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We study lepton pair production in heavy km collisions with emphasis in non-

standard contributions to the QED sabprocess 77 -» t+l~. The existence of

compositeness of fermions and/or bosons can be tested in this reaction up to the

TeV mass scale. We show that for some processes the capabilities of relativistic

heavy ion colliders to disclose new physics rapplant the possibilities of e+e"

or pp machines. In particular, the spin sero composite particles which couples

predominantly to two-photons, predicted in composite modeb, can be studied in

abroad range of masses.



I. INTRODUCTION

There are plans to operate the proposed Large Hadron Collider (LHC) and the

Superconducting Super Collider (SS6) with beams of heavy ions with the main in-

terest in the search of quark-gluon plasma in central nuclear reactions. Besides this

important feature of Heavy Ion Colliders, peripheral collisions may give rise to a huge

luminosity of photons which opeas the possibility of studying a large variety of two-

photon processes which may not show up in e+e~ or pp machines. The production

of new particles in heavy ion collisions was considered in Ref. [L1 and [2j, and the

possibilities of studying electromagnetic physics in such collisions has been worked at

length by Baur and Bertulani3*4. In particular, the possibility of search and discovery

of an intermediate mass standard Higgs boson (Mz < MH < 2itf?) in 77 reactions

induced by ion-ion collisions has been discussed by several authors1'2-*'8.

The advantage of 77 fusion in heavy ion collisions is that photons are emitted

coherently by the nucleus of charge Ze, 1— îwg to cross sections which are enhanced

by a factor Z*. Despite of this optimistic scenario there are several problems to be

circumvented before saying that relativistic heavy ion colliders are promising tools

for new particles or interactions discovery. For instance, Cahn and Jackson6 have

shown that requiring only peripheral collisions reduces the net photos luminosity

and, consequently, the chances to observe a possible intermediate tsus standard

Biggs boson. Moreover, to isolate its signal from the background is also a difficult

task7. Actually, the background problem will be solved only if there is an excellent

tagging of the intact ion in the final state. Notwithstanding the problems we stated

above, we cannot neglect the fact that, in peripheral ion;ion collisions, we do have

a powerful photon factory, and it is important to verify what we can learn through

these reactions.

One of the cleanest tests of QED is provided by the reaction e4e~ -» 77 "here



lepton is exchanged in the t and u channels. In this paper we study non-standard

contributions to the subprocess 77 —• l'l~ (I = e,/*,r) in heavy ion collisions in order

10 explore new physics beyond the standard model, such as compositeness of fermions

and/or bosons. We have chosen to study leptons in the final state in order to have

the cleanest signal, since in heavy ion collisions, QCD processes produces a enormous

background to strongly interacting final states.

The non-standard interactions that may contribute to the electromagnetic process

77 —• l*l~ will be introduced through effective Lagrangians involving operators of

different dimensions:

where CQ£D is the standard QED Lagrangian and £5.6.-. are of dimension 5,6, etc and

respect the U(1)£M gauge invariance. This will give a definite idea of how worth is

the use of 77 fusion in relativistic heavy ion colliders to disclose new physics beyond

the standard model.

The content of our paper is distributed as follows. Section II contains a few remarks

on the photon luminosity in heavy ions. In Section III, we exhibit the effective

Lagrangians as well as their contributions to the cross section of 77 — /~/~. We

discuss our results for ZZ — ZZ77 — ZZl'l' in Section IV and, in Section V, we

draw our conclusions.

II. REMARKS ON THE PHOTON DISTRIBUTION IN HEAVY IONS

Before starting the evaluation of specific processes, it is convenient to discuss the

expressions for the two-photon luminosities that can be found in the literature. As

pointed oui by Cahn and Jackson6 the correct determination of the photon-photon

luminosity is crucial to obtain a realistic estimate of any peripheral 77 process.



The photon distribution in the heavy ion can be determined through the equivalent

photon or Weizsãckcr-Williams approximation'. Denoting L> /'•'* ,dt Uic uuniUci of

photons carrying a fraction between r-and z - iz of the total momentum of a nucleus

of charge Ze, we can define the two-photon luminosity through

where r = s/s, and s (i) is the square of the cms energy of the ion-ion (photon-

photon) system. The total cross section ZZ -» ZZ77 —» ZZl+l~ can be written

as

where â(i) is the cross section of the subprocess 77 —* l^l' and -rmtn = 4m2/j for a

produced lepton of mass m.

