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Chiral Lagrangian treatment of ar# scattering
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We studym# scattering in a model which starts from the tree diagrams of a non-linear chiral Lagrangian
including appropriate resonances. Previously, models of this type were apphed smd 7K scattering and
were seen to require the existence of light scalé860) and«(900) mesons and to be consistent with the
f4(980). The present calculation extends this to includeai}(®80), thereby completing a possible nonet of
light scalars, all “seen” in the same manner. We note that, at the initial levelrthehannel is considerably
cleaner than ther and 7K channels for the study of light scalars. This is because the large competing effects
of vector meson exchange and “current-algebra” contact terms are absent. The simplicity of this channel
enables us to demonstrate the closeness of our exactly crossing symmetric amplitude to a related exactly
unitary amplitude. The calculation is also extended to higher energies in order to let us discuss the role played
by thea,(1450) resonance.

PACS numbgs): 13.75.Lb, 11.15.Pg, 11.80.Et, 12.39.Fe

[. INTRODUCTION checking the validity and improving our understanding of the
approach. For the case afy scattering, a comparison of the
In the last few years there has been a revival of interest iwne-loop chiral perturbation theory approach with a model of
the lowest-lying scalar mesons. Various autjdrs27 have  introducing resonances has been giveh2y.
debated evidence that their masses lie below 1 GeV and do As before, the amplitude will be constructed from a chiral
not fit the pattern expected if they were conventioqﬂ invariant Lagrangian treated at tree level but “regularized”

states in the quark model. This question has also stimulated®a the direct channel poles. The regularization will be re-

investigations of meson-meson scattering, where these Ioag_arded as restoring unitarity in the vicinity of the poles. The

ticles should be “seen” and which anvway is one of theresulting amplitude starts out crossing symmetric but not ex-
yway _actly unitary. The burden of the method is to approximately

classical problems of el_ementary particle physics. Now iF ISsatisfy unitarity as well as crossing symmetry. It seems rea-
accepted that the solution to this problem should look likegonapie 1o include in the effective Lagrangian all resonances
chiral perturbatlon theory very close to the meson-mesoR, ne range up to the maximum energy of interest. We fol-
scattering threshold. But when one moves away from threshg,y this rule up to about 1 GeV but, for simplicity, only keep
old into the resonance region, this essentially polynomial fite clearly relevant direct channel paig(1450) above this
to the scattering amplitude requires many higher order termgnergy.
and is practically difficult to implement. An alternative ap-  The 7 scattering actually does turn out to contain some
proach which is the stimulus for the present work, involvesinteresting differences from thes and 7K cases. In those
retaining chiral symmetry but using a resonance rather than @ases the direct poles(560) and«(900) had to have a
polynomial basis for the scattering amplitude. This will not modified Breit-Wigner shape, with an extra parameter, in
be as accurate near threshold but may be expected to giveoader to fit the experimental data. This is not unreasonable
simple reasonable picture in the energies up to the 1 Ge¥ince these resonances appear in direct competition with the
region. The 1IN, approximation to QCI)28] provides a mo- large “current-algebra” contact terms, as well as strong vec-
tivation but not a strict proof of this method. Recently it hastor meson exchange contributions, and thus do not dominate
been applied tarw scattering[6], wK scattering[7] and to  their own channels. As already seen in the discussion’of
n'— nm decayd9]. A light scalar-isoscalarg(560), and — »7a decay[9], vector meson exchanges and “current
a light scalar-isospinor(900), were found to be necessary algebra” contact terms do not contribute 4, scattering in
to fit the w7 and 7K scattering data. The knowfy(980)  the elastic region. Thus it is appropriate to use the ordinary
was also included as a direct channel resonance inrthe Breit-Wigner unitarization for they(980).
case and the knoway(980) was observed to play an impor-  In Sec. Il we give our notation for the scattering problem
tant role in then' — na7 decay processes. In the presentand treatw# scattering in the region where the elastic ap-
paper we directly investigate ther scattering process proximation seems reasonable. This leads to a description of
which is expected to feature the,(980) as well as the the ay(980) which is consistent with recent experimental
higher scalar isovectoay(1450). We are employing the data[30]. Section Ill contains a discussion of the problem of
same method as in the previous treatments in the hope afitarizing thel =J=0 partial wave amplitude and a com-
parison of the unitary amplitude with our crossing symmetric
one. In Sec. IV thern channel is discussed in the inelastic

*Electronic address: black@suhep.phy.syr.edu region, up to about 1.6 GeV, which contains g 1450)
"Electronic address: amir@suhep.phy.syr.edu resonance. The model was simplified by leaving out a num-
*Electronic address: schechte@suhep.phy.syr.edu ber of higher mass resonance crossed-channel exchanges. A
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FIG. 1. Feynman diagrams representing the contributions to the
wnp—y Scattering amplitude of scalar mesorg560) and
f0(980), (), ap(980) in the u-channelb) and in the s-channégt).
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start on the more involved problem of including other chan- s(GeV)

nels is made in Sec. V. Multi-channel unitarity is checked for  FIG. 2. Plot of the real part of the=0 partial wave projection
the simplified model. A brief summary and directions for of Eq. (2.1) with the regularization of Eg2.3).

further work are given in Sec. VI. Appendix A gives our
chiral Lagrangian and numerical parameters, while Appendix (t—2m2)(t— 2mP)
B shows the elastit=J=0 7r# partial wave amplitude to A = Yoma Yy m n
interested readers. H o ) mZ—t

