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ANNIHILATION OF �p+ p! e++ e�+ �0 AND �p+ p! 
 + �0THROUGH AN !-MESON INTERMEDIATE STATEE. A. Kuraev a*, Yu. M. Bystritskiy a**, V. V. Bytev a***, A. Dbeyssi b****, E. Tomasi-Gustafsson byaJoint Institute for Nu
lear Resear
h141980, Dubna, Mos
ow Region, RussiabUniversité Paris-Sud, Institut de Physique Nu
léaire91405, Orsay, Fran
eRe
eived O
tober 23, 2011The s-
hannel annihilation of a proton and an antiproton into a neutral pion and a real or virtual photon followedby lepton pair emission is studied. Su
h a me
hanism is expe
ted to play a role at moderate values of the totalenergy ps, when the pion is emitted in the angular region around 90Æ in the 
enter-of-mass system. A fair
omparison with the existing data is obtained taking s
attering and annihilation 
hannels into a

ount. The
ross se
tion is 
al
ulated and numeri
al results are given in the kinemati
al range a

essible in the PANDAexperiment at FAIR.1. INTRODUCTIONThe antiproton�proton annihilation in various lep-toni
 and hadroni
 
hannels will be intensively stu-died by the PANDA 
ollaboration [1℄ at the 
omplexa

elerator FAIR (Darmstadt), where it is plannedto a

elerate antiproton beams with the momentumfrom 1.5 to 15 GeV/
 and average luminosity L == 1:6 �1032 
m�2 � s�1 [2℄. The �pp annihilation into lep-toni
 
hannels is very 
hallenging be
ause the hadroni
ba
kground is higher by orders of magnitude. InRefs. [3, 4℄, the annihilation rea
tion �p + p ! 
� !! e+ + e� was investigated with the aim to extra
tof ele
tromagneti
 form fa
tors of the proton in thetime-like region. In this paper, we fo
us on the annihi-lation rea
tions�p+ p! 
� + �0 ! e+ + e� + �0; (1)�p+ p! 
 + �0; (2)whi
h also 
ontain interesting information, from dif-ferent standpoints. Through the emission of one vir-tual photon between the proton�antiproton and the*E-mail: kuraev�theor.jinr.ru**E-mail: bystr�theor.jinr.ru***E-mail: bvv�jinr.ru****E-mail: dbeyssy�ipno.in2p3.fryE-mail: egle.tomasi�
ea.fr; permanent address: CEA,IRFU, SPhN, Sa
lay, 91191 Gif/Yvette Cedex, Fran
e

lepton pair, rea
tion (1) 
onstitutes a unique opportu-nity to determine time-like proton form fa
tors in the�unphysi
al� kinemati
al region, i. e., below the thresh-old of �p + p annihilation into a lepton pair (i. e., for0 < q2 < 4M2p , where q2 is the momentum transferredto the proton and Mp is the proton mass) [5℄. Relatedpro
esses are the pion ele
troprodu
tion on the pro-ton, e� + N ! e� + N + �, whi
h is under intensiveexperimental and theoreti
al study [6℄, and the pion-indu
ed lepton pair produ
tion �+N ! N + `� + `+,�rst investigated in [7℄. Pion s
attering on nu
leonsand nu
lei is part of the experimental program of theHADES 
ollaboration [8℄. Rea
tion (1) was studied inRef. [9℄ near the threshold. In Ref. [5℄, the 
al
ulationwas extended by introdu
ing a larger set of diagramsand studying the sensitivity to di�erent parameteriza-tions of proton form fa
tors. It was also suggested toextra
t information of the time-like nu
leon axial formfa
tor from the produ
tion of a 
harged pion in the re-a
tion �p + n ! e+ + e� + ��. Be
ause no data existfor the nu
leon axial form fa
tor in the time-like re-gion, predi
tions have been built on analyti
 extensionof models that reprodu
e the data in the spa
e-like re-gion [10℄.Rea
tion (1) has also been investigated in ba
kwardkinemati
s, in the region of large momentum trans-fer, with the aim to obtain information of transitiondistribution amplitudes [11℄. In Ref. [12℄, the pro
ess104
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Fig. 1. Feynman diagrams (a) for �p + p ! e+ + e� + �0 and (b) in the t 
hannel (�s
attering�); (
) in the s 
hannel(�annihilation�)p�p! 
�0 was 
onsidered in the framework of the Gen-eralized Distributions Amplitudes approa
h. Neitherthe Regge behavior of the s
attering amplitude nor theresonant 
hara
ter of the annihilation amplitude was
ontained in those papers.The rea
tion me
hanism that allows a