There remains only to determine F(x). In the literature there are several approaches

for doing so and we summarize the main results bellow. Using the equivalent photon

approximation in the classical approximation,10 the result for F(x) is

*-« -

where Ko and K\ are the modified Bessel functions. z0 = (bm,nM)~l. with M being

the nuclear mass, and bmm bring the minimal value of the impact parameter.

Drees, Ellis and Zeppenfeld5 (DEZ) obtained the photon distribution by starting

from the quantum amplitude for the processes and introducing the charge form factor

of the nucleus in order to get an expression for F(x).

Assuming a Gaussian charge form factor for the nucleus



(4)

and a symmetric collisions of Pb** nuclei at small Q1 we have that

where Ql 2: 55 - 60JH eV. It it interesting to notice that for small values of * the

above expressions can be approximated by6

where C is a constant. In order to reproduce the classical distribution Eq.(2) for

small x, we should take C = 0.768, while C = 0.18 gives an approximation for the

DEZ distribution Eq.(5). Setting C = 0 we obtain the results of Papageorgiu1, which

assumes that the two ions are non-overlapping black disks in impact parameter space.

Using Eq.(6), it is possible to obtain an analytic expression for the luminosity6

* 2

Cahn and Jackson6, using a prescription proposed by Baur11 which takes into ac-

count the requirement of peripheral collisions, 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

(8)
I»T T

where

167'q»
* * = 3*» '

and
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with Ay = 1.909, A7 = 12-35, -43 = 46,28, fl, = 2.566. B2 = 4.948 «id fi3 = 15.21.

In Fig.(l) we present the two-photon luminosities as a function of r associated to

different prescriptions of the photon distribution function (Eq.(5), Eq.(6) for C = 0

and C = 0.18, and Eq.(8)). It is important to notice that the luminosity is peaked

at small r, meaning that the major part of the photons carry only a small fraction of

the ion energy. In this region all the prescriptions for the two-photvD luminosity give

approximately the same result.

III. ANOMALOUS CONTRIBUTIONS TO 77 — LL

Our mais aim in this paper is to study possible deviations from the standard con-

tributions of QED to the subprocess 77 —» l*l~. There are many reasons to consider

anomalous contributions to this subprocess. One of the simplest scenarios we can

think of is the existence of compositeness, ie . , fermions and/or bosons may be com-

posite and, at short distances, this would imply deviations from QEO. Some other

possibilities include the existence of new particles that may appear as intermediate

state in the above reaction. One way to search for new physics is to work with ef-

fective Lagrangians and to study their contributions to this process. We now discuss

several effective Lagrangians, and their respective contributions to the cross section

A. Excited Lepton

The existence of excited states of leptons is one of the natural consequences of

composite models. A spin 1/2 excited lepton gives an extra contribution to the

reaction 77 —» l*l~ through its exchange in the t and « channels. The effective

Lagrangian describing the magnetic coupling of an excited lepton to a photon and a

6



standard lepton is given by a dimension five operator12

r. = \*J*^~\£ - ^.%)v + fc-c., (9)

where the coupling constants jf-** are 0(1/A), with A being the scale of composite»ess

(mass parameter) and i>, is the fennkmic field associated to the excited lepton.

The total cross section for the subprocess 77 —»l+l~ is given by

1*. {(2 - S) + \(1 - ff)2l«(^|

where we have assumed \ i ~> m, the final state lepton mass, and we have defined

Í
with M. being the excited lepton mas: and àQSD{i) being the well-known QED result

- 2 + 0 2 ] , (11)

where 0 is the cms velocity of the final state lepton:

As expected £.(i) ha» a bad high energy behavior. Studying the unitarity bound

coming from a partial wave analysis we learn that perturbation theory is reliable

within certain range of the parameters. For instance, w&en \/5 < 250 GeV we must

have (. < 2 x 1 0 ° GeV"2- These conditions are met in our numerical calculations.



