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ABSTRACT

We outline the formalism required to calculate coherent pair production from

electromagnetic fields. Applications are made to the production of the Higgs

boson at large colliders, with particular attention to the problem of discriminating

against backgrounds. Electromagnetic production does indeed appear to be a

competitive probe of the symmetry-breaking sector.
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1. INTRODUCTION

During the collision of heavy ions at relativistic velocities, large transient elec-
tromagnetic fields are formed in a space-time region near the collision 12) Phese
fields are sufliciently intense to produce large numbers of electron, muon and tauon
pairs, 34 a5 well as other more massive particles 56), It is also possible to produce
the Higgs 6.7) via its coupling to two photons through charged fermion and boson
loops. The central issue in searching for the yet-undiscovered Higgs boson is how
to scparate the decay products of the signal from background events. Electro-
magnetic production may have a competitive advantage insofar as the transverse
components of the fields just outside the colliding nuclei are sufficiently large that
triggering on peripheral events provides a simple way of removing the backgrounds
from hadronic decays 0,

The plan of this paper is as follows. In Section 2 we outline the formalism needed
to describe coherent pair production from electromagnetic fields. To illustrate the
general features of the process, particularly the role of nuclear form factors, we
present results for electron and heavier lepton pairs in Section 3.In Sections 4
and 5 we proceed to calculations on electroweak boson and Higgs production, with
attention to the question of central event suppression, and backgrounds; incoherent
production mechanisms are also briefly considered.

We conclude that the electromagnetic scenario has distinct competitive advan-

tages as a clean probe of the electroweak and symmetry-breaking sectors.



2, PAIR PRODUCTION BY ELECTROMAGNETIC FIELDS
Collisions of bare heavy ions (for present purposes, those heavier than Z = 70)

may, in principle, produce pairs of any charged particle out of the vacuum,
z z z z + -
f‘z++4‘12+"—"AZ++AZ++X +X y (1)

where x may stand for e, g, 7, W . . .; yet other particles may be formed by merging
two photons (e.g. the 7°) or by forming a triangle diagram (e.g. the Higgs ¢°). In
a collider geometry cach ion has a Lorentz v given by

1
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The equivalent fixed target energy is yer = 29% — 1, and it is this number

~ (E/A) GeV. (2)

which determines the tranverse field in the frame of one nucleus, which is,

in turn, responsible for pair production. Fig. 1 illustrates schematically the
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Fig. 1. Pair production in a relativistic heavy ion collision.
production of a pair from the electromagetic fields of colliding ions,

e )
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The electrie field peaks at the distance of closest approach where it is predomi-
nantly transverse. The momenta Fy ke of a light pair (electrons or muons, say)
are predominantly in the beam direction, but very heavy pairs (such as W bosons)
acquire little momentum in this direction and are emitted almost perpendicularly.
To provide a frame of reference, Table 1 lists 4 and 4pr in round numbers for
present and forsceable heavy-ion colliders. Some fixed target machines (AGS and
SPS) are listed as though they were colliders. No plans exist at the time of writing

to inject heavy ions into the largest machines, SSC and ELOISATRON 0,

Table 1

Snergies of Heavy-lon Colliders.
Facility ~¥ IFT
AGS 3 17
SPS 10 200
RHIC 100 2 x 104
LHC 2000 8 x 10°
SsC 8000 13 x 107
ELOISATRON 4x 10 3x10°

The central physics question raised by the heavy ion-electromagnetic field sce-
nario for producing new particles is: granted the field strengths are very impres-
sive, what is the advantage over proton collisions in which the energy and charge

currents are much higher? The response, in two parts, is as follows:

o For large enough cnergies, the protons bound in the nuclei act coherently, so




that the effective current is amplified by Z* rather than Z, or a factor of 2%

in the total cross section,

¢ A substantial part of the clectromagnetic production is peripheral, coming
from collisions associated with small hadronic backgrounds. This contrasts
with purely hadronic mechanisms like gluon fusion which are inherently short

range and require central collisions.

