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Dilepton spectra from decays of light unflavored mesons
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The invariant mass spectrum of teée™ and u™ u~ pairs from decays of light unflavored mesons with
masses below the(1020)-meson mass to final states containing along with a dilepton pair one photon, one
meson, and two mesons are calculated within the framework of the effective meson theory. The results can be
used for simulations of the dilepton spectra in heavy-ion collisions and for experimental searches of dilepton
meson decays.

PACS numbds): 14.40.Cs, 13.20:v, 24.85+p

[. INTRODUCTION strong final state interactions. One of the most promising
probes to study in-medium properties of vector mesons are
During the last decade, the problem of the description oflilepton pairsl *| ~(I=e,u) which are produced from de-
hadrons in dense and hot nuclear matter received great atte¢ays ofp°, w, and ¢ mesons in heavy-ion collisions. The
tion. It is well known that particles change their propertiesleptonic probes have the advantage that they are the nearly
when they are placed into a medium. Already in the 1970’sundistorted messengers from the conditions at their creation,
the reduction of the nucleon masses in nuclei was impleunlike, e.g., pions.
mented into the Walecka model in the framework of effec- The dilepton spectra measured by the CERES and
tive hadron field theory1,2]. Later on this effect was put on HELIOS-3 Collaborations at CERN SPS have attracted spe-
firmer grounds on the basis of a partial restoration of chirakial interest[14,15. Compared to theoretical predictions,
symmetry and finite-density QCD sum rulg. The change both experiments found a significant enhancement of the
of the meson properties is also discussed in the quantuew-energy dilepton yield below thg and o peaks. One
hadrodynamicg2] and finite-density QCD sum rulggt].  way to explain this low-energy dilepton excess is to assume
The investigations in the Nambu—Jona-Lasinio model prothe scenario of a significant reduction of theneson mass
vide an evidence for reduction of nucleon and meson masség a dense mediuril6-18. On the other hand, a more so-
at finite density and temperature as wWél|. phisticated treatment of themeson spectral function which
On the other hand, many-body correlations lead to dncludes the broadening in dense mafté®8] seems also to
dressing of the particles inside the medium and stronglype sufficient to account for these d4i8,19.
modify spectral properties of the mesof&-8|]. Thus one An excess of low-energy dileptons occurs already at mod-
expects a significant reduction of the corresponding lifeerate bombarding energies. However, the spectra obtained by
times which, loosely speaking, result in melting the mesonghe DLS Collaboration at the BEVALAC20] for the inci-
in the nuclear environment. dent energies aroundAlLGeV cannot be reproduced by
The melting of the higher nucleon resonances is estabpresent transport calculatiofil]. Even using the reduction
lished experimentally from the measurement of the total phoef the p-meson mass, there remains a discrepancy for the
toabsorption cross section on heavy nu¢®@j There is a dilepton yield by a factor of 2 to g21,27. Also the medium
clear signal for a change of the shape of theesonance in dependence of the spectral function, even in combination
nuclei, related to the Fermi motion and, as noticed in Refwith a droppingp mass, does not provide an explanation for
[10], to the collision broadening effect discussed first bythis so called “DLS puzzle'{23,24l. It is interesting to note
Weisskopf [11] in connection with a broadening of the that this fact is independent on the system size and occurs in
atomic spectral lines in gases. The higher nucleon resonancight (d+Ca) as well as in heavier systems (£@a). The
are not seen in the cross section due to a strong collisiodilepton yield in elementarp+ p collisions measured by the
broadening effect. DLS Collaboration[25] is also underestimated by standard
The purpose of the current investigations is to determinegheoretical description®1]. In Ref.[26] it was claimed that
mass shifts and the broadening of hadronic resonances the discrepancy between the DLS data and theoretical simu-
nuclear matter. The formulation of this problem can belations disappears if additional background contributions
traced back to the atomic spectroscopy where the shifts dfom dilepton decays of higher nucleon resonanaeainly
atomic energy levels and the broadening of atomic spectrall* (1520)] are taken into account. This demonstrates that a
lines in dense and hot gases is a relatively well studied submost precise knowledge of the background is indispensable
ject (see, e.g., Ref.12)). for the interpretation of the present and future dilepton data.
The search for signatures of modified hadron propertieThe HADES experiment at GSI, Germany, will focus on
such as reduction masses according to the Brown-Rho scéahese topics to a large exter#7].
ing [13] are presently pursued with high experimental ef- While the dilepton spectra stemming from the mesonic
forts. However, most hadronic probes loose important infordecays are not distorted by final state interactions, the prob-
mation on the early and violent phase of the reaction bylem of extracting information on the in-medium properties of
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the vector mesons is a specific theoretical task, due to a large-PI"I~ and P—VI*|~, which we discuss in Sec. V. The
amount of decays contributing to the background. A preciseadiative decays of these mesons are well studied both from
and rather complete knowledge of the relative weights foithe theoretical and experimental points of view. The uncer-
existing decay channels is therefore indispensable in order t@inties in the estimates for the dilepton decays are connected
draw reliable conclusions from dilepton spectra. with the lack of experimental information on the transition

The study of the dilepton decays is useful also for theform factors. Constructing the VMD model transition form
search on the dilepton decay modes of the light unflavoredactors, we take special care of the quark counting rules.
mesons. These decays give a deeper insight into mesdrinally, there exist decays to four-body final stat¥'s
structure, allowing to measure transition form factors at the=PPI"I~, P—PPI"I", and S—»PPI"I". Section IV is
timelike (resonanceregion. In four-body decays the decay devoted to these decays. We calculate almost all four-body
probabilities are determined by the half-off-shell meson trandilepton modes of the unflavored mesons with masses below
sition form factors which cannot be measured in other reacthe ¢(1020). The numerical results for radiative widths of
tions. There are plans to study thé transition form factors the three-body decay¥/(- PPy, etc), which provide a use-
in the space-like region in reactions of the photo- and elecful test for the model considered, for the dilepton widths
troproduction at CEBAF energig®8]. Recently, the DLS (V—PI"I7, V—PPI"I", etc), and for the dilepton spectra
Collaboration published data on the dilepton production infrom the unflavored meson decays are presented in Sec. VII.
the elementarypp and pd collisions [25]. These data are
analyzed in Refg[21,26. The plans from the HADES Col- Il. RELATION BETWEEN THE DECAYS
laboration include measurements of the dilepton spectra from M—M’y* AND M—M'I*1~
proton-proton and pion-proton collisiof27]. These experi- . , T
ments are stimulated by the already mentioned discrepancy AS mentioned above, we consider decdys-M’l "
between the number of the observed dilepton events and réthereM IS a mesonM’ is a photon, a meson, or two me-
sults of the transport simulations, that indicate a limited un-SOns, and ™1~ is an electron-positron or muon-antimuon
derstanding of the mechanism for the dilepton emission irfPair- The results of this section are valid, however, for arbi-
heavy-ion collisions. In such experiments, there is a possibiltrary statesM’. The decayM—M'I"I™ proceeds through
ity for exclusive measurements of the different mesonidWo stepsM—M’y* and y*—171", wherey* is a virtual
channels. photon whose mas$/, is equal to the invariant mass of the

In the present work, we perform a detailed study of pos-dilepton pair. .
sible mesonid *I~ decays which appear in the SIS energy ~ he matrix element of the physical procéds-M'y for a
range, i.e., at lab. energies below 2 GeV/nucleon. At 2eal photony has the form
GeV/nucleon, thep meson is produced slightly above the .
threshold. Due to statistical fluctuations, the production of M=M,e,(K), 2.1
heavier mesons is, however, also possible. We consider de-h K i h larizati Th o el
cays of unflavored light mesons with masses below the" eree ,( ) ISap oton po azr'_zatlgn vector_. e matrix el-
¢(1020)-meson mass within the framework of the effectiveeTentMﬂ is defined also g*=M"+0 for V|_rtual phojcons
meson theory. The vertex couplings are determined from thé As a consequence of the gauge invariance, it is trans-

measured strong and radiative decay widths and, when thee'se with respect to the photon momentum

experimental data are not available, fr&W(3) symmetry. M.K.=0 2.2
The transition form factors entering the decay rates are cal- pom '
culated using the vector meson dominaf¢®D) model. In The decay ratél— M’ y* can formally be calculated as
this way, we achieve generally good agreement with the ex-
perimental branching ratios for radiative meson decays. For 1
the dilepton decay modes the branching ratios are, however, dl'(M—=M y*)=—— > M M
only known in a few cases. 2\s 7

We consider the vector mesons o, and ¢(1020) (2m)*
(=V), the pseudoscalar mesonsy, »’ (=P), and the sca- X(=Qup)——=—5dPq 1, (2.3
lar mesonsf,(980) anday(980)(=S). The various decay (2m)%*3

modes can systematically be classified as follotysThere ) ) _

are, first of all, the direct decays mod¥s—|*1~, which whe.re\/g is mass of the decaying meson amé number of
contain the information on the in-medium vector mesonparticles in the staté1’. The phase space in E(.3) is
masses. In the next section, some useful relations which sinlefined in the usual way

plify calculations of the decay rates to final states with a K g K

dilepton pair are derived. In Sec. lll we make a few remarks _ Pi

on the direct decay modes. There exits then a large number dDy(Vsmy, ’mk)_U 2E; (P_,_El Pi -

of processes which mask the vector meson peaks and which (2.4
should be treated as a backgroufid. These are Dalitz de-

cays of pseudoscalar mesoRs-yl 1~ and scalar mesons Here,P is the four-momentum of the mesam, P2=s, and
S—1"1~. These decays are discussed in Sec.(i¥) One  p; are momenta of the particles in the final state, including
has also Dalitz decays with one meson in the final ststes the virtual photorny*. In Eq. (2.3), the summation over the
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final states and averaging over the initial states of the decay- e+(u+)
ing meson is performed. The limNM2—0 gives the decay
rate of the physical procedgd— M’ y. \4
The M—M’'l "1~ decay rate is given by
e (L)
dlr(M—M'l717) W
( )4 FIG. 1. Direct decays of vector mesons into electron-positron
1 (27 and muon-antimuon pairs.
—. .
2\/—2 MM JMJyjmdq)mz,
where
(2.5 J ; ;
(s—(my+my))(s—(my—my)°)
wherej, is the lepton current. The term M/ comes from p*(\/§,m1,m2): ! 2 ! 2
the photon propagator, ardtb,, , is the phase space of 2\s
particles in the stat®’ and of thel |~ pair. (212
"t
The valuelj(ll/l—>M I 2 can be related to the decay jg momentum of the particles 1 and 2 in the c.m. frame.
ratesI'(M—M"y*) andl'(y*—1"1"). In the analogy with In the following, we will work with the matrix elements

massive vector particles, the width of a virtual photgh ¢ (e processed— M’ »* and use Eq(2.3) to derive re-
can formally be evaluated as sults for the decay ratéd— M’y with real photons and Eq.
(2.10 to get results for decay ratd—M’l "1~ with dilep-
tons in the final states. Now, we will consider the processes
which are interesting for the study of dilepton spectra in
heavy-ion collisions.

