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• In collinear QCD factorization, target fragmentation in semi-inclusive hard 
processes is described in terms of fracture functions, Trentadue, Veneziano, PLB 323 

(1994) 201  

• Fracture functions (FFs) = universal structure functions (parton distributions) 
of a given target provided it fragmented into another hadron, i.e., conditional 
probabilities. 

• In DIS, FFs provide simultaneous description of leading nucleon production 
and inclusive diffraction in complimentary regions of xL=1-xP, de Florian, Sassot, PRD 
58 (1998) 054003

Target fragmentation in DIS and fracture 
functions
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1 Introduction

Diffractive processes such as ep → eXp have been studied extensively in deep-inelastic elec-
tron1-proton scattering (DIS) at the HERA collider [1–8], since understanding them in detail
is fundamental to the development of quantum chromodynamics (QCD) at high parton densi-
ties. The photon virtuality Q2 supplies a hard scale for the application of perturbative QCD, so
that diffractive DIS events can be viewed as processes in which the photon probes a net colour
singlet combination of exchanged partons. A hard scattering QCD collinear factorisation the-
orem [9] allows ‘diffractive parton distribution functions’ (DPDFs) to be defined, expressing
proton parton probability distribution functions under the condition of a particular scattered
proton four-momentum. The x and Q2 dependences of diffractive DIS can thus be treated with
a similar theoretical description to that applied to inclusive DIS, for example through the appli-
cation of the DGLAP parton evolution equations [10].

Within Regge phenomenology, diffractive cross sections are described by the exchange of
a leading pomeron (IP ) trajectory, as illustrated in figure 1. H1 diffractive DIS data [3] have
been interpreted in a combined framework, which applies the QCD factorisation theorem to
the x and Q2 dependences and uses a Regge inspired approach to express the dependence on
the fraction xIP of the incident proton longitudinal momentum carried by the colour singlet
exchange. The data at low xIP are well described in this framework and DPDFs and a pomeron
trajectory intercept have been extracted. In order to describe the data at larger xIP , it is necessary
to include a sub-leading exchange trajectory (IR), with an intercept which is consistent [2] with
the approximately degenerate trajectories associated with the ρ, ω, a2 and f2 mesons.
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Figure 1: Schematic illustration of the diffractive DIS process ep → eXp and the kinematic
variables used for its description in a model in which the pomeron (IP ) and a sub-leading (IR)
trajectory are exchanged.

In many previous analyses, including [3], diffractive DIS events are selected on the basis
of the presence of a large rapidity gap (LRG) between the leading proton and the remainder

1For simplicity, the incident and scattered leptons are always referred to in the following as ‘electrons’, although
the data studied here were obtained with both electron and positron beams.
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xL=p’+/p+ < 1 xL ~ 1



• Inclusive diffraction is a special case of target fragmentation with xL> 0.9,    
xP < 0.1 → FFs=diffractive parton distribution function (PDFs) 

• QCD factorization theorem for diffraction in DIS, Collins, PRD 57 (1998) 3051; PRD 61 
(2000) 019902 (Erratum)

 Inclusive diffraction in ep DIS
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twist theory of nuclear shadowing predicts for x = 10�4 and b = 0 that gA(x, b,Q 2)/[ATA(b)gN(x,Q 2)] = 0.33 (FGS10_H)
and gA(x, b,Q 2)/[ATA(b)gN(x,Q 2)] = 0.51 (FGS10_L), see Fig. 41.

The discussed results give another illustration of the observation that realistic nuclei can be treated as rather dilute
systems in the processes involving nuclear shadowing with large fluctuations of the number of involved nucleons, even at
small impact parameters.

3.5. Diffraction in DIS and the QCD factorization theorem

3.5.1. Nucleon fragmentation in DIS
In DIS a struck parton is removed from the nucleon and moves with a large momentum relative to the spectator system.

