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The s-channel annihilation of a proton and an antiproton into a neutral pion and a real or virtual photon followed
by lepton pair emission is studied. Such a mechanism is expected to play a role at moderate values of the total
energy /s, when the pion is emitted in the angular region around 90° in the center-of-mass system. A fair
comparison with the existing data is obtained taking scattering and annihilation channels into account. The
cross section is calculated and numerical results are given in the kinematical range accessible in the PANDA

experiment at FAIR.

1. INTRODUCTION

The antiproton—proton annihilation in various lep-
tonic and hadronic channels will be intensively stu-
died by the PANDA collaboration [1] at the complex
accelerator FAIR (Darmstadt), where it is planned
to accelerate antiproton beams with the momentum
from 1.5 to 15 GeV/e¢ and average luminosity £ =
=1.6-10%2 cm~2 57! [2]. The pp annihilation into lep-
tonic channels is very challenging because the hadronic
background is higher by orders of magnitude. In
Refs. [3, 4], the annihilation reaction p + p — v* —
— et 4+ e~ was investigated with the aim to extract
of electromagnetic form factors of the proton in the
time-like region. In this paper, we focus on the annihi-
lation reactions

p+p—=7 +1° s et +e +1°

(1)
(2)

which also contain interesting information, from dif-
ferent standpoints. Through the emission of one vir-
tual photon between the proton—antiproton and the

p+p—vy+r,
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lepton pair, reaction (1) constitutes a unique opportu-
nity to determine time-like proton form factors in the
“unphysical” kinematical region, i.e., below the thresh-
old of p + p annihilation into a lepton pair (i.e., for
0 < ¢* < 4M?, where ¢* is the momentum transferred
to the proton and M, is the proton mass) [5]. Related
processes are the pion electroproduction on the pro-
ton, e~ + N = e~ + N + m, which is under intensive
experimental and theoretical study [6], and the pion-
induced lepton pair production m 4+ N — N + (= + (+,
first investigated in [7]. Pion scattering on nucleons
and nuclei is part of the experimental program of the
HADES collaboration [8]. Reaction (1) was studied in
Ref. [9] near the threshold. In Ref. [5], the calculation
was extended by introducing a larger set of diagrams
and studying the sensitivity to different parameteriza-
tions of proton form factors. It was also suggested to
extract information of the time-like nucleon axial form
factor from the production of a charged pion in the re-
action p +n — et + e~ + 7~. Because no data exist
for the nucleon axial form factor in the time-like re-
gion, predictions have been built on analytic extension
of models that reproduce the data in the space-like re-
gion [10].

Reaction (1) has also been investigated in backward
kinematics, in the region of large momentum trans-
fer, with the aim to obtain information of transition
distribution amplitudes [11]. In Ref. [12], the process
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Fig.1. Feynman diagrams (a) for p+p — e™ +e” + 7
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and (b) in the ¢ channel (“scattering”); (c) in the s channel

(“annihilation”)

pp — ym° was considered in the framework of the Gen-
eralized Distributions Amplitudes approach. Neither
the Regge behavior of the scattering amplitude nor the
resonant character of the annihilation amplitude was
contained in those papers.

The reaction mechanism that allows accessing the
electromagnetic structure of the proton is illustrated in
Figs. 1a,b and is denoted below as the “scattering” ex-
change channel. In forward (backward) kinematics, the
Regge character of the exchanged nucleon reveals itself.
In these kinematical conditions, the exchanged nucleon
is close to the mass shell. Therefore, the vertex v*pp
can be described in terms of two phenomenological
quantities F} » that can be interpreted as proton form
factors and which describe the partonic structure of the
proton. This statement is valid in the kinematical re-
gion of nearly forward (|t| < s) or nearly backward
(Ju] < s) scattering. In the region [t| ~ |u| ~ s> M7,
these amplitudes are (unknown) functions of both kine-
matical variables. They have the form (Mp/s)"(t/s),
where the exponent n is determined by quark-counting
rules, and are not related to the Dirac and Pauli form
factors of the proton. A similar behavior is expected
for the vertex of pion interaction with nucleons.

