PHYSICAL REVIEW C VOLUME 58, NUMBER 6 DECEMBER 1998
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Dimuonium (the bound system of two muons, the u~-atom systemhas not been observed yet. In this
paper we discuss the electromagnetic production of dimuonium at RHIC and LHC in relativistic heavy ion
collisions. The production of parastates is analyzed in the equivalent photon approximation. For the treatment
of orthostates, we develop a three-photon formalism. We determine the production rates at RHIC and LHC
with an accuracy of a few percent and discuss problems related to the observation of dimuonium.
[S0556-28188)02611-9

PACS numbd(s): 25.75.Dw, 36.10.Dr

[. INTRODUCTION states[orthodimuonium(OM)]. Because the nuclei do not
change during the production process, they emit the photons
The study of exotic electromagnetic bound systems andoherently This means that the perturbation parameter asso-
their properties is of theoretical and experimental interestciated with each photon exchange between the nuclei and the
The boundu ™ .~ system[dimuonium(DM)] has been sub- produced system is nat~1/137, but ratheZa~0.6 (for
ject to extensive theoretical investigatidds-5]. As demon- Au and Pb. This leads to a very large flux of equivalent
strated in[2], the decay rate of the dimuonic system is sen-photons available for the production of exotic particles.
sitive to radiative corrections from the so-far-unexplored The C-even PM can be produced in collisions of an even
timelike region of QED. number of virtual photongtwo photon production mecha-
Although dimuonium has not been observed yet, a lot ohism; see the diagram of Fig(d]. The C-odd orthostate
different pathways for its production have been considerediOM) can only be produced by an odd number of virtual
For example, the production of dimuonium in the decay ofphotons, i.e., via bremsstrahlung productimne photon,
the » meson (p— DM + y) was investigated in Ref$3, 6], Fig. 1(b)] and three-photon productidsee Fig. 1c)]. We
and in Ref.[4] the decayKE—>D|v|+ vy was considered. It consider here mainly the production of PM by two photons
has to be mentioned that in decays it is possible to producand the production of OM by three photons. Two-photon and
only the S=1 orthostates of dimuonium. Other calculations three-photon fusion is the dominating process for the produc-
were performed for the production of dimuonium in colli- tion of parastates and orthostates, respectively. The influence

sions of charged particlgsee Refs[5, 7, 20) and in colli-  of multiphoton processes on the production rate is described
sions of photons with nucléb]. by the effective perturbation parameter

In this paper we investigate quite a different mechanism,
which is based on the availability of relativistic heavy ions at ZaA\?2
high luminosities. Two new large hadron colliders, RHIC p=( ) =0.04, (1)
and LHC, are scheduled to be operative for the next decade. M
In Table | we list the decisive experimental parameters of the
new colliders (see Refs.[8—10]). We consider here the with
purely electromagnetic production channel

1A?=1/6(r?), 2

A1A2—>A1A2+ DM,

where theA; represent relativistic nuclei with nuclear charge where(r?) is the mean square radius of the charge distribu-

numbersZ;, and DM stands both for th8=0 parastates of tion of the nucleus, and the mass of the dimuonic atom is

dimuonium|[paradimuoniumPM)] and for theS=1 ortho- m,,~2m,=211 MeV. Therefore, in all cases under consid-
eration the multiphoton processes set limits on the accuracy
on the level of 5%.
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TABLE I. Experimental parameters of RHIC and LHC which - < -
must be taken into account for the production of dimuonium. The ! / '
bunch length of 7.5 cm for the CaCa channel at LHC is an estimate. | ————— )
Nuclear Luminosity Lorentz Bunch i : E i
charge L factor length ——t— ———— ——t————
Collider  Nucleus (2) [em2s] (y) [cm] (a) (b) (c)
RHIC AuAu 79 2x10%° 108 12 FIG. 1. Diagrams for two- and three-photon production mecha-
LHC PbPb 82 X107 2980 7.5 nisms of fermion pairs in relativistic heavy ion collisions. In the
LHC CaCa 20 & 10%° 3750 7.5 case of dimuonium, the fermion pair is produced in a bound state.
orthodimuonium, which is discussed in Sec. lll. Finally we
) a3mi discuss the background in Sec. IV and summarize the results
|#n5(0)] =83 3  in Sec. V.