essing theele
tromagneti
 stru
ture of the proton is illustrated inFigs. 1a,b and is denoted below as the �s
attering� ex-
hange 
hannel. In forward (ba
kward) kinemati
s, theRegge 
hara
ter of the ex
hanged nu
leon reveals itself.In these kinemati
al 
onditions, the ex
hanged nu
leonis 
lose to the mass shell. Therefore, the vertex 
�p�p
an be des
ribed in terms of two phenomenologi
alquantities F1;2 that 
an be interpreted as proton formfa
tors and whi
h des
ribe the partoni
 stru
ture of theproton. This statement is valid in the kinemati
al re-gion of nearly forward (jtj � s) or nearly ba
kward(juj � s) s
attering. In the region jtj � juj � s�M2p ,these amplitudes are (unknown) fun
tions of both kine-mati
al variables. They have the form (M2p=s)n�(t=s),where the exponent n is determined by quark-
ountingrules, and are not related to the Dira
 and Pauli formfa
tors of the proton. A similar behavior is expe
tedfor the vertex of pion intera
tion with nu
leons.In 
ollinear kinemati
s (nearly forward s
atteringand nearly ba
kward s
attering), the amplitude of thes
attering 
hannel dominates be
ause the 
ontributionof the annihilation 
hannel is suppressed by the phasevolume fa
tor jtj=s or juj=s. At emission angles near90Æ (with the 
enter-of-mass referen
e frame implied),the 
ross se
tion is dominated by the amplitude of the�annihilation� ve
tor meson ex
hange me
hanism (seeFig. 1
). Intermediate states su
h as nu
leoniums (p�pbound states) and ve
tor and s
alar mesons (in
ludingradially ex
ited meson states) 
an 
ontribute in prin
i-ple. In Ref. [13℄, the 
reation of narrow resonan
es wasdis
ussed. We fo
us our interest on the energy regionoutside the resonan
e produ
tion. Heavy ve
tor me-son intermediate states su
h as !(1450) and !(1650)

mesons play an important role in the limited kinemati-
al range, where the total energy is 
lose to their mass,due to the Breit�Wigner 
hara
ter of the relevant am-plitudes of these states. Outside this region, they aresuppressed by form fa
tors be
ause they are more ex-tended obje
ts.In this paper, we fo
us on pro
esses (1) and (2)in the kinemati
al region where the s 
hannel is ex-pe
ted to dominate (large-angle emission of the pionand moderate values of the total energy squared, s).The 
hara
terization of this me
hanism (see Fig. 1
) isimportant not only for disentangling the informationon proton form fa
tors (whi
h are a

essible throughthe �s
attering� me
hanism; see Figs. 1a,b ) but alsofor gaining information on the properties of the ve
-tor mesons. Here, the parton (quark) stru
ture of theproton turns out to be essential. We limit our 
onsi-derations to the !-ex
hange in the intermediate state.It is known from the literature [14, 15℄ that the largestanomalous vertex is �!�, be
ause it has the largestquark 
oupling.The intera
tion of the ve
tor !-meson with the nu-
leus in the vertex !pp, whi
h 
ontains informationon the strong proton and meson 
ouplings, 
an bedes
ribed in terms of proton ve
tor form fa
tors, inthe time-like region of momentum transfer squared.They have a 
omplex nature, in prin
iple. The ver-tex ! ! �
� 
an be des
ribed either by a phenomeno-logi
al parameterization or through a quark trianglevertex. Re
ently, large interest has been raised in this�eld by the new data from the BaBar Collaboration onthe pion form fa
tor at large momentum transfer [16℄.The 
al
ulation is 
ompared with the unpolarized
ross se
tion and with the angular distribution for�p+p! 
+�0 annihilation, whi
h was measured in theregion 2:911 GeV � ps � 3:686 GeV by the FermilabE760 Collaboration [17℄.The plan of this paper is as follows. In Se
. 2, we
al
ulate the �p + p ! 
 + �0 pro
ess for the annihila-105
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hannel: the kinemati
al variables are de�ned, andthe phase spa
e and the matrix element of the rea
tionare 
al
ulated. In Se
. 3 the 
ase of a virtual photonis 
onsidered and the double di�erential 
ross se
tionis 
al
ulated. In Se
. 4, a realisti
 parameterization forthe verti
es and the 
oupling 
onstants is presented. InSe
. 5, we 
ompare the 
al
ulation with the data in the
ase of real photon emission at about 90Æ, and makepredi
tions for the double di�erential 
ross se
tion forthe rea
tion �p + p ! 
� + �0. In Se
. 6, the appli
a-bility domain of the present model and its interferen
ewith the s
attering 
hannel ex
hange me
hanism aredis
ussed.2. FORMALISM FOR �p+ p! 
 + �0We �rst 
onsider the pro
ess of proton�antiprotonannihilation into a real photon of momentum k (withk2 = 0) and a neutral pion:�p(p�) + p(p+)! 
(k) + �0(p�): (3)Both annihilation and s
attering ex
hange 
hannelsplay a role, as is dis
ussed below. We �rst address thekinemati
 issue that is 
ommon to both me
hanisms.2.1. Kinemati
sThe 
al
ulation is performed in the 
enter-of-masssystem (
.m.s.) (Fig. 2). We �x the 
.m.s. parameteri-zation of the momenta (of the form p = (p0;p) wherep is a 3-ve
tor) asp� = (E;�p) = �ps2 ; �p� ;p2� =M2p ; k = (k0;k);
�� p(p+)
�(k)

