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Two-photon final states in peripheral heavy ion collisions
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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 subprogegss yy 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 res@haneeneson
in this process. Assuming for the 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.
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[. INTRODUCTION same final state questioned over many years as a pogsible
not) signal for this broad resonance. We discuss the produc-
In the Relativistic Heavy-lon Collide(RHIC) operating  tion of this elusive meson in peripheral heavy-ion collisions.
at the Brookhaven Laboratory beams of heavy ions are colHowever, we focus attention on the observation of jitg
liding with the main interest in the search of a quark-gluondecay. We believe that the observation of this decay could
plasma in central nuclear reactions. In addition to this imporsettle definitively the existence of this particle as well as of
tant feature of heavy-ion colliders, peripheral collisions mayits quark(or gluon content. Although its branching ratio into
give rise to a huge luminosity of photons opening the possiphotons is quite small compared to the main omerf, we
bilities of studying two-photon and other interactions as dis-will argue that the high photon luminosity in peripheral
cussed by several authdrs]. heavy-ion collisions may allow its observation, as long as it
In order to study peripheral— y heavy-ion collisions we has the very same properties predicted in REF.
have to pay attention to two important facts, which are fun- Photons with invariant mass of @ GeV) are also one
damental to determine the kind of physics that is truly accespossible signal for the quark-gluon plasma, therefore the de-
sible in these interactions. The first one is to avoid events$ectors at RHIC have high efficiency to detect these photons,
where hadronic particle production overshadows they  which is a welcomed capability in regard to the final states
interaction, i.e., events where the nuclei physically collidethat we discuss in this work. The background for the two-
(with impact parameteb<<2R,, R, being the nuclear ra- photon initiated process were discussed by Nystrand and
dius) are excluded from calculations of the usable luminosKlein [8]. Double-Pomeron exchange may be a background
ity. This exclusion has been discussed by B@jiand can be source[9]. However, they are negligible after imposing the
handled as described by Cahn and JacK&inThe second peripheral conditiolh> 2R, as long as we operate with very
point to remember is that the photons will carry only a smallheavy ionq10]. The cuts to remove the background are dis-
fraction of the ion momentum, favoring low mass final cussed in Ref[8], i.e., the final state must hav@) low
states. Therefore hadronic resonances with masses up tonaultiplicity, (i) small summed transverse momentum, and
few GeV can be produced at large rafdsp], as well as any (i) be centered around rapidity 0 with a fairly narrow width
two-photon process not leading to extremely heavy final
states.
One of the purposes of our work was motivated by the
possibility of measurement of the continuum procesg
— vy , see Fig. 1, as suggested in Rgf], as well as the
resonant oneyy— R— yy which was predicted in Ref5]
as a clear signal for resonances made of quarks or gluons.
The continuumyy— y7y reaction is interestinger sebut is
also a background for the resonant process. This last one is
quite important to be observed because it involves only the
electromagnetic coupling of the resonance. Its knowledge
with high precision is very useful, for instance, to unravel the
possible amount of mixing in some glueball candidd&s
complementing the information obtained through the obser-
vation of hadronic decays. Another interesting study is the
possible production of a light scalar mesar) ( FIG. 1. Diagram foryy fusion in a peripheral heavy-ion colli-
The E-791 experiment recently reported thatéhemeson  sjon. The blob represents a continuum or resonant process leading
has been observed in itsm decay modd7], which is the to a two-photon final state.
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of center-of-mass rapidityy¢ ,=<1—2). These cuts are eas- The condition for realistic peripheral collision®{i,>R;

ily implemented when we analyze the reaction proposed int+ R,) is present in the photon distributions shown above.

this work: ZZ—ZZyy. The two photon production in heavy ions collisions can
The remainder of the paper is organized as follows. In thealso be intermediated by the diffractive subprocésB

second section we introduce the photon distribution in the— yv, whereP is the Pomeron. But, as was shown by some

ion that will be used in our calculations. Section Ill containsof us in Ref.[10], when the cut in the impact parameter is

the discussion of thesy— yy process and the cuts that we introduced the double-Pomerom exchange is not important

will adopt for this reaction. In Sec. IV we present values forfor very heavy nuclei.

the production of resonances made of quadtgluong, and

Sec. V contains a discussion about the possibility of observ-

. L . I1l. THE CONTINUUM REACTION + +
ing the o meson in its two photon decay. The last section yrymyTy

contains our conclusions. The reactionyy— yvy (given by the fermion box dia-
gram was first calculated exactly by Karplus and Neuman
Il. PHOTON DISTRIBUTION IN THE ION using the usual Feynman techniqydd]. Some time later

o . this process was calculated by De Tollis using the Mandel-

The photon distribution in the nucleus can be describedy, representation and dispersion relatift®. They en-
using the equivalent-photon or Weirsar-Wiliams ap-  countered relatively simple helicity amplitudes for this pro-
proximation in the impact parameter space. Denoting bytess. Of the 16 helicity amplitudes, due to symmetry
F(x)dx the number of photons carrying a fraction betw&en properties, the number of independent amplitudes will be

andx+ dx of the total momentum of a nucleus of chae, only 5 [13,14), that may be chosen to b#, .,
we can define the two-photon luminosity through " ’

