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Production of the bound triplet µ¿µÀ system in collisions of electrons with atoms
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This paper deals with the production of orthodimuonium~OM! (m1m2 atom in triplet state! in collisions of
high-energy electrons with nuclei or atoms. This reaction was previously studied by Holvik and Olsen@Phys.
Rev. D 35, 2124 ~1987!# on the basis of a bremsstrahlung mechanism where OM is produced by only one
virtual photon. In the present paper, we consider a competing three-photon mechanism where the production of
OM results from the collision of a photon generated by the electron with two photons emitted by the nucleus.
We derive the corresponding energy spectrum and production rate of OM and show that the three-photon
mechanism is the dominant one for a heavy atom target.

PACS number~s!: 36.10.Dr, 12.38.2t
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I. INTRODUCTION

It is known thatm1m2 atoms exist in two spin states
paradimuonium~PM, singlet staten1S0) with lifetime in the
ground statet050.6310212 s and orthodimuonium~OM,
triplet staten 3S1) with lifetime in the ground statet151.8
310212 s. The dominant decay processes are

PM→gg, OM→e1e2. ~1!

The main physical motivation to study dimuonium pr
duction lies in the fact that dimuonium is one of the simpl
hydrogenlike atoms, which is very convenient for testi
fundamental laws. Up to now there are a lot of theoreti
predictions on dimuonium properties~for a review see, for
example,@1#! but dimuonium has not been observed yet.

A promising method to create dimuonium—its producti
at relativistic heavy-ion colliders—has been recently cons
ered in Ref.@2#. Another attractive possibility is the electro
production of dimuonium on atoms. The PM electroprodu
tion cross section was calculated in Ref.@3# in the main
logarithmic approximation, and discussed in more detai
Ref. @4#. In these two papers, a two-photon mechanism w
considered where the incident electron and the nucleus
emit virtual photons, which then collide to produce aC-even
PM state.

In Ref. @4# the electroproduction ofC-odd OM state on
atoms was assumed to proceed from the bremsstrah
mechanism of Fig. 1. The obtained spectrum of OM prod
tion on nucleus of chargeZe is

dsbr~x!

dx
5s0f br~x!, x5

Emm

Ee
, s05

z~3!

4

a5~Za!2

mm
2 ,

~2!
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x~12x!
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3
x2D

3F ln
~12x!2Ee

2

~12x1«!mm
2 21G , «5

me
2

4mm
2 ,

whereEe andEmm are the energies of the electron and OM
respectively, andme andmm are the electron mass, and th
muon mass, respectively;a'1/137 andz(3)51.202 . . . .
The obtained cross section has the form

sbr57.16s0~L22.73!, L5 ln
Ee

2mm
~3!

~note that this cross section is positive only forEe
.3.2 GeV).

However, the analysis of Ref.@4# is incomplete since it
did not take into account the important three-photon mec
nism depicted in Fig. 2. Our aim in the present paper is
improve this previous analysis by estimating the product
rate provided by the latter mechanism and by pointing
some of its main features. The similar problem in the orth
positronium electroproduction on nuclei was considered
Ref. @5# where it was shown that the three-photon mec
nism exceeds the bremsstrahlung one by a factor of 20
for collisions on heavy nuclei. Unfortunately, the results
Ref. @5# cannot be straightforwardly applied to the produ
tion of OM since in the latter case the values of transve
momentak1' andk2' in Fig. 2 are restricted by the nuclea

FIG. 1. Bremsstrahlung production of orthodimuonium
nucleus.
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form factor, while in the case of orthopositronium producti
one can consider the nucleus as a pointlike charged part
Nevertheless, as we shall show, the three-photon mecha
competes with the bremsstrahlung one and even pred
nates in the case of high-energy electroproduction of OM
a heavy-atom target.

II. CALCULATION OF THREE-PHOTON
ORTHODIMUONIUM PRODUCTION

At high electron energy (Ee@mm) the cross sectionds3g
corresponding to the diagram of Fig. 2 can be calcula
using the equivalent-photon approximation. In this appro
mation, the cross sectionds3g is expressed as the product
the number of equivalent photonsdng(x,Q2) generated by
the electron, by the cross sectiondsgZ for the real photopro-
duction of OM on the nucleus

ds3g5dngsgZ ,

dng~x,Q2!5
a

p

dx

x

dQ2

Q2 F12x1
1

2
x22~12x!

