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Exclusive vector meson production in relativistic heavy ion collisions
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Exclusive vector meson production reactions such as Au— Au+Au+V, whereV=p, o, ¢, orJd/y,
can proceed through photon-Pomeron and photon-meson interactions. Photons from the electromagnetic field
of one nucleus interact coherently with the other nucleus. Photonuclear cross sections are scajeddadm
and convoluted with the photon spectrum to find the exclusive rates. The cross sections at the RHIC and LHC
heavy ion colliders are huge, 10% of the total hadronic cross section at RHIC and 50% at LHC. These
accelerators may be useful as vector meson factories. With iodine beams at RHIE aéd@roduced each
second (18/yr); with calcium at the LHC the rate is 240 kHz. Titerates are 39 Hz at RHIC and 15 kHz at
LHC, while theJ/ rate is 0.3 Hz at RHIC and 780 Hz at the LHC. Because of the coherent couplings, the
reactions kinematics are similar to coherent two-photon interactions; we discuss the interplay between the two
reactions[S0556-28189)00207-1

PACS numbegs): 25.20—x, 12.40.Vv, 13.60.Le

[. INTRODUCTION components, , with t=t;+t, . Since the initial state longi-

The electromagnetic fields of ultrarelativistic heav ionstUdinal momentum is smalt, is the final state momentum
9 y transverse to the photon direction. When=0, |t| =t

may be treated as fields of virtual photons. When two nuclel_ \/W

pass by each other at small impact parameters, the photon Thev coherent coupling of the photons and Pomerons lim-

field of one nucleus can produce a photonuclear interactionS their virtuality to 1R, . whereR, is the nuclear radius, or

?n the othgr nucle.u.s. Most studies .Of photonuclgar reaqtiongbout 30 MeVt for h/é,avy nuclgi like gold or lead. T,his

in heavy ion collisions have_ considered hard mteractlonsvirtua"ty is small enough that it can be neglected here, with

such as heavy quark productiph] or photonuclear breakup q photon effectively real in the target frame.

[2]. , ) , The photon flux from a relativistic heavy nucleus is given
We conS|d_er here the exclusive reactiént A—A+A by the WeizSaker-Williams approach. Herg=E,/my>1,

+V, whereA is a heavy nucleus and is a vector meson. \yhereE, andm, are the energy and mass of the nucleus.

This reaction can proceed via photon-Pomeron or photontpe photon flux at a distanaefrom the nucleus is
meson interactions, where the photon comes from the elec-

tromagnetic field of one nucleus and the Pomeron or meson d3Ny(k,r) Z%ax? )

couples to the other nucleus. At sufficiently high energies, dkd®r  w2kr2 K1), @
the momentum transfers from the nuclei are small enough

that both couplings are coherent to the entire nucleus. Thenvherekis the photon energy, is the nuclear charge, amd
the nucleus remains intact or nearly intact. We calculate th@ modified Bessel function witk=kr/y. The target framey
production rates and rapidity distributions for th& , ¢,  corresponds ta/=2I'?—1, wherel is the Lorentz boost in

andJ/ . the center-of-mass fram@aboratory frame for collider ge-
These reactions will be studied experimentally at the upometry. Here and throughout the paper, we tdkec=1.
coming Relativistic Heavy lon CollidefRHIC) [3] now un- In an exclusive interaction, there can be no accompanying

der construction at Brookhaven National Laboratptyand  hadronic interactions. In a hard sphere model, this occurs if

the Large Hadron CollldefLHC;) [5] being built at CE.RN'. . TABLE I. Luminosity and beam kinetic energy for several
For later reference, Table | gives the expected Ium|n03|tleﬁeavy ion beams at RHIC and LHC. Because RHIC will be dedi-
for various beam species at these two colliders. cated to heavy ion acceleration, it is likely to run a wider variety of
beams than LHC. The RHIC luminosities are from Rdf. Differ-
ent references quote somewhat different heavy ion luminosity for
Il. PHOTON FLUX AND PHOTONUCLEAR LHC; these numbers are calculated from Table 3 of [R2f], as-
CROSS SECTIONS suming two experiments, and that tfes suggestecaverage lumi-