In collinear kinematics (nearly forward scattering
and nearly backward scattering), the amplitude of the
scattering channel dominates because the contribution
of the annihilation channel is suppressed by the phase
volume factor [t|/s or |u|/s. At emission angles near
90° (with the center-of-mass reference frame implied),
the cross section is dominated by the amplitude of the
“annihilation” vector meson exchange mechanism (see
Fig. 1¢). Intermediate states such as nucleoniums (pp
bound states) and vector and scalar mesons (including
radially excited meson states) can contribute in princi-
ple. In Ref. [13], the creation of narrow resonances was
discussed. We focus our interest on the energy region
outside the resonance production. Heavy vector me-
son intermediate states such as w(1450) and w(1650)

mesons play an important role in the limited kinemati-
cal range, where the total energy is close to their mass,
due to the Breit—Wigner character of the relevant am-
plitudes of these states. Outside this region, they are
suppressed by form factors because they are more ex-
tended objects.

In this paper, we focus on processes (1) and (2)
in the kinematical region where the s channel is ex-
pected to dominate (large-angle emission of the pion
and moderate values of the total energy squared, s).
The characterization of this mechanism (see Fig. 1¢) is
important not only for disentangling the information
on proton form factors (which are accessible through
the “scattering” mechanism; see Figs. 1a,b) but also
for gaining information on the properties of the vec-
tor mesons. Here, the parton (quark) structure of the
proton turns out to be essential. We limit our consi-
derations to the w-exchange in the intermediate state.
Tt is known from the literature [14, 15] that the largest
anomalous vertex is pwm, because it has the largest
quark coupling.

The interaction of the vector w-meson with the nu-
cleus in the vertex wpp, which contains information
on the strong proton and meson couplings, can be
described in terms of proton vector form factors, in
the time-like region of momentum transfer squared.
They have a complex nature, in principle. The ver-
tex w — mvy* can be described either by a phenomeno-
logical parameterization or through a quark triangle
vertex. Recently, large interest has been raised in this
field by the new data from the BaBar Collaboration on
the pion form factor at large momentum transfer [16].

The calculation is compared with the unpolarized
cross section and with the angular distribution for
p+p — v+ 70 annihilation, which was measured in the
region 2.911 GeV < /s < 3.686 GeV by the Fermilab
E760 Collaboration [17].

The plan of this paper is as follows. In Sec. 2, we
calculate the p+ p — ~ + ¥ process for the annihila-
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tion channel: the kinematical variables are defined, and
the phase space and the matrix element of the reaction
are calculated. In Sec. 3 the case of a virtual photon
is considered and the double differential cross section
is calculated. In Sec. 4, a realistic parameterization for
the vertices and the coupling constants is presented. In
Sec. 5, we compare the calculation with the data in the
case of real photon emission at about 90°, and make
predictions for the double differential cross section for
the reaction p + p — 7* + 7%, In Sec. 6, the applica-
bility domain of the present model and its interference
with the scattering channel exchange mechanism are
discussed.

2. FORMALISM FOR p+p — v + «°

We first consider the process of proton—antiproton
annihilation into a real photon of momentum % (with
k? = 0) and a neutral pion:

(3)

Both annihilation and scattering exchange channels
play a role, as is discussed below. We first address the
kinematic issue that is common to both mechanisms.

p(p=) + p(py) = v(k) + 7°(pr).

2.1. Kinematics

The calculation is performed in the center-of-mass
system (c.m.s.) (Fig. 2). We fix the c.m.s. parameteri-
zation of the momenta (of the form p = (po,p) where
p is a 3-vector) as

Vs

+
27 p>7

p+ = (E,£p) = <

pi:M57 k:(k07k)7
7 (px)
0
o) 2 p(p+)
v (k)

Fig.2. Schematic view of the reaction p+p — 7" +n°
in the center-of-mass system
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q=Dp+ +p- :(2E70)7 pW:(Ewa_k)a
Vs p| b
F=—-— == =14/1-4—=
2 b B El S b

where E () is the energy (velocity) of the initial pro-
ton of mass M, ko is the energy of the emitted photon,
and E is the pion energy. We then can calculate the
necessary scalar products:

2(p+q) =4E* =s, 2(q¢k) =5 — M2,
s — M2

Y

4
2(p+k) = W

(1+£ Ber),

where ¢, = cos(—k,p) is the cosine of the angle be-
tween the momenta of the initial proton and the pro-
duced pion.

