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A Word at the Beginning
Defining Requirements for a Machine is a long process that 
involves many studies, many people, much coffee, and 
much sweat and tears.

I can sweat and shed tears and certainly drink a lot of coffee 
but I’m not “many”.

What I discuss here is what I understand is the current 
thinking of our community.
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Some things might be provocative 
and some things might be wrong.
Speak up if I’m off target!



Requirements from the LRP 2007 
“ [...]  It should create collisions at high energy since that increases the 
resolving power of the “microscope.” It should allow for variable energy so as 
to study deep-inelastic events over a broad range of energies and scattering 
angles. And it should utilize beams of heavy nuclei, since the density of gluons 
inside a hefty nucleus is considerably enhanced over the density in a single 
proton. In addition, an ability to collide spin-polarized proton and light-ion 
beams with polarized electrons and positrons would give the EIC 
unprecedented access to the spatial and spin structure of protons and 
neutrons in the gluon-dominated region.” [...]
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• high energy
• variable energy
• heavy A
• polarized electrons & positrons
• polarized protons, light ions



More Requirements from the LRP 
“!e detailed requirements for the machine complex and detectors at an 
EIC are driven by the need to access the relevant kinematic region that will 
allow us to explore gluon saturation phenomena and image the gluons in the 
nucleon and nuclei with great precision. !ese considerations constrain the 
basic design parameters to be a 3 to at least 10 GeV energy electron beam 
colliding with a nucleon beam of energy between 25 and 250 GeV or with 
nuclear beams ranging from 20 to 100 GeV/nucleon. [...]”
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• high energy 
- e:  Eupper ≥ 10 GeV
- p:  Eupper = 250 GeV
- A:  Eupper = 100 GeV

• variable energy
- e: Elower = 3 GeV
- p: Elower = 20 GeV
- A: Elower = 25 GeV

• heavy A
• polarized electrons & positrons
• polarized protons, light ions



Even More Requirements from the LRP
“While the HERA collider at DESY provided ep collisions at even higher energies, 
the performance needed at an EIC relies on three major advances over HERA:
(1) beams of heavy nuclei, at least up to gold, are essential to access the gluon 
saturation regime under conditions of sufficiently weak QCD coupling, and to test 
the universality of the CGC; (2) collision rates exceeding those at HERA by at least 
two orders of magnitude [...] (3) polarized light-ion beams [...]”
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• high energy 
- e:  Eupper ≥ 10 GeV
- p:  Eupper = 250 GeV
- A:  Eupper = 100 GeV

• variable energy
- e: Elower = 3 GeV
- p: Elower = 20 GeV
- A: Elower = 25 GeV

• heavy A, A ≥ 197
• Luminosity: L ≥ 100 × 3.8⋅1031 cm-2 s-1 = 3.8⋅1033 cm-2 s-1

• polarized electrons & positrons
• polarized protons, light ions



The current (rough) set of requirements
• Beam energies:

- electrons:  E = 3 ... ≥ 10 GeV
- protons:  E = 20 ... 250 GeV
- ions:  E = 25 ... 100 GeV

• Species: A ≥ 197
• Luminosity: L ≥ 3.8  ⋅1033 cm-2 s-1

• polarized electrons, positrons, protons, and light ions

This is not necessarily driven by physics arguments but by what 
(i) is available at existing facilities
(ii) is realistic in terms of costs

How well do these requirements match what we are out to study? 
The bang/buck question!

• Bang ↑: Pushing to high will turn the EIC unrealistic
• Buck ↓: Downsizing it to much can fire back if it harms the 

physics “bang” 
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Closer Look: e+A
Understanding the role of the glue in matter involves 
understanding its key properties which in turn deÞne the 
required measurements:

1. What is the momentum distribution of the gluons in matter?
2. What is the space-time distributions of gluons in matter?
3. How do fast probes interact with the gluonic medium?
4. Do strong gluon fields effect the role of color neutral 

excitations (Pomerons)?

