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We consider the production of ultrarelativistic positroni@ify in yA— Pst+ A ande A— Pst+eA processes,
where A is an atom or a nucleus with charg@e. For the photoproduction of para-and ortho-Ps and the
electroproduction of para-Ps we obtain the most complete description compared to previous works. It includes
high-orderZ« corrections and polarization effects. The accuracy of the obtained cross sections is determined
by omitted terms of the order of the inverse Ps Lorentz factor. The high-order multi-photon electroproduction
of ortho-Ps studied dominates for the collision of electrons with heavy atoms over the bremsstrahlung produc-
tion from the electron via a virtual photon proposed by Holvik and O[gdys. Rev. D85, 2124(1987]. Our
results complete and correct the studies of those autf®t950-294{©8)03112-6

PACS numbes): 36.10.Dr, 13.60-r, 13.85.Qk, 12.26-m

I. INTRODUCTION Let us briefly summarize the present status of calculating
the photo- and electroproduction of relativistic positronium.
The production of relativistic positroniurtP9 opens an The photoproduction of para-Ps was calculated in the main
attractive possibility to create intensive beams of elementarjogarithmic approximation ii4] and more precisely ifi5].
atoms. It is known tha¢™ e~ elementary atoms exist in two In both papers the effects of high-order corrections in the
spin states: parapositroniugpara-Ps, singlet statéS, with parameter,
lifetime at restry=0.123 ns and orthopositroniufortho-Ps,

triplet stat¢ 3S; with 7,=0.14us. The relativistic Ps with o2
lifetime 7= ypgry (Where ypg is its Lorentz factor can be v=Za=2Z—~2Z/137, (1.2
detected far from its creation point, which is quite useful am

from the experimental point of view.
The main motivations to study the positronium production
can be summarized as follow§) It is the simplest hydro-

genlike atom that is very convenient for testing fundamenta for heavy nuclei and therefore the whole series inas to

properties of nature such as T theorem(see Ref]1)). l?e summed. These effects were considered for para- and
al

(i) There is an essential difference between experiment i . i
measurements and theoretical calculations of the ortho—POsrtho Ps photoproduction 6], but only for total cross sec

width [2]. (iii ) Finally, the relativistic Ps has an unusual lar etlons with complete screening. Polarization effects of the
) naty, 9 photon projectile and azimuthal asymmetries in the Ps distri-
transparency in thin layer¢see Ref.[3] and references

therein: in QCD a similar property is called color transpar- bution have not been studied. The electroproduction of
ency ’ property P para-Ps was calculated |#,7,8 without high-orderv cor-

In this paper we consider the Ps production in the colli-

were not taken into account. In EqL.2) Ze denotes the
ucleus charge. However, the parametes of the order of

sion of high-energy photons and electrons with nuclei or q,® A
atomsA of chargeZe (Figs. 1 and 2 M ) > p.Ee
l4
yA—PstA, eA—PsteA (1.1 kp .. ) K
P,M

Due to charge parity conservation, the number of photons
exchanged between the projectile photon and the target
nucleus has to be odd or even for the production of para-Ps FIG. 1. Photoproduction of Ps on the nucleus with an @ien
or ortho-Ps, respectively. numberj of exchanged photons for para-Rstho-Ps.
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Des Ee 2

Q
Q*=-q*>0, y=——, wp=mgJl+y. (1.9
q,0 4mg
( ) J DE e Throughout the paper we consider the production of relativ-
T istic Ps, which means that we consider the energy region
k; ook w~E>2m, for yA—PstA,
P,M (1.9

Eo>w~E>2m, for eA—PsteA

FIG. 2. Electroproduction of Ps on the nucleus.
II. PHOTOPRODUCTION OF POSITRONIUM

