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The NN— 77 annihilation reaction is investigated in a model with both baryon-exchange diagrams and
meson-pole diagrams. The main features of the observed differential cross sectipps-far™ 7~ from 360
to 1190 MeVt are well understood in this model. The backward enhancement of the differential cross section
is mainly due to theNA# tensor coupling while the processp—f,— "7~ contributes to the bump
structure around 100° developing f@,,>680 MeVk. This hints at nontrivial quark spin contributions
beyond the’P, model(which favoredS andP wave$ and hints at a large gluonic component in tensor mesons
with masses between 1.27 and 2.2 GES0556-28186)04109-X]

PACS numbsgs): 13.75.Cs, 14.20.Dh, 21.30.Cb, 24.8%.

I. INTRODUCTION Many channels can in fact be simulated by quasi-two-body
reactions, for exampleNNN— pp with p— 7. It is, there-
The recent production of a handful of antihydrogen atomsore, imperative to understand first the reactions
at LEAR[1] has refocused theoretical interest on the undery N—M;M, before one can try to “tackle” more complex
st.an.ding of the interaction bet\_/veen matter and antimatteéhannem_e_, more than two mesons in the final sjafhe
within quantum chromodynamicéQCD). Most data on ngerstanding of thUN annihilation at the quark-gluon

matter-antimatter interacti_ons have been collected for the, e is still in its infancies. In an optical potential approach,
low-energypp system(2] with some early data from CERN a quark-gluon annihilation potential f?dN—NN (EL and

at higher energiesmomenta in the range from 0.9 to 2.4 CEX) has been derive@8]. Its range isr dependent and

GeVic [3]). The _eX|stence .Of antlmqtt_er IS a natur_al ponse'corresponds to a relativistic quark-antiquark overlap for a
guence of the Dirac equation describing the fermionic con- —

stituents of all hadrons, the quarks and antiquarks, and theff'ative distance of the N andN centers. This state- and

interactions with the gluons. One would like to explain theenergy—independent annihilation potential describes data well

pp interaction, as one example, in terms of the underlying{’)letween 39,0 Me\W an.d 860 Me'V¢ [.9’10]' The model,
guark-gluon dynamics of QCD. The complexity of relativis- owever, _falls to explal_n the annlhl_latlon strength due to a
tic quark-gluon dynamics necessitates more detailed exper‘ng of rehable_mformanon on gluonium states. It has turned
mental information than branching ratios for the different OUt t.hat experlmt_antal data on angular dependences of cross
annihilation channels. Differential cross sections for variou€Ctions at various energies from close to threshold,

energies have so far been measured only for the two-bod 'abfo andE; ,=1876 MeV, 0Py arounql 1 Ges are
channel p— pp (elastic, EL, nn (charge-exchange, CEX rucial for the understanding of the underlying QCD dynam-

«*7~, andK K ™. Having experimental information on the ics. This is the case for the reactiopp—M;M, with

angular and energy dependence of the reagiiprs 7wt~ M12~ Wiaani' Here we concentrate on the simplest re-
has turned out to be crucial for the unraveling of the two@ctionpp— "~ for which very detailed data are available

dominant features of this reaction: see below. Unlike thd3:11,12. The real part of ther matrii< fo,f this reaction is
NN interaction, which is the main ingredient of any micro- described by baryon exchangl,@,N*,A*) with half off-

scopic description of nuclear physics, ttel) and (CEX) tsr?e" vsrtelx_ functiggsdand bgryoTJprOﬂagators oggAinating in
reactions in theNN regime have an imaginary component e underlying Q ynamics. Usually only an are

due to the annihilation. The real component can be relate uIr(lipioLr;toaraelclcgsusnt\;vglcl)rkr?g:/s; qjhc;e%ar?:gpan;is ’ofvf\r:itsx
via a G-parity transformatior{4,5] to the NN interaction. j ginary p

The meson-exchange pd@BEP of the NN andNN inter- reaction probes the resonar_1t content_ of k¢ and o sys-
; . tems. TheC-, P-, and G-parity operations lead to selection
actions is the same foG-even meson exchangéfor ex-

ample,p and o) and opposite in sign foG-odd meson ex- rules

changes(for example,w), so that in particular the short- G(NW):(_l)HSHNg, (1)
rangedw exchange is repulsive iNN whereas it is strongly

attractive in theNN system. In order to account for the non- G(mm)=(—1)t *lan=+1, )