Yamy (U=mZ—m?2)? 92 (s—mi-m?)?
+
4 m2—u 4 m2 —s
Il. ELASTIC @p—wn SCATTERING AMPLITUDE 0
2

We now discussry scattering in a similar way to that +2F_;TCOS20p- 2.9
previously employed forr and wK scattering. In this sec- G
tion we limit attention to the energy rangeap to roughly 1.2
GeV) where the elastic approximation seems at least qualiHeres, t, andu are the usual Mandelstam variables. Fhg,
tatively reasonable. scalar— pseudoscalar-pseudoscalar coupling constants, were

The amplitude, as in the previous treatments, will be ob-numerically determined in previous papd6-9]. Finally,
tained from the tree graphs of the chiral Lagrangian of pseuthe last term in Eq(2.1) is a small correction which arises
doscalars, vectors and scalars given in Appendix A. This i§rom the pseudoscalar symmetry breaker of E2) and

motivated by the largdl, approximation to QCD. As is well involves they—»" mixing angle §,. Numerical values of
known experimentally, the low energyry scattering is this and other relevant parameters are listed in Appendix A.
dominated by tha,(980) scalar resonance. Note that the momentum dependences in the numerators of

In detail them» scattering turns out to be much simpler the scalar exchange diagrams originate from the chiral sym-

than ther and 7K [6,7] cases. In those examples the Iead'me'f'rr:(;Ig;{reljg'glrgno(f)ft:]zig(gg”n). litude is similar to that for the
ing contributions near threshold were due to the so-called P

. decay procesg’ — . It was found[9] that an appropri-
current algebra contact terffrom the first term of Eq(A6)] ate c%oﬁce of ze erZ;et@ndD in |[5; (A9) waspa?blepto

and the terms associated with vector meson exchange. It B(plain the Dalitz plot and overall rate for this decay process

easy to see, usin parity and isospin conservation, that (A andB had previously been found fromm and 7K scat-
there are no vector meson exchanges possiblerfpr 77 tering [8)).

scattering at the tree level. Similarly the pseudoscalar contact ap important check of the amplitude is that it obeys the
contribution [first term of Eq.(A6)] which has the same general crossing symmetry relation:

structure as the vector meson exchange contribution, van-
ishes identically forr# scattering.

Thus, considering at first only exchanges of particles less
than about 1 GeV in mass restricts us to the scalar mesons.
This process then provides a very clean channel for studyingvhile this maps the physicairy scattering region to an
the scalar meson properties. Feynman diagrams, representingphysical one, it is a restriction on the analytic form of
the contribution of the scalar mesons to the scattering ampliA_,(s,t,u).
tude, are shown in Fig. 1. The tree level invariant amplitude Of course, as written, Eq2.1) cannot be meaningfully
is then simply compared with experiment for a range of energy beyond 1

A (st,u)=A. (ut,s). (2.2
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GeV because there is a physical divergencesamf1 A
0

usual way to handle this problem is to “regularize” the ex-
pression by making the substitution:

1 1
— , (2.3
mgo—s mgo—s—imaoGgoe[s—(m,?+ m,)?]

1,(980)

where thed function guarantees that there is no imaginary
part below threshold. A similar substitution for mio—u)
which maintains crossing symmetffeq. (2.2)] gives no
imaginary piece sinca<(m,— m,)? in the physical scatter-
ing region. The quantitﬁ;a in the elastic approximation is
interpreted as the decay rate fy(980)— 7 #:

-0.256 -

a,(980), s

_0.75 L ] 1 L
0.6 0.8 1 1.2 14 1.6

|p7T| ) 5 ) 205 Vs(GeV)

> yam](mao—mﬂ—mn) , (2.9 o o ]

3271-mao FIG. 3. Individual contributions t&(s) computed as for Fig. 2. SB
is the small symmetry breaking contribution.

['(ag—mn)=

wherep.. is the final pion’s momentum in the, rest frame.

Analysis of the »'—nmw process fixedI (ag— 77) Sab:1 = Oapt 2iTap (2.9
~65 MeV while in the same modétee end of Sec. IV of ) o ) )

[8]) it was estimated thaF(ao—>KE)~5 MeV. Thus the which satisfy (in the two-particle channel dominance ap-

elastic approximation fotr» scattering seems not too bad proximatior) the unitarity formula

even slightly beyond th&K threshold. The effect of this
small inelasticity is taken into account by using; % Sab;1Sep; = Fac- (2.9
~70 MeV rather than 65 MeV.

To go further in the analysis it is important to discuss theSince the S-matrix is unitaryS,p,|<1 for each of its en-
unitarity constraint on the scattering amplitude. This is con4ries and so obviously R&};,)<1 and ImS,,)<1. This
veniently done with the aid of the partial wave projections.leads to the very important unitarity bounds on the real and
Since we are dealing withr» scattering the projection will imaginary parts of the partial wave amplitudes:
always leave us in thes1 channel(all of 7% 75, 7~ 5 and
7% have the same amplitudeConsidering a more general Tab=Rap; +ilap
case for later use, the desired angular momentyartial
wave amplitude is given by

. |Rap:| < >
Tab;l(s): VPa(S)pp(S) f—ld COSOP(C0s0)Agp(S,t,u), 1
(2.5 [Vabi|=< 5 (1+ 3ap). (2.10
whered is the center of mass scattering angle and Usually, if one focuses on the-21 channel, the standard
parametrization o8, is
(s)= () (2.6 24
pal>l™ 16m/s’ ' Si11=me, (2.1

where 0<7 <1 is the elasticity parameter ang| is the
phase shift, in this case far»— 7» scattering.

