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DisclaimerExpected luminosities

Species Energy Luminosity 
(fb-1)

e polarization p/A polarization

Year 1 e+Ru or e+Cu 10 x 115 0.9 N/A N/A

Year 2
e+d (21 weeks) 10 x 130 9.2 N/A N/A

e+p (5 weeks) 10 x 130 0.95 - 1.03 N/A trans?

Year 3 e+p 10 x 130 4.95 - 5.33 N/A trans & long

Year 4
e+Au (13 weeks) 10 x 100 0.42 N/A N/A

e+p (13 weeks) 10 x 250 3.09 - 4.59 N/A trans & long

Year 5
e+Au (13 weeks) 10 x 100 0.42 N/A N/A

e+3He (13 weeks) 10 x 166 4.33 N/A trans & long

● Each year: 1/2 year operation with 80% uptime
● eA luminosity is per nucleon 
● ep luminosity range for low - high divergence
● For years with two species, division is just a guess
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No electron polarization


No/little mention of TMD/GPD


Not everything in the YR is included here
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* don’t believe these results



with YR filter
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with YR filter without YR filter
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with YR filter without perfect detector filter
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Observables 
that we know 

“well” 
(but we can always improve)



e+p NC DIS for collinear proton PDFs
simulated in YR: 


expected          :  

ℒint ∼ 100 fb−1

ℒint ∼ 10 fb−1

Results depend strongly on the PDF set used

NC e+p DIS

+CC, +NC e+d ℒint ∼ 10 fb−1
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e+p NC DIS for collinear proton PDFs
simulated in YR: 


expected          :  

ℒint ∼ 100 fb−1

ℒint ∼ 10 fb−1

Results depend strongly on the PDF set used

+CC, +NC e+d ℒint ∼ 10 fb−1

NC e+p DIS

NC e+p DIS, charm

⚔ (double) tagged “free” neutron

⚔ N3LO (approx.) available

⚔ bottom possible?

☹ intrinsic charm unlikely
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e+A NC DIS for nuclear PDFs
simulated in YR: 


expected          :  

ℒint ∼ 10 fb−1

ℒint ∼ 1 fb−1

NC e+p DIS
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simulated in YR: 


expected          :  

ℒint ∼ 10 fb−1

ℒint ∼ 1 fb−1

NC e+p DIS

NC e+p DIS, charm

⚔ light nuclei

⚔ N3LO (approx.) available

⚔ bottom possible?

e+A NC DIS for nuclear PDFs

☹ A-dependence not possible
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SIDIS in e+p (light hadrons)
simulated in YR: 


expected          :  

ℒint ∼ 10 fb−1

ℒint ∼ 10 fb−1
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SIDIS in e+p (light hadrons)
simulated in YR: 


expected          :  

ℒint ∼ 10 fb−1

ℒint ∼ 10 fb−1

⚔ N2LO fully available

⚔ new COMPASS data (2410.12005 [hep-ex])
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https://arxiv.org/abs/2410.12005


Observables about 
which we know at 
least something 

(in no particular order)



SIDIS in e+A and nFFs (for light mesons)
Hadron formation in-medium for low energies (suppression at HERMES and JLAB)

Hadron formation outside the medium for EIC?
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nFF24 by M. Doradau, R.T. 
Martinez, R. Sassot, M. 
Stratmann, 2411.08222 [hep-ph]

SIDIS in e+A and nFFs (for light mesons)
Hadron formation in-medium for low energies (suppression at HERMES and JLAB)

Hadron formation outside the medium for EIC?

⚔ New (global) 
extraction of nFFs.

⚔ JLAB Fe data 
poorly described 
(w.r.t. Pb)

10/26
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Figure 7.92: In-medium corrections for D0 (left) and B0 cross sections (right) as a function of
the momentum fraction z at the EIC in three rapidity regions. Left panel presents results for
D-mesons and right panels is for B-mesons. The electron and proton/nucleus beam energies
are 10 GeV×100 GeV.

