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Predictions of the generalized Glauber model for the coherenp production
at relativistic and ultrarelativistic energies
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We calculate the rapidity distribution and the total cross section of coherent and incoh@matuction in
heavy ion ultraperipheral collisions dENN= 130 GeV using the generalized vector dominance model and the
Gribov-Glauber approach. We find the coherent cross sectign-bduction o.,,=490 mb compared to
Ocon=370x170=80 mb recently reported by the STAR collaboration at RHIC. The predicted cross section
inside the acceptance of the experimggi=<1, agrees with the data within half a standard deviation. It is
emphasized that measurements of the rapidity distribution will provide a much more stringent test of the used
approach.
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I. INTRODUCTION Il. OUTLINE OF THE MODEL

Production ofp-mesons in ultraperipheral heavy ion col-
lisions can be expressed in the Weidsar-Williams approxi-
pation[8] through theyA— pA cross section

Ultraperipheral collisiongUPC) of relativistic heavy ions
at RHIC and LHC open a promising new avenue for experi
mental studies of the photon induced coherent and incohe
ent interactions with nuclei at high energieee Refs[1-3]

for the reviews and extensive lists of referencés particu- doan,—any —nl (y) (y)+nZ(—y)

lar, the LHC heavy ion program will allow studies of photon- dy ALY T yag—pnY)TIALTY
proton and photon-nucleus collisions at the energies exceed-

ing by far those available now at HERA fgr— p scattering. X ‘TyAl—wAl( —Y) @)

Hence, it is very important to check our basic understand- ) i o
ing of the UPC processes using the reactions which hav&n€ quantityy=In(2», /M) is the rapidity of the produceg
smaller theoretical uncertainties on the levelyg§ interac-  Meson and’(y) is the flux of photons with the energy,
tions. Recently the STAR collaboration released the first data™ ¥clo €mitted by one of nuclei. is the Lorentz factor for
on the cross section of the cohergnmeson production in  €0lliding nuclei, andqo is the photon momentum in the co-
gold-gold UPC atWyyy= ysyn=130 GeV[4,5]. This pro- ordinate system of moving nucleusThe phptoproductlon
vides the first opportunity to check the basic features of th&0SS Sectionrya_,(y) can be calculated in the Glauber
theoretical models and main approximations. These includg'0de![®]
the Weizsaker-Williams (WW) approximation for the spec-
trum of equivalent photons, an approximate procedure for Top A(y):f
removing collisions at small impact parameters where nuclei e
interact strongly, and the model for the vector meson produc-
tion in the yA interactions. In the case of themeson pro- B zfmdt
duction, the basic process is understood much better than for TKkelo
other photoproduction processes. Hence, checking the theory
for this case is especia!ly import_ant for proving that UPChgre af:u:tmm_t, _tmm:M4/4qg is longitudinal mo-
could be used for learning new information about photon- . L o .
nucleus interactions. mentum transfer. iny— p transition, and’(b) is the diffrac-

Earlier we published predictions for the cross sectiop of tive nuclear profile function
production [6] and J/¢ production [7] at higher-energy ()= lim®(b,z) &)
Jsyn=200 GeV. Hence, a direct comparison of the STAR e
result with Ref.[6] is difficult. In this paper we perform an
analysis ofp production atysyy=130 GeV, including the To calculate the eikonal functiorI)(B,z) the Glauber ap-
effects due to the acceptance cuts of the STAR experimemiroach[10] was combined with the generalized vector domi-
[7]. nance(GVD) model[11] [the factors in the expression for

tmin a 2
th | F'yAHpA(t)|
p

2

()

ik I
—Pf dbe'd: PT(b)
2T

0556-2813/2003/68)/0349016)/$20.00 67 034901-1 ©2003 The American Physical Society



L. FRANKFURT, M. STRIKMAN, AND M. ZHALOV PHYSICAL REVIEW C 67, 034901 (2003

®(b,z) accounting for the finite,;, effects(the finite co-  with the initial c_onditionCDP,p,(B,—oo)zo. The exponential
herence lengthcan be derived from the analysis of the cor- factors exfiq|'z] are responsible for the coherent length
responding Feynman diagrarfil]]. More properly such an  effect, i,j=7y,p.p’, quZ(M,—Z—M?)/Z%w- The general-
approximation should be called the Gribov-Glauber modelzed Glauber-based optical potentials in the short-range ap-