In the present case it is interesting to check the unitarity
52+(m§ _mg )2—25(m§ +m§) bpunq _for the important=0 partial wave amplitude. For
Q2= 1 2 1 2 2.7) sw_nphmty we drqp all subscripts and denoT_ql;o—>R(s) _

a 4s +il(s). It is straightforward to carry out the integration in
Eqg. (2.5. The results are shown in Appendix B. A plot of
Aan(s,t,u) stands for the invariant amplitude for channel aR(s) up to \/s=1.6 GeV, based on taking tHe=0 partial
— channel b. The two-body channels of interest are denotegjave projection of Eq(2.1) with the regularization of Eq.
1=mn, 2=KK, and 3=x7'. For the elastic region, of (2.3 is presented in Fig. 2. We notice that the unitarity

with g,(s) the center of mass momentum for chanael
containing particles; anday:

course Ay, is given byA,, in Eq. (2.1). bound|R(s)| =<3 is satisfied. This is not trivial as the plots of
The partial wave amplituded,;,, are related to the the individual Feynman diagram contributions in Fig. 3 illus-
S-matrix elements by trate. The s-channel graph contribution violates unitarity by
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itself but thes and other exchanges act to restore the bound.
Nevertheless, the s-channel graph contribution is clearly the
dominant one. 1L
All'in all, the essentially zero parameter prediction shown
in Fig. 2 seems reasonable. Of course, satisfying the unitarity
bound is a necessary rather than a sufficient condition for
unitarity. To go further one may take different points of
view. The simplest is to consider that our prediction is most
accurate and just given for the real part of the amplitude. The
motivation for this is that the tree graph approximation is
purely real. Imaginary parts are introduéeas regulariza-
tions like Eq.(2.3) in the vicinity of the resonance and may
be regarded afformally smal) higher order effects. If we
then choose to regard onB(s) as predicted, we can satisfy
unitarity by solving the unitarity formulaS|=|7|, which

reads explicitl . ‘
p y 00.6 0.8 1 1.2

2 Vs(GeV)

05

”s)

R?(s)+ >

12
|(S)—§} =

' (212 FIG. 4. Unitarity of crossing symmetri8 matrix for wp— 77
scattering. The dashed line corresponds to the elastic assumption,
for |(S) The e|asticity factorn(s) may be taken to be ap- Gé"0:65 MeV in Eq(23), while the solid line takes some inelas-
proximately one. This procedure does not exactly solve thécity into account by settings; =70 MeV as explained in the
problem of finding an amplitude which satisfies both cross+ext.
ing symmetry and unitarity. Whil&(s) coincides with the
real part of thd =0 projection of the crossing symmetric Eq. values ofs, we would have of course been unable to impose
(2.1, 1(s) obtained from Eq(2.12) above does not coincide unitarity with the above method. It seems interesting to dis-
with the imaginary part of this projection. We note that thecuss a more or less conventional type of unitarization proce-
problem of constructing an invariant amplitude satisfyingdure which can be used in such a case. This operates at the
both crossing symmetiyEq. (2.2)] and unitarity{Eq. (2.12)] level of thel =0 partial wave amplitude. We decompose the
for all its partial wave projections is an ancient and difficult S matrix into a piece associated with thg resonance pole,

one. Spole; and a piece associated with the remaining “back-

ground” terms € and u-channel exchanges and contact
IIl. MORE ON UNITARITY term), Sg. The totalS matrix is written as the product
In the preceding section we started from the crossing ()= Sa(S)Spoie(S)

symmetric invariant amplitude Eq2.1) and regularized it

according to the crossing symmetric prescription EXj3). mg —s+im, I'(s)

There was no guarantee thatlits0 partial wave projection =e?1%() 20 2 : (3.1

would be unitary or even satisfy the unitarity bounds. Fortu- maO—S—'maOF(S)

nately the real parR did satisfy the unitary bound and we

could choosean imaginary part | according to Eq(2.12  |n this form unitarity,|S|=1, is obvious. Now, using=1
such that partial wave unitarity in tHe=0 channel was sat- +2jT yields for the partial wave amplitude,

isfied. This was at the expense of crossing symmetry for the

imaginary part. To see by how much the original amplitude T(S)=Ta(S) + Tpoie(s) = €' 8 sin 5z(s)

Eq. (2.1) with the regularization Eq2.3) and its own imagi-

nary part(i.e. the pure crossing symmetric cas®lates uni- _ m, I'(s)

tarity, we have plottedS| in Fig. 4. It is seen that the uni- +e?%0) — L . (3.2
tarity violation in the elastic cas@dashed lingis not very m,—S—im, I'(s)

severe; this is due to the fact that thg(980) resonance,
which is approximately of Breit-Wigner shape, dominates. For orientation, note that when the background phgse
If |R(s)| had turned out to be greater thgnat some vanishes and’(s) is constant, this reduces to a pure Breit-

Wigner form which is known to be unitary. §z= 65 and

I'=T are taken as constants we get the conventional local

YIn the treatments ofrm and 7K scattering[6,7] the regulariza-  form [32] for a narrow resonance in a constant background:
tions for theo and « were introduced as arbitrary parameters which

were varied to mak®(s) agree with its experimental shape. This is -

very different from the presersty(980) case which doesot have = maor

Tooe~e?%————— (3.3
the large current algebra and vector meson exchange backgrounds pole m —s—im. T :
which greatly complicate the analysis. £ 3
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As an example of an application of this last formula, we 06
remark that the presence of a_Iigdmin T scattering pro- — Unitay A
duces[6] a background phaség~ /2 near thef;(980). ——~- Crossing \
This results in an overall minus sign which converts the reso-
nance peak into a dip. This is the same mechanism—the
Ramsauer-Townsend effect—which was observed in atomic
scattering32] a long time ago.

