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Motivation
A. Baltz, V. Guzey, MK et al., Phys. Rep. 458 (2008) 1

Ultraperipheral collisions (UPCs) of relativistic ions:

• Defined by large impact parameter (b > 2RA)

• Suppression of short-range strong interactions

• Interaction by quasi-real photons → γγ and γA scattering

Examples of physics processes:

• Quarkonium and dilepton pair production

• Light-by-light scattering

• Searches for BSM physics

• Includive dijet photoproduction
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Nuclear parton distribution functions
K. Kovarik, P. Nadolsky, D. Soper, Rev. Mod. Phys. (to appear), 1905.06957

Definition:

f
p/A
i (x ,Q2) = RA

i (x ,Q2)f pi (x ,Q)
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Fig. 1 Illustration of the EPPS16 fit function RA
i (x, Q2

0).

would otherwise (that is, if ↵ = 1) develop if xa < 0.1.
The coe�cients ai, bi, ci are fully determined by the
asymptotic small-x limit y0 = RA

i (x ! 0, Q2
0), the an-

tishadowing maximum ya = RA
i (xa, Q2

0) and the EMC

minimum ye = RA
i (xe, Q

2
0), as well as requiring con-

tinuity and vanishing first derivatives at the matching
points xa and xe. The A dependencies of y0, ya, ye are

parametrized as

yi(A) = yi(Aref)

✓
A

Aref

◆�i[yi(Aref )�1]

, (3)

where �i � 0 and Aref = 12. By construction, the nu-
clear e↵ects (deviations from unity) are now larger for
heavier nuclei. Without the factor yi(Aref) � 1 in the
exponent one can more easily fall into a peculiar situa-
tion in which e.g. yi(Aref) < 1, but yi(A � Aref) > 1,
which seems physically unlikely. For the valence quarks

and gluons the values of y0 are determined by requiring
the sum rules

Z 1

0

dxfp/A
uV

(x, Q2
0) = 2, (4)

Z 1

0

dxf
p/A
dV

(x, Q2
0) = 1, (5)

Z 1

0

dxx
X

i

f
p/A
i (x, Q2

0) = 1, (6)

separately for each nucleus and thus the A dependence
of these y0 is not parametrized. All other parameters

than y0, ya, ye are A-independent. In our present frame-
work we consider the deuteron (A = 2) to be free
from nuclear e↵ects though few-percent e↵ects at high
x are found e.g. in Ref. [57]. The bound neutron PDFs

f
n/A
i (x, Q2) are obtained from the bound proton PDFs

by assuming isospin symmetry,

f
n/A
u,u (x, Q2) = f

p/A

d,d
(x, Q2), (7)

f
n/A

d,d
(x, Q2) = f

p/A
u,u (x, Q2), (8)

f
n/A
i (x, Q2) = f

p/A
i (x, Q2) for other flavours. (9)

Above the parametrization scale Q2 > Q2
0 the nu-

clear PDFs are obtained by solving the DGLAP evo-
lution equations with 2-loop splitting functions [58,59].
We use our own DGLAP evolution code which is based
on the solution method described in Ref. [60] and also
explained and benchmarked in Ref. [61]. Our parametri-
zation scale Q2

0 is fixed to the charm pole mass Q2
0 =

m2
c where mc = 1.3 GeV. The bottom quark mass is

mb = 4.75 GeV and the value of the strong coupling
constant is set by ↵s(MZ) = 0.118, where MZ is the
mass of the Z boson.

As is well known, at NLO and beyond the PDFs do
not need to be positive definite and we do not impose

such a restriction either. In fact, doing so would be ar-
tificial since the parametrization scale is, in principle,
arbitrary and positive definite PDFs, say, at Q2

0 = m2
c

may easily correspond to negative small-x PDFs at a
scale just slightly below Q2

0. As we could have equally
well parametrized the PDFs at such a lower value of Q2

0,

we see that restricting the PDFs to be always positive
would be an unphysical requirement.

3 Experimental data

All the `�A DIS, pA DY and RHIC DAu pion data sets
we use in the present analysis are the same as in the

EPS09 fit. The only modification on this part is that we
now remove the isoscalar corrections of the EMC, NMC
and SLAC data (see the next subsection), which is im-

portant as we have freed the flavour dependence of the
quark nuclear modifications. The `�A DIS data (cross
sections or structure functions F2) are always normal-
ized by the `�D measurements and, as in EPS09, the

only kinematic cut on these data is Q2 > m2
c . This

is somewhat lower than in typical free-proton fits and
the implicit assumption is (also in not setting a cut in

the mass of the hadronic final state) that the possi-
ble higher-twist e↵ects will cancel in ratios of structure
functions/cross sections. While potential signs of 1/Q2

e↵ects have been seen in the HERA data [62] already

around Q2 = 10GeV2, these e↵ects occur at signifi-
cantly smaller x than what is the reach of the `�A DIS
data.

From the older measurements, also pion-nucleus DY

data from the NA3 [48], NA10 [49], and E615 [50] col-
laborations are now included. These data have been

Regions:

• Shadowing: Surface nucleons absorb qq̄ dipole, cast shadow

• Antishadowing: Imposed by momentum sum rule

• EMC effect: qv suppression due to nuclear binding, pions,
quark clusters, Nachtmann scaling, short-range correlations, ...

