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We discuss the production of hadronic resonances in very peripheral heavy ion collisions, where the
ions collide with impact parameter larger than twice the nuclear radius and remain intact after the
collision. We compare the resonance production through two-photon and double Pomeron exchange,
showing that when we impose the condition for a peripheral interaction the 7~ process dominates
over the Pomeron interaction, due to the short range propagation of this last one. We also discuss
the observation of light resonances through the subprocess vy — R — 7, which is a clean signal
for glueball candidates as well as one way to check the existence of a possible scalar o meson.

I Introduction

Collisions at relativistic heavy ion colliders like the
Relativistic Heavy lon Collider RHIC/Brookhaven and
the Large Hadron Collider LHC/CERN (operating in
its heavy ion mode) are mainly devoted to the search of
the Quark Gluon Plasma. In addition to this important
feature of heavy-ion colliders, we will also have ultra-
peripheral collisions with impact parameter b > 2R 4,
where R 4 is the nuclear radius, and where the ions re-
main intact after the collision.

These interactions will be mostly of electromag-
netic origin: two-photon () or photonuclear processes
(vA). Due to the very strong photon field of each charge
Z accelerated ion, the photon luminosity will be quite
high. In the case of RHIC final states produced in the
two-photon process with an invariant mass up to a few
GeV will appear at large rates. Above this scale the
photon luminosity drops very fast. At LHC a final state
with a mass almost two orders of magnitude larger can
still be produced at reasonable rates. The variety of
processes that can be studied in heavy ion peripheral
collisions have been extensively reviewed recently [1].

The fact that hadronic resonances (R) could be pro-
duced at large rates in peripheral heavy ion collisions
was already discussed many years ago [2]. Perhaps this
may be one of the most interesting studies to be per-
formed at RHIC, because the machine will serve as a
factory of light hadrons in v+ and A reactions. Vec-
tor resonances will appear at huge rates in photonu-
clear reactions [3], as well as scalar and pseudoscalar
resonances in two-photon processes [4]. We will partic-
ularly focus our attention on the production of scalar

and pseudoscalar resonances through the v+ process.

Two-photon physics at eTe™ colliders provided for
a long time a lot of information on hadronic resonances
[5]. The two-photon process is very important because
it involves the electromagnetic coupling of the reso-
nance, and its knowledge with high precision is very
useful, for instance, to unravel the possible amount of
mixing in some glueball candidates [6], complement-
ing the information obtained through the observation
of hadronic decays. Another interesting study is the
possible production of a light scalar meson (o) whose
existence has been discussed for several years [7]. We
stress again that the advantage of relativistic heavy ion
colliders is that the photon luminosity for two-photon
physics is orders of magnitude larger than the one at
available eTe™ machines.

We will discuss the production of light hadronic res-
onances in ultra-peripheral heavy ion collisions. We will
show that the process vy — R — 77, see Fig. (1), can
be observed for many resonances above or at the same
level of the background. The main background is the
continuum reaction yy — 7y, this one will be discussed
as well as some other background contributions. Dou-
ble Pomeron exchange may also compete with the vy
physics, we will point out that this contribution is not
important for very heavy ions.

The distribution of this review is the following: In
Section II we present the distribution functions for pho-
tons and Pomerons in the ion, and discuss some of the
approximations to obtain realistic cross sections. We
compare Yy processes with the ones initiated by dou-
ble Pomeron exchange. In Section III we discuss the
vy = R — 77 reaction and its background in the case



850

of some glueball candidates and in the case of a possible
scalar o meson. Section IV contains our conclusions.

Figure 1. Diagram for -7y fusion in a peripheral heavy-ion
collision. The blob represents a continuum or resonant pro-
cess leading to a two-photon final state.

IT Two-photon and double
Pomeron exchange processes

A. Distribution functions

The photon distribution in the nucleus can be
described using the equivalent-photon or Weizsécker-
Williams approximation in the impact parameter space.
Denoting by F(z)dx the number of photons carrying a
fraction between x and x + dz of the total momentum
of a nucleus of charge Ze, we can define the two-photon
luminosity through

dL Yz
— = —F(2)F(t/z 1
== | Sr@rem. (1)
where 7 = §/s, § is the square of the center of mass
(c.m.s.) system energy of the two photons and s of the
ion-ion system. The total cross section of the process

AA — AAvyy is
o(s) = /dT—dL6(§), (2)
dr

where 6(§) is the cross-section of the subprocess vy —
X.

There remains only to determine F'(x). In the lit-
erature there are several approaches for doing so, and
we choose the conservative and more realistic photon
distribution of Ref. [8]. Cahn and Jackson [8], using a
prescription proposed by Baur [9], obtained a photon
distribution which is not factorizable. However, they
were able to give a fit for the differential luminosity
which is quite useful in practical calculations:

L (Ze) S, ®

dar — \ 7
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where z = 2M R+/7, M is the nucleus mass, R its radius
and £(2) is given by

€)= 30 A, @

which is a fit resulting from the numerical integration
of the photon distribution, accurate to 2% or better for
0.05 < z < 5.0, and where 4; = 1.909, A, = 12.35,
Az = 46.28, by = 2.566, by = 4.948, and b3 = 15.21.
For z < 0.05 we use the expression (see Ref. [8])

dL _ (2°a\* 16 (| 1.234\° .

dT_<7T)3T<n(Z)). (5)
The condition for realistic peripheral collisions (bin >
Ry + R») is present in the photon distributions showed
above.