rections. The corresponding ortho-Ps was ponsider_ed i A General matrix element for the reaction v* A—Pst+A
[7,8], where only the bremsstrahlung production of Fig. 3
was examined. In this subsection we assume that the phaias virtual,
The outline of our paper is as follows. In Sec. Il we obtaind°= —Q?<0, and obtain formulas that will be useful for
the most complete description of the para- and ortho-Ps phdoth photo- and electroproduction of Ps. Choosingzthgis
toproduction on nuclei and atoms taking into account polar&/ong the photon momentum, the polarization vector for the
ization, high-order corrections in, and screening effects of transverse photoril(photonyy with helicity X ,=*1) is
target atoms. First the general matrix elements for the Ps
production in virtual photon nucleus scattering is presented.
Differential and total cross sections for para- and ortho-Ps
photoproduction are calculated in the following subsectionsI'aking into account gauge invariance, the polarization vector
Section Il is devoted to the electroproduction of relativistic for the scalar photong photonyg with helicity X ,=0) can
positronium. Our exact results for the para-Ps production arge chosen in the form
compared with calculations using the equivalent photon ap-
proximation and neglecting high-order contributions. In 2.Q? M2
Sec. llIC we present an additional mechanism for electro- €s= P2, P2=P——0, s=2qP=20M.
production of ortho-Ps, namely, the multiphoton production
(summed over two, four, six, etc. exchanged photans-ig. o
2. We show that it may be more important than the brems!n what_ follows we calculate all distributions to an accuracy
strahlung mechanism of Fig. 3 and even dominates for heajj€91€cting only pieces of the order of
atoms. In Sec. IV we summarize our results.
Our main notations are given in Figs. 1 and 2: a photon 2me  |p,| \/@
with four-momentumq and energyw or an electron with o o' o 2.9
four-momentunyp, and energ\E, collides with a nucleus of
four-momentumP, massM and chargeZe and produces PS  jare s the transverse component of the Ps three-
described by four-momentum, energyE and polarization  omentum. To this accuracy the momentum transfer
four-vector_e. We denote byn, the electr'on mass. Thg Mass gquared to the nucleus is given by
of thee™e™ bound state and a convenient abbreviation are

e,=(0e,x,e,,,0).

S

2
PL M
o’ t=(p—q)?=—4u(r+e), 71=—5, €=—.
Mpe~2Me, 0o= TV —5. (1.3 4u? w
Me 2.2
In the electroproduction of REig. 2) we deal with a virtual The amplitudes of they* A—Ps+A process are obvi-
photon generated by the electron. For this photon we use thausly closely related to those of tle€ e~ pair production in
notation the field of a heavy nucleugor equal electron and positron

momenta p, =p_=p/2). For the latter amplitudes we use

<:> the convenient form that was recently obtained9it

1Compare Eqs(29), (30) and(40), (41) of [9], taking into account
the equal momenta foe™. Note that in the paper of Ivanov and
+ Melnikov an unusual notation far has been used, which we would
like to mention herea=a, wherea=a,y*. In [9] it was also
> noticed that for the lepton pair production by a real incident photon,
their expression for the amplitud29) coincides with the known
FIG. 3. Bremsstrahlung production of ortho-Ps on the nucleus. result in the literatur¢10,11].
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As the next step the spinors of the electron and positron
are substituted by the wave function of positronium in quan-
tum staten at the originy(0)=(mea)®?%/87n® according
to the rule(see, for exampld,12]):

. Mo 3/2 1

\/—4

HereT is a projection operator to be chosenlasiy® for

the para-Ps anii =e* for the ortho-Ps state.
Now the amplitudes of Ps production Gyor S photons

- (p+mpyl']. (211

Hereu andv are the spinors of the produced pair of electroncan be obtained using Eq$2.3), (2.4), and (2.11). The

and positron. Furthermore, the four-unit vectors defined
as

P.

n=(0,n,0, n=—:.
N0, =157

The functions®, and &, are given with the help of the
Gauss hypergeometric functidi(a,b;c;z),

i v

@sECDs(T:V:G):mF('V 132 Gy
(2.9
1_ oV
O=dy(7,v)= (1+ )3F(1+'V1 1v.2:2) Gy
2.6
B 1-7\?
\1+7 @7

Let us briefly mention some main properties of these

functions:
VT 1 (1+7)?
S — t— —=In at v—0;
(r+€e)(1+7) 1= 4r
Jr 1
b —~—r0r-, b—In—-2f(v) at 7—0;
S (T+62) t 47_ ( )
(2.8
® 1 =wv ® 1 1 TV ¢ 1
s 2 sinh@y’ t—>§( _T)Sinhﬂ'v at =4
1 1| =
(I)SHTT/Z, q)tﬂ—? |nZ—2f(V) at 7—oo,

The functionf(v) is well known[see Eq(95,19 in [11]],

[

1

f(V):VZnZ]_ n(—nz_’_—v2—) (29)

