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Abstract

We compare the coherent and quasielagti¢z photoproduction in the peripheral heavy ion collisions in kinematics of
Relativistic Heavy lon Collider (RHIC) at/syny = 200 GeV. Our improved estimate of the total coherent cross section is
a factor of two smaller than the earlier ones. We find that the counting rate of quasidlastishotoproduction tagged by

neutrons emitted due to cascading of the recoiled nucleon within the residual nucleus exceeds the rate of the coherent event:
We argue that measurements of this process can be used to learn about the dynamics of color dipole—nucleon interactions i

nuclei in the wide effective range of energiesyof interactions.
0 2005 Elsevier B.V. All rights reserved.

The impressive program of the studies of hard high
energy electroweak interactions with nucleons is be-
ing performed at HERA for about ten years. Unfor-
tunately, it will not be followed by the corresponding
program of studies of the interactions with nuclei in
the near future.

In this situation it is important to continue at least
some of these studies (see for review REEs2]) us-
ing possibilities which become available at the heavy
ion colliders due to ultraperipheral collisions (UPC)

E-mail address: strikman@phys.psu.edil. Strikman).

of nuclei in which nuclei pass at impact parameters
b> ZRA.

Recent observation of cohereptmeson produc-
tion in the UPC of nuclei at RHIG3] has demon-
strated the feasibility of this approach. The measured
cross section of the coheremtneson photoproduction
agrees well with theoretical predictions (see, for exam-
ple, Refs[4—6)). It was also demonstrated experimen-
tally that a noticeable fraction of the coherent events
is followed by the Coulomb induced neutron emis-
sion. So far, both the experimental and the theoretical
studies were focusing on coherent production of vec-
tor mesons (VM). Though the coherent production of
the vector mesons is rather easy to identify by select-
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ing events where transverse momentum of the VM is tection of the quasielastic and coherent processes in

sufficiently small,< v/3/R4, it is very difficult to de-
termine whether a left or right moving nucleus was the
source of the photon which converted into a VM. Since

heavy ion scattering at RHIC should be comparable.
An attractive and useful feature of quasielastic pho-
toproduction in peripheral heavy ion UPC at colliders

the photon flux strongly decreases with an increase of is that the neutrons are emitted from the nucleus inter-

the photon energy, this makes it very difficult to study
the photoproduction of the VM at,xy > my \/snn.
The only currently proposed idea in this directiat

acting with the photon. Then it will be straightforward
to resolve an ambiguity between left and right mov-
ing emitters in this case. As a result, we suggest that,

is to use the properties of the final states—the pat- provided the detectors have a good acceptance for ra-
tern of the emission of the neutrons due to one-side pidities away fromy = 0, it would be possible to study

or mutual dissociation of the nuclei by their Coulomb

the dynamics of VM production off nuclei in the QE

fields. Since the breakup happens at smaller impact pa-scattering in the significantly wider energy range at
rameters, one could in principle combine differentdata RHIC and especially at LHC than for the coherent
sets to separate the higher energy and lower energycase.

contributions. The effect is rather weak for the RHIC

In this Letter we start an investigation of the charac-

energies to be of practical use, but may be promising teristics of the QE processes relevant for their identi-

for the LHC.

fication in UPC. As a starting point, we will use the

At the same time, there exists another process of process of the//y photoproduction at RHIC ener-

vector meson production with comparable cross sec-

tion which is sensitive to the dynamics of the VM
interaction within the nuclear medium—aquasielastic
(QE) productiony + A — V + A’. The A-dependence
of this process varies fromx A for the case, when
absorption is small, t41/3 for the case of strong
absorption (only scattering off the nuclear rim con-
tributes in this case). Thus, the sensitivity to the
change ofoyy is as largex A%3 as for the coher-
ent process for which cross section integrated over
xo(VA)/R3 1

An important feature of most of the current detec-
tors is that it is much easier to trigger on the VM
production if it is accompanied by a breakup of at
least one of the nuclei, leading to production of one or
more neutrons with energy Ey ~ 0.5,/syny which

gies. There are several reasons for this choice. Firstly,
at the RHIC energies effectivé/y absorption in the
nuclear medium is small, so it is reasonable to use
for the initial modeling the impulse approximation
for the interaction of the photon with individual nu-
cleons for the process of the incoherenty) photo-
production off nucleus. Secondly, this process is cur-
rently being analyzed by the PHENIX Collaboration
[8]. On top of this, mechanisms of thg/ys photo-
production and interaction of thé/y, with nucleons
have been the subject of theoretical and experimen-
tal studies for a long time. Experimental studies of
J /¢ photo and electroproduction at HER8] found
that many features of this process are correctly pre-
dicted by perturbative QCD, in particular, the energy
dependence of the cross section, wekkand energy

