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what  have we learned and several promising  directions for the near future studies 
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Prequel

 Brahms & STAR observation  of suppression forward production in 
combination  with  moderate y=0 hadron activity 

Several  novel observations in NA nearly  reached  the level of discovery:

Huge drop  of  RCP from  one to RCP =0.2 in dijet production  in  large  xF. pA collisions 

Claims - due to fractional energy losses in proximity of black disk  regime  vs  color glass 
condensate

Claim - due to shrinkage  o ft transverse size of proton in configurations with large x quark

Mechanism of large gluon shadowing 

Need additional handles / selections  to reach a discovery level 

  - ZDC  signal seems  a promising supplementary  tool
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Outline

Small x - how close one to the black limit is in current experiments 

Nuclear shadowing, unitarity, multiplicity fluctuations (only answers  no time)

Number of neutrons hitting  ZDC - an estimator of number of wounded nucleons

Applications of ZDC:

Measuring nuclear gluon gpds
Looking for onset of nonlinear regime

Getting insight into dynamics of pA—-> very forward pion & jet prod.

 Studying  multiscale structure of photons

Observing multiparton interactions in pA collisions

(Color fluctuation model)
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Two major conclusions
from analysis of coherent J/psi production  

and forward pion production in deuteron Au

Alternatively, one can express this in terms of the b-dependent nuclear density gA(x, b)

gA(x, b) = gp(x)
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The ratio gA(x, b)/[TA(b)gp(x)] is shown in the right panel of Fig. ??.
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Figure 2: The ratio gA(x, b)/[TA(b)gp(x)] as a function of |~b|.

2

Leading twist gluon shadowing in impact parameter space for 
coherent J/ψ photoproduction on Pb as a function of impact 
parameter  | ⃗b⃗|. 
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The scattering amplitude in impact parameter space ΓA(b) for 
coherent J/ψ photoproduction on Pb as a function of | ⃗b⃗|. 

x=10-3 (lowest x for EIC)

Gluon shadowing changes regime of interaction at  x~ 10-3   
and small b getting closer to black (probability to interact inelastically) 

x~ 10-3  

1- (1- Γ)2= 0.64

  1- (1- Γ)2= 0.45 gray

x~ 10-4  Blackish

Approach to black regime is much faster for inelastic scattering than  for coherent processes

   Γ(b)=1 black disk 

Fractional energy losses
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Apparent violation of pQCD  factorization in the leading (xF >0.4) pion production  

in D A —>    +X (RHIC)

Fractional energy losses in 
the black disk regime and 
BRAHMS effect 

Scenario I =CGC Scenario II Post selection

Pions from elastic
quark scattering off 
CGC gluon field

Central collisions Peripheral  collisions

STAR data strongly indicate dominance of a peripheral mechanism of the forward pion production 
with a strong suppression of the production at central impact parameters.

Ultimate test would be measurement of the neutron multiplicity in ZDC

More  neutrons than minbias Fewer  neutrons by a factor ~2

Π

Example of how ZDC signal could have resolved between two models of the BRAHMS effect :

ARE THERE SUCH DATA IN STAR OR PHENIX ARCHIVES???



Many observables studied in QCD are of inclusive nature. Fluctuations of parton density transverse 
size,… are averaged out. At the same time no averaging occurs say in high energy pA scattering

Constructive  way to account for coherence of the high-energy dynamics is Fluctuations of interaction = 
cross section fluctuation formalism.  Analogy: consider throwing a stick through a forest - with random 
orientation  relative  to the direction of motion.   (No rotation while passing through the forest - large 
lcoh.) Different absorption for different orientations of the stick,)
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Classical low energy picture of 
inelastic h A collisions implemented 

in Glauber model  based
 Monte Carlos 

wounded nucleons

spectator nucleons

High energy picture of inelastic h A 
collisions consistent with the 

Gribov - Glauber model - 
interaction of frozen configurations 

h
2

FIG. 1. Schematic representation of a proton–nucleus col-
lision with fixed target nucleon-level geometry, with a more
weakly (more strongly) interacting projectile proton on the
left (right). The red tube shows the projection of the pro-
jectile proton’s transverse size through the nucleus, with im-
pacted nucleons in red. Typical observables have contribu-
tions from both types of events, while large-xp configurations
may preferentially select weakly interacting cases (left).