. . . ity is 45% of k luminosity.
The calculations are simplest in the rest frame of one of 051V 1 4570 of peak iuminosity

the nuclei, Ia_beled the target nucleus. The tqtal produc'tion i%article Machine Maximum beam energy Design luminosity
found by taking each nucleus as the target in turn. This cal-

culation is divided into two parts: determination of the pho-Gold RHIC 100 GeV/nucleon 210% cm 257!
tonuclear interaction cross section and calculation of the efiodine RHIC 104 GeV/nucleon 2710°7 cm 257t
fective photon flux from the emitting nucleus. Silicon  RHIC 125 GeV/nucleon 44102 cm 2s7?!

In this frame, the photon enerdyis large, and the mo- |ead LHC 2.76 TeV/nucleon 110 cm 25!
mentum transfer squared from the target nucleus is smalgalcium LHC 3.5 TeV/nucleon 210%° cm 251

The momentum transfarhas longitudinal; and transverse
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the impact parametdy>2R,, whereR,=1.2A'% fm. We < 102F ]
use a more accurate approach, calculating the probability of 8 10 Gold a) E
one or more hadronic interactions as a function of impact IR Gold b) 4
parameter. The nuclear density for a nucléua distances S ENG e Gold ¢) 5
from its center is modeled with a Woods-Saxon distribution 10 2L S Silicon ]
for symmetric nuclei: 0% 1
.4E E
o 10 % =
0 S e TN I T 3
Pa(S)= : () 10 F =
l+eX[{(S— Rws)/d] 10 6% L ‘~._‘."‘ ‘ .\z

0 500 1000 1500 2000
k [GeV]

where the radiu®\ys and skin depthd are based on fits to
. 0 . . . _
e_Iectron_ scattering dai8) {:mdp is fixed by the normalllza_ FIG. 1. The photon flux for gold beams usif@ the hadronic
tion. This electron scattering data probes the proton distribu- , bability described in th he hard sph
tion in the nucleus. If the neutron are differently distributed"me'rac'?Ion probability described in the text) the hard sphere
f h h Id aff h ) approximation,(c), the photon flux foro>2R,, Eq. (7), and for
rom t € prOtons’ this could a ect t € Cross section. . silicon beams with the same approach agan Both are at RHIC
The interaction probability at a given impact parameter is

- energies, withk in the target frame.
related to the overlap function

dN,(k) 2Z%a Xz, )
dk - wk XKO(X)Kl(X)_7[K1(X)_KO(X)] y

)

TAA<|6|>=f d2rTA(N) TA(F—b), 3)

wherer andb are two-dimensional vectors perpendicular to

the direction of travek. The nuclear thickness function is
TA(F)IJ dzpa(V|r[>+2%). calculation, using the observegh— Vp cross sections as
input. Data onyp— Vp cover a wide energy range, from low
The number of nucleon-nucleon collisions follows a Poissorenergy fixed target photon beari8] to ep collisions at
distribution with meanTaa(b)ony, With oy the total HERA [10]. These cross sections may be parametrized as
nucleon-nucleon interaction cross section. The probability of
having no hadronic interactions is then

Pon(b) =exd —Taa(b) onnl-

whereX=2Rk/y. This approximation is shown by the dot-
ted line in Fig. 1.
The yA—VA cross sections are found with a Glauber

(4)

do(yp—Vp)

® e

=by(XWE+YW™7), (8)