[12] because the space-time evolution of high-energy proproximation are given by the expression
cesses is different in quantum mechanical models and in

guantum field theory and therefore, theoretical foundations UiAﬂjA(BvZ)z _47TfiNﬂjN(0)Q(Baz)- (7)

for the high-energy model are different. In particular, at high

energies the wave package that propagates through therefiy_n(0) are the forward elementary amplitudes, and
nucleus differs from the projectile wave functipt2], while  o(b,z) is the nuclear density normalized by the condition
in quantum mechanics the projectile experiences subsequeﬁ& deg(B,z)zA. We calculatedQ(B,z) in the Hartree-
interactions with nucleons. Such formulas allow the eXtenFock-Skyrme model, which provided a very gotwith an
sion of the domain of applicability of the Glauber model {0 5.\ racy~29) description of the global nuclear properties
the description of high-energy phenomena, where inelastigs gpherical nuclei along the periodical table from carbon to
(high multiplicity) particle production gives dominant contri- uranium[15] and the shell momentum distributions in the
bution to the total cross section. As we are mostly imereSteﬂigh-energy 0,2p) [16] and (,e’p) [17] reactions.

in the accurate estimate of the coherent diffractive produc- Following the simple suggestion of RefL3], which is

tion of the vector mesop with M,=0.77 GeV, the spec- qite reasonable in the case of light vector mesons, we fixed

trum of the higher corresponding hadronic statesMf  he glementary scattering amplitudes and coupling constants
<2 GeV can be approximated by one effective meson by relations

with some reasonable fixed mass, $4y = \/§Mp [13]. We
want to draw attention to the fact that the value and sign of f,/n_,n=fnpns Foneprn=Tporne on=—8F pns s
the p’ contribution was taken from quenched generalized
vector dominance mode€lGVDM) and is fitted to describe M,
approximate Bjorken scaling foD?~few Ge\2. Thus the fP’:M_fP ®
model used in the paper correctly accounts for the fluctua-
tions of cross section including color transparency phenomwith the value of thep-meson coupling constaritf,/47-r
enon[14]. =2.01. The diagonal amplitude,_, ,n was taken in param-
Then the GVD model comprises elementary amplitudes etrization of the Landshoff-Donnachie mod&B], while the
value of parametes =0.18 was found from a best fit to the
e e differential cross section of the-meson photoproduction off
f,/NHpN:f—fPNHpNJrf—fP,NﬂPN, lead atw,=6.2 GeV and, =0.001 GeV [19]. with all pa-
P o’ rameters fixed, we compared our calculations with all avail-
able data orp-meson photoproduction off nuclei at low and
e e intermediate energig4 9] and found a very good description
ny_,p/Nz—f,,/N_,p/NJrf—pr_,p/N. (4)  of the absolute cross section and of the momentum transfer
For P distributions(see Ref[6]). Hence, it was natural to expect
that this model should provide reliable parameter-free pre-
In the optical limit (A>1), with accuracyO(\/aen), the dictions for production op mesons in high-energy heavy ion
eikonal functiongl)p’p,(ﬁ,z) are determined by the solutions UPC. Note here that the inelastic shadowing effects that start
of the coupled two-channel equations to contribute at high energies are only a correction of a few
percent at energies 100 GeV relevant for the STAR kine-
d _ I matics. For the LHC energy range, one should account for
2ikpd—z<bp(b,z)= U, pa(b,2)edl 2 the blackening of interaction with nuclei. In this case, cross
section of inelastic diffraction in hadron-nucleus collisions
> > should tend to zero. Also it leads to a suppression ofpthe
TUpa-pa(0.2)®,(b,2) contribution to the cross section of the diffractisemeson

N UpAﬂp/A(5,z)e‘qﬁHp,Z<I>pf(5,Z), photoproductior6].

5 IIl. RESULTS AND DISCUSSION

The calculated momentum transfer distributions at the ra-
pidity y=0 and the momentum transfer integrated rapidity
distribution for gold-gold UPC at/syy=130 GeV are pre-
sented in Figs. (),(b).