The struck parton and spectator system fragment into separate groups of hadrons. (Hadrons at the central rapidities may
belong to either of the groups.) It is convenient to consider the process in the Breit frame where the nucleon momentum
P ! 1 and the photon momentum is aligned along the same axis: Eq = �2xEP and qµ = 0 for all other components. In
the parton model approximation, the final quark flies with the momentum �xP in the opposite direction with respect to
the residual system that carries the momentum (1 � x)P . As a result, a hadron in the target fragmentation region can be
produced with the maximal light-cone fraction z relative to the incident nucleon: z  (1� x). For large x � 0.1, the process
corresponds to the removal of the valence quark from the nucleon and creation of a color flow between the current and
target fragmentation regions. As a result, for such x, the distribution in the variable xF = z/(1 � x) should go to zero at the
kinematic limit xF ! 1 [123,139]. (This kinematic limit follows from the requirement that theminus component of the four
momentum of the system X should be positive. The actual dependence on xF follows from details of the QCD dynamics and
is often parameterized in terms of quark counting rules.) With a decrease of x, the dynamics changes; hence, the shape of
the distribution z(xF ) should depend on x.

3.5.2. Diffractive structure functions and diffractive PDFs
Most of the HERA experimental studies were performed at small x. In this case, one often uses the variable xP = 1 � z.

The cross section for the process ep ! e + p + X (or production of any other hadron), see Fig. 17, is usually parameterized
in the following form:

d4� D
ep

dxP dt dx dQ 2 =
2⇡↵2

xQ 4

h�
1 + (1 � y)2

�
FD(4)
2 (x,Q 2, xP, t) � y2FD(4)

L (x,Q 2, xP, t)
i
, (83)

whereQ 2 is the virtuality of the exchanged photon; x = Q 2/(2p ·q) is the Bjorken variable; y = (p ·q)/(p ·k) is the fractional
energy loss of the incoming lepton. We follow here the notations commonly used for the description of phenomena in the
small x kinematics; in order to emphasize the role of small xP processes, one introduces the superscript ‘‘D’’ denoting FD(4)

2
and FD(4)

L as the diffractive structure functions (the superscript ‘‘(4)’’ denotes that the structure functions depend on four
variables). (Note that in the case of generic x and z, these quantities are often referred to as fracture functions [148].) The
variables xP and t are expressed through the experimentally measured quantities:

t = (p0
� p)2,

xP =
q · (p � p0)

q · p
⇡

M2
X + Q 2

W 2 + Q 2 ,

� =
Q 2

2q · (p � p0)
=

x
xP

⇡
Q 2

Q 2 + M2
X
, (84)

whereMX is the invariant mass of the produced final state;W 2 is the invariant mass squared of the � ⇤p system (see Fig. 17).
The variable xP describes the fractional loss of the proton longitudinal momentum; we also defined here � which is the
longitudinal momentum fraction with respect to xP carried by the interacting parton (to the leading order in ↵s). Note that
the contribution of the termproportional to FD(4)

L in Eq. (83) is kinematically suppressed and usually neglected in the analysis
of diffraction.

In pQCD a partonwith a virtualityQ 2
0 is resolved at higherQ 2 leading to the scaling violations. If a parton at the resolution

scale (x,Q 2) is removed, the final state in the fragmentation region will be changed as compared to the removal of a parent
parton at the scale (x0,Q 2

0 ). The difference is due to the emission of partons in the evolution process and fragmentation of the
struck quark. However, partons produced in the hard process of the evolution from scale Q0 to scale Q have the transverse
momenta�Q0 and, hence, their overlapping integral with a low pt and finite z hadron is suppressed by a power of Q 2

0 [121].
The quark–gluon system produced in the hard interaction is well localized in the transverse directions and, hence, should
interactwith the target in the sameway as the parton at (x0,Q 2

0 ). As a result, theQ 2 evolution of the fragmentation functions
for fixed t and z is given by the same DGLAP equations as those for the nucleon PDFs [59,121]. This result follows from the
fact that QCD evolution occurs in both cases off a single parton. The kinematical window appropriate for the onset of the
applicability of the QCD factorization theorem depends on the interplay between z and x: (i) the selection of smaller x
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Fig. 17. Diffractive production of a hadron with momentum p0 in the nucleon fragmentation region in DIS.

increases the contribution of higher-twist effects, and (ii) the products of the hard parton fragmentation tend to fill the
rapidity gap between the photon and target fragmentation regions, especially in the case when this parton carries a small
fraction z of the photon momentum. Thus, larger Q0 is necessary to suppress the both effects.

