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ABSTRACT

The problem of the radiative non-leptonic
weak baryon dacays is reviewed in light of
the new experimental findings. With the aim
of exploring the structurs of the weak non-
leptonic Hamiltonian, we present a detailed
phenomenological analysis of L* - pi*L” tranm—
sitions. Lower and upper limits for rates
derivable with standard physics are deter—
mined as ['(z* » pete™)/T(Z* » py) > 7.2%10"3
aad 1/1210 ¢ T(s* » putp7)/T(E* » pe’e™)
¢ 1/120. From existing data om Tt > pate” we
obtain limits on tha values of the charge
cradius form factors lc;/bjl £ 5; lca/byl £
10, where the magnetic form factor is gilven
by the E* » py decay as b1(0) = 6.9 £
0.9 MeV. The short distance contribution of
the QCD corracted single quark s * dy tran-
sition is shown not to play a dominant role

in these decays.

*)On laave from Technion-Israel Institute of
Technology, Haifa.



1. - INTRODUCTION

The weak radiative decays of baryons have attracted the continuous interest

of theorists during the last two decadesl)-l6). This ongoing attention is rela-

ted in an obvious way to the gradual evolving of the theoretical techniques;

these 1lead to the successive treatment of these decays from symmetry

conceptsl)’Z) and pole models as well as more sophisticated models on the

3),7)-9)

hadronic level to the modern approach of the effective Hamiltonian of

quarks and gluons, which is based on the Weinberg-Salam theory of electrowsak
interactions to which QCD corrections are administeredQ)—6)’9)_16). The fact
that photon emission is simpler to treat theoretically than the corresponding
pion emission of non-leptonic decays, has kept alive the hope that these decays
will provide the needed insight into the structures of the weak non-leptonic
Hamiltonian. This hope has not materialized yet. 1In fact, the recent surge of

6)-16)

intetrest in these decays has been fuelled to a large extent by the un-

solved puzzle of the large negative asymmetry parametsr observed in ¥ » PY

17)

decay” ", a(Z* » py) = -0.8. This value deviates considerably from the expecta-

tion of a vanishing parity-viclating amplitude as requiraed by exact SU(3)

flavour symmetryl).

While the parity-violating term in the transition I* + py vanishes by

1),2)

virtue of U-spin symmetry , relaxing the SU(3) flavour symmetry condition

does not lead in an obvious way to a large and negative asymmetry parametar. On

4),5)

the contrary, it has been known for some time that in a simple quark
picture, one is led by general counsiderations to a parity-violating amplitude of
relative gsize (msﬂmd)/(ms+md), giving au asymmetry parameter which is positive

and large if current quark masses are used.

An important step in the treatment of the By * Boy decays has been taken
through the analysis of Gilman aand WiselO). These authors {(GW} start with the
assumption that all the B; + Byy weak decays in the 56-multiplet of SU(6) avre
due to a single-quark transition and parametrize this amplitude by two para-
metars a and b which represent the effective parity-conserving and parity-
violating components respsctively. 1In order to calculate the By + Byy decays,
GW take the hadrons to be described by SU(6) quark model wave Ffunctions and
agsume that the overlap of the hadronic wave functions is common to all transi-
tions. If the parameters a, b are thus determined from the T+ » py decay, one

may then proceed to calculate the branching ratios (Bé;) for A » ny, = 5 Eoy,
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2 > Ay, 2"+ 7y, @+ 57y and Q7 +» T *y. It turns out that some of these come
out quite large, of the order of 10-2, which is already in conflict with exist-
ing measurements and upper limits. For example, with the assumptions of GW one
obtains B;E(A + ny) = 2,2x10"2 while a recent measurementls) gives BS P (A » ny)

= (1.0240.33)x10"3 and likewise BEE(EO > Ay) = 4x1073 versus BS¥P(E0 5> Ay) =

(1.1£0.2)x10-3 198) ang Bé; g > T7y) = 1.1x10"2 versus BSXP(E™ » 17y) =
{2.3%£1.0)x10™" l9b). Thera is alsc an experimental upper limit on the Q7

radiative decay of 8¥*P(g~ » E7y) < 2z.2x1073 20) versus the GW prediction of
BEE(Q_ > ETy) = 4.1%1072, The assumption that all these decays are given by the

single—quark transition s > dy is obviously untenable and the quark model
analysis should be extended to include also two-quark and three-quark transi-
tions, as exhibited in Fig. 1. Nevertheless, one should remember that in some
of these decays, like @~ + E7y, in which the transitions depicted in Figs. Ib
and lc cannot proceed by the standard weak Hamiltonian because of the quark

16)

content of the baryons, the s + dy may still provide the dominant mechanism

There are several papersg)’ll)’IZ) in which the quark model analysis has

been extended to include the two-quark and three-quark tranmsitions. Although

thers are similarities between these papers, there are also basic differences

12)

and we shall refer to the work of Lo as the reference for the application of

the standard mod2l to the % » py problem. 1In this relativistic quark calcula-

tion the amplitude for ©* + py is represented by the sum of the three diagrams

v g
(y)J

AS=1 AS=0
rections due to soft and hard gluons are imcluded via the MIT bag medel for the

of Fig. 1 resulting from the operator product J:M(X)J (z). The cor-
baryonic states and by the use of the QCD corrascted HamiltonianZI) for the two-
quark » two-quark strangeness changing transition. Ilo finds the one-quark tran-
sition (Fig. la) to be much smaller than the two-quark one (Fig. 1b) and the
contribution from Fig. lc to vanish to the order of the calculation. A negative