For smallv values it behaves &5 v)~ ¢(3)v? with the Rie-
mann zeta function

[

{(3)=2

n=1

1
—3=1.2021. (2.10

para-Ps is produced only by transverse photons

. 1 _271'Za3 S q
M(yTA—n"Sy+A)= a2 mg(1+y)3/2(ean).$(I)s,
(2.12
M(ygA—mlSO-FA):O. (2.13

For the ortho-Ps production there are two possibilities:
The transversely polarized ortho-Rsith helicity A= *1)
arises from transverse photons only

47722 * s .
o7 mE(1ry2 & &) P
(2.14

while the longitudinally polarized ortho-Rsvith helicity A
=0) is produced by scalar photons

VQ?47Z%a* s ©
2me pd2 mi(l+y)? !

(2.19

From Egs.(2.14 and(2.15 we observe that helicity is con-
served in they— ortho-Ps transition, i.e),=\. We also
notice that both amplitude®.14 and(2.15 do not depend
on the azimuthal angle of ortho-Ps.

In the following subsections we study the production of
positronium by real photons. Therefore, in all expressions we
choose[see Eq(1.4] Q?>=0 andy=0.

M(y*A—n3S,+A)=

M(yEA—n’S +A) =iz

B. Photoproduction of para-Ps

The differential cross section of para-Ps production on
nuclei can be obtained using the amplitug21? at Q?
=0,

_0o 22 9¢
do—singlet_F|eyxn| q)sdTﬂ,

(2.19

where is the azimuthal angle of Ps. To describe the polar-
ization degree of the initial photon in general, it is conve-
nient to use Stokes parametets, 3, In that case E¢(2.16
transforms to

. ,, de
[1+ &;Sin 2¢p— &3c0s 2p]Pd oo
(2.17

d 70
Osinglet—
9¢ 2n3
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We see that this cross section does not depeng,pne., on
the circular polarization of photon. Furthermore, the scatter-
ing plane is mainly orthogonal to the direction of the linear
polarization of the photon. Fo§—0 and v—0 the result
(2.17) coincides with that obtained ifb].

The dependence of cross secti¢tl?) on the Ps polar
angle 6 is completely described by the functi@hi(r,v,e)
since in our case

©
00

O T

o
o

C(v)

o
»n

w6 \?
T= ( 2me) . (2.18

According to Eq(2.8), the function® (7, v,€) depends o
only in the region7~1, whereas forr<1 and r>1 the
angular behavior of cross secti¢2.17) has a universalin-
dependent of) character. In particular, in the region of very
small angles

©
N

(=)

2 20 40 60 80
e Me 7
w

@ FIG. 4. FunctionC(») [Eq. (2.21)] vs the nucleus charge number

the differential cross section has a very simple form Z.

00 do 1= A1-F(1)]?
do—singletzﬁj- Tsingle= 04 (3)[J—C(v)], J=§JOW

(2.23

The total cross section is obtained from HG.17) by
integrating overe and 7 and by summing over alh 'S, If we use a simplified Thomas-Fermi-Mot&form factor
quantum states:

Zl/3
o F()=———-, A==m,, (2.24
Cange=7ol(3)|In o ~1-C(»)|, (220 W= —way AT
e
5 we obtain to the accuracy of E(R.1
c _1f°°1 E(i o TV dr
(V)—E 0 (iv,—iv; ’Z)SinhWV T(1+T)2 1 me 2 (7132
J=—§In — + 2—22 -1 (2.25
11 o mv 2| (1+2z)dz @
=—f 1-|F(iv,—iv;1;2) = h .
4Jo sinh@v| | (1-2)\z At not very high energies
(2.22 )
2m? 222
The functionC(v) is presented in Fig. 4. At small it is ML 0<——= Z1iMe (2.26

approximated by

the screening effects are negligible dnand the previous
2~2.97982. (2.22 result for the nucleus targé2.20 remains valid. For high

7
55(3)—4+4 In2
enough energies

C(v)=

Note that the large logarithmic term kfmg) in the cross
section (2.20 arises just from the region of small angles 222
(2.19. Therefore, this region determines the characteristic w>ﬂs

polar angle of para-Ps producticﬂifgr.
Up to now we have considered the photoproduction ofthere is complete screening and the total cross section takes
positronium on nuclei. Let us briefly discuss the photopro-the form
duction on atoms where a possible atomic screening has to
be taken into account. This can be done by inserting a factor
1—F(t) in the amplitudg2.12) [and (1— F(t))? in the cross Tsingla= 0L (3)
sections(2.16 or (2.17)], where F(t) is the atomic form
factor andt is given in Eq.(2.2). As a result, we obtain the
total cross section for photoproduction of para-Ps on atomsawhich coincides with the result obtained [i].

