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Production of parapositronium and orthopositronium at relativistic heavy ion colliders
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We consider the orthopositronium and parapositronium production in the prAdessAA+ positronium
whereA is a nucleus with the charge numbirThe inclusive cross section and the energy distribution of the
relativistic positronium are calculated which are of primary interest from the experimental point of view. The
accuracy of the corresponding cross sections is given by omitting terf#sr)?/L? for the parapositronium
and ~(Za)?/L for the orthopositronium production whete=In y?~9 and 16 for the RHIC and the LHC.
Within this accuracy the multiphotofCoulomb corrections are taken into account. We show that the RHIC
and the LHC will be positronium factories with a production rate of abot10° relativistic positronium per
day. The fraction of the orthopositronium is expected to be of the same order as that of the parapositronium for
Au-Au and Pb-Pb collisiond.S0556-28189)05805-7

PACS numbeps): 25.75—q, 36.10.Dr, 12.20-:m

[. INTRODUCTION In the present paper we study in detail a new and prom-
ising possibility—the production of relativistic positronium
Parapositroniunin 'S in quantum state) has a positive  at colliders with relativistic heavy nuclei like the RHIC and
charge parityC=+1 and in the ground state,=1, its life  the LHC, i.e., we consider the procesAA—AA
time at restry is c7p=3.7 cm. On the other hand, ortho- +positronium whereA denotes the nucleus with charge
positronium(n 3S,) hasC=—1 andcry=42 m. The rela- numberZ. The parameters of these collidéiom Ref.[13])
tivistic positronium has a decay lengthros/Mposironium @€ given in Table |. We show that at these colliders
where & and Mysitroniunt™=2M, denote its energy and mass.

. ol TEUE T ~1-1C relativistic positronium per second (1.1
The production of positronium in different collisions is of P P (4.3

interest by the following reasons. will be produced. It is interesting to note that the ratio of
Positronium can be used to test fundamental laws like th@rthopositronium to parapositronium events turns out to be
CPT theorem(see review1]). large: for the RHIC about 0.8, for the LHC 0.3 in the Pb-Pb

A more detailed comparison between the experimentamode and 0.02 in the Ca-Ca mode. o
value of orthopositronium width and its theoretical predic- Up to now only the total cross section for parapositronium
tion is necessary since up to now there is an essential differoduction has been calculated in the leading logarithmic

ence between thefi2]. apprOX|mat|on(LLA) (see Ref[5]). There it has been found
Relativistic positronium can be used to study the unusual LA Z%a’
large transparency of positronium in thin layers predicted in Tpara™ 3 4“(3)00|- o= 2
e
Refs.[3,4].
Up to now the following methods have been proposed to o1 )
create positronium: the photoproductiff—8] and electro- {(3)= 2 —=1 .., L=Iny~ (1.2

production[5,9,10 of positronium on nuclei and atoms. The
results of Refs[5—10] were completed and corrected in Ref. However, for experimentéespecially with relativistic posi-

[11]. Recently a new method, based on an electron coolingronium), it is much more interesting to know the energy and
technique, was proposed in the woflis12]. It was claimed
that this method can give about“fonrelativistic positro-
nium per second on a specifically designed accelerator.

TABLE |I. Parameters of the discussed colliders.

Collider, mode Lorentz factor Luminosity
vy=EIM L, cmtst
*Electronic address: kotkin@math.nsc.ru RHIC, Au-Au 108 2x 1078
TElectronic address: kuraev@thsunl.jinr.dubna.su LHC, Pb-Pb 3000 X107
*Electronic address: schiller@tph204.physik.uni-leipzig.de LHC, Ca-Ca 3750 %100

§Electronic address: serbo@math.nsc.ru
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P]’E })],; EI’ -
. M para= > Mpyy=Mg+M;+M;+M,, Mg=My,
nn'=1
2.1
1 (2.1
Ml_ z Mln’r M]_: Mnl:
D€ n"=357... n=357...
1 M2=

Here Mg is the Born amplitude in which each nucleus emits

one photon, the iter; (M) corresponds to the case when
the first (second nucleus emits one photon while the other

angular distributions of positronium which are given b therluCIeuS emits at least three photons, the last tergrcorre-
9 b 9 y sponds to the case when both nuclei emit at least two pho-

|ncIu5|ve_ cross section and energy spectrum of pOSItronlum['ons. Using this decomposition of the amplitude, we present
These distributions for parapositronium as well as for ortho-,

positronium are calculated in the present work. In our calcu:[he cross section in the form
lations we also take into account with a certain accuracy the
Coulomb correctiofCC) related to multiphoton exchange of
the produced positronium with nuclei described by Feynman . )
diagrams of Fig. 1. They are quite important and decreasd1%2 REMgMT)+[M,|%,
the cross sections by 30-50% for the Au-Au and Pb-Pb

collisions. The approach used here is based essentially on _ _
results on the production of relativistic positronium in colli- do,%2 REMgM3 +M;M? +M ;M3 +M;M3)+|M,|2.
sions of photons and electrons with heavy ions presented in
our recent work11].