• Fermi motion: Nucleons move, FA
2 =

∫ A
x dz fN(z) FN

2 ( xz )
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Current status of nuclear PDF uncertainties
K. Eskola, P. Paakinen, H. Paukkunen, C. Salgado, EPJC 77 (2017) 163
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Fig. 24 The values of �2/Ndata from the Baseline fit (red bars) and EPPS16 (green bars) for data in Table 3.
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Fig. 25 Comparison of the EPPS16 nuclear modifications (black central curve with shaded uncertainty bands) with those
from the nCTEC15 analysis [32] (red curves with hatching) at Q2 = 10GeV2.

line fit gives a very large value but this disagreement
disappears when these data are included in the fit. How-
ever, upon including the new data no obvious conflicts
with the other data sets show up and thus the new
data appear consistent with the old. While it is true
that on average �2/Ndata for the old data grows when

including the new data (and this is mathematically in-
evitable) no disagreements (�2/Ndata � 1) occur. For
the NMC Ca/D data �2/Ndata is somewhat large but,
as can be clearly seen from Fig. 13, there appears to be
large fluctuations in the data (see the two data points
below the EPPS16 error band). While the improvement

in �2/Ndata for the CHORUS data looks smallish in

Fig. 24, for the large amount of data points (824) the
absolute decrease in �2 amounts to 106 units and is
therefore significant.

5.4 Comparison with other nuclear PDFs

In Fig. 25 we compare our EPPS16 results at the scale
Q2 = 10GeV2 with those of the nCTEQ15 analysis [32].
The nCTEQ15 uncertainties are defined by a fixed tol-
erance ��2 = 35, which is similar to our average value

��2 = 52 and in this sense one would expect uncer-
tainty bands of comparable size. The quark PDFs were

nCTEQ15: 740 data points, 18 parameters, χ2/d.o.f. = 0.814

EPPS16: 1811 data points, 20 parameters, χ2/d.o.f. = 0.999
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Fig. 24 The values of �2/Ndata from the Baseline fit (red bars) and EPPS16 (green bars) for data in Table 3.
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Fig. 25 Comparison of the EPPS16 nuclear modifications (black central curve with shaded uncertainty bands) with those
from the nCTEC15 analysis [32] (red curves with hatching) at Q2 = 10GeV2.

line fit gives a very large value but this disagreement
disappears when these data are included in the fit. How-
ever, upon including the new data no obvious conflicts
with the other data sets show up and thus the new
data appear consistent with the old. While it is true
that on average �2/Ndata for the old data grows when

including the new data (and this is mathematically in-
evitable) no disagreements (�2/Ndata � 1) occur. For
the NMC Ca/D data �2/Ndata is somewhat large but,
as can be clearly seen from Fig. 13, there appears to be
large fluctuations in the data (see the two data points
below the EPPS16 error band). While the improvement

in �2/Ndata for the CHORUS data looks smallish in

Fig. 24, for the large amount of data points (824) the
absolute decrease in �2 amounts to 106 units and is
therefore significant.

5.4 Comparison with other nuclear PDFs

In Fig. 25 we compare our EPPS16 results at the scale
Q2 = 10GeV2 with those of the nCTEQ15 analysis [32].
The nCTEQ15 uncertainties are defined by a fixed tol-
erance ��2 = 35, which is similar to our average value

��2 = 52 and in this sense one would expect uncer-
tainty bands of comparable size. The quark PDFs were

nCTEQ15: 740 data points, 18 parameters, χ2/d.o.f. = 0.814

EPPS16: 1811 data points, 20 parameters, χ2/d.o.f. = 0.999
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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

✓
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y
,Q 2
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f D(4)
j (y,Q 2, xP, t), (47)
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our numerical studies described below, � decreases with decreasing x, which reflects the onset of the strong interaction
regime for the increasing fraction of the configurations contributing to the PDFs.

We shall postpone the detailed discussion of � j
soft until Section 5.1.2. At this point, to get the feeling about the meaning

and magnitude of �
j
soft, we note that if diffraction were described by the aligned jet model, we would expect the typical

strength of the interaction of a large-size qq̄ configuration with the nucleon to be compatible to that for pions (⇢ mesons,
etc.), i.e., �aligned jet�N ⇡ 25 mb at x = 0.01 and �aligned jet�N ⇡ 40 mb at x = 10�5.

Applying the color fluctuation approximation to Eq. (61), we obtain our final expression for the nuclear parton distribu-
tion modified by nuclear shadowing,

xfj/A(x,Q 2
0 ) = Axfj/N(x,Q 2

0 ) � 8⇡A(A � 1) <e
(1 � i⌘)2

1 + ⌘2 Bdiff

Z 0.1

x
dxP�f D(3)

j (�,Q 2
0 , xP)

⇥

Z
d2b

Z
1

�1

dz1
Z

1

z1
dz2⇢A(Eb, z1)⇢A(Eb, z2)ei(z1�z2)xPmN e�

A
2 (1�i⌘)�

j
soft(x,Q

2
0 )

R z2
z1 dz0⇢A(Eb,z0), (64)

where Afj/N ⌘ Zfj/p + (A � Z)fj/n; Q 2
0 is a low scale at which the color fluctuation approximation is applicable (see below).

