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Using the leading twist approach (LTA) to nuclear shadowing (NS), we
calculate the ratio of the diffractive-to-total DIS cross sections, Rgig /tot, for
a heavy nucleus and proton and confirm that Rgig /ot = 0.5-1 in contrast
to Raif/tor ~ 1.5-2 in the dipole model. We show that the magnitude of
Rt /10t is controlled by an effective dipole cross section so that Rgig/tor — 1
in the black disk limit. We also argue that the strong leading twist NS
as well as the dilute nuclear density deplete nuclear enhancement of the
saturation scale leading to Q2, (b = 0)/Q2,(b = 0) ~ 1.
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1. Introduction

Nuclear shadowing (NS) is a general phenomenon of high-energy scatter-
ing with nuclei, which consists in the observation that nuclear cross sections
are smaller than the sum of nucleon cross sections. In the case of hard
processes with nuclei, NS manifests itself as a suppression of nuclear struc-
ture functions and parton distributions (PDFs) at small momentum fractions
x < 0.1. Thus, NS is fundamental for the description of the nuclear structure
in perturbative quantum chromodynamics (QCD) and affects such aspects
of it as initial conditions (cold nuclear matter effects) in proton-nucleus and
nucleus—nucleus scattering at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC) as well as an onset of the non-linear

parton dynamics of the gluon-rich nuclear matter in the color glass conden-
sate (CGC) framework.
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The cleanest way to probe NS is provided by nuclear deep inelastic scat-
tering (DIS), whose results are traditionally presented in the form of the ratio
of the nucleus and nucleon structure functions Fya(z, Q?)/[AFsn (7, Q%)].
However, the same fixed-target nuclear DIS data can be successfully ex-
plained by different, competing mechanisms of NS. These include leading
twist NS encoded in nuclear PDFs obtained from global QCD analyses of
the available data [1]|, nucleus-enhanced power (higher-twist) corrections |2],
and a mixture of leading twist and higher-twist effects in the dipole model
with gluon saturation [3]. This raises the question of the dynamical mecha-
nism of NS and its relation to parton saturation.

This outstanding question of small-z QCD (and many more) will be
addressed at the planned Electron-Ion Collider (EIC) in the USA [4], which
has the potential to discriminate among various approaches to NS due to a
wide z — Q? kinematic coverage, access to the nuclear longitudinal structure
function Ffj‘(:n, Q?), and for the first time measurement of hard diffraction
in nuclear DIS. In the latter case, it has been suggested that the ratio of
the diffractive-to-total DIS cross sections for a heavy nucleus and the proton
Raifr /1ot 1s & sensitive observable. Indeed, while Rgig /1oy > 1 due to a nuclear
enhancement of the saturation scale Qs ', in the dipole framework [3, 5], the
strong leading twist NS predicts that Ry o < 1 [6].

2. Leading twist approach to NS in diffractive DIS

The leading twist approach (LTA) to NS of [6] is a method to calculate
various nuclear PDFs (usual, generalized, diffractive), which can be used
as input for their Q? Dokshitzer-Gribov-Lipatov—Altarelli-Parisi (DGLAP)
evolution. It is based on the Gribov—Glauber model of NS for soft hadron—
nucleus scattering and the QCD collinear factorization theorems for inclusive
and diffractive DIS.

Constructing the v* + A — X + A amplitude as a series of diffractive
scattering off i = 1,2, ..., A target nucleons, one obtains for the ratio of the
nuclear and proton diffractive PDFs in the small-z limit |7, 8]
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where Ta(b) = fdsz(g, z) with pa(7) the nuclear density, and o (z) =
(0% (2)]?/ (167 Baisr) with Bair &~ 6 GeV 2 the slope of the ¢ dependence of
the proton diffractive structure function. The magnitude of NS is controlled
by its relation to diffraction on the nucleon through the effective cross section
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Alternatively, o’ . (z) can be calculated using a model for the hadronic struc-
ture of virtual photons. This variation of ol g (x) determines the range
of predictions between the “high-shadowing” and “low-shadowing” scenar-
ios, which is shown by the shaded bands in the figures. Equation (1) has
a transparent physical interpretation: nuclear diffractive PDFs are shadowed
in proportion to the nuclear elastic cross section.

Using completeness of nuclear final states, one can derive a similar ex-
pression for nuclear diffractive PDFs probed in quasi-elastic (summed) nu-
clear DIS [8]
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where o (z) = o’ ;(z) — ol (z). In Eq. (3), NS is given by a sum of the
elastic and inelastic nuclear cross sections.

Figure 1 shows the LTA predictions for the ratios of Eqgs. (1) and (3)
scaled down by factor A for sea quarks as a function of z at Q? = 4 GeV? for
208Ph. For the ratio of the gluon diffractive PDFs, the results are very sim-

ilar. One can see from this figure that LTA predicts that fD(g) /(A fl%?’)) ~

1.21 —— Coherent
quark, Pb-208, Q2 = 4 GeV? —-—- Summed
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Flg 1. The LTA pred1ctlons for the ratios of nucleus and proton diffractive PDFs,
1/A /[AfD(d ] and fZ /[Afz/pj)] as a function of z at Q2 = 4 GeV? for 298Pb.
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Ji%?’)/(flfﬁf’)) R~ Fﬁ(g)/(AFQL;(S)) ~ 0.5 in a wide range of  and indepen-
dently of xp provided that it is small. This suppression due to leading twist
NS is very strong and should be compared to the impulse approximation

prediction £\ /(Af)\")ia = 4.3.
Combing LTA predictions for diffractive and usual nuclear PDFs, one

finds for the ratio Ryttt discussed in Introduction

D(3 ‘
Raift ot = fi/f(l) (z,2p, Q%) /fisa (x,Q%) _ ol(@)
1 O Z
fll/)lgs) (:L‘, TP, QQ) /fz/p (:L‘, Q2) Uel(dj)
fdﬁ)"l — e_%ago&(x)TA(E) 2
" @