hit a zero degree calorimeter (ZDC). The current mea- dependence of the slope parameter of the electropro-
surements and numerical estimates indicate that atduction amplitude. Also, the QCD inspired models

the RHIC energies such excitations in the case of,

say, coherent/ /vy production occur with a probabil-
ity ~ (50-60% [7]. At the same time, the removal

of a nucleon from a heavy nucleus in the quasielas-

describe reasonably the absolute cross section of the
process. However very little is knowd0,11] about
dependence of the coherent and quasielastic photo-
production ofJ /vy on atomic number which provide

tic process should lead to a significant breakup of the sensitive tests of the color transparency effects in the

nucleus, resulting in the production of neutrons with

a probability of the order one. Hence, the rates of de-

1 Note that even small objects can be absorbed strongly at suffi-

propagation of small color dipoles through the nuclear
media.

The cross section of /¢ coherent production in
UPC at RHIC and LHC was estimated in a number
of papers (see, for example, Ref4,6,12) with the

ciently high energies due to the leading twist shadowing and due to conclusion that the rates should be sufficiently high to

the higher twist effects.

study the process.
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We will argue below that the incoheretifr pho-
toproduction followed by nuclear breakup initiated by
the recoiled nucleon has a tagging efficiency due to
the registering the neutrons by ZDC close to one. As
a result, we find that the counting rate for this process

at RHIC should be about the same or even exceed the
rates for coherent processes with the nuclear breakup

by the Coulomb field. We will demonstrate that, on av-
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b is the impact parameter. The Glauber profile factor,

o
FAA(5)=9XIO<—GNN / dz/dzbwA(Z,l;l)
—00

X pa(z,b — 131>), ©)

erage, about four neutrons should be emitted after the accounts for the inelastic strong interactions of the nu-
knocked out nucleon escapes though the nuclear me-clei at impact parameteris < 2R4 and, hence, sup-

dia. Consequently, analysing the ZDC signals it will
be possible to single out QE events and identify which
of the nuclei was the source of the photons that pro-

presses the corresponding contribution to the vector
meson photoproduction.
As a first step we consider the incoherdriiy pho-

vides a possibility to measure the energy dependencetoproduction off the nucleus, neglecting the initial and

of J/¢ production up to significantly higher ener-
gies.

The purpose of this Letter is to provide a quanti-
tative proof of this idea. In the following publications
we will address a number of issues related to combin-
ing effects of nuclear breakup due to the QE and the
Coulomb mechanisms, attenuation effects, etc.

The cross section of the photoproduction Jjofyr
in the peripheral ion—ion collisions in the well-known
Weizsacker—Williams approximatidi3] is given by
expression

do(AA — VAX)

dydt
doya—vx(y,t)
=N, (y) 2= r220 2
y(y) dr
doya—svx(=y,t)

+Ny(_y) (1)

dt ’
wherey = In £ is the rapidity andV,, (y) is the flux

of the equalent photons produced by the Coulomb
field of the relativistic heavy ion. This quantity can be

final state interaction of thec wave package which
evolves into a quarkonium with the residual nucleus.
According to our estimate in RgfL4] the total/ /¢ N
cross section is on the level of53+ 0.5 mb. A similar
number comes from a consideration of thig-nucleon
cross section for the energies of RHIC and transverse
sizes characteristic faf /vy photoproduction. Hence,
use of the impulse approximation seems to be quite
reasonable. At the same time the dependence of the
elementary amplitudg + N — J/¢ + N on the mo-
mentum transfer is rather flat—the slope parameter
Byyn ~4 GeV 2. Hence, the effective range of
in quasielastic production can be rather large, up to
1 Ge\?, as compared to the case of cohergnt pho-
toproduction off nuclei where the relevant values of
are —t < 0.015 Ge\? due to suppression of higher
momentum transfer by the nuclear formfactor. The
probability to break up the nucleus by the recoiled nu-
cleon with momentunpy ~ +/(—t) < 1 GeV in the
nucleus rest frame is high enough because of the large
total nucleon—nucleon cross section for this range of
momenta.