The processes that we shall discuss can also be in-
termediated by the diffractive subprocess PP — X,
where P is the Pomeron.

In the case where the intermediary particles ex-
changed in the nucleus-nucleus collisions are Pomerons
instead of photons, we can follow closely the work of
Miller and Schramm [10] and make a generalization
of the equivalent photon approximation method to this
new situation. So the cross section for particle produc-
tion via two Pomerons exchange can be written as

oE — / drydes fp(21) fo(22)opp(spp).  (6)

where fp(x) is the distribution function that describe
the probability for finding a Pomeron in the nucleus
with energy fraction z and opp(spp) is the subprocess
cross section with energy squared spp. In the case of
inclusive particle production we use the form given by
Donnachie and Landshoff [11]

—(aM)?
fre) = —— / dt|Bap (D) [Dp(t:s) 2, (7)

T ir’z oo
where Dp(t;s') is the Pomeron propagator [12]

(S/mZ)ap(t)fl

Dp(t;s) = Sin(%wap(t))

exp (—%iwaﬂt)), (8)

with s the total squared c.m. energy. The Regge tra-
jectory obeyed by the Pomeron is ap(t) = 1+ ¢ + a/pt,
where ¢ = 0.085, o/, = 0.25 GeV~2 and ¢ is a small
exchanged four-momentum square, ¢t = k?> << 1,
so the Pomeron behaves like a spin-one boson. The
term in the denominator of the Pomeron propagator,
[sin(3map(t))] ™", is the signature factor that express
the different properties of the Pomeron under C and P
conjugation. At very high c.m. energy this factor falls
very rapidly with k2, whose exponential slope is given
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by a5 In(s/m?), m is the proton mass, and it is possible
to neglect this k? dependence,

1 1
sin §7r(1 +e—apk?) ~ cos(ime) ~ 1. 9)

If we define the Pomeron range parameter ro as

e = alpIn(s/m?), (10)

the Pomeron propagator can be written as
IDp(t = —K?5s)| = (s/m®)7e™ . (11)

Since we are interested in the spatial distribution of the
virtual quanta in the nuclear rest frame we are using
t=-k%

The nucleus-Pomeron coupling has the form [11]

Bap(t) = 3ABoFa(—t), (12)

where 3y = 1.8 GeV~! is the Pomeron-quark coupling,
A is the atomic number of the colliding nucleus, and
F4(—t) is the nuclear form factor for which is usually
assumed a Gaussian expression (see, e.g., Drees et al.
in [13])

Fa(=t) = /7%, (13)
where (o = 60 MeV.

Performing the ¢ integration of the distribution
function in Eq.(7) we obtain

< 2e —(zM)?
W(S') /(M) b ot/

(2r)2z \m? .
(34580Q0)” [ " * exo |- [FM4 ?
(2m)%x m? P Qo ’
The total cross section for a inclusive particle pro-
duction is obtained with the above distribution and also

with the expression for the subprocess PP — X as pre-
scribed in Eq.(6).

fr(z) =

B. Is double Pomeron exchange a background
for vy processes?

The double Pomeron exchange producing a final
state X have matrix elements with the same angular
structure as the 7y one. This is easy to observe within
the Donnachie and Landshoff model [12]. For instance,
in this model to compute the cross section of the sub-
process PP — R it is assumed that the Pomeron cou-
ples to the quarks of the resonance (R) like a isoscalar
photon [12]. This means that the subprocess cross sec-
tion of PP — R can be obtained from suitable modi-
fications on the cross section for vy — R, and it will
differ only by the coupling constant and a form factor
describing the phenomenological Pomeron-quark cou-
pling. Therefore it is natural to ask if the Pomeron

process is a background to the two-photon process, and
when it has to be added to the calculation of a specific
process.

In general the double Pomeron exchange is not a
background for the two-photon process and this is easy
to understand. The Pomeron contrarily to the pho-
ton does not propagate at large distances, actually its
propagator has a range parameter 7 defined in Eq.(10).
When we impose the condition for ultra peripheral col-
lisions (i.e. the nuclei do not physically collide) the
cross section diminishes considerably.

In Eq.(6) the cases where the two nuclei overlap are
not excluded. To enforce the realistic condition of a
peripheral collision it is necessary to perform the cal-
culation taking into account the impact parameter de-
pendence, b. It is straightforward to verify that in the
collision of two identical nuclei the total cross section
of Eq.(6) is modified to [10]

2 _PP—X 2
Toa ™ - avrgrr

where (Q')™2 = (Qo) ™2 + 2r3. The total cross section
for inclusive processes is obtained after integration of
Eq.(14) with the condition by, > 2R4 in the case of
identical ions.