Hadrons are composite, quantum mechanical systems12

with a varying spatial and momentum configuration of13

their internal quark and gluon constituents. During the14

short time of a high energy hadronic collision this config-15

uration remains approximatley fixed. Thus certain phys-16

ical properties of the hadron system, such as its total17

transverse size, may change collision by collision, a phe-18

nomenon we refer to as color fluctuations [1, 2]. These19

variations in the internal structure of hadrons have a20

wide range of observable consequences, such as inelastic21

di↵raction [3–5]. In quantum chromodynamics (QCD),22

the configurations in which a large (> 10%) fraction of23

the hadron’s momentum is carried by a single quark or24

gluon are spatially compact. For these cases, in a wide25

range of energies where non-linear (saturation) e↵ects26

are expected to be small [6], the interaction strength of27

the entire configuration decreases along with its overall28

size [7]. Furthermore, while the interaction strength for29

such small configurations is reduced, it rises rapidly with30

collision energy. In this Letter, we quantitatively investi-31

gate these properties of QCD systems in proton– and32

deuteron–nucleus (p/d+A) collision data at the Large33

Hadron Collider (LHC) and the Relativistic Heavy Ion34

Collider (RHIC), respectively.35

Fig. 1 symbolically illustrates how proton configura-36

tions of two di↵erent sizes contribute to p+A interactions.37

For many processes, a large number of projectile config-38

urations contribute to a studied observable, resulting in39

a lack of sensitivity to color fluctuation e↵ects. However,40

in processes to which only a restricted set of projectile41

configurations contribute, these e↵ects are important for42

understanding the experimental data. Some historical43

examples are their role in interpreting multiplicity dis-44

tributions in nuclear collisions [8] and in describing the45

coherent di↵ractive production of dijets [9–11].46

Experimentally, collisions with a restricted set of pro-47

jectile configurations may be selected with a special trig-48

ger such as a hard QCD or electroweak process involving49

a large-xp (>⇠ 0.1) parton in the proton [12]. In this case,50

color charge screening within the dominant Feynman di-51

agrams suppresses the gluon field and density of qq̄ pairs52

in these large-xp configurations, leading to an interaction53

cross-section which is smaller but grows rapidly with en-54

ergy (for a review of this phenomenon in HERA data,55

see Ref. [13]). Arguments based on the quark counting56

rules [14, 15] reach a similar conclusion.57

In p+A collisions, the shrinking of the proton configu-58

ration in large-xp events should lead to a decrease in the59

average number of wounded nucleons struck by the pro-60

ton, ⌫, relative to that for collisions with a more typical61

proton configuration. This feature should also be present62

in d+A collisions, although the magnitude of the e↵ect is63

diminished due to the una↵ected nucleon in the deuteron64

contributing with an average over its configurations.65

Measurements which can test these properties of QCD66

were recently performed in proton–lead (p+Pb) collisions67

at the LHC [16, 17] and deuteron–gold (d+Au) collisions68

at RHIC [18] at center of mass energies of 5.02 TeV69

and 200 GeV, respectively. In these experiments, the70

production of large transverse momentum (pt) jets was71

studied in the large-xp kinematic region as a function of72

hadronic activity in the downstream nucleus-going direc-73

tion (⌘ < �3). Hadron production rates in this rapidity74

range are correlated with the number of wounded nucle-75

ons ⌫, and have been experimentally shown to be insensi-76

tive to energy-momentum conservation e↵ects related to77

jet production at mid- and forward (proton-going) rapidi-78

ties [19] (however, others models disagree [20]). Each ex-79

periment observed a qualitatively consistent picture: for80

events with jets originating from a large-xp scattering,81

the geometric (eikonal) model strongly underestimates82

the number of events with low hadronic activity (geo-83

metrically “peripheral” events in the classical picture)84

