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Figure 3.14: The kinematic reach in x and Q
2 of the EIC for di↵erent electron beam energies,

given by the regions to the right of the diagonal black lines, compared with predictions of the
saturation scale, Qs, in p, Ca, and Au from Model-I (see Sec. 3.2.1 and note that x < 0.01 in
the figure).

(pQCD) based on the linear DGLAP evolu-
tion equation is strictly only applicable at
large Q

2. In the range Q
2

< Q
2
s, solely

non-linear theories such as the CGC can pro-
vide quantitative calculations. It is only in a
small window of approximately 1 . Q

2 . 4
GeV2 where a comparison between the two
approaches can be made (see Fig. 3.14). Due
to the complexity of high energy nuclear
physics, at the end, the final insight will
come from the thorough comparison of mod-
els calculations with a multitude of measure-
ments, each investigating di↵erent aspects of
the low-x regime. We will learn from varying
the ion species, A, from light to heavy nuclei,
studying the Q

2, x, and t dependence of the
cross-section in inclusive, semi-inclusive, and
exclusive measurements in DIS and di↵rac-
tive events.

In what follows we discuss a small set
of key measurements whose ability to ex-
tract novel physics is beyond question. They

serve primarily to exemplify the very rich
physics program available at an EIC. These
“golden” measurements are summarized in
Tab. 3.1 with two EIC energy options. These
measurements are discussed in further detail
in the remainder of this section. It should
be stressed that the low-x physics program
will only reach its full potential when the
beam energies are large enough to reach suf-
ficiently deep into the saturation regime. Ul-
timately this will only be possible at an EIC
where x ⇠ 10�4 can be reached at Q

2 val-
ues of 1–2 GeV2 as indicated in Fig. 3.14.
Only the highest energies will give us enough
of a lever arm in Q

2 to study the cross-
ing into the saturation region allowing us
to, at the same time, make the comparison
with DGLAP-based pQCD and CGC predic-
tions. The statistical error bars depicted in
the figures described in this section are de-
rived by assuming an integrated luminosity
of

R
Ldt = 10 fb�1

/A for each species and in-

75

Exploring low-x physics / Onset of saturation phenomena at EIC 

With its broad range of collision ener-
gies, its high luminosity and nearly hermetic
detectors, the EIC could image the proton
with unprecedented detail and precision from
small to large transverse distances. The ac-
cessible parton momentum fractions x ex-
tend from a region dominated by sea quarks
and gluons to one where valence quarks be-
come important, allowing a connection to the
precise images expected from the 12 GeV
upgrade at JLab and COMPASS at CERN.
This is illustrated in Fig. 1.4, which shows
the precision expected for the spatial distri-
bution of gluons as measured in the exclu-
sive process: electron + proton ! electron

+ proton + J/ .
The tomographic images obtained from

cross-sections and polarization asymmetries
for exclusive processes are encoded in gen-
eralized parton distributions (GPDs) that
unify the concepts of parton densities and
of elastic form factors. They contain de-
tailed information about spin-orbit correla-
tions and the angular momentum carried by
partons, including their spin and their orbital
motion. The combined kinematic coverage
of the EIC and of the upgraded CEBAF as
well as COMPASS is essential for extracting
quark and gluon angular momentum contri-
butions to the proton’s spin.

1.1.2 The Nucleus, a QCD Laboratory

The nucleus is a QCD “molecule”, with a complex structure corresponding to bound states
of nucleons. Understanding the formation of nuclei in QCD is an ultimate long-term goal of
nuclear physics. With its wide kinematic reach, as shown in Fig. 1.5 (Left), the capability
to probe a variety of nuclei in both inclusive and semi-inclusive DIS measurements, the
EIC will be the first experimental facility capable of exploring the internal 3-dimensional
sea quark and gluon structure of a fast-moving nucleus. Furthermore, the nucleus itself is
an unprecedented QCD laboratory for discovering the collective behavior of gluonic matter
at an unprecedented occupation number of gluons, and for studying the propagation of
fast-moving color charges in a nuclear medium.
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Figure 1.5: Left: The range in the square of the transferred momentum by the electron to the
nucleus, Q2, versus the parton momentum fraction x accessible to the EIC in e-A collisions at
two di↵erent center-of-mass energies, compared with the existing data. Right: The schematic
probe resolution vs. energy landscape, indicating regions of non-perturbative and perturbative
QCD, including in the latter, low to high saturated parton density, and the transition region
between them.
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Transition from pert. to non-pert. region around  

Partonic (Large Q2) to hadronic behavior (Low Q2), in particular in 

photoproduction limit, i.e.   