observation of narrodNN resonancegbaryoniun a rela- s

tively_small annihilation strengttimaginary component of whereL (L') refers to theNN (7#) system andS is the
the NN interaction is sufficient[6]. This imaginary compo- total spin of theNN system. Parity conservation leads to
nent of theNN interaction can be built at the hadronic level L'=L+1 which allows only certain combinations
from all annihilation channels [7]  of 25*IL, for the NN system, *Pg,,%F24,°Hyg, - -
NN—-M My M MsM3,M;--- (Mj= meson. It is ob- for (P,C,H)=(+,+,0) and L'=even, and
served that on the average=5+ 1 pions are produce@,3].  3S,,°D;3,°Gss, ... for (P,C,1)=(—,—,1) andL’=odd
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[4,5]. Only G-evenpp states can be probed by investigating another striking feature of these reactions which current
the 7 final states. The inclusion gfp— K"K~ would al-  quark-gluon models of the annihilation have problems with.
low us to probe als@-odd pp states. In this paper we con- The differential cross sections for both* 7~ and K*K~
centrate on ther final state and leavKK and other two- channels show a distinct rise towards backward angles. In
particle final states for another occasion. our baryon-exchange plus meson resonance model of the an-
We find that an important contribution fmp— 77 is the nihilation we show that this “backward rise” can be attrib-
G-even tensor mesonk, in the range 12762150 MeV uted to the tensor strength of tieNA vertex function. This
[13]; their contribution is shown here to lead to the observeceffect was first made visible in the work of Moussallgh],
bump structure around 100° developing for momenta 68avho effectively used an extremely large tensor strertgit
MeV/c and aboveVvisible already in the old CERN dafg] @ particular choice of parameter in the propagator; see
between 0.9 Ge and 1.23 GeW). The importance of below), resulting in a very pronounced “backward rise.” A
total angular momenta<3 has recently been pointed out by 1arge tensor strength, very similar in magnitude to our fitted
Kloet and Myhrer[14]. They find from their amplitude valueC;, has recently been found from a detailed analysis of
analysis ofpp—m*a that very few partial waves are the A resonance in the crossed reactioh— 7N [18,19.
needed(.e., the interaction is much shorter ranged than thé’resent quark-gluon models of the annihilation do not in-
OPEP-dominated EL reaction which requires many morelude sufficient correlations among the three quarks in the
partial wavey with J=2 contributions being important at €xchange channel to simulateAapropagation with the de-
lower momenta whileJ=3 contributions becoming impor- Sired tensor strength. In our work we demonstrate that the
tant beyond 500 Me\¢. This indicates to us that at higher two distinctive features visible ipp— 77", namely, the
momenta the contributions of spin-3 mesopg(1690), and bump structure around 100° and the backward rise, can in
spin-4 mesonsf,(2050), might have to be included for a fact be disentangled. The tensor medgrtausing the bump
more detailed fit of the data. It is interesting to note that theStructure does not affect the backward angles; the “backward
final state interactiofFSI) via a pp intermediate state can fise” is due to theA’s tensor strength which, in turn, does
also produce a bump around 100%]. As a side remark we Not affect the bump structure. It is, of course, imperative to
mention that most of thé, resonances decay intorr and explain these two distinctive features at the quark-gluon
KK. Although the branching rattfor the 747 final state is (.QCD) level. We will f%‘ddfess this In a future communica-
less than 1% this angular dependefeelip-bump structupe tion. In the next section we.descrlbe the_modb&ryon—
is also present in the elasti€L) reactionpp—pp in the €*change plus meson pole diagrarasd derive the differ-

. ; PR
same momentum rangé—10. The bump structure is also €ntidl cross sections forpp—a~a~. The measured
observed inK*K~ and could have the same origithe analyzing powers in this momentum range turn out to be

flavor-blind gluonium states would, apart from phase spacgom'nated by the initial state mteract_mﬁtSl). If one wants
arguments, decay equally inte and KK); however, the to fine-tune the'ISI, thg comparison W't.h the ana_lyz_mg power
G-odd “ a;rtners” of the f» meson the’a (1320) ,and will help to achieve this. In our analysis the ISl is important
P 2 P20 but not decisive for the understanding of the backward rise
m2(1670)[13], could also contribute t& K, and indeed they g the developing of the bump structure. We have, there-

do [13]. This suggests that there must be a connection beyyre not attempted a comparison with the analyzing power.

tween thef, meson-pole diagram and the It should be noted here that our ainrist a leasty? fit to the
data but to point out the origin of the two main features of
GGG . . ) : .
o ] T this reaction. There is certainly room for future improvement
pp—4{ GGaq; — (3)  of the model. Section Ill contains our results and discusses
G 2 K the initial and finial state interactions. A detailed compari-

sion with available data from CERN, KEK, and LEAR fol-
quark-gluon annihilation diagrams. This strong correlationlows and the section ends with our conclusions.
(with the quantum numbers of thl) among theGGG,
GGqq and Gg?g? intermediate states is presently missing II. BARYON-EXCHANGE PLUS MESON POLE MODEL
in any of the quark-gluon models. This “hint” from an ) ) ) ) .
analysis of the hadronic diagrams could help to better model We start with the invariant scattering amplitu@iefor the
the propagation of the above-mentioned gluonic intermediaté€actionNN— . TheT is related to the standa@imatrix
states. Much work has already been done in this directioMvith
[16]. Because of the complexity of nonperturbative QCD in

iy i/ H 1/2
this reaction (8+3q—2q+2q), there is, however, room o _ s _ ! S9(p —P-)( 1 imm) T
for improvement. Hadronic models can help to identify the i (2m)2 BV 200 2wy Eq Eq fio
problem areas at the quark-gluon level. (4)