B- Spin Zero Composite Particle

It is known that in the Standard Model there is at leas: one scalar boson remnant

from the gauge symmetry breaking. The possibility of this scalar boson being com-

posite has been considered by several authors13. In this case, the spin zero boson may

have anomalously Urge couplings to the photons, contrarily to what is expected in

the Standard Model, and generates a «-channel contribution to 77 — l+f~, giving rise

to a peak in the invariant mass distribution. The lowest order effective Lagrangian

describing the couplings of a scalar and pseudoscalar boson to fermions and photons

can be written as,

^VW, + \§sFy.F+, + i^v7s**, + jg.F^F^ç, , (12)
A; 4 A/ 4

where 4>S(r) are the scalar (pseudoscalar) fields and gsr are 0(1/\s>)-

Taking into account these new couplings, the full cross section of 77 — /*/" in the

limit i > m2 is given by

- l

i - Mj,)1 + MFVP

_i

*a7m* f , P , î  1
+ 4 rs(i-hpsy + Mir7

s
+il'(i-M],yTMpT2p]' ( ;

where hfs(p) and ^s(P) axe the mass and width of the scalar (pseudoscalar), and

The value o{ the widths TS{P) is a model dependent quantity since it depends on the

couplings of the composite (pseudo)scalar to all particles in the model. In our work

we assumed that the main de.-ay mode of $S[P) i* into two photons, and we obtained

1 M3

16 A 4 ^

8



We should notice that om is proportional to the leptoa mass, and, therefore, the

observation of this kind of event in e*e" -• 77 is unlikely doe to the smallness of

the electron mass. Furthermore, the photon luminosities in e*e~ and pp collider* can

hardy be compared to the case of heavy ions collisions. The above facts make the

heavy ion colliders the right place to look for composite scalar bosons.

C Spia One Composite Particle

In the scenario of composite models we cannot discard the possibility of a composite

gauge boson. In particular, it would be very interesting if the Z° tarns oat to be

composite or if there are other neatral spin one composite particles resembling a gauge

boson. In this work, we consider a spin one composite particle (Z°) exhibiting an

anomalous £"77 coupling.14 The effective Lagrangian describing the above coupling

is assumed to be

Cz^^zftPF^r*, (15)

where g2 is O(l/A3) and F^, is the dual of the electromagnetic tensor {Fa3 -

e**""/^). This interaction generates a contribution to 77 —• 1*1' through the ex-

change of spin one composite particle in the «-channel of the reaction. The coupling

of the Z° to the fermions is assumed to be the Standard Model one. Considering this

contribution the total cross section for the subprocess 77 —»l*l~ is

where

t "*

and ôQtv{») is given by Eq.(ll).

It is interesting to notice that Eq.(l6) does not exhibit the Z" pole since it is

forbidden by Yang's theorem". Another interesting feature of this extra contribution



is that it is proportional to m~, the leptoa mass. The search of a Z'tt interaction in

•a ekctroa-positroa collider through the reaction e*e~ -» 77 is hopeless since it is

suppressed by the same (actor m2 ana the electros mass is negligible.

D.

It is possible to eoastrwet several elective Lagraagiaas containing contact tetos

(77!***) which are (wage iavanaat «ad differ jast ia their dfanmsioii. The lowest

order effective Lagraagiafts, <*—f**fc«*g these contact iateractioas, contain operators

of dimension 6, 7 and 8:

(17)

(18)

where the coupling constants $ are O(l/A(>"4)) and !>„ is the QED covariant deriva-

tive. These kind of interactions have been disensed by several authors in different

contexts and, in particular, they woe studied in the case of e+e~ -» 77 at LEP

energies1*17. Some of the above Lagrangians may result u large contributions to

the anomalous magnetic moment of kptoos.18 Nevertheless as appropria:e choice of

the coupling constants nuy cope with these problems and it was considered in the

numerical calculations.

The total cross section for the sabprocess 77 — 1*1' when we take into account

the contribution of the operators of dimension 6, 7 and 8 are;

$ \ , (20)

10



2 , (22)

where,

f iri?
0* 0 p

and âQC0(i) is given by Eq.(ll). The effect of the higher dimensional operators is

softened by the presence of many powers of I/A in the cross section. These cross

sections, as expected, violate the unitarity bound at high energies. In the same way

as before we can establish an upper limit for (6.7.8, m order to preserve unitarity in

the range of energy considered in this work. For example, for y/à < 250 GeV we must

have:

fc < 9 x KT'GeV"1, Í7 < 4 x 10"IOGeV-* , fc < (~) 24 x 10-10GeV-$ .
TO

(24)

It is interesting to note that the helicity nature of the interaction Eq.(19) causes

the appearance of the mass dependence in Eq.(22), and, once again, it is hopeless to

detect such interaction, in e+e" annihilation into two photons17. Here we have an-

other example where a relativistic heavy ion collider may prevail over other machines,

because of its higher photon luminosity and the fact that we can produce a heavy

lepton in the final state enhancing the cross section.