�0(p�)
�p(p�)

Fig. 2. S
hemati
 view of the rea
tion �p+p! 
�+�0in the 
enter-of-mass system

q = p+ + p� = (2E; 0); p� = (E� ;�k);E = ps2 ; � = jpjE =r1� 4M2ps ;where E (�) is the energy (velo
ity) of the initial pro-ton of massMp, k0 is the energy of the emitted photon,and E� is the pion energy. We then 
an 
al
ulate thene
essary s
alar produ
ts:2(p�q) = 4E2 = s; 2(qk) = s�M2�;2(p�k) = s�M2�2 (1� �
�); (4)where 
� = 
os(�k;p) is the 
osine of the angle be-tween the momenta of the initial proton and the pro-du
ed pion.For 
onvenien
e, we introdu
e the invariant vari-ables s = (p+ + p�)2 = (k + p�)2 = q2;u = (p+ � p�)2 = (p� � k)2;t = (p� � p�)2 = (p+ � k)2; s+ t+ u = 2M2p +M2� ;then the relevant s
alar produ
ts are2(p+p�) = s� 2M2p ; 2(p�p�) = �t+M2p +M2� ;2(p+p�) = �u+M2p +M2� ; 2(kp�) = s�M2� ;2(p+k) = �t+M2p ; 2(p�k) = �u+M2p :The phase volume of this rea
tion has the standardformd�2 = (2�)4 dk(2�)32k0 dp�(2�)32E� Æ4(p++p��k�p�) == s�M2�25�2s d
� = s�M2�25�2s d

 ; (5)where 
� and 

 are the pion and photon phase volu-mes and the mass-shell Æ-fun
tion for the �nal parti
lesrestri
ts the energies and the moduli of the momentato E� = s+M2�2ps ; ! = jkj = jp�j = s�M2�2ps ;�� = jp�jE� = s�M2�s+M2� ; (6)and �� is the pion velo
ity. The 
ross se
tion 
an be
al
ulated using the expressiond� = 14 � 4I Z Xspins jMj2d�2; (7)whereM is the rea
tion matrix element andI = 12qs(s� 4M2p ) = s�2is the invariant �ux.106
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p(p+)

p̄(p
−
)

V (q)

γ(k)

π0(pπ)Fig. 3. Feynman diagram for the annihilation rea
tion�p+ p! 
 + �0 through a ve
tor meson ex
hange2.2. �p+ p! 
 + �0 annihilation through an!-meson ex
hangeWe 
onsider the annihilation 
hannel through a ve
-tor meson ex
hange for the rea
tion�p(p�) + p(p+)! V (q)! 
(k) + �0(p�); (8)as is illustrated in Fig. 3.The matrix element for the ex
hange of an interme-diate ve
tor meson V 
an be written asM
 = �GV �
(q2; 0)GV pp�����e�q�k�MV [s�M2V + iMV �V (q2)℄ ���g�� � q�q�M2V �J (V )� (s); (9)where ����� is the Levi-Civita antisymmetri
 tensor,V = �; !, : : : , MV and �V (q2) are the mass and thetotal width of the intermediate ve
tor meson V withmomentum q (q2 = s), and e� is the polarization ve
-tor of the emitted real photon with (ek) = 0. In prin-
iple, the total width of the intermediate ve
tor mesondepends on q2. This dependen
e, whi
h is a fun
tionof the produ
ed parti
le momentum, is espe
ially im-portant in the 
ase of wide resonan
es. It is introdu
edto suppress unphysi
al 
ontributions outside the reso-nan
e region [18℄. In the present 
ase, be
ause we arefar from the resonan
e mass and 
onsider the ! mesonwith a small width, we negle
t the q2 dependen
e ofthe width (i. e., s�M2!;M!�!).The quantity GV �
(q2; k2) des
ribes the V (q) !! �(p�)
(k) vertex and is given in Se
. 4. The 
urrentJ (V )� (q2) related to the p�pV vertex has the formJ (V )� (q2) = �v(p�)�(V )� (q2)u(p+); (10)where �v(p�) and u(p+) are spinors des
ribing the an-tiproton and proton wave fun
tions, and the vertex