FIG. 1. The amplitudeM ,,,, for the production of positronium
by n (n') virtual photons emitted by the firgsecond nucleus.

Opara=0ptoitoitoy, doge|Mg|?,

doy2 RgMgM¥)+|M,|?,
(2.2

It is not difficult to estimate that the integration over the

Our main notations are given in E(lL.2) and Fig. 1: the
ith nucleus changes its 4-momentuenergy P; (E) to
P/ (E/) and emitsn or n’ virtual photons with the total
4-momentung; = P;— P/ and the energw;=E—E/ . These

total virtual photon momenta squared and g3 gives two
large WeizSaker-Williams (WW) logarithms ~L2 in og,
one large WW logarithm-L in o; ando; and no one large
WW logarithm ino,. Therefore, the relative contributions of

photons collide and produce positronium with 4-momentunmhe itemso; is oy /og=o/og~ v?/L and
p=q;+g, and energys=w;+ w,. Due to charge parity

conservation, the sum+n’ is even(odd) for parapositro- o, VP

nium (orthopositronium production. We use the c.m.s. with U_BN F<0-4%

the z axis along the vectoP; and denote by, the trans-

verse components of vectpr The CC depends on the pa- for the colliders in Table I. As a result, with an accuracy of
rameter the order of 1% we can negleat, and use the equation

(2.3

v=Za~Z/137. (1.3

o=0gtotoy. (2.9

In Sec. Il we discuss the production of parapositronium in )
ultrarelativistic heavy ion collisions. After selecting the lead- Moreover, with the same accuracy we can calcutajeand
ing diagrams including the multiphoton exchange with theos in LLA only since the terms next to the leading ones are
nuclei, the Born cross sections are calculated in the equivedf the order ofv?/L2.
lent photon approximation to identify the dominant kinemati-
cal regions. The exact Born cross sections for ultrarelativistic. Calculating the Born cross section in the equivalent photon
ions are found in the next subsection. The CC are calculated approximation

in the accuracy given by the selection of the leading dia- Before we proceed to a more exact calculationlof, , it

grams. Section lll is devoted to the production of ortho-. ; ; .
positronium. Our results are summarized in Sec. IV where'shuser| to pgrform aEIrDo:gr_}_r?stml}ate using Fge e.qw\;]alent
we discuss the expected production rates for the coIIiderg oton approxlmgnorﬁ ). This allows us to identify the
RHIC and LHC. ominant region in phase space. o _

It is well known that the main contribution to the pair
productionAA—AAe"e™ is given by the region of small
photon virtualities— qi2<(q1+ a,)2. Therefore, for the pos-
itronium production this region s

IIl. PRODUCTION OF PARAPOSITRONIUM

A. Selection of the leading diagrams including the multiphoton
exchange

The amplitudeM p,, Of the parapositronium production
can be presented in the following form via the sums over This can also be seen from the expression for the Born amplitude
amplitudesM ,,,» of Fig. 1 (with n+n’ being even obtained in Appendix A.
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—gf<4m?, (2.5 m

—<w;=myy. (2.15
i.e., the virtual photons are almost real in the dominant re- Y
gion. Since Integratingdog (2.14 over the photon energw; in the
2 2 region(2.15 we obtain the total cross sectigh.2).
g =aiL +(@i/y)%, (2.6 The spectrumof the relativistic positronium can be ob-

we immediately conclude that in the dominant region thet@ined from Eq.(2.14 as follows. Let us divide the region

photon energies; are small compared with the nucleus en- (2-19 Into two symmetrical subregions; In the first oma,
<wi;=mgy, we havew;~e~p,, w,~mg/e and the contri-