Let us briefly comment on our estimate of the incoherent
p-meson production cross section. The momentum transfer
distribution[dashed line in Fig. ®)] is practically flat in the

(6) discussed; range. The total incoherent cross section ob-

—7{),2

. d - .
2|kpr d_zcbpr(b,Z):U,yA_,prA(b,Z)equy
+Up’A~>p’A(612)q)p’(612)

+U,apa(B,20€9 20 (B,2),
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FIG. 1. (8 Momentum transfer dependence of the coherent and
incoherent p-meson production in AuAu UPC atVyy= Sy
=130 GeV calculated in generalized Glauber modgGM). (b)
Rapidity distributions for coheremt-meson production in the gold-
gold UPC atWy\=130 GeV calculated in GGM.

FIG. 2. Energy dependence of the cross sections for coherent
p-meson production in the gold-gold UPC calculated in the GGM
and the STAR resultga) The dashed line is the total cross section
in GGM, the solid line is the cross section calculated accounting for
the STAR cut on the momentum transfer, star is the STAR cross
tained by integration over the wide range of is o, section based on the Monte Carlo extrapolation of the measured
=120 mb. To select the coherent production, the tut value to the full detector acceptand®) comparison of the GGM
<0.02 Ge\£ was used in the data analy$i. Correspond- ~ €ross section in the interval of rapiditigd <1 with the value mea-
ingly, the calculated incoherent cross section for this regiorfured by the STAR.
of t, is oy,.=14 mb. Our calculations of incoherent produc-
tion, which are based on accounting for only the single elsidered range of energies and momentum transfers as com-
ementary diffractive collision, obviously present the lower pared to that for the nucleus form factor. So, in the region of
limit. The residual nucleus will be weakly excited and canintegration important for our analysis, neglect by this slope is
evaporate only one-two neutrons. The eveAts A—p a reasonable approximation but, nevertheless, an account of
+xn+A;+A; were detected by the STAR and identified asthis effect would slightly reduce our estimate of the total
a two-stage process-cohergntproduction with the subse- cross section. Also we neglected a smearing due to the trans-
quent electromagnetic excitation and neutron decay of thgerse momentum of photons and the interference of the pro-
colliding nuclei [20]. In particular, the cross section esti- duction amplitudes from both nucl¢23]. This latter phe-
mated by the STAR for the case when only one of the nuclehomenon results only in a narrow dip in the coherent
is excited and emits several neutrons d§,,,=95=60 distribution att, <5x10 * Ge\2. All these effects do not
+25 mb. The momentum transfer distribution for theseinfluence noticeably the value of tiig-integrated cross sec-
events is determined by the coherent production. Hence, tion but can be easily treated and taken into account in a
differs from that for incoherent events but in the region ofmore refined analysis. Thus we fine, =490 mb to be

very lowt, itis hardly possible to separate them experimencompared to the STAR valuer®XP=370+170+80 mb.

tally and obviously the measured cross sectigffy o, in-  Since our calculation does not have any free parameters, this
cludes contribution of incoherent events on the level of 15% can be considered as a reasonable agreement.

The total rapidity-integrated cross section of coherent At this point we would like to comment on the statement
p-meson production calculated in the GVDM for the rangeof Ref. [4] that our prediction for coherent production in
of energies available at RHIC is shown in FigaR(dashed gold-gold UPC atysyy=200 GeV[6] is 50% higher than
line). We find oly,= 540 mb atysyy=130 GeV. The value the value given by the model in RdR21], which produced
oeab=370+170+80 mb was obtained at this energy by the the first estimates of the cross section of the discussed pro-
STAR from the data analysis at the low momentum transfecess and was very useful for initial thinking about the reac-
t, <0.02 Ge\f. Thus, before making a comparison we tion mechanism and turned out to be a successful guide to
should take into account this cut. It leads to a reduction ofwvhat one should expect from experiment. We already briefly
the cross section by 10% [the solid line in Fig. 2a)]. In  explained in Ref[6] that this discrepancy originates from a
our calculations we did not account for thedependence of number of approximations made in the model of Refl],
the elementary amplitudes which are rather flat in the conwhich differs from the Glauber model as formulated in Ref.
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[9]. The coherent photoproduction cross section was defined The use of Eqs(9) and(10) corresponds also to neglect-
in Ref.[21] by the expression ing the coherence length effects. This requirgt "z
q —0) i =M?2z/2yiqo<1. This neglect is not justified because large
- Tya-pa1=0) ™ E D12t 9 longitudinal distances are essential in the diffractiveho-
O yA—pA d | A( )| ) ( ) .
t — toproduction. Thep meson can be formed far from the
) _ ) nucleus. Besides, the photon flux is large at snl
where FA(t) is the nuclear form factoftwo-dimensional <R;1, i.e., in the region where the coherence length effect