Returning to the present case of elastig scattering in ¢
the | =0 partial wave, we should, to get an exactly unitary
amplitude, identify in Eq(3.2)

02 -

0.2 +

I'(s)= Vamy(S—Mo—m?)?, (3.4

32rmyy/s

whereq is the center of mass momentum. Furthermore, not-

. . . . . -0.6 : -

ing thatTg(s) as obtained from the partial wave projection 0.6 08 1 1.2
of the appropriate terms in E¢R.1) is purely real, we iden- Vs(GeV)
tify Sg(s) from

Tt — Unitary N ]

1Sil’{Z(‘)\ (s)]=Rg(s) (3.5 — —- Crossing \
2 B B . .

In order thatTg be unitary we must themanufacturean
imaginary part from Eq(3.5) as

I 5(s) =Sir? 8g()]. B8 = s

The amplitude so constructed will satis§S* =1 exactly
but is, since among other things we have adtig) by
hand, expected to violate crossing symmetry.

To summarize, we compare in Fig. 5 the real and imagi-
nary parts of thd =0 projection of the crossing symmetric
amplitude obtained in Sec. Il with the exactly unitary ampli-
tude just discussed. It is encouraging for the method that the 95 ’
crossing symmetric but not exactly unitary amplitude is close Vs(GeV)
to the unitary but not exactly crossing symmetric amplitude. , o
Reasonably, the difference between the two curves gives a /G- 5. Comparison of the real and imaginary parts of the ex-
measure of the systematic uncertainties in the preserfCctlY crossing symmetric amplitude obtained in Sec. Il with the
method. Of course, there is no guarantee that the true solﬂ?—xactly unitary amplitude obtained in Sec. Ill.

tion lies between the two curves. (including some whose masses and decay properties are not
yet firmly establishedand suggests that such an ambitious
IV. 7 SCATTERING IN THE INELASTIC REGION program be postponed. In the present paper we shall survey

) ] ) . the situation in analogy to an earlier treatmentmdf scat-

Here we give a start on extending the previous analysis t?ering in[8] by concentrating on thery— w7 channel. In
w7 scattering in the 1.2—1.6 GeV region, where the effectsne 121 6 Gev region the,(1450) is the only scalar reso-

of inelastic channels, namelyn—KK andmn—m»’, are  nance in the direct channel. We shall also computerthe
expected to become important. For a full description we_, xk ang 7my— ' amplitudes in our model, including

should use a coupled three-channel approach. According i effects of tha,(1450). For these off-diagonal transitions
our initially stated picture we should also include all of the ;o shall be mainly content to check unitarity.

resonance multiplets up to about 1.6 GeV as exchange par-

) . ; Our approximation for thern— 77 amplitude up to
ticles. This amounts to a fairly large number of resonahces

about 1.6 GeV then consists of the sum of the amplitude
given in Sec. Il and a piece associated with tH#§1450)
resonance. The piece in Sec. Il is the0 partial wave pro-

2In our treatment we shall first neglect exchanges of the spin twdection of the invariant amplitude in Eq2.1), regularized
nonet which includesf,(1270), a,(1320), K}(1430), and according to Eq(2.3). This gives an exactly crossing sym-
f,/(1525). We shall also neglect the isoscalar spin zero resonancenetric partial wave amplitude which we also saw in Sec. llI
fo(1370), f5(1500), andf,(1710), whose properties are not yet to be not very different from an exactly unitary partial wave
definitively known. Finally in ther»— KK reaction we shall ne- amplitude. The regularized invariant amplitude including the
glect theK* (1410) andK3 (1430) resonances. a,(1450) is taken to be
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2 2 242
Yar my (U—MZ—M7)

A, (stu)y~-.-+
4 4 mZ,—u

A2 —m2 _m2)2 I
e Yarmy  (STME—m?) 0.3

mi, —s—imy @)’
4.1 3 0
(4.9) :
wherea’ denotes tha,(1450) and the ellipsis stands for the ©
other terms just mentioned. The coupling constants are re 91|
lated to the widths by an obvious generalization of £34).

We have illustrated how to regularize tlsechannel pole

term as in Eq(3.3) so as to maintain unitarity near where ad
this term would have blown up. The phasdg is evaluated
from %8 08 1 12 14 18
1 Y&(GeV)
e 4 2
Es'r[25a’]_ R(s=m), (4.2) FIG. 6. Our prediction for the real part of thep— 7 scatter-

