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Heavy-ion collisions are a potentially prolific source of yy collisions at very-high-energy collid-
ers. However, their utility is limited to events in which the nuclei miss each other. The
Weizsacker-Williams approximation in impact-parameter space is used to evaluate the consequent
reduction in photon flux below that obtained by including the effect of the size of the nucleus only
through the elastic form factor. The effective luminosity (7/Z*)d.L /dt is shown for all relevant
circumstances to be a function of the single variable z=mR /y, where m is the mass of the created
system, R is the nuclear radius, and y is the center-of-mass-system Lorentz factor of each nucleus.
A graph and a simple parametrization are given of (7/.Ly)d.L/dr as a function of z. The effective
cross section for production of a Higgs boson with a mass of 100 (150) GeV using Pb-Pb-generated
yv collisions is reduced by a factor of roughly 1/2.4 (1/3) at the Superconducting Super Collider
and a factor of 1/4.6 (1/7) at the CERN Large Hadron Collider by the exclusion of events in which
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the nuclei collide.

I. INTRODUCTION

Heavy ions have been considered recently as a poten-
tial source for high-energy yy collisions, possibly using
the CERN Large Hadron Collider (LHC) or the Super-
conducting Super Collider (SSC). The advantage of using
heavy ions is that the cross sections varies as Z *a* rather
than just as a*. The yy collisions are especially interest-
ing because they would produce the orthodox Higgs bo-
son, provided this particle exists and is not too mas-
sive.! 73 A Higgs boson in the mass region between 80
and 125 GeV or so would be most intriguing in this re-
gard since this is above the reach of the CERN e e~
collider LEP II and below the domain accessible at the
SSC. To attempt to produce the Higgs boson in this way
would require operating the proposed LHC or the SSC
with heavy ions. The luminosity under such conditions
might be of order 102 cm ~2s™.* The energy per nu-
cleon at the LHC would be about 3.2 TeV, while at the
SSC it would be about 8 TeV.

Some of the difficulties associated with this potential
search for the Higgs boson have been examined by Drees
et al.’> The complexity of the basic nuclear collisions re-
quires that the yy process occur without disruption of
the nuclei or even significant overlap of the tails of their
nucleon densities. The hadronic production by a single
nucleon-nucleon collision (from ‘halo” overlap) of two
jets (approximately 20% bb) with an invariant mass in
the range of the Higgs-boson mass is of the order of 10°
times the yy production of the Higgs boson. Even if the
nuclear “halos” do not overlap, the decay of the Higgs
boson into bb would have to be identified in the face of a
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bb background produced directly from yy collisions and
a much larger background from yy producing lighter
quark pairs. The energy-resolution requirements are
daunting. Nonetheless, Drees et al. suggested that it
might be feasible to search for the Higgs boson at the
LHC and SSC using heavy-ion yy collisions.

The calculations in Refs. 1-3 appear not to have im-
posed the restriction that the nuclei have no significant
overlap, thereby overestimating the cross section. Cahn®
attempted to correct for nuclear overlap in a simple way
by using equivalent-photon spectra with minimum im-
pact parameters b;, =2R for each ion. This recipe, lead-
ing to an overly pessimistic estimate of the cross section,
was also used in a preliminary version of the present pa-
per.® Baur’ has stated a sensible recipe for obtaining real-
istic equivalent-photon spectra for nondisruptive col-
lisions of relativistic ions. We employ his recipe here.
Since by now there are a large number of essentially
equivalent computations of Higgs-boson production (and
other processes) in relativistic heavy-ion collisions,® ™ !2
some written at least partially in response to Ref. 6, we
emphasize here the universal scaling behavior of the
effective luminosity for both the simple factorized form
and that resulting from Baur’s recipe. We present the re-
sults graphically and in a readily usable analytic approxi-
mation in terms of the scaling variable z =mR /y, where
m is the mass of the system produced in the two-photon
collision, R is the nuclear radius, and y is the center-of-
mass-system (c.m.s.) Lorentz factor of each heavy ion. If
s is the square of the c.m.s. energy of the two (equal-mass)
ions, y =V's /2M, where M is the mass of each ion. The
cross section for Higgs-boson production is given as an
example.
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II. EQUIVALENT PHOTON SPECTRA
AND EFFECTIVE LUMINOSITY

In the equivalent-photon approximation, we denote the
joint number distribution of the two photons carrying
fractions of the total momentum of each nucleus between
x,; and x;+dx,; and x, and x,+dx,, respectively, as
F(x,,x,)dx,dx,. In general, this distribution does not
factor into separate spectra for the two nuclei, but it does
in some circumstances (if nuclear overlap is ignored or in
a simple-minded treatment of the overlap). Initially we
assume factorization is valid: F(x,,x,)=f(x;)f(x,),
where for simplicity we assume the nuclei are identical
and with identical (and opposite) momenta. Then the
effective differential luminosity to produce a system of
mass m is

9L _ [y dx, fix)f ()80 =%, x,)
dr T
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where 7=m?2/s. For orientation we note that in Pb-Pb
collisions in the LHC and SSC the values of s are about
1.7X10° and 1.1X 107 TeV?, respectively. For m ~ 100
GeV, the 7 values are 6X 107 % and 107°, respectively.