Another way of to exclude events due to inelastic
central collisions is through the introduction of an ab-
sortion factor computed in the Glauber approximation
[14]. This factor modifies the cross section in the fol-
lowing form

da,%lA dol " 2 dQ® 5. o\ iqo
T 2y P —A boo/ (2n)? F2(Q%)e?
doPP—R . 2
= % exp [—Azboo % engb2/4} ,  (15)
™

where o¢ is the nucleon-nucleon total cross section,
whose value for the different energy domains that we
shall consider is obtained directly from the fit of Ref.
[15]

00 = Xs"+Yis M + Y5 ", (16)

with X = 18.256, Y7 = 60.19, Y5 = 33.43, ¢ = 0.34,
m = 0.34, 9, = 0.55, FA(Q?) = e~9°/2Q0 and we ex-
emplified Eq.(15) for the case of resonance production,
i.e., o T8 is the total cross section for the resonance
production to be discussed in the sequence. The inte-
gration in Eq.(15) is over all impact parameter space

We compared the rates for double Pomeron ex-
change and two-photon production of several final
states like resonances, a pair of pions and a hadron
cluster of invariant mass Myx. The details of the cal-
culations can be found in Ref. [16] and here we will
describe part of the results of that work.

In Table I we compare the cross sections for reso-
nance production through the processes vy,PP — R.
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Meson MR F(R‘W’Y) RI’IIC’Ty LE[C,Y,y RHICp'p

70 135 8x 1073 7.1 40 0.05

n 547 0.463 1.5 17 0.038

n' 958 4.3 1.1 22 0.04

e 2979 6.6 0.32 x 1072 0.5 0.47 x 1074

n. 3605 2.7 0.36 x 103 0.1 0.34 x 1075

5 9366 0.4 0.13x 1077 0.37x1073 0.11x 1010

Table I. Cross sections for resonance production through photon-photon (v7) and double-Pomeron (P P) processes.
For RHIC, /s = 200 GeV /nucleon, we considered 238U ion and for LHC, /s = 6300 GeV /nucleon, the nucleus is
206ph, The cross sections are in mbarn. Rates computed with the geometrical cut b > 2R 4.

l
ohaloia”" (RHIC)

Meson 0%, /ohh R (LHC)
0 3.54 x 1073
7 3.58 x 1073
7' 3.46 x 1073
e 3.47x 1073
. 3.61 x 103
b 3.5 %1073

1.5 x 102
1.47 x 1072
1.5 x 1072
1.32 x 102
1.5 x 102
1.45 x 102

Table II. Ratios of cross sections for diffractive resonance production calculated with the Glauber absorption factor
to the one with the geometrical cut in the collision of 223U for energies available at RHIC (/s = 200 GeV /nucleon),
and collisions of 2°6Pb for energies available at LHC (y/s = 6.300 GeV /nucleon).

Nucleus NG oW iR U%ZP Ty
Au (A=197) 100 0.044  055x10°7 2.4
Ca (A=40) 3500  0.043  0.39x10°% 0.14
Si (4=28) 200 034x102 0.15x10°8 0.69 x 102
Si (A=28) 100 0.22x 1072 0.12x 1072 0.39 x 1072

Table I1I: Cross section for 7° production for different ions and at different energies. The energies are in GeV /nucleon

and the cross sections in mbarn. ¢FF—1

with the absorption factor.

Table I shows the ratios of cross sections for diffrac-
tive resonance production calculated with the Glauber
absorption factor to the one with the geometrical cut.
The exclusion of central collisions through the Glauber
absorption factor is stronger than the one with the ge-
ometrical cut. Table III shows the 7° production for
different ions and at different energies. We observe that
the rates for double Pomeron exchange becomes closer
to the two-photon rates when we go to lighter ions.

The production of a cluster of particles through dou-
ble Pomeron exchange is also dominated by the v pro-
cess (see Fig. (1) of Ref. [16]).

In general we may say that for very heavy ions the
double Pomeron exchange gives cross sections one or-
der of magnitude (or more) below the two-photon pro-
cess. This changes when we collide lighter ions. As we
go down from large charge ions to smaller ones the ef-
fect of Pomeron physics increases and it dominates the
electromagnetic physics, as happens in the proton case.

is the cross section computed with the geometrical cut and o9 is the one

The fact that the Pomeron has a short range param-
eter is not the only fact that counts when we analyze
each specific process. It must be also remembered that
the Pomeron couples to light and heavy quarks differ-
ently. Apart from kinematics the differences in the rates
of resonance production by photons and Pomerons in-
creases between those resonances formed by light and
heavy quarks, as seen in Table I.