12) from the dominant

asymmetry parameter a(Z* » py) = —0.154 is then obtained
two-quark transition. This figure, though smaller in absolute value than the
observed one, has at least the correct sign, However, Lo neglects in his calcu-
lation the QCD corrections to the single-quark tramsition s + dy which are known

to be sizeable for the magnetic part of the transitionS)’G)’l3)

, the only one
appearing in the decay with real photons. When the QCD corrections are consist-

ently included for all contributing diagrams, an asymmetry parameter of alt »

py) = -0.22 is obtainele), while the rate of £* » py is still dominated by the
two—-quark transition. It should also be mentioned that a certain equivalence
9),12) 9),12)

has been established between the short distance approach and that



8):9)

baryon pole model which emphasizes the role of intermediate negative parity

baryon resonances in obtaining the negative asymmetry paramester,

The most recent experimental resultslS)’lga)

are providing now rates for
some additional weak radiative modes, A% > ny and 2 » Aly which also entertain
contributions from two-quark transitions, When these new data are compared with

the models which tried to account for several of the radiative B' + By

modes7)_ll), one discovers that none is able to reproduce all the experimental
. 18}~ . . :

figures ) 20). Hence, one 1is left essentially with the approach of the

standard model as used by Lolz), which however has not passed yet the test of

the extension to other modes, and in any case it gives a(Z* + py) too

alllZ)’l6). Also, there is the singular attempt of Gaillard, Li and RudazlS)

who investigated the possiblity that the sdyg vertex is responsible for the
baryonic weak radiative transition, on the assumption that a sizeable gluonic
component resides in the baryvonic wave function. Although the sdyg operator can
give rise to parity-conserving and parity-violating amplitudes of opposite sign,
it appears that its contribution to the observed width of £+ » py is too small

to be of dominant role in the actual decayl5).

An exception to the above remarks 1s provided by the mors exotic

QT » E(Z* )y and & + L y decays to which the two—quark + two-quark transitions
6)

. . .- 1 .
cannot contributzs; for these modes, single-quark transitions , penguln

4) 3) are relevant. For the {7

16),22)

. 1 . . . 1
diagrams and long-distance contributions

radiative decay, the single—quark transition is expected to dominate, but

the existing expevimental upper limitZO) does not allow yet to distinguish among

the various models. On the other hand, the recent measurementlgb) of the rate

of 7 » Ty agrees well with the calculationl3) of the long rang; contribution to
2

. . ] 2 .
this decay, as expected theoretically from a comparison of the various

contributions to this mode.

In the processes discussed so far, it is the magnetic part of the radiative
transition which is tested. 1In general, the vadiative B' » By vertex has two
independent components, a magnetic part and a charge radius part (see next
section for details), the latter vanishing for transitions to real photoms. 1In
view of the presant impasse of the problem, aand for its own intrimsic intervest,
it should be very valuable to test both components of the radiative transition
in the same process. Various models would give different predictions for these
two parts, and their measurement in a specific process could help to achieve the
much sought after insight into the structure of the QCD corracted weak

Hamiltonianzz). For example, in the free quark model, the sdy amplitude (with
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virtual photon) has a negligible magnetic part as compared to the charged radius

23)- . .
ne 3) 26). However, when QCD corrections are 1nc1uded6)’21)’27)

, the magnetic
term is increased substantially while the charge radius term essentially retains

its size though it changes sign.

In this paper we consider the possibility of using the ©* » p2*2™ decays as
a tool for the investigation of models for the non-leptonic weak radiative
decays. To this end, we present here the phenomenology of this decay and we
analyze the sensitivity of various measurable quantities to the relative size
and sign of the independent components of the radiative amplitude. While it is
too early to confront predictions of models in any detail, we show that some
limits on the charge radius amplitudes are already derivable from existing data,
Also, the single—quark transitions are calculated and found to play a minor role
in these decays. In the second section, we present definitions and the various
distributions in the £* » pf*%~ decay, the third section contains a numerical

analysis and the last section is the discussion of our results.

2. - THE AMPLITUDE AND DECAY DISTRIBUTIONS OF £+ » p*a”

Let us denote the decay amplitude for the processes £ pete™, pptp~ by M.

28)

Using the notation defined in Fig. 2, one has

M = ‘ieGMHﬂ,u 0

where iu is the product of the photon propagator and the leptonic current matrix

element

by = 2 Cie) A(fy) B vy (2

M{‘* = ﬁ(—fa).(;i U(fz) ) (2b)

For the hadronic matrix element M we define an effective vertex function T

29),30)

whose most general form, as dictated by Lorentz invariance and the

assumption that the £*, p satisfy the free particle Dirac equation, is

Fﬂ = (q,,* Q/Z,.X\S ) X/V“ + ('[7; sz_fS)(—z;z‘)—’(’L)’ay (3)
+ (Cf * szsj ?H -



The strength eG of the effective vertex and the form factors aj{q?), ay(q?),
bl(qz), bz(qz), c1(q?), ¢p(q?) contain the combined effects of the electroweak
and strong interactions. From the definition of the decay amplitude (1}, it is
obvious that b;, by, ¢y, ¢y have dimensions of mass and a;, a; have dimensions

of (mass)?Z.

