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Two-photon final states in peripheral heavy ion collisions
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~Received 13 July 2001; published 30 November 2001!

We discuss processes leading to two photon final states in peripheral heavy ion collisions at RHIC. Due to
the large photon luminosity we show that the continuum subprocessgg→gg can be observed with a large
number of events. We study this reaction when it is intermediated by a resonance made of quarks or gluons and
discuss its interplay with the continuum process, verifying that in several cases the resonant process over-
whelms the continuum one. It also investigated the possibility of observing a scalar resonance~the s meson!
in this process. Assuming for thes the mass and total decay width values recently reported by the E791
Collaboration we show that RHIC may detect this particle in its two photon decay mode if its partial photonic
decay width is of the order of the ones discussed in the literature.

DOI: 10.1103/PhysRevC.65.014902 PACS number~s!: 25.75.2q, 13.60.2r, 14.40.Cs
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I. INTRODUCTION

In the Relativistic Heavy-Ion Collider~RHIC! operating
at the Brookhaven Laboratory beams of heavy ions are
liding with the main interest in the search of a quark-glu
plasma in central nuclear reactions. In addition to this imp
tant feature of heavy-ion colliders, peripheral collisions m
give rise to a huge luminosity of photons opening the po
bilities of studying two-photon and other interactions as d
cussed by several authors@1#.

In order to study peripheralg2g heavy-ion collisions we
have to pay attention to two important facts, which are fu
damental to determine the kind of physics that is truly acc
sible in these interactions. The first one is to avoid eve
where hadronic particle production overshadows theg2g
interaction, i.e., events where the nuclei physically coll
~with impact parameterb,2RA , RA being the nuclear ra
dius! are excluded from calculations of the usable lumin
ity. This exclusion has been discussed by Baur@2# and can be
handled as described by Cahn and Jackson@3#. The second
point to remember is that the photons will carry only a sm
fraction of the ion momentum, favoring low mass fin
states. Therefore hadronic resonances with masses up
few GeV can be produced at large rates@4,5#, as well as any
two-photon process not leading to extremely heavy fi
states.

One of the purposes of our work was motivated by
possibility of measurement of the continuum processgg
→gg , see Fig. 1, as suggested in Ref.@4#, as well as the
resonant onegg→R→gg which was predicted in Ref.@5#
as a clear signal for resonances made of quarks or glu
The continuumgg→gg reaction is interestingper sebut is
also a background for the resonant process. This last on
quite important to be observed because it involves only
electromagnetic coupling of the resonance. Its knowle
with high precision is very useful, for instance, to unravel t
possible amount of mixing in some glueball candidates@6#,
complementing the information obtained through the obs
vation of hadronic decays. Another interesting study is
possible production of a light scalar meson (s).

The E-791 experiment recently reported that thes meson
has been observed in itspp decay mode@7#, which is the
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same final state questioned over many years as a possib~or
not! signal for this broad resonance. We discuss the prod
tion of this elusive meson in peripheral heavy-ion collision
However, we focus attention on the observation of itsgg
decay. We believe that the observation of this decay co
settle definitively the existence of this particle as well as
its quark~or gluon! content. Although its branching ratio int
photons is quite small compared to the main one (pp), we
will argue that the high photon luminosity in peripher
heavy-ion collisions may allow its observation, as long as
has the very same properties predicted in Ref.@7#.

Photons with invariant mass of O~1 GeV! are also one
possible signal for the quark-gluon plasma, therefore the
tectors at RHIC have high efficiency to detect these photo
which is a welcomed capability in regard to the final sta
that we discuss in this work. The background for the tw
photon initiated process were discussed by Nystrand
Klein @8#. Double-Pomeron exchange may be a backgrou
source@9#. However, they are negligible after imposing th
peripheral conditionb.2RA as long as we operate with ver
heavy ions@10#. The cuts to remove the background are d
cussed in Ref.@8#, i.e., the final state must have~i! low
multiplicity, ~ii ! small summed transverse momentum, a
~iii ! be centered around rapidity 0 with a fairly narrow wid

FIG. 1. Diagram forgg fusion in a peripheral heavy-ion colli
sion. The blob represents a continuum or resonant process lea
to a two-photon final state.
©2001 The American Physical Society02-1
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of center-of-mass rapidity (yc.m.&122). These cuts are eas
ily implemented when we analyze the reaction proposed
this work: ZZ→ZZgg.