For EIC to have an impact we need to:
• Reach (far) into the saturation region
• Exceed what was (is) done at HERA
• Have overlap with (study physics also relevant for) RHIC & LHC 
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G(x,Q2) and Saturation Region
HERA:
¥ e+p: 30+920 GeV, √s = 332 GeV
¥ Gp through F2 scaling violation

- dF2/dlnQ2 and linear DGLAP Evolution
- F2 down to x = 10-4 , Q2 ~ 1 - 10 GeV2

¥ Gp through FL (~ Gp)   - ongoing
¥ Saturation Effects ?
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Hints for Saturation at HERA & Geometric Scaling?
Crucial consequence of non-linear 
evolution towards saturation:
n Physics invariant along trajectories 

parallel to saturation regime (lines 
of constant gluon occupancy)

n Scale with Q2/Q2
s(x) instead of x 

and Q2 separately

⇐ Geometric Scaling
n Consequence of saturation which 

manifests itself up to kT > Qs
n Also seen in other final states 

(diffraction & VM production)

x < 0.01 Scaling not proof but allows to set
upper limit for saturation effects
x < 10-2



Latest from FL at HERA (DIS 2008)
Runs in 2007:

High s - Ep=920 GeV (H1 = 21.9 pb-1)
Low s - Ep=460 GeV (H1 = 12.4 pb-1)
Medium s - Ep=575 GeV (H1 = 6.2 pb-1)
Sensitivity to FL requires high y
Challenge - high y means low electron
energy
HERA: FL(H1) > FL(Zeus) ? 
limited to large Q (Q>Qs)  x = 10-2 ... 10-2

Large errors!
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HERA & Saturation
HERA (ep):
Despite energy range far higher than EIC:
• Gp(x, Q2) through scaling violation known only outside (or in a 

very small region of) the saturation regime
• Same for Gp(x, Q2) through FL 

HERA will provide a first direct 
measurement of G(x, Q2) in the proton
BUT
Regime where non-linear 
QCD (saturation phenomena) matter
(Q < Qs) out of reach!

EIC: all relies on the Nuclear OOMPH (i.e. increasing Qs) 
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All Depends on the Oomph

Nuclear Oomph Factor:
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Enhancement of QS with A 

⇒ non-linear QCD regime reached at significantly lower   
    energy in e+A than in e+p

Instead of extending x, Q reach
we increase Qs
Q2 ~ sx: EIC factor 27 behind          
              (10+100 GeV)



Where’s the Oomph ?
Kowalski, Teaney, PRD 68:114005

More detailed state-of-the-art analysis:
Extract b and x dependence of Qs
from fits to diffractive and exclusive
HERA data ⇒ construct b dependent
Qs(x,b) in the nuclei

Confirms factor 25 from pocket formula!

BUT:  KT use b=0 in e+p?
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Recent Study on Oomph
Kowalski, Lappi and Venugopalan, PRL 100, 022303 (2008)
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Argue that detailed considerations of QCD evolution and the
b-dependence of the dipole cross section result in a significantly
larger nuclear enhancement of Qs.
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State-of-the-Art Oomph ?
The e+A program lives and 
dies with the enhancement 
of QsA over Qsp 

This factor is huge (500)
but
it’s a model calculation! 

Assuming it’s correct we 
“reach” further compared to 
HERA by 500/27 = 18
(where we see no striking 
saturation effects)
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“Research is what I'm doing when I don't know what 
I'm doing.”     Wernher von Braun

How safe is a factor 18?
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¥ We have to reach far into this 
regime to learn what we seek 
to learn

¥ and we need a safety margin 
(models can be and have been 
wrong by “some” factors!)

¥ NOTE: Nch ~ Qs2, ET~Qs3 ⇒ 
First measurements at LHC in 
AA will allow comparisons to 
projections ⇒ important check!



Reaching Saturation: Oomph versus HERA
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G(x,Q2) and Luminosity

Assume:
L =   3.8 1033   cm-2 s-1   (100x Hera)
T = 10 weeks
duty cycle: 50%
L ~ 1/A (approx) 
∫Ldt = 11 fb-1
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J. Dunlop/A. Bruell: 
1% energy-to-energy normalization (only)
following discussions at MIT EIC Mtg.

• How realistic are the assumptions?
• Compare to current HERA studies ?