It is still necessary to impose electromagnetic gauge invariance, which

restricts Fu to fulfil
@L(j)) %f“l u('fz) =0 . (4)
Using again the Dirac equation for E* and p, this translates into relations
between aj, cj and ag,cyp:
z sz,

(9= 8 ) e

The third term in {3) does not contribute in the actual Dalitz decay (m2+ =

).

ml.,

For a teal photon (q2 = 0, e(Y)-q = () and assuming ne singular behaviour
for cj(q?), ¢y(q?), only the mid-term of (3) contributes to the decay amplitude
T* > py. The measurement of the rate and asymmetry of It + py is relevant to
the determination of b,(0) and b,(0). Using (3) for the decay to a real photon,

one obtains for the decay rate I' and for the asymmetry parameter a(Zt » py),

ALE2PT)  po 1712 (167140 [ 2

CQ(F:A&SEB) 6ba
2K (b 5. ceaéj -
[ 6,15+ | b, )%

where 8 is the angle between the polarization vector of % and the direction of

the proton momentum and IEI = (M§ - M%)/ZMZ. Then,

F(E+——»j:>b‘)=16o<62((£,f?'+IBZ}Z)H];/S) (6b)

_ _aRe(b b)) . .
o<(>:+__a7ozr)_ lb,)'eia*fb,_)" (6c)
31)

The particle data values for these quantities are




BRP(Z'mpr)- (1222 0.10) 10

which gives

P(aP) (2+—*"rb‘) = (1_011 o.og)x}o“‘g el (7b)

and

X (P [zt pr)=-072£0.28 . o)

The last figure does not include the KEK experiment which reported32) a prelimi-

nary figure of al(E* + py) = -0.85 * 0.013 % 0.05.

Assuming b;, b, are relatively real which is supported by the existing

models [e.g., Refs. 11} and 13)], Eqs. (6) and (7) lead to
by (0)/bi(0)=-042£0.24 5 [b(0)] =6.920.9 MeV .

In order to calculate the leptonic decays, it is convenient to perform a
Gordon decomposition om (2b) which leads to a redefinition of the vertex
function (3) such that G(p)Puu(pE) > G(p)FLu(pE) [remember, the (c1+c275)qu term

does mnot contribute in the leptonic decay] where

M. aa‘f‘+[>a’§5*f‘+c-fzﬂ+ 0/0':;75;/* (9)

with

a = a,+1£,(mz+mr) 5 z-4b,
. = _ (10}
b= a,+2b, (Mz-Mp) ; d=-46,
and we made use of qulu = 0 for the processes under consideration.

We procsed firstly to calculate the decay distribution in the E* rest

frame. To this end, let us introduce two Lorentz invariant kinematic variables

A = 6]/1 ; U= 7bz -ﬁg-f— ) (1D

Following the usual techniqueza), one arrives at



hgi,f“(iETf—'? jﬁ>4£*¥?‘) (;x,é;j)z trmar oo
C&4> - 7”E: J//,- :2;‘—{?3(h A_t4 '2,}t

(12)

+(§— ,ﬂmf’s )]

(53 2[l®|2+ (b5 Re (ac®)a, + Qe.(bd*)d_]

where

+ |c]7' _Mf * ]ol[l M_z (13a)
55(/)1#2777[1)(}(1]2]"]_2_'*/L/le_) (13b)
M___,-do-f;g_m Ms A"Emz—m'f’ (13¢)

= -13“f7§: + rT?ﬂb T 5 A + = Yy}j: + M ?9 .
The limits of integration arsa
{ 2 ra
; _ArAA /\/t(mz,mp,é)
min 4 7 4

with

(l - l_f/__)”_?éi)yz (13d)

A = mZ‘r +m;+/52_2m; m;; ——2777;/5 —.27}7?2/5 - (13e)

The lepton invariant mass distribution, after integrating over t in {(12), may be

given in clesed form as

APt («a)ﬂwz /. o‘“’”e)[
A am mg A

(l4a)

vs(la)* M2 b1 r)]

where



/57 ( 1- i Wg )%2 . (14b)

In the numerical analysis presented in the next section, we shall be
interested to exhibit the originally defined form factors as given in (3), so as
to be able to separate between the magnetic transition expressed via b;, by on
which there is knowledge from the L* » py decay, and the a;, a,, ¢;, ¢y form
factors which appear only in the Dalitz decay. We reinstate these coupling in
{14a) by use of (10) and divide dT'(E* » pi*2”) to the total rate for It + py,

thus obtaining

1 0(]‘(5_97;4’*1) o Cg+.2m"")/) 2/5;7
(=) dA Y [ m=E-m )3/57'[/5,}%/6 )

(1bJ™ 1k ) [8, A2 ~ 4= ~/s(mf+""73ﬂ
2 z A /C/ /5 s
=1k ~lb.]7) 2 e A% )[ "
v _——_(mz +m /5)] ..L{ Ic, ’ _ lCz./ )/5 mzm?

