQFRKHUHQW


• Diffractive cross-section σdiff/σtot in e+A  predicted to be ~25-40%


• Process most sensitive to xG(x,Q2)


• Rich physics program on momentum & spatial gluon distribution


• Coherent vs Incoherent: requires detection of breakup with ~ 1-10-4 efficiency


e + A → e’ + J/ψ + A’


Never done at a collider!
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➡ Electron-Hadron (DIS)


★ Explore QCD & Hadron 
Structure
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photon-gluon fusion


★ High precision & access to 
partonic kinematics


Both are complementary and provide excellent information on 
properties of gluons in the nuclear wave functions


Precision measurements ⇒ DIS


Scattering of hadrons on hadrons
is like colliding Swiss watches to find out how 


they are build.
             


                       R. Feynman    







Luminosity vs Energy comparison
• A comparison plot showing luminosities vs energy for existing and proposed e+p 


facilities.


• Both a staged eRHIC and a JLab design are shown for reference.
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Scaling violation: dF2 
/dlnQ2 and linear DGLAP 


Evolution ⇒ G(x,Q2)ZEUS NLO QCD fit


H1 PDF 2000 fit
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• Use coloured probes to study soft nuclear glue


➡ a “large-x” probe of small-x gluons


• Use nuclei to study parton propagation and 
fragmentation


➡ parton showers, quark-to-hadron transition


• Ideal program for phase-1 EIC


h


g*


e+


e+


Jets and hadronization


q







Interaction of fast probes with gluonic medium
• nDIS:


➡ Clean measurement in ‘cold’ nuclear matter
➡ Suppression of high-pT hadrons 


analogous to, but weaker than at RHIC
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PHENIX expt: Phys.Rev.Lett.91:072301 (2003)


ν = virtual photon energy
Zh = Eh/ν
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