Apart from the bump structure around 100°, which is vis- ) _

ible in both 7" 7~ andK *K~ beyond 680 MeW, there is  Whereq=|a|, k=|k|, a"=[q’|, andk’=]k’| with (see Fig.
1) g, q', k, andk’ the momenta of the antiproton, proton,
o, andw", respectively.P is the outgoing(incoming

For P,,=500 MeVk experimental data yield the numbers total four-momentumgq=q*+My, and w,=Vk*+mz,

Oror~180 mb,og ~60 Mb, oeex~14 mb so that the annihilation With My (m;) the nucleon(pion) mass. _

Cross Section iSo = 0— 0gL— 0cex=~106 mb. On the other The differential cross section of the procé¢sl— 7 is

hand, 0,,~0.4 mb andoyxx=0.2 mb so that §,.+oxx)/ given in the center-of-mass system

O an~0.6%.
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FIG. 1. Kinematics of the reactiomp— 7+ 7~ in the c.m. sys-
tem. . N,A ()
p ..........
doem 1 Mj kITIZ - N 4
dQ  4(2m)? (2Ey)?q' ' 5 . o
- . N O-’p’fz . (d)
In the|J, N1\ ,) basis withJ the total angular momentum and S (\
\1(2) the proton(antiproton helicity, |T|2 is expressed as p ‘N 7
1 2J+12J'+1 ; I oo -
|T|2:_E E (_1))\<k|-|—‘]|q)\l)\2>* FIG. 2. Diagrams contributing to the reactlprp_ 7 o, (@
ax, 5y 4w 4ar and(c) the baryon-exchange process withand A included, and

(b) and(d) the process with mesons( p, andf,) as the interme-
diate state. The momentum of the intermedidtéN) in (c) and(d)
is p (—p); see text. The solid circles ifd) represent the quark
structure of these vertices; see text. Thg-,ny as defined in Eq.
(10) is denoted by the ellipses it) and (d).
whereh =\;—\, and(k|T’|g,\1)\,) is the projection of the

T matrix of the reactionpp— 7"~ in the total angular

><<k|TJ’|q>\lx2>§L} C(JJLA—\,0)P, (cosd), (6)

1 (= 1
momentum helicity basisf is the angle betweek andg, (KT g, N h o)y = (KIWP|g, N ) + WJ pzdpE—ZE
with choosingq along thez axis andk in the xz plane; see ™) -Jo p
Fig. 1.

With the initial state interactions, one can express The X > (k|W?|p,h;hy)
matrix of the reactiorpp— 7" 7~ in the unitary form h1hz
J
_ _ X(P.hihol T o (WA NN 2), 9
(w77 |TINN)=(7" 7" |W|NN)
(T W a)Gla| TyINN), (7) Wi
:

where|a) can be any states allowed by conservation laws; Spp—NN= Ofi — Wé(“)(Pf— P)
see the previous section. We consider, in the present work,
only NN intermediate states, namelyy)=|NN). For a dis- My My My My Y2 -
cussion of the relative importance of othemesonig¢ matrix X E_p a E_q a Toponn, (10

elements see Ref17]. The first term in Eq(7) corresponds
to the processes illustrated in FigdaRand Zb), and the
second term to the processes in_Figéc) 2and 2d). The

propagatorG for the intermediatdNN pair is defined as in
the c.m. system,

where (k|W?|q,\ 1\ ,) and (p,h;h,|T7|g,\1)\,) can be de-
rived from the corresponding expressions in the helicity
plane wave basis,

+1
1 (p,h1h2|TJ|q,)\1)\2)=27rf_ldudf\h(e)

T (®)

X(p,hihy|Tlg,A\p),  (12)

with Ep= N MZN the energy of the intermediate nucleon.