IITI The reaction v+~v — v+

A. The continuum process

We are particularly interested in the photon-photon
scattering because it can be a very clean signal for
hadronic resonances like glueballs and the o meson. On
the other hand this scattering is important by itself, and
could probably be directly measured by the first time
at RHIC, as predicted in Ref. [2].
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The subprocess vy — v up to energies of a few
GeV is dominated by the continuous fermion box dia-
gram, and is a background for the resonant vy — R —
v process. It was first calculated exactly by Karplus
and Neuman [17] and De Tollis [18]. There are sixteen
helicity amplitudes for the process and, due to symme-
try properties, the number of independent amplitudes
will be only five, that may be chosen to be M4,
M++,,, M+,+,, M+,,+ and M+++,. Where the
+ or — denotes the circular polarization values +1
and —1. The remaining helicity amplitudes may be
obtained from parity and permutation symmetry. Of
these five helicity amplitudes, three are related by cross-
ing, hence it is sufficient to give just three, which are
presented in detail in Ref. [19].

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

do 1 a*
deosh = 57(2 gty M. (17)
i

0 is the scattering angle, « is the fine-structure con-
stant, ¢y is the charge of the fermion in the loop and
the sum is over the leptons e and p and the quarks u, d
and s, 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 one [22]. The second
sum is over the sixteen helicity amplitudes, Mx, x;a5745
where A1 and Ay correspond to polarizations of incom-
ing photons and A3 and A4 for the outgoing photons.
The matrix elements summed over the final polariza-
tions and averaged over the initial polarizations is given
by

SMP =

My P 4 M P

1 . .
§{|M++++|2 My P My

We consider the scattering of light by light, that is,
the reaction vy — =7, in Au-Au collisions for ener-
gies available at RHIC, /s = 200 GeV/nucleon. We
checked our numerical code reproducing the many re-
sults 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 section (see, for instance,
Ref. [20]).

In Fig. (2) the dependence of the ion-ion cross sec-
tion with the cosine of the scattering angle 0, in the
two photon center-of-mass system, is shown for an in-
variant photon pair mass equal to 500 MeV. It is possi-
ble to observe that the cross section is strongly peaked
in the backward direction, but is relatively flat out
to cosf =~ 0.4, where it starts rising very fast. It is
symmetric with respect to § and the same behavior is
present in the forward direction.

It is possible to observe that the cross sections is
strongly restricted when we introduce an angular cut.
We will impose in all the calculations throughout this
work a cut in the scattering angle equal to | cos 6] = 0.5.
This cut is conservative, but it will make possible to
compare the cross section of the box diagram with rival
processes, that will be discussed in the following sec-
tions, as well as it is enough to eliminate the effect of
double bremsstrahlung (which dominates the region of
|cosf| ~ 1). Finally, this kind of cut is totally consis-
tent with the requirements proposed in Ref. [3]

The fermions that contribute in the box diagram
are the leptons e and p and the quarks u, d and s,
which are important for the mass range that we are
interested (heavier quarks will give insignificant con-
tributions and the same is true for the charged weak
bosons). We assumed for their masses the following val-
ues: m, = 0.5109 MeV, m, = 105.6584 MeV, m,, = 5
MeV, mg = 9 MeV and mg = 170 MeV.

The electron gives the major contribution to the to-
tal result. The second most important contribution is
due to the muon, but it is at least one order of magni-
tude smaller than the electron one. The d and s quark
contribution (up to O(2 GeV)) are smaller due to their
masses and charges, because the process is proportional
to (qi)4 where ¢y is their charge. Their contribution is
also insignificant compared to the electron result.

-3
10

=
o
A

=
S)
&

&

d® g/(dM dcos®) (mbarn/MeV)

10

102 10 1

cosO

Figure 2. Angular distribution of ZZ — ZZ~~y scattering
at an invariant mass of 500 MeV. The scattering angle 6 is
in the photon pair center-of-mass system.

As discussed in Ref. [2] the v 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 sequence, there are gaps
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where the vy — v process is overwhelmed by the pres-
ence of resonances like the 7, n/ and others. Even the
broad ¢ resonance could be of the order of the contin-
uum process. Just to give one idea of the number of
events, with a luminosity of 2.0 x102¢ cm~=2s~! [3] and
choosing a bin of energy of 200 MeV, centered at the en-
ergy of 700 MeV (which is free of any strong resonance
decaying into two-photons), we have 1532 events/year
assuming 100% efficiency in the tagging of the ions and
photon detection.

B. The process vy - R — ~7v: glueballs

Photon pair production via the box diagram is a
background to vy — R — 7 process (or vice versa),
both have the same initial and final states, and for this
reason they can interfere one in another. Normally the
interference between a resonance and a continuum pro-
cess is unimportant, because on resonance the two are
out of phase.

The total cross section for the elementary subpro-
cess vy — R — ~7v assuming a Breit-Wigner profile
is

do? dL 2
i AT N € o i T
dM dM (M? — m$)2 +m3T% ),

where M is the energy of the photons created by the
collision of the ions. ['(R — vy)(= ['y,) and Lypq are
the partial and total decay width of the resonance with
mass mpg in its rest frame.