The remainder of the paper is organized as follows. In
second section we introduce the photon distribution in
ion that will be used in our calculations. Section III contai
the discussion of thegg→gg process and the cuts that w
will adopt for this reaction. In Sec. IV we present values
the production of resonances made of quarks~or gluons!, and
Sec. V contains a discussion about the possibility of obse
ing the s meson in its two photon decay. The last secti
contains our conclusions.

II. PHOTON DISTRIBUTION IN THE ION

The photon distribution in the nucleus can be describ
using the equivalent-photon or Weizsa¨cker-Williams ap-
proximation in the impact parameter space. Denoting
F(x)dx the number of photons carrying a fraction betweex
andx1dx of the total momentum of a nucleus of chargeZe,
we can define the two-photon luminosity through

dL

dt
5E

t

1dx

x
F~x!F~t/x!, ~1!

wheret5 ŝ/s, ŝ is the square of the center of mass syst
~c.m.s.! energy of the two photons ands of the ion-ion sys-
tem. The total cross section of the processZZ→ZZgg is

s~s!5E dt
dL

dt
ŝ~ ŝ!, ~2!

whereŝ( ŝ) is the cross section of the subprocessgg→gg.
There remains only to determineF(x). In the literature

there are several approaches for doing so, and we choos
conservative and more realistic photon distribution of R
@3#. Cahn and Jackson@3#, using a prescription proposed b
Baur @2#, obtained a photon distribution which is not facto
izable. However, they were able to give a fit for the diffe
ential luminosity which is quite useful in practical calcul
tions:

dL

dt
5S Z2a

p D 216

3t
j~z!, ~3!

wherez52MRAt, M is the nucleus mass,R its radius, and
j(z) is given by

j~z!5(
i 51

3

Aie
2biz, ~4!

which is a fit resulting from the numerical integration of th
photon distribution, accurate to 2% or better for 0.05,z
,5.0, and whereA151.909, A2512.35, A3546.28, b1
52.566,b254.948, andb3515.21. Forz,0.05 we use the
expression~see Ref.@3#!

dL

dt
5S Z2a

p D 216

3t F lnS 1.234

z D G3

. ~5!
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The condition for realistic peripheral collisions (bmin.R1
1R2) is present in the photon distributions shown above

The two photon production in heavy ions collisions c
also be intermediated by the diffractive subprocessPP
→gg, whereP is the Pomeron. But, as was shown by som
of us in Ref.@10#, when the cut in the impact parameter
introduced the double-Pomerom exchange is not impor
for very heavy nuclei.

III. THE CONTINUUM REACTION g¿g\g¿g

The reactiongg→gg ~given by the fermion box dia-
gram! was first calculated exactly by Karplus and Neum
using the usual Feynman techniques@11#. Some time later
this process was calculated by De Tollis using the Mand
stam representation and dispersion relations@12#. They en-
countered relatively simple helicity amplitudes for this pr
cess. Of the 16 helicity amplitudes, due to symme
properties, the number of independent amplitudes will
only 5 @13,14#, that may be chosen to beM 1111 ,
M 1122 , M 1212 , M 1221 , andM 1112 , where the1
or 2 denotes the circular polarization values11 and21.
The remaining helicity amplitudes may be obtained fro
parity and permutation symmetry.

Of these five helicity amplitudes, three are related
crossing, hence it is sufficient to give just three, that in agr
ment with Refs.@12,14# are

M 1111511H 21
4st

r t
J B~st!1H 21

4t t

r t
J B~ t t!

1H 2~st
21t t

2!

r t
2

2
2

r t
J @T~st!1T~ t t!#1H 2

1

st

1
1

2r tst
J I ~r t ,st!1H 2

1

t t
1

1

2r tt t
J I ~r t ,t t!

1H 2
2~st

21t t
2!

r t
2

1
4

r t
1

1

st
1

1

t t
1

1

2stt t
J I ~st ,t t!,

M 11125211H 2
1

r t
2

1

st
2

1

t t
J @T~r t!1T~st!1T~ t t!#

1H 1

t t
1

1

2r tst
J I ~r t ,st!1H 1

st
1

1

2r tst
J I ~r t ,st!

1H 1

r t
1

1

2stt t
J I ~st ,t t!,

M 11225211
1

2r tst
I ~r t ,st!1

1

2r tstt
I ~r t ,t t!

1
1

2stt t
I ~st ,t t!, ~6!

where r t , st , and t t are related with the standard Mande
stam variabless, t, andu by
2-2
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r t5
1

4

s

mf
2

, st5
1

4

t

mf
2

, t t5
1

4

u

mf
2

.

mf is the mass of the fermion in the loop.
The remaining 13 amplitudes may be obtained from th

by using the relations

M 11125M 11215M 12115M 2111 ,

M 1212~s,t,u!5M 1111~u,t,s!,

M 1221~s,t,u!5M 1111~ t,s,u!, ~7!

wheres, t, andu are the Mandelstam variables.
The transcendental functionsB, T, andI that appear in Eq.