wherem, is the lepton mass. The expression for the product

2
|

* +1— o 2 2 4m
MT (y*—I171 )=§(M +2my) 1_W’ (2.6

of two dilepton currents, summed up over the final states of [ll. DECAYS OF THE p, @, AND ¢ MESONS
thel ™I~ pair, has the form TO I*1~ PAIRS
16m7a K The diagram for the&/—1%1~ decays withV=p,w, and
> ij,’j:T(MZJerf) —0,,t "2" (2.7 ¢ is shown in Fig. 1. In terms of the vector meson fields,
f M V., the electromagnetic current has the fdi29]
where «a is the fine-structure constant akds the total mo- m\Z/
mentum of the pair. Factorizing thebody invariant phase Ju= —ez —V,, (3.1
space, vV Qv
wherem,, are the vector meson masses and—|e| is the
dq>k(\/§ M1 M) electron charge. Th8U(3) predictions for the coupling con-
=d®y_1(Vs,my, ... Me2,M) stantsg, :9,,:9,=1:3:—3/\/2, are in good agreement with
5 the ratios between the valugg=5.03, g,,=17.1, andg,
XAM“D@(M,my_q,my), (28 —_12.9 extracted from the* e~ decay widths of the, e,
which can be proved by inserting the unity decomposition and ¢ mesons with the use of the well known expression
L 8ma? m|2 .
1=f d*qdM?8(g?—M?) 8*(q—p_1— P (2.9 P(V=1717)= 392 1+2m—$ p* (my,m;,m),

(3.2
into Eq. (2.4), one obtains from Eqg2.3), (2.5), and(2.6) _ _ _
with the help of Egs(2.7) and (2.9) the following expres- With p* defined in Eq(2.12.
sion:
IV. MESON DECAYS TO PHOTONS AND [+~ PAIRS

dMm? . : . :
In this section, we discuss meson decBys yl “1~ (Fig.

TM* 2) and S—yl"1~ (Fig. 3 for P=x°7, and ' and S
(210 =f,(980) anda8(980). As we shall see, these decays are the
dominante*e™ modes for#®, » mesons, fory’ meson at
M =250 MeV, f; meson aM =500 MeV and in some other
cases. Thex™ u~ modes are also discussed.

These decays are related to the experimentally measured

wp*(\/g my.m,) two photon decays. The uncertainties i_n_ the estimates or_igi-
D ,(+\/s,my,my) = L bt Sk (2.11  hate only from the purely known transition form factors in
s the timelike region. Thepyy* transition form factor is in

dT(M—M'I*17)=dT(M—M’ y*)MT(y* —1717)

The factordM?/(7M#) has the form of a properly normal-
ized Breit-Wigner distribution for a zero-mass resonance.
The two-body phase space in EG.8) has the form
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Y wherek is the virtual photon momentunk{=M?), k; is the
real photon momentumk§=0), andFp,,(t) is transition
P form factorPyy*. The comparison of the— vl "1~ decay
width with the decay width of a physical proceBs—yy
allows us to write 30]

v (k)

3

dr(P—yl*17) (p*(\/g,O,M)

phOFt:)Gn.. 2. Decays of scalar mesons into a photon and a virtual T(P—vy) p*(\/g,0,0)

2
reasonable agreement with the one-pole VMD model predic- ><|FPW(M2)|2M C(y*—1717) 2
tions[30]. The experimental errors in thg' transition form M
factor are largg¢31]. The one-pole VMD approximation for (4.3

the Pyy* transition form factors is in agreement with the
quark counting rules which predict for these form factors
~ 1/t asymptoticq 32].

The nature of the scalar mesons has been a subject
intensive discussions for a long time. The 4-quark content o

Avhere Js=up is the pseudoscalar meson mass. The value
I'(y*—1717) is given by Eq.(2.6). The factor 2 in Eq.
.3) occurs due the identity of photons in the decay

; 5 i — 7. The product of the qubic term and the absolute square
the scalar mesons would imply-a1A* asymptotics for the of the form factor gives the ratio between squares of the

. " :
Syy* transition form factors. In order to provide the correctmatrix element4.2) atk2=M?2 andk?=0, multiplied by the

asymptotics for the 4-quark meson transition form factors, __. i

the VMD model should be extended to include contributions,ratlo _between the_ two-particle phase spaces. The quark
from higher vector meson resonances. ey transition counting rules(32] imply that the form factoFp,,(t) be-
form factor has also- 142 asymptotic behaviof33). This haves as- 1/t att—o. The experimental data are described

form factor is measured in the timelike regip®0] and the reasonably well by the monopole formula

data show deviations from the naive one-pole approximation.

The inclusion of higher vector meson resonances improves %

the agreement and provides the correct asymptotics. Fpy(t)= A2—t’
The results of a recent measurement of e yf, P

branching ratio are interpreted as evidence for the dominance, N
of a 4-quark MIT bag component in thi-meson wave with Ap=0.75+0.03, 0.77-0.04, and 0.8%0.04, respec-

function [34,35. We thus calculate branching ratic®  tvely, for the °, 7, and»' mesong36], which reproduces
— 41"~ assuming the 4-quark nature of the scalar mesongje correct asymptotics. Such a monopole fit can naturally be

and imposing constraints from the quark counting rules tg"t€rPreted in terms of the vector meson dominance. The
the Syy* transition form factors. values of theA p’s are close to the andw-meson masses. In

a QCD interpolation formula, Ref37], the pole masses are
0 . related to the PCAC coupling constants of the pseudoscalar
A. Decay modesm—ye"e”, 7— vl mesons,Ap=2mfp. This expression gives for the pole
The effective vertex for th®— yy decays has the form masses similar numbers.
Inthe ' —yete™ andn’—yu* u~ decays, the° and
O0Lpyy=Fpyy€rauvd oAz, A,LP, (41)  ® poles occur in the physical region allowed for the spec-
trum of the dilepton pairs. Th&U(3) symmetry with the
where P=7° 7, and ' and A, is the photon field. The #7—»" mixing angled=arcsin(-3)=—19.5° which is quite
matrix element for the decay— yy* with a virtual photon  close to the experimental val@*'= — 15.5+ 1.3 (see, e.g.,
v* has the form [38]) predictsfPW=3fw7,,,=(1/\/§)fww. The experimen-
tal branching ratiosB®*{ %' — yp®)=(30.2£1.3)% and
M=—ifp, Fp (M) €.y, K e%(K)ky,e* (Ky), B®P( %' — yw)=(3.02£0.30)% indicate that the ratio be-
(4.2) tween thep®- and w-meson couplings with the;’ meson
equalsfiw,/fzw,zlo, in good agreement with tHeU(3)
’Y predictions. In the timelike resonance region, the transition
form factor(4.4) should be modified:

(4.9

*I~, and ' -yt~

2
p

* 7' vy P2 .
y (k) m, t |mpr
m, m§
FIG. 3. Decays of scalar mesons into a photon and a virtual +Co— - +Cx— (4.5
photon. m,—t—im,I’, my—t
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TABLE I. Meson-meson and meson-photon coupling constantswhich are not near to thg’- and w-meson poles. Since we

The coupling constartt,,. . is dimensionlessys - andg,,,. are in
units of GeV andf .- - - f,,,, are in units of 1/GeV. The meson-

are interested in the spectrum of the dilepton pairs, it is im-
portant, however, to fix the relative weights of the vector

photon coupling constants are determined from the radiative mesogeson contributions. A 10—20 % decrease of the residyies
decays. The extracted values are in good agreement with predigqqc  due to the admixture of an excited vector mesén
w

tions from theSU(3) symmetry. The first three coupling constants
are determined from the dominant meson decays.

f f f f f

pY"

233 0.74 0.60 186 129 0.45

f

’

gf71'7r gan'n' fpw7r f

16 24 16

pmwmT

6.03

wym  lpym loyy wyy'  lpyn

(recall thatA ,,~m,~m,), with the weight coefficients,
~fpyy 19,= T pppr 102 @nd c,~f 1 19,=T,,, /5. The
SU(3) symmetry predict$,,,, = f,,,, = (1/2y3)f,,.. The
normalization condition looks like,+c,=1. The slope is
close to 1Afi,. From the relationg,/g,~0.3 one gets
c,/c,~10.5, the relative sign of the values andc,, is
fixed by SU(3) symmetry. The third term in Eq4.5 is

yields for the measured decay$— yu " u~, 7' — vp°, and
n'—vyo a consistent interpretation. Witle,=0.8, c,
=0.08, andcy=0.12 we getB(n' —yp’—yu*u")~1.5
x107° and B(n'—ywo—yutu)=~2x10"° in good
agreement with the products of the branching ratios
B 7' — yp®)BP(p°— " n”) and BS®(5’'— yw)B(w
—u" ;). The mass of the radially excited vector meson

is not well fixed (see discussion in Sec.)VWe setmy
=1.2 GeV. Since it is out of the physical region, the width
I'y is set equal to zero.

B. Decay modes ,(980 — y!*1~ and a3(980)— yI*1~

The isoscalarf3(980) meson and the isotriplet,(980)
meson have quantum numbet§(JP€)=0"(0"") and

introduced for reasons explained below. We assume for the-(o++). The f,- and the neutrah,-mesons decay to two

momentcy=0. With ¢,=0.9 andc,,=0.1, we obtairB(7’
—yutu")=0.90<10 4 in good agreement with the mea-
sured value B®P(7' —yu"u~)=(1.04-0.26)x 10" *.
Data for then'—e*e” y decay are not available. The cou-

photons. The effective vertex for tif&— yy decay has the
form

5£Sy7: fsnyT#FTﬂS, (47)

pling constants we used in the calculations are summarized

in Table I.

The product of the branching ratiosB*P{ 7’
—ypY)B¥P(p°— 't u")=1.4x10° is almost one order
of magnitude smaller than the vallB**{7'—yu"u").
The magnitude of the diregi®meson contribution to the
7' —vyut u~ decay can be estimated from E4.3) with the

whereF,=d,A,—d,A, . The matrix element for the pro-
cessS— yy* is given by

M= —if SnySyy( M 2)(gro'k1)\_ gr)\klo-)

X(g,u,ak)\_g#kko)gj(kl)st,,(k)- (48)

use of a narrow-width approximation for the transition form Here k, andk are real (@:o) and virtual k*=M?) photon

factor,

3

mm’
|F,7rw(t)|2%|cp|2r_p'5(t—m§), (4.6

to give B(%'— yp°— yut u)~=2x10 5. This value is al-
ready close to the productB®{ 5’ — yp°%)BP{(p°
—utu7), but still higher. The relative contributions of the
p° and w mesons to they’ —yete™ and 7' —yu™ u~ de-

cay rates are inversely proportional to the vector meson

widths, as it follows from Eq.(4.6). Since thew-meson
width is only 8.5 MeV, its contribution is strongly enhanced.
The direct contribution of the meson to the transitiony’
—yutu” equalsB¥P( 7' — yo)B(o—utu)~2x10"°
where  B(o—u u )~B®(w—ete )=(7.15-0.19)

momenta,Fs,,(t) is transition form factor of the deca$
—yy*. The square of the matrix element summed up over
the photon polarizations equalssg %(/s,0M), with /s
=mg being the scalar meson mass. The width of e
—ye"e” decay can be written as follows:

p*3(\/5,0M)
p*3(1/5,0,0

dr(S—y1"17)
I(S—vyy)

2

d
X|Fgy (M2)|2MT (y* =171~ )
| Syy( )| (7 )7TM4
(4.9

The value ofl'(fy— yv) is given by PDE39]. In case of

x10°° (the quoted experimental values are all fromthe a; meson, PDG gives the quantity(a,— yy)I'(ao

Ref. [39]). The use of the narrow-width approximation
gives B(n'—ywo—u*u"y)=T,IT,[c,/c,[*B(n — yp°
—yutuT)~4x107%. This value is also greater than the
productB®*P{ %' — yw)B(w—u* u 7). It can be interpreted

—a°9)IT(ag). Since the moday— 7°7 is the dominant
one, the two-photon width can also be estimated.