The T matrix of the reactiorpp— " v~ takes the form, in (KW|q, + +) = f+1duPJ(u)<k|W|q,+ +), 12
the angular momentum helicity state basis, -1
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; [, B+ Pyg(u) =Py, () high-energyNN— 77 processes if one has the half off-shell
(kW |q,+—)—f_1du 5351 sing vertex functions[20], derived in the chirally symmetric
quark model, to be used together with the above interactions.
x(k|W|q,+ —), (13 In the present work, we choose the interaction Lagrangian in
Eq. (19 for a NN# system, considering that the form is
(kW|q, + +)=(k|W|q,— —), (14)  supported by the chiral quark model and matches the vertex
functions mentioned above.
(kIW’|g, + =)= (kW[q,— +), (15 If a A is exchanged in Fig. (@), one will face a well-

known problem. The Lagrangian describing a Rarita-

— — — _ 1;
whereu—cos?, A=N1=Az, h=hy;—hp, and\i==3is de-  gchpinger field is not unique. The kinetic term is of the
noted by=*. d;,, are the reduced rotation matric&y,(u) the general form(21]

Legendre polynomials. .
Transforming the cross section in ¢.m. system to the labo- L= A 5P, (21
ratory frame, we have )
with
doap _ docm,

W—tw, (16 Aaﬁ:_[(_iau'yu+M)gaﬁ_iA(7a‘9ﬁ+'yﬁaa)
—iBy,7,v5— CMy,vs], 22
with Ya¥Yud" Vs Ya Vgl (22

) o where B and C are functions of the parameteA,
_ [(g+coe)?+(1- g?)sirt o] (17 B=}3A’+2A+1) and C=3A°+3A+1. The sping
(1- %) (1+g cosd) ' propagator is dependent @én[21],

E. _ i 1 1
9=5". (18 Gap(p)= S p=M|9arT 3 Yas" am (YaPs™ 7sPa)
where g is the ratio of c.m. velocity te and ¢ is the angle _ 2 5 PuP }_ 1 5 Atl Yop
between the incoming and outgoingr~ in the c.m. system; 3M2TeTAl 3MZ 2A+ 1| TeTA
see Fig. 1. . A +(1 At1
S5arq 78PaT | 552777 P
A. Baryon-exchange diagrams 2A+1 22A+1
We consider first the exchange of the nuclédnn Fig. A M 23

2(a). The twoNNm vertex functions could be derived from 2A+1 ) V78|

the pseudovector Lagrangian ) ) ) )
The physical properties of the free field are independent of

Lune=fnng /M, N_ySy“?N-aﬂ% (190  the parameteA. In order that all physical observables in-
. volving an interactindNA 7 system be independent Af the
or from the pseudoscalar Lagrangian interaction Lagrangian must have the form
L= Onne NP7 7N, 20 fuam— -
NNz = OnNNg NY 77 (20 Lnas= N2 A"TH,,(X)No*m+H.c., (29
However, our investigation shows that the coupling in Eq. i

(19) has a much better behavior than the one in @) for  with

1
0,,(X)=0,,+ §(1+4X)A+X Yo¥ur (25)
( 1 0 —i 0 0 0 \
0 ! 0 ! 2 0
V3 V3 V3
-—_ 0 -—— 0 [0 IR —
V3 V3 V3
0o -1 0 —i 0 0
\ J
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where H.c. stands for Hermitian conjugate ands the iso- 1 R R R R
spin transition operatd22,23. X is an arbitrary parameter. Lot = oy Gt (P 0" b= 040" )T . (32)
We chooseA= —1 to simplify the propagator and adjust i

to fit experimental data. In the nonrelativistic limit, the first term on the right-hand

_ side of Eq.(31) represents thé, coupling to the isoscalar
B. Meson-pole diagrams NN state3P, and the second t8F,. For themrf, interac-

Experiments have confirmed a number of mesfit§, tion, we include also the terrﬁa/‘a”%fw. The interaction
which are strongly coupled to the” 7~ channel. Some of form in Eq.(32) ensures that thé, field couples to only the
those mesons have the quantum numbers which a pair ®fN J=2 state. The second term in E@®2) represents the
NN could take, for instancgy(770),f,(980),f,(1300), and  f, meson coupling to both thN J=0 andJ=2 states.
f,(1270). Mesons above theN threshold decaying into The propagators for the, p, andf, mesons are defined
NN and 7= 7~ are, for examplef,(2150) andp(2150). as
Therefore, one must include the pole diagram, namely, the )
processpp— M (meson— 7" 7~ in the annihilation reac- A(D)= I
tion of pp—= 7. The investigations of the reaction (P)= p2—|v|§’
7N—K3 and KA both in the effective®P, quark model
[24] and the resonance modél] revealed that the two-step —i
process is more important than the direct reaction. A, (p)= TMz(g,w— PP, /M), (34

_The couplings of the scalar and vector mesons to the P P
NN and w7 are widely studied. The interaction Lagrangians,
for example, for theNNo, NNp, 7rror, and wp systems
are