For convenience, we introduce the invariant vari-
ables

s = (p+ +p-)" = (k+ps)* = ¢,
u=(p+ —px)? = (p- — k),

t=(p-—px)> =0+ — k), s+t+u=2M;+ M,
then the relevant scalar products are

_ 2 2
2(p-pr) = —t + M; + MZ,
2(p+p7r) U+ M;g + M72ra 2(kp7r) =5— sz

2pyrk) = —t+ My, 2(p_k)=—u+ M.

The phase volume of this reaction has the standard
form

2(p+p*) =S5—= 2M37

dk dp
®, = (27)* st ——k—pg) =
d 2 (ﬂ-) (27T)32k[) (271')32E7r5 (p++p k pﬂ')
s — M2 s— M2
_ ™ — T 40
25725 " 25q2s iy, (5)

where Q0 and ), are the pion and photon phase volu-
mes and the mass-shell §-function for the final particles
restricts the energies and the moduli of the momenta
to

s+ M2 s— M2
Eﬂ': 7l’7 :k: | = ﬂ-7
" E. s+MZ%

and [, is the pion velocity. The cross section can be
calculated using the expression

L /Z | M|?d®,,

do = ——
TThar ) 2
spins

(7)

where M is the reaction matrix element and
1 sp
2 2

is the invariant flux.

I

s(s —4M2) =
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p(p+)

Fig.3. Feynman diagram for the annihilation reaction
74+ p — v+ 7° through a vector meson exchange

2.2. p+p — ~ + 70 annihilation through an
w-meson exchange

We consider the annihilation channel through a vec-
tor meson exchange for the reaction
Blp-) +p(p+) = V(@) = (k) +7°(px), (8
as is illustrated in Fig. 3.

The matrix element for the exchange of an interme-
diate vector meson V can be written as

_ GVTI"Y (q27 O)GVppequo'eyqpkﬂ
Mv[s — M‘Q/ + inrv(q2)]

< (g - TN I, O

e

where €,,,, is the Levi-Civita antisymmetric tensor,
V =p, w, ..., My and T'y(¢?) are the mass and the
total width of the intermediate vector meson V with
momentum ¢ (¢? = s), and e* is the polarization vec-
tor of the emitted real photon with (ek) = 0. In prin-
ciple, the total width of the intermediate vector meson
depends on ¢>. This dependence, which is a function
of the produced particle momentum, is especially im-
portant in the case of wide resonances. It is introduced
to suppress unphysical contributions outside the reso-
nance region [18]. In the present case, because we are
far from the resonance mass and consider the w meson
with a small width, we neglect the ¢> dependence of
the width (i.e., s > M2, M,T,).

The quantity Gy (¢*, k?) describes the V(q) —
— 7(pr)v(k) vertex and is given in Sec. 4. The current

M7 =

) (¢?) related to the ppV vertex has the form
TING) = o(p-) TV (@) ulpy), (10)

where @(p_) and u(p;) are spinors describing the an-
tiproton and proton wave functions, and the vertex
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T\ is parameterized through two (strong) form fac-
tors Fy) as
1,2

V) —

e}

F(@)a + 557 Fs (@)oasd®, (1)
p

where o = (i/2)(y*y” — 4¥~*), and the explicit ex-
pression for Fl(g) is given in Sec. 4.

The region of our interest is far outside the region of
narrow resonances defined as |\/s — Mg| ~ T'r < /5,
where Mp (T'g) is the mass (width) of the resonance.
In the region close to the resonance production, the ef-
fects of formation of bound states are very important
and can drastically change the value of the cross sec-
tion [13]. This effect appears in a very narrow range
and it is not necessary to take it into account in our
case.