We are going to discuss only J = 0 resonances made
of quarks as well of gluons. The reaction vy — 7% — vy
was already discussed many years ago [21], where it
was claimed that the interference vanishes. This result
was criticized by De Tollis and Violini [22], affirming
(correctly) that the interference exists. However, as we
will discuss afterwards, off resonance the interference is
negligible. If the interference is neglected, Eq.(18) can
be used and we show in Fig. (3) the result for some
resonance production (n, ', n(1440), fo(1710)), whose
invariant mass of the produced photon pair is between
500 MeV and 2000 MeV. For comparison we also show
the curve of the continuum process. It is possible to
see in that figure the well pronounced peaks of the res-
onances 1 and n'. We assumed for their masses the
values of 547.3 MeV and 957.78 MeV, respectively, the
7 total decay width is equal to 1.18 keV and the n’ one
is equal to 0.203 MeV. Their partial decay width into
photons are 0.46 keV (n) and 4.06 keV (7').

A. A. Natale

10k

P = S
o o o

=
o

do/dM (mbarn/MeV)

=
o
T

=
o

=
o

_gf
10 L L L L 1
600 700 800 9001000

M (MeV)

Figure 3. Invariant mass distribution of photon produc-
tion (with the cut |cosf| < 0.5). The solid curve is for
the box diagram, the dashed curves are due to the process
vy = R — 77, where R are the pseudoscalars resonances 7
and 1’ and the glueballs candidates 1(1410) and fo(1710).

We restrict the analysis to the J = 0 glueballs can-
didates 7(1440) and fo(1710). For the 1(1440) we used
the mass and total decay width values of Ref. [23],
mpgr = 1405 MeV, Tiotar = 56 MeV, for the decay
width into photons we use the value given in Ref. [24],
[y, = 5.4 keV. We see in Fig. (3) that the peak for
this resonance is of the same order of the continuum
process. For the other glueball candidate, fo(1710), the
peak is clearly above the background. For this one we
assumed the values listed in Ref. [23] of mass and total
width, mp = 1715 MeV T = 125 MeV, and for the
two-photon decay width we adopted the value encoun-
tered by the ALEPH Collab. [25], [y, = 21.25 keV. In
all these cases the resonances can be easily studied in
peripheral heavy ion collisions.

Off resonance we can expect a negligible contribu-
tion for the process vy — R — 7 and consequently the
same for its interference with the continuum process.
However, it is instructive to present a more detailed
argument about why the interference can be neglected.
In order to do so we are obliged to introduce a model to
calculate the amplitudes for the process yy — R — 7.
These amplitudes will be computed with the help of
an effective Lagrangian for the pseudoscalar interac-
tion with photons (the scalar case will be discussed in
the next section), which is given by gpeuw, FMFP®,,,
where g, is the coupling of the photons to the pseu-
doscalar field ®,, €1, is the antisymmetric tensor and
FM is the electromagnetic field four-tensor.

The amplitudes for vy — 77 intermediated by a
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pseudoscalar hadronic resonance are [22]:

2m
Miyiy = —F(r),

2m
Mi—i— = —FQn),

2m
Mi——y = —FQs),
My =0,

—z—Z{F(Ast) + F(Mty) + F(Ary)}(19)

where « is the fine-structure constant, A = (my/mg)?,
and

,T r -t
F(z) = 162222 <4x —1+ ZL’) . (20)
mpg mpg

The presence of the fine-structure constant in
Eq.(19) is a consequence of the fact that the amplitudes
M in these equations will be used in Eq.(17), so it is
necessary to get the correct dependence of the partial
cross section with this constant.

A numerical evaluation of the cross section using
Eq.(19) (for the same resonances present in Fig. (3))
shows a totally negligible effect off resonance in com-
parison with the box contribution. On resonance the
two processes are out of phase and the interference is
absent. We can now proceed with an argument showing
that the interference is not important. Let us assume
that off resonance the processes are in phase, and for a
moment we forget the ¢t and u channels contribution in
Eq.(19). The s channel contribution can be written as
Ms/(s — m% + iTrmpg), and denoting the continuum
contribution by M; we can write the following interfer-
ence term

2 SR
(s = m%)? +T%im%

(s —m%) + (ReMImMsy — ImM, ReM>)T pmpg).

[(R6M1R6M2 + IlilmMz)

We can verify that the term proportional to s — m%
integrates to zero when integrated in a bin centered at
m%. With the second term the situation is different. If
ImM, or ImMs # 0 (assuming ReM; and ReMs, # 0)
then there is a nontrivial interference. However, since
we are dealing with J = 0 amplitudes, the only nonvan-
ishing helicity amplitudes are those in which the initial
helicities and the final helicities are equal. Inspection
of the M, 44+ and M,,__ amplitudes of the box di-
agram (in the limit m; <« mpg) shows that they are
purely real, and the same happens with M> (obtained
from the s channel contribution of Eq.(19)), resulting
in a vanishing interference!