The nuclear PDFs fj/A given by Eq. (64) are next-to-leading (NLO) PDFs since the nucleon diffractive PDFs f D(3)
j are obtained

from the NLO QCD fit.
Our master Eq. (64) determines the nuclear PDFs fj/A at a particular input scale Q 2 = Q 2

0 , which is explicitly present in
fj/N , f

D(3)
j and �

j
soft. The color fluctuation approximation is more accurate if the fluctuations are more hadron-like, i.e., when

the contribution of the point-like configurations (PLCs) is small. This demands that Q 2
0 is not too large. At the same time, we

would like to stay within the perturbative regime, where higher twist contributions to the diffractive structure functions
are still small and where the fits to diffractive PDFs do not have to be extrapolated too strongly. (In the extraction of the
diffractive PDFs from the HERA data on diffraction, only the data with Q 2 > 8.5 GeV2 were used [61]. However, it has been
checked that the extrapolation down to Q 2 = 4 GeV2 works with a good accuracy.) Accordingly, in our numerical analysis,
we use Q 2

0 = 4 GeV2. We will demonstrate that our results depend weakly on the choice of Q 2
0 , even if we keep �

j
soft fixed.

This is because the approximations discussed above are needed only for the interactions with three and more nucleons of
the target; the double rescattering contribution is evaluated in a model-independent way.

It is important to emphasize that while Eq. (61) gives a general expression for the effect of cross section (color)
fluctuations on themultiple interactions, Eq. (64) presents a particular approximation—the color fluctuation approximation.
In this approximation, the interaction cross section with N � 3 nucleons is �

j
soft(x,Q

2) = h� 3ij/h�
2ij, see Eq. (63). Eq. (64)

allows for a simple interpretation: the factor Bdiff
R 0.1
x dxP�f D(3)

j (�,Q 2, xP) describes the probability for a photon to diffract
into diffractive states in the interaction with a target nucleon at point (z1, Eb) and to be absorbed in the interaction with
another nucleon at point (z2, Eb), while the factor in the third line of Eq. (64) describes the interaction of the diffractive states
with other nucleons of the nucleus with the cross section �

j
soft between points z1 and z2.

It is important to note that �
j
soft(x,Q

2) can be determined experimentally by measuring nuclear shadowing with a light
nucleus, for instance, with 4He. Alternatively, �

j
soft(x,Q

2) can be extracted directly from coherent diffraction in DIS on
deuterium [128]. After �

j
soft(x,Q

2) will have been determined, the leading twist theory will contain no model-dependent
parameters and can be used to predict nuclear shadowing for an arbitrary nucleus in a completely model-independent way.
The discussed measurements can be carried out at a future Electron–Ion Collider.

In the treatment of multiple rescatterings in the leading twist theory of nuclear shadowing in Ref. [76], we used the
so-called quasi-eikonal approximation, which neglects color fluctuations and, hence, uses �

j
soft(x,Q

2) = �
j
2(x,Q

2) ⌘

h� 2ij/h� ij in Eq. (64). Such an approximation gives the results identical to Eq. (64) for the interaction with one and two
nucleons of the nuclear target. However, it neglects the presence of point-like configurations in the virtual photon wave
function and, hence, overestimates shadowing at x ⇠ 10�3, where the contribution of the interactionswithN > 2 is already
important, while the contribution of the point-like configurations is still significant. We will use a comparison between
the color fluctuation and quasi-eikonal approximations to illustrate the role of color fluctuations in Section 5.8. (Note that
the quasi-eikonal approximation is popular in the literature in spite of its deep shortcomings discussed above and also in
Section 3.1.4.)

In the very small-x limit, which for practical purposes means x < 10�2 (see Fig. 44), the factor ei(z1�z2)xPmN in Eq. (64) can
be safely neglected. This results in a significant simplification of the master formula after the integration by parts two times
(cf. [80]):

xfj/A(x,Q 2
0 ) = A xfj/N(x,Q 2

0 ) � 8⇡A(A � 1)Bdiff <e
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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

✓
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,Q 2
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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) = �
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our numerical studies described below, � decreases with decreasing x, which reflects the onset of the strong interaction
regime for the increasing fraction of the configurations contributing to the PDFs.

We shall postpone the detailed discussion of � j
soft until Section 5.1.2. At this point, to get the feeling about the meaning

and magnitude of �
j
soft, we note that if diffraction were described by the aligned jet model, we would expect the typical

strength of the interaction of a large-size qq̄ configuration with the nucleon to be compatible to that for pions (⇢ mesons,
etc.), i.e., �aligned jet�N ⇡ 25 mb at x = 0.01 and �aligned jet�N ⇡ 40 mb at x = 10�5.