~6! were defined by Karplus and Neuman@11#, and are

B~x!5A12
1

x
arcsinh~A2x!21, ~x,0!

5A12
1

x
arcsin~Ax!21, ~0,x,1!

5A12
1

x
arccosh~Ax!212

p i

2
A12

1

x
, ~1,x!,

~8!

T~x!5@arcsinh~A2x!#2, ~x,0!

52@arcsin~Ax!#2, ~0,x,1!

5@arccosh~Ax!#22
p2

4
2 ip arcosh~Ax!, ~1,x!,

~9!

I ~x,y!5I ~y,x!,

Re$I ~x,y!%5
1

2a
ReH FS a11

a1b~x! D1FS a11

a2b~x! D
2FS a21

a1b~x! D2FS a21

a2b~x! D1~x↔y!J
Im$I ~x,y!%52

p

2a
ln y@a1b~x!#2, ~x>1!

52
p

2a
ln x@a1b~y!#2, ~y>1!, ~10!

wherea5A12(x1y)/xy, x, y5r t , st , andt t , and

b~x!5A12S 1

xD , when ~x,0! or ~x.1!

5 iA12S 1

xD , when ~0,x,1!. ~11!
01490
e

The Spence function,F(z), is defined asF(z)5*0
zln(1

2t)dt/t, and its properties can been found in Ref.@15#.
The differential cross section of photon pair producti

from photon fusion, i.e., the box diagram, is

ds

d cosu
5

1

2p

a4

s S (
f

qf
2D 4

( uM u2. ~12!

u is the scattering angle,a is the fine-structure constant,qf is
the charge of the fermion in the loop and the sum is over
leptonse and m and the quarksu, d, and s, which are the
relevant particles in the mass scale that we shall disc
Another possible contribution to this continuum proce
comes from pion loops, which, apart from possible dou
counting, were shown to be negligible compared to
above one@16#. The second sum is over the 16 helicity am
plitudes,Ml1l2l3l4

, wherel1 and l2 correspond to polar-

izations of incoming photons andl3 andl4 for the outgoing
photons. The matrix elements sumed over the final polar
tions and averaged over the initial polarizations is given

( uM u25
1

2
$uM 1111u21uM 1122u21uM 1212u2

1uM 1221u214uM 1112u2%.

We consider the scattering of light by light, that is, th
reactiongg→gg, in Au-Au collisions for energies available
at RHIC,As5200 GeV/nucleon. We checked our numeric
code reproducing the many results of the literature for
box subprocess, including asymptotic expressions for
low and high energies compared to the fermion mass pre
in the loop, and the peak value of the cross section~see, for
instance, Ref.@13#!.

In Fig. 2 the dependence of the ion-ion cross section w
the cosine of the scattering angleu, in the two photon center-
of-mass system, is shown for an invariant photon pair m
equal to 500 MeV. It is possible to observe that the cro
section is strongly peaked in the backward direction, bu
relatively flat out to cosu'0.4, where it starts rising very
fast. It is symmetric with respect tou and the same behavio
is present in the forward direction.

The photon pair production in ion collisions over an i
variant mass range between 300 and 1000 MeV for differ
angular cuts is shown in Fig. 3. It is possible to observe t
the cross sections is strongly restricted when the angular
is more drastic, the difference between the cuts 10,u
,170° and 60,u,120° is quite large, the cross section
strongly suppressed for the second range. We will impos
all the calculations throughout this work a cut in the scatt
ing angle equal toucosuu50.5. This cut is conservative, but
will make it possible to compare the cross section of the b
diagram with rival processes, that will be discussed in
following sections, as well as it is enough to eliminate t
effect of double bremsstrahlung~which dominates the region
of ucosuu'1). Finally, this kind of cut is totally consisten
with the requirements proposed in Ref.@8#

The fermions that contribute in the box diagram are
leptonse andm and the quarksu, d, ands, which are impor-
2-3
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tant for the mass range that we are interested~heavier quarks
will give insignificant contributions and the same is true f
the charged weak bosons!. We assumed for their masses t
following values:me50.5109 MeV,mm5105.6584 MeV,
mu55 MeV, md59 MeV, andms5170 MeV.

