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¥ DIS paradigm: collinear factorization and DGLAP evolution 


¥ Why small x ? A bit of Pomeron history 


¥ BFKL evolution at small x 


¥ NLL BFKL and the problems with convergence 


¥ Collinear resummation at small x 


¥ Parton saturation 


¥ Nonlinear evolution equation. Saturation scale 


¥ Impact parameter dependence(*) 

Lecture 1
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Outline
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¥ Is BFKL needed ? DGLAP success


¥ Hints of small x physics in the structure function data 


¥ Two-scales processes


¥ Forward jet  in DIS 


¥  at LEP


¥ Mueller-Navelet jets at LHC 


¥ Angular correlations of dihadrons/dijets 


¥ Di ff raction at small x and nuclei

! * ! *

Lecture 2
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DGLAP vs BFKL vs nonlinear evolution
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Motivation:

3

Short versus long range 
correlations, pion cloud, 
intrinsic charm,É

Flavour dependence?; relation 
with shadowing and coherence

Multiple scattering, 
saturation,É; high-
energy QCD

How much does the structure 
of a hadron change when it is 
immersed in a nuclear medium?

ePb at LHeC/
FCC-he

eAu 
at 
EIC

Superfast quarks
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xGA (x, Q2
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s
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s # A1/ 3x!" 0.3

Where is the novel non-linear 
regime of QCD that leads to the 
saturation of parton densities?

Opportunities at the EIC to test saturation using nuclei
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Figure 4.1: Schematic view of the di! erent regions for the parton densities in the lnQ2 !
ln 1/x plane. See the text for comments.

and showed a slow convergence of the perturbative series in the high-energy, or small-x
regime. Therefore, generically one expects deviations from Þxed-order DGLAP evolution in
the small-x and small-Q regime which call for a resummation of higher orders in perturbation
theory.

Extensive analyses have been performed in the last few years [224Ð229], which indeed
point to the importance of resummation to all orders. Resummation should embody impor-
tant constraints like kinematic e! ects, momentum sum rules and running coupling e! ects.

Several important questions arise here, such as the relation and interplay of the resum-
mation and the non-linear e! ects, and possibly the role of resummation in the transition
between the perturbative and non-perturbative regimes in QCD. Precise experimental mea-
surements in extended kinematic regions are needed to explore the deviations from standard
DGLAP evolution and to quantify the role of the resummation at small x.

Saturation in perturbative QCD

The original approach to implement unitarity and rescattering e! ects in high-energy hadron
scattering was developed by Gribov [56, 207, 230]. Models based on this non-perturbative
Regge-Gribov framework are quite successful in describing existing data on inclusive and
di! ractive ep and eA scattering (see e.g. [231, 232] and references therein). However, they
lack solid theoretical foundations within QCD.

On the other hand, attempts have been going on for the last 30 years to implement
parton rescattering or recombination2 in perturbative QCD in order to describe its high-
energy behaviour. In the pioneering work in [210, 233], a non-linear evolution equation in
ln Q2 was proposed to provide the Þrst correction to the linear equations. A non-linear term
appeared, which was proportional to the local density of colour charges seen by the probe
(the virtual photon).

An alternative, independent approach was developed in [234], where the amplitudes for

2Note that the rescattering and recombination concepts correspond to the same physical mechanism
viewed in the rest frame and the inÞnite momentum frame of the hadron, respectively.

105

Saturation scale: divides dilute and dense regimes. Enhanced in nuclei
<latexit sha1_base64="BMvvRh2HCw6khyl2ElbCl6U/kWE="></latexit>

Q2
s ! Q2
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Capabilities of EIC
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Figure 6.4: The kinematic coverage of the EIC for DIS on nuclei compared to that of previous
experiments. The expected Ósaturation scaleÓQ2

s(x) for non-linear gluon dynamics in a large
nucleus is indicated by a red line [40Ð42].

One of the main goals of the physics program to be pursued at the EIC is to obtain
clear evidence for nonlinear QCD dynamics at a perturbative scale, Qs > 1 GeV,
from the energy dependence of DIS cross-sections, structure functions, and other
observables. This is predicted by the theory in the form of nonlinear evolution
equations. Discovery of saturation requires unambiguous experimental evidence
for these speciÞc nonlinear equations. While various features of the data from
proton-nucleus and heavy-ion collisions at RHIC and the LHC are consistent with
perturbative gluon saturation, there is nevertheless no consensus in the Þeld in
favor of them providing unambiguous evidence for nonlinear effects in the weak-
coupling regime. The EIC is expected to deliver a clean, direct measurement and
characterization of the gluon density in protons and nuclei, and how it depends
on energy and thickness of the target. The high-energy aspects of DIS on nuclei
have been presented more extensively in the White Paper [2], and are addressed in
Secs. 7.3.1 and 7.3.2.

Nuclear PDFs: Nuclear parton distribution functions (nPDF) describe the behavior
of bound partons in the nucleus. Like their free-proton counterparts, nPDFs are as-
sumed to be universal and are essential tools for understanding experimental data
from collider experiments. To date, there is no compelling evidence for violation
of the QCD factorization theorem [43] or violation of universality. Thus, precise
knowledge of PDFs in general, and nPDF in particular, becomes most relevant for
advancing our understanding of strong interactions in a nuclear medium and for
interpreting results from collider experiments. Moreover, nPDFs provide an essen-
tial foundation for understanding the hot Quark-Gluon Plasma (QGP) medium
produced in heavy-ion collisions at RHIC and the LHC, particularly for experi-

CHAPTER 6. THE EIC PHYSICS CASE 41

Current polarized DIS data:

CERN DESY JLab-6 SLAC

current polarized BNL-RHIC pp data:

PHENIX �/0 STAR 1-jet W bosons

JLab-12
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Figure 6.1: The x-Q2 coverage of the EIC for two different center-of-mass energies, in com-
parison with polarized epexperiments at CERN, DESY, Jefferson Lab and SLAC, as well as
pp experiments at RHIC.

1. Global properties and parton structure of hadrons

EIC measurements will reveal the quark and gluon structure of hadrons at the next
level. This, in particular, applies to global properties of the nucleon such as its spin
and mass, that is, how those properties can be understood in terms of contributions
from the partons.

Nucleon spin: The spin and the mass are among the most important quantities
characterizing any hadron. Getting a deeper understanding of those quantities in
QCD is a key mission of the EIC. Starting with the spin, we recall that the spin of
the nucleon can be decomposed according to [4]

1
2

=
1
2

!" (µ) + ! G(µ) + Lq(µ) + Lg(µ) (6.1)

into contributions from the quark plus antiquark (gluon) spin 1
2!" (! G), as well

as quark (gluon) orbital angular momenta Lq (Lg). Each term of this decomposi-
tion depends on the renormalization scale µ, where the scale dependence drops
out upon summing over all contributions. For quite some time it was generally
believed that the !" term is largely responsible for making up the nucleon spin. It
came therefore as a big surprise when in the late 1980s the EMC Collaboration re-
ported a value for 1

2!" which is only a small fraction of the nucleon spin [31]. This
Ònucleon spin crisisÓ initiated a large number of further experimental and theo-
retical activities. Presently available results suggest that about 25% of the nucleon
spin is carried by the spins of the quarks and antiquarks [32]. Mainly due to the
RHIC spin program, we now also have clear evidence for a nonzero ! G [5]. How-

EIC ep kinematics compared with polarized 
DIS and pp experiments

EIC kinematics compared with eA 
DIS experiments

Beams with different A: from  light nuclei to the heavy nuclei 


Polarized electron and nucleon beams. Possibility of polarized light ions. 


Variable center of mass energies 20 -140 GeV


High luminosity 1033 ! 1034cm! 2s! 1
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What can we learn at EIC at small x and in nuclei?

6

¥ Nuclear structure functions , precision extraction of nuclear PDFs, testing the 
limits  of collinear factorization  in nuclei. Initial conditions for hot QCD. 


¥ Explore the onset of saturation  in eA, DGLAP vs non-linear evolution, x,A, and Q 
dependence. Precise measurement of FL needed (variable energies)


¥ Extraction of diffractive nuclear PDFs  possible for the first time, potential for 
FLD. Prospects for measuring Reggeon.  Diffractive to inclusive ratios  needed to 
distinguish between the different scenarios (saturation vs leading twist 
shadowing). 


¥ Exclusive  diffraction of vector mesons, excellent process to map spatial 
distribution  and test saturation . Experimental challenges.
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Successful description of HERA data
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H1 and ZEUS

xBj = 0.00005, i=21
xBj = 0.00008, i=20

xBj = 0.00013, i=19
xBj = 0.00020, i=18
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xBj = 0.0005, i=16

xBj = 0.0008, i=15
xBj = 0.0013, i=14

xBj = 0.0020, i=13
xBj = 0.0032, i=12

xBj = 0.005, i=11
xBj = 0.008, i=10

xBj = 0.013, i=9
xBj = 0.02, i=8
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Figure 82: The combined HERA data for the inclusive NCe+ p ande! p reduced cross sections
together with Þxed-target data [107,108] and the predictions of HERAPDF2.0 NNLO. The
bands represent the total uncertainties on the predictions. Dashed lines indicate extrapolation
into kinematic regions not included in the Þt.