Applying the color fluctuation approximation to Eq. (61), we obtain our final expression for the nuclear parton distribu-
tion modified by nuclear shadowing,

xfj/A(x,Q 2
0 ) = Axfj/N(x,Q 2

0 ) � 8⇡A(A � 1) <e
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where Afj/N ⌘ Zfj/p + (A � Z)fj/n; Q 2
0 is a low scale at which the color fluctuation approximation is applicable (see below).

The nuclear PDFs fj/A given by Eq. (64) are next-to-leading (NLO) PDFs since the nucleon diffractive PDFs f D(3)
j are obtained

from the NLO QCD fit.
Our master Eq. (64) determines the nuclear PDFs fj/A at a particular input scale Q 2 = Q 2

0 , which is explicitly present in
fj/N , f

D(3)
j and �

j
soft. The color fluctuation approximation is more accurate if the fluctuations are more hadron-like, i.e., when

the contribution of the point-like configurations (PLCs) is small. This demands that Q 2
0 is not too large. At the same time, we

would like to stay within the perturbative regime, where higher twist contributions to the diffractive structure functions
are still small and where the fits to diffractive PDFs do not have to be extrapolated too strongly. (In the extraction of the
diffractive PDFs from the HERA data on diffraction, only the data with Q 2 > 8.5 GeV2 were used [61]. However, it has been
checked that the extrapolation down to Q 2 = 4 GeV2 works with a good accuracy.) Accordingly, in our numerical analysis,
we use Q 2

0 = 4 GeV2. We will demonstrate that our results depend weakly on the choice of Q 2
0 , even if we keep �

j
soft fixed.

This is because the approximations discussed above are needed only for the interactions with three and more nucleons of
the target; the double rescattering contribution is evaluated in a model-independent way.

It is important to emphasize that while Eq. (61) gives a general expression for the effect of cross section (color)
fluctuations on themultiple interactions, Eq. (64) presents a particular approximation—the color fluctuation approximation.
In this approximation, the interaction cross section with N � 3 nucleons is �

j
soft(x,Q

2) = h� 3ij/h�
2ij, see Eq. (63). Eq. (64)

allows for a simple interpretation: the factor Bdiff
R 0.1
x dxP�f D(3)

j (�,Q 2, xP) describes the probability for a photon to diffract
into diffractive states in the interaction with a target nucleon at point (z1, Eb) and to be absorbed in the interaction with
another nucleon at point (z2, Eb), while the factor in the third line of Eq. (64) describes the interaction of the diffractive states
with other nucleons of the nucleus with the cross section �

j
soft between points z1 and z2.

It is important to note that �
j
soft(x,Q

2) can be determined experimentally by measuring nuclear shadowing with a light
nucleus, for instance, with 4He. Alternatively, �

j
soft(x,Q

2) can be extracted directly from coherent diffraction in DIS on
deuterium [128]. After �

j
soft(x,Q

2) will have been determined, the leading twist theory will contain no model-dependent
parameters and can be used to predict nuclear shadowing for an arbitrary nucleus in a completely model-independent way.
The discussed measurements can be carried out at a future Electron–Ion Collider.

In the treatment of multiple rescatterings in the leading twist theory of nuclear shadowing in Ref. [76], we used the
so-called quasi-eikonal approximation, which neglects color fluctuations and, hence, uses �

j
soft(x,Q

2) = �
j
2(x,Q

2) ⌘

h� 2ij/h� ij in Eq. (64). Such an approximation gives the results identical to Eq. (64) for the interaction with one and two
nucleons of the nuclear target. However, it neglects the presence of point-like configurations in the virtual photon wave
function and, hence, overestimates shadowing at x ⇠ 10�3, where the contribution of the interactionswithN > 2 is already
important, while the contribution of the point-like configurations is still significant. We will use a comparison between
the color fluctuation and quasi-eikonal approximations to illustrate the role of color fluctuations in Section 5.8. (Note that
the quasi-eikonal approximation is popular in the literature in spite of its deep shortcomings discussed above and also in
Section 3.1.4.)

In the very small-x limit, which for practical purposes means x < 10�2 (see Fig. 44), the factor ei(z1�z2)xPmN in Eq. (64) can
be safely neglected. This results in a significant simplification of the master formula after the integration by parts two times
(cf. [80]):
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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
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y
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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)
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our numerical studies described below, � decreases with decreasing x, which reflects the onset of the strong interaction
regime for the increasing fraction of the configurations contributing to the PDFs.

We shall postpone the detailed discussion of � j
soft until Section 5.1.2. At this point, to get the feeling about the meaning

and magnitude of �
j
soft, we note that if diffraction were described by the aligned jet model, we would expect the typical

strength of the interaction of a large-size qq̄ configuration with the nucleon to be compatible to that for pions (⇢ mesons,
etc.), i.e., �aligned jet�N ⇡ 25 mb at x = 0.01 and �aligned jet�N ⇡ 40 mb at x = 10�5.

Applying the color fluctuation approximation to Eq. (61), we obtain our final expression for the nuclear parton distribu-
tion modified by nuclear shadowing,
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where Afj/N ⌘ Zfj/p + (A � Z)fj/n; Q 2
0 is a low scale at which the color fluctuation approximation is applicable (see below).