Qmin
2

Q2 G ,

~4!

Q252q2, Qmin
2 5

x2me
2

12x
.

After integration ofdng(x,Q2) over Q2 from Qmin
2 up to

Q2;mm
2 , we obtain the energy spectrum of equivalent ph

tons

dng~x!

dx
5

a

p

1

xF S 12x1
1

2
x2D ln

~12x!mm
2

x2me
2 211xG . ~5!

The accuracy of this expression is a logarithmic one, i.e.,
omitted items are of the order of 1/l;1/15, wherel 5 ln@(1
2x)mm

2/(x2me
2)#.

The photoproduction cross sectionsgZ can be found in
Ref. @2#. At high photon energy (xEe@mm), the correspond-
ing amplitude for photoproduction of OM inn 3S1 state on
nucleus of massMZ takes the form

FIG. 2. Three-photon production of orthodimuonium o
nucleus.
03250
le.
sm
i-

n

d
i-

-

e

MgZ54ia4Z2
2xEeMZ

n1/3 E F~k1'
2 !F~k2'

2 !

k1'
2 k2'

2
eg•eOM*

3F 4mm
2

4mm
2 1p'

2
2

4mm
2

4mm
2 1~p'22k1'!2G

3d~k1'1k2'2p'!d2k1'd2k2' , ~6!

whereF(k i'
2 ) is the nucleus form factor,p is the momentum

of OM, andeg and eOM are the polarization vectors for th
equivalent photon and the final OM, respectively. Because
the rapid decrease of the nuclear form factor at large tra
verse momenta, the main contribution to the amplitu
comes from values of tranverse momenta such that

k i'
2 &

1

^r 2&
, ~7!

where^r 2& is the mean-square radius of the charge distri
tion of the nucleus. We use below the parameterL defined
as1

1

6
^r 2&5

1

L2 , L5
405

A1/3
MeV, ~8!

where A is the atomic mass number,L570 MeV for Pb,
andL5120 MeV for Ca. The cross sectionsgZ is found to
be a constant at high photon energyxEe@mm . It was calcu-
lated in Ref.@2# by numerical integration of Eq.~6!, using a
realistic nuclear form factor. After summing up over a
n 3S1 states of OM, the final result is

sgZ54pas0BS ZL

mm
D 2

, B50.85. ~9!

As a result, the shape of the energy spectrum of OM
just that of the equivalent-photon spectrum:

ds3g~x!

dx
5s0f 3g~x!,

~10!

f 3g~x!5S ZaL

mm
D 24B

x F S 12x1
1

2
x2D ln

~12x!mm
2

x2me
2 211xG .

The total cross section is obtained after integration ovex
~from xmin52mm /Ee up to xmax51)

s3g54Bs0S ZaL

mm
D 2FL21S L2

3

4D ln
mm

2

me
2

2L2
p2

6
2

1

8G
53.4S ZaL

mm
D 2

s0@L219.7~L21!#. ~11!

1Here we use a system of units where\5c51, and thereby ex-
press a length in MeV21.
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III. RESULTS AND CONCLUSIONS

~1! Let us compare the energy and angular distributio
corresponding to the bremsstrahlung and to the three-ph
production of OM, respectively. The energy spectra
given by Eqs.~2! and ~10! or by the curves forf br(x) and
f 3g(x) presented in Fig. 3. The bremsstrahlung funct
f br(x) has a peak at largex(x'1); it depends on the electro
energy but not on the target properties. On the other ha
the three-photon functionf 3g(x) has a peak at smallx; it
does not depend on the electron energy but it strongly
pends on the type of nucleus.

The respective angular distributions are also differe
The typical emission angle of OM in bremsstrahlung prod
tion was estimated in Ref.@4# as

ubr;
mm

Ee
. ~12!