129

Reduced cross section at HERA


Combined measurement H1 and ZEUS


Function of  for fixed Q2 x

Excellent description using DGLAP 


HERAPDF parton densities

Scaling region : independent of Q2

Scaling violations
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Small x resummation and the HERA data
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Ball,Bertoni,Bonvini,Marzani,Rojo,Rottoli

¥ Perform fits to data with the cut on 
small x/small Q 2 region


¥ Observe the variation or lack of 

variation in  " 2

9

In order to assess the impact of small-x resummation for the description of the small-x and Q2 HERA data, 
compute the ! 2 removing data points in the region where resummation effects are  expected

Small-x resummation effects 
could be important here

Fixed-order theory

should work Þne here

PDFs with small-x resummation  

Dcut=1.5

Dcut=2

Dcut=2.5

Juan Rojo                                                                                                               LHeC small-x WG, CERN, 15/11/2017

move the cutoff to 
include more data

10

Using NNLO+NLL x theory, the NNLO instability of the  ! 2  disappears

Excellent Þt quality to inclusive and charm HERA  data achieved in the entire (x,Q 2) region 

PDFs with small-x resummation  

NNLO worsens as we include 
more small-x data

NNLO+NLLx best description everywhere

Juan Rojo                                                                                                               LHeC small-x WG, CERN, 15/11/2017

¥  changes for DGLAP at NNLO when 
more small x data are included


¥ NNLO+NNLLx  gives best description 


¥ Interestingly NLO and NLO+NLLx do 
not di ff er by a lot

" 2
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Improved description of FL

9
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�3s = 318 GeV
HERAPDF2.0 NNLO

Figure 4: Measurements of deep inelastic scattering cross section: (left) Þrst measurement
by of the proton structure function F2(x, Q2) [49], (right) Þnal measurement of the reduced
cross section obtained from a combination of the measurements from H1 and ZEUS [50]

Figure 5: Measurement of the longitudinal structure function FL (x, Q2) and comparison with
predictions using small x resummation [58].

6

Ball,Bertoni,Bonvini,Marzani,Rojo,Rottoli

Resummation improves the description of longitudinal structure function at small x
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Small x resummation: future DIS facilities
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F
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LHeC kinematic range
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NNPDF3.1sx, Q2 = 5 GeV 2

NNLO
NNLO+NLL x
Pseudo-Data
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1.0
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1.4

10! 6 10! 5 10! 4 10! 3

x

! 0.5

0.0

0.5

1.0

1.5

F
p L

LHeC kinematic range

FCC-eh kinematic range

NNPDF3.1sx, Q2 = 5 GeV 2

NNLO
NNLO+NLL x

Figure 6.7. Predictions for the F2 and FL structure functions using the NNPDF3.1sx NNLO and
NNLO+NLL x Þts at Q2 = 5 GeV2 for the simulated kinematics of the LHeC and FCC-eh. In the case
of F2, we also show the expected total experimental uncertainties based on the simulated pseudo-data,
assuming the NNLO+NLL x values as central prediction. A small o! set has been applied to the LHeC
pseudo-data as some of the values ofx overlap with the FCC-eh pseudo-data points. The inset in the left
plot shows a magniÞed view in the kinematic regionx > 3 ! 10! 5, corresponding to the reach of HERA
data.

kinematic region covered by HERA are already comparable or larger than the size of the simu-
lated pseudo-data uncertainties. This suggests that the inclusion of the LHeC/FCC-eh data for
F2 into a global Þt would also provide discrimination power between the two theories, even if
restricted to the HERA kinematic range. Finally, we see that di! erences are more marked for
FL , with central values di! ering by several sigma (in units of the PDF uncertainty) in a good
part of the accessible kinematic range. This is yet another illustration of the crucial relevance
of measurements ofFL to probe QCD in the small-x region (as highlighted also by Fig.5.2).

The comparisons of Fig.6.7 do not do justice to the immense potential of future high-energy
lepton-proton colliders to probe QCD in a new dynamical regime. A more detailed analysis,
along the lines of Ref. [216], involves including various combinations of LHeC/FCC-eh pseudo-
data (! red

NC , FL , F c
2 , etc.) into the PDF global analysis, allowing one to use the pseudo-data to

reduce the PDF uncertainties and to quantify more precisely the discriminating power for small-
x resummation e! ects with various statistical estimators, generalizing the analysis of the HERA
data presented in Sect.5. Such a program would illustrate the unique role of the LHeC/FCC-eh
in the characterization of small-x QCD dynamics, and would provide an important input to
strengthen the physics case of future high-energy lepton-proton colliders.

As a Þrst step in this direction, we have performed variants of the NNPDF3.1sx Þts including
various combinations of the LHeC and FCC-eh pseudo-data of! red

NC . SpeciÞcally, we have used
the LHeC (FCC-eh) pseudo-data onEp = 7 (50) TeV + Ee = 60 GeV collisions, where the
central value of the pseudo-data has been assumed to correspond to the NNLO+NLLx predic-
tion computed with the corresponding resummed PDFs. All experimental uncertainties of the
pseudo-data have been added in quadrature. The Þts have been performed at the DIS-only level,
since we have demonstrated in Sect.5 that the small-x results are independent of the treatment
of the hadronic data. Here we will show results of the Þts including both LHeC and FCC-eh
pseudo-data, other combinations lead to similar qualitative results.

First of all we discuss the Þt results at the" 2/N dat level. For simplicity, we show only the
results of the HERA inclusive cross-sections as well as that of the LHeC and FCC-eh pseudo-
data: for all other experiments, the values presented in Table4.1 are essentially unchanged. As

53

Ball,Bertone,Bonvini,
Marzani,Rojo,Rottoli

¥ Structure function in the LHeC/FCC-eh range can discriminate between di ff erent scenarios

¥ Longitudinal structure function  particularly sensitive to the resummation vs fixed order 

¥ EIC: lower energy, so likely in preasymptotic  regime, but can measure longitudinal structure 

function with precision, thanks to  high luminosity and varying energies 

¥

¥ Perform extrapolation of the calculations to the higher 
energy range (smaller x). 


¥ Simulations with and without the resummation 

¥ Compared with the pseudodata

CERN DIS proposals


LHeC: ep at , eA at 


FCC-eh: ep at , eA at 

s = 1.3TeV s = 812GeV

s = 3.5TeV s = 2.2TeV
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Testing saturation through inclusive structure functions at EIC
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8

(a) F2 (b) FL

FIG. 4. The F2 (a) and FL (b) structure functions for 197 Au as a function of x at Q2 = 10Q2
s (x). The black dashed curve

shows the BK predictions, the red dashed-dotted curve with the red error band the original NNPDF3.1 PDF predictions, and
the blue solid curve with a light-blue errorband the PDF predictions after the matching.

(a) F2 (b) FL

FIG. 5. Relative di ! erence (F BK
2,L ! F Rew

2,L )/F BK
2,L between the BK structure functions and the matched F2 (a) and FL (b) for

197 Au as a function of x and Q2. The color scale/axis goes in a linear scale from! 10 % to 10 % and in a logarithmic scale
outside that range. The black dots indicate the matching points.

PDFs are Þtted to the same HERA data that is used to
constrain the BK boundary conditions. Whether F2 or
FL is used in reweighting has only a small e! ect on the
determined reweighted PDFs. Thus, we do not expect
to see strong tensions when measurements from the EIC
or LHeC/FCC-he are eventually used to disentangle the
BK and DGLAP dynamics.

The reweighted nuclear up-quark and gluon distribu-
tions are shown in Figs.8a and 8b. Comparing to the
proton results shown in Figs.7a and 7b we see that nu-
clear PDFs are a! ected much more by the reweighting
already in the x ! 10! 3 region, which is expected, as in

nNNPDF2.0 there are only few data constraints in this
region. The reweighted nuclear PDFs are suppressed by
a large factor compared to the central values from the
nNNPDF2.0 set. Again both F2 and FL pseudodata have
similar e! ects and as such no strong tensions with al-
ready existing data included in the nuclear PDF Þts are
expected in global analyses. In Fig.8a the nuclear gluon
distribution, reweighted with F2 data, becomes negative
at small x ! 2 á10! 5 and at Q2 = 3 .1 GeV2. However,
the gluon distribution is not an observable, and structure
functions remain positive.

Heavy nucleus: difference between DGLAP and nonlinear  are few % for  and up to 20% for .


Longitudinal structure function can provide good sensitivity at EIC 


FA
2 FA

L

Study differences in evolution between  linear DGLAP  evolution and nonlinear  evolution with saturation 


Matching  of both approaches in the region where saturation effects expected to be small 


Quantify differences away from the matching region: differences in evolution dynamics

6

(a) F2 (b) FL

FIG. 3. The relative di ! erence (F BK
2,L ! F Rew

2,L )/F BK
2,L between the BK predictions and the matched PDF predictions for F2 (a)

and FL (b) for proton shown as a function of Q2 for four di ! erent x values.

III. RESULTS

A. Proton

The structure functions F2 and FL for the proton be-
fore and after the reweighting on theQ2 = 10Q2

s(x) line
are shown in Figs.1a and 1b. The reweighting is done
separately for F2 and FL , as also in reality these two
quantities will be measured in di! erent kinematical do-
mains and with a di! erent experimental precision. The
structure functions obtained after the reweighting can be
seen to match very well to the BK results. This was to be
expected since the proton PDFs and the initial condition
for the BK evolution are Þtted to the same precise HERA
data at x ! 10! 4, and the central NNPDF3.1 results are
already very close to the BK values to begin with in this
domain. However, a nearly perfect agreement with the
BK results is obtained also at x " 10! 4. All in all, the
matching procedure is thus found to work extremely well
here.

Next we study how the di! erences in the BK vs.
DGLAP dynamics become visible when we move away
from the Q2 ! 10Q2

s(x) line. In Figs. 2a and 2b we show
the relative di! erence

F BK
2,L " F Rew

2,L

F BK
2,L

(13)

as a function of both x and Q2, where F Rew
2,L refers to

the corresponding structure function calculated using the
reweighted PDFs. The points used in the reweighting are
also indicated in these Þgures. One-dimensional projec-
tions of the same quantity are plotted at Þxed values of
x in Fig. 3.