My,__,M,_,_,M,.__,, andM_,,,_, where the+
dL  [1idx or — denotes the circular polarization valuesl and —1.
d_:f —F(x)F(7/x), ) The remaining helicity amplitudes may be obtained from
T JsX

parity and permutation symmetry.
Of these five helicity amplitudes, three are related by

where r=s/s, s is the square of the center of mass systemcrossing, hence it is sufficient to give just three, that in agree-
(c.m.s) energy of the two photons argof the ion-ion sys-  ment with Refs[12,14] are

tem. The total cross section of the proc@ss—ZZyvy is

dL. . M =1+ 2+4—SI B(s;) + 2+ﬂ B(t;)
O'(S)=f drma(s), (2) T re t re t
. , 2(st+t%) 2
whereo(s) is the cross section of the subprocess— yvy. Ty ([Ts)+T(t) ]+ — <
There remains only to determirfe(x). In the literature Iy e t
there are several approaches for doing so, and we choose the
; o N 1 1 1

conservative and more realistic photon distribution of Ref. + ot 1(r,s)+{ — =+ =——{ 1(ry,ty)
[3]. Cahn and Jacksdi8], using a prescription proposed by 2rsy te 2ty
Baur[2], obtained a photon distribution which is not factor- (2412
izable. However, they were able to give a fit for the differ- _ (si+1) + i+l+ EJF 1 (st
ential luminosity which is quite useful in practical calcula- rz e st 2ste| Y
tions:

dL [Z2a\%16 gttt

52(7) e, @  Meseo= 1 oo O T+ T8+ T(1)

. : . 1 1
wherez=2M R\/?, M is the nucleus masgR its radius, and +{—+ I(re,sp)+]{—+=—=(1(r,S)
&(2) is given by te 2rs St 2
> iyt ]l t,)
- . s 1 L
£(z)=2, Ae ", 4 re  2sd, (St
i=1

which is a fit resulting from the numerical integration of the M - 14 1 I(r,s)+ 1 1(r e t)
photon distribution, accurate to 2% or better for 605 e 2ris - UV 2rest U
<5.0, and whereA;=1.909, A,=12.35, A;=46.28, b,
=2.566,b,=4.948, andb;=15.21. Forz<0.05 we use the + 1 (st (6)
expressior(see Ref[3]) 25ty oty

3 .
5) wherer,, s;, andt, are related with the standard Mandel-

stam variables, t, andu by

dL_(ZZa)216

dr |\ 7 | 3r

i

w
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_ 1
Tt—Z m—f, St—Z —%,

m

m; is the mass of the fermion in the loop.

The remaining 13 amplitudes may be obtained from these

by using the relations
Myt =M, =M, _,=M_, ..,
Mi_s-(stw)=M. i (uts),
Mi_—i(stu)=M. . (tsu), (7

wheres, t, andu are the Mandelstam variables.
The transcendental functiols T, andl that appear in Eq.
(6) were defined by Karplus and Neumftdi], and are

B(x)=\/1—;arcsinhi\/—_x)—1, (x<0)
1
=\/1—;arcsir(\/§)—1, (0<x<1)
1 i 1
=\ll—garccosh&)—l—?\ll—;, (1<x)

8

T(x)=[arcsinliy—x)]?, (x<0)
= —[arcsiyx)]3, (0<x<1)
2
z[arccosh\/;)]z—%—iw arcostiyx), (1<x),
9

1(x,y)=1(y,x),

B 1 ) a+1
Rell ()} = 52Re @ 5 |+ 2| 2h0
a—1 ) a—1 )
B ey R v ”XH”]

Im{I(x,y)}=— %In yl[a+b(x)]?, (x=1)

—— Zinxla+b(y)?, (y=1
=~ 5z xlatb(y)]® (y=1),

wherea=1—(x+Yy)/xy, X, y=r,, S, andt,, and

(10

b(x)= 1—(;), when (x<0) or (x>1)

=i 1—(;), when (0<x<1). (11
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The Spence functiond(z), is defined asb(z)= [§in(1
—t)dt/t, and its properties can been found in Rdf5].

The differential cross section of photon pair production
from photon fusion, i.e., the box diagram, is

do 1 ot 4
2= 5|3 | S

dcosd 27 s

(12

0 is the scattering angley is the fine-structure constaiaf; is

the charge of the fermion in the loop and the sum is over the
leptonse and . and the quarkss, d, ands, which are the
relevant particles in the mass scale that we shall discuss.
Another possible contribution to this continuum process
comes from pion loops, which, apart from possible double
counting, were shown to be negligible compared to the
above ond16]. The second sum is over the 16 helicity am-
pIitudes,szxm, where\; and X\, correspond to polar-

izations of incoming photons ard; and\ 4, for the outgoing
photons. The matrix elements sumed over the final polariza-
tions and averaged over the initial polarizations is given by

1
2 |M|2:§{|M++++|2+|M++__|2+||\/|+_+_|2
+HIMy L PHAML [P

We consider the scattering of light by light, that is, the
reactionyy— vy, in Au-Au collisions for energies available
at RHIC,/s=200 GeV/nucleon. We checked our numerical
code reproducing the many results of the literature for the
box subprocess, including asymptotic expressions for the
low and high energies compared to the fermion mass present
in the loop, and the peak value of the cross sectsme, for
instance, Ref[13]).

