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Chiral perturbation theory for r—pav,_., —K*@v_, and r— oy,
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We use heavy vector meson &) XSU(2)g chiral perturbation theory to predict differential decay distri-
butions for r—pmv, and =—K* grv_in the kinematic region wherpy,-p./my, (hereV=p or K*) is much
smaller than the chiral symmetry-breaking scale. We also predict the ratefaerrv, in this region(now
V=w). Comparing our prediction with experimental data, we determine one of the coupling constants in the
heavy vector meson chiral Lagrangian.

PACS numbds): 13.35.Dx, 12.39.Fe

[. INTRODUCTION similar for heavy vector meson chiral perturbation theory. It
partially constrains the multi pseudo Goldstone boson ampli-
Chiral perturbation theory provides a systematic methodudes in a smallbut differeny part of the available phase
for describing the interactions of hadrons at low momentumspace. This paper is meant to illustrate the usefulness of
It applies not only to strong interactions of the pseudo Gold-heavy vector meson chiral perturbation theory fodecay.
stone bosonsz, K, and 5, with themselvege.g., =7 scat-  Since thep andK* widths are not negligible, a more com-
tering), but also to the interactions of the pseudo Goldstondlete calculation that includes vector meson decay and inter-
bosons with heavy matter fields like nuclediig and had- ference between different vector meson amplitudes that give
rons containing a heavy charm or bottom quizk the same three pseudo Goldstone boson final hadronic state
Recently, chiral perturbation theory has been applied tdnay be necessary for a detailed comparison with experiment
describe strong interactions of the lowest lying vector medn these cases.
sonsp, K*, o, and ¢ with the pseudo Goldstone bosdis. For ther decaysr—pv,, T—K*v,, 7—pmv,, 7—K" 7o,
The vector mesons were treated as heavy and an effecti@d T—womv,, we need matrix elements of the left-handed
Lagrangian based on the SB), xSU(3)g chiral symmetry currents dy,(1—ys)u and sy,(1-ys)u between the
was given for couplings between the vector mesons and th¥acuum and a vector meson or a vector meson and a low
pseudo Goldstone bosons. At leading order in the derivativéomentum pion. In the next section, we derive the hadron
expansion, the chiral Lagrangian has two coupling constantével operators that represent these currents in chiral pertur-
g, and g, that are related in the larg, (i.e., number of bation theory. Section IlI contains expressions for the
colorg limit [4]. While it is known from the value of the T—pmv,, T—K*mv,, and 7—wmv, differential decay rates.
octet singlet mixing angle and the smallness of thepm  Concluding remarks are made in Sec. IV.
amplitude that theN,— relation,g; =2g,/V3, is a reason-
able approximation, the value g§ has not been determined.
In this paper, we use heavy vector meson chiral perturba- IIl. CHIRAL PERTURBATION THEORY
tion theory to study the decays-pmv, and7—K* 7rv_in the FOR VECTOR MESONS

kinematic regime where the pion is “soft” in the vector me-  An, effective Lagrangian based on &) XSU(2), chiral
son’s rest framg. At the present time, there is ]lttle eXPerigymmetry that describes the interactionspaind K* vector
mental information that bears on the applicability of chiral Jasons with pions can be derived in the standard way. The

perturbation_theory_ for vector meson interactions. These pions are incorporated into ax2 special unitary matrix
decays provide an interesting way to test whether low orders

in the momentum expansion yield a good approximation. We
also predict the differential decay rate fer-wmv,, in the S =exp2ill/f), (1)
kinematic regime where the pion is soft in therest frame.
In heavy vector meson chiral perturbation theory, this decay
amplitude is dominated by @pole and is proportional tg5.  where
Comparing with experimental daf&], we find thatg,=0.6.
An important aspect of this work is that we will only use
chiral SU2), XxSU(2)g symmetry and consequently do not
treat the strange quark mass as small.