ergiesk: ) )
bution to the spectrum is
do— | meyl ey de
In the EPA the cross section for thé\A—AA oy =2{(3)op In— T e (2.16
+ positronium process is related to the cross section for the
real photoprocesyy— positronium by In the second subregiom,/y<w;<m, we havew,~e~
-p,, o;~mile, and
dog=dny(w,)d n2(wz)o'yyﬂpositroniun(wlwz)r
€ mgy de
1 do®=2¢(3) g InLin—2 == 2.17
w17~ 5(62Py), (2.9 me ¢ ¢
he total contribution of these two subregions is
wheredn; is the number of the equivalent photons generate(;r g
by theith nucleus. Fodn; we use two equivalent fornjsee, Mey ey de
for example, formulas from Appendix D of revieft4] in dog=4{(3)op In InH - Me<<e<M,y.
which we omit terms of the order ob;/E [in virtue of © (2.18

relation(2.7)]
Integrating this spectrum over leads to the resulfl.2).

dn:ZZ_a il % d2a. 2.9 To calculate thénclusive cross sectiowe substitute Eqs.
(R— (qiz)z w; Qi » ' E'2.9), (2.11), (2.12 into (2.8) and perform a simple integra-
ion
Z2al  (wi/7)?|dw; d(—0f) de,
dnj=—r|1-———>—|——— 2) o (2.10 %%5(4 —4m?)= ! %
™ (=g | oi (—q ™ w, w1W2 e 4m§ g

where ¢; is the azimuthal angle of the vectqy. It is also
well known that the equivalent photons of small energy ar
completely linearly polarized in the scattering plane and theiFa
polarization vectors are

é:urther, we insert into the right-hand side of Eg.8) the
ctor

1= f 8(dy, +0, —p,)d%p,
QL

=, (2.11
.| and find the inclusive cross section in the form
The cross section for the real photoprocessy 3 )
— positronium can be easily obtained using the known width Sd og _{(3) - J (Q1 X d2,)
of the n Sy state I' yosironium- y,= @°Me (€1X €)%/ (4n%) ep 7 0 (9262)2

and summing over all parapositronium states 5 5
b s 5 , X 8(Qy +0z2, —p.)ddy, d7g,, - (219
Uyy—»positronium:477 a’{(3)(e; X ey) 5(4w1w2_4me)- ) ) ] )
(2.12  From this expression and taking into account E@s6),
(2.13, we conclude that the leading logarithmic contribution
Substituting Egs.(2.10-(2.12 into (2.8) and integrating o the cross section is given by the region
over ¢;, w, and overg? in the region

+

2 2_ 2 w1 w2 2< 2 e 59
(wily)*=—q’=mg (2.13 Y Y pL<mg. (2.20

we find with logarithmic accuracy It arises from the two symmetrical subregions:

Mgy Mgy dwl 2
In —— wlwzwme .

(OF} Wy W3
(2.14

Taking into account the inequaliti€2.7), we conclude that
the main region forw, is

dO'B:2§(3)O'0|n

2
(OF}
7) <Qi<pia q2.~Pp.,

;| 2 2
7 <O, <P, G =~Pp.-. (2.2))
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The contribution from the first region is 1 _ ~
7sx, X1, x’+x°=r=<1. (2.27

(@) [ g2 (WXP)®_{(3) o ply
27270 (wl,y)z 1 (@B, p2)? 27 o2 N~ In Appendix B we show that the functialy can be reduced
L + to the one-dimensional integral

Taking into account the second region, we find the whole

W

inclusive cross section Jg= ;f ud(1—u)(2—u)?K(u,x,7)du,  (2.28
dc 3) og P2y?
e BJ(W)—ZOm —. (2.22 1 (1-tA)dt
p P m K(u,x, =3f P SRV
* € (U:,7) ~1(at?>+bt+c)*

Integrating this expression ovpﬁ in the range(2.20 and

taking into account the two symmetrical subregiq@sl6 12a(b?-5a%+ac) c—a+\d

. . = In
and(2.17 mentioned before, we obtain the spectr(2rl8). q772 c—a_ /—d
C. The exact calculation of the Born cross section 4N 2.29
ivistic i + , 2.2
for ultrarelativistic ions [(a+c)2_ b2]2d3

The Born amplitude of the discussed process is obtained
in Appendix A omitting terms of the relative order ofyZ/ N=—30a®+ b®— 104a°c + 56a*b?— 124a*c?+ 90a°b?c
m./M or smaller. Using this expression for the amplitude we 3.3 o4 22 2 2.4 4
can present thenclusive cross sectioim the form —56a°c”—26a’h"+ 36a"bc"—6a’c"~2ab’c