�(V )� is parameterized through two (strong) form fa
-tors F (V )1;2 as�(V )� = F (V )1 (q2)
� + i2MpF (V )2 (q2)���q� ; (11)where ��� = (i=2)(
�
� � 
�
�), and the expli
it ex-pression for F (V )1;2 is given in Se
. 4.The region of our interest is far outside the region ofnarrow resonan
es de�ned as jps �MRj � �R � ps,where MR (�R) is the mass (width) of the resonan
e.In the region 
lose to the resonan
e produ
tion, the ef-fe
ts of formation of bound states are very importantand 
an drasti
ally 
hange the value of the 
ross se
-tion [13℄. This e�e
t appears in a very narrow rangeand it is not ne
essary to take it into a

ount in our
ase.In prin
iple, all ve
tor mesons may 
ontribute to theintermediate state. We give the reasons why the 
on-tribution of an intermediate ! meson is dominant forthis pro
ess, with respe
t to the �-ex
hange. The valueof the V pp 
oupling is g2!pp=4� = 20� g2�pp=4� = 0:55.For the V �
 vertex, the 
oupling of the ve
tor mesonto the quark is relevant. The 
oupling 
onstants of the! and � mesons with the valen
e quarks in the protonor pion are quite di�erent. The ! meson, being an iso-topi
 singlet, 
onstru
tively intera
ts with the quarks,unlike the � meson, whi
h is an isove
tor and its inter-a
tion with quarks is destru
tive. This is the reasonwhy g!qq � 3g�qq. The relevant fa
tor is large, be
auseits square enters the amplitude. The annihilation 
han-nel 
ontains the intera
tion vertex of two ve
tor mesonswith the pion. This vertex has an anomalous nature.Therefore, ve
tor mesons must be of di�erent spe
ies(for example, if the � meson is in intermediate state,then the ! meson appears in the �nal state). Be
ausethe �-meson de
ay width is about ten times larger thanthe one for the ! meson, we 
on
lude that the mainme
hanism of the pro
ess under 
onsideration isp+ �p! ! ! � + � (12)with the subsequent transition of the � meson into alepton pair or a real photon [19℄.Con
erning �0, !0, and other radial ex
itations of �and ! mesons, an additional suppression is expe
ted inthe 
onsidered kinemati
al region be
ause form fa
torsde
rease faster, des
ribing more extended obje
ts. Wetherefore 
onsider only the 
ontribution of the ! me-son. This also simpli�es the analyti
 
al
ulation, be-
ause F!2 � F!1 and 
an be negle
ted [20℄. The ve
tor
urrent takes the simple formJ (!)� (q2) = F!1 �v(p�)
�u(p+): (13)107
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Fig. 4. Feynman diagram for the rea
tion �p+ p! 
 + �0 (a) in the t 
hannel and (b) in the u 
hannelUsing the relation��������
Æq�k�q
kÆ XspinJ �p J ��p == 2s2k2(2� �2 sin2 ��)jF!1 j2; (14)we obtain the di�erential 
ross se
tion in the form� d�d

�ann = �0(q2)(2� �2 sin2 ��);�0(q2) = jG!�
(q2; 0)j2(q2�M2�)3g2!pp29�2q2�jq2�M2!+iM!�!(q2)j2M2! �� jF!1 j2; (15)where the q2 = s dependen
e is 
ontained in �0, whi
hhas the dimension of a 
ross se
tion. The total 
rossse
tion as a fun
tion of q2 is�ann(q2) = 8��0(q2)�1� �23 � : (16)The approximation of the ! meson in the intermedia-te state is well beyond the pre
ision for the �nal 
rossse
tion, whi
h is evaluated to be near 10%. This es-timate takes the a

ura
y of the SU(3) symmetry andthe 
ontributions of the negle
ted mesons into a

ount.2.3. t and u 
hannel ex
hange for�p+ p! 
 + �0We 
onsider the diagrams illustrated in Fig. 4. The
orresponding matrix element 
an be written asMs
 = eg�NN�v(p�)�� �
5 q̂1 +Mpt�M2p �� + �� q̂2 +Mpu�M2p 
5�u(p+)e�; (17)where e is the positron 
harge, g�NN is the pseu-dos
alar 
oupling 
onstant of the pion with the nu-
leon (the pseudove
tor 
oupling experien
es momen-tum suppression [21℄), q1 = p+ � k, q2 = p+ � p�, and