The production rate and the lifetime of the dimuonic atoms Il. PARADIMUONIUM PRODUCTION
are both proportional to this value. The lifetimes of low-
lying states are of the order ef~10 '?s and are summa-

rized in Table Il. A brief discussion of the evaluation of the
lifetime of parastates is given in Appendix A. The main de-

cay channels are the annihilation processes

The production of ar6=0 parastate of dimuonium by a
two-photon process is represented by the diagram in Fig. 2.
The diagram is evaluated using the equivalent photon ap-
proximation in the approach originally presented in Ref.
[16]. Two nucleiA; and A, with identical charge numbet
and atomic mass numbér colliding with each other emit
dn, (i=1,2) equivalent virtual photons within the energy

The rate of atomic transitions from excit&states to lower anges i, i +dw;) and with four-r;omer;ta denoted as.

atomic states is of the same order of magnitudnf) as the 1he virtualities of the photons a@j’= —g;". Upon fusion,

annihilation decay rate. It results in additional final states vighese photons produce a PM bound state with four-

atomic decays of excited DM levels which cascade throughnomentum p=g;+q,. Its mass_squarech®=W?=(q,

S— P— S transitions. This leads to observable x-ray photons* d2)? is approximately equal tor’, . The most important

(at least two quanja having “atomic” energy contribution to the production process stems from photons

~a®m,(n’~2—n~2)/4. The main properties of the various With very small virtualitiesQf<m . To a good approxima-

states can be found in Table Il together witR paradimuo-  tion, the photons move in opposite directions, and we have

nium which is produced in atomic transitions fron8 and ~W?~4w;w,. In this very region the differential cross sec-

4S. tion do for the AjA,— A1A,+PM process is related to the
The detection of dimuonium would constitute a continua-Cross sectiowr,,, for the processyy— PM by the equation

tion of the recent investigations of exotic bound systems.

Over the past years, experiments on antihydrofen12, (5)

pionium[13], and the boundru system[14,15 have been

reported. The spectrum of equivalent photons is given by E14) in
This paper is organized as follows: first we investigate theRef. [16], which upon omission of terms of order, /E<1

production of paradimuonium in Sec. Il. We then proceed taeads

PM—1vyy, OM—e'e". (4

dO'pM: d nld nz(Tyy(Wz) .

TABLE II. Main properties of atomic states of dimuonium and their estimated production at LHC and
RHIC per yearrunning time per year in our calculation is"1§). Thedecay modgiven here is the dominant
mode which is most important for the detection.

Atomic state properties Estimated production per year

Atom State Jre cr Decay RHIC LHC LHC
[cm] mode Au-Au Pb-Pb Ca-Ca
PM 1's, o+ 0.0178 Yy 310 40000 260000
PM 2's, o+ 0.143 Yy 40 5000 33000
PM 3's, o+ 0.483 vy 12 1500 9800
PM 413, o+ 1.14 vy 5 630 4100
PM 8!s, 0" 9 vy - 79 520
PM 10's, 0" 18 vy - 40 260
OM 133, 17~ 0.0538 ete” 43 2700 2800
oM 2%s, 1~ 0.430 ete” 5 330 340
oM 3%s, 1~ 1.45 ete” 2 100 100
PM 2P, 1t- 0.462 1Syy - 60 400
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= > wherew,= mi/wl. Using this formula, we derive the distri-

& bution of the produced PM atoms with respect to the energy
‘ @ ¢ and the transverse momentym via the relations

- m,

da 82wl+w_1’ PL=01. 102 - (11)