ing amplitude up to 1.6 GeV. The case where the decay properties
whereR(s) is the real part of the partial wave amplitude due of theay(1450) are taken from Ed4.7) is represented by the solid
to the background supplied by the regularized &g1). We line, and may be compareq with the case using the estimate Eq.
could multiply the u-channel term also %’ to force (4-6 shown by the dashed line.
crossing symmetry. Actually, we see from Fig. 2 tiR{ts
=m§,) is zero to good accuracy so this correction is not
needed in the present case. Figure 3 shows that this simpli-
fication arises because of cooperation between the pole and
exchange terms. Witd,, =0, Eq. (4.1 is manifestly cross-
ing symmetric[see the remark after E¢2.3)].
Note that Eq.(4.1) explicitly takes some account of in-
elasticity sincd™;(a’) =265+ 13 MeV[31] is not just got- given in[27]
ts; f(rzoz; g‘ﬁg&iﬁfeo);ggu\fggtgss in the generalization of ="', 2 hart of thé=0 partial wave amplitude is plotted
e up to 1.6 GeV using both Eq4.6) and Eq.(4.7) in Fig. 6.
Toa’)~T, (@) + (@) +T, (a’). (4.3 We seethatthese two cases are relatively claSar predic-
tion for the real part of the scattering amplitude naturally
This corresponds to the assumption that the, KK, and  rémains within the allowed range 6f0.5 to 0.5[except for
77’ decay modes listed i81] saturate the,(1450) decay, & Negligible deviation near the location of tag(980)]. We
although that assumption is not yet confirmed experimenhave also plotted in  Fig. 7|Tyy|=|T(7n—m7)|

FSU(3)[aO( 1450 — 7777] ~155 MeV,
'SV ay(1450 —KK]~86 MeV,
I'SUGYay(1450 — 77’ ]~24 MeV. (4.7

A more detailed discussion of thag(1450) decay modes is

tally. If the experimental ratiof31] =|Ryy+il 14. This also is seen to satisfy the unitarity bound
|T11/<1. It thus seems that the »— 7 # scattering channel
'k is remarkably simple in the approximation where the
r_m =0.88-0.23 (4.4 a0(1450) describes the inelastic region around 1.5 GeV. The
partial wavel =0 amplitude is obtained as a projection of an
and exactly crossing symmetric invariant amplitude and the uni-
r tarity bounds are satisfied.
™7 _0.35+0.16 (4.5)
Fm; V. OFF-DIAGONAL CHANNELS
are taken together with this assumption we deduce Now we present an initial study of the — KK and

7n— w7’ reactions in the energy range up to about 1.6

GeV. The Feynman diagrams needed to constructsthye

— KK invariant amplitude in our model are shown in Fig. 8.
Unlike the precedingrn— 77 case, vector meson ex-

I'[ag(1450 — m7]~119+26 MeV,
I'[ag(1450 —KK]~105+36 MeV,
I[ag(1450 — 77’ |~42+23 MeV. (4.6)
Actually these three partial widths should be related to each 3n subsequent plots we shall continue the same convention where
other by flavor SW3) invariance. A best fit, on this assump- the solid line represents the E@.7) determination and the dashed

tion, yields the slightly different central values: line represents the E@4.6) determination.
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FIG. 7. Modulus of ther »— 7r 7 scattering amplitude. FIG. 9. Real parts of contributions to tHe=0 partial wave

amplitude formn—KK.
changes and also contact terms arising from the first term of
Eqg. (A6) are now allowed. The contact contributions to the

amplitude forA_, «i(s,t,u) for 7 »—K*K® from the  The second term in the square brackétsm the vectorsis

first term of Eq.(A6) (“current-algebra” term together with  about 1.6 times the current algebra piece so it reverses the

a piece from the third term of EGA6) (due to addition of  sign exactly as in the cases ofr and 7K scattering6,7].

vector mesons in a chiral symmetric wagre The contact amplitude arising from the pseudoscalar mass
splittings in Eq.(A12) is

2s—t—u [ cosé 3g2__F?
2( p+sin0p) 1- =2 (5
3F2 V2 4m’ 2 , m2+mgz o2 52
—>| cosf,————sinfg,mg |, .
3F2 P2 P
K K
and turns out to be completely negligible. TKé& (890) ex-
change contributions shown {h) and(c) of Fig. 8 are found
to be
n n
(@
K K K K 01+
K (890) K (890)
/ 0.1
n n n n _
K K
b 3
® © 2
_ _ 2 -03¢t
K K K K
2,(980)
(900) K(900) a_(1450)
-05 +
1S n a n .S n
Y] © ®
ey 14 13 15
FIG. 8. Feynman diagrams representing the contributions to the ’ ' s(GeV) |
77— KK scattering amplitude ofa) contact terms,b) and (c) _ )
vector mesons(d) and (e) strange Sca|ak(900) mesons anﬂf) FlG&O Real part of the totd=0 partlal wave amplltude for
a0(980) anday(1450) mesons. Tn—KK.
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Upmrn|2[COSO, 08
( > \/5 +sin 6,
u—s+[(m2—m2)(m2—m?2)]/mZ,
% T K (teu). (5.3 081
m2, —t

The «(900) exchange contributiof(d) and (e) of Fig. 8]
turns out to be negligible but arises from the amplitude piece:E 04 r

2 2 2 2
7KK7T7KK77 (t_ mﬂ'_ mK)(t_ mK_ m?y)

7 et +(teu). (5.9 L
Finally, thes-channel contributions from tha,(980) and
ao(1450), shown inf) of Fig. 8, are being described by the
regularizedamplitude 0 ‘ ‘ .
0.8 1 1.2 14 1.6
YamyYakk (S=2Mg)(s—m7—m}) V(@)
; 4 mi—s—im, 't ®9 FIG. 11. Plot of the magnitude of tHe=0 partial wave ampli-

tude for 77— KK.
where the sum is ovea=ay(980) anday(1450). The entire
amplitude form7»— KK is the sum of the terms above and is
invariant undert—u exchange, as expected from charge
conjugation invariance.