We useoyn=52 mb at a beam energy of 100 GeV, rising to whereW is the center-of-mass energy, and Table Il gives the
88 mb at 2.9 Te[7]. constantdy,, X, Y, €, and#, which are determined from fits
We assume that the range of the Pomeron or meson fiel@ the data[11]. The X, e term represents the Pomeron ex-
is much smaller than the size of the nucleld. For  change portion of the cross section. It rises slowly with en-
b<2Ra, a form factor can be required to accurately modelergy (e~0.22). This slow rise has been attributed to the
the electromagnetic fields inside the emitting nucleus; wéncreasing size and density of the proton; the increasihg
neglect this tiny correction. probes smaller proton momentum fractiongheY, » term,
The total photon flux is given by Edl) integrated over is for meson exchange, primarily thg [12]. The meson
all r, modulated by the noninteraction probability exchange term falls rapidly a4 rises. For thep and J/ ¢,
meson exchange is heavily suppressed, and the reaction oc-
dN,(k) f*z bdbPs(b curs only through Pomeron exchange. For dhg, e>0.22;
dk  Jo 7 on(b) the rapid rise has been ascribed to either a breakdown of the
soft Pomeron model or to threshold effefi®)]. Because of

Rrdr
X 2

fzwdqﬁdSNy(k' b+rcog ¢)) .
0

dkdPr ©

TABLE II. Constants foryp— Vp production. The slopeb,,
are in GeV 2, while X andY are inubarns, foWin GeV[11]. The

The b integral runs over impact parameter andnd ¢ over f, values are from Eq10)

the surface of t_he target nucleus, for a giverThis process son by X c v ” /a0
averages the field strength over the nucleus, neglecting the v
variation withr. Since the vector meson production is coher-p° 11 5.0 022 260 1.23 2.02
ent over the entire nucleus, this averaging is appropriate. Thg 10 0.55 0.22 18.0 1.92 23.1
integral is evaluated numerically; the result is shown in Fig.¢ 7 034 0.22 13.7
1. This flux is approximately equal to the photon flux in the 3/ 4 0.0015 0.80 10.4

regionr>2R,, which can be found analytically:
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this behavior, thel/ ¢ calculations must be treated with cau- s do(y+A)/dt o A% - do(y+N)/dt & AY3 - do(yN)/dt
tion, especially at center-of-mass energies beyond thag yo¢ A . =
probed by HERA. I e IR O B ”‘*h%%%m
To relate this to nuclei, we make use of the optical theo- € 103 .
rem and an eikonalization technique. Following vector me-& | N 10 3 -
son dominanc¢9], Eor02f st E it
(s} F E
o° ol | L E ol | L
do(yp—Vp)|  4ma do(Vp—Vp)| © 1 10 10° 1 10 10°
dt o 17 dt 2o < 10°F 4 JIY
8 F 10 E
with a similar relationship true for nuclei. Herg¢,is the g jo2L &
squared four-momentum transfer between the proton an(/.fl\ ! 3
vector mesong is the electromagnetic coupling constant, & 10 10'E
e?/fc, andf, is the vector meson-photon coupling, 5 e g
1 10 10 1 0
ff M . a2 W, [GeV] W, [GeV]

(10 FIG. 2. do/dt|;—q for coherenip, w, ¢, andJ/¢ production on

a gold target. The solid circles are the Glauber calculation, while
the open squares and triangles show Atfeweak absorption and
A% plack disk scaling results, respectively. The) is in the weak

. : : . : interaction regime, while the lighter mesons are closer to the black
tonic decay widths disagree with photoproduction ddt. disk. The Glauber calculation removes much of e cross sec-

A correction is required to account for nondiagonal coupling.; - . ) _
. . . “tion energy dependence visible with the simple scaling.
through higher mass vector mesons, as implemented in the

generahzed_vector dozmlnanc;a mod@VDM). FSF the p, In contrast,do/dt|,— for the J/¢ rises rapidly with energy.
the GVDM increased, by 20%[13]. Becausef, is used  pay of the difference is the differep cross section energy
twice, the error largely cancels here. Values f§t477 are  gependence, and part is the smallégs interaction cross