Here, Ninc(pT, η) denotes the cross section of large radius jet production [814] with
transverse momentum pT and rapidity η. The observed ReA(z) is qualitatively
consistent with the effective modification of fragmentation functions even after
their convolution with the PDFs and the perturbative hard part. There is a sig-
nificant suppression for large values of z, but it quickly evolves to enhancement
for z < 0.65 and z < 0.8 for D-mesons and B-mesons, respectively. The effect is
most pronounced at forward rapidities and one finds that Rh

eA as a function of z
is a more suitable observable for cold nuclear matter tomography at the EIC than
the transverse momentum distributions’ modification for hadrons in the labora-
tory frame alone. At smaller center-of-mass energies differential particle spectra
fall faster with pT, similar to what is observed in hadronic collisions [989], which
further enhances the observed nuclear effects. Production of particles that contain
strange quarks, such as kaons, can also be studied at the EIC [990].

Heavy meson reconstruction and physics projections

Due to the asymmetric nature of the collisions at the EIC, most of the final state
hadrons are produced in the nucleon/nucleus beam going (forward) direction. A
silicon vertex/tracking is critical to precisely measure these forward hadrons at the
EIC. A LANL experimental team has produced conceptual designs of a Forward
Silicon Tracker (FST) coupled to tracking in the central region to enable jet and
heavy flavor physics at the EIC [845, 846, 991]. EIC Fun4all simulations were per-
formed with both the Babar and BeAST magnets. A 95% detection hit efficiency is
used in both track and vertex reconstructions. In track reconstruction, the Kalman
Filter algorithm is used and a 20 µm vertex Gaussian smearing is applied to both x
and y directions. The full simulation results, including momentum resolution and
distance of closest approach resolution are applied to heavy meson reconstruction

in-medium evolution

Heavy mesons in e+A

Longer formation times, hadronization expected inside the medium?

Discriminating power for different theoretical models.

11/26



Di-hadron fragmentation functions

192 7.4. UNDERSTANDING HADRONIZATION

contained in the azimuthal modulations of AUT sensitive to transversity coupled
the chiral-odd, transverse polarization dependent, DiFF up to l = 2, i.e., taking
only s- and p-waves into account. For more details, see the discussion around
eq. (52) in Ref. [569]. The projections are for a luminosity of L = 10 fb−1 at the low
CME configuration of 5× 41 (in GeV), where the effect of the pT restriction is more
severe. A reasonable precision can be achieved for all PWs. The larger uncertain-
ties at low x are due to the smaller depolarization factor D(y) at these kinematics.

Figure 7.87: Projections for the nine partial waves contributing at twist-2 to AUT using L =
10 fb−1 at 5 × 41 (in GeV). The labels on the figure indicate the m, l state and which PDF and
FF the PW is sensitive to.

Leading jets

Different than inclusive measurements, the reconstruction of leading jets or
hadrons allows for a well defined notion of energy loss which can be directly mea-
sured at the EIC [615]. By identifying in addition a hard reference scale Q2 = −q2,
the photon virtuality, the average radiation outside the leading jet 〈zloss〉 can be
calculated from first principles in QCD which can be directly identified with par-
ton energy loss. Semi-inclusive cross sections measurements with a suitable jet
reconstruction algorithm in the Breit frame [592], allow for a unique opportunity
to study the probability distribution of leading jets as well as their average energy
loss, see Fig. 7.88. In e+pcollisions leading hadrons and jets probe non-linear QCD
dynamics [615, 967, 968]. Additionally, in e+Acollisions this provides a unique op-
portunity to quantify the interaction of energetic quarks and gluons with the cold

Mostly related with polarised collisions, but still some things can be done.

expected: ℒint ∼ 10 fb−1
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SF YR: ℒint ∼ 100 fb−1

Pion structure functions
80 7.1. GLOBAL PROPERTIES AND PARTON STRUCTURE OF HADRONS
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Figure 7.24: Left: Comparison of uncertainties on the pion valence, sea quark and gluon
PDFs before (yellow bands) and after (red bands) inclusion of EIC data. Right: Ratio of
uncertainties of the PDFs with EIC data to PDFs without EIC data, δEIC/δ, for the valence
(green line), sea quark (blue) and gluon (red) PDFs, assuming 1.2% systematic uncertainty,
and (inset) the corresponding ratios of the momentum fraction uncertainties, δ〈x〉EIC/δ〈x〉,
for valence, sea, total quark and gluon PDFs [149], at the scale Q2 = 10 GeV2. Fits were
obtained using a Monte Carlo procedure, using DGLAP at NLL with VFNS, NLL αs and
both Drell-Yan and F2 for leading neutrons at NLO.

in statistics compared to HERA. The resulting access to a significant range in Q2

and −t, including small −t, as well as significant x-coverage, will provide insights
into the gluonic content of the pion.