the proton ele
tromagneti
 vertex �� � ��(k2 = 0) isparameterized in terms of the form fa
tors F1;2:��(k2) = F1(k2)
� + i2MpF2(k2)���k� ; (18)whi
h, in the real photon limit, 
oin
ide with the stati
values F1 = 1, F2 = 1:798. The di�erential 
ross se
-tion is d�s
 = 18sX jMs
j2d�2; (19)where the phase spa
e 
an be written asd�2 = (2�)�2 d3k2k0 d4qps Æ(q2 �m2�) == 14�k0 dk0 d 
os � Æ[(p+ + p� � k)2 �M2p ℄ == s�m2�16�s d 
os �: (20)We use the relation (p++p��k)2�M2 = s�2psk0�m2�.The di�erential 
ross se
tion for the t and u 
han-nels and their interferen
e are given byd� = 12s s�m2�16�s X jMs
j2d 
os �; (21)whereX jMs
j2 = e2g2�NN �� st�M2p FtRt �� su�M2p FuRu + s2M2p F 22 (s)� ;Ft = F 21 (t) + 2F1(t)F2(t) + 12F 22 (t);Fu = F 21 (u) + 2F1(u)F2(u) + 12F 22 (u): (22)
The e�e
ts of strong intera
tion in the initial-state in-tera
tion due to an ex
hange by ve
tor and (pseudo)s
alar mesons between the proton and the antiproton108
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attering 
hannel. They ef-fe
tively lead to the Regge form of the amplitude ofthe s
attering 
hannel. Hen
e, the t and u diagramsare suppressed by the general Regge fa
tors Rt and Ruof the form Rt = R(t) = � ss0�2[�p(t)�1℄ ;�p(t) = 12 + r�s� t�M2pM2p ; (23)
Ru = R(u) = � ss0�2[�p(u)�1℄ ;�p(u) = 12 + r�s� u�M2pM2p ; (24)where r and s0 
an be regarded as �tting parame-ters [22℄. In the numeri
al appli
ations below, we takes0 � 1 GeV2 and r�s=� � 0:7.In prin
iple, this Regge form of the amplitude in-
orporates an in�nite number of resonan
es (�(1232)and others). The ex
ited resonan
es su
h as N�(1440)belong to daughter Regge traje
tories, whi
h are powersuppressed 
ompared to the leading one. This is alsoin
luded in the estimate of the 
laimed 10% error.3. FORMALISM FOR THE REACTION�p+ p! e+ + e� + �0We 
onsider the annihilation 
hannel of the rea
tion�p(p�) + p(p+)! 
�(k) + �0(p�)!! e+(k+) + e�(k�) + �0(p�); (25)where the four momenta of the parti
les are indi
atedin parentheses.We fo
us here on the me
hanism of annihilationthrough an ! meson ex
hange. The general expressionfor the matrix element 
orresponding to the diagram inFig. 1
 for the ex
hange of a ve
tor meson V isM� = 4��GV �
�(q2; k2)gV ppe �� �����q�k�k2MV (q2 �M2V + iMV �V )J �p J �e ; (26)where e = p4�� is the elementary ele
tri
 
harge(� � 1=137). The lepton ele
tromagneti
 
urrent hasthe standard formJ �e = �u(k�)
�v(k+); (27)

and the ele
tromagneti
 
urrent related to the p�pV ver-tex isJ �p = �v(p�)��!u(p+); ��! = F!1 (q2)
�: (28)The 
urrents are gauge invariant:k�J �e = q�J �p = 0:Again, only the ! ex
hange is 
onsidered and F2 is ne-gle
ted.The 
ross se
tion of pro
ess (25) 
an be written inthe standard formd� = 14I Z Xspin jMj2d�3; (29)where d�3 is the phase volume of the pro
ess,d�3 = (2�)4Æ4(p+ + p� � k+ � k� � p�)�� d3k+(2�)32E+ d3k�(2�)32E� d3p�(2�)32E� == 1(2�)4 ��E� dE� d
� 12d�e;d�e = d3k+2E+ d3k�2E� Æ4(k � k+ � k�); (30)where E+, E� and E� are the ele
tron, positron, andpion energies in the �nal state.Be
ause our aim is to 
al
ulate the angular distri-bution and energy spe
trum of the �nal pion, we insertthe unit integrationZ d4k Æ4(k � k+ � k�) = 1: (31)Performing the integration over the �nal lepton mo-menta,Z d�eXspinJ �e J ��e == �2�3 k2�g�� � k�k�k2 ��(k2); (32)where �(k2) = �1 + 2m2ek2 �r1� 4m2ek2 ; (33)we obtain the following expression for the double dif-ferential 
ross se
tion:d2�� = ��0 dW;��0 (q2) = �(q2)2jG!�
�(q2; k2)j2jF!1 (q2)j2g2!pp�M2! [(q2 �M2!)2 +M2!�2!℄ ;dW = �3�E3�(2� �2 sin2 ��)48s�2k2 �(k2)dE�d
�;k2 = s+M2� � 2E�ps > 4m2e; (34)
109