Fourier transformation of the parametrized nuclear dehsityi important. We estimated that the cross section for AuAu

and the forward photoproduction cross section was estimate : :
. . . AuAu at the energy/syny=200 GeV is overestimated b
using the vector dominance model and optical theorem  _ - 9%/Sun 4

a factor~ 1.5 if one neglects the coherence length effect. The
do (t=0) a coherence length effect becomes more essential with a de-
— AR T TEMG2 (pA). (10)  crease of energy. As a result dsyy=130 GeV this effect
dt 4fﬁ suppresses the cross section by a fast@r. On the contrary,
, ) , . at much higher energies where the coherence length is very
The total cross section of theA interaction was found in large (for example, at LHG this effect will be small.
Ref. [21] using the formula Note in passing that the calculations in RE21] were
performed neglecting the real part of the elemengadyam-
}_ plitude, which we accounted for using the Landshoff-
Donnachie parametrization. In the high-energy domain, for
(1) example, in the region of the central rapidities at RHIC the

Equation(11) presents the classical mechanics model withreal part of thepN amplitude is negligible. Hov_vgver,_ one
hould account for RE,\ .,y at the edges of rapidity distri-

standard for this approach expression for the total cross seg- tion that 4o fhe phot duct tint diat
tion ofai(pA). The quantum mechanics expression is given ution that correspond to the photoproduction at intermediate

e T , energies of photons. Since the contribution of this region to
by the anpv (_Blauber_ mode(here for 1SImp|ICIty WE V€ ihe total cross section is enhanced by the high photon flux,
the expression in the limit of Re/lm0).

the total cross section of the cohergnproduction aty/syy
=130 GeV would be underestimated by10%.
] . (12 Thus the accuracy of several approximations which were
made in the model of Ref21] varies with the photon en-
In the black body limit ¢,y— ) the total yYA—VA cross  €rgy. As a result the estimates obtained within this model
section estimated with the use of the classical mechanicgontain energy dependent systematic uncertainties. The
(oim= wa\) and the quantum mechanics{’Q{‘szRi) ex- Mmodel we have used is well theoretlca_lly justified. It cor-
pressions in Eq(10) differ by a factor of 4. The difference rectly calgulates the nuclear_ form factor in t_he coherent pho-
for the case of the gold nucleus and reasonable value of tH@Production. We checked in Ref6] that this model pro-
pN elementary cross sectian,y~25 mb can be found us- Vidéd ~a very good description of the coherent

ing the simplified model of the nucleus of constant density?-Photoproduction off nuclei at low and intermediate ener-
0,~0.16 fm 3 and radiusR,. With the value of radius 9/€S along the periodical table without any free parameters.

R.,~6.5 fm one can obtain the reasonable estimate of the At Present the comparison of our predictions with STAR
ratio data is still preliminary because the experimental errors are

too large and there are a few points in the procedure of the

otot(pA):f dﬁ(l—exp{—oprlg(B,z)dz

. 1 R
ol (pA)= 2] db( 1- ex;{ — Ea-pNTA(b)

oM pA) data analysis that should be discussed. The acceptance of
?ﬁ:—~ - — 55 |~155 STAR is very stronglyy dependent being maximal gt=0
Tiot(PA) 20,0@00RA and going to zero dy|=1 [Fig. 3@ in Ref.[4]], while the

, ) _theoretical distribution is expected to have a double bump
Hence, we find that due to the use of the classical mechamcghape see Fig.(th), which is simply due to the symmetry of

expressior{11) instead of the Gribov-Glauber model expres- jision and the interplay of the energy dependence of the
sion (12), the total yA—pA cross section was underesti- photon flux andyA— pA cross section.

mated in Ref[21] by a factor~2.5. Note that in the range of * p;a g the acceptance conditions AuAWAUAU events
the photon energies essential in photoproductiop Biesons  \yere detected in the range of rapiditigg<1, while the

in UPC at RHIC, the elementarpN cross sectlon_ still cross section reported in Ref4] is corrected for theyl
weakly depends on the energy mimesons. Hence, this fac- > yging the Monte Carlo extrapolation based on model
tor weakly depends oR/syy. [21] in which?