There remains only to find f(x). Because enhance-
ment will occur only if the process is coherent, it is natu-
ral to include a form factor for the nucleus. A straight-
forward calculation of f, including the nuclear form fac-
tor, gives®

xM?

2 2
fro=22 = 49 p gy Pt

1_
mx Jxim? Q2 ’ 2)

where M is the mass of the nucleus. If the source were
instead an electron, the form factor would be absent as
would the x2M?/Q? term. Setting the upper limit of in-
tegration to s and Z to 1 would give f =~ (a/mx)In(s /m}2),
in agreement with the usual Weizsacker-Williams form
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Drees, Ellis, and Zeppenfeld® (DEZ) approximated the
form factor for heavy nuclei by an exponential

F(Q*)*=exp(—Q%/Q%), 4)

with Q,=55-60 MeV for Pb. This gives®
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For very small values of x, we have

3691
Z’a Q5
(x)= 1 —1.577 | . 6
fDEZ approx x) T n (XM)2 (6)
In an earlier work Papageorgiu used?
Za 1

(x)=—In——— . (7)

T 7™ (xMR)*

To compare these approximations we write
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For Pb, InQ3R>=1.40, if R =1.24'° fm, and so the
DEZ result is just slightly smaller than that of Papageor-
giu in the region of very small x. At larger x, however,
the DEZ form is larger. In particular, the Papageorgiu
distribution vanishes for x > 1/MR =~1.5X 10™%,

The above expressions for f(x) are applicable provided
the nuclei are never disrupted in a collision. However, as
discussed above, realistic equivalent-photon fluxes must
be based on the requirement that the nuclei do not physi-
cally collide.

As regards the nuclei, the process is classical, with
Coulomb deflection of the nuclei neglected (Ap, ~1
GeV/c for grazing Pb nuclei). The equivalent-photon ap-
proximation should be evaluated in impact-parameter
space, with the geometry of the situation as shown in Fig.
1. The point P is the two-photon collision point. The
equivalent-photon spectra of the two nuclei are to be in-
tegrated over in the same manner as the transverse
profiles of particle beams to find a collider’s luminosity,
but excluding nuclear overlap. There is a question of
whether the collision point P should lie inside either nu-
cleus. This represents Higgs-boson production in the line
of flight of the nuclear interior. We exclude the nuclear
interiors because (a) the photon flux is a maximum at the
nuclear surface and decreases rapidly inside, and (b)
Higgs-boson—nucleus interaction effects may disturb the
cleanness of the events. The joint number distribution is
therefore given by’

FIG. 1. Geometry of the two-photon process in the trans-
verse plane. The nuclei of radius R are separated by an impact
parameter b. The point P at which the two-photon flux is evalu-
ated is displaced by b, and b, from the nuclei. The integral in
Eq. (9) is restricted to the region |b, —b,| > 2R.
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It is useful to have the integral of Eq. (10) over all angles
and b >b ;-
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with b, the larger of b; —2R and R. Three comments

are in order: (1) The nonfactorizable AF(x,,x,) corre-
sponds to the elimination of overlap of the two nuclei; (2)
the structure of Eq. (15) and the behavior of f (x) with
b, leads us to anticipate that F(x,,x,) may be approxi-
mated by a factorized form with a somewhat larger nu-
clear radius, at least as far as the effective luminosity is
concerned; (3) as discussed by Baur,’ the exclusion of nu-
clear overlap affects the spectra of the parallel and per-
pendicular polarization states of the virtual photons
differently. Calculations® show the effect to be small. We
ignore it here.

The contribution of the first (factorized) term in (15) to
the effective luminosity can be written
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where x,=1/b_;,M. For very small argument z,

Ky(z)—>—In(z/2)—y,

K](Z)——>1/Z 5

and so for small values of x and b_;, =R, we have

Z’a
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a result that is somewhat below those of Drees et al. and
Papageorgiu. This difference becomes greater as x in-
creases, but there is little point in further comparing the
approximations (7), (8), and (14) since they have applica-
bility only in the extremely small-x region.