(33

i
A,uvp)\(p): 2_ w2 [gupgv)\+g#)\gvp_%guvgp)\
p = Mg,

LO'NNzgo'NN%IIDN(ﬁ(T’ (27) +(gﬂppvp)\+gﬂ)\prp+ngpMp)\+gV}\p[Lpp

. _ =3 9,,PPr— 3 9PLP.IME,
LoNN= OoNNINY T @ T 7 T onntnT s
pNNT YpNNINY 1 p YN pNN “
My + £ PLP.PPAIME L, (35
X (I pL— " ) - iy, (28)
(976,=9"0p) T where thef, propagator in Eq.(35) is the form witf
. . A=—1; see Ref[26].
Lomn=5p ornPodun ", (29 Since the propagator for a spin-2 meson involves a free
& parameteA [26], one will get contributions depending on it,
according to the coupling of Eq§31) and(32). The contri-
bution is off shell and only for thd=0 state. On the other

hand, a coupling such ag\g,,¥nf,, [not included in Eq.
(31)] does not have on-shell contributions since the field
ﬂescribing a spin-2 meson is traceless. However, such a term
oes contribute when thig is off shell. This contribution is
ottoJ=2, buttoJ=0 waves. Thesd=0 contributions are

Lpﬂﬂ':gpﬂ"ﬂ($#><(9,u($ﬂ'). (ZMa (30)

whereo,,= %[ylu,y,,] and 4y, ¢,, and ¢, represent the
nucleon,o, andp fields, respectively.

Unlike the scalar and vector mesons, higher-spin meso
fields cannot be uniquely described in the Lagrange formal-

ism. And the evaluation of the pole diagram becomes mor hvsical si the total | tdn(h th
and more difficult as the spin of the intermediate meson intnphysical since the total angular momen mihere the

creases. In addition to the scalar and vector mesons, we irtP" of |ntgrmed|ate mesons |+n tﬁe c.m. sys)teslmoul_d be

clude here also the tensor meson, but not higher-spin stat§"Served in the procegp— 7" . We employ the inter-

inthepp—M — =" 7~ process. There exits a free parameteraCt'On Lagrang|a.n in Eq31) for the NNf, couplmg and let

in the Lagrangian describing a free tensor meson field, hencdd€ ParameteA in the propagator be-1 to avoid those

also in the propagatd6]. However, the physical properties UnPhysical contributions.

of the field are independent of the free parameter appearing The transition amplitudes are worked out for the meson-

in the Lagrangian and propagator. ole diagrams mediated, respgctlvely, by the scalar, vector,
The couplings of thd, to the NN and 77 systems are and tensor mesons as follows:

described by the interaction Lagrangig2¥]

q E2+k?
1 o o Tpgﬂ,ﬁ,ﬁﬁ—()\l:1,)\2=1)=gUMWMN 4E2—Mf,’
Lnng, =1 mgNNfz(d/N’yﬂavlﬂN_3V¢N’}’“¢N)fw (36)
1 — ) — S Tpp_—‘o'—wT*'n-’()\l:l!)\Z:_1)20! (37)
+ 57w, (NG 0" = 0 hnd” P — 0" hnO* oy
2My 2
+ a“&”%w,\,)fw (31 °The parameteA appearing in the general form of ttie propa-

gator should not be confused with the parame&teappearing in
and Egs.(23) and(25).
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k  W2—g?
Tpﬁﬂpﬁﬂﬁ—w—()\l: 1,)\221):ng/ 4E2—2'_MPC089

KE W?+g?
P M2ZW 4E2—Mm2°Y
N p
(39
Topopomta-(AM1=1A,=—1)
k  W2+@? -
~9omaw 2e2- 2"
¢ KE W-a” 0 39
PMZW 2EZ- M2 (39
TpFHfZHW-Fﬂ'_()\l:l!)\Z:l)
4qk2 q2_W2 P( 39)
=g co
'23M ,M{W 4E2-M¢{ " ?
16g°k?
~ T3 M3 2E2- M? Pa(cosh),
(40)
Tp?—rfz—wfr'ﬁ*()\l:ll)\z:_l)
L
T YIVEAYY 4E2—|v|f22°'n( )y
(41)
with
gNNagwwa
T g (42
gNN 97777
p=%, (43
_fNNpgﬂ'ﬂ'p
fP_T’ (44)
gNNfngrwfz
9,= 2. (45)
fNNf gﬂ'ﬂ'f
A (46)

whereE=/g°+ MZN andW=E+My. \; and\, represent

the helicity of the initial proton and antiproton, respectively.