Similarly to the inclusive case, the factorization theorem for diffraction (production of a hadron with fixed z and t) in DIS
states that, at given fixed t and xP and in the leading twist approximation, the diffractive structure function FD(4)

2 is given by
the convolution of the same hard scattering coefficient functions Cj with universal diffractive parton distributions f D(4)

j :

FD(4)
2 (x,Q 2, xP, t) = �

X

j=q,q̄,g

Z 1

�

dy
y
Cj

✓
�

y
,Q 2

◆
f D(4)
j (y,Q 2, xP, t), (85)

where � = x/xP. The diffractive PDFs f D(4)
j are conditional probabilities to find a parton of flavor jwith a light-cone fraction

� in the proton that undergoes diffractive scattering characterized by the longitudinal momentum fraction xP and the
momentum transfer t , see Sections 3.5 and 3.6 for details.

3.5.3. Diffractive dynamics in DIS
DIS at finite x creates a color flow between the current and target fragmentation regions leading to a strong break-up of

the nucleon since a typical nucleon carries a relatively small light-cone fraction of the initial nucleonmomentum (remember
that z > 1 � x is kinematically forbidden in this case). Hence, the HERA observation of the significant diffraction in DIS at
small x came as a surprise to the theorists not used to the small x dynamics since pQCD and the confinement of color do not
allow rapidity gaps.

The key to resolving this puzzle has been provided long time ago by the aligned jet model (AJM) [122]. The model was
proposed to address the Gribov paradox consisting in the observation that if all configurations in the virtual photon wave
function interacted with large hadronic strengths with nuclei, the Bjorken scaling would be grossly violated at small x.
Bjorken has demonstrated that if one follows the spirit of the parton model and allows only the interactions of the partons
with small kt , the scaling is restored. The dominant configurations in the photon wave function are the qq̄ pairs with the
invariant masses of the order of Q 2 and transverse momenta ksoft. In the rest frame of the target, the partons carry the
momenta p1 ⇠ q0 and p2 = k2soft/(2xmN). In coordinate space, the process proceeds as follows: � ⇤ transforms into a qq̄ pair
with the momenta ±ksoft at a large distance 1/(2mNx) from the target. After covering this distance to the target, the qq̄ pair
has the transverse separation which is of the order of 1/ksoft and the system can interact with the typical hadronic strength.

In QCD one needs to modify the AJM to account for two effects [81]. One is the Sudakov form factor: � ⇤ cannot transform
into a qq̄ pair with small kt without gluon radiation. This effect is taken into account by the pQCD evolution (change of
x of the parton). It does not change the transverse size of the system and, as a result, the system interacts with the same
strength at largeQ 2. The secondmodification is the presence of large kt configurations that have small transverse sizes. Their
interaction is suppressed by the factor↵s(kt)2/k2t —the color transparency effect. However, due to a large phase volume, these
configurations give a contribution comparable to that of the AJM. (The estimate of [81,82] suggested that the AJM contributes
about 70% to F2p(x ⇠ 10�2,Q 2

0 ⇠ 2–3 GeV2).)
While diffraction for the AJM configurations is expected to be comparable to that of hadrons, it is strongly suppressed for

small size configurations for moderate x > 10�3 since the strength of the interaction enters quadratically in the diffractive
cross section.

The dominance of the AJM configurations leads to the expectation that the W dependence of diffraction at fixed Q 2 and
M2

X should be close to that for soft processes [138]. Another important contribution to diffraction is due to large size color
octet dipoles (qq̄g configurations in the virtual photon). These predictions are in a good agreement with the current HERA
data, see below.
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• Inclusive diffraction in ep DIS has been expensively measured at HERA by 
ZEUS and H1 collaborations → 10-15% of the inclusive cross section 

• Diffractive PDFs of the proton have been determined by global fits of the 
data, H1 Coll. EPSC 48 (2006) 715; JHEP 0710 (2007) 042; ZEUS Coll., NPB 831 (2010) 1 (+ diffractive dijets); 

Goharipour, Khanpour, Guzey, EPJC 78 (2018) 4, 309; Khanpour, PRD 99 (2019) 5, 054007 

 Inclusive diffraction in ep DIS (2)

4

21

Figure 5: (Color online) The total quark singlet z⌃(z,Q2
) (right) and gluon zg(z,Q2

) (left) distributions

obtained from our NLO QCD fits at selected Q2 value of Q2
= 6, 20 and 200 GeV

2. The error bands

correspond to the fit uncertainties.

xIP�
D(3)
r [44] as a function of xIP for different values of � and Q2. The plots clearly show that

our pQCD fits describe the diffractive DIS data well for all ranges of � from 0.0056 to 0.56 and

Q2 from 15.3 to 200 GeV2. There are only some small deviations at larger values of � and Q2. It

should be noted here that the data points excluded from the analysis with Q2
 Q2

min
= 9 GeV2,
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• Universality of diffractive PDFs has been successfully tested in diffractive 
dijet and open charm production in ep DIS.