in Fig. 10. Amusingly, all the large pieces in Fig. 9 collabo-
rate with each other to satisfy the unitarity bound up to about
1.6 GeV. To test this further we included the imaginary parts

L .., of the partial wave amplitude, due to the regularization in-
To proceed we have taken the projection of the ampl'tUdetroducepd in Eq(5.5). Thg plot is shown in Fig.gll. It is seen

into thel =0 partial wave using Eq2.5). The real parts of ¢ the stronger unitarity bour|d .o < is violated only
the non-negligible individual components are shown in Fig.gpove 1.5 GeV. '

9. (Notice that the vertical scale has been greatly increased to Finally let us consider thery— 77’ amplitude. The tree
accommodate the rather |arge individual contributions D]ere.|eve| Feynman diagrams are evident modifications of those
We see that the contact terms are dominant although theyhown in Fig. 1 for themy— 77 case. We have the regu-

partially cancel each other. - larized [due to theay(980) anday(1450) pole}tree ampli-
The total real part of therp— KK partial wave is shown tude

2 2 2
YemnYeny' (t—2m2)(t— m,— mn,)
r=0,fo(980) \/E mrz—t
2
m7T
+—sin26,+

w

A,n..,]_MT,?r(S,t,u):

2 2 2 2 2 2 2 2
YamnYamy' (s—mz—m’)(s— mw—mn,) N (u—mw—m,])(u—mw—mn,)

4 m2—s—im, It m2—u

. (59

where the a-summation goes ovaf(980) anday(1450). and wnp—an' channels it is now interesting to check the
The second term is a small contact correction due to thenitarity relation for thesé=0 S-matrix elements
pseudoscalar meson mass splittings. The individual contribu-

tions to thel =0 partial wave projection of this amplitude are > Sia:0Sta0=1, (5.7
shown in Fig. 12 while the totdl= 0 projection is illustrated a

in Fig. 13. In this case, where the Ilar.ge contact terms argp the assumption that the two-particle channels completely
absent, the unitarity boun(ReT 5,0/ <3 is satisfied all the  saturate the s-wave» scattering at energies up to about 1.6
way up to 1.6 GeV. This also holds for the stronger boundGeV. Expressing this formula in terms of the T-matrix ele-

|T13.0<3, including the effects of the imaginary part as ments suggests that we examine the deviation,
shown in the plot of Fig. 14. It is worthwhile to observe that 5 ) )
A=Im(Ty) = Tyy*—[T12*— [Ty (5.9

the ay(1450) does not dominate either of the off-diagonal

mn—KK or mp—mn’ channels. _ which should vanish if Eq5.7) holds. This is plotted in Fig.
Having looked at the individualrn— 75, 7n—KK, 15.
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FIG. 12. Real parts of individual contributions to the 0 par-

tial wave amplitudes forr7— 7’ FIG. 14. Plot of the magnitude of tHe=0 partial wave ampli-

tude formp—mn'.

It is seen that our simple model yields, up until about 1.4 )
GeV, relatively small violations of unitarity for the s-wave the “back door” of an off-diagonal channel far 7 scatter-
amplitude. This state of affairs was obtained by projectingnd: the m» scattering is effectively simpler to treat in our
out thel =0 wave of an invariant amplitude which is exactly model. _ _ -
crossing symmetric. Thus the relative simplicityof scat- Here, as mentioned above, we have just made an initial

tering enables one to come closer to obtaining an amplitudgXploration of the coupled-channely scattering problem. A
which is both crossing symmetric and unitary. fuller treatment would include the exchanges of spin 2 and

The larger violation of unitarity above 1.4 GeV can be other higher mass resonances and also scattering processes
seen to arise from the violation of the unitarity bounds al-having KK and =7’ initial states. For example important

ready noticed in them—>KR amplitude(see Fig. 11 In  contributions in theKK case may be expected from the
turn this can be traced to the relatively large contact an&* (1410).

vector meson terms which contribute to this particular off-

diagonal process. This is in contrast to the;— 7» and VI. DISCUSSION

7n— wn' amplitudes for which the potentially large current . o )
algebra and vector meson terms were seen to vanish. Of We studiedw 7 scattering in a model where the starting
course the large current algebra and vector meson piecénplitude was computed at tree level from a phenomeno-
were very important in previous discussions of the and logical chiral Lagrangian containing exchanges of reso-

7K scatterings. In this sense, since they only enter through

0
05 .
-0
2 or )
? 0.2
g
-0.3 -0.5 - ]
— 1 ) -1 L 1
04 1.2 14 16 0.6 1 1.4
Vs(GeV) Vs(GeV)
FIG. 13. Real part of the totd=0 partial wave amplitude for FIG. 15. Plot ofA, the deviation from unitarity fotr» scatter-
Tn—my . ing for =0 channelA=0 for exact unitarity.
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nances having masses within the energy range of interes
Divergences at the direct channel poles were regularized in¢ 1201 (¢rossing
conventional manner. Previously this method was applied tc — Unitary
Trar Scattering andrK scattering; consistency required the
existence ofc(560) and«(900) scalar resonances. From
that work and also from a related study »f— 77 decay,

all the light scalar-pseudoscalar-pseudoscalar coupling con
stants were determined. These were used without change i _
the present work, which essentially involves no new param-° o |
eters.

At the moment, existing experimental d4&8] related to
7 scattering have been used to extract resonance paran
eters but apparently not to furnish conventional partial wave
phase shifts. Clearly it will be important to compare our
results with the phase shifts when they become available.