C. Initial state interactions and final state interactions

In principle, both the initiaN N and finalz interactions
influence theoretical predictions. Although the fingk are
quite relativistic in the processp— 7" 7, they are corre-
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Unlike the nucleon-nucleon force, the nucleon-antinucleon
interaction is still not completely understood. Theoretical
predictions are very model dependent, which directly influ-
ences the ISI. However, in the present work, fortunately, the
ISI is not very important. Therefore we investigate only one
version of theNN interaction to demonstrate the relative
importance of the ISI. The initial state interaction is in the
present work taken as th@-parity transformation of the
energy-dependent one-boson-exchange Bonn potential
(based on time-ordered perturbation theory, OBEF22]
plus an imaginary potential derived from a chiral quark
model[8]. The imaginary optical potential is

IMV (1) =Wop?(r), (47)

wherep(r) is theqq annihilation density withr the relative
distance of theN and N centers. The annihilation strength
W, is treated as a free parameter and is found to be of order
—1 to —2 GeV [8]. The form in Eq.(47) leads to a
r-dependent range for the annihilation, unlike the exponen-
tial form used in Ref[7] which has a range of 0.4 fm. De-
spite these differences the results obtained with(&d). are
very similar to the ones obtained with the one in R&i.

Ill. RESULTS AND DISCUSSION
A. Predictions by the baryon-exchange diagrams

In this section we would like to show how much the ex-
change diagrams can contribute and how important the ten-
sor coupling of theNA 7w system is. As usual, vertex func-
tions appear due to the quark substructure of hadrons. The
coupling constants are related ¢, with the following
relations as derived in chiral quark modgzd,23:

2 2
fine= (MA/2M ) ?IRnr Ny = (M/2M N)ZQNWW-

2 72¢2 2 7242
fNan= 25 NNms fNAvr_25fNN7r’
2
INNT

INN7= 139NN » ?:14-4- (48)
The half off-shell vertex functions employed here are those
from Ref.[20]. Those vertex functions depend on the quark
energyEy and on the cutoffs\ (N), A (A), Ag(N), and
Ag(A). The center-of-mass corrected quark eigenené&igy

is My [20]; the cutoffs A are partially taken from form
factor date[29] and partially fitted topp— 7% 7~. We find
that the data prefer

Ak(N)=A(A), (49)

Ag(N)=Ag(A). (50

We find from a comparison with data that the energy cutoff
Ag, Eq. (50), cannot be smaller than the three-momentum
cutoff Ay, Eq. (49), if A is in the region 0.52.0 GeV.
Otherwise, predictions for the differential cross section will
be much larger than experimental data if one still uses the
coupling constants mentioned above. The should be al-
ways larger tham,, 6= Ag— A, =0.1-0.3 GeV, depending

lated in terms of the mesons discussed in Sec. Il B, whictslightly on the value ofA, ; see Table I.

form part of the FSI. This has been pointed out already in

In addition to the cutoffs\, C, is also adjusted to experi-

Ref. [28], which, however, does not include tensor mesonsments. We find that an energy-dependedt describes
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TABLE |. Parameters used in the baryon-exchange process in The results for the baryon-exchange diagrams alaere
Fig. 2(a). The second and third lines are, respectively, for the mod+ig. 2(a)] are presented in Fig. 3. The parameters are given in
els with and without theNA 7w tensor coupling.

A (GeV) Ag(GeV) C, C;(Gev'l) C,(Gev™?
1.04 1.17 -0.50 -0.47 0.43
0.60 0.82 0.0 0.0 0.0

present data better than a const@nt The energy depen-
dence ofC; could be described as

Ci=Co+Cy*q+Cy*g?,

(51)

whereC,, C,, andC, are free parameters amg=|q|, with
g as defined in Fig. 1.

do/dQ (ub/sr)

do/dQ (ub/sr)

do/dQ (ub/sr)

do/dQ (ub/sr)

200

15

=

100

50

200

150

Table I.

We find, in Fig. 3, that the observed backward enhance-
ment of differential cross sections cannot be understood in a
baryon-exchange model without tiNA 7 tensor coupling.
This confirms the findings of Ref[17]. The baryon-
exchange model with a suitabMA 7 coupling supports a
reasonably good fit to differential cross sections for low-
energypp— 7" 7w~ reactions and gives a considerable back-
ward enhancement. The magnitude of & 7 tensor cou-
pling Cy is very similar to the value in the crossed reactions
[18,19. The baryon exchange model of R€f8,28] does not
include theNA = tensor coupling and, hence, considerably
underestimates the backward cross sectiopf- 7" 7.
This latter feature is not improved by adding the F38];
see Sec. Il C.

ety e

467 MeV/c

1

o
S

200

404 MeV/c

FIG. 3. Predictions for differential cross sec-
tions in the baryon-exchange diagrams alone and

03 " in the model involving both the baryon-exchange

and meson-pole diagrams. The solid and dashed
lines refer to the baryon-exchange models with

200

and without theNA 7 tensor coupling, respec-
tively. The dash-dotted lines are the predictions
of the full model. The experimental data are from
Ref.[12].
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The model of Ref[17] does notexplictly introduce a the 3P, nonrelativistic quark model31,32, one could ex-