The expression of real interest is the unfactorizable

form (9). It is elementary to show that Eq. (9) can be
written
F(x,x,)=f4(x,R)f4(x5,R)—AF(x,x,), (15)
where
b}+b3—4R’
(x,)arccos ——~—21)]T , (16)

where z =2MRV'r=mR /y. The upper and lower limits
of integration are

MR =5.665A4%3, tMR=2z%/22.664%", (19)

where we have put R=1.24'2 fm. For A4 2200,
MR 2 .6.6X10° and 7MR 53.8X107°22. For heavy
ions we see that the upper limit is large compared to uni-
ty, and for z <10 the lower limit is small compared to
unity. The product f(y)f(z%/4y) in the integral (18) van-
ishes exponentially (times a logarithm) at both limits.
Replacing the actual limits in (18) by zero and infinity
does not affect the result. Thus the integral is a function
only of z for relevant values of 4 and z. The first term in
the effective luminosity can thus be written

dL 2 _ _ d.L
L (e | rldx g x g . an T =L&\(2), (20)
dr T rox xx dr
- . o where L is chosen for later convenience to be
where f(x/x,) is the curly-bracketed expression in Eq.
(11). A change of variable leads to _ 16Z%*
’LO— 5 . (21)
) 3
. dL, — |22% f MR dy Y EnF z? (18) The overlap correction to the effective luminosity from
dr ™ MRr y 4y AF(x,,x,) [Eq. (16)] can be similarly written as
]
d_[ MR dy B+2 z? Bi+By—
Alr - of MR f “Biap [, g PABKIBYIK] Brgy [arecos | —5p5— |- (22)




where 3 is the larger of (3,—2) and 1, and B,=b, /R,
B,=b,/R. With the same behavior of the mtegrand at
the upper and lower limits in y, we can safely extend that
interval to (0, ). Then the correction (22) also becomes
a function of z alone. The final result is that the effective
luminosity times 7 can be written as
2L e, (23)
dr
where Eq. (23) is the difference of Egs. (18) and (22). Fig-
ure 2 shows the result of the computation as a function
z=2MRVr=mR/y. The quantity plotted is
&(z)=(r/Ly)dL/dr. Also shown in the figure are the
results from the factorized form (18) with b_; =1.0R
and 1.2R, illustrating the fact that the Baur recipe is ap-
proximately equivalent to the choice of a slightly larger
radius.
If the generic small-x form [encompassing Egs. (6), (7),
and (14)]

2Z%a In A
xMR

falx,R)~

(24)

is employed to compute the factorized effective luminosi-
ty [Eq. (18)], the result is

2

z

In (25)

An explicit fit to the numerical integration displayed
graphically in Fig. 2, accurate to 2% or better for
0.05<z <5.0,is
3 —bz
=23 Aje ', (26)
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with 4,=1.909, A4,=12.35, A,=46.28, b, =2.566,

2 I I 3
- 1
10! N\ -
E \\\ 3
i NS
F N 1
W
100 AN —
3 N :
w NG 3
L N
1071 S —
E >~ ~ 3
F ™. :
- NN 1
10_2? N \\\ —

o
[ -
w

2
|
w
|
“N/
:/
3

FIG. 2. Dimensionless wuniversal luminosity function
E=(71/Ly)dL/dT as a function of z=mR /y is shown as the
solid curve. The (upper) dashed curve corresponds to the fac-
torized form &, with b, =R. See Egs. (17)-(20). The (lower)
dot-dashed curve corresponds to the same factorized form, but
with b,;, =1.2R.
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b,=4.948, and b;=15.21. This parametrization does
not reflect the small-z behavior of Eq. (25), but has the
advantage of simplicity, useful if integration over z is re-
quired in some application. For z <0.05, the expression
(25) is adequate, with 2A=1.234. This choice of 2A is
equivalent to the choice of b,;,~1.1R with the factor-
ized form (18).

III. HIGGS-BOSON PRODUCTION
AND OTHER CROSS SECTIONS

As an illustration of the use of the realistic equivalent-
photon spectra and effective luminosity shown in Fig. 2,
we calculate the cross section for production of a Higgs
particle as a function of my in nondisruptive collisions of
relativistic heavy ions, in particular for Pb-Pb collisions
at c.m.s. energies of 3.2 TeV/nucleon (LHC) and 8.0
TeV/nucleon (SSC).