In principle, all vector mesons may contribute to the
intermediate state. We give the reasons why the con-
tribution of an intermediate w meson is dominant for
this process, with respect to the p-exchange. The value
of the Vpp coupling is g2, /4m = 20> ¢ /47 = 0.55.
For the Vv vertex, the coupling of the vector meson
to the quark is relevant. The coupling constants of the
w and p mesons with the valence quarks in the proton
or pion are quite different. The w meson, being an iso-
topic singlet, constructively interacts with the quarks,
unlike the p meson, which is an isovector and its inter-
action with quarks is destructive. This is the reason
Why guwgq ~ 39pqq- The relevant factor is large, because
its square enters the amplitude. The annihilation chan-
nel contains the interaction vertex of two vector mesons
with the pion. This vertex has an anomalous nature.
Therefore, vector mesons must be of different species
(for example, if the p meson is in intermediate state,
then the w meson appears in the final state). Because
the p-meson decay width is about ten times larger than
the one for the w meson, we conclude that the main
mechanism of the process under consideration is

P+Pp—rw—=THp (12)

with the subsequent transition of the p meson into a
lepton pair or a real photon [19].

Concerning p', w', and other radial excitations of p
and w mesons, an additional suppression is expected in
the considered kinematical region because form factors
decrease faster, describing more extended objects. We
therefore consider only the contribution of the w me-
son. This also simplifies the analytic calculation, be-
cause FyY < F¥ and can be neglected [20]. The vector
current takes the simple form

TENG) = Fro(p-)vau(py)- (13)
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Fig.4. Feynman diagram for the reaction p + p — v + 7° (a) in the ¢ channel and (b) in the u channel

Using the relation

euozpfrel/cwéqpkaqvktS Z jpﬂj;l/ =

spin

= 2821{2(2 — 62 Sin2 97r)|F1w|27 (14)

we obtain the differential cross section in the form

do' ann
(W) = 00(q?)(2 — B2 sin® 6y),
.
5 |Gw7r'y(q270)|2(q2_M7%)3937pp
oo(q”) = - X
P2 2P ME+iML T, ()P M2

x |F{),

(15)

where the ¢ = s dependence is contained in oo, which
has the dimension of a cross section. The total cross

).

The approximation of the w meson in the intermedia-
te state is well beyond the precision for the final cross
section, which is evaluated to be near 10 %. This es-
timate takes the accuracy of the SU(3) symmetry and
the contributions of the neglected mesons into account.

section as a function of ¢2 is

A

3 (16)

ann 0) = $700(a?)

2.3. t and u channel exchange for
p+p—v+m°

We consider the diagrams illustrated in Fig. 4. The
corresponding matrix element can be written as

Msc - egTI’NN/D(p*) X
(jl +Mp

X —_—
75t_M3

Go + M,
r,+r,—— (17)
w—
where e is the positron charge, grnyn is the pseu-
doscalar coupling constant of the pion with the nu-
cleon (the pseudovector coupling experiences momen-

tum suppression [21]), ¢ = p+ — k, ¢2 = p+ — pr, and
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the proton electromagnetic vertex I', = [, (k* = 0) is
parameterized in terms of the form factors Fj »:
2 2 4 2 v
Fu(k )Z Fl(k )"yu + Fz(k )O'W,k R (18)
2M,

which, in the real photon limit, coincide with the static
values I} = 1, F» = 1.798. The differential cross sec-
tion is

1 2
dose = < D [Mie[*dl, (19)
where the phase space can be written as
d*k d*q
1—\ — 2 22 v A 2 2 —
d 2 ( 71-) 2k[) \/gé(q m7r)
1
= —kodkodcosOd[(py +p— —k)? — M2 =
4 p
2
s—m
= = (2
T6ms dcosf. (20)

We use the relation (p;+p_—k)?—M? = s—2,/sko—m?2.
The differential cross section for the ¢ and u chan-
nels and their interference are given by

1 s—m?2
do = o ——Z > |Mscl*dcost, (21)
where
S
|Msc|2 = 62972rNN <—7Fth —
x i
S S