) ) . It is useful to note that the integral ov€?® converges fast
FIG. 2. Two-photon production of paradimuonium by relativis- for Q2>A2 Integratingd n ( Q-Z) over Qz we obtain the
i i " 1 ’ 1 [
fic heavy nuclel equivalent photon spectrum in dependence on the energy,

dn(w):
2 Z’a do; Qizmin 2, 2 dQ|2 )
Al Q== 00|17 gz |F QD o7 Za [ | do
! i | dny(w)= — [ —| —. (12
T Ay w;
2
Q?m.n:w_‘z_ (6)  The function
I 1 ,y
1
In the calculations below we do not use the exact form factor f(x)=(1+2x%)In 2 +1)-2 (13

of the nucleusF(Q?) but a simple approximation. This ap-

proximation corresponds to an exponentially decreasingirops very quickly at larg& in accordance with Eq8) (the
charge distribution of the nucleus, whose mean square radiggymptotic behavior for x—o is f(x)~1/(6x*)[1
is adjusted to fit the experimental val{see Ref[17], Eq.  + (O(1/x?)]). Finally, we obtain

(B49)]:
Z%a’ m,
0.164 GeV C’szﬁi‘ G(d), where o= Ay (14

F(QZ):W, where AZZT.
and

According to Eg.(2), for Pb and Au the parametek o d o dx

~70 MeV, and for Ca\ ~118 MeV. The approximate form g 5):J max 291 f(ﬂ) f(ﬂ) :J " F(x8) F(SIX),

factor enables us to perform some calculations analytically omn @1 \Ay] Ay Xmin

which otherwise could only be done numerically. (19
It is useful to note that the integral ove® converges fast 5

atQ2>A2. The decisive region of integration is given by the With X=w1/m,, . Becausew;<E and w;w,=n,, we have

condition Q2, <Q?<A? [cf. Eq. (6)]. Therefore the main Xmin=m,, /E and Xma=E/m,,. However, because of the fast

contribution to the cross section is given by virtual photonsdeCIIne off(x) at X.>1’ we can expand these_ limits up to
with energies Xmin=0 andXy,,,=2 in a very good approximation.
Numerical evaluation of the integral in EQ.5) yields the

w=A7. ®) following result for the total production cross sections:

. . L 0.15 for RHIC, Au mode,
Because the two-photon width of paradimuonium is small

in comparison with its mass, we can us& approximation opy=10"% cmPxq 1.35  for LHC, Pb mode,
for the cross sectionr,, [for further details see E¢3.24) in 0.0066 for LHC, Ca mode.
Ref. [16] and Eq.(89.4 in Ref. [18]]. For the 1S, para (16)

ground state, this approximation has the form
The production cross sections for excite® states are de-

o, (p)=2m2a’5(p?—4m?). (9)  rived from the above cross section, which is obtained for the
a4 K’ 1S states, with the aid of Eq3),

After the transformation

(ng= 5> (17
o(nS= )
d(l)l de 2 2 d(l)l de 2 2 n3
— —= 8(p?-4Am%) = — — &(p?—4m?) _
w1 @3 w1 P The summation oven enhances the result of EGL6) by a
1 do, 10 factor of
—)4ml2L wl L] ( ) 0 1
(3=, —3=1.202. (18)
n=1

we cast the cross section into the form

The distribution in energy for the paradimuonium atoms is

2 2 2
dUPM:% o5 dwy dny(o;,Q7) dny(wz, Q) 1 given by the integrand of Eq15), using the relatiorf11). It

w1 do; do, is shown in Fig. 3.




3568 I. F. GINZBURG et al. PRC 58

dN/dE -

Y

\‘h
5000 3 diagrams  originating
— + from the symmetriza-
tion of the photon
b \ wave functions.
2000 Jk ‘ih _
i)
1} 1}
1000 i - > -
(a)
500
200
E [GeV] —t: - T -
0 5 10 15 20 M '
o . _ Vo yaes
FIG. 3. Distribution of paradimuonium produced at LHC in the ‘ H diagrams  originating
Pb mode over the enerdjn GeV). The distribution is normalized 4 from the symmetriza-
. . . tion of the photon
to the annual production rate of 40 000 particles. The median of the ‘ wave functions.
distribution is at 1.12 GeV. da
1}
We checked that the results depend only weakly on the (b)

choice of the form factor. With the help of a numerical com-

puter prograni19] we took into account the Gaussian form  FIG. 4. Orthodimuonium production by a three-photon fusion

factor exp&QZ/AS) with A;=60 MeV (for Pb and Au col-  Process.