For the F2 structure function shown in Fig. 2a the dif-
ferences remain very small, at most at a few-percent level

almost everywhere in the studiedx, Q2 range, except in
the high-x, high Q2 and low-x, low Q2 corners. This
is better visible in Fig. 3a where we show the relative
di! erences as a function of virtuality Q2 at four di ! er-
ent x values from x = 5 .6 # 10! 3 (largest x for which
Q2 = 10Q2

s(x) $ Q2
0, where Q2

0 is the initial scale in
the NNPDF3.1 PDF set) to x = 10! 5. The smallest x
values in our plots are beyond reach for the EIC, which
will collide electrons with energies 5" 18 GeV on pro-
tons and nuclei with energies 250 and 100 GeV/nucleon
respectively, resulting in a kinematic reach (at Q2 = 10
GeV2) down to x % 10! 3 [33]. Smaller x values could
be probed at the LHeC (50 GeV electrons onZ/A # 7
TeV/nucleon protons and nuclei) whose kinematic reach
goes down tox % 10! 5 [35] and at the FCC-he [14] (60
GeV electrons onZ/A # 50 TeV/nucleon protons and nu-
clei) whose kinematic coverage extends to even lowerx.
We see that around x % 10! 4 the Q2 dependencies are
nearly equal in both frameworks. In the higher-x region
the BK equation predicts a strongerQ2 dependence than
the DGLAP equation, while in the x " 10! 4 region the
BK dynamics results with a weakerQ2 dependence than
what the DGLAP equation predicts. As a result, at Þxed
Q2 % 10 GeV2 the relative di! erence changes sign as a
function of x. Since the relative di! erences remain at a
few-percent level, a very precise determination of the pro-
ton F2 is required in order to distinguish between the two
physical pictures in a statistically meaningful manner.

The di! erences between the BK and DGLAP dynam-
ics are more clearly visible in the case of the structure
function FL . This can be seen from Fig.2b and Fig. 3b
which show the analogous plots forFL that were above
discussed forF2. There are now larger di! erences even
within the HERA kinematics as the FL data from HERA
are rather scarce. The DGLAP evolvedFL shows gener-

!"#$%&'()*+,,-(.+/&0%++"-(1+2332/$/#4$5-'
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Deep Inelastic Scattering: structure functions
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Inclusive DIS cross section for   (  charged lepton, , )lp " lX l Q2 # M2
Z s $ M2

p
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d2!
dxdQ2 =

2"# 2
em

Q4x
[(1 + (1 ! y)2)F2(x, Q2) ! y2FL (x, Q2)]

structure functions

inelasticity

Structure functions  encode all the information about the proton(hadron) structure
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FT (x, Q2) = F2(x, Q2) ! FL (x, Q2)
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FL (x, Q2)

transversely polarized photons

longitudinally polarized photons
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y =
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p ák

= Q2/ (sx)
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! r,NC =
d2! NC

dxdQ2

Q4x
2"# emY+

= F2 !
y2

Y+
FL

Measurement of   requires varying energies . Possible at EICFL s
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Two scale processes
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x2

x3

xn

Q2
1

Q2
2

Consider a process with two large scales (ex.  scattering, two jets,É) with 


Large comparable scales to suppress DGLAP, large rapidity for BFKL evolution, keep perturbative

! * ! * Q2
1 %Q2

2 $ &2
QCD

Random walk in transverse momenta

|kT |
transverse momentum

Q2

Q1
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Example of two scale processes
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Forward jets in DIS  in ! * ! * e+e!

Mueller-Navelet in pp

4 Forward jet production in DIS.

! *

p

Soft gluon radiation

Proton remnants

Forward jet
kjetka

k

Quark box

Figure 3: Diagram showing forward jet production driven by ! ! g fusion coupled to evolution through
a BFKL-type ladder. The struck parton from the proton could i n principle be either a gluon or a
quark.

Given that measurements ofF2 proved unable to unambiguously determine smallx dynamics, less
inclusive alternative approaches were needed. One such process is MuellerÕs proposal [8]:

! ! + p !" jet + X

According to Mueller, DIS events containing an identiÞed forward jet provide a particularly clean
window on small x dynamics. By requiring that Q2 # k2

jT we ensure minimal DGLAP type evolution,
and any remaining features must be the result of dynamics from the small x limiting region of the
(x, Q2) phase-space. Moreover by considering jets with large fractions of the protonÕs longitudinal
momentum, xp

j allowing x/x p
j to be as small as possible, on the one hand, will allow the use of BFKL

dynamics, while on the other hand, involve parton distributions at values ofxp
j where they are well

known.

4.1 QCD prediction for DIS + forward jet

The kinematics are such that we may usestrong ordering at the parton-gluon-jet vertex

k2
aT $ k2

jT , xp
j % x,

where the Sudakov decomposition of the jet four momentum in terms of light-like momenta p and q"

in analogy to (2) is
kj = xp

j p + x!
j q" + k jT . (8)

We can relate the longitudinal momentum fractions at the jet vertex through strong-ordering and the
jet on-shell condition, k2

j = 0. This allows us to deduce that

2xp
j x!

j (p.q") = k2
jT ,

5

e+ (p1) ! ! ! !!
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!
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"

"
" ! (q1)

!
"""#
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" " " ""

# # # ##

#
#
$

$ " ! (q2)e! (p2)
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! 2

e! (p
!
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Figure 1: The diagram corresponding to the process e+ e! ! e+ e! hadrons.

cross-sections are compared to the prediction of the Quark Parton Model (QPM), to a NLO
calculation [7] of the process e+ e! ! e+ e! qøq, to the PHOJET Monte Carlo model [8]
and to BFKL [9] calculations [10Ð12]. A similar analysis has been publishedby the L3
Collaboration [13] using data taken at

"
see = 91 GeV and

"
see = 183 GeV.

2 Theoretical framework

In this paper double-tagged events are studied, i.e. both Þnal state electrons are scattered
at su! ciently large polar angles2 ! i to be observed in the detector. This corresponds to the
situation where both radiated photons which take part in the hard scattering process, are
highly virtual. Throughout the paper, i = 1, 2 denotes quantities which are connected with
the upper and lower vertex in Fig. 1, respectively.

The virtualities of the radiated photons are given byQ2
i = # (pi # p

!

i )
2 > 0. The usual

dimensionless variables of deep inelastic scattering are deÞned as:

y1 =
q1q2

p1q2
, y2 =

q1q2

p2q1
, (2)

2The right-handed OPAL coordinate system is deÞned with thez axis pointing in the direction of the e!

beam and thex axis pointing towards the centre of the LEP ring. The polar angle ! , the azimuthal angle "
and the radius r are the usual spherical coordinates.

4

x1

x2

! k1, ! 1

! k2, ! 2

kJ,1, ! J,1, xJ,1

kJ,2, ! J,2, xJ,2

Figure 2: Schematical illustration of the kinematics as described in Sec. 2.1.

calls for a description of the partonic cross section inkT -factorization:

dö! ab

d|kJ,1| d|kJ,2| dyJ,1 dyJ,2
=

ö
d" J,1 d" J,2

ö
d2k1 d2k2 Va(! k1, x1)G(k1, k2, ös)Vb(k2, x2),

(2.2)
where G is the BFKL GreenÕs function depending on ös = x1x2s, and the jet vertex V at
lowest order reads [13,14]:

V (0)
a (k, x) = h(0)

a (k)S(2)
J (k ; x), h(0)

a (k) =
#s"

2

CA/F

k2 , (2.3)

S(2)
J (k ; x) = $

!
1 !

xJ

x

"
|kJ |$(2) (k ! kJ ). (2.4)

In the deÞnition of h(0)
a , CA = Nc = 3 is to be used for initial gluon and CF = ( N 2

c !
1)/ (2Nc) = 4 / 3 for initial quark. Following the notation of Ref. [13,14], the dependence of
V on the jet variables is implicit.

Combining the PDFs with the jet vertices we now write

d!
d|kJ,1| d|kJ,2| dyJ,1 dyJ,2

=

=
ö

d" J,1 d" J,2

ö
d2k1 d2k2 ! (kJ,1, xJ,1, ! k1)G(k1, k2, ös)! (kJ,2, xJ,2, k2), (2.5)

Ð 3 Ð
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4 Forward jet production in DIS.

! *

p

Soft gluon radiation

Proton remnants

Forward jet
kjetka

k

Quark box

Figure 3: Diagram showing forward jet production driven by ! ! g fusion coupled to evolution through
a BFKL-type ladder. The struck parton from the proton could i n principle be either a gluon or a
quark.

Given that measurements ofF2 proved unable to unambiguously determine smallx dynamics, less
inclusive alternative approaches were needed. One such process is MuellerÕs proposal [8]:

! ! + p !" jet + X

According to Mueller, DIS events containing an identiÞed forward jet provide a particularly clean
window on small x dynamics. By requiring that Q2 # k2

jT we ensure minimal DGLAP type evolution,
and any remaining features must be the result of dynamics from the small x limiting region of the
(x, Q2) phase-space. Moreover by considering jets with large fractions of the protonÕs longitudinal
momentum, xp

j allowing x/x p
j to be as small as possible, on the one hand, will allow the use of BFKL

dynamics, while on the other hand, involve parton distributions at values ofxp
j where they are well

known.