In Fig. 2 the dependence of the ion-ion cross section with
the cosine of the scattering anglein the two photon center-
of-mass system, is shown for an invariant photon pair mass
equal to 500 MeV. It is possible to observe that the cross
section is strongly peaked in the backward direction, but is
relatively flat out to co®~0.4, where it starts rising very
fast. It is symmetric with respect 6 and the same behavior
is present in the forward direction.

The photon pair production in ion collisions over an in-
variant mass range between 300 and 1000 MeV for different
angular cuts is shown in Fig. 3. It is possible to observe that
the cross sections is strongly restricted when the angular cut
is more drastic, the difference between the cuts<#0
<170° and 66:0<120° is quite large, the cross section is
strongly suppressed for the second range. We will impose in
all the calculations throughout this work a cut in the scatter-
ing angle equal tocos#|=0.5. This cut is conservative, but it
will make it possible to compare the cross section of the box
diagram with rival processes, that will be discussed in the
following sections, as well as it is enough to eliminate the
effect of double bremsstrahlurfghich dominates the region
of |cosf|~1). Finally, this kind of cut is totally consistent
with the requirements proposed in RE3)

The fermions that contribute in the box diagram are the
leptonse and u and the quarks, d, ands, which are impor-
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FIG. 2. Angular distribution oZZ—ZZy+y scattering at an in-
variant mass of 500 MeV. The scattering anglés in the photon
pair center-of-mass system.

FIG. 4. Invariant mass distribution of photon pair production at
RHIC center-of-mass energy afs=200 GeV for each fermion
loop. The solid line denotes the differential cross section for all
fermions, the dashed one is the electron loop contribution, the dot-
tant for the mass range that we are interegtesdvier quarks ted is the muon one, the dash-dotted isutwriark contribution. The
will give insignificant contributions and the same is true for result is obtained with the clitos6|<0.5.
the charged weak boson&Ve assumed for their masses the
following values:m,=0.5109 MeV,m,=105.6584 MeV, sult as can be seen in Fig. 4. The second most important
m,=5 MeV, my=9 MeV, andm;=170 MeV. contribution is due to the muon, but it is at least one order of

The electron gives the major contribution to the total re-magnitude smaller than the electron one. Thends quark
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contribution [up to O (2 GeV)] are smaller due to their
masses and charges, because the process is proportional to
(qf)4 where q; is their charge. Their contribution is also
insignificant compared to the electron result.

As discussed in Ref4] the yvy scattering can indeed be
measured in peripheral heavy ion collisions. The cut in the
angular distribution gives back to back photons in the central
rapidity region free of the background. However, as we shall
see in the next section, there are gaps wherejthe> yy
process is overwhelmed by the presence of resonances like
the , %', and others. Even the broadresonance could be
of the order of the continuum process. Just to give one idea
of the number of events, with a luminosity of 2.0
X 10?® cm ?s7! [8] and choosing a bin of energy of 200
MeV, centered at the energy of 700 MdWhich is free of
any strong resonance decaying into two-photpom&e have
1532 events/year assuming 100% efficiency in the tagging of
the ions and photon detection.

IV. RESONANCES DECAYING INTO TWO-PHOTONS

Photon pair production via the box diagram is a back-

FIG. 3. Invariant mass distribution of photon pair production atground toyy—R— yy process(or vice versa both have
RHIC via photon fusion through a fermion loop. Each curve repre-the same initial and final states, and for this reason they can

sents a different cut in the scattering anglethe solid line is for

interfere one in another. Normally the interference between a

10< #<170°, the dashed is for 409<140°, and the dotted one resonance and a continuum process is unimportant, because

for 60<9<120°.

on resonance the two are out of phase.
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We restrict the analysis to the=0 glueballs candidates

0% 7 E 7(1440) andfy(1710). For theyp(1440) we used the mass

0L ] and total decay width values of Ref[18], mg

=1405 MeV,T'iy15=56 MeV, for the decay width into
3 E photons we use the value given in Ref19], I',,

10 i ] =5.4 keV. We see in Fig. 5 that the peak for this resonance
= - is of the same order of the continuum process. For the other
£10 . 3 glueball candidatefy(1710), the peak is clearly above the
? 3f 3 background. For this one we assumed the values listed in
sl 3 3 Ref. [18] of mass and total widthmg=1715 MeV, T',oa
E0L 1 =125 MeV, and for the two-photon decay width we
z adopted the value encountered by the ALEPH Collaboration
D0 E 3 [20], T',,=21.25 keV. In all these cases the resonances can
o i ] be easily studied in peripheral heavy ion collisions.