Formulation of structure function  to  cross-section  

, in particular in photoproduction limit, i.e.    

Probing transition region requires measurements around  , above 

and below, down to at least 

Q2 = 1 GeV2

Q2 → 1 GeV2

F2(x, Q2) γ* p σγ*p
tot (W 2, Q2)

Q2 → 1 GeV2

Q2 = 1 GeV2

Q2 = 0.1 GeV2
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Process

e+(�) (k)

e+(�), ⌫e (⌫̄e) (k
0)

p (p)
X (p0)

�⇤, Z0, W+(�) (q)

267 Building the Tools

shown to first-order perturbation theory in Fig. 10.7, is described through the ex-
change of a Standard Model electroweak gauge boson [Sur99]:

e(k) + P (p) ! l(k0) + X(p0) (10.8)

with the electron (positron) and proton in the initial state denoted by the four-
vectors k = (Ee,ke) and p = (EP ,P ), respectively. The final state consists of the
scattered lepton k0 = (E0

l ,k
0
l) and the hadronic final state system p0 = (EX ,pX).

Depending on the exchanged electroweak gauge boson, one distinguishes two
classes of events:

• Neutral Current (NC) (electroweak gauge boson: virtual photon �⇤ or Z0 boson)
and

• Charged Current (CC) (electroweak gauge boson: W± boson) events.

Both event classes can be distinguished by the final-state lepton. In the case of
NC events an electron (positron) is found in the final state (l = e) whereas in the
case of CC events the final-state system consists of a neutrino (antineutrino) which
escapes detection (l = ⌫e).

Collider e± / p experiments are typically designed be able to measure the energy
and direction of both the scattered lepton (in case of NC events only) and the
hadronic final-state system. Two independent variables are su�cient in defining
the unpolarized inelastic e± / p event kinematics at fixed beam energies, e.g., in
the case of a NC event the energy E0

e and polar angle ✓0
e of the scattered electron

(positron).
A detailed discussion of deep-inelastic scattering (DIS) is presented in Chapter 9.

In the section below the emphasis is placed on the kinematic aspects. Here, in
order to be self-contained, the variables necessary to provide a relativistic-invariant
formulation of the unpolarized inelastic ep event kinematics are again summarized:

s = (k + p)2 ' 4EeEP (10.9)

t = (p � p0)2 (10.10)

u = (k0 � p)2 (10.11)

Q2 = �(k � k0)2 = �(p � p0)2 = �t = �q2 (10.12)

x = Q2

2(p·q) ' � t
u+s 0  x  1 (10.13)

y = p·q
p·k ' u+s

s 0  y  1 (10.14)

W 2 = (p + q)2 = (p0)2 = m2
p + Q2

x (1 � x) ' s + t + u (10.15)

⌫ = p·q
mp

(̇10.16)

e+(�) (k)

e+(�), ⌫e (⌫̄e) (k
0)

p (p)

X (p0)

✓0e

�

#0
e = ⇡ � ✓0e

Large  refers to small  / At very small : ! 

Small  refers to high-energy region (Large ) in  scattering! 

Coordinate system: Positive z-axis along proton direction / Sometimes 

angle  is used instead of  !

W 2 x x W 2 ≈ Q2 /x

x W 2 γ* p

ϑ′ e = π − θ′ e θ′ e

EIC 2nd Detector Workshop
Philadelphia, PA, May 17, 2023



Structure function 

At large Q2, well above , partonic behavior dominates / Theoretical 

description of pQCD in terms of unpolarized PDFs and evolution using DGLAP evolution! 

The formulation in terms of structure functions is appropriate at large Q2 with kinematic 

variables of: x(y) / Q2 

Double-differential cross-section:  

with: 

Q2 = 1 GeV2

Formulation of inclusive ep scattering: DIS to PHP
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Y+ = 1 + (1� y)2
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FL = F2 � 2xF1
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Cross-section  scattering 

Besides differential ep cross-section in terms of structure functions, one can interpret ep cross-

section as the product of the flux of virtual photons and  cross-section: 

The total virtual-photon proton cross-section is given as follows:        At small x: 

The formulation in terms of cross-sections is appropriate at small Q2 and small x (x < 0.01), requiring 

that the lifetime of the virtual photon is large compared to the interaction time. Appropriate 

kinematic variables are: W2 and Q2 

This is in particular true in the photoproduction limit  for which !