—6ab’c®
d3UB {(3) oy
d3p 2 szB, 223 \where
1 1 ~
Am? a=—-u’r, b=-u(2—u) (x2—x?),
Jg= wef A?5(qy, + 0z, —Pp.)d?ay, d?ay, 4 2
2 C=E(Z—U)ZTWL1(2—U)Z(X2+§2)+(1_U)(2_”)
_ 91 X0y 4mg 4 2 ’

2 2 4m2_ 2__ 2
Gidz e d=b?—4ac. (2.30
which differs from the approximate E¢2.19 only by the
factor (4m2)2/(4m2—q2—q3)? in the integrand. It is conve-
nient to introduce the dimensionless variables

Let us stress that the inclusive cross secti@mR3 with
(2.28 is valid both for relativistic parapositronium with
>2m, as well and for nonrelativistic parapositronium with

etp, ~ e p; p. |2 &~ 2M. . . -
=am X= g =\ om (2.29 Using the representatidi2.23 for Jg it is not difficult to
Y Y e find that the inclusive cross section is large in the main re-
They are not independent, but connected by the constraint9'°"
1
~ 147 =— 2r)— 2+X2<r<
Xx= (2.25 Js T[In(4y n—1] at x*+x°<r<l (2.3)
4y
In thi . but drops very quickly outside this region. Indeed, the func-
n this notation tion Jg is small at larger
—q§=qi+(2mex)2, _Q2 QZL +(2mgx)?.

1 ~
(2.26 JB=;;In(472) at x’>+x°<1<r, (2.32

It is useful to note that the rapidity of the positronium is 4 largex
equal to (1/2) In¢/x) and that the variables andx have a
very simple form for relativistic positronium. Indeed, fpy
>m, the variablex is x=¢/(2mgvy), i.e., x is the ratio of
positronium energy to the characteristic energy.2 (above
2m,y the spectrum drops very quicklyAnalogously, for ~ and at very smallr
(—p,)>m, Xx=¢&/(2myy). The neglected contributions are
of the order of (4n+p?)/e% From the discussion in Sec. 3 _
[I B it follows that the dominant contribution to the cross ® (x2=x?»)2\ x*=%?
section(2.23 is given by the region (2.39

-
JBZFln(4y2X2) at 7<1<x?, (2.33

T X2+ %2

X 2.2
In:—l at r<xc+x°<1.
X
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(m2/0o) ed’og/d’p

10°- : L
FIG. 4. The electroproduction of positronium on a nucleus.

)

YO O e oo Here the coefficientdny anddng can be called the number
0.010.02 0.050.1 0.2 05 1 2 5 of the transverse and scalar photons generated by the elec-
e/ (2mey) tron.
) ) ] ] To calculatedog in our case we can use a similar expres-
FIG. 2. The inclusive cross sectid.23 as a function of the  gjon where the number of photons are now generated from a
scaled parapozsnronluzm energy(2mgy) for the RHIC at different scalar projectile nucleus. The cross sectiopsand os for
values ofr=p’/(2me)". parapositronium have been obtained in Rédfl] for high

In Figs. 2 and 3 we present the inclusive cross sectiofghergetic virtual photongfor s,>4m,M or y*x=>1):

(2.23 at the RHIC and the LHGPb-Pb modgas a function
of the scaled positronium energy for different scaled trans- Z%2a8 L(x,y)—1
verse momenta squared From these figures it is obvious UT:W§(3)WW’
that for £/(2mgy) <+/7 the cross sections only weakly de- ¢
pend on the positronium energy. The cross sections quickl}mh
drop at larger energies.

To obtain thespectrumof relativistic positronium it is
convenient to use an approach developed in Rdf] for the L(x,y)=In(4v%x)— l In(1+y), y=
electroproduction of positronium on nucleusA—eA 2
+ positronium(Fig. 4). It is well known that the electropro-
duction cross section can be exactly written in terms of twoHerex is defined in Eq(2.24). The accuracy of E(2.36) is
structure functions or two cross sectionr(sy,qz) and  determined by neglecting terms1/(y?x), \/—qzll(meyzx).
os(s,,0°) for the virtual processegs A— positronium+A  The number of photons generated by the first nucleus are
and y§A— positronium+-A (where y§ and y§ denote the (see, for example, Appendix D from R¢fL4])

transverse and scalar virtual photons with 4-momentum

os=0  (2.36

qs

am2

. (2.37)

