Eur. Phys. J. C 16, 289-294 (2000)
Digital Object Identifier (DOI) 10.1007/s100520000425

CP violation in A, — pw~ decay

R. Mohanta

THE EUROPEAN
PHYSICAL JOURNAL C

Societa Italiana di Fisica
© Springer-Verlag 2000

Physics Department, Panjab University, Chandigarh—160014, India

Received: 15 February 2000 / Published online: 8 June 2000 — (© Springer-Verlag 2000

Abstract. Using the next-to-leading order QCD corrected effective Hamiltonian, scale and scheme inde-
pendent Wilson coefficients, we have estimated the branching ratio and CP violating asymmetries for the
Ay — pr~ decay mode in the Standard Model using the framework of generalized factorization. The effects
of nonfactorizable contributions are taken into account by treating the effective no. of colors (N&/7) as a
free parameter. The form factors are evaluated in the nonrelativistic quark model. The estimated branching
ratio is found to be O(107°) which lies below the current experimental upper limit and the CP violating

asymmetries are ae, ~ —8% and A(a) ~ 2 x 107°.

1 Introduction

Despite many attempts CP violation still remains one of
the most outstanding problem in particle physics [1]. So
far it has been observed only within the neutral K me-
son system. Yet Kaon system by itself can not provide the
whole picture of CP violation. Consequently it is essential
to study CP violation outside this system which is impor-
tant in order to understand whether the standard model
provides a correct description of this phenomenon through
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In this
respect the B-meson system appears to be most promis-
ing, which is also reflected by the tremendous experimen-
tal efforts at the present and future B factories. Studies
of CP violation in the B meson system [2] have suggested
that large CP-violating asymmetries should be observed
in the forthcoming experiments. The basic signal for CP
violation is the partial rate difference between a B decay
mode and its CP conjugate process. On the basis of CKM
picture, either BY — B mixing or the absorptive part of
penguin amplitudes [3] can give rise to significant CP vio-
lation in exclusive nonleptonic B decays. Since charged B
mesons can not mix, a measurement of the CP violating
observable in these decays would be a clear sign of di-
rect CP violation. The existence of such CP asymmetries
require the interference of two decay amplitudes with dif-
ferent weak and strong phase differences. The weak phase
difference arises from the superposition of various pen-
guin contributions and the usual tree diagrams while the
strong phases are induced by final state interactions. It is
worth emphasizing that the above decay modes are flavor
self tagging processes which should be favored for exper-
imental reconstuctions. It is also interesting to study CP
violation in the bottom baryon system in order to find
the physical channels which may have large CP asymme-
tries, even though the branching ratios for such processes
are usually smaller than those for the corresponding pro-

cesses of bottom mesons. The study of CP violation in
the bottom system will be helpful for understanding the
origin of CP violation and may provide useful informa-
tion about the possible baryon asymmetry in our universe.
Measurement of decay width of A, — AJ/1 has been re-
ported recently [5] and one expects more data in future
in bottom baryon sector. In this paper we intend to study
CP violation in the nonleptonic A, — pr~ decay in the
standard model. Like the search for CP violation in the
B* decays, the study of beauty baryon decay does not
need tagging processes of the associated beauty hadrons
produced in the same event. CP violation in strange hy-
peron decays is extensively studied in [6] within the stan-
dard model and beyond it. The weak phase differences in
these cases arise from the CKM matrix elements whereas
the stong phase differences are evaluated considering the
experimental data of N7 phase shifts. However for the
Ay — prm~ decay mode the phase shifts are not known
experimentally and have to be determined theoretically.
The strong phases are generated by final state interac-
tions (FSI). At the quark level, the strong phase differ-
ences arise through the absorptive parts of perturbative
penguin diagrams (hard final state interactions) [3] and
nonperturbatively (soft final state interactions) [4]. In the
absence of an argument that parton-hadron duality should
hold in exclusive processes, one can not exclude that the
weak transition matrix elements receive phases originat-
ing from soft FSI. However the effects of soft FSI are ex-
tremely difficult to quantify. In the absence of a reliable
theoretical calculation for soft FSI, we make the usual ap-
proximation of retaining the absorptive part from quark
level calculation (hard FSI) for the strong phase difference
in our analysis.

Here we use the standard theoretical framework to
study the nonleptonic A, — pm~ decay mode, which is
based on the effective Hamiltonian approach in conjuc-
tion with the factorization hypothesis for hadronic matrix
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elements. The short distance QCD corrected Hamiltonian
is calculated next to leading order. The renormalization
scheme and scale problems with factorization approach
for matrix elements can be circumvented by employing
the scale and scheme independent effective Wilson coef-
ficients. The form factors at maximum recoil have been
calculated using the nonrelativistic quark model [7] and
the nearest pole dominance has been used to extrapolate
them to the required ¢? point.