The electron gives the major contribution to the total

FIG. 2. Angular distribution ofZZ→ZZgg scattering at an in-
variant mass of 500 MeV. The scattering angleu is in the photon
pair center-of-mass system.

FIG. 3. Invariant mass distribution of photon pair production
RHIC via photon fusion through a fermion loop. Each curve rep
sents a different cut in the scattering angleu, the solid line is for
10,u,170°, the dashed is for 40,u,140°, and the dotted one
for 60,u,120°.
01490
-

sult as can be seen in Fig. 4. The second most impor
contribution is due to the muon, but it is at least one order
magnitude smaller than the electron one. Thed ands quark
contribution @up to O ~2 GeV!# are smaller due to thei
masses and charges, because the process is proportion
(qf

2)4 where qf is their charge. Their contribution is als
insignificant compared to the electron result.

As discussed in Ref.@4# the gg scattering can indeed b
measured in peripheral heavy ion collisions. The cut in
angular distribution gives back to back photons in the cen
rapidity region free of the background. However, as we sh
see in the next section, there are gaps where thegg→gg
process is overwhelmed by the presence of resonances
theh, h8, and others. Even the broads resonance could be
of the order of the continuum process. Just to give one i
of the number of events, with a luminosity of 2.
31026 cm22 s21 @8# and choosing a bin of energy of 20
MeV, centered at the energy of 700 MeV~which is free of
any strong resonance decaying into two-photons!, we have
1532 events/year assuming 100% efficiency in the taggin
the ions and photon detection.

IV. RESONANCES DECAYING INTO TWO-PHOTONS

Photon pair production via the box diagram is a bac
ground togg→R→gg process~or vice versa!, both have
the same initial and final states, and for this reason they
interfere one in another. Normally the interference betwee
resonance and a continuum process is unimportant, bec
on resonance the two are out of phase.

t
-

FIG. 4. Invariant mass distribution of photon pair production
RHIC center-of-mass energy ofAs5200 GeV for each fermion
loop. The solid line denotes the differential cross section for
fermions, the dashed one is the electron loop contribution, the
ted is the muon one, the dash-dotted is theu quark contribution. The
result is obtained with the cutucosuu,0.5.
2-4
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The total cross section for the elementary subprocessgg
→R→gg assuming a Breit-Wigner profile is

dsZZ
gg

dM
516p

dL

dM

G2~R→gg!

~M22mR
2 !21mR

2G total
2

, ~13!

whereM is the energy of the photons created by the collis
of the ions.G(R→gg)([Ggg) andG total are the partial and
total decay width of the resonance with massmR in its rest
frame.

We are going to discuss onlyJ50 resonances made o
quarks as well of gluons. The reactiongg→p0→gg was
already discussed many years ago@17#, where it was claimed
that the interference vanishes. This result was criticized
De Tollis and Violini @16#, affirming ~correctly! that the in-
terference exists. However, as we will discuss afterwards
resonance the interference is negligible. If the interferenc
neglected, Eq.~13! can be used and we show in Fig.
the result for some resonance producti
@h,h8,h(1440),f 0(1710)#, whose invariant mass of the pro
duced photon pair is between 500 and 2000 MeV. For co
parison we also show the curve of the continuum proces
is possible to see in that figure the well pronounced peak
the resonancesh and h8. We assumed for their masses t
values of 547.3 and 957.78 MeV, respectively, theh total
decay width is equal to 1.18 keV and theh8 one is equal to
0.203 MeV. Their partial decay width into photons are 0.
keV (h) and 4.06 keV (h8).

In the same figure we can see the predicted cross se
for the glueball candidates production in peripheral hea
ion collisions by double photon fusion.

FIG. 5. Invariant mass distribution of photon production~with
the cut ucosuu,0.5). The solid curve is for the box diagram, th
dashed curves are due to the processgg→R→gg, whereR are the
pseudoscalars resonancesh and h8 and the glueballs candidate
h(1410) andf 0(1710).
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We restrict the analysis to theJ50 glueballs candidates
h(1440) andf 0(1710). For theh(1440) we used the mas
and total decay width values of Ref.@18#, mR
51405 MeV, G total556 MeV, for the decay width into
photons we use the value given in Ref.@19#, Ggg
55.4 keV. We see in Fig. 5 that the peak for this resona
is of the same order of the continuum process. For the o
glueball candidate,f 0(1710), the peak is clearly above th
background. For this one we assumed the values liste
Ref. @18# of mass and total width,mR51715 MeV, G total
5125 MeV, and for the two-photon decay width w
adopted the value encountered by the ALEPH Collabora
@20#, Ggg521.25 keV. In all these cases the resonances
be easily studied in peripheral heavy ion collisions.