Am 3ly_ete ’

with M, the vector meson mass ahg,_ .+, the leptonic
decay partial width. However, measurementg pofrom lep-

given in Table II. o section. Because,y is large,p’s interact near the nuclear
Using the optical theorem, the total cross section s gface, andr,, is the geometric cross sectiorR2 which is
, do(Vp—Vp) almost mdependent_ &. However, o,y is much smaller,
oo (Vp) =167 g (11)  and theJ/¢ interactions occur throughout the nucleus. As
t t=0 long aso y,nRapo<1, the risingoy,n Will reflect itself in

) ay4a- These cases correspond to the black disk and weak

for the p, w, ¢, andJ/¢ total cross sections, respectively.  The HERA results which provide the high energp in-
These values are consistent with theoretical and experimentg|;t gata extend up to aboWt,,=180 GeV k=16 TeVin

expectation$9]. The scattering cross section from heavy nu-tpe target frame with higher energy point extrapolations.

clei can be found by a Glauber calculation: Although the HERA data cover the entire RHIC energy
range, the extrapolations are required for LHC. The uncer-

O'tot(VA):f dZF(l_e—Um[(Vp)TAA(F))_ (12  tainty is especially problematic for thi ¢, whereda/dt|,—
must eventually flatten out, to avoid dominating the total

photonuclear cross section.

The total cross section depends on the slopdogt. For
proton targets, the cross section can be parametrized as
» do/dt=A, exp(—bt+clt|?) [14]. The slopeb and deriva-

— 2T VA) (13) tive c represent the sum of the proton size and the range of
t=0 4tz - the interaction. Here, for simplicity we tale=0 with little

loss of accuracy. Nuclei are much larger than protong iso
Theseda/dt|;—, are shown in Fig. 2 for gold nuclei. Also dominated by the nuclear size, with~R?, and do/dt is
shown are the results of scaling the cross sections bp?  dominated by the nuclear form factor. This is important be-
andA*3 [3]. Thep, w, and ¢ results vary only slowly with cause experimental study of these exclusive reactions de-
energy. The minimum around photon-proton center-of-maspends on their smat|, [15] which is determined by the form
energyW,,=10 Gev for thep and o marks the transition factor.
from meson dominated to Pomeron-dominated reactigns. The form factor is the Fourier transform of the nuclear
production, which is mediated only by Pomerons, shows alensity profile. Unfortunately, the Woods-Saxon distribution
monotonic energy dependence. does not have an analytic form factor. Instead, for simplicity

For the light mesonsjo/dt|;_, is almost independent of we approximate the Woods-Saxon distribution as a hard
energy, flatter than the corresponding proton functionssphere, with radiuRk,, convoluted with a Yukawa potential
which appears unchanged in tAé and A*® scaling curves. with rangea=0.7 fm [16]. The Fourier transform of this

The optical theorem for nucleus and the GVDM are then
used to find

do(yA—VA)
dt
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FIG. 3. The electromagnetic form factor for gold. The solid line
is the exact result from Fourier transformation of a Woods-Saxo
potential and the dotted line from E(L4).

FIG. 4. PredictedM . spectrum for exclusive photoproduc-
tion (solid line), compared with the input Breit-Wigner spectrum
Ndashed ling

convolution is the product of the two individual transforms: +M98t studies Of.'yp~>pp _hav_e modeled the exclusive
7"~ spectrum with a Breit-Wignep plus a nonresonant

4 «t 7~ term and an interference terfh8]:

F(a= V[t = “Aqe (iR ~GRacoSR)]

1+a’qg®

do AVM,.M,T, ?
(14) = +B| . (17)
dMo M2 —M2+iM, I,

Figure 3 compares Eq14) with the numerical transform of
the Woods-Saxon distribution for gold. The agreement is €XThe ZEUS Collaboration found = — 2.75+ 0.04 ub'2 and

cellent. B=1.84+0.06 (ub/GeV)"? [14]. With the interference

et s oAt s tre et e M . s apily targe, and a orecton o
P ’ P == M,+5[ is negligible.