- Off resonance we can expect a negligible contribution for
7(1440) .
10 i E the processyy—R— yy and consequently the same for its
10 7 interference with the continuum process. However, it is in-
o 3 structive to present a more detailed argument about why the
10 ' interference can be neglected. In order to do so we are

600 700 800 900 1000

obliged to introduce a model to calculate the amplitudes for
M (MeV)

the processyy—R— vyvy. These amplitudes will be com-
FIG. 5. Invariant mass distribution of photon productigvith puted With the he_lp of an effective Lagrangian for th_e pseu-

the cut|cosf|<0.5). The solid curve is for the box diagram, the doscalar interaction with photonghe scalar case will be

dashed curves are due to the procegs-R— yy, whereRare the ~ discussed in the next sectionwhich is given by

pseudoscalars resonancgsand 7' and the glueballs candidates Up€x P “F @, whereg, is the coupling of the photons
7(1410) andf,(1710). to the pseudoscalar fiel®,, &,,,, is the antisymmetric

tensor, and=** is the electromagnetic field four-tensor.
The total cross section for the elementary subprogess ~ The amplitudes foryy— yy intermediated by a pseudo-

—R— yy assuming a Breit-Wigner profile is scalar hadronic resonance 4]
Yy 2 2
dO'zz:167Td_|— I'2(R—vyy) , 13 My =—F(Ary,
dMm dM (Mz_mé)z"'mértzotal «
whereM is the energy of the photons created by the collision M, . :2_7T|:(M )
of the ions.I'(R— yy)(=I,,) andT' (o, are the partial and i o? v

total decay width of the resonance with masg in its rest
frame. 20
We are going to discuss only=0 resonances made of M. =—F(Asy),
quarks as well of gluons. The reactigny— m°— yy was @
already discussed many years &d@|, where it was claimed

that the interference vanishes. This result was criticized by Miss-=0,

De Tollis and Violini[16], affirming (correctly that the in- 5

terference exists. However, as we will discuss afterwards, off _ T

resonance the interference is negligible. If the interference is Mis-—= a2 {Fs)+F\MY+F(r)} - (14

neglected, Eq(13) can be used and we show in Fig. 5
the result for some resonance productionwherea is the fine-structure constant=(m;/mg)?, and
[ 7,7 ,7m(1440) f,(1710)], whose invariant mass of the pro-
duced photon pair is between 500 and 2000 MeV. For com-
parison we also show the curve of the continuum process. It
is possible to see in that figure the well pronounced peaks of
the resonanceg and »’'. We assumed for their masses the  The presence of the fine-structure constant in(fE4). is a
values of 547.3 and 957.78 MeV, respectively, thdotal  consequence of the fact that the amplitubles these equa-
decay width is equal to 1.18 keV and tl¢ one is equal to tions will be used in Eq(12), so it is necessary to get the
0.203 MeV. Their partial decay width into photons are 0.46correct dependence of the partial cross section with this con-
keV (n) and 4.06 keV ¢’). stant.

In the same figure we can see the predicted cross section A numerical evaluation of the cross section using @4)
for the glueball candidates production in peripheral heavy(for the same resonances present in Figsiiows a totally
ion collisions by double photon fusion. negligible effect off resonance in comparison with the box

r Tigrarl 2
F(x)zl@xzﬂ(4x—1+i “’“") . (15)
mg mg
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TABLE I. Number of events/year above background for the 5 are clearly above the box contribution. In the case of the

7', andfy(1710) resonances. f5(1710), as well as in the meson case to be discussed in
_ the next section, the decay of the resonance into a pair of
Particle Events/year neutral pions is present. A pair of neutral pions can also be

7 44 produced in a continuous two-photon fusion process. The

n A4x10° . . . . .
7 2 67 10¢ rates for all the reactions discussed in this work can be modi-

fied if both neutral pions, no matter if they come from a
resonance or a continuos process, are misidentified with pho-
tons. This accidental background can be easily isolated mea-

contribution. On resonance the two processes are out &uring its invariant mass distribution, and making a cut that

phase and the interference is absent. We can now proce&ifcriminates a single photon coming from the processes that
with an argument showing that the interference is not imporWe are studying, from one that produced two neutral mesons
tant. Let us assume that off resonance the processes are (ROStly pions subsequently decaying into two photons. For
phase, and for a moment we forget thend u channels €X@mple, in the case of the sigma messee next section
contribution in Eq.(14). The s channel contribution can be €ach one of the neutral pions from its much larger hadronic
written as M, /(s— m§+iFRmR), and denoting the con- decay should be misidentified. These pions would produce