lisions) and A ;=100 MeV (for Ca collisions fixed on(r?). ) ) )

We found that this changes the final result presented in EGiOnd the three-photon cross sectien, corresponding to

(16) by less than 1%. ig. 1(c) is suppressed by a facte” compared to the cross
The effect of omitting terms of the order GT(Qizlmz) in section for bremsstrahlung productian,,. By contrast, for

the equivalent photon spectrum, E@), is also negli%ible. heavy ion collisions another parameter enters the calculation:

The relative contribution of the omitted terms is of the ordertn€ large nuclear madd. Bremsstrahlung of heavy particles

of is suppressed by a factorMf, and so we obtain
A? 1 A?%y? o 28’ IM?,
e and with L=1In ?=In —
my my whereas for three-photon production there is no such sup-
, pression,
it follows 7,~(1-2)%. (19
6, 9/m?2
It is instructive to consider additionally the leading loga- T3y* 27 M, (22
rithmic approximation(LLA) for the process. In the LLA, The ratio
we approximatef(x) by 2 In(1k). The restrictionQizmm
<A? corresponds ton-/(A y) <w;<Avy. Therefore . , (1/150 for RHIC, Au mode,
m
» 2 Tor = VM) ={ 1/190 for LHC, Pb mode,
= — g 02
G(9)=3L (20 5 1/7  for LHC, Ca mode,
and is small. Moreover, a more accurate estimate for CaCa col-
lisions at LHC decreases this ratio at least by a factor of 3.
LA Z4a’ E 21 Therefore, the three-photon production dominates in relativ-
Tpm — Smi ' (22) istic heavy ion collisions. In Fig.(t) only one representative

diagram for three-photon fusion is depicted. For a complete
The above result is in good agreement with the old result ofnalysis, we need to take into account two classes of dia-
[20] [see also Eq(2.4) in [16]]. However, for the energies grams, in which the single photon is emitted by either one of
discussed in this paper the LLA does not provide sufficienthe nuclei[see Figs. &) and 4b)]. The corresponding cross
precision. The rati@G"**/G is 1.5 for Pb at LHC and 2 for Section, which is proportional to the square of the amplitude
Au at RHIC. Hence, the LLA gives only a crude estimate forfor the particular processes, is given by
the energies discussed.
doogy=do,+dop+ doiner=2do, (23
I1l. ORTHODIMUONIUM PRODUCTION . . .
because the interference temar; s disappears after azi-
Orthodimuonium can be produced by bremsstrahlthg  muthal averaging. Thus we may restrict ourselves to an
relevant diagram is depicted in Fig(bl] and by three- analysis of the cross section for the process in Fig,4
photon fusion[see Fig. 1c)]. For production processes in- denoted aglo,. To a very good approximation, this cross
duced by relatively light particlegike e*e™ or pp colli-  section can be expressed by the number of equivalent pho-
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X tion y+yy—OM, andJ, corresponds to the virtual transi-
\ : \ tion in the lower block A— yy+A). The impact factod

»@— P .h@— P »@— p for a charged pointlike particle was found [i21,22] asJ,

T bt 7 ha—k A gk =4maZ?. In our case we should take into account the shape
de & A of the nucleus and modify this impact factor according to
B B B
“ & © In=4maZ?F(K3)F(p, —K,)?). (26

The impact factod,, for the virtual transitiony+ yy— OM
O ‘\m ‘\qn is similar to the impact factor for the virtual transition
+9g—"¥ which was introduced for the description of the

,@— p .’@— p »@— P hard diffractive procesgq— ¥ q [24]. Adjusting for the dif-
X v k