Both statements must, of course, be investigated by detailed calculations. However
the issue of coherence can be discussed in fairly sitaple terms. To produce a pair of
total mass 24/ coherently, it is necessary that the recoil in the frame of each nucleus
be less than 0.025GeV, the maximun excitation possible without fragmentation,

2.A1C2 < ar
3 < 0.025GeV. (4)

Thus to produce W pairs, y23000. The condition (4) is equivalent to the statement

that the size of the Lorentz-contracted nuclear charge distribution must be less

than a Compton wavelength, .

=5, 5)
where the nuclear radius R, ~ 8{m.
We shall introduce the theoretical methods used by outlining the calculation
of lepton pair production. In the quantum field theory treatment we start from
the interaction Hamiltonian for charged leptons and photons in a minimal coupling

model. In terms of the normally ordered lepton fields ¥ (z), and the electromagnetic

currents and fields, respectively J,(z) and A,(z),



Hin () = e (@) (@) Au(0) o e SH(e)Au(e) 1y (6)
For spin-zero nuclei we assume that the current is specified by its matrix elements
<FNM@Fe >= (4 + Py ) 2aF(—0;) exp(—iga - 2) (7)

for nucleus @, with a similar expression for nucleus b. The momentum transfer is

- . . .y ’
given in terms of the initial and final momentum of the nucleus, ¢, = p. — p,, as

P, P,

g1,

Fig. 2. Momenta at heavy ion-photon vertex.
shown in Fig. 2. Successive terms in the S-matrix are given by the Feynman rules.
The leading diagrams which describe the production of a pair of leptons are given

in Fig. 3. The cross section can be written as

oo oL 1 p,d%p, By Pk, (2r)"
b=t 98 2w, 2uw, /(27 )52 2w, J (27)°2E,2E,
X 64 (pa +p6— ky — k2 — p, —py) 3 IMF, (8)
31,92
where the invariant matrix element is given by
4 'y o, Fa(—02) i, Fy(=4f)
M=—ie"(pa + pa)ula—5—(Po + Bl lo——5—
P %
~ 1 1 =
— I v v o 8
xa(ho ) g1+ T Yelkesa) (9)



Fig. 3. Feynman diagrams for two-photon lepton pair production.
In these expressions, w; and w; denote the total energies of the ingoing and outgoing

nuclei.

The above expressions correspond to the lowest-order (two-photon) processes
which can create pairs. To recover the classical field result, we assume that the

momentum carried by the virtual photon is small in relation to the momentum

carried by the nucleus. In this case
we~w, patp, =2p+q = 2wy, , (10)
where the four veiocities u are defined for a or b as,

ugy, = (1,0,0, £8) . (11)



It can be proved formally from gauge invariance (and numerically confirmed) that

the ¢, term in the current does not contribute, Using these approximations we

have
2223 dwa)t [ &Mk dBhdiq,
Tapeti = — b:)_(ﬁ ) _/()ﬂ;b)l;og?( w)6(qq + @5 — B — k) SI(aD) f ()
x 3 fa(kr, ) {ta F T 7"‘"“/"; —ta Jo(Fay82)[? . (12)
$1.82

With a modest amount of analysis, the momenta of the virtual photons are found

to be
-~ Bl = vy, 4+ Bg = w/v, (13)

where v is the energy of the photon in the rest frame of each nucleus. The initial
and final nuclear states must be “on-shell”, so that v is given in terms of the mass
of the nucleus A, and the square of the photon momentum ¢2, by v = ¢?/2M.
Since v is negative definite in the nuclear rest frame, the virtual photons are always
“space-like”. The magnitude of the square of the momentum transfer is governed
by the form factor of the nucleus. For values of ¢ greater than the inverse nuc-lear
size, the form factor becomes very small. Thus, if R denotes the nuclear radius,
llgll £ 1/R, which is about 25 MeV for heavy nuclei. This implies that for heavy-

ion beams at RHIC or machines of higher energy, ,,/,75,10—6 X |lg|l- Under these

conditions, the right side of (13) can be ignored and (12) simplifies to,

fiq 2)fe,( b)