The nuclear PDFs fj/A given by Eq. (64) are next-to-leading (NLO) PDFs since the nucleon diffractive PDFs f D(3)
j are obtained

from the NLO QCD fit.
Our master Eq. (64) determines the nuclear PDFs fj/A at a particular input scale Q 2 = Q 2

0 , which is explicitly present in
fj/N , f

D(3)
j and �

j
soft. The color fluctuation approximation is more accurate if the fluctuations are more hadron-like, i.e., when

the contribution of the point-like configurations (PLCs) is small. This demands that Q 2
0 is not too large. At the same time, we

would like to stay within the perturbative regime, where higher twist contributions to the diffractive structure functions
are still small and where the fits to diffractive PDFs do not have to be extrapolated too strongly. (In the extraction of the
diffractive PDFs from the HERA data on diffraction, only the data with Q 2 > 8.5 GeV2 were used [61]. However, it has been
checked that the extrapolation down to Q 2 = 4 GeV2 works with a good accuracy.) Accordingly, in our numerical analysis,
we use Q 2

0 = 4 GeV2. We will demonstrate that our results depend weakly on the choice of Q 2
0 , even if we keep �

j
soft fixed.

This is because the approximations discussed above are needed only for the interactions with three and more nucleons of
the target; the double rescattering contribution is evaluated in a model-independent way.

It is important to emphasize that while Eq. (61) gives a general expression for the effect of cross section (color)
fluctuations on themultiple interactions, Eq. (64) presents a particular approximation—the color fluctuation approximation.
In this approximation, the interaction cross section with N � 3 nucleons is �

j
soft(x,Q

2) = h� 3ij/h�
2ij, see Eq. (63). Eq. (64)

allows for a simple interpretation: the factor Bdiff
R 0.1
x dxP�f D(3)

j (�,Q 2, xP) describes the probability for a photon to diffract
into diffractive states in the interaction with a target nucleon at point (z1, Eb) and to be absorbed in the interaction with
another nucleon at point (z2, Eb), while the factor in the third line of Eq. (64) describes the interaction of the diffractive states
with other nucleons of the nucleus with the cross section �

j
soft between points z1 and z2.

It is important to note that �
j
soft(x,Q

2) can be determined experimentally by measuring nuclear shadowing with a light
nucleus, for instance, with 4He. Alternatively, �

j
soft(x,Q

2) can be extracted directly from coherent diffraction in DIS on
deuterium [128]. After �

j
soft(x,Q

2) will have been determined, the leading twist theory will contain no model-dependent
parameters and can be used to predict nuclear shadowing for an arbitrary nucleus in a completely model-independent way.
The discussed measurements can be carried out at a future Electron–Ion Collider.

In the treatment of multiple rescatterings in the leading twist theory of nuclear shadowing in Ref. [76], we used the
so-called quasi-eikonal approximation, which neglects color fluctuations and, hence, uses �

j
soft(x,Q

2) = �
j
2(x,Q

2) ⌘

h� 2ij/h� ij in Eq. (64). Such an approximation gives the results identical to Eq. (64) for the interaction with one and two
nucleons of the nuclear target. However, it neglects the presence of point-like configurations in the virtual photon wave
function and, hence, overestimates shadowing at x ⇠ 10�3, where the contribution of the interactionswithN > 2 is already
important, while the contribution of the point-like configurations is still significant. We will use a comparison between
the color fluctuation and quasi-eikonal approximations to illustrate the role of color fluctuations in Section 5.8. (Note that
the quasi-eikonal approximation is popular in the literature in spite of its deep shortcomings discussed above and also in
Section 3.1.4.)

In the very small-x limit, which for practical purposes means x < 10�2 (see Fig. 44), the factor ei(z1�z2)xPmN in Eq. (64) can
be safely neglected. This results in a significant simplification of the master formula after the integration by parts two times
(cf. [80]):

xfj/A(x,Q 2
0 ) = A xfj/N(x,Q 2

0 ) � 8⇡A(A � 1)Bdiff <e
(1 � i⌘)2

1 + ⌘2
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x
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j (�,Q 2
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⇥

Z
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, (65)

where L = A/2 (1 � i⌘)�
j
soft(x,Q

2
0 ); TA(b) =

R
1

�1
dz ⇢A(z).
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Leading twist nuclear shadowing model  
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• There are several ways to derive shadowing correction to F2A(x,Q2) structure functions: 
- direct generalization of Gribov-Glauber model to DIS + AGK rules, Frankfurt, Strikman, EPJ A 5 

(1999) 293; Frankfurt, Guzey, Strikman, Phys, Rept. 512 (2012) 255 
- calculations of covariant Feynman graphs with subsequent non-relativistic reduction (virtual 
nucleon approximation), Bertocchi, Nuovo Cim. A11 (1972) 45

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)

• "*A forward scattering amplitude in factorized form at next-to-leading order → nuclear 
PDFs at initial scale Q0, Frankfurt, Guzey, Strikman, Phys, Rept. 512 (2012) 255

Author's personal copy
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our numerical studies described below, � decreases with decreasing x, which reflects the onset of the strong interaction
regime for the increasing fraction of the configurations contributing to the PDFs.