G(x,Q2), Luminosity, and Syst. Errors
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• It makes little sense to go for very high statistics when one is 
dominated by systematical errors
• Depends a bit on what systematic errors one is dealing with (e.g. 

overall normalization error doesn’t effect shape of distribution)
• W/o at least a rough detector design and lots of simulations it is hard 

to estimate sys. uncertainties
• Some simple estimated exist:

Conclusion from this study:
Dominated by sys. uncertainties
Depending on x and Q2 might be able 
take a hit in L by a factor ~4-9⇒ need 
more detailed studies (w detector)
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Connections with RHIC and LHC

20

LHC 
|y|<1

R
H

IC
 |
y
|<

1

10-4 10-3 10-2 10-1 1
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

R
gP

b
(x

)

x

EPS08
EKS98
HKN07
EKPS

Q2=1.69 GeV2

Eskola, Paukkunen, Salgado,

arXiv:0802.0139 [hep-ph]

anti-
shadowing E

M
C

F
e
rm

i-
M

o
ti
o
n

shadowing Shadowing|Antishadowing|EMC

)c (GeV/
T

p
0 1 2 3 4 5

dA
u

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

BRAHMS data

pQCD+shadow [Guzey et al.]
pQCD+shadow [Accardi]
CGC [Tuchin et al.], no isospin corr.
CGC [Jalilian-Marian], no isospin corr.

d+Au !  h" +X,  √sNN = 200 GeV, # = 3.2 

Saturation (initial state) effects 
(RHIC fwrd, LHC mid-rapidity)

0.8

0.6

0.4

0.2

5 10 50 100 5001
0F

ra
c
ti
o
n
a
l 
c
o
n
tr

ib
u
ti
o
n
 t
o
 c

ro
s
s
-s

e
c
ti
o
n

pT (GeV/c)

!0, y=0

NLO (CTEQ6M, DSS) 
----- RHIC !s = 200 GeV
----- LHC   !s = 5.5 TeV 

gg qg

qq

gg
qg

qq

Particle Production
Hadron attenuation|Eloss in cold matter

HERMES
π0



A. Mueller (EIC Mtg. Stony Brook 2007)
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Summary “Requirements” e+A Program

It is a bit too early to define solid requirements
• Lack of simulations including detector response
• Statistical versus systematic errors
• Detector (tracking & PID) efficiencies (1% - 100% ?)

This affects especially the luminosity. Adding losses of a factor 2 here 
and there can have massive impact on the required luminosity. Cost 
of high L versus cost of the detector have to be factored in. 

If we want to follow our timeline we need to converge on at least a 
rough detector concept in the not too distant future. 
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Summary “Requirements” e+A Program
However, the following rough picture evolves:
The beam energy discussed so far (10+100) is on the low side. Much relies 
on model predictions of Qs enhancement in nuclei and even in the most 
optimistic case we might not reach far enough into the saturation region. The 
same holds for the overlap with forward RHIC and mid-rapidity LHC physics. 
To stay on the safe side in terms of reach and overlap with RHIC & LHC
⇒ 30 GeV +130 GeV 
The whole program relies massively on the nuclear Oomph. We need to push 
A as high as possible
⇒  A ≥ Au (197)
Luminosity requirements for the baseline measurement are lower than the 
nominal 4⋅1033 cm-2 s-1. We can go a long way with ~5 less.
⇒  L ~ 1⋅1033/A cm-2 s-1  (for baseline)
However, for the extended program (exclusive channels for gluon space-time 
studies, DVCS, and diffractive physics) we will need higher luminosity. Since 
L ~ 1/A and most cross-section σep ~ σeA ⋅ A requirements for non-polarized ep 
physics applies for eA as well.
⇒  L ≥ 4⋅1033/A cm-2 s-1  (for full program)
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Closer Look: e+p
Precisely image the sea-quarks and gluons in the nucleon to 
determine the spin, flavor and spatial structure of matter.
• How do the gluons and sea-quarks contribute to the spin 

structure of the nucleon?
• What is the spatial distribution of the gluons and sea quarks 

in the nucleon?
• How do hadronic final-states form in QCD? 

While there’s lots of interesting e+p physics that does not necessarily 
need polarized electron and protons, it’s the polarized e+p program 
that appears to drive mostly the requirements .
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Energy requirements for e+p

EIC e+p program not based on 
physics at the energy frontier (a la 
LHeC, beyond the SM, ...).
It’s strength are:

! polarization (spin physics)
! high luminosity (higher 

precision)
For spin physics, however,  we 
must reach a new energy (x, Q2) 
frontier
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g1: Energy = x,Q2 reach

x,Q2 reach appears sufficient at √s=100 GeV to distinguish models 
for g1 in a crucial x range as long as Q2 < 12 GeV2

The (30+325) GeV option gets you up to Q2=~40 GeV2 at x=10-3
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ΔG: Energy = x,Q2 reach
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RHIC-Spin

Projected data on ΔG/G with an EIC 
at a scale of ~ 10 GeV2, via quasi-
real photo-production of D0 mesons. 
Projections correspond to D0 → K- + 
π+.
Other methods: g1 scaling violation 

Pushing that region is a matter of energy (having a point at all) and 
luminosity (having a meaningful point)
e.g.: For 30+325 GeV we might get to x = 3 10-4 at Q2 = 10 GeV2 but the 
errors might be huge.