The transition form factoFs,,(t) depends on the nature
of the scalar meso®. The asymptotics of the form factor

as a noticeable contribution from the excited vector mesongccording to the quark counting rul¢82] is ~ 14 for a

to the form factorF . (t).

2-quark mode[40] and ~ 1/t? for a 4-quark MIT bag41]

In any case, the above estimates demonstrate that the dind aKK molecular models of thé, anday, mesong42].

rect p°- and w-meson contributions to the’ — yu ™ u~ de-
cay are small. Thus, the valug(n'—yu'u~) is deter-
mined mainly by the background, i.e., by those valueMdf

As pointed out by Achasov and Ivanchenlts], the decay
¢— w70y can provide an important information on the
structure of thef, meson. In the SND experiment at the
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VEPP-2M e*e™ collider the branching ratiop— m°7°y P
was measurefi34,35. The decay goes mainly through the s
¢— yfy, decay mode. The results are consistent with the hy- V s
pothesis of a 4-quark MIT bag nature of thg meson. We
thus calculate dilepton branching rati8s- yl *1 ~ assuming
the 4-quark nature of the scalar mesons. *

In the framework of the VMD model, th8yy* transition Y (k)
form factor can be reproduced assuming contributions from o N
ground-state and excited vector mesons with masses FIG. 4. Magnetic dipole transitiong— Py*.
V. MESON DECAYS TO ONE MESON AND A 11~ PAIR

Cimi’2
2_
i

Fsy, (=2 : (4.10 The radiative decayg— Py andP— Vy are well studied
' experimentally. The dilepton modes are measured only for
decayswo— 7°I "1~ and ¢— npe*e”. We use data on the
The normalizatiorfs,,(0)=1 and the asymptotic condition radiative decays to fix coupling constants entering ey
Fs,,(t)~1/t? att—o give constraints to the residues: vertexes. These values are in good agreement with the
SU(3) symmetry relations. We use the framework of the

extended VMD model and impose constraints to the residues

m:—t

122 Cis (4.19 of the transition form factors from the quark counting rules.
The calculation of the dilepton spectra is then a straightfor-
ward task.

0=, ¢;m?. (4.12

i A. Decay modesw— wlete™, p—mete™, and ¢—mlete”

The effective vertex for th& — Py radiative decay with

. N
In case of the form factof,yy*, the OZI rule implies V=w,p% and¢ andP=1, 5, andy’ has the form

thatww, pp and ¢¢ contributions are small, while the con-
tributions wp, ¢p are forbidden by isospin conservation. 8Ly o=—efy.oe.. dN-G.A P. (5.1)
The relative weights of thes and ¢ mesons in the form VP VyPEros o T

factor are fixed and thus at least three vector mesons should The matrix element for th&/— P+y* transition can be

be considered to fit the asymptotic behavior: written as
mf) mis m)z( M= _iEnyPFVyP(MZ)ET(r,uVGT( P) P4r8;(k)kv- 59
Ffow(t)~mi_t+mi_t+cxmi_ . (4.13 (5.2

The diagram for this transition is shown in Fig. 4. The vertex
The overall normalization factor can be derived from theform factorFy,s(t) normalized at=0 to unity depends on
iti — i fi the square of the photon four-momenturs,M?2. The width
condition Fy ,,(0)=1, the valuecy is fixed from the re- q p ,

*
quirementhow(t)~1/t2 ast—o. The third meson mass of the decayv— Py* has the form(see, e.g[44,45))

my is not well determined. The resulting form factor is given a , o123
by T(V—Py*) = 5 15,0l Fu,p(k®) P 3(Vs,p M),
(5.3
mZm5mg(1+Ct)
(m2—t)(m3—t)(mg—1)’

Fio(D= (414  where\s=m, is the vector meson mass ap@ is the pseu-
doscalar meson mass. The lili?=0 describes the radia-
tive decayV— Pvy. Using the experimental value of the

where — 7%y width, one getd,,,,=2.3 GeV . The decay width

V—PI"l~ is connected to the radiative widih— Py [46]:
mZ,(mg—m2) +m3(mg—m3)

C= . (419 dr(vﬂpﬁr)_(p*(@,ﬂp,l\ﬂ) 3

2 2 2 2 2
mwm¢(2mx—mw—m¢)

IF(V=Py) P* (s, 1p,0)
The transition form factoagyy* has the same structure with 2
the replacemend «— p. X|Fyyp(M?)PMT (y* —1717)—,
The virtual photon from the scalar meson decay lies in the M
physical region of thas and p mesons, so th&- and p- (5.4)

meson propagators should be modified by introducing the
finite meson widths. We useny=1.2 GeV. The polet whereMI'(y* —1717) is given by Eq.(2.6). The first factor
=m)2( is outside of the physical region, so we $gt=0. is the ratio between squares of the matrix elemén?) at
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k?=M? and k*=0, multiplied by the ratio of the two- from Fig. 24, Ref[30], since the parameter=0.77 GeV in
particle phase spacas,(\/s,up,M) and®,(+/s, up,0). Eq. (4.4) is close to thep-meson mass.

The vertex form factoF,,p(t) falls off asymptotically as The one-pole VMD model is known to be in rather pure
142 [33]. The additional power 1/as compared to the as- agreement with the data on taery* transition form factor
ymptotics of the pion form factor occurs because of suppres51]. The two-pole extended VMD model, E@5.6), im-
sion of the quark spin-flip amplitude due to conservation ofproves the agreement without introducing new parameters. It
the quark helicity in interactions of quarks with gluons. fits well the experimental points &< 0.2 Ge\?, but under-

The wy transition form factor can be reproduced taking estimates the last three ones from R&1] below 0.4 GeV.
the contribution of the ground-statemeson and at least one By the price of introducing a new vector mesefi, and one
excited p meson into account. The extended VMD modelfitting parameter, the last three points can be described bet-
with m,=769 MeV andm,, = 1450 MeV provides the cor- ter. The modification consists in inserting an additional mul-
rect asymptotics and yields a better description of the experiﬁpner mi"(1+Ct)/(mi”_t) into the right side of Eq(5.6),
mental datg47,48 than the one-pole model with only the \yith C being a free parameter. This model again satisfies the
ground-statep-meson. However, it still underestimates the quark counting rules. However, it overestimates the form
slope of the form factor at=0. The experimental value factors values at~0.2 Ge\?. For the present calculations,
Fi,-(0)=24+0.2GeV? [30] prefers a valuem, e stay in the framework of the simplest two-pole VMD
~1.2 GeV. model, Eq.(5.6). It is clear, however, that if one needs to

The possible existence of vector mesons0,1 with  calculate the dilepton production for the DLS and/or future
masses around 1.2 GeV was under discussion for a IongADES data, the sensitivity of the results on thery*
time. A quite strong evidence for significant contributions toform factor values must be investigated.
the spectral functions of the nucleon form factors at vatues  The ¢-meson decay width is given by E¢.4). In the
lower than 1.45 GeV comes from the fact that the experi-p-meson decay, the emitted photon has iso$pifl, so the
mental data for the Sachs form factors are reasonably deransition form factor has the same form as for éheneson.
scribed by the dipole formula The I *1~ pairs appear in the physical region of the decay

¢— 7%p°. In order to include the-meson direct contribu-
tion, the form factor(5.6) should be modified by introducing
(1-1/0.7D2 the finite p-meson width. In the cases of the— 7% e~
(5.5 and p—me*e” decays, vector mesons appear in the un-
physical regions and their widths are not so important.
wheret is in units Ge\!. This formula has a double pole. ~ The direct contribution to theb— 7°p° decay can be es-

GEp(t)%GMp(t)/Mp%GMn(t)/Mn%

The spectral functions are proportional to timated with the use of the narrow-width approximation for
) 5 the transition form factor in analogy with the decay$
5 (07D = S(t—mp)— S(t—my) —ypP—yutu” and p’'—yo—yut u. The form factor
(t=0.7)~ —mﬁ+mf< ' is proportional to square of the resideg [cf. Eq. (4.6)]

which is fixed by Eq.(5.6). The results of the calculations

The double pole in Eq5.5) indicates an enhancement in the B(¢— 7°p%—n%¢"e)=2.3x10"° are in reasonable
spectral functions any close tom,,, whose nature is not yet agreement with the productB®®(¢— m°p°)B**(p°
clear as long as the existence of the nonstrange vector me=€"€")=(1.9+0.2)x 10 °, and similarly for theu " u
sons at 1.2 GeV is not established. In any case, it is desirabRecay mode.

to shift masses of the first excited nonstrange “vector me- In case of thep™- and p®-meson decays, the effective
sons” to lower values. This has been done in some populayertex has the form

fits of the nucleon form factorésee, e.g[49]). The more

recent fits use, however, higher values of _the vector meson 8Ly yn= €y € inIup I A,
masse$50]. In our calculations, the valumy is assumed to
be 1.2 GeV, as extracted form the slope of thg,.(t) at = —efpweﬂmv(a(,pgayAMTro
t=0.
The multiplicative representation of the transition form +d,p 0 AT +dep A TT). (BT
factor wysr, which in the zero-width limit is completely
equivalent to the additive representation, is given by The vertex(5.1) for V=p° andP= = is a part of the vertex
2 2 (5.7). Equation(5.4) remains valid forvV=p~, p°® and P
Fo ()= m,Mx (5.6 =", #°. The photon emitted in the decay—my* is in
wym (mﬁ—t)(mi —t)' ' the isoscalar state, respectively, the transition form factor

F,,=(t) receives contributions from the and ¢ mesons.
The experimental data on the transition form factors arelhe effect of the¢p meson is small due to the OZI rule. The
available for then' yy*, nyy*, andowy* transitions. The small difference between masses of thend w mesons is
parametrizatiori4.5) for the ' form factor is in good agree- beyond the accuracy of the VMD model. Away from the
ment with the data from Ref30], Fig. 26. For thep-meson  and w-mesons poles-,,,.(t)~F,,.(t), whereasF,,,.(t)
form factor (4.4), our curve coincides with the VMD curve =F,,.(t) everywhere.
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B. Decay modesw— 71 *17, p°—5l*17, and ¢p—nl ™I~ T (py)

|
These decays are treated in the same way as the decays i
discussed above. The effective vertex for the: ny transi- I -
tions withV=w, p° and¢ has the form of Eq(5.1) where pO —<--T(p)
one should pufP= 7. The decay widths are given by Eq. ne)
(5.4) with up being thep-meson mass. In the simplest ver-
sion of the VMD model, the transition form factét,,,,(t) Y*(k)
has the form of Eq(5.6). For thew- and ¢-meson decays,
the form factor is determined by the-meson mass, while
for the p%-meson decay it is determined by themeson
mass.