IV. NUMERICAL RESULTS

In this section we present the results of the numerical evaluation of the cross sec-

tion Z2 —* ZZyy —» ZZl*l~ taking into account the contributions coming from the

effective interactions discussed in Sec. HI. We chose the Cahn-Jackson1 distribution

Eq.(8) in order to exhibit our numerical results. Different choices of the photon-

photon luminosity (see Fig.(l)) give at most a factor of 0(2) in the final result. We

11



consider Pb-Pb collisions at the SSC with an energy of 8 TeV per nucleon, corre-

sponding to v J = 3200 TeV, and also discuss heavy ion collisions at the LHC with

3.2 TeV per nucleon (y/s = 1400 TeV), both operating with luminosity of 1028 cm"1

•-».

Since we want to observe effects of new physics beyond the Standard Model, char-

acterized by a large mass scale (A), we should look at processes with large i. Fur-

thermore, the QED background (coming from the usual 77 —» l*l~ contributions)

falls very fast with the increase of the center of mass energy. In order to reduce

the background, we introduce a cut in i (or, equivalently, a minimum value of r )

when computing the total cross section (Eq.(l)). The higher is rmm the larger is

the difference between the cross section of QED and the ones containing anomalous

contributions. After introducing this cut we should still have a reasonable number of

events. We found out that inm = 100(200) GeV are good choices for the LHC (SSC)

using the luminosity of 1028 cm"2 s"1. If the luminosity is decreased (increased) we

should decrease (increase) the value of the cut.

In order to estimate of the excess of anomalous events over the QED background,

we consider the quantity,

* a 100% , (25)

where the total cross section {VJOT) >S obtained, for each anomalous contribution of

Sec. Ill, introducing the subprocess cross section (&) into Eq.(l) and taking into

account the appropriated cuts, whereas <r9CC stands for the total cross section due

to QED. We demand, as a criterion to identify non-standard contributions to lepton

pair production, a value of A larger than 10% with at least 100 events/year above

the QED background.

Let us start by analyzing the effect of excited leptons in the /*">' production. In

12



order to overcome the bounds on compositeness, coming from the experimental limit

of the anomalous magnetic moment of the electron,1* one must have \gf | = \g?\.

Nevertheless, we should consider that the couplings of excited leptons may not be

equal for different flavors and, in this case, the constraints from g — 2 are lessened for

H'* and T'S. In particular, we assumed that j f = g? = %/iir/A in Eq.(lO), where the

factor y/ii is the ad hoc normalization condition used in experimental bounds for A.

Figure (2) contains the numerical results for A (Eq.(25)) as a function of the excited

lepton mass (M.) for A = M. and 0.5, 1 and 2 TeV. The Figs.(2a) and (2b) were

obtained for the LHC energy with smtn = 50 GeV and imin = 100 GeV respectively.

Figures (2c) and (2d) are for the SSC energy with the cuts imtn = 100 and 200 GeV.

We verify that if we double *m,B, A increases at least one order of magnitude. The

values inin - 100 and 200 GeV are reasonable cots for the LHC and SSC since we

improve the signal to background ratio for the anomalous'event* and we still obtain

a large number of events. For instance, requiring at least 100 anomalous events/year

at the SSC, with the cut of 200 GeV and the exdted lepton mass M. = 200 GeV, we

may test a compositeness mass scale A up to 3 TeV.

For the excited lepton contribution, there is no significative differences between e,

p or r-lepton production for the chosen values of the cut (jm,n). Taking into account

that, for imm = 100 (200) GeV for LHC (SSC), we have <rw = 37.4 (16.9) nb. we

can get the number of events of exated leptons with a given mass M. for A = 1 TeV.

These results are presented in Table (I).