;f'g?lgvnelgleggr'% tggctfrr%?tgl22%‘:@%”;'?3%:522&3 q_?]\ée 4 As nuclear size increases, the nonresonant term becomes
9 9 ) Yiess important. At lower energies, for heavy nuclei it is at

\;velzlrln?z;)ltc?)erngj(;:]heer:t (z)?‘n;:]?/eer:iger;ﬁ!ee,n?;t;rﬁzlx;svivs"I be an es most a few percent. For large nuclei, lheiepende_nce aB
The photonuclear cross section is ' is unl_<nown3 SO we n_eglect nonresonant production. For the
nuclei considered, this should be less than a 10% effect on
" the 7t 7~ rate.
f dt|F(t)|%. (15 The photonuclear cross sections are shown in Fig. 5. The
t=0 tmin total cross sections follow a similar patterndo/dt|;—,. At
low energies, the nuclear form factor intrudes and eliminates
For narrow resonances,,=(M2/2k)2. Because of its coherent production, with the cutoff energy depending on the
width, thep is more complicated, and the cross section mushuclear radius and the final state mass. Thand ¢ curves
be calculated using a Breit-Wigner resonance: cross because the includes a meson contribution that de-
creases with increasing energy, while thedoes not and
becauseo ,n<o,n, With the exact relationship varying
(16) slightly with energy.
Coherent photonuclear interactions are not a new concept.
Several groups studied them experimentally and theoretically

do(yA—VA)

o(yA—VA)= T

dO' _2 UOFPMPMM.
T M2 2. 122
dMzr 7 (M2, —M2)2+T2M2

Here,M,, is the pole position of the resonanes, the total
cross sectiorineglecting phase space correctipmdM .
the final state invariant mass. The Breit-Wigner width
includes the phase space correction, with",
=F0(pw/po)3(Mp/Mm) [17] where p,, is the decay pion
momentum in thep rest frame, withp,=358 MeV/c the
pion momentum foM ..=M, and Iy is the polep width.
The observed resonance shape is the convolution of this

10

o [mb]

Breit-Wigner with the photon spectrum. Figure 4 compares 3

the resulting spectrum with the input Breit-Wigner. With the 10 ¢ ; E
Breit-Wigner, the cross section is about 5% lower than for a - o ‘
narrow resonance with the same coupling. The phase space 1 10 10° 100 10" 10® 10f
correction naturally cuts off th# . spectrum at th; we k [GeV]

add an upper limitM . .<M ,+ 5Ty, matching the HERA FIG. 5. Photonuclear cross sectioméyA— VA) for p° (solid
analysis from which theyp parameters are extract¢d4]. line), w (dashed ling ¢ (dotted ling, and J/¢ (dot-dashed ling
The correction for higher masses is a few percent. coherent production on a gold target.
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in the 1960s and 1970s, using real photon beams. More re- TABLE lll. Cross sections, in millibarns, for production of vec-
cent experiments, using virtual photons from muon scattertor mesons for the beams given in Table II.
ing, are less comparable because of the signifigarpared

with 1/R,) photon virtuality. Meson  RHIC-Au RHIC-I RHIC-Si LHC-Pb LHC-Ca
Most of the earlier calculations were used to extract pay,0 590 230 8.4 5200 120
rameters such as,y andR, from data. Our calculations are o 59 24 0.9 490 12
broadly similar. However, most of the earlier calculations ¢ 39 14 0.4 460 7.6
used a disk model of the nucleus, with determined by a J/# 0.29 0.11  0.0036 32 0.39

two-dimensional Fourier transform of a black disk and
contributing only to a phase shift. Many of these calculations

also included a real part for the forward scattering amplitude/@€S are very high, with exclusive meson cross sections

; ; : bout 10% of the total hadronic cross section for gold at
For the p, the real part is 20-30% of the imaginary part, & o X
producing a 5% correction to the total amplituf®. For RHIC and 50% for lead at LHC. If the hadronic interaction

other mesons, the phases should be compatelsien meson Model. Eq. (5), is replaced wigh a hard sphere cutoff
exchange is presenor smaller, for Pomeron-only interac- (P=2Ra), the rates rise about 5%.