Mg, (2.27

: (2.28

222
|nﬁ;—l—C(V)
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C. Photoproduction of ortho-Ps JAA L B D AL DL B

The differential cross section of ortho-Ps production on

nuclei can be obtained using the amplitu@el4). For polar- ____gz gzggi
ized photons it is given by 1 —mU (z=92) ]

0o
do'triplet:4VZF|ey'e*|2q)t2d7'. (2.29

For unpolarized photons we have

dUtriplet/dT
(@}
N
|

______

0o
doyipler= 4v2¥¢$d T. (2.30

The dependence of this cross sectionzdrand therefore on —

the polar angle of positroniurg; see Eq(2.18] is given by

the function(I)tz; it is presented in Fig. S5dovy;pe/d7 van- 10

ishes for all values of as (1- 7)? at r— 1 [see Eq(2.9)].
Comparing Eqgs(2.17 and (2.30, we conclude that the

AR oo . r

angular distributions of ortho-Ps production is considerably

wider than that of para-Ps production. Indeed, the typical rig. 5. Differential cross sectiondoype/dr in units

value of 7 for ortho-Ps production is of the order of 0.1, 4,24, /n3.

which corresponds to a characteristic emission angle

NI BN R ..|....'l - ..|..._.|§
102 10™ 1 10

2
3. Mg Otriplet 4v°B(v)
, Me =

echar o’ (2'3]) Osinglet In(222/Zl’3) —1-C( V)

(2.39

while for para-Ps production on nuclei the region of veryiS presented as a function of the nucleus charge nuiler
small angleg2.19 gives the main contribution to the cross Fig- 7. Some particularly interesting values are 28.5%,

section. 23.5% and 1.51% for U, Pb, and Ca, respectively.
The total cross section, obtained from E2.30), is inde-
pendent of the energy of the initial photon: [ll. ELECTROPRODUCTION OF POSITRONIUM
T plet= MZa)?aol(3)B(). (2.32) A. General expressions for the reactiore A—Pst+eA
_ _ It is well known that the cross section for the electropro-
Here the functiorB(v) is duction of Fig. 2 can be exactly written in terms of two
. 21 11 structure functions or two cross sections(w,Q?) and
B(y):j 2~ V)d7'=( v Ef VZ(1+72) os(®,Q?) for the processegfA—PstA and yA—Ps
0 the sinhm7v/ 8Jo +A:
X[F(1+|V,1_|V,2,Z)]2dz. (2-33) AALIAALL) RALLVLLLE! LR L) LLLU RLLL) RALL) LAAL) LAALILLLAY LM LLLL) LALL LALL) AL LUK LU LU
Its dependence o# is shown in Fig. 6. At smalb<<1 this 0.6 -
function behaves g$]
2 3 ;
B(v)=2-21In2—{8(2—1In2)2— = 7>—5{(3) [v? X 1
3 B ]
0.5F .
~0.6137-1.072972. (2.3 T 1
Y L 4
The obtained results for the photoproduction of ortho-Ps @ _ _
on nuclei are also valid for the production on atoms. Indeed, - ]
the typical value ofr 3S; ~0.1 for photoproduction on nu- 0.4 .
clei is much larger than the characteristic value - i
A \2 (732 — ‘
7'screeﬁ\’(me = 2_22) E E
0.3 s
for which we should take into account the atomic form factor 0 20 40 60 80 160

[see Eq.(2.29)].
Now we compare the photoproduction of ortho- and
para-Ps on atoms. For energiaa§222me/21’3 the ratio FIG. 6. FunctionB(v) [Eq. (2.33] vs Z.

