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We argue that the proton multiplicities measured in Roman pot detectors at an electron ion collider can
be used to determine centrality classes in incoherent diffractive scattering. Incoherent diffraction probes the
fluctuations in the interaction strengths of multiparton Fock states in the nuclear wave functions. In
particular, the saturation scale that characterizes this multiparton dynamics is significantly larger in central
events relative to minimum bias events. As an application, we study the centrality dependence of incoherent
diffractive vector meson production. We identify an observable which is simultaneously very sensitive to
centrality triggered parton fluctuations and insensitive to details of the model.
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Introduction.—Very high multiplicity events in proton-
proton (pþ p) and proton/deuteron-nucleus (p=dþ A)
collisions at the LHC and RHIC have revealed that the
structure of such events is more complex and interesting
than previously imagined [1–4]. In particular, interpreting
the results of these experiments requires a deeper under-
standing of event-by-event multiparton spatial fluctuations
in protons and nuclei [5–9]. Incoherent diffraction in
deeply inelastic scattering (DIS) of electrons off nuclei
(eþ A collisions) has been long understood as having the
potential to provide insight into event-by-event fluctuations
in the spatial structure of nuclei. A significant advantage of
eþ A collisions relative to pþ A collisions is that the
former is insensitive to the final state interactions that, in
the latter, can complicate the extraction of the spatial parton
structure of the proton and the nucleus.
Insight into rare spatial configurations can be provided

by triggering on central incoherent diffractive events in
eþ A collisions. In diffractive events, no net color charge is
exchanged between the fragmentation region of the nucleus
and that of the electromagnetic current exciting the nucleus:
a rapidity gap is formed between the two fragmentation
regions. Coherent diffraction corresponds to the case where
the nucleus remains fully intact; in incoherent diffraction,
the pT kick given to the nucleus is large enough to break it
up, but the rapidity gap is preserved. While the coherent
cross section measures the average spatial distribution of
gluons, incoherent scattering probes the fluctuations [10]
and correlations [11] in the gluon density.
For incoherent diffractive events in a collider geometry,

such as at a future electron-ion collider (EIC) facility
[12], one can distinguish between so-called ballistic
nucleons and evaporation nucleons. Ballistic nucleons
are produced when a nucleon in the nucleus receives a
large longitudinal=transverse momentum kick from the

projectile. This nucleon can scatter off other nucleons in
the nucleus on its path out. Evaporation nucleons, on the
other hand, are produced when the nucleus is excited as a
whole, causing it to evaporate nucleons according to a
thermal spectrum in the rest frame of the nucleus.
In this Letter, we will argue that ballistic protons could

be used experimentally as a measure of centrality in
incoherent diffractive eþ A collisions. These, unlike
evaporation nucleons (or ballistic neutrons), can be mea-
sured in forward “Roman pot” detectors located in the
beam pipe outside the main detector. Among those events
that have ballistic nucleons (which can be both peripheral
or central), the number of ballistic protons should be larger
if the nucleus was hit at a central impact parameter. Since
we expect the saturation scale Qs in nuclei in central
events to be enhanced relative to minimum bias events,
this opens up the possibility to select large Qs events in
nuclear DIS by measuring exclusive final states in the
central detector in coincidence with recoil protons from
the nucleus in the Roman pots. Further, the dependence
of the results on kinematic invariants in the scattering
shows distinct patterns that make these triggered mea-
surements a sensitive test of the multiparton dynamics of
gluon saturation.
Kinematics of diffraction at an EIC.—We will consider

the DIS process eðlÞ þ AðPÞ → eðl0Þ þ A0ðP0Þ þ J=ΨðVÞ
(see Fig. 1). Denoting the nucleon, nuclear, and vector
meson mass by mN;mA, and mV , the kinematic invariants
needed in the process can be expressed as

q2 ≡ −Q2 ≡ ðl − l0Þ2; ð1Þ

t≡ ðP0 − PÞ2; ð2Þ

W2 ≡ ðPþ qÞ2; ð3Þ
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xP ≡ A
ðP − P0Þ · q

P · q
¼ A

m2
V þQ2 − t

W2 þQ2 −m2
A
; ð4Þ

ν≡ P · q
mA

≈
P · q
AmN

: ð5Þ

All of these invariants can be determined experimentally by
measuring the scattered electron and vector meson four-
momenta, even without measuring the recoil nucleus. Note
that here P is the momentum of the whole nucleus; thus,
there is an explicit A in the definition of xP. The variableW
often used to describe DIS off protons at HERA is not very
natural for nuclei since W2 ¼ A2m2