and overestimates those with a large hadronic activity85

(“central” events). However, the total inclusive jet pro-86

duction cross-section was unmodified, �p+A = A�p+p, as87

expected from QCD factorization and the small modifi-88

cation of the nuclear parton densities [21].89

In our previous analysis [2] we demonstrated that color90

fluctuation e↵ects which led to a more weakly interacting91

large-xp configuration could quantitatively describe the92

ATLAS data for jet production at xp ⇡ 0.6. In this93

Letter, we present a unified analysis of ATLAS [16] and94

PHENIX [18] data to study the collision energy and xp-95

dependence of this e↵ect in detail.96

To model the e↵ects of color fluctuations in p+A col-97

lisions, we use the Monte Carlo algorithm developed98

in Refs. [1, 22], of which we summarize the main fea-99

tures here. In our procedure, the probability distribu-100

tion, PN (�), for a projectile nucleon configuration to have101

cross-section � for an inelastic interaction with another102

nucleon in the target is given by103



Convenient quantity - P(σ)  -probability that hadron/photon interacts with 
cross section σ with the target.   

dσ(pp!X+p)
dt

dσ(pp!p+p)
dt | t = 0

=
�

(� � �tot)2P (�)d�

�2
tot

⇥ ⇥�
variance

7

∫P(σ)d σ= 1, ∫ σ P(σ)d σ=σtot, 

Pumplin  &Miettinen

Confer:  PMC Glauber (σ)= δ(σ-σtot)

Good - Walker model of coherent scattering Eigen statesl

Warning - connection between  fluctuations and inelastic diffraction is a 
reasonable model for t=0. However at  finite t  knockout mechanism  

becomes important and ultimately dominant 

Example σ (Deuteron +h —> (pn) +h )   = 0 for t=0 in the impulse 
 approximation (no fluctuations) and not suppressed for  
-t> 1/rN2 - knockout mechanism
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GEOMETRICAL COLOR OPTICS 529

sponds to ((o- - (~r)) 3 ~- 0, as would occur for a distribution nearly
symmetric: of approximately (~r) (88).

For small values of o-, further information can be obtained from QCD,
which implies (19)

P(o’) - "Nq-2 4.4

for ~r << ((r), where Nq is the number of valence quarks. Thus, 
nucleon distribution Pu((r) is --O" for small (~, while for the pion P~(o-)
is approxiimately constant. The results of reconstructing PN(o-) and
P~(o’) from the first few moments of P(o-) and from Equation 4.4 
shown in ].~igure 6. They indicate a broad distribution for proton projec-
tiles and an even broader one for pion projectiles. One expects even
further broadening for K-meson projectiles.

4.3 Sm’all-Sized Configurations in Pions
One can test this approach by using QCD to compute P,(~r = 0) 
high energies. Indeed, the physics at small (r is dominated by small

0.030 I I I I

--.pOCDrongefor P~ (0)

0.025 ~ ~7~~)

v._. o.ozo
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/~.~-
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Figure 6 C, ross-section probability for pions P~(cr) and nucleons P~v(~) as extracted
from experimental data. P,,(cr = 0) is compared with the perturbative QCD prediction.

www.annualreviews.org/aronline
Annual Reviews
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FIG. 1: The cross section distribution P (σ, s) at different energies: the solid curve corresponds to
√

s = 9 TeV (LHC); the dashed curve corresponds to
√

s = 1.8 TeV (Tevatron); the dot-dashed

curve corresponds to
√

s = 200 GeV (RHIC).

IV. RESULTS AND DISCUSSION

Using Eqs. (15) and (18), we calculate the total, elastic and diffractive dissociation cross

sections for proton-208Pb scattering as a function of
√

s. The result is given in Fig. 2.

In our numerical analysis, we used the following parameterization of the nucleon distri-

bution ρA(r⃗)

ρA(r⃗) =
ρ0

1 + exp ((r − c)/a)
, (22)

where c = RA − (π a)2/(3 RA) with RA = 1.145 A1/3 fm and a = 0.545 fm; the constant ρ0

is chosen to provide the normalization of ρA(r⃗) to unity.

One sees from Fig. 2 that cross section fluctuations decrease the total and elastic cross
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p
s = 30GeV

PN(σ) extracted from pp,pd 
diffraction  and Pπ(σ); Baym et al 93

PN(σ)

!� ⇠ 0.25 !� ⇠ 0.1

Flat PN(σ)  in a wide range of  σ - can 
suggests few effective constituents at this 
energy scale like  in quark - diquark model.