4.1 QCD prediction for DIS + forward jet

The kinematics are such that we may usestrong ordering at the parton-gluon-jet vertex

k2
aT $ k2

jT , xp
j % x,

where the Sudakov decomposition of the jet four momentum in terms of light-like momenta p and q"

in analogy to (2) is
kj = xp

j p + x!
j q" + k jT . (8)

We can relate the longitudinal momentum fractions at the jet vertex through strong-ordering and the
jet on-shell condition, k2

j = 0. This allows us to deduce that

2xp
j x!

j (p.q") = k2
jT ,

5
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! ! + p ! jet + X
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kj = xp
j p + x!

j q! + k jT

 four-momentum of the protonp
 four-momentum of the photonq
 light-like vector: q' ￼ q' ￼= q + xp

Forward jet requirement:
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To suppress DGLAP evolution need: Q2 ( k2
jT

Another process: forward #0
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! ! + p ! " 0 + X

Forward jet  in DIS:

H1 cuts ZEUS cuts

E !
e > 11GeV E !

e > 10GeV
ye > 0.1 ye > 0.1

xp
j > 0.035 xp

j > 0.036
kjT > 3.5GeV EjT > 5GeV

0.5 < k 2
jT /Q 2 < 2 0.5 < E 2

jT /Q 2 < 2
7o < ! jet < 20o " jet < 2.6

160o < ! e < 173o

Table 1: Table showing the kinematic restrictions imposed on DIS events at HERA for forward jet
production.

5 DIS events containing a forward ! 0

! 0

q, q, g
kj

k!  = z kj

Figure 5: Schematic showing collinear fragmentation of a forward parton jet of momentum kj into a
forward pion of momentum zk! . The process is described by fragmentation functions,Di (z, µ2)

A complementary reaction to MuellerÕs forward jet process is provided by the production of forward
#0 mesons in deep inelastic events [9]. The driving process here is the same as before, with$" g fusion
coupled to BFKL-type gluon evolution, ejecting a parton wit hin the proton as a forward jet. However,
we now allow the parton to evolve into a shower of particles containing a pion collinear to the initial
parton jet

$" + p !" #0 + X.

There are advantages in attempting to measure the forward#0 cross-section as compared to the parent
forward-jet cross-section.

¥ Experimentally one can more unambiguously identify a forward #0 than a jet.

¥ By measuring #0Õs at relatively lowx! , pT ! we e! ectively collect data for energetic forward jets
with xj > x ! and kjT > p T ! , which might otherwise go undetected.

¥ Another consequence of looking for a speciÞc Þnal state is that we eliminate our dependence on
jet-Þnding algorithms. We can unambiguously determine thesignal due to the measurement of
a real #0 instead of worrying about jet deÞnitions.

¥ Finally, we eliminate hadronisation uncertainties. All non-perturbative hadronisation e! ects are
swept into the Þtted parametrisations of the fragmentation functions.

On the other hand, by requiring a single energetic fragment of the jet we reduce the cross-section.

8
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Figure 9: Left: measurement of forward jet production as a function of x [73]. Right: jet
production cross section as a function of E 2

T /Q 2 [78].

H1 to measure a similar process [81, 82], but now being able to access lowerx and lower
transverse momenta. The measurements from H1 are shown in Fig. 10 and compared to pre-
dictions using RAPGAP [83, 84] (which includes order ! s matrix elements, and in addition
contributions from resolved virtual photons [85, 86]). The model including resolved virtual
photons describes the measurement very well, while a prediction based on the CCFM evo-
lution equation [87,88] falls below the measurements.

The forward jet and forward pion cross sections increase towards small x, and only pre-
dictions which allow for unordered emissions during the initial state cascade come close to
the measurements, while predictions based on DGLAP parton showers, even with order ! s

matrix elements are signiÞcantly below the data. Hot-spotsinside the proton could not be
identiÞed within the experimental precision reached so far.

3.4 Charged Particle Spectra

A new type of measurements, based on inclusive transverse momentum spectra of charged
particles was proposed in Ref. [90]. The advantage of such measurements is that one is able
to probe very small transverse momenta, accessing very low x values. The measurement is
performed in the hadronic center of mass frame, as indicated in Fig. 11. The measurement
is shown in Fig. 12 (left) for the proton direction and Fig. 12 (right) for the photon direction
region. In the proton direction region, the predictions based on DGLAP based parton shower
simulations (DJANGOH [91], RAPGAP [83,84] , HERWIG++ [92]) are signiÞcantly below the
measurements for transverse momentapT > 1 GeV, while in the photon direction region the
predictions (except HERWIG++) come closer to the measurements. The calculation based on
CCFM (CASCADE [87, 93]) comes closer to the measurement in the proton direction region
at larger transverse momenta.

9

Cross section increases steeply towards small x

Predictions obtained from DGLAP parton shower simulations fall below measurements 

ARIADNE comes close to data (has unordered emissions, similar to BFKL) 


DGLAP region , predictions based on DGLAP come closer to the data


In the region, , measurements tend to be above predictions

E2
T # Q2

E2
T $ Q2
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charged particle spectra [89]
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¥ Identi fied particles like  allow for 
access to low transverse momenta 
and hence low x


¥ Calculations based on BFKL describe 
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¥ The latter one includes the 
contributions from the partonic 

component of the photon at low 
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BFKL framework
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Figure 1: The diagram corresponding to the process e+ e! ! e+ e! hadrons.

cross-sections are compared to the prediction of the Quark Parton Model (QPM), to a NLO
calculation [7] of the process e+ e! ! e+ e! qøq, to the PHOJET Monte Carlo model [8]
and to BFKL [9] calculations [10Ð12]. A similar analysis has been publishedby the L3
Collaboration [13] using data taken at

"
see = 91 GeV and

"
see = 183 GeV.

2 Theoretical framework

In this paper double-tagged events are studied, i.e. both Þnal state electrons are scattered
at su! ciently large polar angles2 ! i to be observed in the detector. This corresponds to the
situation where both radiated photons which take part in the hard scattering process, are
highly virtual. Throughout the paper, i = 1, 2 denotes quantities which are connected with
the upper and lower vertex in Fig. 1, respectively.

The virtualities of the radiated photons are given byQ2
i = # (pi # p

!

i )
2 > 0. The usual

dimensionless variables of deep inelastic scattering are deÞned as:

y1 =
q1q2

p1q2
, y2 =

q1q2

p2q1
, (2)

2The right-handed OPAL coordinate system is deÞned with thez axis pointing in the direction of the e!

beam and thex axis pointing towards the centre of the LEP ring. The polar angle ! , the azimuthal angle "
and the radius r are the usual spherical coordinates.

4
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¥ Anti-tagged or no-tag (none of leptons 
observed): quasi-real photon scattering 




¥ Single-tagged (one lepton observed): DIS 

like on a real photon  


¥ Double-tagged (both electrons observed): 
high virtualities, virtual photon scattering 




¥ Tractable in pQCD, great process for 

BFKL searches if  


¥ Measured at LEP by L3 and OPAL 
experiments
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Fixed order contributions to  ! * ! * " X

a)

QPM

b)

NLO ! " ! "# qq
ÐÐ

c)

NLO ! " ! "# qq
ÐÐ

d)

! -gluon
fusion

e)

one-gluon
exchange

f)

multigluon
exchange

Figure 1: Examples of diagrams contributing to the process! ! ! ! ! hadrons : a) QPM, b) and
c) O(" s) QCD corrections to the QPM diagram, d) photon-gluon fusion, e) one-gluon exchange
and f) multigluon ladder exchange.
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Gluonic exchanges

a)

QPM

b)

NLO ! " ! "# qq
ÐÐ

c)

NLO ! " ! "# qq
ÐÐ

d)

! -gluon
fusion

e)

one-gluon
exchange

f)

multigluon
exchange

Figure 1: Examples of diagrams contributing to the process! ! ! ! ! hadrons : a) QPM, b) and
c) O(" s) QCD corrections to the QPM diagram, d) photon-gluon fusion, e) one-gluon exchange
and f) multigluon ladder exchange.
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Constant in energy: Born 
diagram of single gluon 
exchange

Exchange of BFKL Pomeron. 

Process enhanced by $sln s/s0
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! !

! !

Impact factor

Impact factor

Gluon GreenÕs                
function

Need to apply resummation to properly 
describe this process


LO overestimates the data, NLO 
underestimates the data


Perform resummation of the gluon GreenÕs 
function (evolution equation) 


Perform resummation of the impact factors 
(currently available to NLO)
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Figure 8: Cross sections forQ2 = 17 GeV2, compared with L3 (Q2 = 16 GeV2) and OPAL ( Q2 = 17.9 GeV2)

data. This NLO improved curve is the sum of our averaged NLO BFKL resummed scheme and LO quark box

contribution. The PMS optimized curve is from [15].

Figure 9: Cross sections forQ2 = 16 GeV2, compared with L3 (Q2 = 16 GeV2) data.

23

Figure 10: Cross sections forQ2 = 17.9 GeV2, compared with OPAL ( Q2 = 17.9 GeV2) data.

Figure 11: Cross sections forQ2 = 17 GeV2. The upper and lower µR band is computed from average values

of the 5 resummed schemes with half or doubleµ2
R respectively. Similarly, the upper and lower ! QCD band is

computed from average values of the 5 resummed schemes with double or half! 2
QCD respectively.