Off resonance we can expect a negligible contribution
the processgg→R→gg and consequently the same for i
interference with the continuum process. However, it is
structive to present a more detailed argument about why
interference can be neglected. In order to do so we
obliged to introduce a model to calculate the amplitudes
the processgg→R→gg. These amplitudes will be com
puted with the help of an effective Lagrangian for the pse
doscalar interaction with photons~the scalar case will be
discussed in the next section!, which is given by
gp«lmnrFlmFnrFp , wheregp is the coupling of the photons
to the pseudoscalar fieldFp , «lmnr is the antisymmetric
tensor, andFlm is the electromagnetic field four-tensor.

The amplitudes forgg→gg intermediated by a pseudo
scalar hadronic resonance are@16#

M 11115
2p

a2
F~lr t!,

M 12125
2p

a2
F~lt t!,

M 12215
2p

a2
F~lst!,

M 111250,

M 112252
2p

a2
$F~lst!1F~lt t!1F~lr t!%, ~14!

wherea is the fine-structure constant,l5(mf /mR)2, and

F~x!516x2
Ggg

mR
S 4x211 i

G total

mR
D 21

. ~15!

The presence of the fine-structure constant in Eq.~14! is a
consequence of the fact that the amplitudesM in these equa-
tions will be used in Eq.~12!, so it is necessary to get th
correct dependence of the partial cross section with this c
stant.

A numerical evaluation of the cross section using Eq.~14!
~for the same resonances present in Fig. 5! shows a totally
negligible effect off resonance in comparison with the b
2-5
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contribution. On resonance the two processes are ou
phase and the interference is absent. We can now pro
with an argument showing that the interference is not imp
tant. Let us assume that off resonance the processes a
phase, and for a moment we forget thet and u channels
contribution in Eq.~14!. The s channel contribution can b
written as M2 /(s2mR

21 iGRmR), and denoting the con
tinuum contribution byM1 we can write the following inter-
ference term:

2
s

~s2mR
2 !21GR

2mR
2 @~ReM1ReM21Im M1Im M2!~s2mR

2 !

1~ReM1Im M22Im M1ReM2!GRmR].

We can verify that the term proportional tos2mR
2 integrates

to zero when integrated in a bin centered atmR
2 . With the

second term the situation is different. If ImM1 or ImM2
Þ0 ~assuming ReM1 and ReM2Þ0) then there is a non
trivial interference. However, since we are dealing withJ
50 amplitudes, the only nonvanishing helicity amplitud
are those in which the initial helicities and the final heliciti
are equal. Inspection of theM 1111 and M 1122 ampli-
tudes of the box diagram~in the limit mf!mR) shows that
they are purely real, and the same happens withM2 @ob-
tained from thes channel contribution of Eq.~14!#, resulting
in a vanishing interference. Of course, this analysis is mo
dependent. In particular, at the quark level the couplinggp
has to be substituted by a triangle diagram, which may h
a real as well as an imaginary part~see, for instance, Ref
@21#!. However, this coupling is real for heavy quarks and
imaginary part is quite suppressed if the resonance cou
mostly to light quarks (mf!mR , what happens for the reso
nances that we are considering in the case of theu and d
quarks, for thes quark the suppresion is not so strong in t
h case, but we still have an extra suppression due to
electric charge!. Finally, the interference does appear wh
we consider the amplitudes with the resonance exchange
the t andu channels, but it is easy to see that they are ki
matically suppressed and also proportional to the small va
of the total decay width. If the total width is large~as we
shall discuss in the next section! the interference cannot b
neglected. Although the above argument has to rely on m
els for the low energy hadronic physics, we believe that
direct comparison between the resonant and the contin
processes, as presented in Fig. 5, is fairly representativ
the actual result.

In Table I we show the number of events above ba
ground for theh, h8, and f 0(1710) which, as shown in Fig

TABLE I. Number of events/year above background for theh,
h8, and f 0(1710) resonances.

Particle Events/year

h 7.443105

h8 2.673104

f 0(1710) 42
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5 are clearly above the box contribution. In the case of
f 0(1710), as well as in thes meson case to be discussed
the next section, the decay of the resonance into a pai
neutral pions is present. A pair of neutral pions can also
produced in a continuous two-photon fusion process. T
rates for all the reactions discussed in this work can be m
fied if both neutral pions, no matter if they come from
resonance or a continuos process, are misidentified with p
tons. This accidental background can be easily isolated m
suring its invariant mass distribution, and making a cut t
discriminates a single photon coming from the processes
we are studying, from one that produced two neutral mes
~mostly pions! subsequently decaying into two photons. F
example, in the case of the sigma meson~see next section!
each one of the neutral pions from its much larger hadro
decay should be misidentified. These pions would prod
pairs of photons with a large opening anglef, where
cos(f/2)5A124mp

2 /ms
2. However, the calorimeters alread

in use in many experiments make it possible to distingu
between these two- and single-photon events with high e
ciency ~see, for instance, Ref.@22#!.