For now it seems interesting to compare the phase shifts
obtained from the elastic part of our amplitugieo to about
1.0 GeV) with that gotten in an earlier theoretical calcula-
tion. Bernardet al. [29] calculated the elastia 7 amplitude FIG. 16. The dashed line represents the s-wavephase shift
in a unitarized chiral model with a different treatment of §, obtained from the crossing symmetric amplitude E41) regu-
scalar resonances. Their main result, that the amplitude igrized according to Eq2.3). The solid line represeni, obtained
dominated by the,(980), is confirmed by our work. In Fig. from the unitary amplitude of Eqs3.1) and (3.4). Finally the
16 we show the phase shift as a funtion\&f corresponding ~ circles are points from Fig. 1 ¢29].
to both the exactly crossing symmetric amplitucec. 1)

90

30

0 L 1
650 750 850 950
VYs(MeV)

. . . scattering by the same method as used in earlier discussions
and the exactly unitary amplitud&ec. lll). The circles are of = scattering[in which a o(560) and thef ,(980) ap-

points on the predicted curve ¢R9]. It is seen that the eared and 7K scattering{in which a x(900) was needdd
agreement is quite reasonable, although for lower energiegseems to be reasonable. Now, all the members of a possible
their phase shift is generally a little lower than ours. This can : !
easily be understood by examining, for example, the energ
independent symmetry breaking contributifiast term of
Eqg. (2.1)]. Our choice ofp— %" mixing angle gives c@ﬁp
~0.64. On the other hand [29] the ' effects are neglected
which corresponds to decoupling the’ and a value
cos'6,~0.33.

In the present paper we first examined the roughly elasti

ow-lying scalar nonet have been studied through their ap-
Eearance in meson-meson scattering. Of course, many ques-
tions remain. One concerns the “family” structure of such a
possible nonet; we have discussed some speculations on this
aspect elsewherg8,27]. From the present viewpoint, the
most important aspect concerns improving our understanding
of the meson-meson chiral scattering amplitude. Clearly, one

region (up to about 1.2 Geywhich is dominated by the 9vay to proceed is to examine the model at higher energies.

980 i hv th ith We thus made a preliminary exploration in Sec. IV of the
Lo A oo o o o2y Nlatc regoRoUghl 1 1.5 Gev). This range
ute in this region, unlike thers and 7K cases. The non- featgres theay(1450) scalar resonance. It turns out that the
trivial contributiohs all arise from light scélar meson earlier terms prc_)duce essentially zero packground interfer-
exchanges. Thus» scattering seems an excellent channelo° at the position of tr_m)(1450_). Thus, It |s_natural o ao_ld

' this particle into the picture directly, yielding a crossing

for Iearn_ing more about thes_e resonances which are of g.reg/mmetric amplitude. This amplitude was seen to satisfy the
current interest. Our model in Sec. Il was exactly CrOSSInQ.mitarity bounds when the effects of inelasticity were incor-
symmetric, but not exactly unitary. To see why that modelporateol in the regularization of tre,(1450) pole. The in-

wih he expenmental values t ot automatically uirary weCOPIE experimental data on thg1450) branching raios
pernr - Ally unitary we, e e interpreted with the aid of a simple model. Similar
note the following two points: First, the amplitude is more

general than a pure Breit-Wigner pole for tfz(980) prelimina’ry disgussions were given for the_nHKK anq
s-channel sincer and f, t-channel exchanges amg(980) 7777 off-diagonal processes. An additional complica-
u-channel exchange also exist. Furthermore chiral symmetrjon showed up in ther»— KK case. Here the vector meson
dictates a non-trivial momentum dependence of the couplingl® exchange and a large current algebra contact term both
factors. contribute as in ther7 and wK scatterings. Nevertheless it
To further investigate this question we constructgd  was found that the exactly crossing symmetric amplitudes
Sec. ll) a related partial wave amplitude which we madefor 77— w7, KK, and 77’ satisfied the unitarity relation
unitary without regard for crossing symmetry. A comparisonamongst themselves to a reasonable accuracy until about 1.4
of the unitary and the crossing symmetric amplitudes showegeV.
that they were in fact close; the difference between them There are many interesting directions for future work.
gives an estimate of the uncertainty of our approach. Clearly a full 3-channel analysis and investigation of various
It is encouraging to us that treating tlag(980) in m»  alternative unitarization schemes are suggested. Inclusion of
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the many resonances in the 1-1.5 GeV range which can bghere F,,=d,p,~ d,p,~i0[p,.p,] is the vector meson

exchanged is also desirable. Especially interesting are thgauge field strengttF,,=0.131 GeV is the pion decay con-
effects of the isoscalar scalars in this energy regime. To

gether with parallel expanded treatments of #he and 7K

cases we may hope to learn about a second possible sca

nonet containing the(1450) andKg(1430). The knowl-

edge of the scalar coupling constants obtained from refined

analyses can be useful in the treatment of other physic
processes. The recently measurg?l] radiative decay
¢(1020)—ay(980)+ vy is especially important.
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APPENDIX A: CHIRAL LAGRANGIAN

, mg=0.496 GeV, m,=0.547 GeV, m,,
=0.958 GeV, andngx=0.890 GeV.