E. A. Kuraev, Yu. M. Bystritskiy, V. V. Bytev et al. ÆÝÒÔ, òîì 142, âûï. 1 (7), 2012where we set k2 = 0 in the vertex !�
� be
ause we
onsider the 
ase of small virtuality. The energy of the�nal pion distribution 
an be obtained by integratingover the angle:d��dE� = 1Z�1 d
� d2��dE�d
� == ��0 (q2) �3�E3�12 q2�2 k2�(k2)�1� �23 � ;��E� =pE2� �M2� : (35)
4. MODELS OF FORM FACTORS ANDVERTICESIn prin
iple, we should in
lude initial-state in-tera
tion that strongly modi�es the 
ross se
tion atnear-threshold energies. It is evaluated introdu
inga multipli
ative fa
tor C, the Coulomb fa
tor, whi
htakes multiphoton ex
hanges into a

ount:C = xex � 1 ; x = ��v ; (36)where v is the in
ident relative velo
ity in 
 units. Inthe high-energy range 
onsidered here, this fa
tor is
lose to unity. In our 
ase, this fa
tor in
reases the 
rossse
tion, be
ause the intera
tion o

urs between oppo-site 
harges. For example, C = 1:6 at ps = 2 GeV andv = 0:34
. As regards meson ex
hanges, we re
all thatin �pp annihilation, one pion ex
hange is suppressed bythe fa
tor M2p=s, whi
h be
omes more and more im-portant at high energies, the ! meson is in
luded inthe !NN form fa
tor, and heavier ve
tor meson aresuppressed for the reasons given above.Following [23℄, the form fa
tor F!1;2(q2) 
an be pa-rameterized asF!1 (q2) = �4!�4! + (q2 �M2!)2 (37)with the normalization F!1 (M2!) = 1. Here �! == 1:25 GeV is an empiri
al 
ut-o�. We set M! == 782:65� 0:19 MeV.This parameterization is 
onstru
ted for the spa-
e-like region of momentum transfer. In the time-likeregion, we should 
onsider an analyti
 extension of thisformula, introdu
ing an imaginary part in parti
ular.This pro
edure has been suggested for ele
tromagneti
form fa
tors of the nu
leon in [24℄, for the � mesonin [25℄, and for the a1 meson in [26℄. Su
h paramete-rizations are very reliable when data exist to 
onstrainthe parameters. This is not the present 
ase, and su
ha pro
edure would add more un
ertainties.

V (q)

u(r)

u(r − q)

π0(pπ)

u(r − k)

γ(k)