 Z2ZF47a)! APk dPhadPq.y
Oob—tli = 4ﬂ2 / (‘)1‘{')8‘)[: )E

lea@hs,){nﬁ m+ml ~fla ok, 52)[ . (14)

$1.82



)

This is identical with the classical field approximation 3,

In summary, the classical fickl approximation is realized whenever the energy
momentum of the virtual photons is small compared with the nuclear momentum,
as is usually the case for large 5. Factorizing the product of flux factors and cross
sections, as is done in the equivalent photon prescription, is a further approxima-
tion which we do not make in the classical field approach. Rather, we integrate
the cross section directly by Monte Carlo methods 8),

In practice, we use space-like form factors from empirical charge distributions,
p, which are fitted to low-energy electron scattering data 9. The bulk properties

of the nuclear charge density, the magnitude of the central density, the surface

thickness, and the radius are often given in terms of a Ferm:i function,

N fo
plr) = 1 +exp|(r — R)/a)]’ (15)

where for heavy nuclei, R = 1.10A!/® fm, A being the mass number of the nucleus.
The surface thickness parameter is a = 0.55 fm and the constant p, is ﬁxec.i by
the normalization condition, Jd3 p(r) = 1. For this parametrization of the
charge density, £(—¢*®) may be expressed analytically 6). The variation of the
form factor squared with momentum transfer \/—¢Z is shown in Fig. 4. The filled
circle indicates the scale appropriate to muon production: electrons are sensitive
to lower momenta and heavy bosons to much higher momenta.

One of the important differences between most equivalent photon methods and

the present work is the treatment of the nuclear surface. These methods generally
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Fig. 4. Nucleon and nuclear form factors vs momentum transfer.

use a sharp cutoff model in which momentum integrals are limited by 1/R. For

the very peripheral collisions this ignores surface effects.

3. SOME RESULTS ON LEPTON PRODUCTION

To provide a reference point, we show in Fig. 5 the variation of the two- pho-
ton cross section for electron-positron production by uﬁit point charges calcu!;ted
in various approximations 34) The Monte-Carlo, or Racah, results are practi-
cally identical and may be regarded as exact. This result scales with mass and
charge as Z¥/Af? for any point charges and provides an upper bound for any cal-
culation including a form factor. The point to take away is that the two-photon

cross sections for heavy ions start from a large baseline: however they may be

reduced by form factors. For Au+Au at RHIC, the total electron ¢ = 33Kb.
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Fig. 5. Total clectron pair production vs energy.
As a consequence, the tails at energies of a few GeV provide substantial back-
grounds of many b, which must be accounted for in detector design. The tails
are sensitive to form factors, as illustrated by Fig. 6 which shows the rapidity
distribution for three different models. Clearly, the correct choice of form factor is
important. An coverview of muon and tauon production as a function of energy is
given in Fig. 7. The qualitative behavior of such cross sections can be explained
as follows. Consider the simple schematic model of a collision in which the nuclei
each emit a virtual photon, ¢., ¢;, in the rest frame of each respective nucleus,
g, = —¢; = (0,0,0,¢9). The forin factors F,(—¢.?)? and Fy(—g}?)? represent the
probability that cach nucleus will emit the corresponding photon and remain in
their ground state. The form factors control the magnitude of the emission, which

is strongly suppressed whenever the momentum transfer is much larger than the
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Fig. 7. Total muon and tauon pair production vs energy.
inverse nuclear size, —¢'? > 1/1*. Referring to the kinematical relations which
determine ¢, and g, we recover the criteria of (¢) or (5). Table 2 shows the
momentum threshold, g7 = 2A{ /4, and the corresponding suppression due to the

form factor for several systems of pairs from Au collisions at RHIC.