Issues:
ΔG ~ x G
We have no idea how 
much “area” there is hidden 
at x <  5 10-3.
It could be 50%. 
We simply do not know!



Positrons ?
1. DVCS studies are at the heart of the EIC
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Bethe-Heitler process.
To disentangle (get rid of interference 
term) need e+ (see HERA) 
Interference term gives insight into 
aspects of GPDs

Q: do we need them at the same L, P 
as electrons? From the beginning?

2. Charged current studies

proton

e±
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W-  couples to  u d
W+  couples to  d u

Q: How important is that for the e+p 
program?
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Luminosity
L ~ 1033  appears to be 
well matched:
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RHIC-Spin

Although more is always better
given the “known unknowns”
All studies so far assume 100% 
detector efficiencies.

Spin-flavor composition of sea quarks



Luminosity hungry processes
But then there are some issues:
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Total Photon Cross Sections • Exclusive measurement of 
vector mesons
! differential measurements

• DVCS
! σ ~ α3

! At small x: σ ~ 1/[xg(x,Q2)]2

! essential for GPDs

! quadruple-differential 
measurements in x, Q2, t, xi at 
EIC (see Andrzej Sandacz talk 
at SB mtg.) very luminosity 
hungry

small x ⇒ large W



Exclusive Processes in e+p 
• Essential part of the EIC program

! General Parton Distributions (GPD)
! “Quark/gluon imaging” of nucleon
! [NSAC LRP; EIC White Paper]

• Challenging measurement
! High luminosity L ~ 1034 cm-2 s-1

! Detectors: coverage, resolution, 
particle ID

• Lessons from MC simulations
! e+p → eÕ π+ n,  π0 p, KΛ
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Summary “Requirements” e+p Program
Although there are edges in our measurements (money plots) that 
could benefit from higher energies,  √s=100 GeV (10+250 GeV) 
appears to be a good match for the majority of the proposed 
measurements allowing for a world-class program
⇒ Emax = 10 + 250 GeV (√s=100 GeV)

A luminosity of L = 4⋅1033 cm-2 s-1 appears to be sufÞcient for the 
majority of measurements. There are, however, exclusive studies in 
non-diffractive channels that could drive that requirement up, 
especially when multi-differential studies are needed (GPDs).
How vital they are is beyond my expertise.

⇒ L ≥ 4⋅1033 cm-2 s-1   
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Summary “Requirements” e+p Program
There seem to be compelling reasons to allow for injections of 
positrons. It appears to be not a requirement for the day 1 program 
and could be seen as an upgrade to an electron only EIC. 
⇒ positrons: yes (but not necessarily day 1)

The spin program requires high levels of polarization (see RHIC spin 
program) but they have to match the luminosity (high-pol. source). 
FOM is P2L

⇒ P ≥ 70%
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Conclusions
1. While we have a rough view of what the requirements for 

an EIC are there are many open issues 
2. For that we need full scale simulations (incl. detector(s))

Rough picture:
e+A: We have to push the energy up (Ee > 10) while we can 
relax the requirement on luminosity. With Ee = 10 GeV we 
are on the edge.

e+p: While the “nominal” energy (10+250) appears a good 
match, the question of luminosity requirements is less clear. 
4x1033 (100 x Hera) brings us a long way but there might be 
compelling reasons to push that up. How strong they are I 
cannot judge. This needs to be answered soon.
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Luminosity DVCS 

The projections assume: 

(10 on 250 GeV)
Ldt = 530 pb-1  for the smaller x-
value

(5 on 50 GeV) 
Ldt = 180 pb-1 for the larger x-value. 

The estimates of the event rates 
here assume 100% detector 
acceptance.

Good results at 530 pb-1 is few days 
at 4⋅1033 cm-2 s-1
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total DVCS cross section differential cross section d! /dt

But what if the γ efficiency is 10%, 1% after background cuts?


