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Lots of work recently on the physics of e+A collisions
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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    	


!
!
!
!
!

mailto:macl@bnl.gov


PANIC 2014: macl@bnl.gov

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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QCD scaling and EW effects beautifully seen

This data (exclusively!) used as input to global QCD fit HERAPDF2.0 (prel.)  
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NLO & NNLO parton densities

HERAPDF2.0 (prel.) extracted 

with experimental, model and parametrization uncertainties

NLO                             NNLONLO                             NNLO

For details see V. Radescu talk
DIS 2014 - HERA Combined data
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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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however	
  -­‐	
  saturation	
  in	
  the	
  gluon	
  density	
  is	
  not	
  observed	
  in	
  the	
  
gluon	
  distribution	
  at	
  HERA	
  -­‐>	
  too	
  small	
  an	
  x	
  
How	
  can	
  this	
  be	
  observed	
  experimentally?
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Nuclear “oomph” effect

7
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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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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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eRHIC: Electron Ion Collider at BNL

9

e-

p

80% polarized electrons: 
6.6 – 21.2 GeV

Pol. light ions (He-3)  
17 - 167 (184*) GeV/u

Light ions (d, Si, Cu) 
Heavy ions (Au, U) 
10 - 100 (110*) GeV/u

70% polarized protons  
25 - 250 (275*) GeV

Center-of-mass energy range: 30 – 145 GeV 
Any polarization direction in electron-hadron collisions

protons
electrons

* It is possible to increase RHIC ring energy by 10% 

Luminosity: 
1033 – 1034 cm-2 s-1

Add an electron accelerator to the existing $2.5B RHIC  
including existing RHIC tunnel and cryo facility
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eRHIC design with Ee = 21.2 GeV
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Phase-space coverage of e+A collisions for an EIC

12

• 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-
Q

2
 beyond current data!

➡A coverage extended 
up to U!

➡Saturation scale at 
moderate Q

2
 can be 

investigated at the 
lowest x
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Phase-space coverage of e+A collisions for an EIC

12

• Existing data:!

➡ Low energy (fixed 
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extend the reach in x-
Q

2
 beyond current data!

➡A coverage extended 
up to U!

➡Saturation scale at 
moderate Q

2
 can be 

investigated at the 
lowest x

1

10

10-3

103

10-2

102

10-1 110-4

x

Q2  (G
eV

2 )

0.1

Measurements with A ≥ 56 (Fe):
 eA/μA DIS (E-139, E-665, EMC, NMC)
 νA DIS (CCFR, CDHSW, CHORUS, NuTeV)
 DY (E772, E866)

perturbative
non-perturbative1

10

10-3

103

10-2

102

10-1 110-4

x

Q2  (G
eV

2 )

0.1

EIC √s 
= 90 GeV, 0.01 ≤ y

 ≤ 0
.95

EIC √s 
= 45 GeV, 0.01 ≤ y

 ≤ 0
.95

Measurements with A ≥ 56 (Fe):
 eA/μA DIS (E-139, E-665, EMC, NMC)
 νA DIS (CCFR, CDHSW, CHORUS, NuTeV)
 DY (E772, E866)

perturbative
non-perturbative1

10

10-3

103

10-2

102

10-1 110-4

x

Q2  (G
eV

2 )

0.1

Measurements with A ≥ 56 (Fe):
 eA/μA DIS (E-139, E-665, EMC, NMC)
 νA DIS (CCFR, CDHSW, CHORUS, NuTeV)
 DY (E772, E866)

perturbative
non-perturbative1

10

10-3

103

10-2

102

10-1 110-4

x

Q2  (G
eV

2 )

0.1

Measurements with A ≥ 56 (Fe):
 eA/μA DIS (E-139, E-665, EMC, NMC)
 νA DIS (CCFR, CDHSW, CHORUS, NuTeV)
 DY (E772, E866)

   Q2s,quark Au, median b

                        Ca, median b
                         p, median b

mailto:macl@bnl.gov


PANIC 2014: macl@bnl.gov

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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• Method:!
➡Generate 107 e+A events with pythia 6.4, using EPS09 as 

input PDFs!
➡Calculate σred as a function of (x,Q2)!
➡Calculate F2

A(x,Q2) using a parameterisation of R(x,Q2) a la 
HERMES!

• Taken from A. Airapetian et al, JHEP 05 (2011) 126!
➡Method has the advantage that the full range in (x,Q2) can be 

utilised

14

A precision measurement of the F2
A nuclear structure function
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A precision measurement of the F2
A nuclear structure function

15
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A precision measurement of the F2
A nuclear structure function
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A precision measurement of the F2
A nuclear structure function
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• Same scaling employed as the 
HERA plot!

• Scaling violation observed at low 
(x,Q

2
)!

➡Need to go to higher energies to 
observe the scaling!

• Difficult to see at low energies!

• Smaller effect than in protons 
due to suppression of gluons!

• Entering a new region of phase-
space not previously explored in 
nuclei!

• Dominated by systematic 
uncertainties
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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)!
!Need a good lever arm in 
y2/y+ in order to have a 
good fit.  Not all bins are 
used because of this!
!
Require Δy2/y+ > 0.1 to 
have a meaningful fit.

Feasibility study of FLA: �r(x,Q
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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!
!
5x50 - A ∫Ldt = 2 fb-1!
5x75 - A ∫Ldt = 4 fb-1!
5x100 - A ∫Ldt = 4 fb-1!
!Uncertainties now become 
increasingly important!
!
Will be dominated by 
systematics, but would 
need a full detector 
simulation in order to 
estimate them
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Comparison to theory: �r(x,Q

2) = F
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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
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Exclusive processes in e+A - diffraction

20
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Largest rapidity 
gap in event
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� =
x
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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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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

21

1 2 3 4 5 6 7 8 9 10

(1
/A

4/
3 ) σ

(e
Au

)/σ
(e

p)

Q2 (GeV2)

2.2

2.0

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

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
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Sartre: Toll, Ullrich,!

 Phys.Rev. C87, 024913 (2013)
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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
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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: The diffractive cross-section itself gives information on the level of 
saturation!

• Understanding gluons’ role in nuclei is crucial to understanding RHIC and LHC results!

➡Much information obtained from measuring the F2 and FL structure functions !

• Other important observables not discussed due to time limitations:!

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

➡Higher-x: Understand how fast partons interact as they traverse nuclear matter and provide 
new insight into hadronization!

• 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 been released to 
the community ArXiv: 1212.1701
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