Ro (b, c*) 4&;,([1_2-/.9) _ Qe(é:ch) /.Sél__(ﬂf’/.ﬁ) j
A Ay

In this expression we have replaced aj, ap by cj, ¢p using (5) and My, M. by Ay,

A_ using
= BF-A)/2 1"1_2‘=(A3"/$)/2 _ (16)

If one is interested to express this distribution in terms of the momentum

]EI = p of the recoiling proten, the appropriate expression is

AD(s%4217)  amgp  AL(SHpY)
ol S (premi)e oAb ar

where on the right-hand side of (17) one should replace h and s as follows:
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%
Afmy, m;;)/j)-_-zf mzz?b 5 A= m,:__um;‘-zmz('fﬁ m};)%(ls)

Turning now to angular asymmetries in decay, we consider the decay of
polarized T for which we take a polarization vector in the positive direction
of the z axis. We choose a covariant polarization vector a? = (0,%) in the rest
system, g:; = 1. The decay kinematics will be expressed in terms of three
variables s, t {Eq. (11}] and 9, where 6 is the angle betwsen the proton
momentum and the polarization vector of L, cos§ = (3;%) =z, % being a unit
vector in the direction of ;. Our choice of kinematics is resemblant, though
net identical, te the analysis previocusly performed33) for the kinematically
similar decay ¥ » fe*e”. We express the angular distribution so as to exhibit
the angular asymmetries of the proton and of the antilepton with respect to the

tt polarization:

JF(Zt—a «é*-)gm) . 44+ A4
ols offo;; - F(/“"t)[-l Vst ) W/A’f)@* hj_(w)

The angle B, between the polarization vector of 7+ and the antilepton momentum,

A A A . 34) .
cosf, = Py+ent, 1is expressible in terms of s, t and z . We find

Flat)- (=50 Ta(a, 8 +s-at)t

- 3, 5
a7 7’)72/5

+(<S_— ﬁm‘i’s )j,

',
Veat)= L S Q@b Caramy) - [RGE)Red)
P

(20)

+ Mg Ke (Cd*)]‘[(éfﬁ\- +4-200T ~ 2"7'?'%"/5""] (21)

~t(2my R (@2b7) + My Re (bc)+ 1 Relod)S

B (a, 8- v p-at)be (I - lﬁ)q;zl/g )]—:)
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2 VA 2 ‘/ .
W(iat) - (£ e m&)"[z My & (ab") 4192 R (be*)
Ms

+ M2 ?e(a"e*)]'(dw bt ht) [ (AJ’A'USHHL);)
(- pEs )]

L L

BeA and mz(n-pk+) = —(t2~m§m§)§ﬁx+-ﬁ. Arriving

-

in which we used ZmE(n-p) = -}
at the expressions (19) to (22), we have neglected terms proportional to

ﬁ.(ﬁxﬁ1+) which vanish if the amplitudes are relatively real, which we assume.

3.- NUMERICAL RESULTS

In order to simplify the analysis, we assume that in the range of s one is
concerned with in the T+ » pi*4~ decay, the form factors bi,by, €1, ¢ are real
and constant for all practical purpose. The a), a; form factors have then the
s-dependence given by (5). The reality assumption, as already mentioned, is
certainly supported by model calculations [see, e.g., Refs. 10)-13)]. As to the
s-variation, a reasonable estimate is obtained by assuming a model which is
known to work well for the small q2 values inveolved here, like vector meson
dominance. For £t + pe*e™ where the distribution is peaked very closely to S in
around s = 2 MeVZ, there is no problem at all, but even for £t + pu*p~ where the
distribution peaks around s = {220 MeV)?, the assumption of vector meson domi-
nance for the form factor inducesg changes which are at most 10-~15%Z. Thus, one
may safely assume constancy for bj, bp, ¢y, ¢, especially in a first attempt

analysis which we are addressing here.

We begin by considering the integrated partial decay rates of §* + pe*e”,

£t » putu”. As it will become obvious from our analysis, the latter is a very
sensitive probe to the magnitude of the charge radius form factors. We
integrate (15) between S ia T (ZmR)2 —- the configuration when the two leptons
have equal three-momenta, and S ax - (mz—mp)2 -—- the configuration with the

proton at rest, and we replace the constants dependent on W, Mg, Mo, mp~ by

e
their numerical values31). Then,
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(2™ pete”) _ -3 b, 12 }
P(Z"_—azfof) F.72=lo [I-f(__g’i_) ]_3'3_?-”/0 1{[1

g et (o ot (5 )
-suis?(3) 2o ()@ [ (3]

(23)

C(==prr) 367109 [1+/22. )] ~2493<108
F(z =) { oL (6;)] 25

(b?—):’ + 776~ 1o [ )f/&/ <fo (5)
(24)
o () -comi NG N ()T

30)

There is one previous calculation by Lyagin and Ginzburg in which these
partial decay rates are estimated for the hypothetical case ¢y = ¢y =0, by = by
[the preseat knowledge from £* + py implies b} = -2by, see (8) and the accom-
panying discussion]. Using their Eq. (10) one finds et » pete”)/TEY » py) =
1/180, while the correct figure for this case (i.e., for ¢} = cp = 0, by = by)
from (23) is = 1/130. However, fortuitously, Lyagin and Ginzburg used in their
calculation only the first term of an expansion, which happens to give the
correct value of 1/130 for the particular choice of constants mentioned. Their

expression for T(Z* » pu*p™) is apparently in error since it leads to a value

for T{Tt » pete™)}/T{(E+ » pu*u™) which is off by an order of magnitude.