To characterize the process of the interaction of

calculated with a reasonable precision using a simple the recoiled nucleon with the residual nucleus in the

expressionl]
N(y) = 7/61 bFAA(b)ﬁX
x [Kf(X) + ;KS(X)]. )

HereKo(X) andK1(X) are modified Bessel functions
with argumentX = bM‘/e , v is the Lorentz factor and

reactionN + (A — 1) — C; + kn we introduce the
excitation function®c, x,(pn) which is the proba-
bility to produce exactlyk neutrons and any number
of the charged fragment§;. The excitation func-
tion @¢, x,(py) has been calculated using the Monte
Carlo code accounting for the cascading of the nucleon
within the nuclear medium followed by the evapora-
tion of nucleons and fragments. In R§E5] we used

the same Monte Carlo code to analyze the neutron pro-
duction in the fixed target experiment at FNAL (E665)



M. Strikman et al. / Physics Letters B 626 (2005) 72-79

number of neutrons
(93]
T
1

sa0ss
RALLLLTTTPY P
BN

0 '.: 1 1 1

0.2 0.4 0.6 0.8
P, GeVice

Fig. 1. Average number of neutrons for the incoherent production
of J/¢ in UPC of Au at RHIC as a function of the recoiled nu-
cleon momentunpy = +/—t. The band indicates our estimate of
the uncertainties of the MC calculation.

which studied soft neutron production in deep inelas-
tic scattering of muons off lead. We obtained a good
description of these dafa6] as well as of the various

data on production of neutrons in the proton—nucleus

scattering at intermediate energies. The dependence of
the average number of the emitted neutrons from the

residual nucleus on the momentum of the recoiled nu-
cleons is shown ifrig. 1 One can see from the figure
that for typicalJ /¢ transverse momentum in the QE
process~ Bj_/lﬁ, ~ 0.5 GeV/c in average about four
neutrons per event should be emitted.

The cross section of the incohereftyr photopro-
duction accompanied by the breakup of the residual

nucleus is given by the expression

do .
dtdy

doy N JpanN (s, 1)
dt

> Bcinpn).
Cik

(4)

wheres = 2ymym ,y €Xp(y) is the photon-nucleon
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Fig. 2. The total cross section of the+ p — J/¥ + p production

as a function of theW,, = /sy. Experimental data fronfil 7],
solid line—fit to the data using the parametrization of cross section
given by Eq.(5).

The cross section of photoproduction off nucleon
was parametrized by the QCD motivated formula with
free parameters fitted to the existing dgt@]:

15 P 0.415
] ( 10 000)
;14
X |:(~)(so —s) [1 — —]
fo

+ @ (s — s0) exp(BJ/,,,t)}.

doyn—sg/yn(s,1)
dt

_ (myy + my)?
S

= 280|:1

®)

Hererop = 1 Ge\? and the slope parameter féyy N
scattering was parametrized by the expression,

Bjy=31+0.25 log;o(s/s0),

with so = 100 Ge\A. This fit (Fig. 2) gives a good
description of all existing data. At the same time,
we found that the low energy extrapolation of the
Landshoff-Donnachie parametrization of gy N
cross sectioffil 8] which we have used in our previous
paper[12] to estimate coherent/y photoproduction

off nuclei in the UPC of heavy ions significantly over-
estimates the value of cross section at rapidities away
from zero. Moreover, from our study of the low energy

center-of-mass energy and the momentum transfer coherent photoproduction of/y off nuclear targets

—t =m‘}/¢m12\,/s2 +1.

[14] we find that it is more reasonable to use a larger
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Table 1
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Total cross sections of coherent and incohergnt photoproduction calculated in the impulse and the Glauber approximations feMu—

Au+ X + J/¢ in UPC at RHIC

Approximation Coherent (ub) Incoherent (ub) Incoherent (ub) Incoherent®, Xn (ub)
Impulse 212 264 38 215
Glauber 168 177 255 144
. . . . 90 T T T T T
effective J/¢» N cross section in the region of rela-
tively large x = Mf/w/s > 0.01 relevant for RHIC: % | i

oeff(x > 0.015 = 3 mb compared to the value 1 mb
used in[12]. In total, these modifications resulted in
the reduction of the cross section of the cohereht
photoproduction off gold in the kinematics of RHIC
by the factorr 2. To estimate the final state interaction
of the produced/ /¢ with the residual nucleus in the
incoherent process we have used simple Glauber type
model approximation for the probability that there is
exactly one elastic rescattering and no inelastic inter-
actions

YA I/ A

Inc

=2n0(yN — J/YN)

o o
x/bdb/dzp(z?,z)exp[— N
0 —00

ol "N T ().

(6)
Here T'(b) = [ p(b,z)dz is the nuclear profile

function and até{‘w is the effective quarkonium-—
nucleon total cross section which we have taken to
be equal to about 3 mb.The coherent and inco-
herentJ /v photoproduction cross sections in UPC,
integrated over rapidity and momentum transfer for
kinematics of RHIC, are given ifiable 1 In this table
we also present the partial cross sections of quasi-
elasticJ /v production without any emitted neutrons
in both direction of the collision indexed hidn, On)
and the cross sections with nuclear breakup with the
number X > 1 neutrons in one of two directions
(On, Xn).