Impact on global QCD analysis

The potential impact of EIC neutron production data is illustrated in Fig. 7.24,
which shows the valence, sea quark and gluon PDFs in the pion from the JAM
global QCD analysis at the input scale Q2 = 10 GeV2 [146], with current uncer-
tainties compared with those expected with the addition of EIC data [149]. At
the moment this is the only impact study of its kind. The analysis of the exist-
ing data includes pion-nucleus Drell-Yan cross sections, both pT-differential and
pT-integrated, and the leading-neutron structure functions from HERA [150], both
treated at NLO. The analysis assumes the center-of-mass energy

√
s = 73.5 GeV,

the integrated luminosity L = 100 fb−1 and a 1.2% systematic uncertainty across
all kinematics. This does not include an uncertainty coming from the model de-
pendence of the extraction (see above). For both the sea quark and gluon distribu-
tions, the PDF uncertainties are reduced by a factor ∼ 5 − 10 for most of the range
of x, with a (similar) factor ∼ 5 reduction in the valence sector. For the decom-
position of the pion mass [151], written in terms of matrix elements of the QCD
energy momentum tensor (see Sec. 7.1.4), the first moments, 〈x〉q,g, are relevant.
For these quantities, the reduction in uncertainties is by a factor ∼ 10 for both the
total quark and gluon contributions, as can be seen in the inset of Fig. 7.24 (right).
Note, however, that the errors do not include the aforementioned uncertainties as-
sociated with the model dependence of the pion flux, which may be of the order

πℒint ∼ 100 f b−1

J.Phys.G 48 (2021) 7, 075106
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Figure 7.22: Diagram for the Sullivan process used to probe the structure of the pion.

The Sullivan process can provide reliable access to a meson target in the space-like
t-region, if the pole associated with the ground-state meson remains the dominant
feature of the process and the structure of the related correlation evolves slowly
and smoothly with virtuality. To check whether these conditions are satisfied em-
pirically, one can take data covering a range in t, particularly low −t, and compare
with phenomenological and theoretical expectations. A recent calculation explored
the circumstances under which these conditions should be satisfied [135]. Accord-
ing to this study, for the pion (kaon) Sullivan process, low −t equates to −t < 0.6
(0.9) GeV2 to be able to extract the pion (kaon) structure. Substantial further theory
input is required to solidify these numbers and data over a range of −t down to the
lowest accessible values are needed to verify the pion (kaon) structure extraction.

Theoretical backgrounds in extracting the data

The extraction of the mesonic structure of the nucleon from the tagged DIS cross
section is inherently model-dependent. Therefore, it will be necessary to examine
all available reasonable models to evaluate the theoretical uncertainty associated
with extracting meson structure functions from the tagged DIS data. The mea-
sured cross section can be integrated over t to obtain the leading-baryon structure
function introduced as FLB(3)

2 in Ref. [136]. The pion structure function Fπ
2 can

then be extracted from FLB(3)
2 using models, such as the Regge model of baryon

production.

The extraction of the pion structure function will have to be corrected for a number
of effects beyond the simple Sullivan picture. These include non-pion-pole contri-
butions, ∆ and other N∗ resonances, absorptive effects, and uncertainties in the
pion flux. While these corrections can be large and one cannot extract the pion
structure function without including them, detailed calculations do exist [137]. (A
recent estimate of the absorptive effects was presented in Ref. [138].) Moreover,
these corrections are minimized by measuring at the lowest −t, and having fine
differential binning in −t. A quantitative assessment of the desired resolution and
binning in −t needs future study. We note that the simulations of Fig. 7.23 result

⚔ Sullivan process proposed 
for pion GPDs

expected: ℒint ∼ 10 fb−1

13/26



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 111

a model to isolate the dominant dσL/dt from the measured (un-separated) cross
section dσuns/dt.