=β



• Diffractive PDFs (FFs) measure the parton structure of the exchanged object 
without modeling what that object is. In QCD analysis, one assumes Regge 
factorization at the proton vertex, Ingelman, Schlein, PLB 152 (1985) 256

 Open questions in diffraction on the proton: 
sub-leading contributions
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Figure 7. Di↵erential di↵ractive dijet photoproduction cross sections for collisions of 18 GeV
electrons with 275 GeV protons at a CMS energy of

√
S = 141 GeV (dotted green) compared to our

default cross sections for 21 GeV electrons with 100 GeV protons at a CMS of 92 GeV (full black
curves).

Furthermore, the PDFs in the pomeron can now be probed in the entire range of zIP from

0.1 to 1 (bottom right). The increase also seems to be su�ciently large, as the distribution

in xIP is no longer peaked at the cut, but around 0.06 (bottom left). This is important since

the contribution from the subleading reggeon trajectory increases from less than about 2%

at xIP ≤ 0.03 to 10 − 35% at xIP ≥ 0.06 − 0.10. In fact, to obtain a good description of the

HERA di↵ractive DIS data, H1 and ZEUS include an additional sub-leading exchange (IR),

which has a lower trajectory intercept than the pomeron and which contributes significantly

only at large xIP and low zIP . This contribution is assumed to factorize in the same way

as the pomeron term, such that the di↵ractive PDFs take the form

fD
i�p(x,Q2, xIP , t) = fIP �p(xIP , t) ⋅ fi�IP (zIP ,Q2) + nIR ⋅ fIR�p(xIP , t) ⋅ fi�IR(zIP ,Q2) . (3.2)

The flux factor fIR�p takes the form of Eq. (2.3), normalised via a parameter AIR in the

same manner as for the pomeron contribution and with fixed parameters ↵IR(0), ↵′IR and

BIR obtained from other H1 and ZEUS measurements [5–7]. The parton densities fi�IR of

the sub-leading exchange are taken from fits to pion structure function data. We choose

the GRV NLO parametrization [40]. Other pion PDFs give similar results [5].

– 10 –

• The data and its QCD analyses focus on the leading Pomeron contribution, 
whose emerging parton picture is rather consistent. 

• The sub-leading Reggeon contribution is important only for xP > 0.01 and is 
very poorly constrained (usually taken to be the pion). 

• The sub-leading term is important in EIC kinematics because EEIC < EHERA. 
In particular, studies of QCD factorization breaking in diffractive dijet 
photoproduction at EIC require largest span in xP, Guzey, Klasen, JHEP 05 (2020) 074.   



• It is generally expected that at low Q2, higher-twist (HT) effects are larger in 
diffraction than in the total ep DIS → in global QCD analysis one uses 
restrictive cuts, e.g. Q2min > 8.5 GeV2, H1 Coll. EPSC 48 (2006) 715

 Open questions in diffraction on the proton: 
higher-twist
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• Explicit phenomenological account of HT contribution leads to a better fit and 
affects the shape of extracted diffractive PDFs, especially gluons at large z=β, 
Maktoubian, Mehraban, Khanpour, Goharipour, PRD 100 (2019) 5, 054020  

• Another way to include HT effect and describe equally well the available 
HERA data is provided by the color dipole formalism, Martin, Ryskin, Watt, EPC J 37 (2004) 
285, EPJ C 44 (2005) 69; Golek-Biernat, Luszczak, PRD 76 (2007) 114014, PRD 79 (2009) 114010. 

• While the dipole formalism gives an intuitive picture of diffraction and doesn’t 
require new PDFs, to be fully consistent with the collinear factorization 
(DGLAP evolution) it requires an infinite number of q-anti-q-g…g dipoles. 