The rapidity distributions for the coherent and qua-
sielastic J /¢ photoproduction, integrated over the

2 For intermediate energies this effective cross section is likely
to be substantially smaller than the genuihg/ N cross section,
while for very high energies situation should reverse, see discussion
in[2].

rapidity, y

Fig. 3. The integrated over momentum transfer rapidity distribu-
tions for theJ /¢ coherent photoproduction in UPC of Au ions at
RHIC calculated with effective cross section fbfyy—nucleon inter-
action of 3 mb (long-dashed line) and in the impulse approximation
(short-dashed line). The incoherehty production cross section
estimated in the Glauber model fdyy—nucleon cross section of

3 mb (solid line) and 6 mb (dotted line), and in the IA (dot-dashed
line).

momentum transfer, are shown Fg. 3 for sev-
eral values of/ /4¥y—nucleon cross section to illustrate
sensitivity of these cross sections to the strength of
J/¥—N interaction. The coherent distribution is more
narrow due to suppression by the nuclear formfactor in
the region where the longitudinal transferred momen-

2
tum p, = m’/‘g—mN is still significant.
The dependence of the cross sections, integrated
over rapidity, on the momentum transfer are given
in Fig. 4. It is seen that one can easily discrimi-
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Fig. 5. The incoherent cross section for the/ production in UPC
of Au ions at RHIC as a function of the number of accompanied
neutrons.

Fig. 4. Integrated over rapidity(3 < y < 3) the momentum trans-

fer distributions for the/ /v in the coherent (solid line) and inco-
herent (dashed line) photoproduction in UPC of Au ions at RHIC
and the cross section of the incoherent photoproduction (shadowed
histogram) accompanied by neutrons.

neutronsk = 2 and the long tail up to the=14. The
nate the coherent and QE events by selecting differ- average number of the emitted neutrongkis ~ 4.5
ent transferred momenta. Actually, & 0.01 Ge\? with +/o2 ~ 0.68. Emission of one neutron is strongly
the contribution of the QE production (dashed line) suppressed due to a small probability for a decay of
is small, however, the QE mechanism dominates at the hole produced by the nucleon knock out to pro-
highert. The shaded histogram presents the incoher- duce just one neutron and a probability0.5 for the
ent J/y photoproduction followed by the neutrons, knockout nucleon to produce a neutron while prop-
emitted due to the final state interaction of the re- agating through the nucleus. A distinctive feature of
coiled nucleon. One can see that the QF) pro- the neutron tagging of the incoherehtys photopro-
duction is accompanied by neutrons with a probability duction is that it allows to determine which of the
very close to one. The only exception is the region nuclei acted as a photon target since the neutrons are
of very small momentum transfers where the energy emitted by this nucleus. This enables one to resolve
of the recoiled particle is insufficient to remove ex- the ambiguity between photon-emitter and photon-
tra nucleons (in gold the minimal separation energy is target for a given rapidity, which is hardly possible for
about 5 MeV). Generally, the ratio of the cross sec- the coherent case (at least on the event by event ba-
tion with emission of the one or more neutrons to the sis).
total incoherent cross section is about 0.8. The de-  Another important point is that, in the first approx-
pendence of the incoherent cross section, integratedimation, the Coulomb field induced emission of neu-
over rapidity and momentum transfer, on the num- trons in the coherent process does not depend on the
ber of emitted neutrons is presented kg 5). The transverse momentum of /v. Hence, this mecha-
distribution has a pronounced peak at multiplicity of nism can be quantified in the coherent production at
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smallt; and correspondingly folded in at highem by the high energy photons. The precision measure-

the QEJ /v production. ments of the discussed processes (combined with ex-
The pattern of the neutron emission which we find periments to improve the knowledge of the elementary

in QE J /¢ production is qualitatively different from y + N — J/¥ N reaction) would allow to get impor-

the case of the electromagnetic excitation. First, ac- tant information about the dynamics #fy—N inter-

cording to the prediction of Ref{7] a large frac- action.

tion of collisions & 50-70%) occur at RHIC ener-

gies without such excitations. Second, the largest par-

tial channel is the emission of one neutrom)1fol- Acknowledgements

lowed by a two neutron emission{Pwhich consti-

tutes about 35% ofrlevents, and by a long tail with a

broad and falling distributiofiL9]. On the other hand,

in the QE mechanism the production of the two neu-

trons is most likely. Also, there is a different pattern

of correlation between emission in two opposite cones
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