There is also another accidental background which m
cause problems to the measurement of the resonance d
into photons. This is the contribution fromg –Pomeron→V
→ggX. The vector mesons, V, are produced with apT dis-
tribution similar to the resonance production and at hig
rates than some of the processesgg→R, e.g.,g –Pomeron
→v rate is 10 Hz at RHIC@23#, three orders of magnitude
higher than for a similar mass meson of spin 0 or 2. Thev
branching ratio to three photons is 8.5%. If a smallpT pho-
ton from this decay is undetected, one is left with a lowpT
two-photon final state that could be taken for a lighter re
nance. At higher masses, one also hasf→hg, p0g, KLKS
→gX as well asgg→ f 2(1270)→p0p0 and possibly copi-
ous production ofr(1450) andr(1700) byg –Pomeron in-
teractions. Clearly a full simulation of all these backgrou
processes is beyond the scope of this paper but shoul
kept in mind when measuring two-photon final states.

V. CAN WE OBSERVE THE s MESON IN PERIPHERAL
COLLISIONS?

The possible existence of light scalar mesons~with
masses less than about 1 GeV! has been a controversial sub
ject for roughly 40 years. There are two aspects: the ext
tion of the scalar properties from experiment and their u
derlying quark substructure. Because theJ50 channels may
contain strong competing contributions, such resonan
may not necessarily dominate their amplitudes and could
hard to ‘‘observe.’’ In such an instance their verificatio
would be linked to the model used to describe them.

Part of the motivation to study the two-photon final sta
in peripheral heavy ion collisions was exactly to verify if w
can observe such scalar mesons in itsgg decay. Although
this decay mode is quite rare, it has the advantage of
being contaminated by the strong interaction of the hadro
final states. In particular, it may allow to investigate the po
sible existence of the sigma meson. This meson is expe
to have a mass between 400 and 1200 MeV and decay w
2-6
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between 300 and 500 MeV, decaying predominantly into t
pions. Of course, another decay channel is into two photo
with the background discussed in Sec. III.

Recently the E791 Collaboration at Fermilab found
strong experimental evidence for a light and broad sc
resonance, that is, the sigma, in theD1→p2p1p1 decay
@7#. The resonant amplitudes present in this decay were
lyzed using the relativistic Breit-Wigner function given by

BW5
1

m22m0
21 im0G~m!

,

with

G~m!5G0

m0

m S p*

p0*
D 2J11 JF2~p* !

JF2~p0* !
,

wherem is the invariant mass of the two photons forming
spin-J resonance. The functionsJF are the Blatt-Weisskop
damping factors@24#: 0F51 for spin 0 particles, 1F
51/A11(rp* )2 for spin 1 and 2F
51/A913(rp* )21(rp* )4 for spin 2. The parameterr is the
radius of the resonance ('3 fm) @25# andp* 5p* (M ) the
momentum of decay particles at massM, measured in the
resonance rest frame,p0* 5p0* (mR). The Dalitz plot of the
decay can hardly be fitted without a 011 (s) resonance. The
values of mass and total decay width found by the colla
ration with this procedure are 478223

124617 MeV and
324240

142621 MeV, respectively.
We will discuss if this resonance can be found in perip

eral heavy ion collisions through the subprocessgg→s
→gg. It is important to note that all the values related to t
s, like mass or partial widths, that can be found in the
erature are very different and model dependent. In particu
we find the result of the E791 experiment very compelli
and among all the possibilities we will restrict ourselves
their range of mass and total decay width, while we vary
partial width into two photons.

For thes decay width into two photons we assume t
values obtained by Pennington and Boglione, 3.861.5 keV
and 4.761.5 keV @26#, and the value of 1066 keV @27#.
The results obtained are in Fig. 6, the dashed curve is
Ggg53.8 keV, the dotted one is forGgg54.7 keV and the
dot-dashed one is forGgg510 keV. In all cases we used th
mass and total decay width obtained by the E791 Collab
tion, ms5478 MeV andG total5324 MeV. In the same fig-
ure it can be seen the curve due to the box diagram. In
cases we used the angular cut20.5,cosu,0.5.