To control the systematic uncertainty associated with the theoretical correction to
estimate σL from the un-separated σuns, it is very important to confirm the va-
lidity of the model used. This can also be done with EIC data, using exclusive
2H(e, e′π+n)n and 2H(e, e′π−p)p data for the same kinematics as the primary
p(e, e′π+n) measurement. The ratio of these cross sections is R = σ[n(e,e′π−p)]

σ[p(e,e′π+n)] =
|AV−AS|2
|AV+AS|2

, where AV is the isovector amplitude, and AS is the isoscalar amplitude.
Since the pion-pole t-channel process used to determine the pion form factor is
purely isovector (due to G-parity conservation), the above ratio will be diluted if
σT is not small, or if there are significant non-pole contributions to σL. The com-
parison of the measured π−/π+ ratio to model expectations, therefore, provides
an effective means of validating the model used to determine σL. The same model,
now validated, can likely also be used to extract the pion form factor from the σuns
data.

Figure 7.42: Existing data (green crosses [375,376], black circles [377] and triangles [372,378],
blue and yellow squares [372]) and projected uncertainties for future data on the pion form
factor from JLab (cyan and red diamonds [373]) and EIC (black squares), in comparison to
a variety of hadronic structure models [379–384]. The EIC projections clearly cover a much
larger Q2 range than the JLab measurements.

Conclusions for pion form factor: The EIC can allow a pion form factor measure-
ment up to Q2 = 35 GeV2, as shown in Fig. 7.42. The error bars are based on the
following assumptions: integrated luminosity of 20 fb−1 for 5×100 GeV measure-
ment, clean identification of exclusive p(e, e′π+n) events by tagging the forward

FF YR: ℒint ∼ 20 fb−1

Pion form factors

expected: ℒint ∼ 10 fb−1

14/26
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FF YR: ℒint ∼ 20 fb−1

Pion form factors

⚔ Also possible to measure nucleon form factors
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Inclusive diffraction for DPDFs
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Figure 7.29: Diagram for diffractive event in DIS. The final state includes the proton Y, the
scattered electron, and the diffractive system X. (The four-momenta of the particles are
indicated as well.) There is a rapidity gap between X and the scattered proton. The double-
line indicates colorless diffractive exchange responsible for the presence of the rapidity gap.
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Figure 7.30: Accessible range in t and xL for different small-angle θ acceptance of the final-
state leading proton for three EIC energy scenarios: Ep = 275, 100, 41 GeV. The red line is
the kinematic limit, and the grey area is the HERA range.

ton distributions f IP,IR
i (β, Q2) and factorized flux factor f IP,IR

p (ξ, t).

There are number of areas where the EIC can significantly expand our knowledge
of QCD diffraction. (We note that, since we discuss also the region of large ξ, we
here talk about diffraction in the wider sense of leading proton and high-collision
energies.) First, thanks to the instrumentation in the forward region, the EIC will
be able to measure leading protons in a much wider range of t and xL (fraction of
the longitudinal momentum of the initial proton carried by the final proton) than at
HERA. This is illustrated in Fig. 7.30 for different proton energies. The red curves
indicates the kinematic limit, and different curves indicate various angular cuts
on the final-state proton. For example, for the highest proton energy, an angular
acceptance extending to 7 mrad translates into a range in −t up to (at least) 2 GeV2.
This is well beyond the HERA range.

H
ER

A

access to FL
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ton distributions f IP,IR
i (β, Q2) and factorized flux factor f IP,IR

p (ξ, t).

There are number of areas where the EIC can significantly expand our knowledge
of QCD diffraction. (We note that, since we discuss also the region of large ξ, we
here talk about diffraction in the wider sense of leading proton and high-collision
energies.) First, thanks to the instrumentation in the forward region, the EIC will
be able to measure leading protons in a much wider range of t and xL (fraction of
the longitudinal momentum of the initial proton carried by the final proton) than at
HERA. This is illustrated in Fig. 7.30 for different proton energies. The red curves
indicates the kinematic limit, and different curves indicate various angular cuts
on the final-state proton. For example, for the highest proton energy, an angular
acceptance extending to 7 mrad translates into a range in −t up to (at least) 2 GeV2.
This is well beyond the HERA range.
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Figure 7.33: Diffractive quark distribution as a function of z in bins of Q2. The hatched
bands indicate HERA uncertainty bands for the ZEUS SJ fit [277]. The solid bands indicate
the projected uncertainty after fitting to the EIC data.