Variance drops with increase of energy,
 overall shift of distribution to larger σ
Fast drop of PN(σ) at small σ, with 

increase of energy  pQCD?  

Extrapolation of Guzey  & MS
 before the LHC data



Probability of exactly n interactions is Pn = �n/�
hA
in

9

Can use P(σ)  to implement  Gribov- Glauber dynamics of inelastic
 pA interactions. Baym et al 91-93 

�NA
in =

Z
d�inP (�in)

Z
d~b

⇥
1� (1� x)A

⇤

�n =

Z
d�inP (�in)

A!

(A� n)!n!

Z
d~b xn(1� x)A�n .



10

 25

Distribution over ν= Ncoll is sensitive primarily to the value of variance ωσ
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FIG. 1: The probabilities PN of having N = Ncoll wounded nucleons, averaged over the global impact

parameter b, as a function of Ncoll for the Glauber model (!� = 0) and in the color fluctuation model with

!� = 0.1 (our base value used in the current analysis) and !� = 0.2. The inset is in log scale.

imately Gaussian. If the cross section for large ⇢ is approximately proportional to the area that

is / ⇡⇢
2, one would expect presence of a tail in P (�) / exp(�c�). To explore sensitivity to the

presence of such a tail, we introduced another model of

P (�) = a� exp(�c |� � �0|) , (8)

with parameters fixed to reproduce the same total cross section and dispersion as in the basic

model. We find that the distribution over Ncoll practically does not change – see Fig. 2.

This confirms our conclusion [3] based on the comparison of the model based on Eq. (3) and

the two-component model. Still changing the behavior at small � one can generate a very di↵erent

shape for the same variance, see [14]. Hence it would be interesting to explore this issue further

as the sensitivity to the tail for the central collisions should grow since at the LHC in central pA

collisions, one typically selects Ncoll ⇠ 14.

As we already mentioned in the Introduction, the existing data on soft hadron production can be

fitted in the models with and without color fluctuations [1]. Hence to probe e↵ects of fluctuations

it appears promising to look for their e↵ects in the processes with a hard trigger which correspond

to somewhat di↵erent geometry than the minimal bias inelastic collisions.

8
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FIG. 2: Comparison of the distributions over N = Ncoll in the color fluctuation models with !� = 0.1 and

di↵erent shapes of distribution over � – Eqs. (3) and 8.

III. DISTRIBUTION OVER THE NUMBER OF COLLISIONS FOR PROCESSES WITH

A HARD TRIGGER

One of the typical setups for pA collisions is the study of soft characteristics of the events which

are related to the number of wounded nucleons for events with a hard subprocess (dijet, Z-boson,

. . .). In the case of inclusive production, the cross section is given by the QCD factorization theorem.

Putting an additional requirement on the final state breaks down the closure approximation and

hence requires special treatment. The main aim here is to get a deeper insight into dynamics of

pA interactions and in particular to probe the flickering phenomenon which we discussed in the

Introduction.

On average, in the geometric model for hard processes in the kinematics, where nuclear

shadowing can be neglected (i.e., for x � 0.01 and even smaller x for large virtualities), the

multiplicity of the events with a hard trigger (HT), which we will denote as MultpA(HT ), is

MultpA(HT ) = �pA(HT + X)/�pA(in). Using Eq. (7) one finds that a simple relation for the

multiplicities of HT events in NN and minimal bias pA collisions holds:

MultpA(HT ) = hNcolliMultpN (HT ) . (9)

Here we will consider the rates of hard collisions as a function of Ncoll with the additional

factor of Ncoll in the denominator in order to focus on the deviation from the naive optical model

9

ν ν
Distribution over ν= Ncoll is sensitive primarily to the value of variance, ωσ

ΣETPb distribution as a function of  ν: modeling by ATLAS at large negative 
rapidities -3 >η> -5
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Similar effects in photon - nucleus collisions (a broader distribution in number of wounded nucleons) UPC & EIC

Plenty of predictions for ultraperipheral collisions at LHC

Interesting: smooth matching pQCD and soft  interactions  

requires mq= 300 MeV —   constιtuent  quark mass 

qq VM
-

We calculated Pγ (σ)



To study dependence of a subprocess on Ncoll  it is desirable to maximize the  

distance between  rapidities where the process is measured and the yrapidity  

range used for centrality (<b>) determination.