24

L3: Q2 = 16 GeV2 OPAL: Q2 = 17.9GeV2

Fixed order (quark box) decreasing with energy 


Overall : resummation calculation consistent with the data (LL BFKL overestimates the 
data, NLL underestimates) 


Caveat: calculation is  for  light (massless) flavors, need to include charm with 

mass effect

nf = 3

preliminarypreliminary

Results for  cross section! * ! *

Colferai, Li ,AS
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x1

x2

! k1, ! 1

! k2, ! 2

kJ,1, ! J,1, xJ,1

kJ,2, ! J,2, xJ,2

Figure 2: Schematical illustration of the kinematics as described in Sec. 2.1.

calls for a description of the partonic cross section inkT -factorization:

dö! ab

d|kJ,1| d|kJ,2| dyJ,1 dyJ,2
=

ö
d" J,1 d" J,2

ö
d2k1 d2k2 Va(! k1, x1)G(k1, k2, ös)Vb(k2, x2),

(2.2)
where G is the BFKL GreenÕs function depending on ös = x1x2s, and the jet vertex V at
lowest order reads [13,14]:

V (0)
a (k, x) = h(0)

a (k)S(2)
J (k ; x), h(0)

a (k) =
#s"

2

CA/F

k2 , (2.3)

S(2)
J (k ; x) = $

!
1 !

xJ

x

"
|kJ |$(2) (k ! kJ ). (2.4)

In the deÞnition of h(0)
a , CA = Nc = 3 is to be used for initial gluon and CF = ( N 2

c !
1)/ (2Nc) = 4 / 3 for initial quark. Following the notation of Ref. [13,14], the dependence of
V on the jet variables is implicit.

Combining the PDFs with the jet vertices we now write

d!
d|kJ,1| d|kJ,2| dyJ,1 dyJ,2

=

=
ö

d" J,1 d" J,2

ö
d2k1 d2k2 ! (kJ,1, xJ,1, ! k1)G(k1, k2, ös)! (kJ,2, xJ,2, k2), (2.5)

Ð 3 Ð

proton

proton

jet

jet

1. Introduction

The large center of mass energy of hadron colliders like the Tevatron and the Large Hadron
Collider (LHC) is not only of interest for the production of p ossible new heavy particles,
but also allows to investigate the high energy regime of Quantum Chromodynamics (QCD).
An especially interesting situation appears if two di! erent large scales enter the game. If
the two scales are ordered, large logarithms of the ratio of the two scales compensate the
smallness of the coupling and therefore have to be resummed to all orders. One famous
example is the case of high energy scattering with Þxed momentum transfer. If the center
of mass energys is much larger than the momentum transfer |t | Ð the so-called Regge
asymptotics of the process Ð the gluon exchange in the crossed channel dominates and
logarithms of the type [! s ln(s/ |t |)]n have to be resummed. This is realized by the lead-
ing logarithmic (LL) Balitsky-Fadin-Kuraev-Lipatov (BFK L) [1Ð4] equation for the gluon
GreenÕs function describing the momentum exchange in thet-channel.

PSfrag replacements

p(p1)

p(p2)

jet 1 (k J, 1 , ! J, 1 )

jet 2 (k J, 2 , ! J, 2 )

! J, 1

! J, 2 ! "

large + rapidity

large ! rapidity

zero rapidity

" plane

#
B

ea
m

ax
is$

Figure 1: Mueller Navelet jets, illustrated at lowest order.

One of the most famous testing ground for BFKL physics are theMueller Navelet
jets [5], illustrated in Fig. 1. The predicted power like rise of the cross section with in-
creasing energy has been observed at the Tevatronpøp-collider [6], but the measurements
revealed an even stronger rise than predicted by BFKL calculations. Beside the cross
section also a more exclusive observable within this process drew the attention, namely
the azimuthal correlation between these jets. Consideringhadron-hadron scattering in the
common parton model to describe two jet production at LO, onedeals with a back-to-back
reaction and expects the azimuthal angles of the two jets always to be " and hence com-
pletely correlated. This corresponds in Fig. 1 to#J,1 = #J,2 ! " . But when we increase the
rapidity di ! erence between these jets, the phase space allows for more and more emissions
leading to an angular decorrelation between the jets. In theacademical limit of inÞnite ra-
pidity, the angles should be completely uncorrelated. In the regime of large, but realizable
rapidity di ! erences the resummation of large logarithms calls for a description within the

Ð 1 Ð

Two jets in hadronic collisions separated by large rapidity: p + p " 2jets() Y) + X

Large rapidity di ff erence: phase space for BFKL evolution


Can select jets with similar transverse momenta  , suppress DGLAP evolution


Can study azimuthal (de)correlations. Multiple emissions between jets will lead to decorrelation

k2
J1 %k2

J2
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in confronting the theoretical predictions with experimental data.

2 The Mueller-Navelet jet process

We consider the production of Mueller-Navelet jets [1] in proton-proton collisions

p(p1) + p(p2) ! jet(kJ1 ) + jet( kJ2 ) + X , (1)

where the two jets are characterized by high transverse momenta,!k2
J1

" !k2
J2

# ! 2
QCD and large

separation in rapidity; p1 and p2 are taken as Sudakov vectors satisfyingp2
1 = p2

2 = 0 and
2 (p1p2) = s.

In QCD collinear factorization the cross section of the process (1) reads

d"
dxJ1 dxJ2 d2kJ1 d2kJ2

=
!

i,j = q,øq,g

" 1

0
dx1

" 1

0
dx2 f i (x1, µF ) f j (x2, µF )

dö" i,j (x1x2s, µF )
dxJ1 dxJ2 d2kJ1 d2kJ2

, (2)

where thei, j indices specify the parton types (quarksq = u, d, s, c, b; antiquarks øq = øu, ød, øs, øc,øb;
or gluon g), f i (x, µF ) denotes the initial proton PDFs;x1,2 are the longitudinal fractions of the
partons involved in the hard subprocess, whilexJ1,2 are the jet longitudinal fractions;µF is the
factorization scale;dö" i,j (x1x2s, µF ) is the partonic cross section for the production of jets and
x1x2s $ ös is the squared center-of-mass energy of the parton-parton collision subprocess (see
Fig. 1).

In the BFKL approach [2], the cross section of the hard subprocess can be written as (see
Ref. [14] for the details of the derivation)

d"

dyJ1 dyJ2 d|!kJ1 | d|!kJ2 |d#J1 d#J2

=
1

(2$)2

#

C0 +
!!

n=1

2 cos(n#) Cn

$

, (3)

where# = #J1 %#J2 %$ and the cross sectionC0 and the other coe" cients Cn are given by

Cn $
" 2!

0
d#J1

" 2!

0
d#J2 cos[n(#J1 %#J2 %$)]

d"

dyJ1 dyJ2 d|!kJ1 | d|!kJ2 |d#J1 d#J2

(4)

=
xJ1 xJ2

|!kJ1 ||!kJ2 |

" + !

"!
d%

%
xJ1 xJ2 s

s0

& ø" s (µR )#(n,$)

&&2
s(µR)c1(n, %, |!kJ1 |, xJ1 )c2(n, %, |!kJ2 |, xJ2 )

&

#

1 + &s(µR)

'
c(1)

1 (n, %, |!kJ1 |, xJ1 )

c1(n, %, |!kJ1 |, xJ1 )
+

c(1)
2 (n, %, |!kJ2 |, xJ2 )

c2(n, %, |!kJ2 |, xJ2 )

(

+ø&2
s(µR) ln

%
xJ1 xJ2 s

s0

& '

ø' (n, %) +
( 0

8CA
' (n, %)

'

%' (n, %) +
10
3

+ ln
µ4

R

!k2
J1

!k2
J2

(($

.
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dx1
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, (2)

where thei, j indices specify the parton types (quarksq = u, d, s, c, b; antiquarks øq = øu, ød, øs, øc,øb;
or gluon g), f i (x, µF ) denotes the initial proton PDFs;x1,2 are the longitudinal fractions of the
partons involved in the hard subprocess, whilexJ1,2 are the jet longitudinal fractions;µF is the
factorization scale;dö" i,j (x1x2s, µF ) is the partonic cross section for the production of jets and
x1x2s $ ös is the squared center-of-mass energy of the parton-parton collision subprocess (see
Fig. 1).

In the BFKL approach [2], the cross section of the hard subprocess can be written as (see
Ref. [14] for the details of the derivation)
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where  and the coeffi cient of expansion are defined by%= %J1
! %J2

! #

Decompose the cross section into Fourier series in decorrelation angle:  angle between 

jets, minus #

¥ Fourier coeffi cients  are equal to the average cosines of the decorrelation angle 


¥ Very sensitive to parton dynamics 

¥ If two hard jets are in the final state, they will be approximately back-to-back  in the azimuthal plane 

¥  Due to parton radiation the angular distribution has a non-zero width determined by Fourier coe ffi cients

¥ In BFKL  one expects increasing decorrelation  with increasing rapidity interval due to the increased parton 

emissions 

¥ In DGLAP strong ordering implies that, their emission will not a ff ect jet correlation as much and should 

not depend on the rapidity

Cn %= %J1
! %J2

! #



Small x physics: from HERA, through LHC to  EIC, CFNS-CTEQ School, Stony Brook, June 15-16, 2023

Azimuthal decorrelations of Mueller-Navelet jets at LHC

24

¥ BFKL calculation at NLL 
provides  satisfactory 
description of the  data 

at high 


¥ MC generators provide 
good description at small 

values of , with wide 
spread at larger values. 


¥ Color coherence plays 
important role . MPI do 
not seem to change the 
results 


¥ More theory and 
experimental studies are 
needed


) Y

) Y
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Azimuthal ( de)correlations of two hadrons  (dijets) in DIS in eA: direct test of the unintegrated gluon 
distribution  

3

pfrag
T Transverse momentum with respect to jet direction from hadr onization

Qs Saturation scale

The rest of this article is organized as follows: in
Sec. II, we discuss the theoretical framework used for
the prediction of saturation e! ects in the dihadron cor-
relation measurement. A brief comparison of dihadron
correlations in e+A versus p+A is provided in Sec. III. In
Sec. IV, we give an overview of the planned EIC project
and present simulation results for dihadron correlations
at an EIC. Finally, we summarize and conclude in Sec. V.