FIG. 5. »-meson decays through a two-step mechanism.

This expression differs from the analogous expression from
Ref.[24], Eq. (6.18), by the extra term M? in the ratio for
C. Decay modesy’—we*e™ and ' —p°e*e” squares of the matrix elements. Such a term is needed to
These decays are of the same nature. The effective vertédosure the correct threshold behavior of thevave a;
for the ' —Vy* transitions withV=w andp® has the form —my" decay.
of Eq.(5.1). The spectrum of the'| ~ pairinP—VI*|l~ can
be obtained from Eq5.4) with the replacementB«~V and VI. MESON DECAYS TO TWO MESONS AND 1+~ PAIR
wp—my. In our caseV=w andp®, P=7’', the valueys .
— up Stands for they’-mesons mass. The transition form e four-body meson decays proceed either through a
factor F,,y(t) has the asymptotics t¥/for t—oo. It is de-  two-step mechanism similar to that dlscussed a !ong time ago
scribed within the VMD model by the vector meson contri- By Gell-Mann, Sharp, and Wagngs3] in connection to the

. . ) X +,_—,0 )
butions from isoscalar and isovector channels, respectively@— 7 7 m decay or through a bremsstrahlung mecha
nism when a virtual photon is emitted form an external me-

son line. In the first case, the matrix element is a smooth
function of the photon mass. At smalll such that 2n,

The axial vector meson;(1260) has quantum numbers <M, the differential widths behave like M/, according to
16(3P9)=17(1""). Its mass is above the(1020)-meson Eq.(2.10. In the second case, the matrix element is singular
mass, so we do not expect a noticeable effect from the praat smallM, as a result of which the differential width in-
duction and the decay of such a meson at GSI energies. Thigeases faster thanM/

resonance becomes, however, important at higher energies In this section, we derive analytical expressions for the

D. Decay modea; (1260 — a1~

(see[24,52). double differential widths d’T'/ds;,dM of the 7

The a;— my* transition is an electric dipol&€l transi- 7tz ||~ 'zt 7 1", =zt It~ p*

tion. The effective vertex has the form -7 7, fo—a m 1t17, and ag—7 gl 1~ de-

_ o« . o« o cays, withs;, being the invariant mass of two outgoing me-
5£a17”_f317”((9”alﬂ 9u81,)F oy, 58 sons. The widths of the other decays are calculated numeri-
cally.

WhereFMV is the electromagnetic tensor. The matrix element The experimental data are availab'e for tha

for the process,— 7y* can be written as follows: —mta"e"e” decay only, with large errof&4]. Neverthe-
_ ) less, the dilepton widths can be predicted using the conven-
M=—iefy . Fa ,n(M9)€(P)(9,,Py~9nP,) tional assumptions on a two-step decay mechanism and/or a

. bremsstrahlung decay mechanism.
X(Guokn—9umks) ey (K), (5.9

A. Decay modesp—m w1717 and ' =T w11~

whereP is the momentum of the decaying meséns the _ o _
photon momentumF,_,.(t) is the transition form factor, The diagram contributing to the decay— ="~ y* is

. . O . .
Fa,y=(0)=1. The square of the matrix element summed upshown in Fig. 5. The"y7 vertex is given by Eq(S.1). The
1 o o \fertex for thep— 7 decay has the form
over photon polarizations and averaged over polarizations o

thea, meson is proportional tp* 2(y/s, u,M)+2M? where 1
Vs=m, . The decay widtra,— | *|~ takes the form 5/3pm=§fpmfa/;ypﬁ(ffﬂﬁﬂﬂy)
dl'(a;—al*17) 3 p*2(\/s, 1, M)+ M2 p* (\/s, ., M) = fpwﬁ(pgfrﬂ?#ﬂ'*-i-p;ﬂ'*i?ﬂwo
I(a;—my) *2 *
1 Y p (\/E,M,O) p (\/E,M,O) +p;7TOI<7MW+), (61)

2
M4 where a, B, and y are isotopic indices of the and =

mesons. The coupling constent, .= 6.0 is determined from
(5.10 the p-meson width

d
X |Fagya(M2)|PME (y* —1717)
ar
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1
L(po—mta )= 10 p*3(spp), (6.2

where \/s= m, is the p-meson mass. The valug . is in
good agreement with the relatidy,../g,=1 which follows
from the p®-meson dominance in the pion form factor. In the
FFGS model55] the t-dependence of the pion form factor
F .(t) is attributed to thep-meson propagator. It means that
the constanf .. does not depend on the valtievhen the
two pions are on the mass shell.

The radiative decayy— 7+ 7~ vy has been measured in
Ref.[56]. The ' — 7"~ y decay is studied experimentally
much better(see[57-59 and references therginThe last
decay is more complicated, since two pions occur in the
physical region of the meson. It was shown that an attempt
to fit the experimental data within the framework of the cas-
cade modely’ —p®y— 7"y results in overestimating
the events with a7 invariant mass below the-meson
mass. In Ref[59], a nonresonant contribution is added to the
amplitude and its parameters are fixed by fitting the experi-
mental data. One of the modifications considered for the
p-meson propagator is the following one:

PHYSICAL REVIEW C 61 035206

M,u: era,uv(pl_ p2) ’T(pl+ pZ)a'kV

1
X| ———+C_|. (6.5
Sy m2+im, I,

Here,p, andp, are the pion momenta,;,= (p;+p,)?, kis

the photon momentum, amd, andT’,, are thep-meson mass
and width. Energy-momentum conservation implfes p,
+p,+k. After summation of the squared matrix element
over the photon polarizations and averaging over the direc-
tion of the two pion momenta in their c.m. frame, we get

,R’Ef M,LLMV (_g,u,v)

4

8
=3 SP*2(VS,VS12 M)P* 2(S1a 0, 10)

2
+C,| , (6.6

p

1

X |——————
slz—mp+|mp1“p

with dQ1,=2 sinadg, and 6 being the angle between the

momentap; andk in the c.m. frame of two pions.

(S m2+im, I )) "= (s~ mi+im, ') "'+ C, ,( )
6.3

with a complex value oC, .
It was proposed that the existence of a nonresonant term
is connected to the chiral box anomd0]. The anomaly
results to a modification of the-meson propagator similar to
that of Eq.(6.3) with C,= 1/(3m§). The positive sign of the
term added guarantees a reduction of the number of events
on the left hand side of the-meson peak. The contact term
describes a production of two mesons in the relagiweave
where a strong resonant pion-pion interaction due to exis:
tence of thep meson is present. The final state interaction

can be taken into account by dividing the bare vertex by thglue

Jost function determined by the-mesonp-wave phase shift.

In this way, thep-meson propagator reoccurs, and so we ge
from the contact term the same glemeson pole term of the
earlier models. The net effect of the box anomaly is a redefi-
nition of the coupling constant for those models which in-
clude only the single diagram of Fig. 5.

We keep the constant ter@,, in the form suggested by
Ref. [60] and interpret it purely phenomenologically as a
modification of thep-meson propagator needed to describe
the distribution of the two-pion events in thg — 7" 7~y
decay. The contact ter@,, for the » meson is assumed to be
of the same magnitude as for theé meson.

The matrix element of they— 7" 7~ y* decay has the
form

XJ(VE—M)ZRP*(\/E, S12,M)P* (VS1o 1, 0)

factor F ., (t). The valuef
to SU(3) symmetry is extracted from thep’— 5y
width with the use of Eq(5.3).

t The dilepton spectrum in the decay—=" 7 e*e” is
described by expression

The model for the decay’ —
sion of the model for they-meson decay. The coupling con-
=1.3 GeV ! [=(1/3)f,,,, due toSU(3) sym-
metry] can be extracted from the radiativg -meson decay

stantf

The decay widthy— 7" 7~ y* becomes

L(p—mta y*)

a

2 2
f2 fo IF pyn(M?)?

16m2g T PV

ds;,.

au? Vsi
(6.7)

We neglect thereby for the-meson off-shellness in the form

=1.86 GeV'! [=2/3f,,,

pPY”n

dl(p—7 a1 1) =T(g—a"7" y*)

2

d
XMT (y*—1717)
(6.9

o~ y* is a direct exten-

width. The two-step decay(n')—p 7 —a 7 y* is
M=—ief, .t M,e*(K), (6.4y  forbidden byC-parity conservation. Constructing the dilep-

"

ton spectra, one should not take into account, e.g., channels

7' —at @ y* and ' —p°y* simultaneously. The second
where one is already contained in the first one.
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A A wheres=P2=m? ands;,= (p;+p,)?. We have also
P°(P) krnnnny () p"(®) 7
—_— —_— *
“x. ‘-oQNWY(k)
() (P2
) 2 Fo=—>5. (6.14
AN 3
LA
o 1 [1+¢
(D) L(f)zz—fm 1—¢) (6.19
FIG. 6. p®-meson decays into a virtual photon and two charged
pions. and
B. Decay modep’—ata~I*1~ 2 [s
I B *
The diagrams contributing to the deca§y— =" 7 y* ¢ B, slzp (V1o )P* (V5,512 M), (6:16

are depicted in Fig. 6. The first two diagrams describe the
photon bremsstrahlung. The third contact diagram is added 1
to restore the gauge invariance. B,=z(s+M?—s},). (6.17
The vertexp 7 is given by Eq(6.1). The matrix element 2
of the procesp®— =" 7~ y* has the form
The decay widtH (p°— 7" 7~ y*) is given by
M=ief, F.(M?)e(P)M,,ek(k), (6.9

THE 1
C(p°—mtm™y*)
where

o
2
(2Q,—K) = o
Mm:(le_P)rﬁ 167°s

1

[FA(M?)|?

(2Q,—k) dsp.