2(1 — /\i(ac))RefdQB <1 _ e_%oéoﬁ(m)TA(b)) + Ni(2) Aot ()
where \(x) is the fraction of point-like (non-shadowed) configurations of
the virtual photon. Note that A’(z) = 0, when o! () is given by Eq. (2).
A similar expression can be presented in the case of quasi-elastic diffraction,
see Eq. (3) and Ref. [§].

Figure 2 shows the LTA predictions for the ratio Rgig /ot of Eq. (4) for
sea quarks as a function of z at Q? = 4 GeV? for 2°8Pb. The shaded bands
quantify the significant LTA theoretical uncertainties for this ratio, where
the upper and lower curves correspond to the “high-shadowing” and “low-
shadowing” scenarios. One can see from the figure that Rgig o ~ 0.5-1
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Fig.2. The LTA predictions for Rgig/tor of Eq. (4) for sea quarks as a function
of z at Q? = 4 GeV? for 2°Pb. The upper and lower curves correspond to the
“high-shadowing” and “low-shadowing” scenarios.
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for sea quarks, which reaffirms the earlier LTA result [6] and its difference
from the nuclear enhancement of Rg;g/ior expected in the gluon saturation
framework [3, 5]. For the ratio of the corresponding gluon PDFs, Ry Jtot A
0.5-1.3. An inspection shows that this results from an interplay between
large leading twist NS for diffractive and usual nuclear PDFs.

To better understand these results and compare them with the dipole
model, one can examine Rgjg/ior as a function of ol q(z) and X (z). The

values below refer to the summed case. (i) For small of ; (x), NS is vanish-
ingly small and Rgig/tor ~ 5. (1) As ol (7) increases and reaches oy (v) ~
opN ~ 20-30 mb, the corresponding NS is still weak with Rgig/tor = 1.5-2.
It corresponds to the situation encountered in the dipole model. (i73) When
O'goft(l’) > 40 mb, one reaches the regime of the full-fledged leading twist
NS, which predicts that Rgig/tor &~ 0.5-1.3. This large spread is caused by
the strong dependence on the value of \(x).

Note that Jéoft(a;) cannot grow forever because it is bounded by the black
disk limit (BDL): o7 ¢ (x) < 87 Bgig ~ 60 mb. In this case, all hadronic con-
figurations of the virtual photon interact with a nuclear target with the same
maximal cross section and, hence, \’(z) = 0, and one finds that Ry;g Jtot = 1
in the summed case and Rgig /1o — 0.86 in the case of purely coherent scat-

tering.

3. Leading twist NS and the saturation scale

The saturation scale Q2 can be heuristically defined through the impact-
parameter-dependent gluon density g(z, b, Q?), where the impact parameter
b denotes the distance from the nucleus center. Then the ratio of the satu-
ration scales for a heavy nucleus and the proton is [8, 9]

QgA(b) _ gA (IL‘, bv QQ) _ 7TR2 gAa (x7 ba Q2)
gp(b) 9p (l‘,b, QQ) P 9p (:CaQZ)
_ i -\ 2(1-M(2) g ()T (B
— 7R [A (2)Ta <b> + oy Re (1 e T (b))} , (5)

where we used the Gaussian \5\—proﬁle for the proton-gluon distribution,
_ 2 2
0y (2.0.Q%) = 1% [ (xR2) gy (+.Q%)

With R2 = 2By, = 9+ 0.4In(xo/x) GeV~2. The use of Eq. (5) at b=0
gives

(b=0)  27R;
(b 0> Ugoft(x)

~1. (6)
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It should be contrasted with the impulse approximation prediction

2,(b=0)/Q%,(b=0)1a = TR2T4(b = 0) ~ AY/3. The estimate of Eq. (6)
is a result of the strong leading twist NS and the dilute realistic nuclear
density.

4. Conclusions

The dynamical mechanism of NS and its relation to parton saturation is
one of outstanding questions of QCD at high energies. It has been suggested
that the ratio of the diffractive-to-total DIS cross sections Rg;g /1ot for a heavy
nucleus and proton at the EIC has the potential to discriminate between
the leading twist and saturation-based approaches to NS. In this study we
confirmed that Rgig/ior & 0.5-1 for sea quarks and Rgig /o =~ 0.5-1.3 for
gluons in LTA in contrast with Rgig ot ~ 1.5-2 in the gluon saturation
framework. We showed that Rgg ot is controlled by an effective (dipole)
cross section, which is large in LTA due to its connection to diffraction on
proton and small in the dipole model. In particular, Ryig/tor — 1 in the
black disk limit. Finally, we argued that strong leading twist NS as well
as the dilute nuclear density deplete nuclear enhancement of the saturation
scale leading to Q2,(b = 0)/Q2,(b=0) ~ 1.
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