We shall postpone the detailed discussion of � j
soft until Section 5.1.2. At this point, to get the feeling about the meaning

and magnitude of �
j
soft, we note that if diffraction were described by the aligned jet model, we would expect the typical

strength of the interaction of a large-size qq̄ configuration with the nucleon to be compatible to that for pions (⇢ mesons,
etc.), i.e., �aligned jet�N ⇡ 25 mb at x = 0.01 and �aligned jet�N ⇡ 40 mb at x = 10�5.

Applying the color fluctuation approximation to Eq. (61), we obtain our final expression for the nuclear parton distribu-
tion modified by nuclear shadowing,

xfj/A(x,Q 2
0 ) = Axfj/N(x,Q 2

0 ) � 8⇡A(A � 1) <e
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A
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2
0 )

R z2
z1 dz0⇢A(Eb,z0), (64)

where Afj/N ⌘ Zfj/p + (A � Z)fj/n; Q 2
0 is a low scale at which the color fluctuation approximation is applicable (see below).

The nuclear PDFs fj/A given by Eq. (64) are next-to-leading (NLO) PDFs since the nucleon diffractive PDFs f D(3)
j are obtained

from the NLO QCD fit.
Our master Eq. (64) determines the nuclear PDFs fj/A at a particular input scale Q 2 = Q 2

0 , which is explicitly present in
fj/N , f

D(3)
j and �

j
soft. The color fluctuation approximation is more accurate if the fluctuations are more hadron-like, i.e., when

the contribution of the point-like configurations (PLCs) is small. This demands that Q 2
0 is not too large. At the same time, we

would like to stay within the perturbative regime, where higher twist contributions to the diffractive structure functions
are still small and where the fits to diffractive PDFs do not have to be extrapolated too strongly. (In the extraction of the
diffractive PDFs from the HERA data on diffraction, only the data with Q 2 > 8.5 GeV2 were used [61]. However, it has been
checked that the extrapolation down to Q 2 = 4 GeV2 works with a good accuracy.) Accordingly, in our numerical analysis,
we use Q 2

0 = 4 GeV2. We will demonstrate that our results depend weakly on the choice of Q 2
0 , even if we keep �

j
soft fixed.

This is because the approximations discussed above are needed only for the interactions with three and more nucleons of
the target; the double rescattering contribution is evaluated in a model-independent way.

It is important to emphasize that while Eq. (61) gives a general expression for the effect of cross section (color)
fluctuations on themultiple interactions, Eq. (64) presents a particular approximation—the color fluctuation approximation.
In this approximation, the interaction cross section with N � 3 nucleons is �

j
soft(x,Q

2) = h� 3ij/h�
2ij, see Eq. (63). Eq. (64)

allows for a simple interpretation: the factor Bdiff
R 0.1
x dxP�f D(3)

j (�,Q 2, xP) describes the probability for a photon to diffract
into diffractive states in the interaction with a target nucleon at point (z1, Eb) and to be absorbed in the interaction with
another nucleon at point (z2, Eb), while the factor in the third line of Eq. (64) describes the interaction of the diffractive states
with other nucleons of the nucleus with the cross section �

j
soft between points z1 and z2.

It is important to note that �
j
soft(x,Q

2) can be determined experimentally by measuring nuclear shadowing with a light
nucleus, for instance, with 4He. Alternatively, �

j
soft(x,Q

2) can be extracted directly from coherent diffraction in DIS on
deuterium [128]. After �

j
soft(x,Q

2) will have been determined, the leading twist theory will contain no model-dependent
parameters and can be used to predict nuclear shadowing for an arbitrary nucleus in a completely model-independent way.
The discussed measurements can be carried out at a future Electron–Ion Collider.

In the treatment of multiple rescatterings in the leading twist theory of nuclear shadowing in Ref. [76], we used the
so-called quasi-eikonal approximation, which neglects color fluctuations and, hence, uses �

j
soft(x,Q

2) = �
j
2(x,Q

2) ⌘

h� 2ij/h� ij in Eq. (64). Such an approximation gives the results identical to Eq. (64) for the interaction with one and two
nucleons of the nuclear target. However, it neglects the presence of point-like configurations in the virtual photon wave
function and, hence, overestimates shadowing at x ⇠ 10�3, where the contribution of the interactionswithN > 2 is already
important, while the contribution of the point-like configurations is still significant. We will use a comparison between
the color fluctuation and quasi-eikonal approximations to illustrate the role of color fluctuations in Section 5.8. (Note that
the quasi-eikonal approximation is popular in the literature in spite of its deep shortcomings discussed above and also in
Section 3.1.4.)