Of course, this analysis is model dependent. In par-
ticular, at the quark level the coupling g, has to be sub-
stituted by a triangle diagram, which may have a real as

well as an imaginary part (see, for instance, Ref. [26]).
However, this coupling is real for heavy quarks and its
imaginary part is quite suppressed if the resonance cou-
ples mostly to light quarks (my < mp, what happens
for the resonances that we are considering in the case
of the u and d quarks, for the s quark the suppression
is not so strong in the 7 case, but we still have an extra
suppression due to its electric charge). Finally, the in-
terference does appear when we consider the amplitudes
with the resonance exchanged in the ¢ and u channels,
but it is easy to see that they are kinematically sup-
pressed and also proportional to the small value of the
total decay width. If the total width is large (as we shall
discuss in the next subsection) the interference cannot
be neglected. Although the above argument has to rely
on models for the low energy hadronic physics, we be-
lieve that the direct comparison between the resonant
and the continuum processes, as presented in Fig. (3),
is fairly representative of the actual result.

In Table IV we show the number of events above
background for the 7, n and fo(1710) which, as shown
in Fig. (3) are clearly above the box contribution.
In the case of the fp(1710), as well as in the o me-
son case to be discussed in the next subsection, the
decay of the resonance into a pair of neutral pions is
present. A pair of neutral pions can also be produced
in a continuous two photon fusion process. The rates
for all the reactions discussed in this work can be mod-
ified if both neutral pions, no matter if they come from
a resonance or a continuous process, are misidentified
with photons. This accidental background can be easily
isolated measuring its invariant mass distribution, and
making a cut that discriminates a single photon com-
ing from the processes that we are studying, from one
that produced two neutral mesons (mostly pions) sub-
sequently decaying into two photons. For example, in
the case of the sigma meson (see next section) each one
of the neutral pions from its much large hadronic decay
should be misidentified. These pions would produce
pairs of photons with a large opening angle ¢, where
cos (¢/2) = /1 — 4m2/m2. However, the calorimeters
already in use in many experiments are able to distin-
guish between these two and single photon events with
high efficiency (see, for instance, Ref. [27]).

particle  events/year
n 7.44 x 10°
7' 2.67 x 10*
fo(1710) 42

Table IV. Number of events/year above background for
the n, n’ and fy(1710) resonances.
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There is also another accidental background which
may cause problems to the measurement of the res-
onance decay into photons. This is the contribution
from y—Pomeron— V — yyX. The vector mesons, V,
are produced with a pp distribution similar to the reso-
nance production and at higher rates than some of the
processes 7y — R, e.g. y—Pomeron— w rate is 10 Hz
at RHIC [28], three orders of magnitude higher than for
a similar mass meson of spin 0 or 2. The w branching
ratio to three photons is 8.5%. If a small py photon
from this decay is undetected, one is left with a low pr
two-photon final state that could be taken for a lighter
resonance. At higher masses, one also has ¢ — 7y, 7%,
KrKs — vX as well as vy — f2(1270) — 7%7% and
possibly copious production of p(1450) and p(1700) by
y—Pomeron interactions. Clearly a full simulation of
all these background processes should be kept in mind
when measuring two-photon final states.

C. The process vy -+ R — 77y: the 0 meson

The possible existence of light scalar mesons (with
masses less than about 1 GeV) has been a controversial
subject for roughly forty years. There are two aspects:
the extraction of the scalar properties from experiment
and their underlying quark substructure. Because the
J = 0 channels may contain strong competing contri-
butions, such resonances may not necessarily dominate
their amplitudes and could be hard to “observe”. In
such an instance their verification would be linked to
the model used to describe them.

Part of the motivation to study the two-photon fi-
nal states in peripheral heavy-ion collisions was exactly
to verify if we can observe such scalar mesons in its yy
decay. Although this decay mode is quite rare, it has
the advantage of not being contaminated by the strong
interaction of the hadronic final states. In particular,
it may allow to investigate the possible existence of the
sigma meson. This meson is expected to have a mass
between 400-1200 MeV and decay width between 300-
500 MeV, decaying predominantly into two pions. Of
course, another decay channel is into two photons, with
the background discussed in the beginning of this Sec-
tion.

Recently the E791 Collaboration at Fermilab found
a strong experimental evidence for a light and broad
scalar resonance, that is, the sigma, in the Dt —
a-rTrT decay [29]. The resonant amplitudes present
in this decay were analyzed using the relativistic Breit-
Wigner function given by

1

BW = : ,
—m3 + imol'(m)

m2
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with

T(m) = [yl )7 )
“m \pg TF2(pg)’

where m is the invariant mass of the two photons
forming a spin-J resonance. The functions F are
the Blatt-Weisskopf damping factors [30]: °F = 1 for
spin 0 particles, 'F = 1/4/1+ (rp*)? for spin 1 and
2F =1/y/9+ 3(rp*)? + (rp*)* for spin 2. The param-
eter 7 is the radius of the resonance (~ 3 fm) [31] and
p* = p*(M) the momentum of decay particles at mass
M, measured in the resonance rest frame, pf = p§(mg).
The Dalitz-plot of the decay can hardly be fitted with-
out a 07" (o) resonance. The values of mass and total
decay width found by the collaboration with this pro-
cedure are 478723 + 17 MeV and 324732 + 21 MeV,
respectively.