The decaysr—pmv,, 7—K* 7v,, and 7—wmv,_ result in
final hadronic states that contain three and four pseudo Gold-
stone bosons. The amplitude for the vector and axial currentgnder chiral SW2), XSU(2)g, = —LZR', whereL e SU(2),
to produce pseudo Goldstone bosons is determined by ordind Re SU(2);. At leading order in chiral perturbation
nary chiral perturbation theory6] but only in a limited ki- theory, f can be identified with the pion decay constant
nematic region where their invariant mass is small compared ;=132 MeV. For describing the interactions of the pions
with the chiral symmetry breaking scale. The situation iswith other fields it is convenient to introduce

) 7t

1= T —7°V2

. (2
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il o i
E=ex T = \/i 3 L= Lrint Lintt Lmass™ P L width - 9
Under chiral SW2), XSU(2)g, The interaction terms are
t_ t
E—LEUT=UER', (4) Im_lg(P) TI’({RT ,RV}A)\)UUG”W‘U

where U is a complicated function ok, R, and the pion

P (K¥) ek TAT o * MUVNO
fields TI. However, in the special case of transformations 19y Ky AKLvge

whereL=R=V in the unbroken S vector subgroup, L (K* »
UV, @)V g p +Ig(2K )KZTA)\K,’\;UUEM )\o', (10)
The p fields are introduced as a<2 matrix, where
. pz/\/? p;: ) i
“ Lo o2l =5 (£ =£10,9). (11)

* ok fi .
and theK™, K* fields as doublets: Comparing with the Lagrange density in Ed1) of Ref.[3],

K*+ _ K*~ we find that in the case of SB) XSU@Q)gz symmetry
Kh = K’io}, Kf = R’io 6) g¥*)=g,, at leading order in S@), X SU(3) chiral pertur-

bation theory. Note that for the vector mesmﬂ #p. = etc.
Under chiral SW2), XSU(2)g, In heavy vector meson chiral perturbation theqls)g de-
_ _ stroys ap™, but it does not create the corresponding antipar-
R,—UR,U", Ki—UK}, Ki—U*Ki. (7)) ticle. The fieldp, ' creates & .
— ] ) The kinetic terms are
The doubletsK;j and K; are related by charge conjugation

which acts on the fields as Fin= 1 TrRLv . IR —i TrRL[v.V,RM]_iK:‘LTU COKF R
CR,C™'=-R}, CKiC '=-K}, C§C‘1=§T.(8) —iKE T VK* =K To - oK H K S Ty VTR H
(12

We construct an effective Lagrangian for strong transi-
tions of the formV—V’X, whereV andV' are vector me- Where
sons andX is either the vacuum or one or more soft pions.

The vector meson fields are treated as heavy with fixed four _} t, gt

velocity v#, _v?=1, satisfying the  constraint V”_2 (£0,6°+£0,8). (13
v-R=v-K*=p.-K*=0. The chiral Lagrange density has

the general structure The mass terms are

Fmase= N TIRE RAM )+ NFKE M H 24 N JDKETMIK* 24+ o) THM ) THRIR®) + o) Tr(M KA TK*#

+ o) Tr(M K= TK* . (14)

In Eq. (14 comparable with the pion mass, we treat the widths as of
order one derivativdthe mass terms irf14) go like two
derivatives and are less important in chiral perturbation
theory than the terms it¥ i, Zint,» @and % yiqmnl- The width
terms are
where M =diag(m, ,my) is the 2x2 quark mass matrix. At
leading order in S(B), XSU(3)g chiral perturbation theory, o
the couplings in Eq(14) are related to those in Rdf3] by Fign=T" Tr RLRM+ I‘(K*)K:‘LTK*M+F(K*)K:‘LTK* "

17

1
Me=5 (EMéTEMeD, (15

NP =AFD=\, and o) =0f)=0s. (16

Thep andK* are not stable. In heavy vector meson chiralln the SU3) limit r?=r®") however, the physical values
perturbation theory, their widths appear as anti-Hermitiarof the widths*'=151 MeV andT™* )—50 MeV are far
terms in the Lagrange densi{9). Since thep andK* widths  from this situation. In heavy vector meson chiral perturbation
vanish in the largeN, (i.e., number of cologslimit and are  theory, the vector meson propagator is
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—i(g*"—v*v”
(g—_), (18) s
v-k+il'/2

wherel is the corresponding width. Note that we are treating 7

the vector meson widths differently than Rig]. In Ref.[3], . _ .

chiral SU3), XSU(3)g was used and since the vector meson FIG. 1. Feynman diagram representing the r_natrlx element of the
widths are small compared with the kaon mass they weréft-handed current from the vacuum ger. In this case, only the
treated as of the order of a light quark mass or, equivalently?xial current contributes.