γ* p

γ* p

Q2 → 0 F2 → 0

Formulation of inclusive ep scattering: DIS to PHP
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<latexit sha1_base64="FgYTjjtN0WYQqV6aukHPTVAYpD8="></latexit>

��⇤p
tot (W 2, Q2) ⌘ ��⇤p

T (W 2, Q2) + ��⇤p
L (W 2, Q2)

<latexit sha1_base64="wEm+sZLsTYnJHjeidU8L7B+RD/0="></latexit>

��⇤p
tot (W 2, Q2) =

4⇡2↵

Q2(1� x)

Q2 + 4m2
px

2

Q2
· F2(x,Q

2)

<latexit sha1_base64="+i9CL6MsytLcs4FpP1mlyva+cYU="></latexit>

��⇤p
tot (W 2, Q2) ⇡ 4⇡2↵

Q2
· F2(x,Q

2)
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Comments on formulation DIS to PHP 

At large Q2, well above , slope ( ) in  rises with Q2 / 

Partonic behavior dominates, successfully described by pQCD / DGLAP evolution! 

Below  , slope in  is flat in Q2  / pQCD / DGLAP evolution 

breaks down / Hadronic behavior dominates with similar energy dependence (W2) for 

 as total photoproduction cross-section, ! 

New formulation of ep scattering at low x born out of HERA program: Color-dipole 

picture at low x (x < 0.01) by several groups

Q2 ≈ 1 GeV2 λ(Q2) F2 ∼ x−λ(Q2)

Q2 ≈ 1 GeV2 F2 ∼ x−λ(Q2)

σγ*p
tot (W2, Q2) σγp

tot (W2)

EIC 2nd Detector Workshop
Philadelphia, PA, May 17, 2023
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Kinematic coverage
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Extension towards small Q2: Example from ZEUS

BPC

cryo-tower

Distance of BPC to nominal IP: 3m 
Angular coverage: ~17-35 mrad
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Technical realization for ZEUS Beam-Pipe Calorimeter (BPC)

Window

Scattered positron

Beam pipe

Interaction point
x

z

y

BPC-North

BPC-South

Beam pipe window 
(AL): 1.5mm at 
2.5m
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Technical realization for ZEUS Beam-Pipe Calorimeter (BPC)

Horizontal SCI-fingers

13
8m

m

BPC-South BPC-North

WLS

PMT-housing

Vertical SCI-fingers 

W-plate 

brass spacers

tungsten bar

scintillator fingers 
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Technical realization for ZEUS Beam-Pipe Calorimeter (BPC)
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F2 vs. x / Cross-section vs. W2
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F2 vs. Q2 / Cross-section vs. Q2
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Color-dipole model formulation 

k ⊥k
⊥

-k⊥
-k⊥-l⊥ -k

⊥

l⊥ l⊥
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Figure 1: The two-gluon exchange. The arrows relate to the transverse-
momentum flow.
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Figure 2: The virtual-photon-proton cross section, σγ∗p(η(W 2, Q2)) including
Q2 = 0 photoproduction as a function of η = (Q2 +m2

0)/Λ
2(W 2).
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Formulation of  in color-dipole picture, 

including photoproduction limit:   

-variable:  

HERA data for x < 0.01 exhibit scaling behavior! 

Two limits: 

Q2: PHP limit  

W2: HE limit 

σγ*p
tot (W 2, Q2)

η

lim
Q2→0

σγ*p
tot (W 2, Q2) = σγp

tot (W 2)

lim
W 2→∞

σγ*p
tot (W 2, Q2) = σγp

tot (W 2)

<latexit sha1_base64="6+mwO4tGCB1YH3JFnE9XF/70NSw="></latexit>

⌘(W 2, Q2) =
Q2 +m2

0

⇤2(W 2)

iii) to establish the connection between the above-mentioned description based

on the notion of the colour-dipole cross section and the conventional gluon

density of the proton.

The evaluation of the two-gluon exchange diagrams from Fig.1 in the low-x

limit, and transition to transverse position space, leads to [3, 1]

σγ∗p(W
2, Q2) =

∫

dz
∫

d2r⊥|ψ|
2(r2⊥Q

2z(1 − z), Q2z(1 − z), z) ·

· σ(qq̄)p(r
2
⊥, z(1− z),W 2). (4)

where the Fourier representation of the colour-dipole cross section is given by

σ(qq̄)p(r
2
⊥, z(1 − z),W 2) =

∫

d2l⊥σ̃(qq̄)p(#l
2

⊥ , z(1− z),W 2) · (1− e−i"l⊥·"r⊥). (5)

Indeed, substituting (5) into (4), together with the Fourier representation of the

photon-wave function |ψ|2, yields [2] precisely the momentum-space representa-

tion for the cross section based on the diagrams in Fig.1 evaluated in the x → 0

limit. We note that the detailed structure of the interaction of the (qq̄) pair, once

the pair has emitted (at least) two gluons, is fully buried in the colour-dipole

cross section, or rather in its Fourier-transform, σ̃(qq̄)p, in (5).