We will discuss if this resonance can be found in
peripheral heavy-ion collisions through the subprocess
vy = o — vv. It is important to note that all the val-
ues related to the o, like mass or partial widths, that
can be found in the literature are very different and
model dependent. In particular, we find the result of
the E791 experiment very compelling and among all the
possibilities we will restrict ourselves to their range of
mass and total decay width, while we vary the partial
width into two photons. For the o decay width into two
photons we assume the values obtained by Pennington
and Boglione, 3.8+ 1.5 keV and 4.7+ 1.5 keV [32], and
the value of 10 &+ 6 keV [33].

It has been verified in the case of 7 7 scattering that
the use of a constant total width in the o resonance
shape is not a good approximation [34]. In our case
we will discuss the vy — 7 process above the two pi-
ons threshold where the peculiarities of the broad reso-
nance, basically due to the o decay into pions, are not
so important. Of course, another reason to stay above
300 MeV is that we are also far from the pion contri-

bution to v+ scattering. In any case we also computed
the cross section with a energy dependent total width
I'(m) ~ Ty (p*/p3)2J+1, which, as shown by Jackson
many years ago [35], is more appropriate for a quite
broad resonance. The net effect is a slight distortion of
the cross section shape with a small increase of the total
cross section. Since this one is a negligible effect com-
pared to the one that we will present in the sequence
we do not shall consider it again.

Off resonance we can expect a negligible contribu-
tion for the process vy — R — v and consequently
the same for its interference with the continuum pro-
cess. This is true if the resonance has a small total de-
cay width [19], but this is not the o case. To take into
account the interference we must make use of a model
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to calculate the helicity amplitudes of the ¢ meson ex-
change. Using the effective lagrangian g,F""F),, ®,,
where g, is the coupling of the photons to the scalar
field ®; and F*" is the electromagnetic field tensor the
following amplitudes comes out [19, 22]:

27
My = *?F(/\Tt),
27
Mioio = ——F(),
2T
Mi-—y = ——5FQs),
Miyr = 0,
27
M++77 = —E{F()\St) + F(Att) + F(ATt)}(Ql)

where « is the fine-structure constant, A = (my/mg)?,
and 7, s¢ and t; are related with the standard Mandel-

stam variables s, t, and u by r; = 3%, 5, = 1L and
f I
=1u
=

These amplitudes and the ones describing the
fermion (with mass my) box diagram enter in the
expression for the differential cross section of pho-
ton pair production from photon fusion do/dcosf =
(1/2m)(a*/5)(2; 47)* X2 IMJ?, to give the total cross
section of Fig. (4). We verified that the interference is
destructive.

10"

10 F

=
o
T
R

4

=
o
T

do/dM (mbarn/MeV)

10-;

-9

10

400 500 600 700 800 900 1000
M (MeV)
Figure 4. Invariant mass distribution of photon pair produc-
tion. The solid curve is due to box diagram only, the dashed
one is due to the process vy — 0 — 77 in the Breit-Wigner
approximation, the dash-dotted is the scalar contribution of
Eq.(21), and the dotted one is the continuum Pomeron pro-
cess PP — . In all cases I, = 4.7 keV, and the angular
cut is equal to —0.5 < cosf < 0.5 .

The effective Lagrangian model used to compute the
o contribution to the photon pair production gives a

larger cross section than the calculation with the Breit-
Wigner approximation at energies above M = 600
MeV. It is dominated by the s channel contribution.
We consider the Breit-Wigner result as the best sig-
nal representation for the resonant process because we
are using the E791 data and this one was fitted by a
Breit-Wigner profile. The effective Lagrangian gives
a nonunitary amplitude that overestimates the sigma
production above 600 MeV and shows the model de-
pendence in the o analysis that we commented before.
The Breit-Wigner profile is not a bad approximation as
long as we stay above the two pions threshold and in
the following we assume that the signal is giving by it
(the dashed curve of Fig. (4)) and the background is
giving by the box diagram result (the solid curve of Fig.
(4)). Note that, due to the destructive interference, the
actual measurement will give a curve below the solid
curve of Fig. (4).

From the experimental point of view we would say
that the reaction 4y — ¥ has to be observed and any
deviation from the continuum process must be care-
fully modeled until a final understanding comes out,
with the advantage that the final state is not strongly
interacting. Note that in this modeling the n meson will
contribute to vy — 47 in a small region of momentum
[19], even so it has to be subtracted in order to extract
the complete o signal.