z



PRA 58 PRODUCTION OF RELATIVISTIC POSITRONIUMN . .. 4561

ALY LLALY LALLE RLLL) LALLL LLRRN LLLL LLLLY AL LU RLLLY LLALY LRI LLLL) LELLL RLLL AL LLLL RALM LU
‘ or=——2 3247, dog=0 (3.6
i Tonda+y)2 o ® '
107 E
3 E [with 7 defined in Eq(2.2)] and to the integrated cross sec-
i ] tions
g 1 o
$107 E o= {(3)[L-1-C(»], 0s=0. (3.7
S F E (1+y)
& | i Here, for the electroproduction on nuclgtompare Egs.
(2.17 and (2.20]
107 E
: ] L=n2— L1+ 3.8
r 1 = nﬁ 5In(1+y) (3.8
10k I and on atom$compare Egs(2.23 and(2.25]
0 20 40 60 80 100 1 m.\ 2 2
L=—=In[|—| (1+y)+ (3.9
z 2% ome) Aty =
FIG. 7. Ratio ayipiet/ Tsingier Of photoproduction on atoms at ] ]
larger energies as a function Bf Using Egs.(3.1)—(3.9) we are able to obtain the energy-
angular and energy distributions of relativistic Ps. In particu-
do(eA—PsteA) = or(w,Q?)dnr(w,Q?) lar, the spectrum of para-Ps is
+ ,Q%)dng(,Q%). (3.1 a dx
os(w,Q%)dng(w,Q%). (3.1 dcr(eA—>1$O+eA)=;005(3)FS(X)Y,
Here the coefficientdny anddng can be called the number (3.10
of transverse and scalar virtual photons, respectively. Using =[L—1—-C(v)] dy X2
the amplitude$2.12—(2.15 for the corresponding processes Fg(X)= N(X,y) —,

Ym= .
2 —
the cross sectionst andog are calculable for virtual photon ym  (1+y) y 41=x)

energies squared . . .
9 g Since the cross section rapidly decreases abovéd, the

w?>(2my)2,Q2 (3.2 upper integration limit can be extended to infinity.
e For the electroproduction on nuclei theintegration is
to the accuracy of E¢2.1). In the same region and with the €asily performed and we obtain
accuracy~ (2m./w)?2,Q? w? the quantitiesiny anddng are

. XE
(see, for example, Sec. VI in RdfL3]) F.()=f,()|In me—l—C(v) ). (311)
e
a [w Q?\dwdQ? .
dnf=—N| =—,— | ——, The functionsf;(x) andf,(x) are
m | Ee 4m§ 0 Q2
3.3 2—x 4(1-x
1 X2 63 f1(X)=2(1—x+x%)In— — ( 2)(2—2x+x2),
NOGY)=1-x+5x*= 7=, X (2-x)
y (3.12
2 2
a o \do dQ? | ™ 2(1-x) 1 X
- | == fo(X)=(1—X+X)| = — ———— =Li
d”S_w<1 Ee)w Q2 34 200~ 27wz 27 a0

The variabley is defined in Eq(1.4). Since the energi of +2
the positronium almost coincides with that of the virtual pho- 4
ton, the energy fraction transferred from the electron to Ps is

X2<2(1_X)+r‘ X )_2(1—x)
2-x2  2-x| (2-x)°

o (2—%)?
E o X (2—2X+X )In4(1_x),
“ETE GS |
with the dilogarithm function
B. Electroproduction of para-Ps . oln(1—t)
The cross sectiongt and o for para-Ps production are Liz(2)= L t dt

obtained using Eqg2.12 and(2.13 and repeating the cal-
culations of Sec. Il B withQ?>0. This leads to Note thatf,(x) <f,(0)=(7%—6)/12=0.3225.
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The same resul(3.11) is valid for electroproduction on E.
atoms at M,<xE.<222m,/Z'® (no screeniny For the l5=0.303 In_=—0.542 (3.20
case of complete screeningH.>222m./Z*3) we have €

for no screening E.<444m,/Z'?) and

Fs(x)=1f1(x) +fy(x).  (3.13

I2221C()
n——-1-C(v
z

1/3 111
| p,=0.303 |nﬂg+ 0.362 (3.2
In the important case of small(i.e., at 2n./E.<x<1) the
spectrum is simplified: for complete screeninge(,>444m,/z3).
2 XE -6 In this section we argue that in many respects these results
EFix)=l2In==2|lIn——-1-C(v) |- are incomplete or even misleading becaus¢§7iig] the im-
X Me portant multiphotor{MP) production of ortho-Ps due to dia-

(3.14 grams of Fig. 2 with even numbens=2,4,6,... of ex-
changed photons was not considered. Moreover, we find out

for no screening and > e : :
g that MP production is dominant for electron scattering on