[ bt T ha—k A oo ferent couplings and masses, we immediately obtain
i heT de OO
P Lo L - P [ S - P Vi - - m2 m2
2 2 2 - 912 © ©
(d) (e) (f) ‘]’}’_ 47Ta 2 2 2 — k 2 e’yegM .
. . . ) my,+p1, M+ (P —ky)
FIG. 5. Orthodimuonium production by a three-photon fusion (27
processP, denotes the nuclear momentum, gmnds the momen-
tum of the dimuonium system. Herep,, =p,, =1/2p, , ande, andegy are the polarization

vectors for the initial photon and the final state OM. From
tons,dn;, emitted from one of the nuclei, given by Ed2), Eq. (27) it follows that helicity is conserved in thg— OM
and the cross section for the procegs—OM+ A, denoted transition. Therefore, the OM is transversely polarized and is
asoa, produced in two polarization states or{lyot three states
We finally obtain the cross section as

da’a=dn10'yA. (24)
P : 48 2 *x |2 dzpi
We thereby assume that the incident photon in the process do,a=Z%a%|D(p])e, eyl ol (28)
yA—OM+A is a virtual photon in the framework of the ®

equivalent photon approximation and thus exhibits a smal
virtuality Q?< A%< 4mi. Therefore, we neglect the virtual-
ity of this incident photon in the cross sectien,,. The

J/vhereCID(pf) is determined by an integral related to the am-
plitude M 5 given in Eq.(25). CD(pf) can be written as

subprocesyA— OM+ A is described by the set of diagrams 1 (r+ n)Zpi (r— n)ZpE

of Fig. 5. We calculate its cross sectior, in the region of <I>(pf)= — J’ F 7 )F( 7 )

large energies and relatively small transverse mompmnta m

of the produced OM. We have the kinematical conditions r2—1 d?r

(the subscript “th” denotes the threshold value X(r—n)z(r+n)2 A+ (1t ad) (29

Sy=20;-Po>sp=4m,M and |pl|smﬂ. wherer is a two-dimensional vector with no physical dimen-

We note that a loop integral has to be evaluated for thi$ION: OVer which the integration has to be performeds a

subprocess. Its contribution is rather different from whatunit vector defined by

would be obtained within the standard equivalent photon dis-
tribution for the two remaining photons. n= P
It is convenient to perform the calculations involved using [
the impact representation, which has been employed in QED L
and QCD for a number of processes with two-photon or two—and 7is given by
gluon exchangéin thet channel. More details on this ap- 2
proach are described in Ref21-24. In this representation = piz ]
the amplitudeM ,, which corresponds to the whole set of 4amy,
diagrams of Fig. 5 is written with an accuraeymi/sy in
the form of a two-dimensional integral over the transvers
components of the momentum of the virtual photon,

eAf’[er integrating over the azimuthal angle of OM, summing
over the polarizations of the final sta@M spin states and
averaging over the polarizations of the initial stgbdoton
d%k, J, A polarizationg, we obtain
MvA:iJ (2m)2 K2 y_ 2" (25
™) kI(pL—ky) 7Z%a® A?

. o a=B ———, (30)
The impact factors], and J, correspond to the upper and m, my
lower blocks of the diagrams in Fig. 5. The diagrams in Fig. . .
5 are regarded as being cut by the photon lines of the lowef/nere the dimensionless constahfollows from
block, dividing the process into two partial virtual processes . dp? .
v+ y.'y—>OM (upper block and A— yy+A (Iowgr block. . B:j [CD(pf)]Z %:J [®(A2u)]2du (31)
The impact factod,, then corresponds to the virtual transi- 0 A 0
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and A is the form factor scale defined in E(). e dw; [ o © dx
The value of the constai depends more on the shape of H(5)=j 2 o (A_y) = f 2 % ()
the form factor than the corresponding quantity for M) 1 2
paradimuonium. We used a realistic form factor of the 57 for RHIC, Au mode,
nuclear charge densitp(r) for which we employed the
model[25] =4 202 for LHC, Pb mode, (36)
247 for LHC, Ca mode.
1 .
F(k?)= e f d3re™® "p(r), Finally, the cross section for the OM production is equal
€ to [cf. Egs.(22), (23), (30), and(35)],
with 7649 A2
Ze 1
P(N= 17 exd(r—R)/a]’ (32 The numerical values are
0.021 for RHIC, Au mode,
The parameters are
oom=10"30cnm?x{ 0.089 for LHC, Pb mode,
R=1.18AY3 fm, a=0.53 fm. 0.000069 for LHC, Ca mode.