NA7 tensor coupling, but it is equivalent to a baryon- tract the forms of thé NN andM 77 vertex functions. The
exchange model with=—1 and C;=—1. Although the vertex functions are derived as follows for thémz and
model of Ref[17] confirms the finding€;# 0 and negative, VNN couplings:

such extremely largeC,| is neither supported by our analy-

sis nor by the analysis ¢1.8,19. It has also been found that Furan(K)=exp — ak?), (52
C, should take negative valug$8,19 by an investigation of
the crossed reaction of pion-nucleon scattering. We find Funn(p) =exp — 8g?), (53

Ci;=—1/2 in the present work when the initial proton is at

rest, which implies equal strength for scalar and tensor COUyhereq=|q| andk=|k|; see Fig. 1. Because of the relation

plings in theNA 7 ;ystem. The field theory of supersymme- k2+me=q2+ Mﬁ, the two functions in Eqs(52) and (53)

try and supergravity30] also support<,= — 3. are not independent for unconstrained coupling constants.
The baryon-exchange model considered here with a nomaccording to the3P, quark model,a~2g8. In the present

vanishingNA 7 tensor coupling contributes sizably to the work, we seta=2 8 and adjust the parametgrto experi-

backward differential cross section pfp—=#"#7~. But it  mental data.

fails to reproduce the bump structure at the scattering angle The amplitudes in Eq€36)— (41) depend only mildly on

of about 100° for higher energies. In the following, we showthe mass of the intermediate meson,

that the problem can be solved by including meson-pole dia-

grams. 1

4E-M’

(54)

B. Predictions with both the baryon-exchange

and meson-pole diagrams resulting from the propagators. In the present work

In this subsection, we add meson-pole diagrams Mo =650 MeV, M, =770 MeV, ande2=1270 MeV. The
baryon-exchange diagrams discussed previously. Like the andf, mesons are the lowest-mass vector and tensor me-
baryon-exchange process, coupling constants and vertesons decaying intersr and /KK, respectively{13]. The
functions are needed for the verticlNN andM 777r in the o meson mass parametrizes the FSI in the isoscalar-scalar
reactionpp— M (meson— 7+ 7w~ . However, there are no re- 7w channel, in accordance with Ref22,33. As for the
liable coupling constants and vertex functions; the choice bynass distribution of the mesons, we just replace the masses
the authors is quite different. above with complex masses involving widths such as

Vertex functions used for the exchange diagram cannot bM =Mg+iI'/2. We usé[13] I',= 150 MeV,T",= 300 MeV,
used for the pole diagram since the three-momentum of thendI's,=180 MeV. According to our investigation, the mass
intermediate meson vanishes for the proceps-M —mm  distributions effect final results very little, so that their con-
in the center-of-mass system. In fact, we have little knowl-triputions could be safely neglected.
edge on timelike vertex functions for the pole diagram. We
try to derive our vertex functions from quark models. Based——
upon the predictions of amplitudes for the processes of 3The decay width of the fictitious: meson is taken according to
NN—M—M;M, in the present Lagrangian approach andRef.[33].



54 ROLE OF TENSOR MESON POLE ANIA EXCHANGE . .. 1449

2.0 energy can deviate quite a bit from the single-quark eigenen-

ergy Eo=3My. The energy transfer from the quarks and
antiquarks bound ilN andN to the quarks and antiquarks
bound in7* is substantial and necessitates such an energy
smearing of bound quarks and antiquarks in hadrons.

The tensor strength paramei@g is very close to other
findings[18,19,3Q, while the energy dependence parameters
C, ;2 represent our prediction. Our values dranda defined
in Egs.(52) and(53) correspond to a size parameter 0.8 fm
for the MNN vertex and 1.1 fm for thé/l w7 vertex. Note
that these values cannot directly be compared with size pa-
rameters obtained for spacelike form factors, like
0 02 04 06 08 10 12 14 16 GﬂN(qz). Our values indicate that the annihilation

NN—M occurs in a smaller region than the hadronization
processM— o requires. This is reminiscent of the old
P (GeV) “fireball” picture for the annihilation process, where the
fireball expands before hadronizing into light mesons. It

FIG. 4. Prediction for the integrated cross section as a functiorshould also be noted here that the absolute values of the size
of Plab- Experimental data from Ref§12:| (SOlId CirC'es, LEAR, parameters are averaged values fbe= Uip!fZ with very
[35] (circles, CERN, [36] (squares, KEK and [37] (triangles,  gifferent masses involved. The coupling constants in Table II
LEAR). are the values with the initial nucled@ntinucleon at rest