The existence of a spin zero composite scalar may be one of the most suitable

processes to be investigated through 77 fusion in heavy ion collisions. Since the

width of the spin zero composite is expected to be small, the best way to unravel its

existence is through the search of a narrow peak in the quantity

13



In order to estimate the signal to background ratio for the composite scalar (pseu-

doscalar), we computed A integrating over a bin of 2 GeV around the scalar peak.

A can be evaluated using the narrow resonance approximation to integrate over the

bin around the Breit-Wigner peak, resulting in

where ^ is the photon-photon luminosity. Since 9qtD and j£ are slowly varying

functions of T in the range of integration, we can take them as a constant to write

A » fcV * »
kA/^ 2[GeVlln(Jlf|/m»)-l '

An interesting feature of the last expression is that A does not depend neither on the

considered machine (LHC or SSC), nor on the scale characterizing the (pseudo)scalar-

photons coupling (A5(/>)).

In order to exhibit our results we must make a choice for A/. Initially, let us

assume that the coupling of the spin zero boson to the fermions is proportional to

their masses and inversely proportional to the scale of compositeness, t.e. A/ =

\s(P) = A. Apparently, if A > v, the Weinberg-Salam symmetry breaking scale, we

have a suppression of the process 77 —* 4>g(P) —* l+l~ when compared to the standard

model Higgs boson production1 ~*. Nevertheless, this suppression is counterbalanced

by the coupling of the scalar (or pseudoscalar) to the photons, which is strongly

suppressed in the Standard Model.

In Fig.(3) we show A for r-pair production, obtained without the narrow resonance

approximation, as a function of A for a scalar mas: Ms = 75 and 100 GeV. We

assumed Ts given by Eq.(14). The contribution of the pseudoscalar is similar to the

scalar one. For a scalar boson of mass A/5 = 100 GeV at the LHC or SSC we can

reach a A scale of 750 GeV when we require at least 100 anomalous events per year

above the QED background and A > 10%.

14



We can also think of a scenario in which the coupling scalar fermions is given by

the Standard Model one (i.e. A/ = v = 246 GeV). In this case, we obtain A - 100%

for Ms — 100 GeV and r*r~ production. It is interesting to notice that, in this

scenario, the reach in Ms of the heavy ion colliders LHC and SSC are limited only

by statistics, i.c. by the total number of events expected for QED.

The T~T~ pair can be easily identified either in leptonic ot hadronk decay modes19.

Nevertheless, in this case we mutt also measure the invariant mass of the pair in

order to unravel the resonance peak of the (pseudo)scalar boson. This can be per-

formed looking for high multiplicity decays of the r leptons30. However, the inevitable

presence of neutrinos introduces an uncertainty in the invariant mass measurement,

which is minimum for inultiprong decays. In any ««w, tlie excess of r pairs, above the

QED prediction, can just be an indication of the picsence of the (pseudo)scalar in the

reaction. In order to measure the invariant mass distribution with higher precision,

we can rely on other decay channels like 6b, as sugggested in Ref. [1,5,6,7]. In this

case, the signal to background ratio is larger than in the T*T~:

/mtyiog(M.Vm) 1

For JV/5 = 100 GeV we have that A» 2: 100 x Ar+T-. Certainly, this composite

particle yields more bb pairs than the standard model Higgs boson. This large sample

of events enable us to make a good measurement of the boson mass.

Let us now analyze the results for the contribution of a composite Z° boson. As can

be seen from Eq.(16), there is m> interferem • betw en the QIC)) and composite vector

boson contribution, as well as the resonance peak IK absent due to the suppression of

the process for the Z" on mass-shell14. Since the cross section is proportional to the

square of the lepton mass, this process will have a considerable signal over the QED

background only for r-Iepton production as shown in Fig.(4). In this case the signal

15



consists only of an excess of r pairs and there is no need for a precise measurement of

the pair invariant mass. However, even for r pairs, we may test values of A not larger

than O(10z GeV). Despite the gloomy result we believe that any other experiment to

discover such kind of interaction (Z°77) » l larger mas* scales will be quite difficult

to perform.