- — 2 _F,R.+ F22(s)> ,

u— Myt 2My (22)

1
Fy = F2 () + 2R (OFa(0) + 5 (1),
1
F, = F(u) + 2F, (u)Fy(u) + §F22(u)
The effects of strong interaction in the initial-state in-

teraction due to an exchange by vector and (pseudo)
scalar mesons between the proton and the antiproton
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are quite essential in the scattering channel. They ef-
fectively lead to the Regge form of the amplitude of
the scattering channel. Hence, the ¢ and u diagrams
are suppressed by the general Regge factors R; and R,

of the form
5\ 2lan(-1]
r-r=(2)
0 , (23)
1 ast—M;
ap(t) = 5 ? M2 9
p
&\ 2o (w-1]
R, = RO = () ,
0 , (24)
1 asu—M;
Oép(u) = 5 ? M2 ’
p

where r and sy can be regarded as fitting parame-
ters [22]. In the numerical applications below, we take
sop ~ 1 GeV? and rag/m ~ 0.7.

In principle, this Regge form of the amplitude in-
corporates an infinite number of resonances (A(1232)
and others). The excited resonances such as N*(1440)
belong to daughter Regge trajectories, which are power
suppressed compared to the leading one. This is also
included in the estimate of the claimed 10 % error.

3. FORMALISM FOR THE REACTION
p+p—et+e” +n°

We consider the annihilation channel of the reaction

plp-) +p(p+) = v (k) + 7 (pr) —

— et (ks) + e (k=) +7°(pr),  (25)

where the four momenta of the particles are indicated
in parentheses.

We focus here on the mechanism of annihilation
through an w meson exchange. The general expression
for the matrix element corresponding to the diagram in
Fig. 1c¢ for the exchange of a vector meson V is

ME = 4ﬂ.aGV7w* (¢, k*)gvop
e

% e;u/paqpka

ksz(q2 — M‘2/ + iMVrv)

X

TETL, (26)

where e Vdra is the elementary electric charge
(v & 1/137). The lepton electromagnetic current has
the standard form

T = alk_)r"v(ks), (27)
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and the electromagnetic current related to the ppV ver-
tex is

Ty = v(p-)TEu(py),
The currents are gauge invariant:
kyjey =dqu pH =0.

Again, only the w exchange is considered and F is ne-
glected.

The cross section of process (25) can be written in
the standard form

1 2
do = E/ZM/” dds,

spin

T = FP(a)".

w

(28)

(29)

where d®3 is the phase volume of the process,
d®s = (27)*6* (pr +p- —ky — k- —px) X
Ak, d*k_ py B
2m)32E, (2m)32E_ (27m)32E,
1
~ 2ot
_ PPy dBPk_ 5
2FE, 2FE_
where F,, E_ and E, are the electron, positron, and
pion energies in the final state.
Because our aim is to calculate the angular distri-
bution and energy spectrum of the final pion, we insert
the unit integration

/d4k Mk —ky -k )=1

X
(
1
ﬂﬂ'Eﬂ' dETI’ dcrr Ed(I)ea

dd,

(k= ky — ko),

(31)

Performing the integration over the final lepton mo-
menta,

/ dd. Y JrI =

spin
2 N 1 i
=2 (g - ) o), (o
where
2m?2 4m?
o) = (1425 ) 1= E )

we obtain the following expression for the double dif-
ferential cross section:

do* = ofdw,

v, ooy WP IGury (6 F°) PIFE (6)1 920
o (¢°) = BM2[(¢2 — M2)? + M2I2] ’
- w g ) w wrw (34)
E3(2 — B?si
aw = BB C =5 S 6) i e,

48sm2k2
k? = s+ M2 —2E.\/s > 4m2,
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where we set k2 = 0 in the vertex wry* because we
consider the case of small virtuality. The energy of the
final pion distribution can be obtained by integrating
over the angle:

1
do* _ /d d?o* _
dB, ) “TdEnde,
S1
3 173 2 (35)
_ o E 2 /Bﬂ'Eﬂ' 2 _ B_
=0y (q)12q27r2k2¢(k)(1 3)7

BrEr = \/E2 — M2.