10 —

Significance

=
o

Fom (keV)

Figure 5. Significance as a function of decay width into two
photons, I',,, for a sigma meson with mass equal to 478
MeV and total decay width of 324 MeV. The solid curve
was obtained integrating the cross sections in the inter-
val 438 < M < 519 MeV, the dashed one in the interval
300 < M < 800 MeV. The signal and background are giv-
ing by the dashed (Breit-Wigner) and solid (box diagram)
curves of Fig. (4) respectively.
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We changed the values of the o mass and total width
around the central ones reported by the E791 Collabo-
ration. We do not observed large variations in our re-
sult, but noticed that it is quite sensitive to variations of
the partial decay width into photons. It is interesting to
look at the values of the significance which is written as
Easignal/\/m and characterizes the statistical de-
viation of the number of the observed events from the
predicted background. The significance as a function of
the two photons decay width of the sigma meson, with
mass equal to 478 MeV and total decay width of 324
MeV, is shown in Fig. (5), were we used a luminos-
ity of £ = 2.0 x 10*® cm~2s~! at RHIC and assumed
one year of operation. The significance is above 20
95% confidence level limit for two photon decay width
greater than 4.7 keV, while for a 50 discovery crite-
ria can be obtained with I'y, > 7.5 keV. The numbers
in Fig. (5) were computed with the signal given by
the Breit-Wigner profile, and the background by the
pure box diagram. The solid curve was obtained in-
tegrating the cross sections in the range of experimen-
tal mass uncertainty 438 < M < 519 MeV, while the
dashed curve resulted from the integration in the in-
terval 300 < M < 800 MeV. Note that there is no
reason, a priori, to restrict the measurement to a small
bin of energy. This choice will depend heavily on the
experimental conditions. Therefore, for values of I',,
already quoted in the literature the sigma meson has a
chance to be seen in its two photon decay mode. The
discovery limits discussed above refer only to a statisti-
cal evaluation. Our work shows the importance of the
complete simulation of the signal and background in-
cluding an analysis of possible systematic errors that
may decrease the significance.

IV  Conclusions

Peripheral collisions at relativistic heavy ion collid-
ers provide an arena for interesting studies of hadronic
physics. One of the possibilities is the observation of
light hadronic resonances, which will appear quite sim-
ilarly to the two-photon hadronic physics at ete™ ma-
chines with the advantage of a huge photon luminosity
peaked at small energies [1]. Due to this large pho-
ton luminosity it will become possible to discover reso-
nances that couple very weakly to the photons [4].

The double Pomeron exchange may be a back-
ground for the two-photon processes. We have shown
that in general the Pomeron contribution does not com-
pete with the v one, in the case of very heavy ions,
after imposing the condition for a ultra-peripheral colli-

sion. However it must be stressed that this comparison
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has to be performed for each specific final state, due
to the different Pomeron coupling to several particles.
If the collision involves heavy ions and the final state
we are looking at does not have a large coupling to the
Pomeron we can affirm that double Pomeron exchange
can be neglected in the evaluation of production rates.
In the case of light ions Pomeron processes are com-
petitive with the two-photons ones, and dominate the
cross sections for very light ions.

We discussed the peripheral reaction AA — AAvy~y.
This process is important because it may allow for the
first time the observation of the continuous subprocess
vy — 7 in a complete collider physics environment.
This possibility only arises due to enormous amount of
photons carried by the ions at the RHIC energies.

The continuous subprocess is described by a
fermionic box diagram calculated many years ago. We
computed the peripheral heavy ion production of a pair
of photons, verifying which are the most important con-
tributions to the loop, which turned out to be the elec-
tron at the energies that we are working, and estab-
lished cuts that not only ensure that the process is pe-
ripheral as well as eliminate most of the background.
After the cut is imposed we still have thousands of pho-
tons pairs assuming 100% efficiency in tagging the ions
and detecting the photons.

The continuous vy — ~y7y subprocess has an interest-
ing interplay with the one resulting from the exchange
of a resonance. We discuss the resonance production
and decay into a photon pair. This is a nice interaction
to observe because it involves only the electromagnetic
couplings of the resonance. Therefore, we may say that
it is a clean signal of resonances made of quarks (or
gluons) and its measurement is important because it
complements the information obtained through the ob-
servation of purely hadronic decays. It may also unravel
the possible amount of mixing in some glueball candi-
dates [6]. We discuss the interference between these
process and compute the number of events for some
specific cases.

The possibility of observing resonances that couple
weakly to the photons is exemplified with the o meson
case. This meson, whose existence has been for many
years contradictory, gives a small signal in the reaction
vy — o — 7. However its effects may be seen after
one year of data acquisition, providing some clue about
this elusive resonance. Using values of mass, total and
partial widths currently assumed in the literature, we
compute the full cross section within a specific model
and discuss the significance of the events. Our work
shows the importance of the complete simulation of the
signal and background of these processes including an
analysis of possible systematic errors, indicating that
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two photon final states in peripheral collisions can be
observed and may provide a large amount of informa-
tion about the electromagnetic coupling of hadrons.
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