N þ 2AmNν −Q2 does
not scale in a simple way with A at fixed beam energies per
nucleon.
To be specific, we will consider an EIC with 15 GeV

electron beams scattering off nuclear beams with
100 GeV=nucleon. We need to first establish the optimal
kinematics for our study. We need a small xP ≲ 0.01, for
saturation effects to be relevant and to have a significant
rapidity gap [∼ lnð1=xPÞ] between the current and target
fragmentation regions. The EIC energy therefore effec-
tively restricts us to Q2 ≲ 10 GeV2. Coherent diffraction
dominates the exclusive cross section at low values
of jtj ∼ 1=R2

A, dying very rapidly. Incoherent diffraction
off the nucleus dominates in the kinematic regime
1=R2

A ≲ jtj≲ 1=R2
p, where Rp is the nucleon radius. For

jtj≳ 1=R2
p, incoherent diffraction will be sensitive to

subnucleon scale fluctuations in the nucleus. Because of
the small momentum transfer to the target, coherent
scattering probes the whole transverse plane of the nucleus,
and it is not possible to identify a well-defined impact
parameter event by event. For incoherent scattering, on the
other hand, the scattering is localized to an area ∼R2

p in the
transverse plane, and one can classify individual events into
centrality classes.
It is interesting to consider what the collision looks like in

the target rest frame (TRF). The TRF is defined as the frame
where the nucleus four-momentum is P ¼ ðAmN; 0; 0; 0Þ
and the z axis is defined along the direction of the photon

momentum: q ¼ ðν; 0T;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ν2 þQ2

p
Þ. The γ⋆p scattering

kinematics is then fixed by the three invariants, xP, Q2,
and t. In Fig. 2, we show the dependence of the longitudinal
and transverse momenta of the scattered proton, pz; pT ,
defined relative to the photon z axis, as a function of xP, for
t ¼ −0.1 and −1 GeV2, encompassing the impact param-
eter range between subnuclear to subnucleon scale fluctua-
tions. Since (neglecting terms ∼Q2=ν2), the momentum
transfer is t ¼ −ðm2

NxP
2 þ ðpTRF

T Þ2Þ=ð1 − xP=AÞ, one has
t ≈ −ðpTRF

T Þ2 for a wide range in xP. The exact relation
between the recoil transverse momenta in the TRF and the
collider frames depends on the lepton kinematics—these
momenta are however quite close to each other at high
energies. (The angle between the incoming lepton and the γ�
is small in the TRF. Since the outgoing recoil longitudinal
momentum in the TRF is small, the rotation by this angle
from the γ� TRF to the electron TRF does not change the
recoil pT much. The further boost to the collider frame
clearly has no effect on pT . Hence, pTRF

T ≈ pCollider
T ).

In the longitudinal direction, the coherence length at
small xP is large. As noted previously, however, in the
transverse plane momentum is first deposited in a nucleon-
size area with a well-defined impact parameter. The struck
nucleon or nucleons can then rescatter on their paths out of
the nucleus. The process whereby this occurs is complex
and can result in the breakup of the nucleus into fragments,
leading at later times to evaporation of nucleons from
the fragments. For a discussion of this dynamics, see
for instance Refs. [13,14] and references therein or
Refs. [15–17] for a different approach. Despite this com-
plexity, a relatively clean separation exists, of over an order
of magnitude, in the typical transverse momentum scales
of ballistic nucleons (with a sizable fraction of the
original momentum transfer) and evaporation nucleons.
Nucleons with laboratory transverse momentum in the

FIG. 1. Diffractive DIS kinematics.

FIG. 2 (color online). Scattered proton longitudinal and trans-
verse momentum in the target rest frame in diffractive J=Ψ
production. Here we choose Q2 ¼ 1 GeV2.
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400 MeV–1 GeV range of interest can be clearly identified
as being ballistic. Since the energy and momentum trans-
port of such nucleons is likely well localized, the measured
multiplicity of the latter will be a sensitive trigger of
centrality in diffractive final states. This is in contrast to
evaporative nuclear breakup alone where all information
about the initial impact parameter is lost due to the
thermalization of the excited nucleus.
As noted, the multiplicity of ballistic protons can be