ZDC signal? 

A wounded nucleon leaves behind a hole with  excitation energy~20 MeV. Results in 
emission of soft neutrons more or less independently from each wounded nucleon

wounded nucleons

spectator nucleons

h

Soft neutrons

Average number of soft neutrons is ~ 5 times larger  

than Ncoll

12
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Example of a remarkable process in which Glauber model grossly  
contradicts to the data:

pA —>t wo jets + X

Inclusive set up - factorization works fine,  but strong dependence of  

the dijet rate on the transverse energy,ET,  produced at far away rapitities.

with jets produced along proton  direction with momentum fraction xF > 0.3
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FIG. 3: (Color online) Rhard
⌫ (RpPb) for pPb collisions at LHC energy, with the values of x and � available to us. Centrality bins

were extracted from the ATLAS data [9] using ⌫ distributions given by the CF model [4, 21]. Experimental errors are combined
statistical and systematic errors, while the shaded bands represent theoretical uncertainties obtained by a minimum-�2 fit
procedure to data.

Our explanation in the color fluctuation model : effect is  
due to decrease of <σeff(x)>/σin   with increase of xF.

New ATLAS data (2023) 
 confirmed the original 

data (R.Long talk)

our 2015 analysis of ATLAS data (extension of 2013) 

Alvioli, Frankfurt, Perepelitsa, MSλ(x)= σ(x)/<σ>
Phys.Rev. D98 (2018) no.7, 071502

No alternative explanations proposed   a decade after  

the data were published by CMS and ATLAS

FSI explanation does not count - scaling for inclusive.
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cleon at resolution scales Q2 / 1/⇢ and xp ⇠ Q2/s. At
large Q2, g grows quickly with decreasing xp, resulting
in an increase of the cross-section (and of �(xp) at fixed
xp) for these small configurations with increasing colli-
sion energy. However, this increase is slower than what
is observed for perturbative processes, such as J/ pho-
toproduction [13]. Thus the interaction at high energies
may be thought of as lying between the perturbative and
non-perturbative domains, suggesting that chiral sym-
metry is restored for the probed components of the light
cone proton wave function. Finally, the fast growth of
the cross section for small configurations is consistent
with the expected narrowing of the PN (�) distribution
at increasing collision energies [30].

A consistency check of our results can be performed
under the assumption that the probability to find a con-
figuration with some large xp is the same at two collision
energies

p
s1 and

p
s2. If the fluctuations in �(xp) are

small such that, at fixed xp, there is a one-to-one corre-
spondence between �(xp) at two di↵erent energies, one
may express this as the probability to find a configuration
with cross section smaller than �(xp)�tot,

Z �(xp;
p
s1)�tot(

p
s1)

0
d� PN (�;

p
s1) =

Z �(xp;
p
s2)�tot(

p
s2)

0
d� PN (�;

p
s2),

(4)
which along with Eq. (1) is an implicit equation for the
energy dependence of �(xp) at fixed xp.

Starting with the LHC results for �(xp), we use Eq. 4
to systematically predict �(xp) at RHIC energies at the
same values of xp, and vice versa. Fig. 3 shows the re-
sults of this check. For xp

>⇠ 0.15, the relationship be-
tween the extracted �(xp) values at RHIC and LHC ener-
gies is consistent with that predicted by Eq. 4. At lower
xp, this method predicts a larger di↵erence in �(xp) at
the two energies than is extracted in data, suggesting
that our model does not provide a complete description
of color fluctuation phenomena in this xp range (for ex-
ample, since it ignores a possible parton flavor depen-
dence). Using the parameterization for PN (�) at the
lower, fixed–target energies given in Ref. [23], one finds
that �(xp ⇠ 0.5) ⇡ 0.38 at

p
s = 30 GeV.