and helicity \y=*1 and Ag=0, respectively, ands, Z%a x2\dx dy
=2qP,): dnr=—1o- 1—7 Xy
do(eA— positronium-A) = a(s,,,g%)dny(s, ,q?)
) ) Z%a dx dy
+og(s,,q%)dng(s,,q). (2.39 dng=———. (2.38
T Xy
T T LR T I
Note thatdn; corresponds taln; as given in Eq(2.10.
Using Egs. (2.36—(2.38 and integrating overy we
a ! obtair?
m‘D
~
5 5 dx
g dog=£(3)oo{ F1(0IN(4y?%) = 1] = F(x)}—-
4107 (2.39
=}
o
S with
-6
T f1(x) Jm(l ) _dy (1+2x2)l X 2
L X)= - = X)) In—5——2,
| el ot ot L ,,§ ' XZ y y(l+y) X
107 107 10" 1
¢/(2mgy)

2The lower limit is y,,=%% the upper limit can be extended to
FIG. 3. Same as Fig. 2 for the LH®b-Pb modg infinity due to the fast convergence of the integral.
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o) 2 T T T LI RRLLI T
Fa(x)= EJ‘ (1— X_) In(1+y) dy , 1042—5 I I—~y= 10|8, exact l . __
2)x2 y y (1+y) : ---y= 108, Asymptotics 1
2T o 5 ) - —-— ¥=3000, exact -
o X B Exz In1+x R ¥=3000, Asymptotics 7
2 |6 ?li4x2/| 2 X2 S 102! 1
S F
1 s i
—=—In(1+x?). (2.40 ~ ki
2 S E i
s L
Here the dilogarithmic function is defined as ~ g
F i
i
. xIn(1—t1) Li
Lio(x)=— T dt. (2.41) =
0 F .
10'2>.=.|....|-3. L .|...|-2. L .|....|_1. sl ,_§
For smallx<1 we have 10 10 10 1
¢/ (2mey)
1 -
fi(x)=2|In=—1], f,(0)= B =0.3225 FIG. 5. The spectrum of the parapositronium as function of the
X (2.42) scaled positronium energy/(2mgy).
4
while for largex>1 _{B) [2mey 2y 17|de
dog 3 %0, In(4y7) P (2.47)
1 1 5
) =53, faX)=ga|nx+ 5. (243 The spectrum of the parapositronium is shown in Fig. 5.

The solid and dash-dotted lines present the result for the
In obtaining Eq.(2.39, we have considered the first RHIC and the LHC(Pb-Pb modgobtained by a numerical

nucleus as projectile and the second nucleus as target. Taliegration of the inclusive cross sectiéd.23 and (2.28.

ing the first nucleus as target and the second nucleus as prbP'€ dashed and dotted lines present the spectrum for both
jectile we find fordog the same expression as in E8.39 colliders calculated from Eq2.45 which is valid for rela-
with the replacement—x: tivistic positronium withe>2m,. It can be seen that in the

region 10n.,<e<(0.1-0.2) 2n.y the quantity edog/de

ax has a very weak dependence ©mwhereas the spectra drop
dog= 5(3)0'0{f1(‘;()[|n(4‘)/2;()_ 1]- fg(;‘()}T quickly for 8/(2me’y)205 . - o .

X From the experimental point of view, it is interesting to

(2.44 integrate the cross section over the regior e, (Where

2my<<emin<<2mgy). It can be obtained from E@2.45 omit-

To obtain the spectrundog/de we have to take into ting pieces of the order Q;% i n/[(2”1e7)2|]1
account the following two circumstances for the relativistic

positronium:(i) the variablesc andx are related in a simple _ N 7w+ 12
way toe; (ii) there are two symmetrical regions in the c.m.s.: 75=2L(3)00| IN(4y )<I 2+ )
p,~e>2m, and (—p,)~e>2m,. In the first region the )
variablex is x=¢&/(2myy) and we have to use E¢2.39, in _ E|3+ 30— | — } (2.48
the second regior= &/(2m,y) where Eq(2.44) is used. As 3 12 ' '
a result, the spectrum for the relativistic positronium has the
form [compare with the approximate E(?.18] where
€ 2ey € de C:mzz 873 |:|n2mey
T P B = AR B 3 7 e 1w
2myy mg 2myy) | €

Using this expression fag ,i,=15m, and the results of a
umerical integration in the regiom2.<e<15m,, we ob-

The accuracy of this expression is determined by the omitte Lin the total cross section for the Born contribution:

terms of the order of 32, 2m./(s7y), (2ms/&)2.