measured with Roman pots. As an illustration, we show in
Fig. 3 the results of a simulation for eþ p deeply virtual
Compton scattering (DVCS). One observes that the accep-
tance is excellent in the pT region of incoherent diffraction
in nuclei. The acceptance for eþ A scattering will not be
exactly the same due to the different magnetic fields
required by the nuclear Z=A ratio and will require separate
detector simulations to estimate. However, we would still
expect good resolution in a sizable part of the relevant pT
region. On the other hand, ballistic neutrons, while perhaps
measurable in a zero degree calorimeter (ZDC), can be
challenging to separate from evaporation neutrons [18].
Diffractive vector meson production.—As a model

example, we will explore the centrality dependence of
incoherent diffractive vector meson production in the
saturation model of Ref. [20]. In this framework, diffractive
scattering is described such that an incoming virtual photon
fluctuates into a quark-antiquark color dipole which scatters
off the target and forms the final state vector meson. The
necessary ingredients in these calculations are the dipole-
nucleus scattering amplitude NA and the vector meson
photon wave function overlap Ψ�

VΨ. The imaginary part
of the scattering amplitude for the γ�A → VA scattering is

AðxP;Q2;ΔTÞ ¼
Z

d2rT

Z
dz
4π

Z
d2bT

× ½Ψ�
VΨ�ðr;Q2; zÞe−ibT ·ΔT2NAðrT;bT;xPÞ;

ð6Þ

where bT is the impact parameter, rT the dipole size,ΔT the
momentum transfer, t ¼ −ΔT

2, and z is the longitudinal
momentum fraction of the photon carried by the quark.
The dipole-nucleus amplitude is obtained from the

dipole-proton amplitude Np by taking the independent
scattering approximation and writing S ¼ 1 − N as

SAðrT;bT; xPÞ ¼
YA
i¼1

SpðrT;bT − bTi; xPÞ; ð7Þ

where bTi are nucleon coordinates. For the dipole-proton
amplitude Np we use the IPsat model [21] which has an
eikonalized collinear gluon distribution. The model param-
eters are fit to the HERA data in Ref. [22]. To simplify the
calculation of the incoherent cross section we introduce a
factorized approximation

SpðrT;bT; xPÞ ¼ 1 − TpðbTÞNpðrT; xPÞ; ð8Þ

with a Gaussian nucleon profile TpðbTÞ. For the vector
meson overlaps Ψ�

VΨ we use the boosted Gaussian para-
metrization from Ref. [22].
The cross section for coherent diffractive vector meson

production for a scattering off a nucleus can be calculated
by averaging the scattering amplitude A over the nucleon
configurations and then taking the square:

dσγ
�A→VA

dt
¼ 1

16π
jhAðxP; Q2;ΔTÞiN j2; ð9Þ

where the average is defined as

hOðfbTigÞiN ≡
Z YA

i¼1

½d2bTiTAðbTiÞ�OðfbTigÞ ð10Þ

and TA refers to the Woods-Saxon distribution. The
incoherent cross section is similarly given by the variance
hjAj2iN − jhAiN j2. Full expressions for the coherent and
incoherent diffractive cross sections can be found in
Ref. [20] (see also Refs. [23–26]).
This framework gives a good description of the diffrac-

tive vector meson production in electron-proton scattering
measured at HERA—see Refs. [22,27]. Exclusive photon-
nucleus collisions have also been studied in ultraperipheral
heavy ion collisions at both RHIC [28,29] and the LHC
[30,31]. The ALICE results for J=Ψ production [30,31] are
consistent with the calculations of Ref. [32] using the
dipole model of Ref. [20].
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FIG. 3 (color online). EIC acceptance for protons, as a function
of pT , in a Roman pot detector. Figure reprinted with permission
from Ref. [19]. The reaction simulated is Deeply Virtual
Compton Scattering (DVCS) in eþ p scattering. The region
of strong overlap between three curves demarcates the pT
acceptance. Because of the different configuration of magnetic
fields in eþ A scattering, there will be a shift in the acceptance to
lower pT than shown here.
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We compute the diffractive vector meson production in
two centrality classes. For simplicity “central” events are
calculated at b ¼ 0 but the event characteristics are not
expected to depend strongly on b for b ≪ RA. As discussed
previously, these are the events that should have large
proton multiplicities in the Roman pot detectors. These
events are compared with minimum bias results obtained
by integrating over all impact parameters. (We do not have
a reliable estimate of the share of ballistic events among all
incoherent events; therefore, we cannot calculate a ballistic
event cross section. This factor, however, cancels in the
double cross section ratio discussed in the following.)
In Fig. 4, we show the Q2 dependence of ratios of

incoherent diffractive production cross sections of different
vector mesons off a gold nucleus in these central events
relative to those in minimum bias,