Fig. 5. Triangle diagram for V ! �
The quantityG!�
� is related to the matrix elementof the transition !(q) ! �(p)
(k) (Fig. 5) and it is inprin
iple momentum dependent:M(! ! �
) = G!�
�M! (q2; k2)�����q�k���!��
 ; (38)where we introdu
e the polarization ve
tors of the pho-ton ��
 and the ve
tor meson ��!. It 
an be 
al
ulatedas [27℄jG!�
(q2; k2)j2 = 9 ��3 g2!uuM2!F 2� jI(q2; k2)j2; (39)where we use the Goldberger�Treiman relationg�uu=mu = 1=F�, and F� = 93 MeV [19℄ is thepion de
ay 
onstant. The 
onstants g!uu and g�uu
orrespond to the 
oupling of ! and � mesons tothe light u quarks in the loop. We take the valuesg!uu = 5:94 and g�uu = 2:9 [28℄. The internal quarkloop integral I(q2; k2) is derived in Appendix A. Dueto the requirement of the absen
e of a real quark inthe intermediate state, the quantity I(q2; k2) must bereal:I(q2; k2) = m2u2(k2 � s) �ln2 q2m2u � ln2 k2m2u� ;k2 � m2u; q2 � m2u; (40)where mu is the 
onstituent quark mass. We veri�edthat our results for real and virtual photons agree inthe limit k2 ! m2u:I(s; k2 ! m2u) � �m2u2s ln2 sm2u : (41)To 
he
k the 
onsisten
y of the parameter values, weevaluate the width of the radiative de
ay ! ! �
:�(! ! �0
) = �192 M3!F 2� g2!uu�4 �1� M2�M2!�3 �� 550 keV: (42)110
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e, the de
ay bran
hing is equal toBR(! ! �0
) = �(! ! �0
)�! = 6:5%; (43)whi
h is in a fair agreement with the value [19℄BRexp(! ! �0
) = (8:28� 0:28)%:The values of the 
onstants used in the 
al
ula-tion are �! = 8:49 � 0:08 MeV, BR(! ! �
) == (8:28 � 0:28) � 10�2, �!!�
 = 0:70297 MeV, andg2!NN=4� = 20.Alternatively, one 
an 
hoose a phenomenologi
alparameterization for the vertex ! ! �
�, based on themonopole dependen
es on q2 and k2:G!�
�(q2; k2) = G!�
(0; 0)(1 + q2=M2!)(1 + k2=M2!) ; (44)where the 
onstant G!�
(0; 0) is derived from the ra-diative de
ay ! ! �
 [29℄:�(! ! �
) = M!�24 jG!�
(0; 0)j2�1� M2�M2V �3 : (45)5. RESULTSNo experimental data exist on the rea
tion�p+p! e++e�+�0, but the rea
tion �p+p! 
+�0 wasmeasured in the region 2:911 GeV � ps � 3:686 GeVby the Fermilab E760 Collaboration [17℄ and dataexist on the 
ross se
tion and the angular distribution.It is in prin
iple possible to adapt the present model to
 produ
tion and 
ompare the 
al
ulation to the datain the angular region around 90Æ, where the presentme
hanism is expe
ted to be dominant (Fig. 6).A good agreement with the existing data 
an beobtained for parameterization (39) of the 
oupling 
on-stant gV �
 , by in
luding the additional 
oupling fa
torF!1q(q2) = � �4!�4! + (q2 �M2!)2 �1=3 ; (46)due to the intera
tion of the ve
tor meson with the 
on-stituent quarks in the V u�u vertex. A good agreementwith the data is also obtained using phenomenologi-
al parameterization (44) and �! = 1:25 GeV. This isshown in Fig. 7, where the results on the 
ross se
tionintegrated in the range j 
os ��j < 0:2 are reported and
ompared with the present 
al
ulation in s 
hannel.In Fig. 6, the angular distributions are shown forfour values of the total 
.m.s. energy together with theresults of the 
al
ulation. A good agreement for the
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hoi
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oupling: from parame-terizations (39) (dashed line) and from the monopoledependen
e (solid line); experimental data from [17℄111
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Fig. 8. Bidimensional plot of the double di�erential
ross se
tion for the pro
ess �p + p ! 
� + �0 as afun
tion of E� and 
os �� at q2 = 7 GeV2s-
hannel 
al
ulation, Eq. (15), is obtained in the an-gular region around 
os �� � 0, be
ause, as expe
ted,this me
hanism is appli
able at these angles.To reprodu
e the data in the full range where theyare available, we have to also 
onsider t and u ex-
hanges. Here, we fo
us on the s-
hannel propertiesand apply a simpli�ed pro
edure with the s, t, and u
hannels 
onsidered in separated kinemati
al regions,hen
e negle
ting their interferen
e.It follows from the data that the angular distribu-tion �attens in a range around 
os � � 0, whi
h dependson s. In this 
entral region, we use the s-
hannel re-sult, Eq. (15). In the forward and ba
kward regions, weuse Eq. (21), where the u and t 
ontributions 
ontainsuppression due to Regge fa
tors Ru;t. The results areshown in Fig. 6.For the s-
hannel annihilation, whi
h is the subje
tof this paper, the di�erential and total 
ross se
tionshave been numeri
ally 
al
ulated for the rea
tion �p ++ p! e+ + e� + �0 and the results are illustrated forq2 = 7 GeV2 and for parameterization (39) of the !�
�vertex.The bidimensional plot of the 
ross se
tion as afun
tion of the 
.m.s. angle and energy of the pion isshown in Fig. 8. The angular and energy dependen
esare �xed by the model. The absolute value of the 
rossse
tion strongly depends on the 
uto� parameter taken
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Fig. 9. Di�erential 
ross se
tion for the pro
ess �p+p!! 
� + �0 as a fun
tion of E� at q2 = 7 GeV2for the des
ription of the !NN vertex, whi
h was takenhere as for the real photon data.For a virtual photon, the G!�
 
oupling dependson q2 and k2. The phenomenologi
al parameterization
an be modi�ed by adding a monopole dependen
e onk2. For parameterization (39), the triangle integral hasa more 
ompli
ated form in general [30℄. Negle
tingthe pion mass, we 
an use the symmetry properties ofthe triangle loop (see the Appendix).The bidimensional 
ross se
tion as a fun
tion of thepion variables, at the �xed total energy s = 7 GeV2,is shown in Fig. 8 and the proje
tion on the pion en-ergy is plotted in Fig. 9 for parameterization (39) ofthe GV �
 vertex. It 
an be seen that the 
ross se
tionhas a smooth angular dependen
e and it is the larger,the higher the pion energy.6. DISCUSSION AND CONCLUSIONSWe have presented hadroni
 model for the annihila-tion 
hannel in the pro
esses p+ �p! �0 + 
(
�). Thisrea
tions is des
ribed by two 
lasses of diagrams. Wefo
used here on the annihilation-type diagrams. Thes
attering-type diagrams with a nu
leon in the inter-mediate state were 
onsidered earlier, in Ref. [5℄ andthe referen
es therein.We 
onsidered the !-meson intermediate state asthe main 
ontribution be
ause it 
ontains the same uand d quarks as the �nal �0, ex
luding the � meson112
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oupling as well as higher res-onan
es. We applied our 
al
ulation in the energy re-gion outside the resonan
e produ
tion. We 
omparedour 
al
ulation to the existing data on p�p ! �0
 andfound a good des
ription also taking the t and u 
han-nels into a