4. MODELS OF FORM FACTORS AND
VERTICES

In principle, we should include initial-state in-
teraction that strongly modifies the cross section at
near-threshold energies. It is evaluated introducing
a multiplicative factor C, the Coulomb factor, which
takes multiphoton exchanges into account:

x
et — 1’

aT
r=—,
[

C= (36)
where v is the incident relative velocity in ¢ units. In
the high-energy range considered here, this factor is
close to unity. In our case, this factor increases the cross
section, because the interaction occurs between oppo-
site charges. For example, C' = 1.6 at /s = 2 GeV and
v = 0.34c. As regards meson exchanges, we recall that
in pp annihilation, one pion exchange is suppressed by
the factor M} /s, which becomes more and more im-
portant at high energies, the w meson is included in
the wNN form factor, and heavier vector meson are
suppressed for the reasons given above.

Following [23], the form factor F{,(¢®) can be pa-
rameterized as

A4
F¥(¢®) = “ (37)
0= S ey
with the normalization F{(M2) = 1. Here A, =

1.25 GeV is an empirical cut-off. We set M,
= 782.65 £ 0.19 MeV.

This parameterization is constructed for the spa-
ce-like region of momentum transfer. In the time-like
region, we should consider an analytic extension of this
formula, introducing an imaginary part in particular.
This procedure has been suggested for electromagnetic
form factors of the nucleon in [24], for the p meson
in [25], and for the a; meson in [26]. Such paramete-
rizations are very reliable when data exist to constrain
the parameters. This is not the present case, and such
a procedure would add more uncertainties.
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Fig.5. Triangle diagram for V' — 7y

The quantity G,z~~ is related to the matrix element
of the transition w(q) — m(p)y(k) (Fig. 5) and it is in
principle momentum dependent:

Gonr'y*

W v
€ €
M,

M(w — 7y) = (@, k) euvapq®kPele”,  (38)
where we introduce the polarization vectors of the pho-
ton €4 and the vector meson €. It can be calculated

as [27]
a g2 M

|wa’v(q27k2)|2 = 971'3 1o

11(¢* k)7, (39)

F?
where we use the Goldberger-Treiman relation
ruw/My = 1/Fg, and Fy 93 MeV [19] is the
pion decay constant. The constants guuu and Gruu
correspond to the coupling of w and 7 mesons to
the light u quarks in the loop. We take the values
Gwun = 9.94 and gry = 2.9 [28]. The internal quark
loop integral I(q?,k?) is derived in Appendix A. Due
to the requirement of the absence of a real quark in
the intermediate state, the quantity I(q?,k?) must be

real:
2 2 k2
I(2 k2 = —Tu 2L 2 F
(q ) ) 2(k2 —S) n m% n m% 9 (40)
k2 >>mi, 7 >>mi,

where m,, is the constituent quark mass. We verified
that our results for real and virtual photons agree in
the limit &% — m?:

I(s,k* = m2) ~ — (41)

To check the consistency of the parameter values, we
evaluate the width of the radiative decay w — m7:
M7

3
(“Mg) ~

~ 550 keV.

o M3 gl
192 F2 nf

M(w — 7%y) =

(42)
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Hence, the decay branching is equal to

['(w — 7%9)

0 —
BR(w — 7'y) = T

=6.5%, (43)

which is in a fair agreement with the value [19]
BR?P(w — %) = (8.28 £ 0.28) %.

The values of the constants used in the calcula-
tion are I', = 849 £ 0.08 MeV, BR(w — my) =
= (8.28 £ 0.28) - 1072, Ty, = 0.70297 MeV, and
P /47 = 20,

Alternatively, one can choose a phenomenological
parameterization for the vertex w — 7mv*, based on the
monopole dependences on ¢ and k?:

Gury(0,0)
(1+ /M3 (1 + k2 /M3)’

Gumys(¢*, k) = (44)

where the constant G,,(0,0) is derived from the ra-
diative decay w — 7y [29]:

Mo M2\?
\%4
5. RESULTS

No experimental data exist on the reaction
p+p — et +e~+7°, but the reaction p+p — v+7° was
measured in the region 2.911 GeV < /s < 3.686 GeV
by the Fermilab E760 Collaboration [17] and data
exist on the cross section and the angular distribution.
It is in principle possible to adapt the present model to
~ production and compare the calculation to the data
in the angular region around 90°, where the present
mechanism is expected to be dominant (Fig. 6).