 Diffraction in non-singlet channels
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• Diffraction in non-singlet (non-vacuum) channels comes from Reggeon 
contribution. While the HERA data on inclusive diffraction in ep DIS very 
weakly constrains it, it is probed by production of leading particles.    

• ZEUS and H1 data on leading proton and neutron production in ep DIS can 
be successfully explained by models based on t-channel exchanges 
(peripheral mechanism), Szczurek, Nikolaev, Speth, PLB 428 (1998) 383 
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• Reggeon contribution from simultaneous measurements of diffraction and leading 
particle production. 



 Diffraction in non-singlet channels (2)
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• Or one can use the formalism of FF, de Florian, Sassot, PRD 58 (1998) 054003; Shoeibi, Taghavi-
Shahri, Khanpour, Javidan, PRD 97 (2018) 7, 074014. 

• While the underlying physical picture is less clear than in Regge exchange 
model, the formalism is more rigorous (factorization, Q2 evolution, bridge 
between diffraction and leading-particle production at xP ~ 0.1).  

one. Analogously, for the leading-proton regime the natural choice would be
almost the same, but with a standard meson or ‘reggeon’ flux or even better,
something combining their effects [18]:

Mp/p
2 (β, Q2

0, xIP
) ∼ CLP xαLP

IP
(1− x

IP
)βLP × Ns β

as(1− β)bs . (9)

These kinds of parametrizations give relatively good initial approxima-
tions to the description of the corresponding data sets; however their survival
seems unlikely in a more precise analysis. For example the ‘pomeron’ flux
factorization hypothesis (independence with respect to β and Q2) is a rather
strong assumption, not even true for the kinematical range of the available
data. This has been been shown in recent analyses [5] and in fact is apparent
from fig. 1 where there is a clear xα

IP
behaviour for large values of β, with

α ∼ −0.25, behaviour that is then suppressed for intermediate values, and
finally is changed to something like a positive power of x

IP
at low β.

In order to take into account small departures from the initial approx-
imations, and also combine the two behaviours in such a way that for low
x

IP
(diffractive regime) the ‘pomeron’ picture dominates, while for low β and

large x
IP

the meson or ‘reggeon’ exchange picture emerges, we propose a
modified flux such that the light-quark singlet component (Mp/p

q ≡ 3Mp/p
u =

3Mp/p
d = 3Mp/p

s ) of the fracture function is parametrized as

xMp/p
q (β, Q2

0, xIP
) = Ns β

as(1− β)bs ×
{

C
IP
β xα

IP

IP
+ CLP (1− β)γLP (1 + aLP (1− x

IP
)βLP )

}

, (10)

and similarly for gluons with the corresponding parameters Ng, ag and bg.

Notice that this is only done for the sake of convenience; even though at
the initial scale Q2

0 the parametrization implies some sort of flux factorization,
beyond the initial scale, the evolution equations drive the fracture function as
a whole making the usual discrimination between ‘fluxes’ and ‘parton den-
sities of the exchanged object’ somewhat ambiguous. This is particularly
relevant in this case, where none of the ‘pomeron’ and the ‘reggeon’ contri-
butions are known, making it then possible to shift part of the pomeron-like
contribution into the other during the fitting procedure by simply adjusting
the parameters conveniently.

7

1

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

RLP

xL

H1 LP H1 Diff

xL

RLP

H1 LP H1 Diff

1

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

Figure 9: The fraction of DIS events with a leading-proton for different
ranges of t as measured by ZEUS, against the expectation coming from
the fracture function parametrization (Fit A).
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FFs obtained from fit to 
H1 data applied to ZEUS 
data.  
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• In the leading twist model of nuclear shadowing, small-x suppression of 
nuclear PDFs is driven by proton diffractive PDFs, Frankfurt, Strikman, EPJ A 5 (1999) 293; 
Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255 

• While the Pomeron contribution controls the gluon and sea quark nPDFs, 
the Pomeron-Reggeon interference gives nuclear shadowing for valence 
quarks.

Author's personal copy

L. Frankfurt et al. / Physics Reports 512 (2012) 255–393 271

Fig. 10. Graphs corresponding to sea quark nuclear PDFs. Graphs a, b, and c correspond to the interaction with one, two, and three nucleons, respectively.
Graph a gives the impulse approximation; graphs b and c contribute to the shadowing correction.