(39)

N is the normalization factor chosen such that®rp(r ) . .
-1 It p(r) The ratio for the production cross section for the ortho and

The evaluation of the constai® is performed numeri- Para states is given by

cally on IBM RISC/6000 workstations. Because the form o ZaA\2 H(5)

factor Eq.(32) is a function ofk?R2 with R A ~1, the con- M _4

stantB has the same value for all nuclei considered in this Opm My G(6)

paper. We obtain 0.144 for RHIC, Au mode,
B=0.85 33 =4 0.066 for LHC, Pb mode, (39

0.010 for LHC, Ca mode.

It is useful to consider the sensitivity of the result on the , i
choice of the form factor. With the approximate form factor H€Nce, we expect predominantly a production of para states
given in Eq.(7) the functiond is calculated in Appendix B N relativistic heavy ion collisions.
analytically [with an additional approximatior=0 in the
denominators of Eq(29)]. Further evaluation results iB IV. ESTIMATE OF THE BACKGROUND
=0.93; this value is in fair agreement with the exact value
from Eq. (33).

Because the cross section of the subprocgés-»OM
+A [cf. Eq. (30)] is energy independent in the discussed
limit, the remaining integration of Eq24) is in fact an in-
tegration over the equivalent photon spectrum only. ket
be the total energy of both exchanged photons in Fig. 4

Dimuonic atoms are neutral systems produced by a num-
ber of photons which are approximately on shell and collin-
ear with the colliding ions. So the angular spread of the
dimuonia with respect to the beam axis is of the order of
O(y™1). The rapidity of the DM particles will be corre-
spondingly high. For a more rigorous theoretical treatment

) ) ) 5 incorporating also the detailed kinematical distributions we
Then we have as in the previous sectionyd,=4m), (due refer 1o Ref.[26]. Therefore the DM systems will not be

to four-momentum conservation and the kinematics of thg,ysaryved directly by any detector with a low rapidity cover-
procesyand w,=< A y (due to the nuclear form factprThus age.

a lower limit for w, is The dominant decay channels of DM aye (for PM) and
5 ) ee  [for OM; cf. Eq. (4)]. Dimuonium could be observed
m, m, via detection of these decay products. We will investigate in
w1>w2 maf A_y (34 this section the influence of three sources of background on

the prospective measurementgi) the background originat-

The upper bound in this integration can be settue to the ing from inelastic hadronic processes in the interaction re-
fast decrease of the equivalent photon spectrum at large efion: (i) free electron-positron pair production shadowing

ergy. We obtairjusing the notatiod=m,, /(A y) introduced the signal from the decaying orthodimuonium, i) pho-
previousiy ton pair production by the two colliding nuclei shadowing

the signal from the decaying paradimuonium. These sources
2 of background are expected to affect mainly the signal of
Z°«a : - . . :
=—— H(8) o, (35  those dimuonium atoms which decay in or near the interac-
Oa yA . . . ..

™ tion region of the heavy ion collision.
First we consider the background originating from inelas-
where tic hadronic processes in the interaction region. This back-
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ground will affect the signal from both OM and PM atoms. orthodimuonia. Hence, it seems to be a very difficult task to
In these inelastic processes, one or both of the nuclei dissbserve the orthostate of dimuonium in heavy ion collisions.
solve to some extent. One can roughly divide these processes This situation is different for the parastate. The main non-
into two classes. The first are mainly hadronic processed)adronic background to the the decay of the PM atoms is the
where the two nuclei collide and the strong interaction takeswo-photon production procegsA,— A;A,+ yvy. It can be
effect. The cross section for this class can be estimated afescribed as the radiation of twwirtual) photons and sub-
oan~4A?Rg ;. which for the nuclei under investigation is sequent light-by-light scatteringia an electronic loop The