Note that in the main regionr@,<e<2m,y the spec- og=17.8 mbfor RHIC, 110 mb for LHGCPb-PD,
trum is logarithmically enhanced

) 0.42 mb for LHC(Ca-Ca. (2.49
2mey 2ey 5 30—
In —In(4y°)+
€ mg 24

de

€

(2.46
Let us consider the correctiahr, defined in Eq(2.2). Its
while for largee>2m,y the spectrum drops very quickly  contribution to the spectrum can be calculated just by the

dog=4£(3)ag| In

D. An approximate calculation of the Coulomb correction
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same method as it was done for the Born contribution. Ac-

cording to Ref[11] we have to replace in E¢2.36

L(x,y)—1——C(») (2.50

from which it follows

dx
d0'1:_§(3)0'0C(V)f1(X)7- (2,51

The quantity C(v) is defined with the help of function

F(a,b;c;z)—the Gauss hypergeometric function:
1-7\?

1+7

1

s

F(r,v)= F(iv,—iv;1;2)

sinhmv

C(v)= fOxF(T, v)dr, Z=(
]

-
(2.52

The curveC(v) and properties of the functioR(r,v) are
given in[11], we mention here only tha®(v)=0.6734 for
Au, 0.7080 for Pb and

C(v)=2.9798° at 1?°<1. (2.53

Analogously,

- - d
Aoy = —§<3>oo<:<v>f1<x>§x. (2.54

As we have explained in Sec. Il A, the spectta; /de

anddc, /de have to be calculated with logarithmic accuracy

only. Within this accuracy we have~ w;/(2myy) andx
~w,/(2mgy). Then fordo; we can repeat the calculations

KOTKIN, KURAEV, SCHILLER, AND SERBO
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To obtain the contribution oflo; to the inclusive cross
section we can explore E.52. Strictly speaking, the vari-
able 7 in that equation isr=p?/(4m2—q?). But in LLA
used here fodo; we can take the functiof(7,v) on the
mass shell of the first virtual photc(atqi=0), i.e., we can
user=p?/(4m2). Now with the help of a simple relation

dx 1 d®p -
X9 2 e 259
we obtain
d*oy {(3) oy
SW_HEJ]" Jl—_fl(X)F(T,V). (26@

Analogously, forde; we find

J=—f,(X)F(7,v). (2.61)

The functionf(x) is defined in Eq(2.40. As a result, the
inclusive cross section reads

dso'para_ {(3) %0
R g R

Jpara=Jg—[ 100+ F1(X) IF(7,v), (2.62

whereJg is defined in Eq(2.28), x andx are defined in Egs.
(2.29. In the LLA we have

f1(x)+f(X)=2Iny% 2m,<e<2m.y.

(2.63

lll. THE PRODUCTION OF ORTHOPOSITRONIUM

similar to those which we have already performed to get the The amplitude of the orthopositronium production can be

spectrum(2.18 from expression(2.14). In our case this
gives
de
doy=—2¢(3)0C(v)In 72?, 2me<e<<2mgy.

(2.595

Taking into account the same contribution fratr, we find
(with logarithmic accuracy

B d
d(oy+ ) = —42(3)7oC(v)In y2§, 2my<s<2m,y.
(2.56

The total contribution of CC to the parapositronium pro-
duction is

0SS o1+ 01=—2{(3)5oC(»)[In ]2

(2.57)

from which it follows that the relative contribution of CC is

Tpma_ 6C(») (258
N |

i.e., it is —43% for RHIC, —27% for LHC (Pb-PbH and
—2.2% for LHC (Ca-Ca.

presented in the forfcompare with Eq(2.1)]

M ortho=M 1+ M1+ M, (3.

>

n"=2446...

My

with sum n+n’ being odd. The total cross section reads

[compare with Eq(2.2)]

d01°‘|M1|2a d}1“|'\7|1|2,

(3.2

Oortho— 01t 011 03,

do,*2 Re(M{M¥ +M;M3 +M;M3%)+|M,|2.

Since ReM 1I\7I’1‘) disappears after azimuthal averaging, it is
not difficult to estimate that
LI 3.3
o in A% (3.3

for the colliders in Table |. Therefore,
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TABLE Il. Cross sections and event rates at the RHIC and LHC.