tions. In all cases, the correction should decrease slowly at Previously, we considered a model wheyd cross sec-

higher energies. tions were scaled fromyp, treating the nucleus as a black

- T
The experimental results can also test our calculationgdiSk, with o~AZ". In that model, the photonuclear cross
Because of the complications due to differifaten poorly ~ S€ctions had a differerk dependence, shown by the open

describedl treatments of backgrounds, thewidth, and the triangles in Fig. 2. This scaling predicted cross _sections
nonresonantz* 7, we limit our comparisons to narrow much lower than are found hef21]. Most other studies of

resonances. Even for narrow resonances, there are compligdloton-Pomeron interactions have neglected the coherent
tions. Few experiments cover the completange; extrapo- Pomeron-nucleus coupling. Baur, Hencken, and Trautman

lations are required to find the cross sections. We comparPund o(Aup—Aup\)=3.5 mb using the WeiZsher-
results usingdo/dt],_,, because less extrapolation is re- Williams photon flux for gold incident on a free proton target
quired. at RHIC[22]

An experiment at Cornell studied production from pho- The final state rapidity is determined by the ratio of the

tons with an average energy of 8.2 GeV striking a coppePoton energy and; in the laboratory frame:

target, and foundlo/dt|,—,=9.6=1.2 mb/Ge\ [19]. This

compares well with our calculated do/dt|,—g 1 k 2k

=9.5 mb/GeV for that system. Another group studiebl y=3In =g (19
production from 8.3 GeV photons incident on copper and

lead tafget;, and founddo/dt|;_o=4.1+0.7 and 19 4nq sodo/dy=kdo/dk andde/dy is found by a change of
+3 mb/GeV, respectively[20]. We predict higher cross griaples. For the, the cross section must be integrated over
sections da{dt|t:0=5.4 and 38 mb/Ge¥, .respect[vgly. M ... dN/dy is shown in Fig. 6, for the (Breit-Wignen,
However, with the values df, ando 4y used in the original 4 "33/, for production with gold at RHIC and calcium at
analysis, we findlo/dt|;_o=3.9 and 26.mb/Ge§/respec— LHC. The cross section is largest at low photon energies,
tively, in agreement w_|th the data. The discrepancy may Sterdorresponding toy<0, because the photon flux drops las
from the large correctiof60% for copper, 140% for leado  |ises The peaking is larger for theand w, where meson
cover the full angular acceptance. This correction is based OBxchange increases the cross section at low energies.
the optical model, and so depends bp and oy . Stil, There can be interference between vector mesons emitted
these comparisons provide a useful check of our methods. from one nucleus and from the other. The sign and degree of
interference depend on the impact parameter, phase of the
Il. HEAVY ION CROSS SECTIONS scattering, meson wavelength, and observation direction, and

By integrating the photonuclear cross section over theis beyond the scope of this paper. We simply add the two
y 9 9 P Y ) sources together, as is appropriate when the meson wave-
photon spectrum, the total cross section is found:

length is small compared to the impact parameter. An analo-
gous situation is found in bremsstrahlung from the collision

dN, (k)

0(AA—>AAV)=ZJ dk K a(yA—VA) of two identical particle$29].
= dN,(k) (= do(yA—=VA) TABLE IV. Meson production rates, in Hz, at design luminosity
= 0 dk dk  J, dt dt for various beams.
min t=0
X|F(1)|?, (18 Meson RHIC-Au RHIC-I RHIC-Si LHC-Pb LHC-Ca
0
where the photon flux is from Ed6). The total cross sec- ‘Z) 1%3 6§§ 3}2 ng 22330000000
tions for vector meson production at RHIC and LHC for a 79 39 18 46 15000
variety of beam species are shown in Table Ill. The corre;y 0.058 0.30 0.16 3.2 780