in the range of 5—7 b. The second type is a photodissociatiooross section for this process is given by Eg). with the
process caused by an energetic photon emitted from a largegplacement ofo,, by the cross section of light-by-light
distance by one of the nuclei. It induces nuclear reactions iscattering. It is five orders less than, and for invariant
the other nucleus on impact. The cross section of this photanasses>200 MeV of the photon pair it drops by five more
dissociation process depends crucially on the type of the cobrders. Nevertheless, the total free photon pair production
liding ions. One finds cross sections of roughly 85 b forcross section for all energies greater than 200 MeV is still
RHIC in the Au mode, 200 b for LHC in the Pb, mode and 3larger than the production cross section for PM by a factor of
b for LHC in the Ca mod¢19]. In the following we list the ~a~ 1. To improve the situation one might again try to fix
approximate luminosities per bunch crossirl,, and the the invariant massn as precisely as possible. In general, a
corresponding probability of hadronic events per bunchrelative precisiomAm/m at m2~4mi will lead to a signal-
crossing,P,= oLy, where the hadronic cross sectiof is  to-noise ratio of the order of “*Am/m:

a combination of the purely hadronic and the photodissocia-

tion cross section. We obtain Z%a® Am

AO’(AlAZHAlAZ’y’y) = 095%5 G(é) m—

2.2x10% cm?, #
Ly=14 3.75x 107 cm?, 1 Am
1023 Cm—Z, ~ Z m_ﬂ TpMm - (41)
0.004 for RHIC, Au mode, So the signal-to-background ratio becomes about 0.75 for
P.~{ 0.075 for LHC, Pb mode, mgss.resolution_&mfl MeV. This corresponds to a deter-
mination of the invariant mass of the decay products of PM
1 for LHC, Ca mode. with a precision of roughly %10 3. By contrast, for OM, a

determination of the invariant mass of the electron-positron

By virtue of these figures we may conclude that for Au andpair to an accuracy of the order of 10would be necessary
Pb the hadronic event rates are small enough to see D% Order to reach a Comparab|e Signa'_to_noise ratio_
production in anticoincidences with the production of addi-  Another possibility to further improve the situation is to
tional hadrons. In contrast this seems to be quite an imposake into account only highly relativistic dimuonium sys-
sible task for the Ca mode at LHC. tems, which decay outside the nuclear collision region. The

A second, significant source of background for the deca}électron-positron or photon paifor OM and PM, respec-
of the OM is caused by the production of freée™ pairs by  tively) is produced outside the interaction region. DM atoms
the two nuclei. In order to estimate this effect, we considerdecay after traveling a typical decay length df
e’e” pair production via the standard two-photon mecha-~¢/(2m,)cr (see Table . This distance is increased for
nism. The cross section of this processg, is estimated with  the excited dimuonia. The opportunity to observe excited
the well-known Racah formulésee[16] for detail9. We  dimuonium states in this approach will be better than that for
obtainoe~35 000 b for RHIC andre~225 000 b for LHC.  the ground state despite the smaller production rate. The task
This is orders of magnitudes larger than the production crosgft in this picture is to reconstruct the vertices of the decays,
section for the DM. A remedy for this problem mlght be a which necessitates a vertex detector.
precise determination of the invariant mass of the electron-
positron pair. The production cross section foredre™ pair

: : : ! : V. RESULTS AND DI ION
having an invariant mass neam? with mass spreadm is SULTS SCUSSIO

calculated using Eq5) with the replacement of,, by the We have analyzed the production of bound states consist-
cross section for the procesyy—e*e™: ing of a muon and an antimuon in relativistic heavy ion
collisions. The analysis of the parastate production was per-
Ac(AA,—A A E) formed for the dominating two-photon process. The two-
4 B photon approximation describes the production of the parast-
_ (Za) G(o)| In 4my, 1 A_m ate with an accuracy of1-2%. A novel three-photon
iy, m2 m, mechanism for the production of the orthostates was devel-
oped. The accuracy of this approximation(é&-12%. The
~1.8X 107A_m theoretical uncertainty of our results is primarily due to mul-
~1. OpMm - (40) . .
m, tiphoton processes. Other sources of uncertainty, such as the

dependence on the nuclear form factor or corrections to the
Because the orthodimuonium production rate is comparablgquivalent photon spectrum, have been analyzed in detail.
low, even a realistic mass resolution of 1 MeV would not fit They are on the level of 1%. Because multiphoton processes
our goal to distinguish the background from the signal of theenhance the production rate, our results should be regarded
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as a lower bound on the total production. H s K e

We obtained numerical results for the dimuonium produc- !
tion at the new heavy ion colliders RHIC and LHC. The
results for all colliders and for a set of atomic states are eO
presented in Table Il. In Table Il we also consider the prop- !
erties of the atomic B dimuonic state which is produced in u u
atomic transitions from 8 and 4S.?