2 222 71_2_ 6 heavy atoms.
Fs(x):(z In——2) InTS— 1-C(v) |+ To study the MP production of ortho-Ps, we have to cal-
X z 12 culate the cross sections; and o for ortho-Ps production

(3.19  [see Eq(3.1)]. This is achieved using the corresponding am-
litudes (2.14) and (2.195 and repeating the calculations of
ec. 11 C withQ?>0. For the cross sections we obtf@om-
pare Egs(2.30 and(2.32)]

for complete screening. The accuracy of the obtained spedz
trum is determined by omitting terms of the order of

2mg

XE dor=412 ———®?dr, dos=ydor, (3.2
€ T n3(1+y)3 t S y T ( 2
It is interesting to compare our spectl10—(3.15 with

that given in[8]

Jo
=4,? 3)B(v), =yor. (3.2
. 1 1 [[m\? (12 or=4v (1+y)3§( )B(v), os=yor. (3.23
F°(X)=|2In=—1|{—=In||—=| +|=z=5] |—1
s X 2 XEq 222
(3.17) Using these formulas and E¢3.1) we can again obtain

the energy-angular and energy distributions for the triplet
The spectrunFH9(x) was obtained by neglecting the exact state of relativistic positronium. In particular, now the spec-
dependence of+ on Q? and high-ordew corrections. As a  trum of ortho-Ps is
consequence, the accuracy of E8.17) is only logarithmic
[in expression$3.14), (3.15, and(3.17 the leading logarith-
mic terms coincide, whereas the next to leading logarithmic
terms are different even at<1]. Therefore, this approxi-

4a dx
dUMP:7(Za)20'O§(3)B(V)Ft(x)71 (3.29

mation is not well suited for heavy atoms. For example, in 5|, 2=%  (1-Xx) )

the case of complete screening the spectffifi(x) exceeds Fi(x)=2{ 1-x+ 2% In < 2 2[32A1-x)

our spectruni-¢(x) up to approximately 40% for U and 30%

for Pb in thex region below 0.4. +34(1—x)x2+5x4]. (3.29
C. Electroproduction of ortho-Ps The spectrunmfunction F,(x)/x] is shown in Fig. 8. The

result (3.24 and (3.25 is valid for collisions of electrons

The ortho-Ps production in collisions O.f eIectro_ns with with both nuclei and atoms. The behavior of the function
atoms due to the bremsstrahlung mechanism of Fig. 3 wa,gt(x) at small and large is

calculated il 7,8]. The principal features of this mechanism
are the following. The spectrum of ortho-Ps has a peak in the 2
region of high-energy fraction@t x~1) and the character- Fi(x)=2In=-—-2 at <1,
istic emission angle of Ps is small X

(3.26
m 56
Obrar & (3.18 F0=5(1-%° at 1-x<1.
e
The total cross section is equal [t8)] Contrary to the bremsstrahlung spectr@gee Fig. 3 i 8]),

the spectrun{3.24) is peaked at small energies of Ps. There-
a fore, the interference of bremsstrahlung and MP production
Tor= 00 (3) b, 319 should be very small.
Taking into account Eqsi2.31) and (3.5), we conclude
where that the characteristic angle for MP production of ortho-Ps is
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FIG. 8. Ortho-Ps spectrum in electroproduction in units FIG. 9. Ratiooye/oy, of the multiphoton(Fig. 2) to brems-

(4al ) 0ol (3)v?B(v) due to the multiphoton mechanism of Fig. Strahlung cross sectioffrig. 3) as a function of the electron beam
2. energyE,.

cross section for the bremsstrahlung production on atoms is

oMP Me (3.27  constantat high energigésee Eq(3.21)]. The dependence of
ohar XE,’ the cross section ratio
which is much larger than Eq3.18. In other words, the oMp I vp
=4 ZB
angular distribution of MP production is considerably wider oo v°B(v) Ty (330

than that of the bremsstrahlung reaction.