sponding production rates are shown in Table IV. These
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FIG. 6. The rapidity distribution of produced(top), ¢ (centey, af .
A s b L L
and J/y (bottom. The left panels are for gold beams at RHIC, 10 3 50 100 150 200 250 300
while the right panels are for calcium beams at LHC. The solid line ) b [fm]
is the total production, while the dashed line is for photons coming - . )
from the nucleus on the left. FIG. 7. Probability of vector meson production as a function of

collision impact parameter fofa) gold at RHIC and(b) lead at
LHC. The solid lines show the Woods-Saxon hadronic interaction

e?;?gécéx?eenep;k?%ns L':ﬂmm?jOthAr:uLcllle(I: atrheeiciidﬁgr to_probability, while the dashed lines show the result of a hard sphere
gether, sep P pp Y- , 9 calculation for thep.

energies spread the distribution over a much wider rapidity

range, and the double-peaked structure largely disappears,
except for thep. beams at LHC; the probabilities reach the 1% level. For the

The total perpendicular momentum spectrum is domi-. We show results from two different hadronic interactions
nated by the two nuclear form factors, through the cutoff onmodels: the Woods-Saxon model, E§), and also a hard
the emitted photop, and through the slopeof do/dt. The ~ SPhereb>2R, result. Although the two models predict very
(quadrature sum of these is roughlw2#/R, or about similar overall rates, t.he probab|l!ty is &gmﬂcqrytly affected
45 MeVi/c for gold. This cutoff is a clear signature of co- aroundo=2R,, doubling the maximum probability at LHC.
herent interactions, shared withy and coherent double-  This probability is high enough that, even in the absence
Pomeron interactions. Because of the exclusive productioRf correlations[26], significant numbers of vector meson
and smallp, , these events can be easily separated fron@rs should be produced. Nezg'eC“”Q correlations, the pair
background such as grazing nuclear collisions, beam gas iferoduction probability isP(V)“/2 for identical pairs and
teractions, and incoherent photonuclear interactj@®% P(Vl)P(VZ)_ for nonidentical pairs. These cross section and

Other authors have considered coherent double-PomerdiPesponding yearly rates are tabulated in Table V.
interactions in heavy ion collisior4]. If reactions where _ 11iples and higher multiples are also possible. Of course,
the nuclei collide are excluded, the cross section is verﬁ'”al state interactions may affect what is observed in a de-
small, and depends critically on the range of the PomerofteCctor-

8.25].

V. INTERPLAY BETWEEN PHOTONUCLEAR
IV. MULTIPLE VECTOR MESON PRODUCTION AND TWO-PHOTON INTERACTIONS

Because the cross sections are so large, the probability of Two-photon physics is expected to be a significant activ-
having multiple interactions in a single nucleus-nucleus enity at RHIC[3,15] and LHC[22,27]. Because the kinematics
counter is non-negligible. This can be quantified by considfor both photonuclear interactions and two-photon collisions
ering the meson production probabili®(V)=do/2wbdb is dominated by the coherent coupling to the two nuclei and,
for a single collision. Figure 7 shows this probability for consequently, by the nuclear form factors, the reactions have
various mesons fofa) gold beams at RHIC anéb) lead  similar kinematics. So the specific pathway may not be de-
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TABLE V. Cross sections and rates for production of vector Z

mesons pairs in gold beams at RHIC and lead beams at LHC. The % 1
yearly rates are for T0s/yr at RHIC and 19 s/yr of operation at osl
LHC. The LHC pJ/ ¢ rates should be used with caution because of '
the energy extrapolation. 08l

o (ub) Rate/yr o (ub) Ratelyr 04}
Meson  (RHIC-Au) (RHIC-Au) (LHC-Pb  (LHC-Pb

0.2

p°0° 720 1.400,000 8800 880 000 T Ll
0w 6.2 12 000 73 7300 0 7 E— 5 R
b 3.8 7500 76 7600 y
p%w 130 270000 1600 160 000 FIG. 8. Comparison of the rapidity distributions for two-photon
00 100 210000 1600 160000  Production of thef,(1270) (dashed histograjrand two models of
we 9.6 19000 150 15000 photonuclear production of a hypotheti¢&]1270), for gold beams
03/ 13 2700 200 20000 at RHIC. The solid histogram is for al(1270) with couplings

matching the o, while the dotted histogram corresponds to
Pomeron coupling only.

terminable from the final state.