+(2Q,— P)TQZ—MZM—2QW- (6.10

f(\sz—lvl)z P* (Vs VS12,M) p* (VS1o 1, 10)
X R
4p? VS12

(6.18

Here,Q,=p;+k, Q,=p,+Kk, p; andp, are ther* andz™ )
momenta is the pion mass, ané_(t) is the pion electro- 1he integral over the;, runs from 44 to (Vs=M)? In the

magnetic form factor. The tensor part of the matrix elementcase of real photon emissioMf=0), we reproduce the

M, , is transverse with respect to the photon momentym, corresponding expression from RE$2]. The pion form fac-
and thep-meson momentun®: tor can be taken as
M, k,=0, (6.12) m?
o Fa)=—5—"—— (6.19

2 : )
—t—im T
M,,P,=0. 6.12 M=t 1MLy

The role of the last equation is the elimination of the cou-1 "€ dilépton spectrum can be obtained with the use of Eq.

pling of the spurious spin-zero component of tieneson (2.10 as
wave function from the physical sector. Gauge invariance 0 4 e 0 4 .
requires that the form factor entering the third diagram be dl(p" =7 7 1717 )=T(p"—m 7 ")

equal to the pion form factor. 5
The square of the matrix element summed up over the XMT(y* —1717) .
photon polarizations, averaged over the inipameson po- mM4

larizations and over directions of the pion momenta in the
c.m. frame of the two pions, has a compact form

(6.20

The square of the matrix element at small invariant
)(—gw) masses ,<M and small momenta of the virtual photon is
proportional to 1b*? wherew* =B, /\/s is the photon en-
ergy in the c.m. frame of the decaying meson. The contribu-
— 2 2 2 2 2 1 i — 2 i
= — (@B, +(M“=4u)(s—4u)F(§) tion of the regions;,< (\/s—M)? to the integral over the,
™ is of the order lo(1/M), and sodB/dM~ log3(1/M)/M.
2 2 2 P This is a general feature of the bremsstrahlung mechanism.
F(s=4u7) (M7= 4u"t 2515 + 25, ,M7IL(£)), The square of the matrix element in a two-step decay con-
(6.13  tains no large parameter. In such a cat®/,dM~1/M.

PP,
S

_f o, 1
R= ?MT/.LMUvg —0,t
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; () ; (o)
o — o T o — AN
M p’® M o®)
N © Nrvwnny' (0 e P Ny 0
i1t°<pz) in"(pz)

FIG. 7. p®-meson decays into a virtual photon and two neutral  FIG. 8. w-meson decays into a virtual photon and two neutral
pions. pions.
C. Decay modep’— 7°#% 17, 0— 7%= 1, with
and w—wt a1~
The diagram contributing to the decay— m°#%y* is

shown in Fig. 7. The vertepw has the form Mzu= €ropnP Qi €punQuks

2_ 2
Qi—m

— a__«o
5£pw77_ fpa)‘lTeTO',LL V(?O'wTO')Vp'LLW

= fpa)wer(r,uv( ﬁler(?szW0+ 50(1)7(5',,[); T ! ETUp)\PUQZ}\GPKMVQZKkV Qg_ mi ’ (623
+050,0,p,m"). (6.2)  whereQ;=p;+k andQ,=p,+k.
) ) The square of the matrix element
The coupling constant,,,~16 GeV ! was determined
by Gell-Mann, Sharp, and Wagne53] from the o dQq, 1 P.P,
—ata w® decay assuming a two-step mechanism REJ yps Mmszg( “9r0t g )(—gw),
—>p77—>77+777770. (6.24

In Refs.[45] a direct contact terrw— 7+ 7w~ 7 originat-
ing from the chiral anomaly is taken into account. The analyis averaged numerically over the directions of the photon
sis of thew— 7" 7~ 7° and p—pm, 7" 7~ 7° decays with momenturk in the c.m. frame of the pion 1 and the photon.

inclusion of the contact vertex gives a valug,,, The decay widths can be written as

~12 GeV . In the contact vertex, one can always select a 6 0.0 x

pion pair with quantum numbers of themeson. The final- F(p"—m 7 y")

state interaction between these pions, as usually, can be

taken into account dividing the bare vertex by the Jost func- _ 1 o §2 IF,.,.(M2)[2

tion determined from the isovectgr-wave m-scattering 32mls PUT YT T

phase shift. In the two-pion channels with {fieneson quan-

tum numbers, the ordinagy-meson propagator therefore oc- (5-w?_P*(s,s12,M)p* ( Slz,M,/—L)d
curs, as a result of which the contact vertex reduces to the f(wM)z R J51 S12-

ordinary pole diagrams of the same old two-step mechanism.
The coupling constant,,, can be extracted from the (6.29
decaysp— 7y andw— 7ry. The one-pole VMD approxima-

tion for the transition form factors give$ ,_=f 2 : .
9 por = pyndo The additional factor 2 in the denominator occurs due to

~12.6Gev?! and f,,,=f,,.0,~11.7 GeV'!, respec- . ; ) .
: T Pt it . . _ identity of two pions. The dilepton spectrum in the decay
tively. In the two-pole VMD model which provides the tran 079791~ can be constructed with the use of Eq.

sition form factors with the correct asymptotics these num 210:
bers should be multiplied by a facteni/(mg—m?). For (2.10:
my=1.2 GeV, one gets, respectivelf,,,~21 GeV * and AT (pP— 7070 *17) =T (p°— mOmOy*)
f,or~20 GeV'*. The QCD sum ruleg63] give f,,,
~16 GeV ™. In Ref. [64], the valuef,,,~14 GeV * is ~dM?
used. XML (y*—1717)
We consider contributions to the strong part of the decay ™
amplitudes from the ground-state vector mesons only. The (6.26
two-step mechanism of the— =7 #° decay with a 0.0 x ) 0
ground-statep meson in the intermediate state is essentially Tgeo o=y decay is analogous to the~
identical to the mechanism of the decays discussed in this®7 7 " decay. The corresponding diagrams are shown in

The integral over the,, runs from (w+M)? to (v/s— u)>2.

subsection. In our calculations, we ugg, =16 GeVv L. Fig. 8. Th_e mgtrix element has the form _of E¢s.22 and
The vertexwyr is defined by Eq(5.1). The matrix ele- (6:23  with interchanged VyP coupling constants,
ment of the decap®— #°7%y* has the form fuynr—fpyn, @and vector meson masses,,—m, .
The diagrams contributing to the— =" 7~ y* decay are
M= —iefpwwaFwW(MZ)eT(P)Mws;(k), shown in Fig. 9. The first two diagram®) and (b) corre-

(6.22 spond to the common two-step mechanism. The last three
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FIG. 9. w-meson decays into a virtual photon and two charged

pions. The first two diagram@&) and(b) are gauge invariant. They
correspond to the two-step mechanism of éheneson decays. The
next two diagramgc) and (d) occurring due to theawp mixing
correspond to the photon bremsstrahlung. The last diagexme-
stores the gauge invariance of the previous two diagrams.

diagrams occur due to thep mixing and correspond to the
bremsstrahlung. The diagrafe) restores the gauge invari-

PHYSICAL REVIEW ®1 035206

originating from the vector-meson pole diagrafs|, the
bremsstrahlung diagramd], and from their interference
[pb]. It was pointed out in Ref.[62] that T'Pl(w
—ata y*)=2I"(w— 77%y*). The bremsstrahlun% con-
tribution to the w—w 7 y* decay equalsT®(w
—>7T+7Tf'y*)=(L8|2F[b](po—>ﬂ'+777y*), with |e|=[T"(w
—ata )T (p*— 7t 7 )]¥?=3.4x10"2 being the
p°-meson admixture, as determined from thes 7+ 7~ de-
cay.
The interference term

dQ 1 PPo
R[pb]EZJ T:MLF;JM o-V[b]* §( —0,6T S )(_gMV)
(6.28
can be found to be
8
R[pblzgsp*z( 5121M1M)p*2(\/§a\/5_121'v|)
Xm[fL(§)+§pL(§p)
+@A-LEEF Q=L ], (6.29

whereB, =B, +u?~m’ and{,=B,£/B,. The valueB,, is
defined by Eq.6.17. The interference contribution to the

ance of the amplitude. The bremsstrahlung dominates afidth is given by

small values of the~e™ invariant mass. The verticespm
and pym entering into the matrix element of the
—at 7 y* decay have the form of Eq#5.21) and(5.7).

The first two diagrams and the last three diagrams from

Fig. 9 are separately gauge invariant. These two classes
diagrams contrary to the statement of RE§1] interfere:

Two pions in the two-step part of the amplitude are in an
isosinglet state. Due to the VMD, the photon in the diagrams

(c) and(d) is emitted from thep® meson. It is equivalent to
introducing the pion form factor into thewy vertex. The
outgoing pion and the meson with a common vertex form
an isotriplet which, in turn, forms a new isotriplet with the

second outgoing pion. The isospin wave function of the final

state looks likd X[ 7X p]]= (- p)—p(7- ). The first

TPl mt 7™ y*)

161 RE{(iEfp,n.,n.Fﬂ.(Mz))*

of 2g

. f £ = M2 (\55—//«)2 [pb]
X(_Ies poT! wym (uyﬂ'( ))} (M+M)2R

xnp*(ﬁ’@'m)p*(@""“)d%
V512 z
(6.30

The couplings ,, -andf .. are determined up a sign. How-

term corresponds to two neut_ral pions and can b_e dro_ppe@,ver, the relations,,,,~f,.,./9, andf,./g,~1 allow to
while the second term describes two charged pions in afix the sign of the interference term. The phaseof the
isoscalar state. Two pions in an isoscalar state from the dignixing parametet is a sum of phasesog and @gecay ONigi-

grams(a) and(b) and a photon interfere with two pions in an
isoscalar state from diagrants) and(d) and a photon. The
final states are identical.

nating, respectively, from production amdr decay of thew
meson. The last one is close #@2 (see, e.g., Ref65]). We
set the valueepyog equal to zero. Since the product

The interference pattern depends on the production dyg (\j2)* Fo,-(M?) is approximately real below 1 GeV,

namics. The physicab-meson wave function has the form
|w)=]wo)+e|po) Where|wgp)and |py) are pure isospir
=0 and 1 states anel is a complexwp mixing parameter.
The total matrix element is given bjt= M [Pl +g M [0,
The value M [Pl is the same as in Eq6.22. The value
Ml is given by Eq.(6.9). Thew— 7" 7~ y* decay width
represents a sum of three terms

HNo—mta y)=TPo—a"m7 y*)
+TN (o7t 7™ y*)

+TPYN (s at 7™ y*) (6.27)

the interference can then be neglected.
The dilepton spectra of the— 7+ 771 "1~ decays can be
obtained as usual from E.10.

D. Decay modespp— pmete” and w— pwlete”

These decays also proceed through the two-step mecha-

nism. The diagrams are shown in Figs. 10 and 11. The ma-
trix element of the decay— nmy* is given by
M=ef .ty ,e(PYM, &% (K) (6.30

with
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FIG. 10. p-meson decays into a virtual photon amdand =
mesons.

1
Qi—m

w

M’T = €0, )\P(TQl)\G K VQlKkV
22 4 PRI

+ ETUp)\PJQZ}\GpK;LVQZKkVﬁa (632

Zmp

whereQ;=p;+k, Q,=p,+k, p; is the pion momentum,
andp, is the »-meson momentum. We take tB&J(3) sym-
metry relationf ,,.f,,,,=2f,,,f,, . into account.