tinuum contribution byM; we can write the following inter- pairs of photons with a large opening gng& where
ference term: cos(p/2)= \/1—4m277/ moz. However, the calorimeters already
in use in many experiments make it possible to distinguish
S between these two- and single-photon events with high effi-
2 35 2 2L (ReMjReM,+ImM;ImMy)(s— m3) ciency (see, for instance, Reff22]). _
(s—mg)“+T'rmg There is also another accidental background which may
cause problems to the measurement of the resonance decay
+(ReM;iImM,—Im M ReM,)I'rmg]. into photons. This is the contribution from—Pomeror-V
— yyX. The vector mesons, V, are produced witpadis-
We can verify that the term proportional - mj integrates  tribution similar to the resonance production and at higher
to zero when integrated in a bin centerednﬁ. With the  rates than some of the processeg—R, e.g., y—Pomeron
second term the situation is different. If kh; or ImM, — w rate is 10 Hz at RHIG23], three orders of magnitude
#0 (assuming R&; and ReM,+#0) then there is a non- higher than for a similar mass meson of spin 0 or 2. The
trivial interference. However, since we are dealing with branching ratio to three photons is 8.5%. If a snmgllpho-
=0 amplitudes, the only nonvanishing helicity amplitudeston from this decay is undetected, one is left with a lpy
are those in which the initial helicities and the final helicities two-photon final state that could be taken for a lighter reso-
are equal. Inspection of th®l,, ., andM,,__ ampli- nance. At higher masses, one also Has 7y, 7’y, K Ks
tudes of the box diagrar(in the limit m¢<mg) shows that — yX as well asyy— f,(1270)— #°#° and possibly copi-
they are purely real, and the same happens Mth[ob-  ous production of(1450) andp(1700) by y—Pomeron in-
tained from thes channel contribution of Eq14)], resulting  teractions. Clearly a full simulation of all these background
in a vanishing interference. Of course, this analysis is modebrocesses is beyond the scope of this paper but should be
dependent. In particular, at the quark level the coupligg  kept in mind when measuring two-photon final states.
has to be substituted by a triangle diagram, which may have
a real as well as an imaginary pdsee, for instance, Ref. ', o,\ wg OBSERVE THE o MESON IN PERIPHERAL
[21]). However, this coupling is real for heavy quarks and its COLLISIONS?
imaginary part is quite suppressed if the resonance couples '
mostly to light quarks ifi;<mg, what happens for the reso-  The possible existence of light scalar mesomgth
nances that we are considering in the case ofuledd  masses less than about 1 Gé\as been a controversial sub-
quarks, for thes quark the suppresion is not so strong in theject for roughly 40 years. There are two aspects: the extrac-
7 case, but we still have an extra suppression due to itSon of the scalar properties from experiment and their un-
electric charge Finally, the interference does appear whenderlying quark substructure. Because #e0 channels may
we consider the amplitudes with the resonance exchanged ontain strong competing contributions, such resonances
thet andu channels, but it is easy to see that they are kinemay not necessarily dominate their amplitudes and could be
matically suppressed and also proportional to the small valukard to “observe.” In such an instance their verification
of the total decay width. If the total width is largas we  would be linked to the model used to describe them.
shall discuss in the next sectiothe interference cannot be Part of the motivation to study the two-photon final states
neglected. Although the above argument has to rely on modn peripheral heavy ion collisions was exactly to verify if we
els for the low energy hadronic physics, we believe that theean observe such scalar mesons invitg decay. Although
direct comparison between the resonant and the continuuthis decay mode is quite rare, it has the advantage of not
processes, as presented in Fig. 5, is fairly representative éfeing contaminated by the strong interaction of the hadronic
the actual result. final states. In particular, it may allow to investigate the pos-
In Table | we show the number of events above backsible existence of the sigma meson. This meson is expected
ground for then, ', andfy(1710) which, as shown in Fig. to have a mass between 400 and 1200 MeV and decay width

fo(1710) 42
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between 300 and 500 MeV, decaying predominantly into two
pions. Of course, another decay channel is into two photons ;
with the background discussed in Sec. lll.

Recently the E791 Collaboration at Fermilab found a )
strong experimental evidence for a light and broad scalar 10
resonance, that is, the sigma, in tbé — = 7" 7+ decay

[7]. The resonant amplitudes present in this decay were anai.:
lyzed using the relativistic Breit-Wigner function given by ?10 -
1 2
BW=———F— , ~
m*—mg-+imgl'(m) z
S0
with ®©
mo [ p* | ¥ IF(p*) o
Lm=To "\ = | 35208 0
Po F=(po)

wherem is the invariant mass of the two photons forming a .
spinJ resonance. The function¥ are the Blatt-Weisskopf 10
damping factors[24]: °F=1 for spin 0 particles,F
=1/J1+(rp*)? for spin 1 and  °F
=1/\/9+3(rp*)?+ (rp*)? for spin 2. The parameteris the FIG. 6. Invariant mass distribution of photon production. The
radius of the resonance<@3 fm) [25] and p* = p* (M) the solid curve is the box diagram, the dashed curve is for the process
momentum of decay particles at mads measured in the YY—~o—yy whenl',,=10 keV, the dotted one is fdF,,=4.7
resonance rest fram@y =p3 (mg). The Dalitz plot of the  ®V: anld theodﬁ-dasheg o '5”@?7:3'8 keV. The angular cut
decay can hardly be fitted without & 0 (o) resonance. The 's equal to—0.5<c0s6<0.5 In all curves.

values of mass and total decay width found by the collabo- . , .
ration with this procedure are 47&+17 Mev and many years ag$29], is more appropriate for a quite broad

oy _ resonance. The net effect is a slight distortion of the cross
32474021 MeV, respectively. _ _ section shape with a small increase of the total cross section.