Table 2
Suppression of the coherent cross section due to the nuclear electromagnetic form factor

for Au + Au collisions at RHIC (7 ~ 100).

m (GeV) my (GeV) Fi
ete™ 511 x 1071 5 x 10™¢ ~1
wutp 0.106 1073 ~ 1
e 1.734 2x 1072 0.5

bb 5.0 5x 107° 1072
W= 31 0.8 1016

At this energy, coherent production of electron pairs is hardly affected by the
form factor, and muon and tauon production only moderately. For heavier mass
pairs, b-quarks, and W boson pairs, the production is greatly suppressed by the
form factor unless one goes to much higher energies. As the beam energy decreases,
the threshold momentum increases to large values of Q?, and the pair production is
sensitive to the high momentum part of the form factor. In this kinematic régime

.
the cross section exhibits a very strong dependence on the collision energy. When
the threshold momentum corresponds to small values of Q?, the pair cross section
dependence on beam energy saturates, going over to its logarithmic asymptotic
form. In the asymptotic régime the production is no longer suppressed, and indeed
the magnitude of the cross section is not sensitive to details of the form factor. It

is in this régime that the full Z' coherence is recovered, though suppressed by a

factor of about 1/4 due to the form factor.




Since muon production is only reduced by a factor of three below the point charge
result at asymptotic energies, electromagnetic muons also constitute significant
backgrounds. It is instructive to compare a typical cross section with that for the

well-known Drell-Yan nmechanism. Iig. 8 shows that for Au collisions at RHIC,
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Fig. 8. Comparison of electromagnetic and Drell-Yan spectra for muon pairs.

the doubly differential cross sections (in rapidity and invariant mass) have a
crossover point. As beam energy increases, electromagnetic pair production rjses,
whereas the Drell-Yan decreases.

The effects of the nuclear form factors on the heavy lepton production can be
understood in greater depth by examining their effect on transverse momentum
distributions, which is illustrated in Ilig. 9, comparing electrons and inuons.
Again, we are considering colliding beams of Au nuclei at 100 GeV per nu-
cleon and cross sections for singles. The effect of the form factor is seen be

low a mementum corresponding to the Compton wavelength of the muon; at
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Fig. 9. Tranverse momentum spectra for electron and muon pairs.

higher momenta the spectrum is universal, as though for massless particles.

4. PRODUCTION OF W BOSONS

The principles underlying the foregoing calculations of lepton production can be
extended to the coherent production of W# pairs and the Higgs boson. The lowest
order Feynman diagrams contributing to W-pair production are shown in Fig. 10.

The Feynman formulation guarantees gauge invariance, and we have found this to

be useful as an algebraic and numeric check.

Using the above terms, the W-pair production cross-section is given by

a3k d3h, 2 - = a
r_tr e = -_ N N ) 2) 2
Cobtt -+ = (‘27r)'3‘2w12w2 /d b'\?"b l < klAlszzls + S |0 > I , (16)

where kl,k-:? are the momenta of the W+ W~ respectively, and where A,, A, are
their corresponding polarizations; b is the impact parameter. With a modest

amount of analysis, the S-matrix in (16) can be cast into the form
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Fig. 10. Feynman diagrams for W pair production.

where we employ the conventions and normalization of Ref. 10) except that in the
fermion normalization, we replace 2/p? + m? by 2|p|. The functions B,,, C,,

and f** are defined as

B (¢, 0) = (qu — Pu)Au(9) — Aula)(q + k1) + guu(ps + kl&)AE(Q);
C#U(qlp) = (qu + k?[A)AU((I) - ‘41!((1)((11' + pU) + gMU(P'S - k25)A6((I)$

[ (p)=—g" + p*p* M. (18)



The integration over the impact parameter can be carried out analytically, leading

to the cross section expression

Z2ZAma)t [ BhPhadipy
ety = ki)es, (b
Cab—V =1+ 15 / (27)5%01 %0, INC ,\?, |e, (k1 )e5, (k2)
x{2g,,u* b - u;“uf’, — uuuu + B“f,((lml))—[—%lf abu((lb,P)
aly - .
+ ) A G (19)

Mg

The four-momenta, (g, q) are carried by the fields of each nucleus, and (p,p’)
are the corresponding momenta of the intermediate boson line in the direct and
crossed diagram respectively. Four-momentum conservation at the vertices in Fig.
10 reduces the number of integrations, and relates the photon momenta to those
of the particles in the final state. For pair production of massive charged particles,
both of the virtual photons q,,q are considerably “off-shell”. The functions with