σðγ�A → V1A�Þ=σðγ�A → V2A�Þjcentral
σðγ�A → V1A�Þ=σðγ�A → V2A�Þjminimumbias

; ð11Þ

where V1 and V2 are different vector mesons (e.g., J=Ψ and
ρ) and A� refers to the nucleus that breaks up.
The double ratio is useful because both uncertainties in

the overall normalizations and those in the vector meson
wave functions are minimized by taking this ratio. The
calculation is done at xP ¼ 0.005—this is well within the
EIC kinematic reach. We have checked that the xP and W
dependence of the results is quite weak. Further, in the
approximations employed here, this ratio is independent of
t and contributions from the real part of the amplitude and
skewness corrections cancel in the double ratio.
We see from Fig. 4 that a very significant enhancement

for the J=Ψ=ρ and J=Ψ=ϕ double ratio is seen at low Q2; it
reduces to unity only above Q2 ∼ 10 GeV2 when Q2

becomes much larger than the central and minimum bias
saturation scales. In contrast, the ϕ=ρ remains nearly at
unity for the entire range in Q2 studied.
The result has the following simple interpretation. Let’s

first consider the J=Ψ=ρ and J=Ψ=ϕ ratios. The small size
of the J=Ψwave function in Eq. (6) indicates that the dipole
amplitude is dominated by “color transparent” small size
configurations with r2Q2

s ≪ 1, even at low Q2. Hence, the
production cross section for incoherent diffractive J=Ψ
goes as Q4

s . In contrast, since the ρ and ϕ meson wave
functions are significantly broader, the corresponding
typical configurations in that case have r2Q2

s ≥ 1 in both
central and minimum bias events. These “color opaque” ρ
and ϕ configurations have cross sections of the order of the
geometrical radius for both central and minimum bias
events and these cancel in the double ratio. Hence, Eq. (11)
is the central-to-minimum-bias ratio of the color transparent
J=Ψ cross sections, which goes as Qs

4
central=Qs

4
min :bias. At

large Q2, even the ϕ and ρ cross sections become color
transparent. Thus the saturation scales in both the numer-
ator and the denominator cancel separately, and one obtains
unity as seen in Fig. 4.
In contrast, since the ϕ and the ρ are simultaneously

either color opaque or color transparent depending on the
Q2 probed, there is never a strong sensitivity to Q2

s and the
double ratio is close to unity for all Q2. We emphasize that
the saturation scale Qs should really be thought of as a
transverse momentum or length scale, and its cleanest
manifestations in DIS should be in the Q2 dependence of
observables. Therefore, the result shown in Fig. 4 is a clear
direct measure of the nuclear enhancement of nonlinear
gluon dynamics, the large nuclear “oomph,” previously
quantified for inclusive DIS nuclear cross sections relative
to inclusive proton cross sections [33].
Discussion.—We argued that “ballistic protons” can be

used as a measure of centrality in diffractive processes at an
electron ion collider by measuring proton multiplicities in
the Roman pot detectors. Triggering on the highest multi-
plicity (most central) events makes it possible to probe
fluctuations in the interaction strengths of rare parton
configurations (with large Qs) in the nuclear wave function
at high energies. As an example, we showed that the double
ratio of the production cross sections of different vector
meson species in central and minimum bias collisions has a
large Q2 dependence. We anticipate this double ratio will
be significantly different in models where fluctuations in
the parton Fock state configurations are treated differently
than in dipole models. It would be interesting to combine
model calculations for the production cross section with a
more detailed model for the nuclear breakup.
Centrality selection in nuclear DIS using the multiplicity

of evaporation neutrons measured in the ZDC was recently
discussed in Ref. [18]. A potential impact of this centrality
selection on single inclusive multiplicities and dihadron
correlations was also discussed. This study was performed

FIG. 4 (color online). Ratio of two vector meson incoherent
diffractive cross sections in central events relative to minimum
bias events as a function of Q2. See text for details.
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in the context of inclusive scattering, where the nuclear
excitation and breakup can be very different than for
diffraction considered here. This approach might provide
complementary information on the dynamics of rare large-
Qs configurations in high energy QCD.
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