We will discuss if this resonance can be found in periph-gjnce this one is a negligible effect compared to the one that
eral heavy ion collisions through the subprocesg—o e will present in the sequence we do not shall consider it
— . Itis important to note that all the values related to theggain,

o, like mass or partial widths, that can be found in the lit- ~yp to now we assumed in this analysis only the Breit-
erature are very different and model dependent. In particulagyigner profile for theo contribution and it is interesting to
we find the result of the E791 experiment very compellinggiscuss the full procesgincluding thet and u channels
and among all the possibilities we will restrict ourselves toyithin a given model to verify how good is our approxima-
their range of mass and total decay width, while we vary thegjgn.

partial width into two photons. To compute the amplitudes foyy— yy including the

For the o decay width into two photons we assume thepresence of a scalar resonance we can assume the interaction
values obtained by Pennington and Boglione #3186 keV gF#*F @, whereg, is the coupling of the photons to the
and 4.7 1.5 keV[26], and the value of 186 keV [27]. scalar fieldd,. These amplitudes are
The results obtained are in Fig. 6, the dashed curve is for
I',,=3.8 keV, the dotted one is fdrf,,=4.7 keV and the 20
dot-dashed one is fdr,,,= 10 keV. In all cases we used the M.iyp=——F(\ry,
mass and total decay width obtained by the E791 Collabora- a
tion,m,=478 MeV andl';,;,=324 MeV. In the same fig-
ure it can be seen the curve due to the box diagram. In all T
cases we used the angular et0.5<c0s#<0.5. Mi_s-=——F(ty,

It has been verified in the case efr scattering that the @
use of a constant total width in the resonance shape is not
a good approximatiofi28]. In our case we will discuss the
yy— vy process above the two pions threshold where the
peculiarities of the broad resonance, basically due tosthe
decay into pions, are not so important. Of course, another M, . =0,
reason to stay above 300 MeV is that we are also far from
the pion contribution toyy scattering. In any case we also
computed the cross section with an energy dependent total M __ Z—W{F()\st)+F()\t )+ F(Ar} (16)
width T'(m)=T(p*/p})?’*1, which, as shown by Jackson e a? ‘ v

400 500 600 700 800 900 1000
M (Me\g

2
M+——+:__2F()\St),
a
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FIG. 7. Invariant mass distribution of photon pair production.  FIG. 8. Significance as a function of decay width into two pho-
The solid curve is due to box diagram only, the dashed one is due ttons,I",,, for a sigma meson with mass equal to 478 MeV and total
the processyy— o— yy in the Breit-Wigner approximation, the decay width of 324 MeV. The solid curve was obtained integrating
dash-dotted is the scalar contribution of Etf), and the dotted one the cross sections in the interval 4381<519 MeV, the dashed
is due to the total process, computed with box amplitudes plus thene in the interval 308 M <800 MeV.

scalar boson amplitudes of E3.6). In all cased",,=4.7 keV, and ) )
the angular cut is equal te 0.5<cos#<0.5. towards a more reliable computation of tle meson ex-

change amplitudes, but all of them are going to be plagued
Note that this interaction violates unitarity and is appro-by uncertainties as we remarked in the beginning of the sec-
priate only at energies up to the mass. tion. Therefore we adopt the pessimistic view that the Breit-
In Fig. 7 we show the full cross section for the processWigner result is just a lower bound for our process, because
vy— vy due to the box diagram and the existence of theeffective Lagrangians tend to increase the contribution at
scalar resonance with amplitudes given by Eq16), com-  large masses where the background vanishes rapidly, increas-
puted withI",,=4.7 keV. Contrarily to the previous cases ing the signal/background ratio. The Breit-Wigner profile
the o is a quite large “resonance” and due to its large decaydoes the opposite. The physical result is probably between
width off resonance the interference is not negligitlee  both approaches. From the experimental point of view we
argument of the previous section obviouly failoreover, would say that the reactiony— yy has to be observed and
the interference is destructive. In Fig. 7 we can see the corgny deviation from the continuum process must be carefully
tinuous curve which is due only to the box diagram, themodeled until a final understanding comes out, with the ad-
dashed one is the cross section of a scalar resonance com@ntage that the final state is not strongly interacting. Note
puted with a Breit-Wigner profile, Eq13), the dash-dotted that in this modelling thes meson will contribute toyy
curve is due only to the scalar contribution of E§j6), and  — ¥y in a small region of momentum, even so it has to be
the dotted one is obtained when we consider the total crossubtracted in order to extract the completesignal.
section for two photon production in peripheral heavy ion We changed the values of the mass and total width
collisions, i.e., the box diagram amplitudes plus the helicityaround the central ones reported by the E791 Collaboration.
amplitudes listed in Eq16). The figure shows clearly that We do not observe large variations in our result, but noticed
the above mentioned interference is destructive. that it is quite sensitive to variations of the partial decay
There is an important point to comment about the aboveavidth into photons. It is interesting to look at the values of
result. The effective Lagrangian model used to compute théne significance which is written a8ogignai/ VLo pack and
o contribution to the photon pair production aboWwé characterizes the statistical deviation of the number of the
~600 MeV gives a larger contribution to the cross sectionobserved events from the predicted background. The signifi-
than the Breit-Wigner one. We verified that thendu chan-  cance as a function of the two-photon decay width of the
nels produce small variations in the result obtained when weigma meson, with mass equal to 478 MeV and total decay
consider only thes channel, but this one already grows aswidth of 324 MeV, is shown in Fig. 8, where we used a
any nonunitary amplitude calculated in this approach, and ituminosity of £=2.0x 107 cm 2s ! at RHIC and assumed
is unclear to us how far we can trust in this model. At smallone year of operation. The significance is above 5%
masses the cross sections also differ in their behavior svith confidence level limit for two-photon decay width greater
There are possible improvements that we may think othan 4.7 keV while for a & discovery criteria can be ob-
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tained withI' ,,>7.5 keV. IfT ., turns out to be smaller the ing which are the most important contributions to the loop,
numbers of Fig. 8 have to be scaled. which turned out to be the electron at the energies that we are