Recently, data on 200 GeV proton–gold collisions were
recorded at RHIC, allowing for a further test of our
model. Using the same parameters which relate ⌫ to the
hadronic activity as in the d+Au data, we calculate the
distributions of ⌫ in example centrality bins and the RCP

values for hard triggers with di↵erent ranges of xp. These
predictions are summarized in Fig. 2. As also argued in
Ref. [29], the magnitude of the observable e↵ect should
be larger than in the d+Au data, where it is expected to
be washed out by the additional projectile nucleon.

The global analysis presented in this Letter quanti-
tatively extends our initial interpretation of the LHC
data on forward jet production in p+A collisions as aris-
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FIG. 3. Extracted values of �(xp) as a function of xp at
RHIC and LHC energies (solid points), with exponential fits
shown as dashed lines to guide the eye. The shaded bands
are a prediction for �(xp) at each energy using the results at
the other energy as input (see text).

ing from an xp-dependent decrease in the interaction
strength of proton configurations [2], and demonstrates
that the same picture successfully describes RHIC data
on large-xp jet production. Our analysis finds that the
suppression of the interaction strength is stronger at
lower energies, consistent with expectations from QCD
that cross-sections for small configurations grow faster
with energy than do those for average configurations.
Measurements of other processes arising from a di↵erent
mixture of large-xp quarks and gluons (e.g. Drell-Yan or
electroweak processes) would allow for a comparison of
quark- vs. gluon-dominated configurations. Analogous
studies in ultraperipheral collision data [31] may probe
color fluctuations in the photon wavefunction.

Our conclusions also have implications for understand-
ing features in the quark–gluon structure of nuclei such
as the observed suppression of the nuclear structure func-
tion at large-x, commonly known as the EMC e↵ect [32].
Since nucleons in a configuration with a large-x parton
are weakly interacting and the strength of the interaction
at fixed x falls at lower energies, it is natural to expect
that such configurations interact very weakly with other
nucleons at the energy ranges relevant for nuclei. In the
bound nucleon wavefunction, such weakly interacting nu-
cleon configurations are strongly suppressed [12]. Thus,
this picture suggests a natural explanation for the ob-
served suppression of partons in the EMC e↵ect region.

We thank B. Muller for the suggestion to add predic-
tions for p+A running at RHIC within our framework,
A. Mueller for discussion of proton squeezing at large xp,
and J. Nagle for suggestions on the manuscript. L.F.’s
and M.S.’s research was supported by the US Department
of Energy O�ce of Science, O�ce of Nuclear Physics un-
der Award No. DE-FG02-93ER40771.

Highly nontrivial consistency check of interpretation of the data 
at different energies and in different kinematics

Eq.(*) suggests  λ(xp=0.5, low energy) ~1/4. Such a strong 
reduction of interaction strength corresponds to reduction of 
the transverse size of nucleon at x> 0.5  by a factor > 4 
( suppression was predicted in Frankfurt & MS83)
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λ(xp, s) grows with s since 
cross section at higher 

virtualities of the projectile 
grows faster with s

Eq. (*)



C. Oppedisano, CFNS Ad-hoc Workshop, 
February 2022 

One can do even better by studying charm yield as a function of centrality

MS: There are corrections to linear 
dependence of neutron energy/ average 
neutron energy — need to work on 
corrections for small  Ncoll, via e.g. 
quasielastic J/psi
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Probability of having  Ncoll = ν  nucleons wounded for a dijet trigger.

Strong reduction of neutron yield for large energy releases in ZDC. Quantitative 
predictions with reduced uncertainty after kinematics ν=1 is studied in UPC 

If  prediction   is confirmed , establishes a new fundamental property of nucleon 
wave function: at large x transverse area of nucleons at least factor of four 
smaller than in average at x> 0.5. Would explain EMC effect (Frabkfurt, MS 1983) 
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Conclusions and outlook

Use of ZDC information  would allow to extend information greatly extend information on 
small x dynamics which could be derived from UPC.   Several examples

Gluon shadowing (analogies to strategy used to study RCP in pA : 