In Tables 1 and 2 we give the ratios I{&* » py}/T(E* » pe¥e™) and
r(z* » pate=)/I'(z* » pptu~) respectively for diffevent values of ci/by, cp/by
which are varied between 0 and £50. The tables are constructad so as te
emphasize at which values sizeable changes in these ratlos are occurring,
compared to the values obtained when cj; = cp = 0. In these tables, we used bs/by

3D

= —0.42 (8) which corresponds to al(Z* » py) = -0.72 Since the value of
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a(l* > py) has a very large exparimental uncertainty, we checked the sensitivity
of T(Z* + pa*27)/T(E* » py) to possible changes in by/b;. This is given in
Figs. 3 and 4 for Z* » pe*e™ and £* + ppty~ respectively, for ¢| = ¢y = 0. The
L* » pu*y” is the more sensitive probe. We have checked the sensitivity of
these ratios to bp/b; for other values of c¢j,co as well. Only for values of
le1/byl of the order of 5-10 and very large |lcy/b)]| values of the order of 102,

can one parceive sizeable deviations from the results given for ¢, = ¢; = 0.
However, as it will be shown in the course of this analysis, such large values
for ¢;/b; and cs/b; are unlikely. We have also checked the implications of
positive values of by/b; (again very unlikely in the tight of the presently

known value for it) and we found, as expected, that the partial decay rates for

Lt » pe*e™ are not seriously affected. Using, for example, ¢; = 0, cy/by = 10,
r(z* + pe*e™)/T(2* » py) changes from 7.34x10"3 for bo/by =1 to 7.98x10~3 for
by/b) = -0.5 and to 8.25x10"3 for by/b; = -1. On the other hand, T(y* -

putuT)/T(z* > py) changes from 1.13x107° for by/b; = 1 to 6.15x107% for b,/b; =
-0.5 and B8.05x107° for bo/by = -1. In any case with a better determination of
ot » py), the uncertainty in the by/b; value will diminish and it will be
pessible to use the partial decay rates to the leptonic modes as a cleaner probe
for the magnitude of c;, ¢y free from the uncertainty due to a loose by/b;

value.

For a given value of by/b;, as measured in Tt + py decay, the expressions

(23), (24) are quadratic functions of x = ¢}/bj, y = ¢o/b;. There are minima of
e,u  e,u
min’ “min
talty, would show that one or more of our initial assumptions is to be amended

these functions for certain values x which, if disproved experimen-

[e.g., the reality of bj,by, some strong form factor dependence or the possible
35)]

manifestation of an exotic particle in the £tg&~ channel In fact, we know
that the form factors involved have imaginary parts due to real processes like
* > ng* > pA*2™. The imaginary parts of b),b, have been estimated by Kogan and

3)

Shifman1 and found to be very small for &% » py. Hence, we expect that the

limits we derive from (23) and (24) are quite reliable indeed. Using by/b; =

-0.42, the absolute lower limits fer the I* + pete™, £+ » pu*u~ decays are then

[(7>pere”) o 1 5o 3 (25)
F(z—=+v) ~— 1%%

with the equality holding for Xiin = 0.70, Y:in = ~11.9 and
F(S+_°7°rdf*-} > 1
— x In5
[1 (jiz—+ _,_133r;) 167~ fo

=6ox |o~© (26)
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with lowest value holding for xﬁin = 0.68, yﬁin = -8.0.

The nminimal value for ©* » pe*e™ is within 3% of the value which obtains
with x = y = 0, while for 2% + pp*y~ the minimal value of T(2t » putu™)
/T{z* » py) is nearly three times smaller than the value of 1.63%10™5 which is
obtained with x = y = (0, To underline the large differsnce in the sensitivity
of these two decays to the values of z and y, we give in Fig., 5 T'(Z* » pete™)
/T(Z* » py) as a function of y = cy/b) for x = x:in and in Fig. 6 we display
(gt » pu*tp X/ T(Z* + py) as a function of y = ¢y/b; for x = xﬁin' With this we
exhausted the information obtainable from the decay rate and we turn now to the

various distributions.

We start with the s = q2 distribution of the I* + pp*u~ decay., All the
curves of a certain plot, for all distributions of this type given below, are
normalized to the same value for ease of comparison. In Fig. 7 we plot
d(g* » pu*tu~)/ds for several values of the couple of form factor ratios x, y (x
= ¢;/by, ¥y = cp/by) and for the camonical value bj/by = -0.42. Unless otherwise
specified, this value of bj/bs is used in all curves. Generally, when x, y are
nearly egqual, the distributions look very much alike even for fairly large
values of x = y. On the other hand, when |yl >> |x|, the distributions are
pulled towards high s values. The curves we give here are typical from among a
variety we checked34). Only if by/b] changes significantly from the presantly
accepted value, there is more discernible variations in the curves for x » y, as
shown in Fig. 8. The same type of informatiocn may be extracted if the curves
are expressed in terms of the proton recoil momentum [see Eqs. (17) and (18)]
and this is shown in Fig. 9. A similar analysis was performed for T* + pete”
and an example is given in Fig. 10. The pattern is similar to the one described

for £t » pp*ty”, though differences are lass pronounced, unless ¢, cp are very

large (= 50 by).

We turn now to the asymmetry distributions presented im (19} to (22). To
give an idea on the sensitivity of the angular distribution to the size of the
coupling constants ratios, we present several plots of V(s,t) and W(s,t) for
various values of c /by, ca/by,. An extensive display of the variation of
v(s,t), W(s,t) for various ranges of s and t and for different assumptions for
¢1/by, c2/b] can be found in Ref. 34). A representative sample of this is given

in Figs. 1ll1-14.
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In Fig. 11 we plot V(s,t) the proton angular asymmetry function for saveral
combinations of cy/b;, c,/b; and constant s = 4.8xi0" MeV? as a function of t;
in Fig. 12 we give a similar plot for W(s,t) the positron angular asymmetry
function at s = 6.25x10* MeVZ. Both these figures are for the decay £* + pe*e.
We checkedaa) that the depicted trend does not change appreciably when one
varies s over its range. As the curves show, the W-asymmetry of the positron is
sensibly larger than the V-asymmetry of the proton in the It » pete™ decay;

unfortunately it shows no sensitivity to changes in c¢./b;, contrary to the
1

behaviour of V(s,t).