In this section the spectra for relativistic positronium inon the initial electron energ, is presented in Fig. 9 for
electroproduction have been calculated with the high accudifferent values oZ. From that figure it can be seen that the
racy of Eq.(3.16). This accuracy cannot be achieved for theMP production is the dominant production mechanism of
total cross sections in the scheme used here by the followingrthopositronium for atoms with nucleus charge number
reasons. The spectrum has to be integrated over the whote20.
kinematic region inx including that of the thresholc
~2m./E.. However, near the threshold the accuracy of our IV. SUMMARY
calculated spectra becomes only logarithmic. Furthermore, in )
this region Ps is not a relativistic particle and therefore its !N this paper we have presented an almost complete de-
detection is difficult. However, if we are interested in finding SCiPtion of the production of relativistic positronium in

the total cross section with logarithmic accuracy, we carligh-energy photon and electron collisions with nuclei and
integrate the spectra in the whole region atoms. The high accuracy of our results is restricted by ne-

glecting terms of the order of the inverse Ps Lorentz factor
Zme 2me/E.
Xm="pg_<x<1. (3.28 The matrix elements of the virtual photon nucleus scatter-
© ing to produce both para- and ortho-Ps are given in EQs.
Having in mind this restriction, we find for the total cross (2-12—(2.19 including polarizations of the initial photon
section of MP production and the positronium and summed high-order corrections.
The singlet positronium state can be produced only by trans-

Ao versely polarized initial photons. The transition amplitude
UMP%?(Za)ZUo§(3)B(V)|MP, depends on the azimuthal angle 8,. The amplitude for
scalar virtual photons to para-Ps is zero. The transitions from
1 dx E,\2 . the initial virtual transverge anq _scalar photon to the triplet
I vp= f Ft(x)yw ( In F) —2In——-c, (3.29 state are accompanied with helicity conservatigs=\; the
*m e e amplitudes do not depend on the azimuthal angle of ortho-
Ps.
o= 77_2_ E:o 3949 These results are used to discuss both photo- and electro-
6 4 ' production of Ps. Various distributions and total cross sec-

tions are calculated and compared to previous results. The
Note that this multiphoton cross section increases with th&creening effects are estimated analytically using a Thomas-
energy of the projectile electron &n(E./m)]%, while the  Fermi-Moliere atomic form factor.



4564 GEVORKYAN, KURAEV, SCHILLER, SERBO, AND TARASOV PRA 58

For the photoproduction of relativistic positronium we scattering on heavy atoms. Therefore, our results complete
have found that the polar angular distribution of ortho-Ps isand correct those earlier studies.
considerably wider than that of para-Ps. The high-oier Finally, we would like to note that our results cannot be
effects decrease the ortho-Ps photoproduction cross sectigiaightforwardly transformed to the production of the
by 3.61% for Ca, 40.5% for Pb, and 46.5% for U nuclei. Thex n~ elementary atom called dimuoniufdM). For the
ratio of the total cross sections for the triplet to singlet statg?hoto- and electroproduction of DM an important phenom-
at higher energies>222m,/Z*3 in the yA—3S,+A pro-  €non takes place, namely, the restriction of the transverse

cess increases with the nucleus charge number from 1.51880mentaky, , ... k;, for the exchanged photons in Figs. 1
for Ca, 23.5% for Pb to 28.5% for U targets. and 2. This restriction arises due to the nucleus form factor at

In the para-Ps electroproduction the virtuality of the pho-th€ 1evel=1ra<m,, wherer, is the electromagnetic ra-

tons arising from the electron projectile and the effects o ius of the nucleus. As a result, the effective parameter of the

P 2 2
heavy nuclei are quite important. As an example, the Specgerturbanon theory becomes smatt »%/(r,m,)*<0.03,

trum [8] estimated in an equivalent photon approximationco_mrary to the Ps. case. A detailed study of DM production
and with neglected high-ordeta effects exceeds the cor- will be presented irj14]
rectly calculated result up to 30% for Pb and 40% for U in a
wide range of the energy fraction transferred from the elec-
tron to Ps. We are grateful to R. Faustov, I. Ginzburg, I. Khriplovich,
Finally, we have proposed a multiphoton mechanism forl. Meshkov, and L. Nemenov for useful discussions and to
the production of ortho-Ps in the reacti@A—3S,;+eA, A. Arbuzov, O. Krehl, and B. Shaikhatdenov for help. The
which has to be taken into account in addition to the bremswork of S.R.G. and E.A.K. was supported by INTAS under
strahlung production discussed by Holvik and Olsen. Due tdSrant No. 93-239 ext. The work of V.G.S was supported by
a completely different angular and energy distribution ofVolkswagen StiftungGrant No. 1/72 30Rand by the Rus-
MP, its interference with the bremsstrahlung reaction is exsian Foundation for Basic Researd¢frant No. 96-02-
pected to be small. This mechanism is dominant for electroi9114.
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