In the very small-x limit, which for practical purposes means x < 10�2 (see Fig. 44), the factor ei(z1�z2)xPmN in Eq. (64) can
be safely neglected. This results in a significant simplification of the master formula after the integration by parts two times
(cf. [80]):

xfj/A(x,Q 2
0 ) = A xfj/N(x,Q 2

0 ) � 8⇡A(A � 1)Bdiff <e
(1 � i⌘)2

1 + ⌘2
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Motivation Inclusive dijet production Bayesian reweighting Diffractive dijet production Summary

Inclusive dijet photoproduction at the LHC (1)
V. Guzey, MK, Phys. Rev. C (in press), 1811.10236
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dσ(AB → AB + 2 jets + X ) =
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∫
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∫
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]

with ζ= ympbmin (no strong int. for b>bmin = 2.1RPb = 14.2 fm).
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Inclusive dijet photoproduction at the LHC (2)
V. Guzey, MK, Phys. Rev. C (in press), 1811.10236

Theoretical approach:

• Partonic cross section calculated in NLO QCD

• Scale choice: µr = µf = 2ET ,1 (NLO = LO, NLO’ = 0)

• Photon PDFs: GRV HO

• Nuclear PDFs: nCTEQ15, ∆σ = 1
2

√∑31
k=1 (σ(fk)−σ(fk+1))2

Experimental conditions:

• Anti-kT algorithm, R = 0.4

• ET ,1 > 20 GeV, ET ,2 > 15 GeV, HT =
∑

i ET ,i > 35 GeV

• Rapidities: |η1,2| < 4.4

• Combined jet mass: mjets > 35 GeV
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Comparison to preliminary ATLAS data (1)
A. Angerami et al. [ATLAS Coll.], ATLAS-CONF-2017-011
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Figure 2. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs atp
sNN = 5.02 TeV in the ATLAS kinematics as a function of HT for di↵erent bins of xA. The central

values and the corresponding shaded uncertainty bands are obtained using nCTEQ15 nPDFs. The

crosses are the ATLAS data points we extracted from [38].

see Eq. (3.1), the resolved photon contribution dominates for xA > 0.01. We find that

for small xA < 0.01, the two contributions are comparable with the direct contribution

being somewhat larger. While this behavior is qualitatively similar to the results of the LO

analysis in the framework of PYTHIA 8 with EPPS16 nPDFs [55], the relative contribution

of the resolved photon term is larger at NLO, but this statement depends of course on the

choice of the photon factorization scheme and scale.

The middle panel of Fig. 6 presents the ratio of the cross section calculated using

– 6 –

Excellent agreement. NB: Data not unfolded for detector response.
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Comparison to preliminary ATLAS data (2)
A. Angerami et al. [ATLAS Coll.], ATLAS-CONF-2017-011
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Figure 3. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs

at
p

sNN = 5.02 TeV in the ATLAS kinematics as a function of xA for di↵erent bins of HT . The

crosses are the ATLAS data points we extracted from [38].

nCTEQ15 nPDFs in lead to the one calculated in the impulse approximation (IA), where

nuclear PDFs are assumed not to include any nuclear modifications and are given by the

weighted sum of free proton and neutron PDFs, f IA
b/A = Zfb/p + (A � Z)fb/n. One can

see from this panel that the cross section ratio as a function of xA behaves similarly to

the ratio Rg = fg/A(x, µ2)/[Afg/N (x, µ2)] of the nuclear and nucleon gluon distributions.

It dips below unity for xA < 0.01 due to nuclear shadowing and then becomes enhanced

around xA = 0.1 due to the assumed gluon antishadowing. For xA > 0.3, the cross section

ratio shows again a suppression due to the EMC e↵ect encoded in the nPDFs. Note that

– 7 –

Excellent agreement, also for zγ distribution.
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Inclusive dijet photoproduction at the HL-LHC
Z. Citron, V. Guzey, I. Helenius, MK, H. Paukkunen et al., 1812.06772
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Fig. 80: Photo-nuclear dijet cross sections in ultra-peripheral Pb–Pb collisions at
p

sNN = 5.5 TeV
with leading jet pT cut of 20 GeV/c (left) and 8 GeV/c (right). Results based on PYTHIA simulations
are calculated with EPPS16 nuclear modification (blue) and the contributions from resolved (green) and
direct (orange) photons are separately shown. Ratio plots show also results with different photon PDF
sets and the expected statistical uncertainties corresponding to the LHC (brown) and the Run 3 and and
Run 4 (dark blue) luminosities. Corresponding results based on NLO calculations for Pb–Pb collisions
at
p

sNN = 5.02 TeV with nCTEQ15 nPDFs [857] (red) are shown in case leading jet pT cut of 20 GeV/c.

depends on the momentum fraction x� and the factorisation scale µ; fb/A(xA, µ2) is the nPDF with xA

being the corresponding parton momentum fraction; d�̂(ab ! jets) is the elementary cross section for
production of two- and three-parton final states emerging as jets in the interaction of partons a and b. The
sum over a involves quarks and gluons for the resolved photon contribution and the photon for the direct
photon contribution dominating at x� ⇡ 1.