Using  ZDC to get samples of events with lowest  (15%) and highest (15%)  activities 

 in ZDC with proper normalization of pA samples using jet production at x~0.01.
HIGH /LOW ratio for charm  photoproduction  (Talk by Innocenti) is directly related to gluon 
shadowing 
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FIG. 3: (Left) The probability distribution of forward neutron emission Pcomb(N) (13) as a function of the number of
emitted neutrons N for hMni = 5. The three curves correspond to the three models for P�(�) discussed in text. (Right) The
contributions of ⌫ = 1, 2, 3 wounded nucleons to Pcomb(N) in the Glauber model for P�(�) chosen to correspond to hNcolli = 2.
The black dotted curve labeled “Sum” gives the total Pcomb(N).

where N is the number of produced neutrons (neutron multiplicity).
Then, we combine the distribution over the number of wounded nucleons P (⌫) discussed in Sec. II with the Poisson

distribution of produced neutrons (12). The resulting probability distribution of forward neutrons is given by the
following expression,

Pcomb(N) =
AX

⌫=1

P (⌫)PPoisson(N ; ⌫hMni) . (13)

The left panel of Fig. 3 presents Pcomb(N) as a function of forward neutrons N for hMni = 5. The three curves
correspond to the three models for the hadronic (color) fluctuations of the real photon, see the right panel of Fig. 1.
One can see from the figure that cross section fluctuations of the real photon noticeably a↵ect the shape of the neutron
distribution: its maximum at small N is more pronounced compared to the “Glauber” result and is also somewhat
suppressed by the leading twist shadowing in the “Generalized CF” case.

Extraction of the contributions of individual ⌫ (deconvolution) from the distribution Pcomb(N) is feasible for not
very large values of ��N

inel. This is illustrated in the right panel of Fig. 3, which shows the contributions of ⌫ = 1, 2, 3
wounded nucleons to Pcomb(N) in the case, when P� = �(� � �̄) with �̄ chosen to correspond to hNcolli = 2, see
Fig. 2. The black dotted curve labeled “Sum” gives the total Pcomb(N) in this model. One can see from the figure
that the peaks of these contributions are su�ciently separated, which gives a principal possibility to reconstruct the
distribution over wounded nucleons P (⌫). Then one can use an iterative procedure to find individual �⌫ . Indeed,
assuming that the series in Eq. (3) of dominates by the ⌫ = 1, 2 terms (the limit of weak nuclear shadowing), one
obtains

hNcoll � 1i ⇡ �2

�1
⇡ A� 1

2

h�2
ineli

h�ineli

Z
d2~b T 2

A(~b) , (14)

where in the second equation, we used Eq. (4). The ratio h�2
ineli/h�ineli plays a central role in the leading twist

approach to nuclear shadowing, where it determines its magnitude in the weak shadowing limit. Working along
these lines, one can determine higher moments h�n

ineli/h�ineli, see [52], which built up a full-fledged LTA shadowing
correction.

The shape of the neutron distributions in Fig. 3 strongly depends on the magnitude of nuclear shadowing, which
in turn is correlated with hNcolli and the x-dependence (energy dependence) of nuclear modification of nuclear PDFs
in LTA: an increase of nuclear shadowing leads to the proportional increase of hNcolli), see Eq. (10) and Fig. 2, and,
hence, to a wider distribution Pcomb(N) with important contributions of large ⌫. This is illustrated by the left panel
of Fig. 4, which shows Pcomb(N) as a function of N for hNcolli = 3. A comparison with the right panel of Fig. 3

Charm phttoproduction for   

moderate pt and x~ 10-4

7

FIG. 4: The probability distribution of forward neutron emission Pcomb(N) as a function of the number of emitted neutrons
N for hMni = 5. The left and right panels correspond to the strong nuclear shadowing with hNcolli = 3 and weak shadowing
with hNcolli = 1.2, respectively. See Fig. 3 for legend.

demonstrates that Pcomb(N) has become wider (the black dotted curve) because of an important contribution of ⌫ � 2
wounded nucleons.

Note that to reach a high accuracy in deconvolution of Pcomb(N), one needs to calibrate the theoretical description
against the kinematics, where only one target nucleon is struck, e.g., using � + A ! 2 jets +X or quasi-elastic J/ 
production for xA � 0.01, where the e↵ect of nuclear shadowing is small and hNcolli ⇡ 1. It is supported by the results
in the right panel of Fig. 4, which show that Pcomb(N) at hNcolli = 1.2 is dominated by the ⌫ = 1 contribution.