A good agreement with the existing data can be
obtained for parameterization (39) of the coupling con-
stant gy, by including the additional coupling factor

Al 1/3

T A% +(q2w_ M2)2 J (46)

Fi (q%)

due to the interaction of the vector meson with the con-
stituent quarks in the Vuu vertex. A good agreement
with the data is also obtained using phenomenologi-
cal parameterization (44) and A, = 1.25 GeV. This is
shown in Fig. 7, where the results on the cross section
integrated in the range | cos 0| < 0.2 are reported and
compared with the present calculation in s channel.
In Fig. 6, the angular distributions are shown for
four values of the total c.m.s. energy together with the
results of the calculation. A good agreement for the

111

0.5

cos O cos O

Fig.6.  Angular distributions for different values

of the cms. energy: (a) /s = 2975 GeV;

(h) /5 = 2985 GeV; (c) /5 = 3.501 GeV;

(d) /s = 3.686 GeV. The data are from [17], the line
is the result of our model

o, nb

102 L

107t L

1072 L

1073 . . . .

5 10 15 20
q*, Gev?

Fig.7. ¢ dependence of the cross section. The data
and the calculations are integrated for |cosf.| < 0.2
for two choices of the G, coupling: from parame-
terizations (39) (dashed line) and from the monopole
dependence (solid line); experimental data from [17]
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d’c nb
dcos6, dE, GeV
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Fig.8. Bidimensional plot of the double differential
cross section for the process p+p — v* + 7° as a
function of E, and cosf, at ¢°> =7 GeV?

s-channel calculation, Eq. (15), is obtained in the an-
gular region around cosf, & 0, because, as expected,
this mechanism is applicable at these angles.

To reproduce the data in the full range where they
are available, we have to also consider ¢t and u ex-
changes. Here, we focus on the s-channel properties
and apply a simplified procedure with the s, ¢, and u
channels considered in separated kinematical regions,
hence neglecting their interference.

It follows from the data that the angular distribu-
tion flattens in a range around cos § ~ 0, which depends
on s. In this central region, we use the s-channel re-
sult, Eq. (15). In the forward and backward regions, we
use Eq. (21), where the u and ¢ contributions contain
suppression due to Regge factors R, ;. The results are
shown in Fig. 6.

For the s-channel annihilation, which is the subject
of this paper, the differential and total cross sections
have been numerically calculated for the reaction p +
+p—= et + e + 7% and the results are illustrated for
q® = 7 GeV? and for parameterization (39) of the wmry*
vertex.

The bidimensional plot of the cross section as a
function of the c.m.s. angle and energy of the pion is
shown in Fig. 8. The angular and energy dependences
are fixed by the model. The absolute value of the cross
section strongly depends on the cutoff parameter taken
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do nb
dE.’ GeV
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Fig.9. Differential cross section for the process p+p —
— 4" + 7% as a function of E, at ¢> =7 GeV?

for the description of the w N N vertex, which was taken
here as for the real photon data.

For a virtual photon, the G coupling depends
on ¢ and k2. The phenomenological parameterization
can be modified by adding a monopole dependence on
k%. For parameterization (39), the triangle integral has
a more complicated form in general [30]. Neglecting
the pion mass, we can use the symmetry properties of
the triangle loop (see the Appendix).

The bidimensional cross section as a function of the
pion variables, at the fixed total energy s = 7 GeV?,
is shown in Fig. 8 and the projection on the pion en-
ergy is plotted in Fig. 9 for parameterization (39) of
the Gy~ vertex. It can be seen that the cross section
has a smooth angular dependence and it is the larger,
the higher the pion energy.