two derivatives. Hence, in Reff3], the widths could be ne- pecause of the parity invariance of the strong interactions the
glected in the propagator at leading order in chiral perturbaaxial currents do not contribute to these matrix elemgnts.

tion theory. In the largeN. limit, couplings involving thew are related
At the quark level, the effective Hamiltonian density for to those involving thep. They can be derived from the
weak semileptonie decay is Lagrange densities in EgEL0), (12), (14) and the expression
Gr B _ for the current in Eq(20a by replacing the isospin triplet
HWZE Vua?: Y, (1= ys) 7dy*(1— y5)u matrix R, by the quartet matrix
p2/1f2+ w, V2 p;
Q.= - (21

G _ _ W _ 0 :
+ 72': VusVﬂ’,u(l_ ¥s) 7SY*(1—ys)u, (19 Pu pM/\/i-l- ®y V2
However, the effect of thes width cannot be included by
replacingR,, in Eq. (17) with Q,,. Since the widths vanish in

: - - the largeN, limit, a separate teri® w’ w* must be added

ments of the Cabibbo-Kobayashi-Maskawa matrix wheret c ' @ u
experimentally]V, 4 =1 and|V, | =0.22. At leading order in '© EQ-(17). Experimentally[ —83-)4 MeV. Note that for the
chiral perturbation theory, we need to represent the currentg 2lone the term proportional ) in Eq. (10) vanishes by
dy*(1- ys)u andsy*(1— ys)u by operators involving the G parity. Since our predictions do not rely on the couplings
hadron fields that transform respectively as_,(3) and in Ed.(14) they do not depend on the largg limit.
(2.,15) under chiral S2); XSU(2)g and contain the least
number of derivatives or insertions of the light quark mass lIl. DIFFERENTIAL DECAY RATES
matrix. These operators are

where G is the Fermi constant and 4 and V¢ are ele-

The amplitude forr—pmv, follows from the Feynman
dy,(1— yg)u= N TR’ g’r( 0 O) ¢ (209 diagram for the vacuum tpm matrix element of the current

. v2m, #2110 shown in Fig. 1. Note that there is no pole diagram since the
Lagrange density10) has noppw coupling. The invariant

and matrix element is
_ fo  — . (1 / GV,
V1= y9u= o= KT o)- (20b) TPt v = = Uy e (p) (15U

(22)

The coefficients are fixed in terms of the vector meson decawhereu,, . are four component spinors for the neutrino and
constants f, and fx« by _the matrix elements |tis convenient to express the differential decay distribu-
(K*7[sy,(1=v5)u[0) and (p~|dy,(1-ys)ul0), which  tion in terms of thepm masss=(p,+p,)? and the angley
are equal td'x« €}, andf e}, , respectively, and follow from  between the direction and ther direction in thep— center
Egs. (208 and (20b) by settingé equal to unity.(Note that  of mass frame. Then the differential decay rate is

2 2\2 2
\/(s— mj+m2)2—4m’s

[(7—p°m G2|Vydl*%m,
dU(7—p’m v;) _ GelVud™f,m ( —i> [A(s)+B(s)cos 8+ C(s)cos 6], (23

dsdcos¢ 2'f2g° m2 452
|
where the dimensionless functioAg$s), B(s), andC(s) are m? ,
B(s)=— asn? (1— P (s+m?
A(s)= %Z- (1— m% [(s+m? —m2)y(s—my+m2)2—4mis,  (24b

m,

—m2)¥(s+m?) +4s7m?], (248  and
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(28)

2 2 0, — 2

m; S 1 di'(r—p 7w v,) [m, N

Cls)= 8s°m? (1_ m2> [(s—m§+mi)2—4m7275]_ (249 M(r—p v, dx N 4%
p T T

T

The differential decay rate is the same for=° mode.