II. DIHADRON CORRELATIONS IN THE
SATURATION FORMALISM

According to the e! ective small-x kt factorization es-
tablished in Ref. [29], which is brießy summarized above,
the back-to-back correlation limit of the dihadron pro-
duction cross section can be used to directly probe the
WW gluon distribution xG(1) (x, q! ). As a comparison,
the hadron production in semi-inclusive deep inelastic
scattering (SIDIS), as shown in Ref. [31], is related to
the so-called dipole gluon distributionsxG(2) (x, q! ).

The coincidence probability C(" ! ) = N pair ( ! ! )
N trig

is a
commonly exploited observable in dihadron correlation

studies, in which Npair (" ! ) is the yield of the correlated
trigger and associate particle pairs, whileNtrig is the
trigger particle yield. This correlation function C(" ! )
depends on the azimuthal angle di! erence" ! between
the trigger and associate particles. In terms of theoretical
calculation, the correlation function is deÞned as

C(" ! ) = 1
d !

" ! + A " h 1 + X
SIDIS

dz h 1

d" " ! + A " h 1 + h 2 + X
tot
dzh 1 dzh 2 d! ! . (1)

Let us consider a process of a virtual photon scatter-
ing on a dense nuclear target producing two Þnal state
back-to-back qøq jets: " " + A ! q(k1) + øq(k2) + X , in
which k1 and k2 are the four momenta of the two outgoing
quarks. This process is the dominant one in the low-x re-
gion, since the gluon distribution is much larger than the
quark distributions inside a hadron at high energy. The
back-to-back correlation limit indicates that the trans-
verse momentum imbalance is much smaller than each
individual momentum: q! = |k1! + k2! | " P! , with
P! deÞned as (k1! # k2! )/ 2. At leading order (LO), the
dihadron total cross section, which includes both the lon-
gitudinal and transverse contributions, can be written as
follows [29]:

d##! + A # h1 + h2 + X
tot

dzh1dzh2d2ph1! d2ph2!
= C

! 1$ zh 2

zh 1
dzq

zq (1$ zq )
z2

h 2 z2
h 1

d2p1! d2p2! F (xg, q! )H tot (zq, k1! , k2! ) (2)

$
"

q e2
qDq( zh 1

zq
, p1! )D øq( zh 2

1$ zq
, p2! ),

whereC = S# N c $ em
2%2 gives the normalization factor, with

S! being the transverse area of the target,zq is the longi-
tudinal momentum fraction of the produced quark with
respect to the incoming virtual photon, H tot is the com-
bined hard factor, k1! and k2! are the transverse mo-
menta of the two quarks, while ph1! and ph2! are the
transverse momenta of the two corresponding produced
hadrons respectively.F (xg, q! ) comes from the relevant
WW gluon distribution xG(1) (xg, q! ) evaluated with the
gauge links for a large nucleus at smallx by using the
McLerran-Venugopalan model [12],

F (xg, q! ) =
1

2$2

#
d2r ! e$ iq # r #

1
r 2

!
[1 # exp(#

1
4

r 2
! Q2

s)],

(3)

in which xg = zq p2
h 1#

z2
h 1 s + (1$ zq )p2

h 2#
z2

h 2 s + Q2

s is the longi-
tudinal momentum fraction of the small-x gluon with
respect to the target hadron andQs is the gluon satura-
tion scale. Dq( zh

zq
, p! ) represents the transverse momen-

tum dependent fragmentation functions, wherep! shows
the additional transverse momentum introduced by frag-

mentation processes. There can be more sophisticated
model description of the WW gluon distribution, which
involves a numerical solution to the BK type evolution
for the WW gluon distribution [34, 35]. But studying the
impact of these PDFs is beyond the scope of this work
presented here.

In principle, the so-called linearly polarised gluon dis-
tribution [32, 33] also contributes to the dihadron cor-
relation and can be systematically taken into account.
This part of the contribution comes from an averaged
quantum interference between a scattering amplitude and
a complex conjugate amplitude with active gluons lin-
early polarized in two orthogonal directions in the az-
imuthal plane. Numerical calculation shows that this
contribution is negligible for dihadron back-to-back cor-
relations. Also, this type of contribution vanishes when
the dihadron correlation function is averaged over the
azimuthal angle of the trigger particle.

As to the single-inclusive-hadron production cross sec-
tion, which enters the denominator of the deÞnition of the
correlation function C(" ! ), it can be calculated from the

<latexit sha1_base64="vbBubVTt5wDdFDeXG8F+8Wth06E="></latexit>

d! ! ! + A ! h1 + h2 + X

dzh1dzh2d2ph1T d2ph2T
! F (xg, qT ) " H (zq, k1T , k2T ) " Dq(zh1/z q, p1T ) " Dq(zh2/z q, p2T )

k1

k2

Two partons. Can look at the decorrelation 
of jets or hadrons

Instead of looking for two jets separated by large rapidity, look for two hadrons/dijets at small x
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Clear differences between the ep 
and eA: suppression  of the 
correlation peak in eA due to 
saturation  effects (including the 
Sudakov resummation)

Further observables:  azimuthal 
correlations of dihadrons/dijets in 
diffraction, photon+jet/dijet. These 
processes will allow to test various 
CGC correlators

150 7.3. THE NUCLEUS: A LABORATORY FOR QCD

!
s = 90 GeV

ptrig
T > 2 GeV

ptrig
T > p assoc

T > 1 GeV

0.2 < z trig
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h < 0.4
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Figure 7.63: Comparison between the dihadron azimuthal angle correlation in e+Au col-
lisions (labeled with Þlled red circles) and that in e+ p collisions (labeled with Þlled 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 (! ! ) 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(! ! ) = Npair(! ! )/ 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 nearbyQ2 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 |" | < 3.5 with ptrig
T > 2

6$77'8)9$,'"&
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Diffraction in DIS
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Final state: elastically scattered 
proton, or the system with the 

same quantum numbers

X
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Rapidity gap

In order for the rapidity gap to exist it needs to be mediated by the colorless  exchange

Di ff raction : a reaction characterized by a rapidity  gap in the final state
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Diffractive kinematics in DIS
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y =
p áq
p ák

W 2 = ( q + p)2

s = ( k + p)2

Q2 = ! q2

x =
! q2

2p áq

electron-proton 

cms energy squared:

photon-proton 

 cms energy squared:

inelasticity

Bjorken x

(minus) photon virtuality

Standard DIS variables:

! =
Q2

Q2 + M 2
X ! t

momentum fraction of the 
Pomeron w.r.t hadron

momentum fraction of parton 
w.r.t Pomeron

t = ( p ! p!)2 4-momentum transfer squared

! ! xIP =
Q2 + M 2

X " t
Q2 + W 2

Diffractive DIS variables: x = !"
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Target is scattered elastically: 
elastic scattering 


It can also dissociate into a 
state Y with the same quantum 
numbers, but still separated 
from the rest of particles
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Deep Inelastic Scattering : non-diffractive

29

protonlepton

lepton proton

Non-di ff ractive DIS event
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Diffraction at HERA

30

10% events at HERA were of diff ractive type

Large portion of the detector void of any particle activity: rapidity gap 

Proton stays intact despite undergoing violent collision with a 50 TeV electron (in its 
rest frame)
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Phase space (x,Q2) EIC-HERA in diffraction
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Diffraction in DIS

32

Why di ff raction ? 
¥ Dynamics of color  singlet  object (Pomeron). Relation 

to confinement


¥ Sensitivity to gluon  content, low  dynamics and 
saturation 


¥ Relation to shadowing 

¥ Limits of factorization  and universality  of di ff ractive 

PDFs

¥ Provides information about spatial  distribution of the 

gluons in the target

x

In nuclei, also possible incoherent  
diffraction, when nucleus breaks up, but 
rapidity gap still present

p
Y

X
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!
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IP
On protons, one can have  diffractive  
dissociation (proton breaks up but there 
is rapidity gap)
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Diffractive cross section, structure functions

33

Y+ = 1 + (1 ! y)2

Reduced cross section depends on two structure functions :

d4! D

d"d#dQ2dt
=

2$%2
em

#Q4 Y+ ! D(4)
r (" , #, Q2, t)
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! D(4)
r (" , #, Q2, t) = F D(4)

2 (" , #, Q2, t) !
y2

Y+
F D(4)

L (" , #, Q2, t)
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F D(3)
2,L (! , " , Q2) =

! 0

!"
dt F D(4)

2,L (! , " , Q2, t)
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Upon integration over t:

[! D(4)
r ] = GeV ! 2
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! D(3)
r
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Dimensionless

Dimensions:

Diffractive cross section depends on 4 variables (",#,Q2,t):
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Example: pseudodata for σD(3) in ep at EIC
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Possibilities for  FLD(3) at EIC
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 vanishes in the parton model 


Gets non-vanishing contributions in QCD 


As in inclusive case, particularly sensitive to the diffractive gluon density 


Expected large higher  twists , provides test of the non -linear , saturation  phenomena

FD
L

Why  is interesting?FD
L

Experimentally challengingÉ

Measurement requires several beam energies


 strongest when . Low electron energies


H1 measurement: 4 energies, Ep=920, 820, 575, 460 GeV, electron beam E e=27.6 GeV 


Large errors, limited by statistics at HERA 


Careful evaluation of systematics. Best precision 4%, with uncorrelated sources as low as 2%

FD
L y " 1

<latexit sha1_base64="1IF3XsQFEH3fJaCPqU3GZMkT+9E="></latexit>
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Simulated measurement of FLD(3) vs β in bins of (ξ,Q2)
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17 energies 9 energies 5 energies

Small differences between S-17 and S-9, small reduction to range and increase in uncertainties. 


More pronounced reduction in range  and higher uncertainties in S-5. 