Next consider the chiral invariant Lagrangian involving
the scalar nonet fieltl. We note[34] thatN may be taken to

First we write the chiral Lagrangian of pseudoscalars anéransform as

vectors. This makes use of thex3 matrix U =e? (#/Fx)
wherein¢ represents the usual<33 matrix of pseudoscalar
fields. Defining the square rogtby U= ¢£ we consider the
combinations

D= 5 (£0,E'—£13,0),

0= 5 (€0, £1,8). (A1)

Under a chiral transformatioU—>ULUUL, ¢ transforms as
§_>UL§KT(¢1UL1UR):K(¢1UL1UR)§UT! (AZ)

which defineK(¢,U, ,Ug). A vector meson nongt,, trans-
forms as a gauge field

i
p,—Kp, K'+=Ka K" (A3)
9
Similarly
v,— Ko, K'+iKa,KT, (A4)
while
p,—Kp,K". (A5)

The chiral invariant(neglecting quark mass induced teyms
Lagrangian of pseudoscalars and vectors may then be writt
as

F2 1
£1== 5 TH(3,U9,U") = ZTHF ,,(p)F (p)]

] e

07403

mgF >
96

detU
detu?

1 v 2
il -

N—KNKT. (A8)

Then it is clear that

1
L= = STH(D,ND,N)—aTr(NN)—cTr(N)Tr(N)

+ F2[ A€ egeNA(P,)5(PL) e+ BTI(N)TH(p,p,.)
+CTr(Np,)Tr(p,)+DTr(N)Tr(p,)Tr(p,)], (A9)

where D,=d,—iv,, is chirally invariant. The coupling
constants describing scala¥ pseudoscala# pseudoscalar
are given in terms of the coefficients B, C, andD; these
were determined frommar scattering, 7K scattering and
n'— ypm decay in[8,9]. As an explicit example of a cou-
pling constant describing a trilinear interaction among iso-
multiplets extracted from EqA9) consider

Y kK

V2

which yields the identificatiory .« ,= — 2A. The other terms

in this isotopic spin decomposition are also giver] 8ih
Symmetry breaking terms must still be added. These in-

volve the “spurion” matrix

— Lygo= (aluir- d,mk+H.c)+---, (ALQ)

M=diag'1,1x) (A11)

wherex~20.5[35] is the strange to nonstrange quark mass

erﬁltio. Pseudoscalar mass terms are proportional to

Tr(UMM+H.c., (A12)
vector mass splitting terms are contained in a term

T EME (9p,—v,)?]+H.c. (A13)
and finally scalar meson mass splittings are contained in

0-11
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b d APPENDIX B: PARTIAL WAVE PROJECTION
— ETr(NNgTMgT)+§Tr(N)Tr(N§TM§T) +H.c. OF my—mn ELASTIC AMPLITUDE

(A14) The s-wave projections of the invariant amplitudes repre-

A detailed discussion of the scalar meson mass terms ansqented in Fig. 1 are calculated from the0 anda=b=1

the determination of the parametexsh, ¢, andd was given case of Eq(2.5). The direct channel s-wave amplitude is

in [8] Ts-c_hannel
The main effects of these mass splitting terms are to give 110
each particle its correct experimental mass and to accommo- 2 2 2.2
- ! . - Yagmy (s—mi—m?)
date mixing between particles of the same spin-parity and =p(s) 7 ’
isospin. Our conventions for the— »’ and o— ¢’ mixing 2 mio—s—imaOGgoa[s—(m,,Jr m,)?]
are (B1)
n cos#, —sind, (p1+ ¢3)142 wherep(s)=p,(s) in the notation of Eq(2.6) for channel 1
o) "\ sing, coss, 42 (A15) (mn—mn). The projection of the t-channel amplitude of
Fig. 1(a) is
and
NE Tal;%“a””‘*“=p(s>q2—y”3;‘””[2a—4y
o cosfs —sinfg 1o
fo/ \sings cosé NitNz [ (AL6) Y-
0 s s A 2 _
V2 +(ay=pB—=2y%)In v+l | (B2
. The asymmetry in the_sg tW(_) d_efinitiong (eflects the prej”'vvhereqz is the center of mass momentum and
dice that in the ideal mixing limi{zero mixing anglg the
heaviest ps_eu_doscg_la);i’ is |(1ent|f|ed as¢ps while the Ilght- m2w+m3,+2q2 (mfﬁfqz)(m%ﬁqz)
est scalaw is identified asN3. We choose the conventional a=2—-—-—, = 2 )
value 6,=37° and a valugs;=—20.3° as discussed [18]. q q
This corresponds to the scalar meson magsesded to ex-
. . . m2+2 2
plain 77 and 7K scattering in our modgl y= q (B3)
=
m,=550 MeV, m =980 MeV 29
Here there is one term withi=o¢ and another withr
M, =983.5 MeV, m,=897 MeV.  (Al7)  —f(980). Finally, thel=0 projection of thea,(980)
) . _u-channel exchange amplitude is
We take the heavier scalar isovector to have a mass given
by [31], namely m[ay(1450)]=1.474 GeV. The coupling wchannel zygw , |B+1
constants for the light scalars to two pseudoscalars relevant ~ Tizo  —p(8)q°——| 2B+4C+Colnjz— |, (B4)
for the present paper aft@ units of GeV 1) [8,9]
where
Yora=1-21, YVony=411, ¥,y =2.65
1
Yigna=LAT,  Yigy=1.72, Y1 py=—9.01 = 2—qz[m§— m’—mZ+2ymZ +g?ym? +q?]
=—6.80, k=—5.02, an=—1.80
Yagm YagkK Yagmy _mir?mird? (B5)
Yekn=—5.02, ¥,=—0.94. (A18) 2 '
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