Our expression for the invariant matrix element in E22) |t seems reasonable that lowest order chiral perturbation
was derived using heavy vector meson chiral perturbatloquheory will be a useful approximation in the regige[1,2).

theory, which is an expansion m,/m, andv - p,/m, . IN A, negratingx over this region gives a—p%7 v, width that is
B, and C, terms suppressed by powers of these quantitied 53 times ther—p™ v, width

e o oC o (1 Knemats 10T W11 The ampitude forr—K- ry olow from the Feynmar
P ry ' 9 diagrams for the vacuum t&* = matrix element of the left-

;rgn; pth/iq V?Jns?r:)glge s to the dimensionless variable handed current shown in Fig. 2. In this case, there is a pole
T contribution proportional to thé&*K* 7 coupling g&<*) .
S=Mmo+mi+2m, myx. (25  The resulting invariant matrix element is

Then expanding inrf,/m,),

A(X):%(l—%% 2+%§TJ, (263 "'%(T_)R*OW_VT):GF‘/\;—USK*vau(l_YS)ur e 1(K*)
m, | [ m?
and +(v~pi+iF(K*)/2) Prpl o€, (K¥) |
1 (m2\ (m? 2\ (29
C“):i(m—g)(m—i)( ] oem s

. . The term proportional tg<" arises from the pole diagram
Hence,B andC are negligible compared with and our  and it corresponds to thp-wave K* 7 amplitude. In the
expression for the differential decay rate becomes nonrelativistic constituent quark modgT] g(zK*)Zl_ Fol-

lowing the same procedure as for the>pmv, case, we ar-

— 2 2 2 2\ 2
dI' (7—p%7 " v,) _ GE[Vyd*fom,mZ 21 1- m;, rive at the differential decay rate
dxd cos 0 27f2 78 m?
2
X[ 2+ —5|. (27)
m,
Normalizing to ther—p~ v, width gives the simple expres-
sion
|
" - 2 2 2 2 2 *
dr(r—~K*%n " »,) = G|V *Fix M, 21| 1- M m +2 9 " m +1|(x*-1)
dxd cos 0 282 78 m? Mix X*(1+ ) | mg,
* *\2
49y g5 m?
+ ——— X°— - (X?=1)| ——— .
X177 V=1 cosé 2157 (x2—1) - 1|cog 6 (30
In Eq. (30),
y=T& "/ (2xm,). (3D

In this cases=mz, +m?+2m,my«x. The rate forr—K* 7%, is one-half the rate for—K*°r v,.
Normalizing to ther—K* ~v_ decay width and integrating overs[1,2], Eq. (30) gives

dl (r—K*07 v

1 2 *\2 * *12
oK) L dX— deoss  — /5% 107 3[(1+0.4857)) +0.5195") cos 6—0.2895" )" cog 6]. (32
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The shape of théC* Oz~ v, decay distribution in cog depends on the value gfzK*) and it may be possible atacharm orB

factory to determine this coupling from a study ®£K* mrv, decay. In the S(8) and largeN, limits g8~ =g{” and in what
follows we discuss how to determirgf’.

Using heavy vector meson chiral perturbation theory the amplitude—fenv_ follows from the Feynman diagram for
vacuum tows matrix element of the left-handed current in Fig. 3. In this case, there is only a pole graph and the invariant
matrix element is

igy”

GeVudf, — o
(0 p+iTPP2) €7D s €5 (

(T T v,)= . U, ¥, (1= ys)u,

m

. (33

)

Here, the difference between theand w masses is neglected as is appropriate in the Ibrgkémit. The resulting differential
decay rate is

dr(T_“‘”T_VT):Gélv“dIZf‘z’rn’zTrnT(x2—1)3’2 1—m_5’ 2—g(2p)2 m_§+1 - mi—l cog ¢ (34)
dxd cos 6 272 73 m2) x2(1+v%) [\ m? m2,
where now
y=T®/(2xm,), (35

ands=m2+m2+2m_ m_x. Integrating over co# and dividing by the rate for—pv_ give (again we neglect the difference
between the and w massesthe simple expression

(36)

1 df(r—wm v,) ( mﬂ) 2 (x2—1)32%gp)"

I'(r—p v, dx K 6mx2(1+y%) "

Referencé5] plots the differential decay rate as a function of cations of ordinary chiral perturbation theory which are valid

the w7 invariant masgsee Fig. &)]. The first bin corre- in a different small kinematic region.

sponds tax<1.7. Integrating the— w7y, differential decay Modes similar to those discussed in this paper, such as
rate overxe[1l, 1.7] and comparing with the experimental —pKv_, can also be studied, using chiral perturbation

rate in this regior{8] give |g¥'|=0.57. If both the first and theory. They will be related to those we considered in chiral

second bins are included the region correspondsdfl, SU(3), XSU(3)g. Using chiral SW3), XSU@)g, the left-