The dimuonic atoms travel, after production, with small FIG. 6. Typical NLO corrections to the PM decay rate.
angular spread along the beam axis. Therefore they are de-
tectable by their decay products only. In general the extrac- @
tion of a signal from the experiment will be easier for ATNO(215))=4.65—I'?(2'sy). (A3)
paradimuonium than for orthodimuonium. The reasons are m
twofold: (i) the total production cross section is much
larger and(ii) the background is significantly reduced. The next-to-next-to-leading ordeNNLO) corrections in-

As has been shown in Sec. IV, the photon pair backclude the large logarithmic factors Ingy and Irf(m, /my).
ground shadowing the paradimuonium signal is roughly fiveVe consider here these logarithmic terms. The ka)lterm
orders of magnitude smaller than the free electron-positroi of the same form as for parapositroni(ig®],
pair background shadowing the signal from orthodimuo-
nium. Additionally, the total production cross sections for 1
para states are larger than those for ortho states by a factor of ATNO(nlsy) =242 In(—) romlsy). (A4)
10-100, depending on the collider and the nucleus (seel «

Table Il). We expect a favorable signal-to-noise ratio for the

parastate if the energy of the photon pair can be determinefihe double mass ratio logarithm does not have an analogy in

with a precision of roughly 1 MeV. parapositronium. The relevant Feynman diagrams are de-
picted in Fig. 7. We obtain the result
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We consider briefly the lifetime of the parastates of
dimuonium. Because of the higher production rate of parast-
ates, this is of interest in the context of possible experiments. APPENDIX B: DEPENDENCE OF THE ORTHOSTATE
The leading term is caused by the decay, PRODUCTION ON THE FORM FACTOR

Employing the approximate form factor given in E@),
(A1)  we evaluate the integrdB1) analytically. First we observe
that the predominant contribution ® is caused by the re-

. I . gion wherep?/A?<1. In this regionr=p?/(4m3)<0.1.
Typical contributions to the next-to-leading ordédLO) P . K
corrections are depicted diagrammatically in Fig. 6. The Cor_Therefore we may put=0 in Eq.(29). We integrate

rections are evaluated [2] as

5
o mﬂ
2ns -

F(O)(nlso):

B Iz B Iz
u € 1 e : e
ATMO(118) =479~ TO/(11S,) (A2) (D) Ual
and “
EE— n ' T ' I
The results are obtained according to the treatment of recoil ef- (a) (b)

fects in Ref[27]. The atomic transitions in heavy fermionium have
been discussed in Ref28]. The DM spectrum is considered in FIG. 7. Feynman diagrams for the double-logarithmic NNLO
detail in Ref.[2]. corrections to the PM decay rate.
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®(A%u)= J (r—(r:) _(r14)— n)
d?r
X1+ (W) (r—m2[ L+ (WA (r+n)?]
(B1)
The relation

r’—1= % [(r+n)?+(r—n)?—4]
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wherea; =4/u. The auxiliary parametea,=e—0 is intro-
duced in order to regularize divergences in intermediate cal-
culations. For the integrall; we obtain, after elementary
integration,

_ 1 n 1+y1l+a; —Eln
o 1 | (4+a,)?
12_4+a1 n a.1€ ’

Substituting these expressions into E§2) we obtain the

proves to be useful for a simplification of the integrand. Weresult

can present the integral in EB1) in the form
D(A%u)=—(2+ay)l;— 2+ (4+a)l,. (B2
The integrald;; are defined as
d’r
[(r+n)?+a][(r—n)*+a]’

D(AZ)= (1+u?  4+2u | Ja+u++u
u)=In — n s
u Vau+u? 2

(B3)

in which the dependence on the auxiliary parametean-
ishes. Using this method we obtain a resultB#0.93 in
contrast toB=0.85 with the exact form factdicf. Eq. (33)].
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