It has been verified in the case ofpp scattering that the
use of a constant total width in thes resonance shape is no
a good approximation@28#. In our case we will discuss th
gg→gg process above the two pions threshold where
peculiarities of the broad resonance, basically due to ths
decay into pions, are not so important. Of course, ano
reason to stay above 300 MeV is that we are also far fr
the pion contribution togg scattering. In any case we als
computed the cross section with an energy dependent
width G(m).G0(p* /p0* )2J11, which, as shown by Jackso
01490
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many years ago@29#, is more appropriate for a quite broa
resonance. The net effect is a slight distortion of the cr
section shape with a small increase of the total cross sec
Since this one is a negligible effect compared to the one
we will present in the sequence we do not shall conside
again.

Up to now we assumed in this analysis only the Bre
Wigner profile for thes contribution and it is interesting to
discuss the full process~including the t and u channels!
within a given model to verify how good is our approxim
tion.

To compute the amplitudes forgg→gg including the
presence of a scalar resonance we can assume the intera
gsF

mnFmnFs , wheregs is the coupling of the photons to th
scalar fieldFs . These amplitudes are

M 111152
2p

a2
F~lr t!,

M 121252
2p

a2
F~lt t!,

M 122152
2p

a2
F~lst!,

M 111250,

M 112252
2p

a2
$F~lst!1F~lt t!1F~lr t!%. ~16!

FIG. 6. Invariant mass distribution of photon production. T
solid curve is the box diagram, the dashed curve is for the proc
gg→s→gg when Ggg510 keV, the dotted one is forGgg54.7
keV, and the dot-dashed one is forGgg53.8 keV. The angular cut
is equal to20.5,cosu,0.5 in all curves.
2-7
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Note that this interaction violates unitarity and is app
priate only at energies up to thes mass.

In Fig. 7 we show the full cross section for the proce
gg→gg due to the box diagram and the existence of
scalar resonances with amplitudes given by Eq.~16!, com-
puted withGgg54.7 keV. Contrarily to the previous case
thes is a quite large ‘‘resonance’’ and due to its large dec
width off resonance the interference is not negligible~the
argument of the previous section obviouly fails!. Moreover,
the interference is destructive. In Fig. 7 we can see the c
tinuous curve which is due only to the box diagram, t
dashed one is the cross section of a scalar resonance
puted with a Breit-Wigner profile, Eq.~13!, the dash-dotted
curve is due only to the scalar contribution of Eq.~16!, and
the dotted one is obtained when we consider the total c
section for two photon production in peripheral heavy i
collisions, i.e., the box diagram amplitudes plus the helic
amplitudes listed in Eq.~16!. The figure shows clearly tha
the above mentioned interference is destructive.

There is an important point to comment about the ab
result. The effective Lagrangian model used to compute
s contribution to the photon pair production aboveM
'600 MeV gives a larger contribution to the cross sect
than the Breit-Wigner one. We verified that thet andu chan-
nels produce small variations in the result obtained when
consider only thes channel, but this one already grows
any nonunitary amplitude calculated in this approach, an
is unclear to us how far we can trust in this model. At sm
masses the cross sections also differ in their behavior wits.

There are possible improvements that we may think

FIG. 7. Invariant mass distribution of photon pair productio
The solid curve is due to box diagram only, the dashed one is du
the processgg→s→gg in the Breit-Wigner approximation, the
dash-dotted is the scalar contribution of Eq.~16!, and the dotted one
is due to the total process, computed with box amplitudes plus
scalar boson amplitudes of Eq.~16!. In all casesGgg54.7 keV, and
the angular cut is equal to20.5,cosu,0.5.
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towards a more reliable computation of thes meson ex-
change amplitudes, but all of them are going to be plag
by uncertainties as we remarked in the beginning of the s
tion. Therefore we adopt the pessimistic view that the Bre
Wigner result is just a lower bound for our process, beca
effective Lagrangians tend to increase the contribution
large masses where the background vanishes rapidly, incr
ing the signal/background ratio. The Breit-Wigner profi
does the opposite. The physical result is probably betw
both approaches. From the experimental point of view
would say that the reactiongg→gg has to be observed an
any deviation from the continuum process must be caref
modeled until a final understanding comes out, with the
vantage that the final state is not strongly interacting. N
that in this modelling theh meson will contribute togg
→gg in a small region of momentum, even so it has to
subtracted in order to extract the completes signal.