IV. CONCLUSIONS AND OUTLOOK

In this paper, we advertise measurements of forward neutrons from nuclear breakup in inclusive high energy photon-
nucleus scattering in heavy-ion UPCs, e.g., charmonium (bottomonium) production � +A ! J/ (⌥) +X or heavy-
quark dijet production � + A ! QQ̄+X, as a novel way to study the QCD dynamics at small x. The key quantity
is the number of inelastic photon-nucleon interactions (the number of wounded nucleons): its average value hNcolli is
proportional to inverse of the gluon nuclear shadowing and its distribution is sensitive to details of nuclear shadowing.
Our numerical analysis suggests that the number of forward neutrons from nuclear breakup detected in the ZDC on
the nuclear target side is rather unambiguously proportional to the number of wounded nucleons, which provides a
practical opportunity for novel studies of nuclear shadowing and its x dependence.

Using these processes, it would be possible to explore e↵ects related to proximity to the black disk limit of the strong
interaction. For example, one can study fragmentation of leading hadrons in �A scattering and look for suppression
of their multiplicity as a function of Feynman xF and W as well as for broadening of their transverse momentum
distribution [3]. These e↵ects should be more pronounced for central collisions characterized by an enhanced activity
in the ZDC. It should be possible to construct from the data an analog of the central-to-peripheral RCP ratio of yields,
which would probe the density dependence of fragmentation. It would also be useful to construct similar quantities
for low-pT charm production.

Another interesting application is for multiparton interactions in proton-nucleus (pA) scattering. It was argued
in [53] that the single and double scattering can be separated using their dependence on the impact parameter: the
former is proportional to A, while the latter / A4/3. However, since both hard interactions are typically detected in a
limited range of rapidities |y|  3�4, centrality is di�cult to determine from the transverse energy ET signal because
multiparton interactions also contribute to ET . The use of forward neutrons in ZDCs would alleviate this problem.

One should point out that the neutrons detected in ZDCs can be a promising complementary way to determine
centrality of various photon-nucleus and proton-nucleus inelastic collisions expanding the use of ZDCs beyond their
current use in vector meson di↵ractive production and for determining of centrality of the heavy-ion collisions. The
main advantage of using forward neutrons rather than the transverse energy ET for the determination of centrality
is a much larger distance in rapidity between the rapidity of the hard process and that of the process used for
determination of the centrality.

20 %. Shadowing of gluon pdf

Separation of different Ncoll contributions would provide detailed info on nuclear shadowing dynamics

Gluon shadowing via photoproduction
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UPC: Shadowing and suppression of leading meson (minijets)production with 
increase  of WγN tests  of the approach to the black disk regime 

(1)- fractional energy losses —> decrease of the yield of large xF particles  

(2) increase of average  pT for surviving large xF hadrons.

These patterns should be stronger for central collisions (higher neutron multiplicities)

Huge rapidity distance between  analysed particles in the event  and ZDC should minimize  
trigger bias effects. The strategies don’t  require knowledge of γp cross sections

pA physics Are   suppression effects   observed in leading particle production  at RHIC 

 stronger for small b? 0 b dependence of BRAHNS effect?

(Guzey, McDermott, MS, LF. 2000)
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Use of ZDC  to observe multiparton interactions in pA  

Large enhancement of MPI (double, trople) as compare to pp collisions was predicted by  

Treleani and MS in 2001 in parton model and in pQCD by Blok, MS, Wiedemann (2017).

Still mot observed

Main reason - uncertainties in calculating 2 —> 4

Possible solution - studying impact parameter dependence of cross section  
• Alvioli, Azarkin, Blok,MS Eur.Phys.J.C 79 (2019) 6


Use of ZDC allows to cancel out contribution of 2—> 4



22

Summary

Study of pA and γA collisions at LHC with ZDC information including diffractive 
photoproduction would lead to a much better understanding of the small x 
dynamics down to at least x~10-5, QCD structure of photons and  multiparton  
structure of nucleons (MPI). EIC would complement by studying smaller x-range  

 x >10-3 but with a higher precision.

Critical to measure as soon as possible  emission of neutrons for the case of no shadowing 
kinematics in γ A, deal with the contribution of giant dipole resonance,…