An extraction of F DL  possible with EIC-favored set of energy combinations

Uncorr. systematic error 1%, 5 MC samples to illustrate fluctuations
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Example : inclusive diffraction in eA DIS
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Di ff ractive to inclusive ratio of cross sections sensitive probe to di ff erent models
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Figure 7.64: Left: Ratio of nuclear to proton diffractive structure functions, scaled by A, at
! = 10! 3 (also referred to as xP) as a function of " 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! (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
proÞle and structure, while incoherent diffraction is sensitive to nucleon degrees
of freedom, speciÞcally to nucleon and subnucleon ßuctuations, 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
ßuctuations in nuclei than in protons (ßuctuating positions of the nucleons in the
nucleus in addition to subnucleonic ßuctuations), 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
ßuctuations 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 Þeld effects of BK (or hard pomeron based approaches
in general) from the soft pomeron physics associated with conÞnement [770]. The
ratio of the (coherent) diffractive cross section integrated over t and some range
M X < 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 Þxed impact parameter is larger

CHAPTER 7. EIC MEASUREMENTS AND STUDIES 153

0 0.2 0.4 0.6 0.8 1
!

0.
6

0.
8

1
1.

2
1.

4
F 2,

AD
 / 

A
F 2D

Ca, thick: ipsat thin: bCGC
Sn, thick: ipsat, thin: bCGC
Au, thick: ipsat, thin: bCGC

 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

 1

 0  0.2  0.4  0.6  0.8  1

f j/
A

D
(3

) /(
A

 f j
/N

D
(3

) )

!

ubar, Ca-40

FGS10Ñ H
FGS10Ñ L

 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

 1

 0  0.2  0.4  0.6  0.8  1

f j/
A

D
(3

) /(
A

 f j
/N

D
(3

) )

!

xIP=10-3
gluon, Ca-40

 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

 1

 0  0.2  0.4  0.6  0.8  1

f j/
A

D
(3

) /(
A

 f j
/N

D
(3

) )

!

ubar, Pb-208

 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

 1

 0  0.2  0.4  0.6  0.8  1

f j/
A

D
(3

) /(
A

 f j
/N

D
(3

) )

!

gluon, Pb-208

Figure 7.64: Left: Ratio of nuclear to proton diffractive structure functions, scaled by A, at
! = 10! 3 (also referred to as xP) as a function of " 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! (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
proÞle and structure, while incoherent diffraction is sensitive to nucleon degrees
of freedom, speciÞcally to nucleon and subnucleon ßuctuations, 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
ßuctuations in nuclei than in protons (ßuctuating positions of the nucleons in the
nucleus in addition to subnucleonic ßuctuations), 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
ßuctuations 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 Þeld effects of BK (or hard pomeron based approaches
in general) from the soft pomeron physics associated with conÞnement [770]. The
ratio of the (coherent) diffractive cross section integrated over t and some range
M X < 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 Þxed impact parameter is larger

Ratio in saturation model: enhancementRatio in LT shadowing : suppression
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Example : diffractive  elastic vector meson production

38

J/# vector meson: charm -anti charm system 

Upsilon vector meson: bottom  - anti bottom system m = 9 .46 GeV
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m = 3 .09 GeV
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Elastic vector meson production

39

0 0.2 0.4 0.6 0.8 1 1.2

|t| [GeV2]

d!
/d

t(
"p

 #
 J

/$
p)

 [
nb

/G
eV

2 ]

1

10

100

1000

%Q2&
[GeV2]

0.05

7.0
3.2

22.4

Fit '  ebt

Fit '  1/(1-t/m2g)
4                     2

40 < W"p < 160 GeVa) H1

0 0.25 0.5 0.75 1
|t| [GeV2]

d!
/d

t(
"p

 #
 J

/$
p)

 [
nb

/G
eV

2 ]

1

10

100

1000

135 < W"p < 235 GeV
%Q2& = 0.05 GeV2

H1

b)

0 0.25 0.5 0.75 1
|t| [GeV2]

d!
/d

t(
"p

 #
 J

/$
p)

 [
nb

/G
eV

2 ]

1

10

100

1000

205 < W"p < 305 GeV
%Q2& = 0.05 GeV2

H1

c)

Figure 7: Differential cross section d! / dt for elasticJ/ " production as a function of|t| a) in
four bins ofQ2 in the range40 < W ! p < 160 GeV. !Q2" indicates the bin centre value in the
Q2 range considered. The inner error bars show the statisticalerror, while the outer error bars
show the statistical and systematic uncertainties added inquadrature. The solid lines show Þts
to the data of the form d! / dt # ebt. The dashed curve shows the result of a Þt proposed by
Frankfurt and Strikman [8]. Figures b) and c) show the photoproduction measurements in the
ranges135< W ! p < 235GeV and205< W ! p < 305GeV.
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 momentum transfer at the proton 
vertex

Exponential fit

t = ( p ! p!)2 < 0
<latexit sha1_base64="KidcV2a/s5yqVe21TBuj054wyf4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCDQtGLxwr2A9q1ZNNsG5rNhiQrlKV/w4sHRbz6Z7z5b0zbPWj1wcDjvRlm5gWSM21c98vJLS2vrK7l1wsbm1vbO8XdvaaOE0Vog8Q8Vu0Aa8qZoA3DDKdtqSiOAk5bwehm6rceqdIsFvdmLKkf4YFgISPYWKlrrsryVB6fPFQv3V6x5FbcGdBf4mWkBBnqveJntx+TJKLCEI617niuNH6KlWGE00mhm2gqMRnhAe1YKnBEtZ/Obp6gI6v0URgrW8KgmfpzIsWR1uMosJ0RNkO96E3F/7xOYsILP2VCJoYKMl8UJhyZGE0DQH2mKDF8bAkmitlbERlihYmxMRVsCN7iy39Js1rx3Ip3d1aqXWdx5OEADqEMHpxDDW6hDg0gIOEJXuDVSZxn5815n7fmnGxmH37B+fgGsfeQJA==</latexit><latexit sha1_base64="KidcV2a/s5yqVe21TBuj054wyf4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCDQtGLxwr2A9q1ZNNsG5rNhiQrlKV/w4sHRbz6Z7z5b0zbPWj1wcDjvRlm5gWSM21c98vJLS2vrK7l1wsbm1vbO8XdvaaOE0Vog8Q8Vu0Aa8qZoA3DDKdtqSiOAk5bwehm6rceqdIsFvdmLKkf4YFgISPYWKlrrsryVB6fPFQv3V6x5FbcGdBf4mWkBBnqveJntx+TJKLCEI617niuNH6KlWGE00mhm2gqMRnhAe1YKnBEtZ/Obp6gI6v0URgrW8KgmfpzIsWR1uMosJ0RNkO96E3F/7xOYsILP2VCJoYKMl8UJhyZGE0DQH2mKDF8bAkmitlbERlihYmxMRVsCN7iy39Js1rx3Ip3d1aqXWdx5OEADqEMHpxDDW6hDg0gIOEJXuDVSZxn5815n7fmnGxmH37B+fgGsfeQJA==</latexit><latexit sha1_base64="KidcV2a/s5yqVe21TBuj054wyf4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCDQtGLxwr2A9q1ZNNsG5rNhiQrlKV/w4sHRbz6Z7z5b0zbPWj1wcDjvRlm5gWSM21c98vJLS2vrK7l1wsbm1vbO8XdvaaOE0Vog8Q8Vu0Aa8qZoA3DDKdtqSiOAk5bwehm6rceqdIsFvdmLKkf4YFgISPYWKlrrsryVB6fPFQv3V6x5FbcGdBf4mWkBBnqveJntx+TJKLCEI617niuNH6KlWGE00mhm2gqMRnhAe1YKnBEtZ/Obp6gI6v0URgrW8KgmfpzIsWR1uMosJ0RNkO96E3F/7xOYsILP2VCJoYKMl8UJhyZGE0DQH2mKDF8bAkmitlbERlihYmxMRVsCN7iy39Js1rx3Ip3d1aqXWdx5OEADqEMHpxDDW6hDg0gIOEJXuDVSZxn5815n7fmnGxmH37B+fgGsfeQJA==</latexit><latexit sha1_base64="KidcV2a/s5yqVe21TBuj054wyf4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCDQtGLxwr2A9q1ZNNsG5rNhiQrlKV/w4sHRbz6Z7z5b0zbPWj1wcDjvRlm5gWSM21c98vJLS2vrK7l1wsbm1vbO8XdvaaOE0Vog8Q8Vu0Aa8qZoA3DDKdtqSiOAk5bwehm6rceqdIsFvdmLKkf4YFgISPYWKlrrsryVB6fPFQv3V6x5FbcGdBf4mWkBBnqveJntx+TJKLCEI617niuNH6KlWGE00mhm2gqMRnhAe1YKnBEtZ/Obp6gI6v0URgrW8KgmfpzIsWR1uMosJ0RNkO96E3F/7xOYsILP2VCJoYKMl8UJhyZGE0DQH2mKDF8bAkmitlbERlihYmxMRVsCN7iy39Js1rx3Ip3d1aqXWdx5OEADqEMHpxDDW6hDg0gIOEJXuDVSZxn5815n7fmnGxmH37B+fgGsfeQJA==</latexit>

p

p(Y)

V

e e

!

t

"

IP

 t-dependence of the elastic cross section provides information about the 
pro file of the target
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Diffraction in hadronic physics: analogy with  optics
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Circular aperture Rectangular aperture

The diff raction pattern (far away from obstacle)  is a Fourier transform of 
the apertured field.

Source: Wikipedia!
Author: Wisky

Source: Wikipedia!
Author: Epzcaw
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Diffraction pattern

41

Photo 51

Diffraction can provide very detailed information about the structure of an object. 


The object cannot be destroyed in this process.

Gosling-Franklin


Source: Wikipedia!