“hats” appearing in the cross section expression (19), are obtained from (18) upon

replacing the fields A, by the corresponding vectors ul®:
B (0:p) = (qu = pu)us® — w2t (q + k1) + g ° + K)up”
Cot(9:p) = (qu + baJus® — w2 + P) + 9 (9° — kJ)us” . (20)

The total cross section for W production as a function of energy is
shown in Fig. 1. Assaming as a rule of thumb that the largest
heavy ion colliders have a luminosity of one pb~' per accelerator year of
107 seconds, we arrive at annual yields of 10® at LIIC and 10° at SSC.

These are usable rates, though falling short of factory levels of production.
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Fig. 11. Total W pair production vs energy.

5. PRODUCTION OF THE HIGGS

Since the Higgs boson is a neutral particle it does not directly couple to electro-
magnetic fields. The coherent production of the Higgs via two-photon processes
can occur through the generation and subsequent fusion of charged pairs. The
lowest-order Feynman diagram for this process is shown in Fig. 12, in which, the
intermediate loops can be formed from any quarks or leptons, or charged bosons.
The contribution of these loops is usually treated as an effective three-body vertex

or interaction Hamiltonian 11) of the form

2

Hiw = =1 FF I (21)

where
g 9
(A + A + Aw), (22)

T 8w My



and where cach amplitude A, depends on the ratio of masses, Ay = m#/A} through

complicated expressions which can be found in the literature Ih The squared

coupling strength for the Lagrangian is shown in Fig. 12 as a function of the
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Fig. 12.  Coupling strength entering the effective Lagrangean for Higgs production.
Higgs mass. Results are presented for three different values of the top quark mass,
100, 130, and 160 GeV, within the limits determined in Ref. 12)  There is a
considerable variation in the coupling for the three values for the range of H‘iggs
masses shown. For an intermediate mass Higgs less than about 250 GeV, the
coupling parameter is not sensitive to the top quark mass, and we make the choice
m, = 100 GeV. The Higgs production cross scction is obtained from the S-matrix

term which is first order in the Hamiltonian (21)

Oab—tly = /(Fb/ ) l< klsMo >| (23)



where
~ . dgdiqs .
< k80 > = 1021/—(-.1,'7()715(”(01 + g2 — k)

x [(q1 - ¢2)Au(q) A% (92) = @1 A"(2)q2. A" (@1 )] (24)

After carrying out the integral over the impact parameter, we have the resulting

total cross section expression

122 Z2(Ama) I} [ PhdPqe, & e
oty = [ 8% + s~ R )

x [(ga - @)(e* €)= (au - u)(go -0’ (25)

For a liggs boson with a mass of about 100 GeV and a top quark mass above
100 GeV, the lifetime of the Higgs is gnverned mainly by its decay into b-quark
pairs evolving into jets. The calculated decay widtn yields a lifetime of about
10~ s, so that the production and decay of the Higgs occurs promptly and does
not depend on the subsequent evolution of the nuclear collision. The total cross
sections, given in Fig. 13 as a function of energy, are experimentally rea.lizabl.e.

However, for central heavy-ion collisions, the nuclei will undergo very strong
excitations which remove them from the elastic flux and hence reduce the cross
section. In a semiclassical model 13}, the probability for making the Higgs is a
function of the impact parameter as described in (23). Along a definite impact
parameter b, we introduce a transmission function s(b), which is the probability
that the nuclei will remain in their ground state during the collision. Modifying

(25) accordingly results in the following expression for the Higgs production,
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12b (1 s FlsMjo > |2 26
Turmiy = [E05(0) [ il < FiSO > P (26)

This equation provides a simple estimate of the reduction in the cross section due

to nonelastic final channels of nuclei.

The impact parameter dependence of the S-matrix elements for the two-photon

process can be written explicitly as

< f|Slo >=/(d q)l M (qL) exp{? q.L_kj_L/2) b} (27)

where M; is independent of b. The total cross section thus reduces to the following

form

gy d* - - o
Py =3 [ o s Mo )M (8) S = o), (28)

where S(§1) = [ d% s(b) exp(i§, - b).