tion, fa/γ(xγ, M2
γ) is the PDF of the photon (for the resolved-photon contribution),

and xγ the corresponding momentum fraction. The diffractive PDF of the proton
is written in the usually assumed form of Regge factorization as the product of the
flux factor f IP/p(xIP, t), where t is the invariant momentum transfer squared, and

the PDFs of the Pomeron fb/IP(zIP, M2
IP). Finally, dσ̂

(n)
ab is the cross section for the

production of an n-parton final state from two initial partons, a and b. In our anal-
ysis, we identified the factorization scales Mγ, MIP and the renormalization scale
µ with the average transverse momentum p̄T = (pT1 + pT2)/2. The longitudinal
momentum fractions xγ and zIP can be experimentally determined from the two
observed leading jets through

xobs
γ =

pT1 e−η1 + pT2 e−η2

2yEe
and zobs

IP =
pT1 eη1 + pT2 eη2

2xIPEp
, (7.12)

where pT and η is the transverse momentum and rapidity of jet-1 or jet-2, while Ee
and Ep is the electron and proton beam energy, respectively.

H
ER

A ℒint ∼ 2 f b−1

dominated by syst. 
uncertainties (5%)

access to FL
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Diffractive cross-sectionsEarly Measurements on Saturation

1

• Studies using diffractive 
event generator Sartre 
based on Dipole model. 

• Ratio enhanced for small MX 
and suppressed for large MX 

• Standard QCD predicts no 
MX dependence and a 
moderate suppression due 
to shadowing.

Unambiguous signature for 
reaching the saturation limit
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numerator    : day   503 measurement (year 2, p)


denominator: day 1096 measurement (years 4 and 5, Au) NEW!

Diffractive cross-sectionsEarly Measurements on Saturation

1

• Studies using diffractive 
event generator Sartre 
based on Dipole model. 

• Ratio enhanced for small MX 
and suppressed for large MX 

• Standard QCD predicts no 
MX dependence and a 
moderate suppression due 
to shadowing.
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Diffractive di-jet photo-production
CHAPTER 7. EIC MEASUREMENTS AND STUDIES 97

Figure 7.34: NLO QCD predictions for the zobs
IP -dependence using three different sets of

diffractive PDFs: H1 2006 Fit B (full black), Fit A (dotted green), both from Ref. [276], and
ZEUS 2009 Fit SJ (dashed blue curves) from Ref. [277]. The rescaling for the calculation
using the ZEUS SJ fit is needed to take into account the contribution of proton dissociation,
which has been included in the H1 fits A and B.

of vector mesons at high |t|. In this case the proton usually does not stay intact
but rather dissociates into a low mass excitation (which is however much larger
than for low-|t| diffraction). Such a process can be identified by the presence of
a large rapidity gap between the heavy meson and the system produced in the
fragmentation of partons knocked out from the target. An advantage of this class
of processes is that there are two perturbative scales, of similar size, which are
present at both ends of the Pomeron, thus largely suppressing the diffusion of
transverse momenta along the gluon ladder into the non-perturbative regime.

This is an excellent situation to investigate the energy dependence of the vacuum-
exchange amplitude. In fact, the dependence of the cross section on the rapidity
gap is directly converted into the intercept of the Pomeron exchange at a given t.
Roughly speaking, the dependence on the rapidity gap of the cross section should
scale as 2(αP(t) − 1), which should be about 0.4 − 0.5 for the BFKL Pomeron as
compared to 0.2 for the soft regime.

The HERA detectors had a rather limited rapidity acceptance and therefore could
not measure directly, for this process, the dependence of the cross section on the
rapidity gap. As a result, the determination of the energy dependence of the
Pomeron amplitude was sensitive to details of the t-dependence of the amplitude
and also masked by the convolution with the x-dependence of the parton density
in the target which was integrated over.

Rept.Prog.Phys. 85 (2022) 12, 126301

Is factorisation broken?

Z. Phys. C 68 (1995) 113–120

very sensitive to the 

DPDFs set used

JHEP 05 (2020) 074
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Figure 7.73: Jet angularity distributions for light flavor jets (black open symbols) and charm
tagged jets (blue filled symbols) with different power order a value selections are shown in
the top panel. Distributions with a = 0.5 are shown on the left, with a = 1 are shown in the
middle and a = −2 are shown on the right. Bottom panel shows the ratio of the normalized
charm jet angularity distribution over the normalized light flavor jet angularity distributions
in the top panel with the corresponding a value selection. The statistical uncertainties are
projected with 10 f b−1 e + p at

√
s = 63 GeV.

gularity,

τa =
1
pT

∑
i∈J

pi
T(∆RiJ)

2−a , (7.41)

for light flavor jets and charm tagged jets with different power order a value se-
lections [845, 846]. Figure 7.73 shows the jet angularity distributions of light flavor
jets and charm tagged jets and ratio distributions of their shapes in 10 f b−1 e + p
at

√
s = 63 GeV. Charm jets have a broader jet shape which causes increasing

trends in the jet angularity ratio distributions presented in the bottom panels of
Figure 7.73. Nuclear modification effects for different flavor jets are under study.