- ) , __and the final pions on shell, so that they are related to time-
_ We present, in Fig. 3 and Fig. 4, the theoretical prediCyjye vertex functions and not to spacelike form factors and
tions with both the baryon-exchange diagrams and theg jing constants as reported|[it9,33,34. Spacelike and
meson-pole diagrams mediated by the scalar, vector, and tefimelike vertex functions have to be related via analytic con-
sor mesons. The integrated cross sections are well repreg,ation, resulting in quite different values, for example, for
dugegofgraat{/zzool_ 1600 Me?/'b. The plaée?uT%etV\c/ﬁf?n SOtQ Gt andg._yn: See Eq(48) and Ref[20]. We find that our
an eV is also present in our model. The differential;; " ; ;
cross sections display the main featufeackward enhance- tﬂesllggczcl)iﬁgllcgﬁgg f;%r:)trgt‘é’d Eﬁg ggdsgz}(r are smaller than
ment for all energies, bump structure for higher enejgies The coupling constants, , gfz,,an,dffz are stable with

fairly well. The relevant parameters are collected in Table II. . L : . .
The values of parameters in the left and right columns areespect to variations of the initial state interaction and with
respectively, for the cases without and with initial state in_r‘espect to different weights attributed to different s_cattgrlng
teractions. angles(for example, the backward or the forward direcjion

We find in Table Il that the cutofA , here is very close to or with respect to the _selected momentum rarifge ex-
the prediction in a chiral quark modg20,29, whereA, is ample, the lowest energies or the h'ghgr'mome”t“m.ra.”ge of
derived from a comparison to axial vector form factor datathe old CERN dain Acqordlng to the®P, nonrelativistic
[29]. We find A~ A, within ~10%, which confirms the quark model, the coupling constangs, should be larger
findings of Ref.[20]. This energy “smearing” was intro- than thefy, in the concermed energy range if the intermediate
duced in Ref[20] to account for center-of-mass effects in f, in the procesp p— M (meson— 7" 7~ is a pureqq state
the energy of the bound three-quark system. There is a sulp31]. But in the present work we find thz[u2 is much larger

TABLE I1l. Parameters adjusted to experimental data in the@MONg pureyq states and gluo_n-rlch states with thequan-

) r :
model including both the baryon-exchange and meson-pole diat-um numbers in the procegsp—f,—a 7 . Unlike the

grams. The second column is for the process without the 1SI showdo» 91,» @ndfy, theg, andf,, are very sensitive to the initial
in Figs. 2a) and 2b), the third for the full model denoted by all the state interaction and the automatic fitting process. Quite dif-

0.5

diagrams in Fig. 2. ferent magnitudes, even different signs, can be obtained
when one uses different initial state interactions or different

Ay (GeV) 0.77 0.76 distributions of fitting weights. However, the ratio of tlig

Ag (GeV) 0.87 0.86 to g, is always around 1.0 when thlg, and g, vary. This

Co -0.50 -0.50 ratio is smaller than the corresponding spacelike values. Fi-

C, (Gev} -0.58 -0.55 nally it should be pointed out that the coupling constants

C, (GeV?) 0.48 0.44 shown in Table Il should be seen to parametrize the scalar-

B (GeV™?) 2.75 2.70 isoscalar, vector-isovector, and tensor-isoscalar strength in

9, 0.17 0.16 both ther= andNN channels, without reference to specific

fr, 1.23 1.17 resonances, likep(770), p', p", f,(1270), f,(1225),

g, 0.36 -0.49 f,(2150), etc.

f, 0.36 -0.56 We summarize several points here.

d 0.85 0.89 (1) In the theoretical predictions in Figs. 3 and 4, the

baryon-exchange diagrams are dominant for reactions with
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the lowest momenta. As the incoming momentum is in-parameters to experimental data, one gets almost the same
creased, the meson-pole diagrams become more and maqpeediction for both with and without the initial state interac-
important. The backward enhancement is mostly contributetion. We conclude from this that the two dominant features
by the tensor coupling of thBlA 7 system while the bump of this reaction(backward enhancement and bump structure
structure for higher momenta is mainly due to the tensombove 670 MeW) cannot be attributed to the ISI.
meson-pole diagram, although all the scalar, vector, and ten- Our analysis of hadronic diagrams, supplemented with
sor meson-pole diagrams are necessary to reproduce the chibhadronic QCD vertex functions, identifies the main
served bump structure. “problem areas” of quark-gluon models in this reaction:
(2) Without the procespp— f,— 7" 7, one could also The exchanged three-quark system has to be correlated such
get a small bump structure for higher-momentum reactionshat a strondNA 7 tensor coupling results. In the direct chan-

although at too large an angle. It will be interesting to seenel the gluonic intermediate state8GG, GGqqg and

how spin-3 and spin-4 mesons contribute in te 100°
region[14].
(3) The ISI diagrams in Figs. () and Zd) contribute

Go?g? must be correlated to form a significant tensor meson
strength in the mass region +2.0 GeV. Both features rep-
resent a formidable challenge for nonperturbative quark-

about 20% to the final results. However, after refitting freegluon models. Work along these lines is in progress.
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