Fig. 11. Graphs corresponding to the gluon nuclear PDF. For the legend, see Fig. 10.

in the case of the deuteron target. One should also note that Eqs. (43) and (44) do not require the decomposition over
twists. The only requirement is that the nucleus is a system of color neutral objects—nucleons. The data on the EMC ratio
F2A(x,Q 2)/[AF2N(x,Q 2)] for x > 0.1 indicate that the corrections to the multinucleon picture of the nucleus do not exceed
few percent for x  0.5, see the discussion in Section 3.2.

The next crucial step in the derivation of ourmaster equation for nuclear PDFs is the use of theQCD factorization theorems
for inclusive DIS and hard diffraction in DIS. According to the QCD factorization theorem for inclusive DIS (for a review, see,
e.g., [58]) the inclusive structure function F2(x,Q 2) (of any target) is given by the convolution of hard scattering coefficients
Cj with the parton distribution functions of the target fj (j is the parton flavor):

F2(x,Q 2) = x
X

j=q,q̄,g

Z 1

x

dy
y
Cj

✓
x
y
,Q 2

◆
fj(y,Q 2). (45)

Since the coefficient functions Cj do not depend on the target, Eq. (34) leads to the relation between nuclear PDFs of flavor
j, which are evaluated in the impulse approximation, f (a)

j/A , and the nucleon PDFs fj/N ,

xf (a)
j/A (x,Q 2) = Axfj/N(x,Q 2). (46)

In the graphical form, f (a)
j/A is given by graph a in Figs. 10 and 11.

Note also that one can take into account the difference between the proton and neutron PDFs by replacing Afj/N !

Zfj/p + (A � Z)fj/n, where Z is the number of protons, and the subscripts p and n refer to the free proton and neutron,
respectively.

Similarly to the inclusive case, the factorization theorem for hard diffraction in DIS states that, at given fixed t and xP

and in the leading twist (LT) approximation, the diffractive structure function FD(4)
2 can be written as the convolution of the

same hard scattering coefficient functions Cj with universal diffractive parton distributions f D(4)
j :

FD(4)
2 (x,Q 2, xP, t) = �

X

j=q,q̄,g

Z 1

�

dy
y
Cj

✓
�

y
,Q 2

◆
f D(4)
j (y,Q 2, xP, t), (47)

• Pomeron and Reggeon contributions have different dependence on xP (xL) 

→ their overlap is suppressed → suppression of nuclear shadowing in non-
vacuum channels (valence quarks, F3(x,Q2) structure function, polarized PDFs):

Author's personal copy

L. Frankfurt et al. / Physics Reports 512 (2012) 255–393 281

As a result, we obtain an estimate for the suppression of the valence quark shadowing in the double scattering
approximation (in the approximation of the interaction with two nucleons of the nuclear target):

1 � VA/AVN

1 � F2A/AF2N
 2

p
rv/s, (77)

where VA and VN are the valence quark distributions in the nucleus and nucleon, respectively; the factor of two comes from
combinatorics (cf. Eq. (76)). Thuswe conclude that nuclear shadowing in the valence quark channel (for the double scattering
contribution) is strongly suppressed as compared to the sea channel in spite of the combinatorial factor of two.

Therefore, we expect a rather small shadowing for VA for realistic nuclei (10% for A ⇠ 200), though the A dependence
of 1 � VA/(AVN) should be stronger than that for the sea quark distribution due to combinatorial factors similar to the one
we discussed in relation to Eq. (76).

At the same time, no such suppression is expected for the higher twist (HT) effects due to transitions to the low mass
intermediate states which are not suppressed for Q 2  1–2 GeV2; these contributions would result in an enhanced HT
shadowing in the non-vacuum channel. Note also that the HT shadowing may extend to higher x than the leading twist
shadowing. Indeed, the characteristic coherence length in the case of the vector meson contribution, lc = 2⌫/(Q 2 +m2

V ), is
somewhat larger than the average lc = 2⌫/(Q 2 + M2) for Q 2 > m2

V , where M2 ⇡ Q 2.
Comment. There exists another example where nuclear shadowing effects in neutrino and electron interactions should be
different. Indeed, it follows from the Adler theorem [144] that, in the limit of very small Q 2,

� ⌫+A!µ+X (E⌫,Q 2)

� ⌫+N!µ+X (E⌫,Q 2)
=
�tot(⇡A)

�tot(⇡N)
. (78)

Since shadowing for �tot(� A) is known to be smaller than for �tot(⇡A) by about 20–30%, we conclude that for sufficiently
low Q 2 neutrino scattering, the higher twist shadowing in ⌫A scattering is likely to be significantly larger than in the photon
case.