We now discuss processes generated by contact terms which are suppressed by

large powers of (I/A). The results for the dimension €, 7 and 8 interactions are

shown respectively in Figs.(5), (6) and (7). Notice that the results of Fig.(7) were

obtained only for r-lepton production, since for lighter Ieptons this cross section is

unobservabie. Requiring the detection of 100 events/year above the QED background

(with A = 10%) the maximum values of A that can be probed for each interaction

are given in Tables (II) for T+T~ final states. The results for rations are quite similar

for dimension 6 and 7 operators and negligible for dimension 8. Our results indicate

that these interactions can be tested only at very small mass scales, hardly larger

than 1 TeV. However, in any other kind of collisions, we would not be able to extract

any information about these interactions!

V. CONCLUSIONS

Our main aim in this work was to show that the photon-photon process in relativistic

heavy ion collision may open a window for investigating new physics beyond the

Standard Model. We discussed the effects of the possible existence of excited leptons,

spin zero and one composite bosons as well « effective contact interactions. We found

out that non-standard contributions to the QED process 77 into l"l~ can be studied

up to TeV scale.

At this point it is interesting to comment on the capability of the different kind

of machines (pp, e*e", and ZZ) in exploring the existence of the new interactions

16



discussed in this paper. The ion-ion machines are more suitable to explore the reaction

77 —• 1*1" than the pp one since the coherent nuclei interaction yields as enhancement

of the photon-photon luminosity by a factor of Z*.

On the other hand, in e*e~ machines, the natural process to be studied is e*e~ —*

77, which possesses the same matrix element as the reverse reaction 77 —• /*/". It is

obvious that the ion-ion machines will be more suitable than the e+e~ for searching

for interactions whose cross sections are proportional to the lepton mass since, in

the latter one, we are constrained to use electron as the initial state, whereas in the

ion-ion machines these cross sections can be enhanced by studying the production of

heavy lepton pairs. For instance, (pseudo)scalar particles that interact strongly with

two-photons have in the relativistic heavy ion colliders the right place to be observed.

Another way to look foi the existence of these new interactions in through the study

of spin effects on the angular distribution of the events.21 Although this procedure

is more sensitive to the existence of a new physics, it is very hard to implement

experimentally since it requires the measurement of the polarization of the produced

lepions.
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Figure Caption

FIG. 1. Comparison of the luminosities resulting from different photon distributions.

We present the results of Eq.(8) («olid line), Eq.(7) with C = 0 (dotted line) and C = 0.768

(dot-dashed line), and the luminosity associated to the distribution Eq.(3) (dashed line).

FIG. 2. A for the production of M+M~ •» * function of the excited lepton mass for

different values of A, i.e. A = Af. (solid line), A = 0.5 TeV (dotted line), A = 1 TeV

(dashed line) and A = 2 TeV (dot-dashed line): (a) LHC with a cut in \>rs of 50 GeV, (b)

LHC with a cut of 100 GeV, (c) SSC with a cut of 100 GeV and (d) SSC with a cut of 200

GeV

FIG. 3. A for the production of r+r" with Ms - 1 GeV < \T* < Ms + 1 GeV as a

function of A for A/s = 75 GeV (dashed line) and Ms = 100 GeV (solid line), assuming

that A/ = A: (a) LHC and (b) SSC.

FIG. 4. A for the production of T + T ~ as a function of A for the contribution of the

composite Z°: (a) LHC with -/I > 100 GeV and (b) SSC with Vi > 200 GeV.

FIG. S. A as a function of A taking into account the contribution of the dimension 6

operator Eq.(17) for the production of fi*ft' (solid line) and T + T ~ (dotted line): (a) LHC

with v/í > '"O GeV, (b) SSC with \Ti > 200 GeV.

FIG. 6. The same as Fig.(5) for the dimension 7 operator Eq.(18)
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FIG. 7. A for the production of T*T~ as a function of A taking into account the con-

tribution of the dimension 8 operator Ee,(19): (a) LHC with y/l > 100 GcV. (b) SSC with

v/i > 200 GeV.

TABLE L Number of Momalou» events per year above the QED background due to

excited Icptons, for A = 1 TeV and d n m n t values of iu mau

M. (GeV) 200 500 1000

LUC 1040 260 70

SSC 9900 4800 1700

TABLE XL Maximum value of A m GeV accessible for LHC (SSC) with cut in v'i of

100 (200) GcV with r'r~ as the final state

Dimension v 7 8

LUC 520 330 85

SSC 1050 680 140
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