6. DISCUSSION AND CONCLUSIONS

We have presented hadronic model for the annihila-
tion channel in the processes p+ p — 7 + ~(v*). This
reactions is described by two classes of diagrams. We
focused here on the annihilation-type diagrams. The
scattering-type diagrams with a nucleon in the inter-
mediate state were considered earlier, in Ref. [5] and
the references therein.

We considered the w-meson intermediate state as
the main contribution because it contains the same u
and d quarks as the final 7°, excluding the p meson
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due to the small pNN coupling as well as higher res-
onances. We applied our calculation in the energy re-
gion outside the resonance production. We compared
our calculation to the existing data on pp — 7°v and
found a good description also taking the ¢ and u chan-
nels into account, in forward and backward angular re-
gions. The formulas obtained in this paper describe
the annihilation channel through the w meson (which
makes an almost isotropic contribution in the c.m.s.) as
well as the near-forward or near-backwards kinematics
(Reggeized nucleon in ¢ and u channels). We reproduce
the experimental evidence that the range of the central
angular region where s channel dominates increases as
the energy increases.

As was shown in Ref. [5], the contribution of the ¢
channel can be parameterized in terms of two unknown
functions Fy »(¢,u) that depend on both variables ¢ and
u (s +t+u = 2M?) and rapidly decrease in the region
s ~ |t| ~ |u| as Fi o(t,u) ~ (M?/s)" < 1, wheren > 1.
We note that in the limits |¢| < s or |u| < s, these
quantities do coincide with the electromagnetic form
factors of the proton. In these kinematical regions, the
Regge factors have to be included into the differential
cross section. These factors suppress the cross section
rather strongly.

The initial-state interaction through a meson ex-
change is effectively taken into account in our calcula-
tion as follows.

1. In the annihilation channel, it is in principle
included in the form factors that describe the vertex
ppw, which is in principle complex. We note that in
the model that we use and which was described in 23],
this coupling is real. In general, it is possible to use pa-
rameterizations built for the space-like region and make
an analytic continuation to the time-like region. But
any extension of the parameterization requires extra
parameters that cannot be presently constrained and
induces unnecessary complications in the model.

2. In the scattering channel, the initial-state inter-
action effects are included in the Regge factor of the
amplitudes.

We note that in the case of v* production, with the
subsequent conversion to an electron—positron pair, in
the annihilation channel, we can take an intermediate
p-meson production from w into account by the replace-
ment

e? Gpete-Gpuu
JR— % - N
k2 k2 — M2 +iM,Tp

(47)

where Gy = Gppp and G pete- is determined from the
width of the decay p — et +e:

8 ZKOT®, Bem. 1(7)

o 1270 et

pete— — Mp (48)

with T pet - = 7-1073 MeV [19].

We estimate the accuracy of our calculation to be
about 10 %, which is evaluated from the precision of the
SU(3) symmetry and the contributions of other vector
mesons that we do not consider here.

The present approach can be generalized to all
pseudoscalar mesons, w, 1, ', and so on.
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APPENDIX

Loop integral

In (39), the vertex V(¢) — m(px)v(k) was expressed
in terms of the quark loop integral

d4
1 02) == [ him? =

N u

12

x {(pz —m3, +i0) [(pg — q)* — m3, + 0] x

where m,, is the mass of the u quark that circulates in
the loop. The value of this integral in the case of a real
photon (i.e., k> = 0) is well known (see, e. g., Ref. [31]):

2 2
where I(a,b) was defined in [31]:
- 2] o
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f(z) (A.4)

| =

and ny = (1 +Vv1-— 41‘) /2. Applying this formula in
the triangle Feynman diagram to the quark loop in the
intermediate state, we must drop the imaginary term
im (see Fig. 5). In accordance with the confinement
property, real quarks on the mass shell are not allowed.

In the process involving a virtual photon (i.e.,
k > 0), the above integral has a more complicated
form. But we can find a simple expression neglecting
the pion mass. Indeed, expression (A.1) is symmetric
with respect to ¢%, k%, and M2, and therefore we can
use Eq. (A.4) with

2 2
q¢ k
16 =1 ()
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