The rates for photonuclear interactions are considerablypear a nucleus. So the two classes will have a different im-
higher than for comparable two-photon reactions. For expact parameter dependence. In a collision, photon exchange
ample, the¢ production rate with gold beams at RHIC is can leave the nuclei excited in a giant dipole resonance, re-
about 8 Hz. For comparison, the rates foy— »' andyy  gardless of other activity; the excitation probability depends
—1,(980) [21] are 0.13 and 0.02 Hz, respectively. At higher on the impact paramet¢22]. This may allow us to statisti-
masses, the situation is similar, and photonuclear vector megally separate the two classes.
son production may overshadow two-photon production of In a broader study, it will also be possible to separate the
scalar and tensor final states, complicating meson spectroB~0 classes by measuring how the rates vary wihthe
copy. It is worth noting that the photonuclgap rate is many meson and Pomeron flux rises should be lassependent
times larger than that expected fropy production[27]. On  than photons. This study will require data with a variety of
the other hand, the same techniques developed to siydy different beam species.
physics at heavy ion colliders are effective at selecting pho-
tonuclear ir]ter_actions. _ _ VI. CONCLUSIONS

The similarity of the two interactions can lead to some
interesting opportunities. For example, when the final states We have calculated the rates and rapidity distributions for
are indistinguishable, interference can occur between thexclusive photonuclear production of vector mesons in heavy
photonuclear andyy production channels. Interference be- ion collisions, using a Glauber model calculation. The LHC
tween leptonic decays of photonuclear produced vector meesults involve photons with energies considerably above
sons and Bethe-Heitlee*e™ pairs has been studied previ- those currently available. Although this adds to the physics
ously [12]; at future heavy ion colliders, many more interest, it also introduces some uncertainty into the rates
channels will be accessible. presented here. For ttéy, in particular, the spectrum must

Despite the similarity, the differerdN/dy spectra may soften at some photon energy, and the rates given here may
allow statistical separation ofy and photonuclear interac- be overestimates.
tions. This is because the photon flux scales ksvhile the The production rates are large enough that heavy ion col-
Pomeron-meson couplings have a much weaker energy déders could be used as vector meson factories. #lhadJ/
pendence. TheN/dy distribution for photonuclear produc- production rates at LHC are comparable to those at existing
tion is broader than for two-photon production. This is espeor planned meson factories basedese” annihilation.
cially true for photon-meson interactions, where thé& 1/  These rates are higher than comparable two-photon or
photon spectrum combines with a cross section that dropdouble-Pomeron interactions. Thus, these photonuclear inter-
with energy to form two peaks at large positive and negativeactions should be the dominant source of exclusive interac-
rapidity, corresponding to low energy photons from the twotions at heavy ion colliders. In addition to single interactions,
nuclei in turn. Figure 8 compares the two distributions formultiple vector meson production from the same ion pair
yy—1,(1270) and for production of a hypothetical vector should be measurable.
meson with the same mass. Two vector meson models are

shown: one based on the couplings and another with only ACKNOWLEDGMENTS
Pomeron coupling. The two are very similaryat 0, but the
o model peaks about 10% higher. We thank Jogen Randrup for suggesting the hard sphere

It may also be possible to separate the two classes by theius Yukawa potential form factor. We would like to ac-
different impact parameter dependence. A two-photon interknowledge useful conversations with Stan Brodsky and
action can occur at a significant distance from both nucleiRalph Engel. This work was supported by the U.S. DOE,
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