We use o Fermi function for s(b), though the results are not greatly
ditferent for other models.  In Fig. 14 we plot the cross section for

Higgs production, a(0) — o(dle), as a function of the cutofl parameter

Ko for collisions of uranium at a beam energy of 3.5 TeV per nucleon.
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Fig. 11. Dependence of the lliggs cross section on the absorption cutofl distance.

The calculation of the impact parameter dependence entails an additional con-
volution integral over an oscillating Bessel fu;lction, and we need about 50 tymes
more Monte Carlo points to reach the same precision as before. As By — oo,
o(fl) — 0, and the cross section converges to the previous results, as shown by
the dashed line.

These figures show that a significant part of the cross section comes from impact
parameters between two and four times the nuclear radius (about 8 fm), and very

little comes from larger impact parameters. At g = 30 fm the cross section

has been depleted by about a factor of ten. Even for these separations, Coulomb



excitation of the nuclei can lead to strong inclastic excitation,  The argument
made in Scet. 2.2 demonstrates that at higher beam energies, a greater fraction
of the colierent production is shifted to the peripheral impact parameter region.
Exclusion of the central events at 212, where £ is the nuclear radius, reduces the
cross scction of Higgs production by a factor of 1.9 at LHC (3.5 TeV), by a factor
of 1.4 at SSC (8TeV), and by a factor of 1.2 at ELOISATRON (40TeV).

Having established that backgrounds from hard hadronic processes in central
collisions can be eliminated, we still must contend with the intrinsic backgrounds
due to peripheral clectromagnetic production of possible decay products. The
formalisin outlined above can be extended to predict the spectra of Higgs decay
products, notably b-jets. F 3. 15 shows the singles spectrum of b-quarks, as
a function of transverse momentum following a Higgs decay. The characteristic
kinematic peak appears at half the Higgs mass. However the peak is somewhat
below the background, and probably unobservable. All singles spectrz exhibit
the same characteristic drawback. A simple scheme for eliminating backgroynds
entirely is available, though it involves a more sophisticated jet analysis. It is
simply required to detect pseudo-pairs of electrons or muons, e.g. from H —
W*+W = decay chains, but rcjecting pairs with combined transverse momenta of
less than a few times 0.1 GeV. This will remove all background “true” pairs, which
are produced at almost zero transverse pair momentum, while leaving the pseudo-
pairs, whose momenta extend to hundreds of GeV.

Finally, we have examined the rate of production of the Higgs by incoherent



processes, essentially parton collisions. The formalism developed carlier is readily

extended to inelastic processes, and requires as additional knowledge, the inclastic
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Fig. 15. Spectrum of b-pairs (singles transverse momentum) from Higgs decay com-
pared with the background of direct electromaguetic production.
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Fig. 16. Incoherent Higgs production in U+U collisions.



structure functions lor electron -nucleus scattering I, Using fits to measured
structure functions, we caleulate the cross section shown in Fig. 16, with the
coherent result for comparison. The incoherent is much smaller above one TeV.

It is interesting to examine the contributions from different régimes of ¢* and

Fevuman r.  Large inclasticities (small 2) dominate, as shown in Fig. 17.
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Fig. 17. Incoherent Higgs production in U+ U collisions: cross sections differential
in momentum tranfer for different cuts on Feynman z.

6. CONCLUSIONS

We conclude that electromagnetic production provides a clean method of de-
tecting a lliggs, even of intermediate mass, say 0.5 TeV. The yields are not much
less than those for conventional p-p schemes, but advantages lie in the concep-
tual simplicity of the underlying theory, and for experimentalists, the possibility

of eliminating most backgrounds without elaborate data analysis. The estimates



we have arrived at for LHC and SSC energies suggest that the feasibility of inject-
ing heavy ions in the SSC deserves at least a pilot study. In the realn of linear
colliders, the possibility exists of using coherence among the charged particles in

a bunch to enhance production rates. Such studies are underway.
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