Watson-Crick


Source: Offi
 of the U.S. Department of Energy Offi
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Diffractive elastic VM production

42

Di ff ractive elastic vector meson production as a way to study nucleon structure

R ! 0.84Ö 0.87 fm
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Proton charge radius

b ! 0.5 Ö 0.6 fm
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Radius measured in diff ractive 
scattering of vector mesons

Experiments  on elastic VM production suggest gluons are concentrated in 
smaller regions than quarks
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Growth of the target size with energy
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Figure 10: The values of thet slope parameterb(W! p) as a function ofW! p in the range|t| <
1.2 GeV2 for a) photoproduction and b) electroproduction.!Q2" indicates the bin centre value
in theQ2 range considered. The data points are the results of one-dimensional Þts of the form
d! / dt # ebt in W! p bins. The inner error bars show the statistical errors, while the outer error
bars show the statistical and systematic uncertainties added in quadrature. The solid lines show
the results of the two-dimensional Þts (equation 2) as in Þgure 9. In a) the data are compared
with results from the ZEUS collaboration [6].
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d! / dt # ebt in W! p bins. The inner error bars show the statistical errors, while the outer error
bars show the statistical and systematic uncertainties added in quadrature. The solid lines show
the results of the two-dimensional Þts (equation 2) as in Þgure 9. In a) the data are compared
with results from the ZEUS collaboration [6].
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Figure 7: Differential cross section d! / dt for elasticJ/ " production as a function of|t| a) in
four bins ofQ2 in the range40 < W ! p < 160 GeV. !Q2" indicates the bin centre value in the
Q2 range considered. The inner error bars show the statisticalerror, while the outer error bars
show the statistical and systematic uncertainties added inquadrature. The solid lines show Þts
to the data of the form d! / dt # ebt. The dashed curve shows the result of a Þt proposed by
Frankfurt and Strikman [8]. Figures b) and c) show the photoproduction measurements in the
ranges135< W ! p < 235GeV and205< W ! p < 305GeV.
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The slope growths with energy:

d!
dt

! ebt
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Figure 2.26: Top: cross-section for! ! p ! J/ ! p in two bins of xV and Q2. Bottom: the
distribution of gluons in impact parameterbT obtained from theJ/ ! production cross section.
The bands have the same meaning as in Figure 2.21.

ics such as shadowing, anti-shadowing or the
EMC e" ect. An overview and references can
be found in Sec. 5.9.1 of [2]. Coherent ex-
clusive reactions such asJ/ ! production on
heavy nuclear targets have the potential to
map out the geometry of the nucleus in high-
energy processes and thus to quantify the ini-
tial conditions of heavy-ion collisions. As dis-
cussed in Sec. 3.2.2, they may o" er detailed
information about parton saturation by ex-
hibiting the bT dependence of the amplitude
N (x, r T , bT ) for scattering a color dipole of
sizer T at a transverse distancebT from the
center of the nucleus.

Scattering processes at highQ2 in which
two or more nucleons are simultaneously
knocked out of a nucleus provide an oppor-

tunity to study short-range correlations be-
tween nucleons in a nucleus. Fixed-target ex-
periments [138, 139] have obtained intriguing
results, which not only provide detailed in-
sight into the nucleon-nucleon interaction at
short distances but also have astrophysical
implications [140]. At the EIC, one will have
the unique opportunity to study the role of
gluon degrees of freedom in these short-range
correlations. For instance, in exclusiveJ/ !
production o" light nuclei accompanied by
knockout nucleons, see Sec. 5.12 of [2]. Such
studies have the potential to greatly increase
our understanding of nuclear forces in the
transition region between hadronic and par-
tonic degrees of freedom.
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CHAPTER 7. EIC MEASUREMENTS AND STUDIES 119

Figure 7.47: Top: Projected EIC uncertainties for the gluon IPD obtained from a Fourier
transform of the differential cross section for J/ ! production for 15.8 GeV 2 < Q2 + M 2

V <
25.1 GeV2, assuming a collection of 10 fb! 1 (from Ref. [2]). Bottom: Projected uncertainties
for the gluon IPD multiplied with b2

T, extracted by a Fourier transform of the differential
cross section for Y production for 89.5 GeV 2 < Q2 + M 2

V < 91 GeV2, assuming 100 fb! 1

(from Ref. [416]).

Breit frame [22,418], and has been discussed recently in other frames as well [174,
419]. Working in the Breit frame, the D(t) form factor can be related to the spatial
distribution of shear forces s(r) and pressure p(r).

The relation for the shear forces holds also for quarks and gluons separately, while
it is deÞned only for the total system in the case of pressure. In this way, D(t)
provides the key to mechanical properties of the nucleon and reßects the internal
dynamics of the system through the distribution of forces. Requiring mechanical
stability of the system, the corresponding force must be directed outwards so that
one expects the local criterion 2s(r) + p(r) > 0 to hold, which implies that the
total D-term for any stable system must be negative, D < 0, as conÞrmed for



Small x physics: from HERA, through LHC to  EIC, CFNS-CTEQ School, Stony Brook, June 15-16, 2023

Elastic vector meson production at EIC : eA

46

|t | (GeV2) |t | (GeV2)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

)2
 /d

t (
nb

/G
eV

 e
Õ

 +
 A

u
Õ

 +
 J

/
!

)
!

(e
 +

 A
u 

"d

)
2

 /d
t (

nb
/G

eV
 e

Õ
 +

 A
u

Õ
 +

 
#)

!
(e

 +
 A

u 
"d

J/$ #

"Ldt = 10 fb-1/A
1 < Q2 < 10 GeV2

x < 0.01
|#(edecay)| < 4
p(edecay) > 1 GeV/c
%t/t = 5%

"Ldt = 10 fb-1/A
1 < Q2 < 10 GeV2

x < 0.01
|#(Kdecay)| < 4
p(Kdecay) > 1 GeV/c
%t/t = 5%

104

103

102

10

1

10-1

10-2

105

104

103

102

10

1

10-1

10-2

coherent - no saturation
incoherent - no saturation
coherent - saturation (bSat)
incoherent - saturation (bSat)

coherent - no saturation
incoherent - no saturation
coherent - saturation (bSat)
incoherent - saturation (bSat)

Figure 3.23: d! /dt distributions for exclusiveJ/ " (left) and # (right) production in coherent and
incoherent events in di! ractivee+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 Þlter and scaled to
reßect 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-sizedJ/ " (< 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 Q2, 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 ÒblacknessÓ 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
Þnal 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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Figure 3.24: The Fourier transforms obtained in [201] from the distributions in Figure 3.23 for
J/ ! -mesons in the upper row and" -mesons in the lower row. The results from both saturation
(right) and non-saturation (left) models are shown. The used input Woods-Saxon distribution
is shown as a reference in all four plots.

object probed, i.e., the dipole scattering am-
plitude N (x, r T , bT ) on the nucleus with r 2

T !
1/ (Q2 + M 2

V ), where M V is the mass of
the vector meson [186] (see also the Sidebar
on page 42). Note that related studies can
be conducted in ultra-peripheral collisions of
nuclei, albeit with a limited kinematic reach.
This is discussed in section 3.4.2.

Figure 3.23 shows thed#/dt distribution
for J/ ! on the left and " mesons on the
right. The coherent distribution depends on
the shape of the source while theincoher-
ent distribution provides valuable informa-
tion on the ßuctuations or ÒlumpinessÓ of
the source [199]. As discussed above, we
are able to distinguish both by detecting the
neutrons emitted by the nuclear breakup in
the incoherent case. Again, we compare to
predictions of saturation and non-saturation
models. Just as for the previous Þgures, the
curves were generated with the Sartre event
generator and had to pass through an ex-
perimental Þlter. The experimental cuts are
listed in the Þgures.

As the J/ ! is smaller than the " , one

sees little di! erence between the saturation
and no-saturation scenarios for exclusiveJ/ !
production but a pronounced e! ect for the
" , as expected. For the former, the statisti-
cal errors after the 3rd minimum become ex-
cessively large requiring substantially more
than the simulated integrated luminosity of
10 fb! 1/A. The situation is more favorable
for the " , where enough statistics up to the
4th minimum are available. The $ meson has
even higher rates and is also quite sensitive
to saturation e! ects. However, it su! ers cur-
rently from large theoretical uncertainties in
the knowledge of its wave-function, making
calculations less reliable.

The coherent distributions in Figure 3.23
can be used to obtain information about
the gluon distribution in impact parame-
ter space F (b) through a two-dimensional
Fourier transform of the square root of the
coherent elastic cross section [186, 201]

F (b) =

"!

0

dq q
2%

J0(q b)

"
d#coherent

dt
(3.13)
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F (b) =
! !

0

q dq
2!

J0(qb)

"
d" coherent

dt
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Figure 3.23: d! /dt distributions for exclusiveJ/ " (left) and # (right) production in coherent and
incoherent events in di! ractivee+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 Þlter and scaled to
reßect 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-sizedJ/ " (< 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 Q2, 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 ÒblacknessÓ 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
Þnal 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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¥ Nuclear structure functions , precision extraction of nuclear PDFs, testing the 
limits  of collinear factorization  in nuclei. Initial conditions for hot QCD. 


¥ Explore the onset of saturation  in eA, DGLAP vs non-linear evolution, x,A, and Q 
dependence. Precise measurement of FL needed (variable energies)


¥ Extraction of diffractive nuclear PDFs  possible for the first time, potential for 
FLD. Prospects for measuring Reggeon.  Diffractive to inclusive ratios  needed to 
distinguish between the different scenarios (saturation vs leading twist 
shadowing). 


¥ Exclusive  diffraction of vector mesons, excellent process to map spatial 
distribution  and test saturation . Experimental challenges.