We changed the values of thes mass and total width
around the central ones reported by the E791 Collaborat
We do not observe large variations in our result, but notic
that it is quite sensitive to variations of the partial dec
width into photons. It is interesting to look at the values
the significance which is written asLssignal /ALsback and
characterizes the statistical deviation of the number of
observed events from the predicted background. The sig
cance as a function of the two-photon decay width of
sigma meson, with mass equal to 478 MeV and total de
width of 324 MeV, is shown in Fig. 8, where we used
luminosity ofL52.031026 cm22 s21 at RHIC and assumed
one year of operation. The significance is above 2s 95%
confidence level limit for two-photon decay width great
than 4.7 keV while for a 5s discovery criteria can be ob

.
to

e

FIG. 8. Significance as a function of decay width into two ph
tons,Ggg , for a sigma meson with mass equal to 478 MeV and to
decay width of 324 MeV. The solid curve was obtained integrat
the cross sections in the interval 438,M,519 MeV, the dashed
one in the interval 300,M,800 MeV.
2-8
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tained withGgg.7.5 keV. If Ggg turns out to be smaller the
numbers of Fig. 8 have to be scaled.

The numbers in Fig. 8 were computed with the sign
given by the Breit-Wigner profile, and the background by t
pure box diagram. The solid curve was obtained integra
the cross sections in the interval 438,M,519 MeV, corre-
sponding to the interval of mass uncertainty, while t
dashed curve resulted from the integration in the inter
300,M,800 MeV. Note that there is no reason,a priori,
to restrict the measurement to a small bin of energy. T
choice will depend heavily on the experimental conditio
When the signal is extracted from Eq.~16! and the cross
sections are integrated in the larger interv
(300–800 MeV), we obtain values for the significance mo
than one order of magnitude above the curves of Fig
while the significance is below the curves of Fig. 8 up to
factor 10 when the cross sections are integrated in
smaller interval of energy. The Breit-Wigner profile probab
gives an average of the results that could be obtained wi
different model calculations. Therefore for values ofGgg al-
ready quoted in the literature the sigma meson has a ch
to be seen in its two-photon decay mode. The discovery l
its discussed above refer only to a statistical evaluation.
work shows the importance of the complete simulation of
signal and background including an analysis of possible s
tematic errors that may decrease the significance.

VI. CONCLUSIONS

Peripheral collisions at relativistic heavy ion collide
provide an arena for interesting studies of hadronic phys
One of the possibilities is the observation of light hadro
resonances, which will appear quite similarly to the tw
photon hadronic physics ate1e2 machines with the advan
tage of a huge photon luminosity peaked at small ener
@1#. Due to this large photon luminosity it will become po
sible to discover resonances that couple weakly to the p
tons @5#.

In this work we focus the attention at the peripheral re
tion ZZ→ZZgg. This process is important because it m
allow for the first time the observation of the continuo
subprocessgg→gg in a complete collider physics environ
ment. This possibility only arises due to enormous amoun
photons carried by the ions at the RHIC energies.

The continuous subprocess is described by a Fermi
box diagram calculated many years ago. We computed
peripheral heavy ion production of a pair of photons, veri
,
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ing which are the most important contributions to the loo
which turned out to be the electron at the energies that we
working, and established cuts that not only ensure that
process is peripheral as well as eliminate most of the ba
ground. After the cut is imposed we still have thousands
photons pairs assuming 100% efficiency in tagging the i
and detecting the photons.

The continuousgg→gg subprocess has an interestin
interplay with the one resulting from the exchange of a re
nance. We discuss the resonance production and decay i
photon pair. This is a nice interaction to observe becaus
involves only the electromagnetic couplings of the res
nance. Therefore we may say that it is a clean signal
resonances made of quarks~or gluons! and its measuremen
is important because it complements the information
tained through the observation of purely hadronic decays
may also unravel the possible amount of mixing in so
glueball candidates@6#. We discuss the interference betwe
these processes and compute the number of events for s
specific cases.

The possibility of observing resonances that cou
weakly to the photons is exemplified with thes meson case.
This meson, whose existence has been for many years
tradictory, gives a small signal in the reactiongg→s→gg.
However, its effects may be seen after one year of data
quisition, providing some clue about this elusive resonan
Using values of mass, total, and partial widths currently
sumed in the literature, we compute the full cross sect
within a specific model and discuss the significance of
events. Our work shows the importance of the compl
simulation of the signal and background of these proces
including an analysis of possible systematic errors, indic
ing that two-photon final states in peripheral collisions c
be observed and may provide a large amount of informa
about the electromagnetic coupling of hadrons.
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