3.4. The upper limit on nuclear shadowing in nuclear PDFs

Wediscussed in Section 3.2 that the leading twist shadowing is dominated by the interaction of partonswhich are located
at close impact parameters. In this approximation, the use of the infinite momentum nuclear frame allows one to derive a
lower limit for the nuclear PDFs (themaximal value of nuclear shadowing) [145]. Belowwe sketch the derivation and present
the final results.

Our starting point is the observation that nuclear shadowing in the scattering off the deuteron cannot reduce the cross
section to the value smaller than the cross section of scattering off one nucleon. This is basically because one nucleon can
screen another one, but not itself.

Similarly, it is natural to expect that the gluon density (the quark case can be worked out similarly) at a given impact
parameter b, gA(x, b,Q 2), cannot be less than the maximum of the gluon densities of the nucleon, gN(x, ⇢,Q 2). Therefore,

gA(x, b,Q 2) � hmax
i=1,A

{g(i)
N (x, r? � b,Q 2)}i, (79)

where ⇢ = r? � b are the transverse coordinates of partons in the c.m. of the corresponding nucleons, see Fig. 13; the
brackets denote taking the average over the nucleon configurations. While at the moment the physical meaning of the
impact parameter dependent PDFs gA(x, b,Q 2) and gN(x, ⇢,Q 2) is intuitively clear, they will be defined and discussed in
Section 5.5. Those PDFs are nothing else but the generalized parton distributions (GPDs) in the ⇠ = 0 limit in the mixed
momentum-coordinate (impact parameter) representation.

In the A ! 1 limit, at a fixed b there will be at least one nucleon with ⇢ = r? � b close to zero. Hence, in this limit,
Eq. (79) gives:

gA(x, b,Q 2)|min � gN(x, ⇢ = 0,Q 2). (80)

It is convenient to analyze the gluon GPD of the nucleon in the factorized form, gN(x, ⇢,Q 2) = gN(x,Q 2)Fg(x, ⇢,Q 2),
where gN(x,Q 2) is the usual forward gluon distribution and Fg(x, ⇢,Q 2) is the so-called two-gluon form factor defining
the skewness of the gluon GPD. The onset of the limiting behavior depends on the transverse shape of the gluon GPD.
In Ref. [146], two parameterizations of the two-gluon form factor Fg(x, ⇢,Q 2) were discussed and fitted to the J/ 
photoproduction data [147], which were taken in the form of an exponential and a dipole, respectively. The corresponding
transverse spatial distributions of the gluon GPD are

F (1)
g (E⇢,Q 2) =

1
2⇡Bg(Q 2)

e�⇢2/(2Bg (Q 2)),

F (2)
g (E⇢,Q 2) =

m2
g

2⇡
mg(Q 2)⇢

2
K1(mg(Q 2)⇢), (81)

P R P P R

=2*0.1=1/5

Estimate from LP spectrum in DIS

— +
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l Diffraction in DIS is a special case of target fragmentation, where the 
appropriate framework is that of fracture functions (FFs). 

l Diffractive PDFs is a limiting case of FFs at small xP < 0.1 
l Quark and gluon diffractive PDFs with uncertainties at LO, NLO, and NNLO 
have been extracted from HERA data using global QCD fits. 
  
l For the Pomeron contribution, the emerging parton picture is fairly well-
constrained. 

l The sub-leading Reggion contribution at xP > 0.01, which is more prominent 
at EIC than at HERA, is much less know. 

l The way to constrain it is to fit simultaneously the data on inclusive 
diffraction and leading nucleon production in DIS. 

l Diffraction in non-vacuum channels is responsible for nuclear shadowing of 
nuclear valence quark distributions, F3(x,Q2) structure function, nuclear 
polarized PDFs, where the shadowing effect is expected to be suppressed.

Summary