ount, in forward and ba
kward angular re-gions. The formulas obtained in this paper des
ribethe annihilation 
hannel through the ! meson (whi
hmakes an almost isotropi
 
ontribution in the 
.m.s.) aswell as the near-forward or near-ba
kwards kinemati
s(Reggeized nu
leon in t and u 
hannels). We reprodu
ethe experimental eviden
e that the range of the 
entralangular region where s 
hannel dominates in
reases asthe energy in
reases.As was shown in Ref. [5℄, the 
ontribution of the t
hannel 
an be parameterized in terms of two unknownfun
tions F1;2(t; u) that depend on both variables t andu (s+ t+ u = 2M2) and rapidly de
rease in the regions � jtj � juj as F1;2(t; u) � (M2=s)n � 1, where n > 1.We note that in the limits jtj � s or juj � s, thesequantities do 
oin
ide with the ele
tromagneti
 formfa
tors of the proton. In these kinemati
al regions, theRegge fa
tors have to be in
luded into the di�erential
ross se
tion. These fa
tors suppress the 
ross se
tionrather strongly.The initial-state intera
tion through a meson ex-
hange is e�e
tively taken into a

ount in our 
al
ula-tion as follows.1. In the annihilation 
hannel, it is in prin
iplein
luded in the form fa
tors that des
ribe the vertex�pp!, whi
h is in prin
iple 
omplex. We note that inthe model that we use and whi
h was des
ribed in [23℄,this 
oupling is real. In general, it is possible to use pa-rameterizations built for the spa
e-like region and makean analyti
 
ontinuation to the time-like region. Butany extension of the parameterization requires extraparameters that 
annot be presently 
onstrained andindu
es unne
essary 
ompli
ations in the model.2. In the s
attering 
hannel, the initial-state inter-a
tion e�e
ts are in
luded in the Regge fa
tor of theamplitudes.We note that in the 
ase of 
� produ
tion, with thesubsequent 
onversion to an ele
tron�positron pair, inthe annihilation 
hannel, we 
an take an intermediate�-meson produ
tion from ! into a

ount by the repla
e-ment e2k2 ! G�e+e�G�uuk2 �M2� + iM��� ; (47)where G�uu = G�pp and G�e+e� is determined from thewidth of the de
ay �! e+ + e�:

G2�e+e� = 12���!e+e�M� (48)with ��e+e� = 7 � 10�3 MeV [19℄.We estimate the a

ura
y of our 
al
ulation to beabout 10%, whi
h is evaluated from the pre
ision of theSU(3) symmetry and the 
ontributions of other ve
tormesons that we do not 
onsider here.The present approa
h 
an be generalized to allpseudos
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ialsupport. APPENDIXLoop integralIn (39), the vertex V (q)! �(p�)
(k) was expressedin terms of the quark loop integralI(q2; k2) = � Z d4pqi�2 m2u �� �(p2q �m2u + i0) �(pq � q)2 �m2u + i0� �� �(pq � k)2 �m2u + i0�	�1 = 1Z0 dx�� 1�xZ0 dy�1� q2m2uxy� k2m2uxz�M2�m2u yz�i0��1 ; (A.1)where mu is the mass of the u quark that 
ir
ulates inthe loop. The value of this integral in the 
ase of a realphoton (i. e., k2 = 0) is well known (see, e. g., Ref. [31℄):I(q2; 0) = I2 � q2m2u ; M2�m2u � ; (A.2)where I2(a; b) was de�ned in [31℄:I2(a; b) = 2a� b �f �1b�� f �1a�� ; (A.3)8 ÆÝÒÔ, âûï. 1 (7) 113
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sin� 12px��2 ; x > 14 ;14 �ln��+���� i��2 ; x < 14 ; (A.4)and �� = �1�p1� 4x � =2. Applying this formula inthe triangle Feynman diagram to the quark loop in theintermediate state, we must drop the imaginary termi� (see Fig. 5). In a

ordan
e with the 
on�nementproperty, real quarks on the mass shell are not allowed.In the pro
ess involving a virtual photon (i. e.,k > 0), the above integral has a more 
ompli
atedform. But we 
an �nd a simple expression negle
tingthe pion mass. Indeed, expression (A.1) is symmetri
with respe
t to q2, k2, and M2� , and therefore we 
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