Turning to the I+ + pp*u” decay, we give in Fig. 13 the V(s,t) function for
s = 6.25x10" MeV? and three differant combinations of cj,b; and c3/bj. One
should remark again the strong variation as a function of t for the case that
the ci’s are different from zero and as large or larger than bj;. In Fig. l4 we
show W(s,t} for the E* + pp*p~ decay as a function of t, for several values of
s, with ¢ = ¢3 = 0. The variation on s is fairly typical for other choices of

the pair of coupling constants as well34).

From the experimental point of view, it is more advantageous to intagrate
over t, since one does not expect large numbers of events in the near future,
We find again that the more sensitive decay is £* » ppfy~. 1In Fig. 15 we depict
for £+ + ppty~ and for several choices of values for c¢)/by, cp/b) the directly

measurable quantity a(s) which we define [see Eq. (19)] as
Trpax
F(xt) V(At) ot

&(}5) - fmiﬂ (27)
Cinax

Fat) dt
f}n!n.

For large ci/b), ¢3/b) a sizeable asymmetry is observed.

4, — DISCUSSION

The mechanisms operating in the various transitions namely the identifica-
tion of the correct operators in the Wilson expaunsion and their evaluation
betwean hadronic states including corrections by the strong interactions, as
well as the estimate of long distance sffects, are the big issues to be still

resolved in the realm of alectroweak non-leptonic interactions. With the aim of
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contributing to the elucidation of these issues, we studied the phenomenology of
T + pit4~ transitioms; it appears that detailed measurements on both ¥ » pete”

and »* » pu*p” have indeed the potential we envisage.

The hadronic electroweak transitions 1involve magnetic type and charge

radius typs parts. So far, these two types of transitions were investigated

separately: the magnetic transition was observed experimentally and studied

extensively theoretically in the baryonic decays B » B'YT)—ZO), while the
36)

mesonic K* + w*2*L” mode is the standard for the study of the charge radius

37),38)

electroweak transition It should be reminded, however, that the inter-

pratation of the latter in terms of basic mechanisms is beset with diffi-

culties37)’38).

The £t > pRtil~ decay presents the opportunity of studying both types of
transitions in the same decay, thus imposing a considerably more constrained
framework for the confrontation of theoretical models. 1In fact, ©* + pi*a™ is
kind of unique in affording this type of exercise, being the only one from among
the observed B' + By decays (B', B of spin-3) which has enough phase space to
allow for both ete” and p*yu~ decays. As our analysis reveals, the detection and
comparison of both decays would be most advantageous. The only other decay
having enough phase space, 70 > ny, is much more difficult to measure. The
decay ©7(3/2%) » E(£*)2*%” has also sufficient phase space for this type of

analysis but entails a more involved amplitude structure and will be discussed

separatelyBg).

There are no calculations so far, to the best of our knowledge, of both the
magnetic and charge rtadius form factors of relevance fer B' + By decays, on

either the quark or the hadronic level. An exception is the estimate of the

26)

free quark model contribution to £* » pita~. However, one knows that at

least in the ©* » py, the contribution of the single quark transition is of
e10),13),15),16)

minor relevanc . We shall returnm to this point and show that the

same holds for the charge radius tramsition, in contradiction to the conclusion

of Chia and Rajagopa126).

Firstly, the experimental situaticn. There is only one eXperiment40),
using a hydrogen bubble chamber in which £% » pe*e™ was detected. Three events
were observed with invariant mass of the e*e™ pair between ~1.5 and
~2.5 MeVBS)’qo). They were considered consistent with photo-conversion from

£* + py and the rate is given as
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[(Z>pe) !
(== $5) oxp 1ko

This figure is consistent with our result in Table 1 for the internal conversion

- {28a)

(IC) part which obtains for ¢; = cp = 0,

.C- + -
: f_'(g"”l’ee)tk _ 1
F(Z+—'?'j>€f°) 454 : (28b)

The occurrence of the events in the region s < 6 MeVZ is consistent with the

expactation from curve A in Fig. 10, but also, of course, indistinguishable from

curvea B.

Identifying the three events as due to internal conversion, the authors of
Ref., 40) give also aun upper limit for the 'nmeutral current' decay (NC}, i.e.,

the events due to the form factors of Eg. (5)

VP[5t pete) )

G S
r(z’f_.a 1;5‘) 175 (29)

For the decay % + pp*u™ no useful limits are available.

OQur Table 1 shows the sensitivity of the absolute rate of L% » pe*e™ to the
size of c1/by, e3/b;, given the established ratio (by/by) = -0.42 [cf, Eq. (8)].
The value in (28a) is practically at the absolute minimum determined in (25)
which holds for c¢;/by = 0.7, cp/b; = -11.9. However, the existing value (28a)
is not a high accuracy result, 1f an improved experiment will find a ratio

substantially lower than (25), this would signal new physics.

The above remarks are quite stable against possible experimental changes in
the value of the asymmetry parameter @, since the IV > pete™ rate is only
slightly affected by changes in by/bj. For instance, a variation of the by/b;
valus (B} between -0.7 and ~0.2 affects T(Z* > pe*e™)/T(Z* » py) by at most a
few percent {see Fig. 3), as long as |c;/bj| < 10, fcy/bi} < 50.