R:O.47T/0-‘ylsl:2'7' (13)
!In the Appendix we demonstrate how the model used in [24i.
but with the correct high-energy expression for the total cross secl hus the cross section in the regip<1 is
tion can be obtained from the Gribov-Glauber based Generalized
Vector Dominance Model and what essential approximations have
to be done on the way. 2We thank S. Klein for discussion of this issue.
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Using Egs.(2) and (3) and standard expression for the el-

ementary amplitude

The errors for this cut are scaled accordingly. However,

model [21] differs from ours in many aspects, which are ko

described above. In particular, the neglect by the coherence f n(0)= ”N[l—i,B 1 Bon=
L e . pN 4 pN pN

length effect leads to a significant modification of the value ™

of factor R. The rapidity intervally|<1 corresponds high

energies of the photon, where this effect is negligible. On thgye obtain the amplitude of the-meson photoproduction off

other hand, due to the neglect by the coherent length effecie nucleus in the optical limit of the standard Glauber plus
at the edges of the rapidity distribution, the relative contri-the vector dominance modg22]

bution of photoproduction cross section|gt=1 was over-
estimated in Ref[21]. Hence their value oR is lower than
that we obtain from our rapidity distribution that givés
=3.2, and the cross sectief)y|<; =170 mb. Itis this value

of the cross section that should be compdre). 2(b)] to

the experimentally measured cross section @4¢). Obvi-
ously a more detailed comparison would require a detailed
study of the sensitivity of the analysis to the assumetis-
tribution.

T}yj=1=140+60=30 mb. (14)

Ref ,(0)
Imf,n(0)

Foapn=fon—pn(0) fo dbeld: ° f _dz'e(b,z)e
9pN i * g 7
X ex —T[l—IBpN] Z,Q(b,Z yaz't. (A2)

Note that accounting for the real part of th&l amplitude
leads to appearance of the phase  factor
ex;{iﬁpNﬁg(B,z’)dz’], which is similar to that describing the
We demonstrate that the cross section of coherengoherence length effect and which is important in the same
p-meson production in high-energy heavy ion UPC calcu-energy domain. Following the assumptions of REf1],
lated within the GVDM is in good agreement with experi- where both the coherence length effect and real part of the
mental results of the STAR collaboration. A more stringentpN amp|itude were r]eg|ec'[ed7 we remove this exponentia|
test will involve a comparison of the model predictions with factor from Eq.(A2) and putB,n=0. Then in the limit of

the cross section and the rapidity distributions of thethe purely imaginary elementapN amplitude we obtain
p-meson production measured with higher precision.

IV. CONCLUSIONS
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APPENDIX

For completeness, let us discuss how the semiclassical
mechanical formulas used in R¢R1] arise from the quan-
tum mechanical ones. Since the vector dominance model was
used in Ref[21] we should neglect by the nondiagonal
—p' transitions in Eq4). Thus we need to put=0 in
Eq«(8) instead ofs =0.18, which is used in our calculations.

TpN [ ) ’
Xex;{—Tf eo(b,z')dz (A3)
z

If we keep all other parameters of the model fixed, we pay
for such a reduction by the increase of gh@hotoproduction
cross section by a factor (1+2¢/4/3)~1.2. With =0
Egs. (5) and (6) become decoupled and the solution of Eq.
(5) gives the eikonal function of the-meson

- 1 1 (:z -
®,(b,2)= WGXP[TKPJ_WU;)NWN(QZ )dz )
X

P
z / =y aial P2’
dz'U o n(b,2") e

1 z' >
Xexp[ — Tka‘_OOUPNHPN(b’Z )dzZ ]
(A1)

034901-5

Now using
=(e/f§)prHpN, we can write the formula for the forward
vyA— pA cross section in the optical limit of the Glauber
+VD model

do—yAHpA(t: 0)

=—f7NH”N(O)2de5ei‘h'5[ 1—exr{ ~ TN
OpN 0 2

XJ Q(B,z)dz

] . (A4)

the vector dominance relatiorf _, ,n

Xem 5
g
2 U pA?
afs

= ZIF a a(t=0)[2=
dt K, YA
(A5)
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where Thus in the GlauberVD model we have got the expression
for the forward cross section of the photoproduction coincid-
ing with Eq.(10) used in calculations performed in RE21]
o :ZJ db 1—ex;{— fo 0(b,2)dz|}. (A6) but with high-energy quantum mechanics formula for the
pA 2 ) total cross section.
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