The average of the squared matrix element,

dQq, P.P
R= | G2M
4

S U) ( - g,uv)y
(6.33

TMMUV* §( —0,t

is calculated numerically. The integration over the direction
of the momenta of the two mesons is performed in the c.m,

frame of r and 5. The decay widths can be written as

I(p—nmy*)
_ @ 2 2\12
167T2 pwwfa)yﬂ| w‘yr;(M )|

J‘(\“E*M)z p*(\/gv SlZ!M)p*( Slz’M’M’)
X R
(M+H,)2 \/512

ds;,.

(6.39

whereu’ is the »-meson mass. In the form factﬁww(t),

the shift of thew meson from the mass shell is neglected.

The dilepton spectrum in the decays- nme*e™ can be
constructed with the use of E(.10.

The w— »m%y* decay is depicted in Fig. 11. The matrix
element has the form of E6.31), its tensor part once the
SU(3) symmetry relationf,,.f,, ,=2f,,,f,,~ is taken
into account has the form of Eq6.32, and the w
— nm’y* decay width is given by Eq6.33, with the ap-

M)

o0 pronnany ()
M oP)

) ©

np2)

Y
i =(py)

FIG. 11. w-meson decays into a virtual photon apdand 7°
mesons.
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PP fny ) PP 7
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(p,) n(py)
(@) (b)
A T (py)
pi® > A £ ® pi®)
N npy ® 0

©) @

)

FIG. 12. p*-meson decays into a virtual photon and and
mesons. The sum of the diagraia, (b), and(c) is gauge invari-
ant. The diagranid) is gauge invariant.
parent substitutions, < f,,., andm,<m,. The dilepton
spectrum can then be constructed, as usual, using?Er).

E. Decay modep™—at w011~

This decay is depicted in Fig. 12. The first three diagrams
describe the dilepton bremsstrahlung. The last diagram cor-
responds to the two-step mechanism of the dilepton emis-
sion. These two sets of diagrams, each of them is the gauge
invariant, interfere and we calculate the interference without

Jurther approximations.

The photon emitted from the" -meson line interacts with
the electromagnetic current

Ju(p' )= 5 =€z (P )= (P +P),9rs
+k(quou_qag7',u)]67(p)i (633
whereq=p’'—p, €,(p) is the p-meson polarization vector.

The value of\ is connected to thg™ magnetic moment. Let
us fix first the value oh.

The magnetic moment of a particle can be calculated from
expression

1
=J de[ij]. (6.39
The wave function of a vector particle in its rest frame
wherep=(m,0) has the forme (p)=(0,e). Substituting this

expression into Eq(6.35 and Eq.(6.35 in turn into Eq.
(6.36), we obtain

A
2mese

m= (6.37
wheres is the spin operator acting on the spacelike part of
the p-meson wave functions according to the rudge,
—ieaﬁyey(a,ﬁ,y=1,.2,3). In thg nonre!ativistic quark
model, thep™ magnetic moment is the difference of the
magnetic moments of the and d quarks: u,+=u,— pq-
The proton and neutron magnetic moments are given by the
well known expressions
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Apy— pg 3 (P1=p2tKk)(2p1+k),
Pp=—"F5, (6.38 M = , (6.45
3 Y (ptk?
L - ME= =0, 648
€romPo(P2tK)y€yun(P2tK) K,
and thus one can write M2,=y pPo(P2t k) - ipz ) , (6.47)
(p2+k) _mw
A .
Z_mp::“u_/-l’dzg(lu'p_:“n)- (6.40 with
2 2 2
One gets\ =2.3. The additive quark model predictions are y= frorfwyr Foyn(M )%fpww Foyn(M )_ (6.48

valid with an accuracy of 10-30%. The one-gluon and one-
pion exchange currents and the anomalous quark moments
connected to the violation of the OZI rule, are shown to beThe coupling constant$,,,,, f,,,, andf, . are deter-
important in order to explain the deviations of the naivemined earlier(see Table). We used in Eq(6.49 the rela-
SU(3) predictions from the experimental dd&6,67. tionsf,, .~f,,./g, andf, .. /g,~1. Itis seen that, while
The diagram(@) in Fig. 12 contains the pion form factor signs of the coupling$, ., andf . are a matter of conven-
F.(t). A part of the second diagrartb) connected to the tion, the valuey is positive and thus the sign of the interfer-
p-meson convection current containg-ameson form factor ence term is fixed.
F1,(t) which decreases as1/t? att—o. The second part The first two terms, Eq<6.43 and(6.44), originate from
of the same diagram connected to the spin current containsdiagram(b) of Fig. 12. The third tern{6.45 originates from
different the p-meson form factor=,,(t) which decreases diagram(a), the fourth term comes from diagrafw), and the
also like~1/t2 att—oc [33]. It is not clear what kind of the last term originates from diagraif). The second and the
propagator should enter into the diagréch The gauge in- last terms and the sum of the rest are transverse with respect
variance requires, within the framework of the consideredo the photon momentum: M2 k,=0, M?> k,=0,

model, that the two form factois, (t) andF .(t) should be  =,_, ; M imkﬂzo_ The matrix eler:qerl:t/,\/lw, is ﬁét lfrans_
equal. This iS, however, a Shortcoming of the model. It Car\/erse’ however, with respect to themeson momentum,

be overcome on the basis of a more complete theory. ThMTMPT;tO_ A complete theory should yield a matrix ele-
second part of the diagrafh) is gauge invariant. The form ment which is transverse with respect to both, the photon and
factor F5,(t) is therefore not subjected to additional con-the p-meson momenta. This is not the case in our effective
straints. The dilepton invariant masses in the"  theory. In the following, we work exclusively with the trans-
— 7701~ decay are not very large, so the distinction verse part of the matrix element which is responsible for
between these three form factors does not exceed a 20¥ecays of the physical states, and ignore the longitudinal part
effect. We set the form factof,,(t) and the form factor responsible for a decay of a spurious spin-zero component of
entering the diagranfc) both equal to the pion form factor. the p meson. This is achieved by contraction of the square of
The sum of the diagram@®—(c) is then gauge invariant. The the matrix element with the polarization tensor

form factorF,,(t) coincides with the transition form factor

forr  F(M?) 2 F_(M?)

pmmT

F,,=(1) in the framework of the extended VMD model. P,
The matrix element of thep " — 7+ 7%y* decay is given 2o(P)==0r 0t — (6.49
then by

) ) . of the massive vector particle, as we did, e.g., in &R4).
M=ief,rzF (M) e(P)Mye,(K). (64D The difference is, however, that the te P, /s in Eq.
(6.24) can be dropped before calculations. In the case con-

Its tensor part consists of the five pieces: sidered in this subsection the terf P, /s cannot be
5 dropped.
M. = 2 M 6.4 The square of the matrix element averaged over the initial
TR T e (6.42 polarizations of the-meson and summed up over the photon
polarizations has the form
where 5
— 2_
L (P1=p)(2P—K),, R=2 MP= 2 Ry, (6.50
M:,= > (6.43 ]
(P—k)z—mp
where
—K-(P1=P2)9ru tK(P1—P2)
2 _ W T Iz . 1 Pos
Mr,u A (P—k)z—mi ' (644> Rij:ML’MMJo’\;jg(_gTU—F s )(_g/.u/) (651)
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Let us now consider separately the different interferenceerms R, and Rgs are averaged over the directions of the
terms. pion momentunp, in the c.m. frame of the piom® and the
We perform an additional averaging of the teriyg with photon. The decay rate will finally be given as a sum of the
i,j=1-4 andi=1-3 andj=5 over directions of the pion two integrals over the variables;,=(p;+p,)?> and s;3
momentunp, in the c.m. frame of two pions. The remaining = (p,+k)2. The straightforward calculations give

4 2s,,+ 25— M?

P*Z(\/gl 512,M))

—_ _ * 2
R 9 (s;,—-5)? P Sz )| 3% S12
2 1
Roo=z ———P* A(S1z . 1) P* 25,81, M) = 3M?+ —— (s— M2 —5,,)?
9 (s1,-5)2 4s1p

1
+ Fslz(er M?Z=5,5)(S+S1,— M?)(s—M?—s,,) |,

1 2 2 2 2 2 2 2
Rssz—@ —EBW(3S+312—4M )—(S—4u ) (M —4u”)F(&)+ 2B (s+ M —8u”)L(§) |,
Ras=1,
4 ,),2 * 2 * 2
55= 5 ———5—5 5% 2(\S, V23, ) P* X(VSp5, 14, M), (6.52
9 (Spz— M)
8 N st+s,—M?
Rit Ror=g . P* 2(Sy0 . 1) P* 25,512 M),
9 (s1-5) S12
1 2 2 1 3. 2_q. 2
RiztRa1=— 3W( Au+M“—s)B . +—B el b (s+512 M )(s+le+M —8u)L(¢)|,
12
RiatRa1=0,
oo 4y sp*2(Sppp, ) P*2(Vs, V51 M) 1+(2-1)L(Z)
157 ey (s12—5)B,, 22 ’
Rogt Rap=— = A (4uP— 1) M*+ (—8u2s— 105 S,,— 452, + 16u%s,,) M2
23 32 3 (s;—5)B,, 12551 M 1 M 2 12 oS

1
+ (42 =515 (551 (S+585)+ EM 2(sp2+ M?+s-8u?)L(§) ],
RoatRap=0,

Ny

1
-7 Z 20_
Rost Rer= 3(52 S)B., +25128w( 1+L(%))

=h
B3| 342+ 1-L(0)

+B (——Sp 2(\s,\s12,M) + (5+ M2 = 51,) p* 2(\/s10, 1, M))(l L())

1+(F-1L()

+Sp*2(\/§1 SlZ!M)p*z(\/S_lZwu‘wu) é’z
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2
RaatRaz=3 5 [( 4pP+81)L(6)+BL(—1+L(8)],

b% 1

RastRe™3 8.8, £1¢

1 2 , 1 2 2
(_ZSlZ+M <312M _Z(S_M —S12) )(f'—(f)*’f'—(())

1 2
- ZSlZ§Bﬂ'

—1+L(H+ ?(_1+ L(é))) )

Rast Rss=0, (6.53

whereB,=B,+u?—m? and{=B_£/B,,.
The decay widtlp " — 7 7°%y* is given by expression

(64
F(p+HW+W°7*)=1 |F (M?)|?

p'n"n'

= 2 4 3 * *
x“m-w (2 S 23S )Rijp (s, /512, M) p* ( S

S
4u? i=1j=1 i=1)=5 \/3_12 12
(\“E* )2 p*(\/gv Szg,M)p*(\/S_zc)),/.L,M)
+f :“2 RSS dSZ3 . (654)
(u+ M) VS23
The dilepton spectrum in the® — 7" #° "1~ decay can be calculated from equation
2
dl(pt—a 7l 1) =T(p"—a"7Oy* )MT(y* —=1717) (6.595