From (5), for vanishing and for infinite quark-antiquark separation, respec-

tively, we have

σ(qq̄)p(r
2
⊥, z(1 − z),W 2) = σ(∞) ·

{

1
4r

2
⊥〈#l

2〉W 2,z , for r2⊥ → 0,
1 , for r2⊥ → ∞,

(6)

where by definition

σ(∞) = π
∫

dl2⊥σ̃(#l
2
⊥, z(1 − z),W 2), (7)

and 〈#l2⊥〉, the average gluon transverse momentum, is given by [5]

〈#l 2〉W 2,z =

∫

d#l 2
⊥
#l 2
⊥ σ̃(qq̄)p(#l

2
⊥ , z(1 − z),W 2)

∫

d#l 2
⊥ σ̃(qq̄)p(#l

2
⊥ , z(1− z),W 2)

. (8)

If the GVD/CDP defined by (4) and (5) is to be consistent, the asymptotic

(#r2⊥ → ∞) limit of the colour-dipole cross section, σ(∞), defined in (7), must

2

G. Cvetic, D. Schidlknecht, 
and B. Surrow Eur.Phys.J.C 20 
(2001) 77-91
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Kinematic variable resolution and precision
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Mathematical formulation: At low x / high y consider only e-method!

Q2[E0
e, ✓

0
e] = 2EeE

0
e(1 + cos ✓0e)

y[E0
e, ✓

0
e] = 1� E0

e

2Ee
(1� cos ✓0e)
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@Q2

@E0
e

= 2Ee(cos ✓
0
e + 1)

@Q2

@✓0e
= �2EeE

0
e sin ✓

0
e
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@y

@E0
e

=
cos ✓0e � 1

2Ee

@y

@✓0e
= �E0

e sin ✓
0
e

2Ee
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Q2 resolution worsens for large 
𝜃’, need excellent 𝜃’ resolution!

y resolution worsens for 
small y, need excellent E’ 
resolution!

 =176.5407º /  θ′ e η = 3.5 → tan ( θ′ e

2 ) ≈ 33
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Fixed E′ e

Fixed F

EIC kinematics (Ee=10 GeV, Ep=250 GeV)
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Acceptance EIC
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Kinematic plane by observables

Ee = 10GeV
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2GeV steps: 
2GeV-100GeV

2GeV steps: 
2GeV-100GeV

Fixed θ′ e

Fixed γ

5º steps: 4º-174º 

1º steps to 179º  

plus  

 =176.5407º / θ′ e η = 3.5

5º steps: 
4º-179º
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Acceptance ePIC
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ePIC Central detector vs. low Q2 tagger: Focus on angular acceptance

Q2[x, ✓0e] =
xs

xs
4E2

e
tan2 ✓0

e
2 + 1
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Fixed θ′ e

5º steps: 
4º-174º 

1º steps to 
179º plus 

176.5407º

EIC kinematics (Ee=10 GeV, Ep=250 GeV)
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 =176ºθ′ e

 =177ºθ′ e

 =176.5407º / θ′ e η = 3.5

Q2 acceptance of Low-Q2 tagger 

from collaboration meeting: 

Extremely small values in Q2 —> PHP 

tagger! 

At  we get:  =176.5407º  

Concern: No continuous coverage 

down to at least Q2=0.1GeV2  

Can we extend calorimetry/tracking/

PID coverage down to Q2=0.1GeV2?  

No continuous coverage between 

Q2=0.1GeV2 and Low-Q2 tagger!

η = 3.5 θ′ e
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Concluding remarks
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HERA program focused on various efforts to study the transition region:  

Shifted vertex 

Installation of flat beam pipe allowing to move top/bottom U-SCI calorimeter modules 
closer to beam (ZEUS) 

Dedicated scintillating tracker to improve hit resolution (ZEUS) 

Dedicated small-angle tagger: beam pipe calorimeter (ZEUS/H1) 

The physics program of exploring saturation phenomena requires continuous coverage below 
Q2=1GeV2, at least an order of magnitude below  Q2=1GeV2, where pQCD description fails, i.e. to 
at least Q2=0.1GeV2 

ePIC low Q2 tagger is a photoproduction tagger - critical for photoproduction physics and Q2 
acceptance well below Q2=0.1GeV2! 

Opportunity for 2nd detector: Maximize Q2 tagger down to at least Q2=0.1GeV2 / Integrate 

detector design with appropriate IR layout concerning small electron-angle ( ) acceptance!θ′ e
EIC 2nd Detector Workshop
Philadelphia, PA, May 17, 2023