Jets as precision probes in electron-nucleus collisions with electron-jet correlations and
jet substructure measurements

Jets produced in deep-inelastic scattering can be calibrated by a measurement of
the scattered electron. Such “tag and probe” studies focus on Born kinematics and

Tagged Jet angularities in e+p

⚔ All sort of studies of jet substructure
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Global event shapes

1-jettiness  ( )τb
1 τa

1

very sensitive to αs

CHAPTER 7. EIC MEASUREMENTS AND STUDIES 103

Figure 7.35: Theoretical predictions for 1-jettiness (or DIS thrust) τb
1 distributions, from NLL

to N3LL accuracy at Q = 30 GeV, x = 0.05 (left) and Q = 50 GeV, x = 0.2 (center). The right-
most panel shows a typical distribution before (red) and after (orange) convolution with a
nonperturbative shape function, which for sufficiently large values of τ1 has the primary
effect of shifting the perturbative distribution to the right, controlled by a universal shift
(first moment) parameter Ω1, taken here to be 0.35 GeV. A robust determination of αs from
event shape measurements will also fit for Ω1 at the same time.

Figure 7.36: Left: Region in τ = τb
1 over which resummed perturbation theory is expected

to be more reliable than fixed-order perturbation theory, based on the value of τ at which
singular logs and nonsingular terms become of comparable size [338]. Right: Contours of
estimated theoretical uncertainty in x, Q space, with coverage at HERA and (expected) EIC
at high (140 GeV) and low (45 GeV) center-of-mass energies. Squares are values of x, Q for
previous HERA analyses of event shapes [352, 353].

N3LL +O(αs) accuracy prepared for this Yellow Report. The uncertainties are es-
timated by varying the scales in resummed and fixed-order pieces in Eqs. (7.19)
and (7.22) [300,338]. The predictions also include the effect of a simple shape func-
tion, whose first moment is given by 2Ω1, with Ω1 set to 0.35 GeV. One observes
the good convergence in the perturbative region from one order to the next. In
general, the theoretical uncertainties improve for larger Q and, somewhat surpris-
ingly, for smaller x. The resummation is turned off smoothly as τ1 grows large, and
fixed-order predictions become more reliable than resummed. This occurs around
a value τ1 where the total contribution of the singular logs at fixed order in αs be-
comes numerically comparable to the non-singular function, and based on O(αs)
predictions [338], this transition value turns out to be a function of x, see Fig. 7.36.
This appears to be due to relative contributions of quark and gluon PDFs to the τb

1

19/26



Target fragmentation and fracture functions

⚔ Very limited experimental data
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Quarkonia production mechanism

CHAPTER 7. EIC MEASUREMENTS AND STUDIES 201

will allow constraining relative contributions from competing processes. System-
atic studies of baryon-to-meson ratios with different ion species may offer sensi-
tivity to density dependence of coalescence/recombination contributions. Finally,
semi-inclusive measurements of identified hadrons with or in jets will provide dif-
ferentiating capabilities on light, strange and heavy quarks, as discussed in the
following sections.

7.4.4 Production mechanism for quarkonia and exotic states

(a) (b) (c) (d)

γ/γ∗

QQ̄

p/A

Figure 7.95: Illustrative examples of quarkonium production mechanism in e+pand
e+Acolliders: (a) Direct photo/lepto-production, (b) resolved-photon quarkonium produc-
tion, (c) exclusive quarkonium production, and (d) heavy quark pair production and subse-
quent Glauber/Coulomb gluon exchanges with nuclear matter.