M4

The decayp — = #°l "1~ is completely equivalent to the The diagrams for thé,— 77~ y* decay are shown on

p"-meson decay. Fig. 13. The matrix element has the form

=—j *(k), 6.5
F. Decay modef (980 —» w11~ M 1€ g1 n Mol (K) (6.58

The dominant decay mode of thig(80) meson isf,  With

—arar. The effective vertex for this decay looks like (2p,+K) (2p,+K)
_ o a =k T2 TR (659
5£—gf07.,ﬂ.f07T . (656) (pl+ k)2_lu2 (p2+ k)2_lu2

The tensotM, is transverse with respect to the photon mo-

mentum. The square of the matrix element summed up over
the photon polarizations and averaged over the directions of
T(foomtm)= %ggomp*(\/g,ﬂ w), (657 the pion momentum in the c.m. frame of two pions has the

The fo— 7" 7~ decay width has the form

form
with /s= m;,. The experimental width reY(fo— ) R= f —9..)
=30 (fgom ") =3T(fo— 7°7°) lies within the interval -
50—-100 MeV[39]. The coupling constant can be found to be
Gtgnn=1.6 GeVE30%. = 2 [(MP=4u?)F(&) + (25— 4= MAL(8)],
() L TPy
foP)  alommnny () W (6.60
- et (B wheres;,= (p;+ p,)2. The functionsF (&) andL (&) are de-
T (p2) A (Y

fined in Egs.(6.14) and (6.195 in terms of the parametef
FIG. 13. f,(980)-meson decays into a virtual photon and two which, in turn, is defined in Eq(6.16. The decay width
charged pions. becomes
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I'(fo—am y*)

a5 2\12
To2s Jiom |

PHYSICAL REVIEW C 61 035206

912
R= | MM (= 9)

! [2s+2 M?
(512—9)? 1 Bq,rz

X[(Au?=M?)F(&)+2BLL(£)]- ————
(s12—5)B;
X[(s+81,~ M?+2(u?—p'?)L(')+B.], (6.66

where s;,=(p1+p,)?, p, is the » momentum,p3=p'?,

andF(¢') andL(¢') are functions of the parameter

(\“E*M)Z p*(\/gv 8127M)p*( Slzylu‘vlu’)
X R ds,.
4u VS12

2 S
(6.62) £'= TV g P (Vsramn )P (Vs VsiaM).
The dilepton spectrum can be obtained with the use of Eq. (6.67)
(2.10.
The valueB_, is given by
G. Decay modeay(980)—myltI~
The dominant decay mode of theg(980) meson isa, =—(s+M2—slz)+ (,u —u'?)(s—M?=s,,).
—an. The effective vertex for this decay looks like (6.69
SL=0g -r35T"7. (6.62
%m0 Theaj — =" 7y* decay width becomes
The ay— 77 decay width has the form
o e T'(ag—m" 7y*)
Plag—m7)= 2e0Z, P (VSws’),  (6.63 @
0 K 8mrs Y2077 Eatlali . - 2 9a, 777/|F77(M2)|2
16m°s ™0
whereu andu’ are the pion and the-meson masses. The 5 M
experimental widthT' (a,— 7#) lies within the interval f(”s " p * (V5 VS12 M) P* (Vs ) S5.
50—-100 MeV. The value of the coupling constangt ., de- (u+u')? V12
termined from the width is given in Table I. (6.69

Since thep-meson is neutral, photons can only be emitted
from thea, and7 mesons in an isospiny=* 1 state. Tothe = The dilepton spectrum can be calculated using @dL0:
lowest order ina, F(ao—m-r nvy)=0. Two diagrams for the
ag — nm " y* decays are shown on Fig. 14. The matrix ele-

dl'(ag —7*nete”)
ment can be written in the form

dM2
M= —ieQa,M,e%(K) (6.64 =T(ag—7" 7y )MT(y*—e'e) 7
with (6.70
(2P—K),, (2p;+k), The possible values df lie in the interval Zn<=M<\/s
= 6.6 —u—pu'.
“P=k=s (prtk)P- Co8

wherep; is the pion momentum,/s= Ma, is the ag-meson Vil. NUMERICAL RESULTS

mass, andP?=s. The tensor part of the matrix element, The dilepton meson decays have essentially the same
M, , is transverse with respect to the photon momentumphysical origin as the radiative meson decays. Equdfd)

The square of the matrix element summed up over photoallows a direct calculation of the radiative widths within the
polarizations and averaged over the directions of the piofiramework used for the calculation of the dilepton widths.
momentum in the c.m. frame of the and » mesons has the Thus, the radiative decays provide a useful test for the
form present model.
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TABLE II. Branching ratios of radiative meson decays. For A. Radiative meson decays

channels with the photon bremsstrahlung, the branching ratios are The results for the radiative decavs with two mesons in
calculated for photon energies above 50 MeV. The experimental Y

. . v
branching of they’ — =+ =~y decay is taken from Ref52]; other the final states are shown in Table Il. The—7* 7"y, o

data are from Ref;35]. —7%7%y, and %' — 7" 7~ y branching ratios are in the rea-
sonable agreement with experiment. The branching of the
Decay mode pgtheor Bexet p— " m vy decay is higher than the experimental value.
T - o — The »-meson width is known with an accuracy of 10%. This
pom Ty 4.0<10 7 ., uncertainty is also present in the calculated branching. The
P Y 121077 (0.99+0.16)x10 coupling constant?, to which this branching is propor-
Py L2107 tional is known with an accuracy of 20%. It is, however, not
pr—m oy 3.8x 1074 L possible to use these uncertainties in order to decrease the
oo Y 3.2¢10° <3610 © predicted branching, since the branching for the
oY 3.1x 10_7 (7.2£2.5)x10 —m*m e*e” decay is lower than the experimental value
wmmany 2.1x 10_2 . (see Table Ill. The measurement of the— =" 7 e"e”
T Ty 6.9x10 (4.780.12)x10 reaction has been done quite a long time ago and with rather
' —m Ty 2.5x10°! (2.8+0.4)x10°* pure statistic§see Ref[54]). It would be desirable to remea-
fommmy 1.1x10°2 sure this process. The experimental branching for #te
ag—m Y 2.4x107° — "y decay is taken from Ref59], others are from

[39]. The results for thep’— 7°7%y, p—u’ny, o
— %70y, andw— 7°77y decays are in agreement with the

calculations by Bramon, Grau, and Panclé#] where the

TABLE Ill. The integral branchings ratios of the unflavored meson decays to electron-positron and
muon-antimuon pairs. The experimental data are from F3&f.

Decay mode BLEY BOP B;':f‘;’, Bixl’;,
pO—171 input (4.48-0.22)x 10°° 45x10°° (4.60+0.28)x 10" °
p—al 1™ 4.1x10°© 4.6x10°7

pP— I 2.7x10°° 7.0x10 %

pr— ot 5.4x10°° 1.8x1077

pP—ata 1t 1.7x1074 6.7x10°7

pO— 700t 7.5x10°8 2.4x10°°

p—anl 1~ 1.9x10 12

w—!11" input (7.15-0.19)x 10 7.1x10°° <1.8x10 4
w— T 7.9x10°4 (5.91.9)x 104 9.2x10°° (9.6+2.3)x10°°
w—gltI™ 6.0x10°® 1.8x10°°

wo—m T 1T 3.9x10°© 2.9x10°8

w— 70Ot 2.0x10°7 7.4x107°

w— 7oyt~ 8.7x10 %0

dp—171" input (3.00:0.06)x 10°4 3.0x10°4 (2.48+0.34)x 10 *
¢p— 7T 1.6x10°° <1.2x10°* 4.8x107°8

bt 1.1x1074 (1.373%)x10™* 6.8x10°°

n—yl 1 6.5x10°° (4.9+1.1)x 108 3.0x10°4 (3.1+0.4)x 104
pomta 1T 3.6x10°4 (1.3723x10°3 1.2x10°®

Ay 4.2x10°% 8.1x10°° (1.04+0.26)x 104
7' —ol I 2.0x10°4

' —ataT It 1.8x10°3 2.0x10°°

fo—yl 1™ 2.2x1077 2.8x10°8

fo—at w171 1.4x10°4 4.1x10°7

ad—yl*1- 6.0x10°8 7.4x10°°

ag— 7yl T 4.0x10°° 1.4x10°°

Y i I 1.18x10°2 (1.198+0.032)x 102
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same model for these decays is used. The branching ratic 10
for decays including photon bremsstrahlung are calculater o L @ 100 ->e'e
for photon energies above 50 MeV. The data on the radiative z guzg‘zg_
decays with one meson in the final state were used as inpt ~ 10* 40> nmele
to fix the VyP couplings. These decays are not listed in - ZESCZ,'EO,’E;S 1
Table II. . . . = 4 g fot;rpgnee
The results for the dilepton branching ratios are summa- 2 10 9: total p* 1
rized in Table IlI. = 10" ;
2 e TN
B. p-meson decays @ 107 \ 5
The branching ratio B(p°— "7~ y)=(9.9+1.6) 107

%1072 is almost one order of magnitude greater than the 10 3
branching ratioB(p°— m°y)=(7.9+2.0)x 10"*. Despite . “
the fact that the first one depends on the experimental cut il 10 ¥ 7
the photon energy, one can expect that the decay mp8de o T * *

N, Qo 0.001 0.010 0.100 1.000
— e’ e isimportant. Indeed, it is seen from Table I M [GeV]
that thep®’— 7"~ e*e™ branching ratio is more than one
order of magnitude greater than tpe-7e*e~ branching 10°
ratio and 4 times greater than branching ratio of the direci . S
p’—ete” decay. The dominant contribution comes, how- 10 ¢ (b) 2ip —>mih
ever, from the region of small invariant masses of ¢fe ™ 102 L G %
pair, which is not seen experimentally. The same is true for . g: PQ:’“J";’“I“Z
the p*—an*m%ee” decays. For invariant massedl 10 ¢ AN L
>100 MeV, the number of the™ e~ pairs due to the® 3 100 L
—xtm ete” and p*—m"wle*e  decays increases by €
30% as compared to the direct mode, if one assumes that trs’ 107 g ;gg: o
p® andp® mesons are produced with equal probabilities. The% 10 [ e
differential branching ratios for the-meson decays are . :
shown for thee™e™ channels in Fig. 1&) and for the 107
ntu” channels in Fig. 1®). At small invariant masses 10° & .
such that .n.<M, the slope equalsl logB'/dlog M~ — PR E
whereB’=dB/dM, when there is no bremsstrahlung. Such :
a behavior appears because of thd/M dependence of the 10‘"’0_200 0.400 5.600 0.800 1000

differential branching ratio according to E@2.10. The
bremsstrahlung makes tid— M’ y* widths more singular
[~log®(1/M)] and thus the slope of the other curves is
larger.