Figure 80 (left) presents predictions of Eq. (38) for the cross section of dijet photoproduction in
Pb–Pb UPCs at

p
sNN = 5.02 TeV in the ATLAS kinematics as a function of xA. The red solid lines

and the associated shaded band correspond to the central fit of nCTEQ15 nPDFs and their uncertainty,
respectively. The top panel of this figure demonstrates that NLO pQCD correctly reproduces the shape
and, at least semi-quantitatively, the normalisation of the preliminary ATLAS data. The lower panel of
Fig. 80 shows the ratio of the curves from the upper panel to the result of the calculation, where nCTEQ15
nPDFs are substituted by free proton and neutron PDFs. One can see from this panel that the central
value of the ratio of the two cross sections reveals the expected trend of nuclear modifications of nPDFs:
⇠ 10% shadowing for small xA < 0.01, which is followed by ⇠ 20% antishadowing (enhancement)
around x = 0.1 and then ⇠ 10% suppression for xA > 0.3. Note that since the uncertainties of
nCTEQ15 nPDFs are of the same magnitude as the effect of nuclear modifications, inclusion of this
dijet data if global QCD fits of nPDFs should in principle reduce the existing uncertainty.

It is also important to study diffractive dijet photoproduction in UPCs in the reaction A + A !
A+jet1+jet2+X+A. NLO pQCD predictions for the cross section of this process in pp, p–A, and A–
A UPCs in the LHC kinematics were made in [859]. It was shown that studies of this process on nuclei
may shed some light on the mechanism of QCD factorisation breaking in diffractive photoproduction

139

Large potential for improvement in nuclear shadowing region.
Resolved photon PDF uncertainty at low pT and in EMC region.
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Bayesian reweighting study of impact on nPDFs (1)
V. Guzey, MK, Eur. Phys. J. C 79 (2019) 396

Central fits f 0
j/A (parton j) and error sets f i±j/A (i = 1 ... 2N):

• nCTEQ15: N = 16 (based on CTEQ6.1M)

• EPPS16: N = 20 + 28 (nuclear + proton)

Replicas (k = 1 ...Nrep, Nrep = 10, 000):

f kj/A(x ,Q2) = f 0
j/A(x ,Q2) +

1

2

N∑

i=1

[
f i+j/A(x ,Q2)− f i−j/A(x ,Q2)

]
Rki

with normally distributed random number Rki (µ = 0, σ = 1).

Pseudodata:

• NLO QCD prediction dσ0/dxA with central PDFs f 0
j/A

• Ndata = 9 bins in xA
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Bayesian reweighting study of impact on nPDFs (2)
V. Guzey, MK, Eur. Phys. J. C 79 (2019) 396

χ2 test function:

χ2
k =

Ndata∑

j=1

(dσ0/dxA − dσk/dxA)2

σ2
j

with assumed uncertainty σj = εdσ0/dxA and ε = 0.05 ... 0.2.

Weights (
∑

k wk = Nrep):

wk =
e−

1
2
χ2
k/T

1
Nrep

∑Nrep

i e−
1
2
χ2
i /T

with tolerance T = 35 (52) for nCTEQ15 (EPPS16).
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Bayesian reweighting study of impact on nPDFs (3)
V. Guzey, MK, Eur. Phys. J. C 79 (2019) 396

Reweighted nPDFs and their uncertainties:

〈fj/A(x ,Q2)〉new =
1

Nrep

Nrep∑

k=1

wk f
k
j/A(x ,Q2) ,

δ〈fj/A(x ,Q2)〉new =

√√√√ 1

Nrep

Nrep∑

k=1

wk

(
f kj/A − 〈fj/A(x ,Q2)〉new

)2

Effective number of contributing replicas:

Neff = exp


 1

Nrep

Nrep∑

k

wk ln(Nrep/wk)



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Impact of future ATLAS data on nPDFs
V. Guzey, MK, Eur. Phys. J. C 79 (2019) 39612
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Fig. 7 The gluon, u-quark, d-quark, and s-quark nCTEQnp nPDFs as a function of x at Q2 =
400 GeV2 with (blue, inner band) and without (red, outer band) the Bayesian reweighting.
The case of ✏ = 0.05.

nCTEQ15(np) uncertainties reduced by (more than) factor of two.
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Effective number of contributing replicas
V. Guzey, MK, Eur. Phys. J. C 79 (2019) 396

ε Neff(nCTEQ15) Neff(nCTEQ15np) Neff(EPPS16)

0.05 4407 3982 5982
0.1 7483 7742 8727

0.15 8870 9107 9555
0.2 9464 9607 9818

16 / 20



Motivation Inclusive dijet production Bayesian reweighting Diffractive dijet production Summary

Diffractive dijet photoproduction at the LHC
V. Guzey, MK, JHEP 1604 (2016) 158
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∑
a,b

∫
dt

∫
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∫
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∫
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−σtot
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Photon spectrum in lead ions
V. Guzey, MK, JHEP 1604 (2016) 158
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Diffractive photoproduction of dijets
V. Guzey, MK, JHEP 1604 (2016) 158
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Summary

Photoproduction in UPCs:

• Strong interactions (short range) suppressed

• Final states: Dileptons, quarkonia, dijets, ...

Inclusive dijets:

• NLO QCD agrees with ATLAS data (HT , xA, zγ)

• NB: Data not yet unfolded for detector effects

• Bayesian reweighting study

• Reduction of nPDF uncertainties by at least a factor of two

Diffractive dijets:

• Photon flux in lead ions calculated with Glauber model

• Diffractive nPDFs unknown → assume LT nuclear shadowing

• First NLO QCD predictions, including scale uncertainties
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