The analogous typical angle in three-photon production is
the order of@see Eq.~6!#

u3g;
L

xEe
, ~13!

and is thus much larger thanubr in the rangex!1, where the
three-photon process dominates.

Taking into account the quite different energy and angu
distributions of OM in the two production mechanisms, w
can conclude that the interference between bremsstrah
and three-photon productions should be very small.

~2! The total cross sections for the production mec
nisms here discussed are given by Eqs.~3! and ~11! and are
presented as functions of the electron energy in Figs. 4 an
for Pb target and Ca target, respectively. It is clearly s
that the bremsstrahlung mechanism is the most importan

FIG. 3. The orthodimuonium spectra (1/s0)(ds/dx) with s0

50.3a5(Za)2/mm
2 for three-photon production on Pb~solid line!

and Ca ~dashed line!; for bremsstrahlung production atEe

5100 GeV ~dotted-dashed line!, at Ee510 GeV ~dotted-long-
dashed line!, and atEe55 GeV ~dotted line!.
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electroproduction on light nuclei while the three-phot
mechanism is dominant for electroproduction on heavy
clei.

The knowledge of the total cross section gives us a p
sibility to estimate the production rate. A detailed procedu
to obtain such a number can be found in Ref.@4#, where the
rate for bremsstrahlung production of OM was estimat
For example, this rate in the case of Pb target is abou
orthodimuonia per minute for an electron energyEe
510 GeV and electron current of 1 mA. According to Fi
4, the rate provided by the three-photon orthodimuoni
production for the same example is 2.5 times larger—abo
orthodimuonia per minute.

~3! A possibility for constructing an accelerator with co
liding electron and relativistic heavy-ion beams is now und
discussion~eRHIC project: see, for example, Ref.@6#!. At
this collider, the electron will have the energy 10 GeV a
the ion of Au (Z579) will have the Lorentz factorg5108,

FIG. 4. The total cross section for three-photon~solid line! and
bremsstrahlung~dashed line! production of orthodimuonium on Pb

FIG. 5. The same as in Fig. 4 but for Ca target.
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which corresponds to the electron energy in the rest fram
ion Ee52160 GeV. The luminosity of such a collider
expected to lie between;1031 and 1032 cm22 s21. Corre-
spondingly, and according to our formula~11!, the three-
photon production rate at this collider should be at the le
of about 5–50 orthodimuoniums per day, which is larg
than the bremsstrahlung production rate by a factor of 2

~4! Throughout this paper, we have considered the e
troproduction of OM on nuclei. Let us briefly discuss th
electroproduction of OM on atoms where a possible ato
screening has to be taken into account. It is known that
atomic screening becomes important when the minimal m
mentum transferred to atom 2mm

2 /Emm52mm
2 /(xEe) be-

comes comparable with the typical atomic mome
;meaZ1/3. In other words, the atomic screening should
taken into account when the electron energyEe becomes of
the order of or larger than the characteristic energy

2mm
2

meaZ1/3
5

6000

Z1/3
GeV. ~14!

~5! In the present paper, we have calculated three-pho
production of OM due to the diagram of Fig. 2 with tw
photons being exchanged with the nucleus. But theC-odd
m1m2 bound system can also be produced in collision o
photon generated by the electron, with 4,6,8, . . . photons
t
98

s

.

03250
of

l
r

c-
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e
-

a

n

a

exchanged with the target. At first sight, this leads to
additional factor (Za)n22 for n exchanged photons. This i
just the case for electroproduction of orthopositronium
nuclei. Since for heavy nuclei, the parameterZa is not small
~for example,Za50.6 for Pb!, the whole series in (Za)2 has
to be summed. According to Ref.@5#, the high-order (Za)2

effects decrease the orthopositronium-production cross
tion by about 40% for the Pb target. However, for OM pr
duction we should take into account the restriction of t
transverse momentak1' ,k2' , . . . ,kn' due to nuclear form
factors on the level given by Eq.~7!. As a result, the effec-
tive parameter of the perturbation theory is not (Za)2 but

~Za!2

^r 2&mm
2 ,0.03, ~15!

and, therefore, we can restrict ourselves to three-photon
duction only.
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