We turn now to using {28a) to obtain limits on the values of c3j, c3. From
(23) and allowing for the uncertainty in (28a) by using T(L* =+ pete™)/

Tt » pY)Iexp < 1/120, we determine
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Cy - . Ca
b_ <5 T < lo . (30)
i }
A precise determination of the It + pe¥e™ rate would lead to a more restricted

two-dimensional area for the possible values of cy/by, cofbj.

Using now (24), we exploit the limits (30) to restrict the expected LYt »

pptu” rate to obey (see Table 2)
+ + -
("('z_.,#:,)u f&) < 4 . (31a)
[ﬁ (fﬁzf__a 7t,ej—€l_d) d QJO

Here again, a vicolation of this upper limit would signal new physics. It may

arise from the existence of an exotic particle like the axion35 or some
unexpected large variation of the form factors which were assumed to be essen-
tially constant in the range of interest here, according tc standard knowledge.
An actual measurement of the muonic mode will determine much better the cy,co
couplings in view of the sensitivity of this mode to changes in their wvalues.
So far, a combination of (26), (28a) and (31la) allows us to constrain the rate

of the L* » pptu™ mode within broad limits

[} < F(Z*—*f/"”/*—) 2 i (31b)
1240 ~ [ (Zt—>pere”) = 120

As we already mentioned, there are no calculations of the ¢, form factors
1rza)—la) one

in the literature. Oun the other hand, from the analysis of 2% » p
has learned that at the quark level, the calculation of the bj,bp couplings
should take into account the contributions of all diagrams of Fig. 1. The
simplest is the single quark transitionm s + dy which we define with the aid of

the induced vertex T

. 5, [ d’ {(32)
[+05 ~0s

+256,¢ai(m,5 7 +ma(—-3-—-)]/5'

In the free quark model (FQ)ZA)-26), one has (FQ)le(FQ)Fl = -3x107", the

magnetic part being thus negligible compared to the charged radius one (which
does not appear, however, in real photon transitions). When QCD corrections are

; . . 5),6 .
added, F2 is dramatically increased ) ), as the free quark suppression factors
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like (111C2—rnl21)/1\*1“2J are replaced for the two-loop graphs by factors like fn(m?/p2),
C

yu being a renormalization scale. The QCD corrected form factors of the quark

model (QC) are obtained in the leading log approximation to leading order in g«

5

and for quark masses smaller than M, [see Ref. 4l1) for (QC)FI and Ref. 6) for
(QC)F2]_

(®s)

g K m
=g [ Yae g o Tae Ve gt o
="O.38 K)

@c) go¢ m
o 3 [ Vou Vo ba e Yy Vae 4 7€)

=12
= 0.36 .

v are the Kobayashi-Maskawa matrices. The QCD correction te F) which we

ki 27),41)

denoted by K was calculated by several authors to be between (-0.5) and

(qC)

(-2.5). We shall use here K = -]. In the numerical estimates for Fy and
(QC)FZ we used p = 250 MeV (the inverse confinement radius), m = 1.7 Gev,
m, = 50 GeV and Vk,('s were taken from Ref. 42).

In order to calculate the contribution of the QCD corrected single quark
transition to ¥ + pi*¥e”, we adopt the model of Ref. 10) whereby the hadrons are
described by SU(6) quark model wave functions and we use overlap factors (to the
quark operators of s » dy) of 1. Then we obtain relations between the hadronic

o

form factors bi’ s of the £* » p"vy" vertex (3) and the form factors of the s »

dy vertex (32), taking (md/ms) > 0,

I .

[7 = C (34)
! 2 VAR ; 2 i/
24 T M 67T My’
and similar expressions for bp, c3. Using now the values of (33), one finds
(QC)cl/(QC)bl = 6.1 for m_ = 175 MeV43) and (QC)cl = —(Qc)cz. However, it is
(Qc) 19),16)

known that F; cannot account for the observed &% + py tramsition by

quite a large factor, in fact from (8), (33b) and (34) one finds

(exp) b,
(ac) L
!

This conclusion is supported by the value of the asymmetry parameter (7c) which

= 24 (35)

would be = 1 for a dominant single quark transition, The charge radius form

factors in the QCD corrected single gquark model are then frem (33)-(35)
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(ad)c’ L&), (exp)él

2 (36)

and their contribution te the £ » pi2*2~ rates is rather negligible, TUsing (15)
with by, = b; = 0, one finds with the values of <. from {(36) that
(NC?F(Z+ > pete™) = 1.6x1071* ev, nearly four orders of magnitude below the
experimental limit (29). Even if K = (-2) f (-3}, the overall picture is not
changed and we conclude that the single gquark transition is of wminor effect also

*
in the &% + p2Y27 decays )

The long distance contributions have been considered in Ref. 13) in connec-
tion with ¥ » py. These authors have estimated the contributions of the
imaginary part coming from real intermediate states and of the logarithmic terms
in the real part of the amplitude and found them to be negligibly small. Hence,
it is safe to predict that also in the charge radius part of the £t » 'y tran-
sition, the two-quark contribution (Fig. 1b) will play the major role. This
opens the possibility of a tighter check for a complete calculation of both
parts of the ©¥ » p2*2” transitions, including ©* > py. Such calculation is
still lacking. Nonetheless, some information on the s form factors and their
underlying mechanism has already been derived here, More will be obtained only

when detailed wmeasurements become available, particularly of the rarer

¥ > pptuT mode.
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Table 1

The ratio T(r* =+ py)/T(Z* » pete”) for different values of c1/by, cy/b; and
b1/by = -0.42.