Collider, mode Opara parapositronium Tortho orthopositronium
mb events/sec mb events/sec
RHIC, Au-Au 8.7 1.7 6.8 14
LHC, Pb-Pb 78 155 24 48
LHC, Ca-Ca 0.41 1650 0.0086 35
T ortho= 01 +<~71 (3.4) For thespectrumof orthopositronium in the LLA we ob-

with an accuracy of the order of 4%; moreover, with the

same accuracy we can calculatg and o, in LLA only.

To obtain theinclusive cross sectiowe use the relation
(2.35 with dn;y and dng from Egs. (2.38 and the cross
sectiondo anddo g for orthopositronium from Eqg3.22)
of Ref.[11]

4,8 r
J— 2 ——— =
dO’T—47T§(3)—m§ (I)t(T,V)(1+y)3, dog=y do,
(3.5
B(r0)= (L0, 1= 1 0;27)
I(T!V)_m ( IV! IV: ’Z)S|nh7TV

wherez is defined in Eq(2.52.
It gives
d3O'orthoz £(3) v

Fo = w e LTI+ (). 39

m

dy ) 2
W—(l‘l‘?)x )In—XQ——Z

f =j (1__+
3(X) 2 y y

, 3+2x°
— X .
2(1+x%)?

The properties of the functiorbtz(r, v), which determines

the angular distribution of the produced orthopositronium,

are described in Refl11]. We mention here only that the

typical values ofr are r~0.1 which correspond to a charac-

teristic emission angle of orthopositronium

me
0~ —. (3.7
&
The functionf(x) is large at small values of
1
fa(x)=2 In;—l at x<1 (3.8
and small at large
f ! 1
3(X)= P at x>1.
In the LLA we have
fa(x)+fz(X)~2In9?%, 2me<e<2mgy. (3.9

tain the expression

de
doorthe= 164(3) VZO'OB( v)in 72? ,

B(y)zf d2(7,v)dr. (3.10

0

Note thatB(»)=0.3770 for Au, 0.3654 for Pb and
B(v)=0.61371.70732 at v»<l1. (3.1

After integrating the spectruni8.10 over ¢ in the region
2m.=<e=2m,y we obtain the total cross section in the LLA

(3.12

The orthopositronium production in lowest order Zra
(production via three photopdgs described by Eq(3.12
with B(0)=2-2In2=0.6137. Therefore, the relative order
of the Coulomb correctioficorresponding to the production
with 5, 7, 9 ... photon$ is given by ratio

T ortho= 84(3) VZO'OB( v)[In 72]2-

B(v)—B(0)
W (313
This ratio is equal to—39% for the RHIC, for the LHC it
reaches—-40% in the Pb-Pb mode and3.6% in the Ca-Ca
mode.

IV. DISCUSSION

(1) We have calculated the cross sections for the produc-
tion of parapositronium [omitting terms ~(Za)?/L?
<0.4%, L=In+?] and orthopositroniurfomitting contribu-
tions ~(Za)?/L<4%] at the RHIC and the LHC. Our re-
sults are summarized in Table II. From that table we observe
that the production rate is well above ®*16vents per day,
therefore measurements will be possible with a high preci-
sion at these colliders. We note that the production rate for
the long living orthopositronium is also relatively high, irre-
spectively of the suppression factat )?.

(2) In these calculations we take into account not only the
lowest order in the parametefa but the whole series in
Za—the so-called Coulomb correction. They decrease the
total cross section for the parapositronium production by
about 30% and 50% for Au-Au and Pb-Pb collisions and by
about 40% for orthopositronium production in the same col-
lisions. For Ca-Ca collisions the CC are smalB%.

(3) We have presented the inclusive cross sectices
Egs.(2.23, (2.28), (2.62, (3.6), and Figs. 2 and [3and the
spectra for the positronium productidsee Egs.(2.45,
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(2.56, (3.10 and Fig. §. From these results we conclude (P1+P)H(Py+Py)”
that the number of relativistic positronium with a Lorentz Mg=47Z%a L v
142

factor up to the Lorentz factor of the iop will be large

enough to be detected. hereM . is th litude for the virtual N
(4) The signature of the events is quite clear: the coIIidingW ereMy, IS the amplitude or t e virtual procesg’y
— positronium. Due to gauge invariance we have

ions practically do not change their motion and after the
collision they remain in their bunches. In the central detector - -

no hadrons should be observed. The further separation of the aiM,,=(a;Po+B,P1+0d1,)*M,,=0.