2.7] and integrating over this region giv@(f)|20.65. Itis handed currend{, =qT"y\(1— ys)q is represented by

not likely that lowest order chiral perturbation theory will be

a good approximation for values &fgreater than this. fy

\V2my,

whereO, is the 3x3 octet matrix of vector meson fields.
We found a branching ratio for—p°7 v_ in the region
where the hadronic mass satisfies,,<1022 MeV, of

A _
‘]L)\_

Tr(O]&TTAY), (37)
IV. CONCLUDING REMARKS

In this paper, we have studied the decay moglepv,,
—K*7v_, and 7—wmv,, using heavy vector meson chiral
perturbation theory. Equation®7), (30), and (34) are our ] i =0 - .
main results. Our predictions are valid in the kinematic re-0-69%. and a branching ratio for>K™ v, in the region
gion where the pion is soft in the vector meson rest framemgx ,<1151 MeV, of (0.02- 0.0021:](2K )")%. It may be pos-
For these modes, vector meson decay results in three or fosible to studyr—K* 7y, decay in the kinematic region where
pseudo Goldstone boson hadronic final states, and heawhiral perturbation theory is valid at acharm orB factory
vector meson chiral perturbation theory restricts these ampli-9].
tudes in a small part of phase space. This is similar to appli- In 7 decay, theps final hadronic states get a significant

contribution from thea;(1260 resonance which has a large
width of around 400 MeV, whil&* 7 final states get contri-

S T
/ ST
s s %
/ K* K* / K* /
p 0w
—l

FIG. 2. Feynman diagrams representing the matrix element of
the left-handed current from the vacuumKd 7. For the first dia- FIG. 3. Feynman diagram representing the matrix element of the
gram, the axial vector current contributes while for the second poldeft-handed current from the vacuum éar. In this case, only the
diagram, the vector current contributes. vector current contributes.
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butions from theK (1270, K;(1400, andK*(1410 which  expect sizable corrections to our results. This is particularly
have widths of 90 MeV, 174 MeV, and 227 MeV, respec-true for theps case where this region overlaps with a sig-
tively. Since in our formulation of chiral perturbation theory nificant part of thea, Breit-Wigner distribution.

these heavier resonances are integrated out, one can take thewe have applied heavy vector meson chiral perturbation
view that the “tails” of their contributions are constrained by theory tor decay and used data en-wmv, to determine the
our results. Note that thk;(1270 has a branching ratio of magnitude of the coupling, in the chiral Lagrangian. The
only 16% toK* . _ value we extractjg,|=0.6, is not too far from the prediction,

ThQ narrow width of thev ma|.(eST~>a)’7TVT easier to study g,=0.75, of the chiral quark mod¢lL1]. The value ofg, is
experimentally tham—parv... Using the heavy vector meson rejevant for other processes of experimental interest. For ex-
chiral perturbation theory, we predicted the differential decayymple, heavy vector meson chiral perturbation theory can be
rate for 7—wmv, in the kinematic region where the pion is ysed to predict differential decay rates @rK* e v, in
soft in thew rest frame. Comparing with experimental data, the kinematic region where bothpy-p,/my and
we find that thepwm coupling |g¥'|~0.6. 7—wmv, decay .. .p_imgx are small compared with the chiral symmetry
proceeds via the vector part of the weak current and the ratgreaking scale. Here, one combines chiral perturbation
for this decay is related by isospin to teée™ —wn® cross theory for hadrons containing a heavy qu2k with heavy
section. Experimental datil0] on e’e” —wn° lead to @ yector meson chiral perturbation theory.
comparable value fog¥’.

Our predictions forr decay amplitudes get corrections
suppressed by justv - p_/(1 GeV) from operators with one
derivative (e.g., TO]v-A£'TA¢) that occur in the left-
handed current. This is different from pseudo Goldstone bo- We thank A. Weinstein, J. Urheim, A. Manohar, and A.
son self-interactions where corrections to leading order rekeibovich for useful discussions. This work was supported
sults are suppressed pf/(1 GeV?), wherep is a typical in part by the U.S. Department of Energy under Grant No.
momentum. Hence, even in the regiogd: p,/m,<2, we  DE-FG03-92-ER40701.
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