c1/b)
-50 (-10 -1 -0.5 o 0.5 1 10 50
co/b)
11 (62 79.6| 80.0| 80.0| 80.3] 80.2(65 11 50
11 {86 125.21125.9|126 126.7|126.6]93 11 10
11 |88.8(132.2(133.11133.4(133.9{133.9(96.8]| 11 1
11 |89 132.5{133.4|133.7|134.2]|134.2|97 11 0.5
11 |89 132.81133.7|134 134.51134.5|97 11 0
11 |89.2|133.1|134 134.3|134.8|134.8197.3] 11 -0.5
11 {89.3{133.4{134.2|134.6]135.1{135.1|97.4| 11 -1
11 {91 136.21137.1{138.0|138.01137.9|99 11 -10
11 V77 107.33108 109 108.41108.4}183 11 -50
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Table 2

The ratio I'(Z* » pe*e™}/T(Z* » pp*p™) for different values of c /by, cy/b; and
bi/bs = -0.42.

c1/bg
-10 =5 -1 }-0.5 0 0.5 1 5 10
cao/b)
88 {116 137 138 140 140 139 {123 95 10
106 | 162 |[221 230 234 235 235 |185 | 118 5
120 215 1369 | 384 | 396 | 400 | 400 |261 {136 1
121 220 |394 412 426 431 429 (272 [138 G.5
124 1227 422 | 442 | 458 | 464 | 462 |285 {14l it
124 1235 (452 | 475 | 494 | 501 | 499 |395 |143 -0.5
127 [233 484 § 512 | 533 | 541 | 540 [308 |145 -1
134 1293 |812 898 948 |1001 980 |402 |158 -5
136 1299 |869 | 972 |1050 {1095 1097 |416 (156 -10
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FIGURE CAPTIONS

Fig. 1 :
Fig. 2
Fig. 3 :
Fig.
Fig. 5
Fig. 6 :
Fig. 7
Fig.
Fig. 9

4

8 :

Typical quark diagrams in the short distance description of
non-leptonic radiative decays; the black box stands for the
effective electroweak interaction as modified by QCD corrections,
(a) The one quark s + dy transition;

(b)(c) Two-quark and three-quark transitions.

(The photon may be virtual.)

The effective diagram for the decay It » pita-,

]
(=

The ratio T(E* » pe*e™)/T(Z* > py) versus by/by for ¢ = ¢

The ratio T(L* » pp*tp™)}/T(E* +» py) versus by/by for ¢ = ¢y = O.
The ratio T(Z* » pe*e™)/T(Et + py) as a function of y = cy/b; at
x . = 0.7 and b2/bl = -0.42.

The ratio T(E* » pu*p~)/T(z* » py) as a function of y = cy/b; at
xb. = 0.68 and by/b) = -0.42.

The invariant mass distribution of the lepton pair in the decay L% »
putp~ for differant wvalues of c)/by, cp/bys (by/by = -0.42), The
parameters of the curves are: «c) = ¢p = 0 (A); «¢;/by = cofby =5
(B); cy/by = co/by = -5 (C); cy =0, co/b) = 50 (D).

The invariant mass distribution of the lepton pair in the decay L% »
putp~ for different values of ci/b), cp/bj and alE* » py). The
parametars of the curves are: ¢ = ¢ = 0, «fZ* » py) = -0.72 (4);
c] =cp =0, alt* » py) = -0.1 (Al); 1 =0, c2/b] = 50, aE* » py)
= -0.72 (B); ¢} = 0, ca/b; = 50, a(i* » py) = -0.1 (Bl).

The distribution of the recoil proton momentum in the decay
2+ » pptu” for different values of c¢)/bj, ¢p/b). The parameters of
the curves are: ¢] = cp = 0 (a); /by = cp/by = -5 (B}; ¢ = O,
cp/by = 50 (C).
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The invariant mass distribution of the lepton pair in the decay
£¥ » pe*te” for different values of c¢i/by, ¢3/bj. The parameters of
the curves are: ¢ = ¢y =0 (A); ei/byp = cy/b; = -5 (B); «<¢i/b; =
50, cp = 0 (C); cy/by = cp/by; = 50 (D).

The proton angular asymmetry function V(s,t) [Egs. (19) and (21)]
versus t in the decay t* + pe*te” for constant s. The parametars of
the curves are: c] = ¢ = 0 (A); cy/fby =5, ¢ =0 (B); ¢1/b; = -5,
cg =0 (C).

The e* angular asymmetry function W(s,t) [Egqs. (19} and (22)] versus
t im the decay &% » pe¥e™ for comstant s. The parametars of the
curves are: c¢] = ¢cg =0 (A); cy/by = cyp/by = -5 (B): ¢} =0, cy/by
= -5 (C).

The proton angular asyometry function V(s,t) {[Eqs. (19) and (21)}]
versus t in the decay £¥ + pu*u” for comstant s = 6.25x10* MeVZ. The
parametars of the curves are: <cj = cp = 0 {4); c¢/b) = ¢p/b) = =5
{(B); ci/by = =5, cp =0 (C).

The p* angular asymmettry function W(s,t) [Egs. (19) and (22)] versus
t in the decay % » pu*p~ for c] = ¢9 = 0 and different values of
constant s: s = 4.6x10% MeVZ (A); s = 4.8x10" MeVZ (B); s =
5.1x10"% MevZ (C); s = 6x10" Mev? (D).

¥

The t-integrated asymmetry function a(s) [Eq. (27)] in the decay r*

putu™. The parameters of the curves are: cj =cy =0 (A4); c1/b)

~co/by = 5 (B}; cy/by = —¢o/by = 10 ().
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