relativistic positronium from the background can be per-

formed using a method tested in a Serpukhov experimenthis expression can be transformed[tsing the estimates
(see Ref[15]). In that experiment a special channel with a (A2)]

vacuum pipe of about 40 m length was used and a weak

transverse magnetic field inside this pipe eliminates the 2q4,

charged particles. At the end of the pipe a strong magnetic (P1+P1)HM,,=2PIM ,,~ — B1 M-
field forces the positronium to break ined” ande™ which
are easily detectable. Analogously we find
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_ Using the rules(2.11) from Ref. [11] for the transition
APPENDIX A: THE BORN AMPLITUDE from the pair productiorAA—AAe"e™ to the procesAA
FOR THE PARAPOSITRONIUM PRODUCTION —AA+ positronium, we obtain the Born amplitude for the

It is useful to introduce the “almost lightlike” 4-vectors Production of the parapositronium in the quantum stet8,

- M?2 - M? ~, M® 4(4mZa)? mea?
P]_:Pl__Pz, P2=P2__Pl, Pi=_2’ = 77
S s S B1az01d5 \J4mwn3

~ f)_—(il-f—me ~

§=2P,P,~2P,B,>M? 1 [q :
Y (po—ap)2-mg

><_
a7

and to decompose the 4-vectagsinto components in the
plane of the 4-vectorB; andP, and in the plane orthogonal p-—Qp+ Me -~

( 6 + mpositroniun) i ')’SJ

to them +q2l (p7 2)2 qul_
- - 2q,P; 2q,P, where p.=p_=p/2. Taking the trace and using the esti-
Q= aiPo+BiPi+a, a=—— Bi=—5—- mates(A2) we obtain
(A1) ,
. _ 2 s (O X0y )Ny amg
The quantitiesy; and3; are the so called Sudakov variables. Mg=—16Z i 2 2 Aml—a2—a2’
. epe . n me q1q2 me ql q2
It is not difficult to estimate that
(Ad)
2 2 2 2
loal _ lail _ lail <1 1Bo _ 1ozl _ laal - P,
Bl 2q1P2 4meM (2% 2q2P1 4meM nlzm.
(A2) 1

only for the production of parapositronium summed over quantum

statesn
di. = (0Gix Gy, 0= (0,00, af =~ .
d3og 1 )
The relativistic nuclei in the positronium production can & d3p =8(277)552 nzl f [Me|*6(ay, + 020 —P1)
be regarded as pointlike and spinless particles. Therefore, the
Born amplitude has the forrfsee Fig. 1 for the notatiohs x d%qy, d%qs, . (A5)
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Now we derive a useful expression for the virtualitigs
From the obvious relationsP(—q;)?°=M? or 2q,P;=sa;

+M28,=0i=sa;8:+03, and 2A,P;=sB,+M?a,=03
=Sa,B,+q5, we obtain
oG -(MBY® -, dh-(Map?
ql 1_31 ’ q2 1_a,2

Further, from the relationd; + g,)?= p?=4m2 we get[us-
ing the inequalitiegA2)]
Sa,B1+p?=4m2. (A7)

If we introduce variables x=Mp;/(2m,) and X
=Ma,/(2m,) we immediately obtain from Eq$A6) and
(A7) and inequalitieg2.7) the expression§2.24)—(2.26).

APPENDIX B: CALCULATION OF Jz FROM Eg. (2.23

Let us introduce the two-dimensional vectors;
=q;, /(2m,) and the quantitied/;=k?+x2, V,=k3+x?,
V3;=V,;+V,+1. Then the integralg from Eq. (2.23 trans-
forms to

el

Now we use the usual Feynman trick
5(2 CYJ—].)H a]da]
i ]
6
(Z “jVi>
J

(kyxXky)?
(V1V,V3)?

pL 2 2
2me) d2k,d2%k, .

(B1)

(k1+ kz_

(V1VaVa)?
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and perform the integration ovés:
1 1-« 1-— _ 2— _ 2
33237'[ da’lf 1da2011a2( ay ai)( a1~ ay) ,
0 0 D
(B2)
D=(1-a))(l—ay)t+(2—a;— ay)
X[1—ay— ap+ (1— ap) X%+ (1— aq)x?]
where is given in Eq.(2.24). Substituting
2a1=(1+t)u, 2a2=(1—t)u
we present Eq(B2) in the form
3 [t (11
Jg=< f du i(1—u)(2—u) f dt——5—, (B3)
8 _1 D

1 ~
D=7 1—u+Zu2(1—t2) +(2—u)[1-u+x*+x?

L 1—-t)x? ! 1+1t)x2
Eu( )X Eu( )X

which is equivalent to Eqg2.28—(2.30.
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