The numbers in Fig. 8 were computed with the signalworking, and established cuts that not only ensure that the
given by the Breit-Wigner profile, and the background by theprocess is peripheral as well as eliminate most of the back-
pure box diagram. The solid curve was obtained integratin@round. After the cut is imposed we still have thousands of
the cross sections in the interval 4381<519 MeV, corre- photons pairs assuming 100% efficiency in tagging the ions
sponding to the interval of mass uncertainty, while theand detecting the photons.
dashed curve resulted from the integration in the interval The continuousyy— yy subprocess has an interesting
300<M <800 MeV. Note that there is no reasanpriori, interplay with the one resulting from the exchange of a reso-
to restrict the measurement to a small bin of energy. Thigiance. We discuss the resonance production and decay into a
choice will depend heavily on the experimental conditions.photon pair. This is a nice interaction to observe because it
When the signal is extracted from E(L6) and the cross involves only the electromagnetic couplings of the reso-
sections are integrated in the larger intervalnance. Therefore we may say that it is a clean signal of
(300—800 MeV), we obtain values for the significance morefésonances made of quarta gluong and its measurement
than one order of magnitude above the curves of Fig. 8iS important because it complements the information ob-
while the significance is below the curves of Fig. 8 up to atained through the observation of purely hadronic decays. It
factor 10 when the cross sections are integrated in th&dy also unravel the possible amount of mixing in some
smaller interval of energy. The Breit-Wigner profile probably glueball candidatef5]. We discuss the interference between
gives an average of the results that could be obtained withifnese processes and compute the number of events for some
different model calculations. Therefore for valueslaf, al- ~ Specific cases. .
ready quoted in the literature the sigma meson has a chance The possibility of observing resonances that couple
to be seen in its two-photon decay mode. The discovery limweakly to the photons is exemplified with tbemeson case.
its discussed above refer only to a statistical evaluation. OuFhis meson, whose existence has been for many years con-
work shows the importance of the complete simulation of theradictory, gives a small signal in the reactigty—o— yy.
signal and background including an analysis of possible sysHowever, its effects may be seen after one year of data ac-

tematic errors that may decrease the significance. quisition, providing some clue about this elusive resonance.
Using values of mass, total, and partial widths currently as-
VI. CONCLUSIONS sumed in the literature, we compute the full cross section

within a specific model and discuss the significance of the

Peripheral collisions at relativistic heavy ion colliders events. Our work shows the importance of the complete
provide an arena for interesting studies of hadronic physicssimulation of the signal and background of these processes
One of the possibilities is the observation of light hadronicincluding an analysis of possible systematic errors, indicat-
resonances, which will appear quite similarly to the two-ing that two-photon final states in peripheral collisions can
photon hadronic physics & e~ machines with the advan- be observed and may provide a large amount of information
tage of a huge photon luminosity peaked at small energieabout the electromagnetic coupling of hadrons.
[1]. Due to this large photon luminosity it will become pos-
tsci)k;)]lse[;? discover resonances that couple weakly to the pho- ACKNOWLEDGMENTS

In this work we focus the attention at the peripheral reac- We would like to thank I. Bediaga, C. Dib, R. Rosenfeld,
tion ZZ—ZZyvy. This process is important because it mayand A. Zimerman for many valuable discussions. One of us
allow for the first time the observation of the continuous(C.G.R) thanks M. de M. Leite for encouragement through-
subprocesyy— yvy in a complete collider physics environ- out this work and A. C. Aguilar for useful discussions. This
ment. This possibility only arises due to enormous amount ofesearch was supported by the Conselho Nacional de Desen-
photons carried by the ions at the RHIC energies. volvimento Cientiico e Tecnolgico (CNPg (AAN), by

The continuous subprocess is described by a FermioniEundaca de Amparo aPesquisa do Estado dé S&aulo
box diagram calculated many years ago. We computed th&FAPESH (C.G.R., J.P.V.C., AAA.N, and by Programa de
peripheral heavy ion production of a pair of photons, verify-Apoio a Nicleos de Excélecia (PRONEX).