An effective nuclear radius R must be chosen. How
much halo interaction and nuclear disruption can be
tolerated is an experimental question, but the results are
insensitive to the exact choice of R. Electron-scattering
data'* give half-height radii for an assumed Fermi distri-
bution of charge of ¢ =~1.14!/% fm for heavy nuclei and
corresponding equivalent radii for a uniform charge dis-
tribution of R, =(5(r?)/3)"?=~1.24'7 fm. The
charge thickness parameter in such nuclei is t =2.3%£0.2
fm. Since the neutron distribution in heavy nuclei ex-
tends one or more femtometers beyond the protons, we
take R =1.24'/3 fm with the belief we are not underes-
timating the measurable Higgs-boson cross section and
may be slightly overestimating it.

In the narrow resonance approximation, the effective
cross section for producing the Higgs boson is

87 dL
UHiggS via YY: 3 F(H_>‘yy) dT 3 (27)
mpgy

where 7=m}, /s, and 7dL /dr is to be evaluated at the
appropriate value of z =myR /.
The yy width of a Higgs boson with my <<my, is
given by!*
a’Gpm}, ?

D(H—>yy)=—rr |7
vy 1287°V2

3 2 07C/1

m?
m;
m2
my
(28)

where C; is the color factor that is 3 for quarks and 1 for
leptons. The function I(z), generally complex, is near 1
for large argument and near O for small argument so that
only fermions heavy compared to the Higgs bosons are
counted. For the domain of interest, we include only the
t quark. If the mass of the Higgs boson is not small com-
pared to the mass of the W, the 7 in Eq. (28) is replaced
by a factor involving I(m},/m}). An adequate approxi-
mation throughout the region of interest (my <2my, ) is

3
mpy

I (H =3 keV |— 1t
(H—vy) °Y 1100 Gev

(29)
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FIG. 3. Cross section for producing a Higgs boson through
Pb-Pb-generated photon-photon collisions as a function of the
Higgs-boson mass is shown by the solid curve. The lower mass
scale is appropriate for the SSC (8 TeV per nucleon), the upper
for the LHC (3.2 TeV per nucleon). The dashed curve gives the
result using the formula of Ref. 3, our Eq. (5) in Eq. (1). Both
curves use the approximation Eq. (29) for I'(H —yy).

The factor in large parentheses in Eq. (27) is roughly 90
fb, independent of the Higgs-boson mass.

The y-y production cross sections in Pb-Pb collisions
as functions of Higgs-boson mass using Eq. (23) and the
Drees et al. expression derived from Eq. (5) are shown in
Fig. 3. With the assumption of constancy for the expres-
sion in large parentheses in (27), a single curve suffices for
LHC and SSC energies (or any other energy or ion) be-
cause of the z scaling of 7d.L /dr. For convenience, we
show separate mass scales for the two accelerators (bot-
tom for SSC, top for LHC). A more accurate evaluation
of I'(H—yy) would increase both cross sections in the
mass range my~2my (by a factor of about 1.3 at
my =100 GeV and 3.7 at my =160 GeV). This improve-
ment will not affect the relative comparison of the result
of Drees et al. with our result.
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It is apparent from Fig. 3 that requiring that the two
nuclei miss each other reduces the cross section for
Higgs-boson production through the Yy process. For the
SSC parameters, the reduction amounts to a factor of 2.4
for my =100 GeV and 3.1 for m; =150 GeV in compar-
ison with the results obtained from the model of Drees
et al. At the LHC these factors are 4.6 and 7.0, respec-
tively. The cross sections of the solid curve in Fig. 3
[even augmented by a better estimate of I'(H —yy)] give
marginal rates. LHC running 107 s per year at a luminos-
ity of 102 cm~%s™! with Pb would get three 100-GeV
Higgs bosons per year. At the SSC the yield would be 10
times as great—still marginal. In addition to the ques-
tion of rates, there are great difficulties with back-
grounds, mass resolution, and tagging.!'®

If there is a mass dependence of the expression in large
parentheses in Eq. (27), a single graph with scaled abscis-
sas is not adequate to describe the cross sections for
different nuclei and/or energies. Nevertheless, the scal-
ing form of £(z) shown in Fig. 2 permits rapid evaluation
of two-photon cross sections in nondisruptive collisions
of relativistic heavy ions. If the real two-photon cross
section for a final state f of invariant mass m is denoted
by o, f(mz), the Weizsacker-Williams cross section
for producing the same final state per unit interval in m?
in heavy-ion collisions is

daWW(mz) _ Ty %f(mz

)
LE(z), (30)

dm? m?
where z=mR /y. For u*u~ and 777~ production, for
example, the parametrization (26) together with the QED

cross section for yy —1*1 7 easily yields results agreeing
with the curves of Ref. 8 within a few percent.
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