M [GeV]

FIG. 15. The differential branching ratios for tipemeson de-
cays intoete™ (a) and u*u~ (b) channels as functions of the

In order to get a comparison with the direct channel, weinvariant massM, of the dilepton pairs. The solid curvéd and 9

plotted also a weighted®—e* e~ distribution according to
equation
dB 1 2Mm,I" (M)

= B(p—1717). (7.1
M 7 (Mmoo

The p-meson width as a function of the valikis assumed
to have the form

P*3(M,/54/2,/5/2)
p*3(m, ,So/2,V/54/2)

m2+p*2(m, ,V/50/2,\/S¢/2)
M2+ p* (M, /s4/2,\/50/2)

r,(M)=T,

(7.2

wherel, is the total experimental width angsy= 2 is the
two-pion threshold energy. In the narrow-width limit, the
integral from the left side of Eq(7.1) coincides withB(p
—eten).

+

are the total ratios for thg® andp™ mesons.

C. w-meson decays

The differential branching for the-meson decays are
shown in Figs. 1@) and 1@b). The w decays are dominated
through thew— 7% * e~ decay mode. The other modes give
only a small correction to the background. It is interesting
that strength of the channel— 7%e"e™ is one order of
magnitude greater than strength of the direct chanmel
—e"e”. Thee'e  pairs from these two decays have quite
different invariant masses. The background appears below
500 MeV. Like in the case of the-meson, we plot also the
weightedw— 171~ distributions according to Ed7.1) with
substitutionsm,«<m,, andI' ;<= I",, for the threshold energy

Vso=3pu.

D. ¢p-meson decays

The differential branching ratios for thé-meson decays
are shown in Figs. 1@ and 17b). We do not consider two-
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10' ; 10 ;
0 1:0 ->e'e” 0 1:¢ ->e'e
107 ¢ (a) 20 ->n'e'e” 3 107 ¢ (a) 2:p->ne'e E
» 3 w->ne'e” » 3: ¢ ->ne'e
107 - 4o->nree 10 ¢ 4: total ¢ F

E 10
7:total ®

dB/dM [1/GeV]
s o
& L
/
dB/dM [1/GeV]
s o
& IS

10 1 1 1 10 I L 1
0.001 0.010 0.100 1.000 0.001 0.010 0.100 1.000
M [GeV] M [GeV]
100 T T 0
10 T T T
1 1o —>pu
107 ¢ (b) 200> W 3 10™
" 30> ng.l‘}( )
ot sy 1w
104 6: total @ N
10
54 —
= 10° R
Z 10
3 @ 10°
_7 ©
10 107 |l
=
10 10°
10° K o
10
10'10 3 I 1 I 1
0.200 0.400 0.600 0.800 1.000 107° : ' : '
M [GeV] 0.200 0.400 0.600 0.800 1.000
e M [GeV]

FIG. 16. The differential branching ratios for themeson de-
cays intoete” (a) and u*u~ (b) channels as functions of the
invariant mass\M, of the dilepton pairs. The solid curve is the total
ratio. The background is dominated through the*e™ and
7u” u” Dalitz decays.

FIG. 17. The differential branching ratios for tllemeson de-
cays intoe*e” (a) and u*u~ (b) channels versus the invariant
mass,M, of the dilepton pairs.

— 77y mode. Consequently, the calculation of the branch-
; - : 01+ o otill 1.
meson finals states. The dominant ones could de Lr;garratlos for the dileptonp— I "1~ modes is still un

_”T.TW* ar(l)d (é)éwoml*' The first decay \.N'th a real pho- We do not consider decay modes with kaons in the final
ton in them ™ moﬂf was ok%seorved expenmentdj@zl,%ﬁ]. states. The invariant mass of teée™ pairs in such decays

It has branchingB®*(¢— m°m°y) =(1.14£0.22)x10%.  yoeq not exceed 50 MeV, so they occur in the region ex-
This decay dommaFes through thgy mec_hamsm. One can ,ded by the experimental cuté>50 MeV. In Figs. 17a)
expect that branchin@(¢—m>m°e"e") is two orders of  4nq17p) the é— 11~ distributions are plotted according
magnitude smaller than branching of the radiative decay, ang, Eq. (7.1) modified for thes meson. The dominant two-
so smaller than all)-meson branching ratios listed in Table kaon decay channel WitW§0=2uK where u is the kaon

[ll. The ¢— 7w n7y decay was also measured in the SND €X"1ass and also the three-pion decay channel Wit 3u

periment [34,35 to give B®P(¢— w'ny)=(1.3+0.5) , . ) .
%1074, The branchin(¢— mre*e) is also expected to are taken into account in thd-dependent width’ ,(M).

be small. The measurepl— 7y and ¢— 7%y widths are
significantly greater than predictions of RE84] where for-
mation of the intermediaté,y anda,y states is not consid- The differential branching ratios for the and ' mesons

ered. At present there is, however, yet no experimental eviare shown in Figs. 18) and 18b). The » meson dominates
dence for ara,-meson structure in thé— 7%y decay, and  through thep— yl "1~ modes. The dominarg" e~ modes

thus it is not clear how to interpret the excess in #he for the ' meson arep’ — yete™ atM>250 MeV andy’

E. - and 5'-mesons decays
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1 ->ye'e”
(a) 2im —>n'me'e
3 —>ye'e” J
4 —> 08'e”
S ->nnee
6:total n
7:total '

dB/dM [1/GeV]
3

10 3
107 1
107 : ‘
0.001 0.010 0.100 1.000
M [GeV]
10° ‘

1 T -y
10" b) 2n o rRk

» e AT _
10 L 4:n > E

5: total n E

10° L 1.5 6: total ' -

_5

dB/dM [1/GeV]
=

10 H ;
107"° | | \
0.200 0.400 0.600
M [GeV]

0.800 1.000

FIG. 18. The differential branching ratios for the and 7’
mesons decaying inte*e™ (a) andu™ u~ (b) channels versus the

invariant massM, of the dilepton pairs. The solid curves give the

total ratios. The narrow structure in thg — ye*e™ decay is con-
nected to thev-meson contribution to thg’ — yy* transition form
factor[see Eq(4.5]. The same holds for thg’ — yu™ u~ decay.

—m m ete” atM =250 MeV. Then’'— yl "I~ modes dis-
play clear structures connected to the and p-meson con-
tributions to the n'yy transition form factors. Thezn
— 7979 "1~ decay is forbidden byC-parity conservation,
similarly for the " meson.

F. %, fo-, and ag-mesons decays

The differential branching ratios for the®, f,, anda,
mesons are shown in Figs. (8 and 19b). At M
<500 MeV, thef,-meson decays dominate through the
—a "~ 171~ mode. The four-bodya,-meson decay also
becomes dominant with decreasing the valuesViofThe

dilepton spectra of thé, anday, mesons display clear struc-

PHYSICAL REVIEW C 61 035206

dB/dM [1/GeV]
)

10

0.010 0.100

M [GeV]

dB/dM [1/GeV]
=)

10 3
10° 1
107 2 :
10'10 L L L 1
0.200 0.400 0.600 0.800 1.000
M [GeV]

FIG. 19. The differential branching ratios for the’, f,(980),
anday(980) mesons inte" e~ (a) andu* u~ (b) channels versus
the invariant massyl, of the dilepton pairs. The solid curves no. 6
(a) and no. 5b) give the total branching ratios, respectively, of the
ete” andu’ u~ modes of thef; meson. The structures in thig-
and ag-mesons Dalitz decaysl "1~ are connected to the- and
p-mesons contributions to thigy anda, transition form factors.

VIIl. CONCLUSION

The present work is an attempt to approach the DLS
puzzle through including new meson decay channels. We
studied decay modes of the light mesons belowg#(&020)
meson inteete” andu® u~ pairs. Besides the direct decays
and some Dalitz decays, which are well known in the litera-
ture, we presented a systematic investigation of the decay
modes which contribute to the dilepton background and have
not yet been taken into account in previous studies. These are
special Dalitz decays as, e.gp, —yl 17, fp—yl*l~ and
most of the decays to four-body final states. Although many
of these processes are found to give small contributions to
the total dilepton branching ratios, this is not the case for all

tures connected to the- and p-meson contributions to the of them.

transition form factors.

We found that in thes°-meson decays, the dominant con-
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tribution to the background below 350 MeV comes from theas well as in the CERN data shows that scenarios with a
pP—mtm ete” decay. The decay modesp® reducedp-meson mass can be treated at present as a plau-
—a 7 ete” and p*—w=7%*e” increase the number sible hypothesis only. To draw definite physical conclusions,
of the e*e™ yield with invariant massM>100 MeV by One needs to eliminate possible trivia! expla_nations like those
about 30% compared to the direct mop&—e*e™ at M c_onnected to existence of the nondirect dilepton decays of
<1 GeV, if one assumes that production cross sections fd#ght unflavored mesons.

thep™* andp® mesons are equal. In case of themeson, the After submlttmgl this paper, we beca_me aware of papers
fo—mtm ete decay is in the interval 100-400 MeV one by Koch_[68] and Llc_haro[69] where a quite complete set of
to three orders of magnitude more important than the next tg1e Dalitz decayswithout scalar mesonsand also a few
the dominantf,— ye*e~ mode. In most other cases, the four-body channels were investigated. In RE8], four-
four-body decays give only small contributions and thusPody channels are discussed within an approximation sug-

there neglection appears to be justified. gested by Jarlskog and Pilkulid0], which consists in ne-
The calculated branching ratios can further be used fof!€Cting the M dependence of the matrix elements for
experimental searches for the dilepton meson decays. ~ €mission of the virtual photons with malss We performed

The production rates of mesons p p,p+A, and in straightforward calculations without approximations and in-

particular in heavy-ion/&+A) collisions differ by orders of ~cluded additional Dah(t)z an+d f_oui-b_od_y channels. In Ref.
magnitude and depend sensitively on the available energy ¢f9): the decay mode”— =" 7 e"e" is analyzed in de-
the system. The relative strength of specific channels for diftilS: Our expression$6.13 and (6.1§ coincide with the
ferent mesons can hardly be estimated without complet&°rresponding formulas from the Lichard paper where, how-
transport calculations. However, for every meson we can deEVer: the pion form factor was neglected. The pion form
cide which channels are more important. The relativefaCtor has a small impact on the totale™ decay rate. The
strength of, e.g.p°— 7% 1~ and p®— =" 7 |71~ decay dimuon mode, where higher invariant masses are involved, is
modes can be found without knowing the cross section fofnhanced by about 40%.

the p°-meson production.

Since theoretical models for the dilepton production have
to be adjusted t@+p and possiblyw+ p reactions before The authors are indebted to A. Bramon for useful re-
applied toA+ A reactions, a detailed knowledge of all rel- marks. M.I.K. is grateful to the Institute for Theoretical
evant decay channels and background processes is indispei®hysics of University of Thingen for kind hospitality. The
able. In particular, the lack in the understanding of the exces#ork is supported by GS(Darmstadt under the contract
of dilepton pairs below the-meson peak in the BEVALAC TUFAST.
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