[1] C.A. Bertulani and G. Baur, Phys. Rep63 299 (1988; G. Honnef, Germany, 2000; nucl-th/0104059, 17th Winter Work-
Baur, J. Phys. @4, 1657(1998); S. Klein and E. Scannapieco, shop on Nuclear Dynamics, Park City, Utah, 2001; J. Rau, B.
hep-ph/9706358, International Conference on the Structure Mudiller, W. Greiner, and G. Soff, J. Phys. 18, 211(1990; M.
and the Interactions of the Photons, Egmond aan Zee, Nether-  Greiner, M. Vidovig J. Rau, and G. Soffbid. 17, L45 (1990);
lands, 1997; J. Nystrand and S. Klein, hep-ex/9711025, Inter- M. Vidovi¢, M. Greiner, C. Best, and G. Soff, Phys. RevT,
national Conference on Hadron Spectroscopy, Upton, NY, 2308 (1993; M. Greiner, M. Vidovig and G. Soff,ibid. 47,
1997; C.A. Bertulani, nucl-th/0011065, 241st WE-Hereaus 2288(1993.

Seminar: Symposium on the Fundamental Issues in Elemen-[2] G. Baur, inProceedings of the SBPF International Workshop
tary Matter: In Honor and Memory of Michael Danos, Bad on Relativistic Aspects of Nuclear Physid®io de Janeiro,

014902-9



A. A. NATALE, C. G. ROLD~AO, AND J. P. V. CARNEIRO PHYSICAL REVIEW &5 014902

1989, edited by T. Kodamet al. (World Scientific, Singapore, [16] B. De Tollis and G. Violini, Nuovo Cimento A1A, 12(1966.

1990. [17] V.N. Oraevskii, Sov. Phys. JETE2, 730(1961); M.Y. Han and
[3] R.N. Cahn and J.D. Jackson, Phys. Rev® 3690(1990. S. Hatsukade, Nuovo Cimenfi, 119(1967).
[4] G. Baur and C.A. Bertulani, Nucl. PhyA505, 835 (1989. [18] Particle Data Group, D.E. Grooet al. Eur. Phys. J. A5, 1
[5] A.A. Natale, Phys. Lett. B62 177(1995; Mod. Phys. Lett. A (2000.
9, 2075(1994. [19] FE. Close, G.R. Farrar, and Z. Li, Phys. Rev.55, 5749
[6] F.E. Close and A. Kirk, Eur. Phys. J. Z1, 543(2001). (1997.
[71E791 Collaboration, E. M. Aitalet al, Phys. Rev. Lett86,  [50] ALEPH Collaboration, R. Baratet al, Phys. Lett. BA72, 189
770(2001. (2000,

[8] J. Nystrand and S. KleiflLBNL-42524) nucl-ex/9811007, in
Proceedings of the Workshop on Photon Interactions and th
Photon Structure, edited by G. Jarlskog and T.s8and,
Lund, Sweden, 1998.

[9] R. Engel, M.A. Braun, C. Pajares, and J. Ranft Z. Phy34C
687 (1997.

[21] S.F. Novaes, Phys. Rev. 27, 2211(1983.

f22] LAPP Collaboration, D. Aldet al., Z. Phys. C36, 603(1987.

[23] S. Klein and J. Nystrand, Phys. Rev.60, 014903(1999.

[24] J. M. Blatt and V. F. WeisskopfTheoretical Nuclear Physics
(Wiley, New York, 1952.

[10] C.G. Rold® and A.A. Natale, Phys. Rev. €L, 064907(2000). [25] ARGUS Collaboration, H. Albrechet al, Phys. Lett. B308
[11] R. Karplus and M. Neuman, Phys. R®8, 776 (1951). 435(1993. _
[12] B. De Tollis, Nuovo Ciment2, 757 (1964 35, 1182(1965.  L[26] M. Boglione and M.R. Pennington, Eur. Phys. J.8C11

[13] V.B. Berestetskii, E.M. Lifshitz, and L.P. Pitaevsk@quantum (1999.
Electrodynamics(Editions Butterworth-Heinemann, Oxford, [27] A. Courauet al, Nucl. Phys.B271, 1 (1986.
1996, Vol. 4, p. 571. [28] F. Sannino and J. Schechter, Phys. Re\62) 96 (1995; M.
[14] V. Costantini, B. De Tollis, and G. Pistoni, Nuovo Cimento A Harada, F. Sannino, and J. Schechileid. 54, 1991 (1996;
2, 733(1971). Phys. Rev. Lett78, 1603(1997).
[15] K. Mitchell, Philos. Mag.40, 351 (1949. [29] J.D. Jackson, Nuovo Cimen®d, 1644(1964).

014902-10