Quarkonia, Q, are the bound states of a heavy quark and the corresponding anti-
quark. Due to the large mass of heavy quarks, quarkonium production entangles
perturbative and non-perturbative QCD in a unique way. A quarkonium state is
assumed to be produced in two steps. First, the perturbative generation of a heavy
quark-antiquark pair with total momentum-squared near the bound state mass-
squared, then the pair hadronize into the quarkonium state non-perturbatively.
Since their discovery, three main production formalisms have been proposed: i)
the color evaporation model (CEM) [995, 996], ii) color singlet model (CSM) [997],
and iii) the effective theory of non-relativistic-QCD (NRQCD) [998] with the La-
grangian

LvNRQCD = ∑
p

ψ†
p

(
iD0 − (P − iD)2

2m

)
ψp + L(2) + (ψ → χ, T → T̄)

+Ls(φ, φ̄, Aµ
q ) + LV(ψ, χ, Aµ

q ) , (7.53)

where ψ denotes the heavy quark field and χ the corresponding antiquark. The La-
grangian terms L(2) are higher order terms, Ls is the soft gluon and ghost part of
the Lagrangian, and LV contains the potential terms. While all three approaches
assume that quarkonia are produced from the hadronization of a heavy quark-
antiquark pair, they differ in how the probability of this happening depends on

direct lepto/photon resolved exclusive/diffractive

⚔ Three models for the actual production mechanism. Data are inconclusive.

⚔ EIC can measure all three processes by exploring different kinematic regimes.
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Observables we 
know nothing 

about



⚔   Parity-violating DIS
Unpolarised electrons and polarised hadrons, contribute to  and       ΔΣ ΔG

Phys.Rev.D 104 (2021) 3, 034028
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⚔   Inclusive nuclear diffraction and nDPDFs
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Figure 7.65: Simulated data for the diffractive reduced cross section as a function of β in
bins of ξ and Q2 for e 197Au collisions at the EIC, in the models L (left plot) and H (right plot)
in [285]. The curves for ξ = 0.032, 0.01, 0.0032, 0.001 are shifted up by 0.005, 0.01, 0.015, 0.02,
respectively. Taken from [775].

extraction of nDPDFs at the EIC would then be similar to that of existing HERA
fits, see Subsection 7.1.6. Improvements would crucially depend on a decrease of
the systematic uncertainty, including the separation of coherent from incoherent
diffraction.

Finally, the relation between diffraction and nuclear shadowing [776] could be
tested at the EIC. The relation is a rigorous theoretical result for the deuteron case,
while its extension to larger nuclei becomes model dependent [285, 779]. The pos-
sibility of colliding electrons with different nuclear species, including deuterons,
will therefore be very important.

A more differential observable giving a more detailed access to the parton level
kinematics is provided by diffractive dijet measurements, since they also provide
access to the angle of the dijet with respect to the proton, which otherwise is inte-
grated over in inclusive diffraction. In the CGC picture the theoretical description
of diffractive dijet production has recently seen important theoretical advances
with the calculations advancing to NLO accuracy [780, 781]. Especially for the
proton, this angular information is used to extract the Wigner distribution, as dis-
cussed in Sec. 7.2.4. Diffractive dijet production in nuclei can also be addressed in
the collinear diffractive parton distribution framework [282], in a similar fashion
as in proton targets discussed in Sec. 7.1.6.

expected: ℒint ∼ 1 fb−1
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Figure 7.64: Left: Ratio of nuclear to proton diffractive structure functions, scaled by A, at
ξ = 10−3 (also referred to as xP) as a function of β from dipole model calculations (Fig. 7
from Ref. [769]). Right: ratios of nuclear to proton diffractive parton distributions, scaled
by A, for sea quarks and gluons at the same ξ (i.e. xP) from the Leading Twist Shadowing
model (Fig. 72 from Ref. [285]).

.

coherent diffration in e+p, and the latter to proton dissociation in e+p.

Coherent diffraction is mostly sensitive to the nuclear radius and global nuclear
profile and structure, while incoherent diffraction is sensitive to nucleon degrees
of freedom, specifically to nucleon and subnucleon fluctuations, see e.g. Refs. [767,
768] for reviews and Subsection 7.3.9.

All of these cases are characterized by a rapidity gap between the target fragments
and the photon fragment system. While detecting experimentally whether the nu-
cleus has disintegrated or not might be challenging, the overall rapidity gap cross
section that includes both coherent and incoherent processes should be more eas-
ily measurable. In spite of the presence of more physically different sources of
fluctuations in nuclei than in protons (fluctuating positions of the nucleons in the
nucleus in addition to subnucleonic fluctuations), coherent diffraction is a larger
part of the diffractive cross section in e+A than in e+p. This is due both to the fact
that coherent diffraction grows parametrically as A4/3 with the atomic mass num-
ber, and to the fact that nuclei are closer to the black disk limit, where there are no
fluctuations and thus no incoherent processes.

Diffraction is generically more sensitive to gluon saturation than inclusive cross
sections, since the diffractive cross section is proportional to the square of the gluon
density. In hard diffraction, for instance, one should be able to distinguish predic-
tions based on the strong field effects of BK (or hard pomeron based approaches
in general) from the soft pomeron physics associated with confinement [770]. The
ratio of the (coherent) diffractive cross section integrated over t and some range
MX < Mmax to the inclusive cross section is, in the dipole picture used in the sat-
uration context, very generically enhanced in nuclei compared to protons, since in
nuclei the dipole-target scattering amplitude at a fixed impact parameter is larger
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⚔   Large |t| diffractive production of vector mesons



⚔   Saturation DIS is not the most adequate observable (scaling?)

in e+A: coherent, incoherent and dissociative incoherent
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q

2
< 10

GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q

2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the
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⚔   Saturation DIS is not the most adequate observable
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.
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150 7.3. THE NUCLEUS: A LABORATORY FOR QCD
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Figure 7.63: Comparison between the dihadron azimuthal angle correlation in e+Au col-
lisions (labeled with filled red circles) and that in e + p collisions (labeled with filled teal
squares). The results with the detector smearing are shown in open markers. The solid lines
represent the results obtained from the theoretical model calculations in the CGC formalism.

link structure of the WW gluon distribution, and calculations within the CGC for-
malism, it has been proposed [537, 740] that the DIS back-to-back dijet/dihadron
production at the EIC can be used to directly probe the WW distribution, which
has not been measured before.

To directly probe the WW gluon distribution and gluon saturation effects at low
x, we can measure the azimuthal angle difference (∆φ) between two back-to-
back charged hadrons in e+A collisions (e+A → e′h1h2X). This azimuthal angle
distribution can help us map the transverse momentum dependence of the in-
coming gluon distribution. The away-side peak of the dihadron azimuthal an-
gle correlation is dominated by the back-to-back dijets produced in hard scatter-
ings. Due to the saturation effect, the WW gluon TMD can provide additional
transverse momentum broadening to the back-to-back correlation and cause the
disappearance of the away-side peak when the saturation effect is overwhelm-
ing [537, 741]. A comparison of the heights and widths of the coincidence proba-
bilities C(∆φ) = Npair(∆φ)/Ntrig in e + p and e+A collisions will be a clear experi-
mental signature for the onset of the saturation effect.

Furthermore, following the prescriptions in Ref. [742], a Monte Carlo simulation
has been carried out for the azimuthal angle correlations of two charged hadrons
at

√
s = 90 GeV in e+pand e+Aucollisions. The results of the simulation are also

compared with the prediction from the saturation formalism. To focus on the low-x
region, the events within the range of the virtuality 1 < Q2 < 2 GeV2 and inelas-
ticity 0.6 < y < 0.8 are selected. Events in nearby Q2 and y bins are expected
to yield similar results. The hadron pairs are required to have an energy fraction
0.2 < ztrig, zassc < 0.4 within the pseudorapidity range |η| < 3.5 with ptrig

T > 2

di-something azimuthal 
angle correlations
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in e+A: coherent, incoherent and dissociative incoherent



Summary



⚔    Despite not having the fully polarised collider nor the integrated luminosity 

envisioned in the  YR, the first years of the EIC are very promising.

⚔    It will be possible to use early first data to improve on observables that we 

are familiar with (plus contributions from other experiments before EIC starts).

⚔    Even without all nuclear species and “low” luminosity, many observables 

are absolutely new and exciting. 

⚔    Careful and realistic studies are the next step. 

⚔    I would not rule out anything that is not 100% impossible for now.
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⚔    Ru vs. Cu? Choose Ru!



We have come a long way from the YR, but we have a lot more to do.
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We just need to keep studying QCD. After all, curiosity didn’t kill the cat…

We have come a long way from the YR, but we have a lot more to do.
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… it just landed him at the vet a couple of times.

Thank you 
for your 
attention!
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