The paper is organized as follows. The phenomenol-
ogy of hyperon decays is presented in Sect. 2. In Sect.
3 we discuss the effective Hamiltonian together with the
quark level matrix elements and the numerical value of the
Wilson coefficients in the effective Hamiltonian approach.
Using the factorization ansatz we evaluate the matrix ele-
ments in the nonrelativistic quark model [7]. In Sect. 4 the
CP violating observables are discussed. Section 5 contains
our results and discussions.

2 Phenomenology of hyperon decays

The study of CP violation in strange hyperon decays is
extensively studied in [6], where the phenomenogy of hy-
peron decays are discussed in great detail. However for
the sake of completeness we shall present here the ba-
sic features of their nonleptonic decays. The most general
Lorentz-invariant amplitude for the decay A, — pm~ can
be written as

ity (py)(a + bys)ua, (pi) (1)
The corresponding matrix element for A, — prt is then
iUp(py)(—a™ 4 b"ys)v g, () (2)

It is convenient to express the transition amplitude in
terms of S-wave (parity violating) and P-wave (parity con-
serving) amplitudes S and P as

S+ Po-q (3)
where q is the proton momentum in the rest frame of A
baryon and the amplitudes S and P are:

The experimental observables are the total decay rate I'
and the decay parameters «, § and  which govern the
decay-angular distribution and the polarization of the final
baryon. The decay rate is given as

I =2|q/{|S]* +|P*} ()
and the asymmetry parameters are given as
_ _2Re(S°P)
{IS1? + P2}
5= 2Im(S*P)
{IS1? +[PI*}

A48+ =1 (6)
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The dominant term in the angular distribution is a hence
we concentrate ourselves only to the parameter o only.
Similar observables for the antihyperon decays are I', a,
0§ and 4 where I', & are given as
I=2|ql{|S* + |P*}
2Re(S*P)
{IS1? + P2}

Ql
Il
—
\]
=

3 Transition amplitude
in the factorization approximation

The effective Hamiltonian H.s¢ for the decay process A,
— pm~ is given as

Hops = (jg{Au[cl (W)OH(11) + ca()O% ()]

10

O ) Zcxu)oi(u)} fhe, (8

1=3

where A, = Vi, V5, and A\, = Vi,V and ¢;(u) are the
Wilson coefficients evaluated at the renormalization scale
1. The operators O1_19 are given as

O% = (ab)V—A(CZU)Y—A s
O3 = (tabp)v—a(dpua)v-a,

O35y = (db)y—a Z(qlq/)va(VJrA) ;
q/

Oy6) = (dabp)v-a Z(‘j;aqg)V—A(V—i-A) ,
q/
3, - iy
Or(9) = §(db)vazeq' (@d)vraw—-ay
q/
3, - _
Os(10) = §(dabﬁ)VfAZ€q’ (T390)v+av—ay, (9)

q

where O; are the tree level current-current operators,
O3_¢ are the QCD and O7_1¢ are the EW penguin opera-
tors. (q1q2)(v+a4) denote the usual (V £ A) currents. The
sum over ¢’ runs over the quark fields that are active at the
scale p = O(my) i.e. (¢’ € u,d,s,¢,b). The Wilson coeffi-
cients depend (in general) in the renormalization scheme
and the scale p at which they are evaluated. In the next
to leading order their values obtained in the naive dimen-
sional regularization (NDR) scheme at = my(my) as [8]

cp =1.082 ¢, =-0.185 ¢3=0.014 c4=-0.035
c5 =0.009 cg=-0.041 c; =-0.002 o cg =0.054
cog =—-1.292 a ¢10=0.263 o . (10)

However the physical matrix elements (pm|Hesr|Ap) are
obviously independent of both scheme and the scale.
Hence the dependence in the Wilson coefficients must be
compensated by a comensurate calculation of the hadronic
matrix elements in a nonperturbative framework, such as
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lattice QCD. Presently this is not a viable strategy as the
calculation of the matrix elements (mp|O;|4,) is beyond
the scope of the current lattice technology. However per-
turbation theory comes to (partial) rescue; with the help of
which one-loop matrix elements can be rewritten in terms

of the operators and the effective Wilson coefficients c; eff
which are scheme and scale independent:

<dﬂu|7—[eff‘b Zceff
eff(

The effective Wilson coefficients c;

as [9]
Qs (0T, T .
dm ( Y H aad u‘CZ(M)’

e Qg m R
szf|u:mb = ca(p) + In ('Y(O)T In 71) + 7T

){duu|O;|b)ree . (11)

1) may be expressed

Ciff|u:mb =ci(p) +

e m A~
o =) 2 (10T

o m o
5 e, = sl + 22 (10T 2 7

€ aS ~
&5 Jumm, = colp) + (’y(o)T In—"+#") ()
97
«
70& )
Jr871'
(% my o
Ci£f|ll:mb = cro(p) + ﬁ <’Y(O)T In 7 + TT) ci(p) -
107
(12)

where 77 and v(O7T are the transpose of the matrices 7

and +(©) arise from the vertex corrections to the operators
01 — Oyg derived in [10], which are explicitly given in [11]

The quantities C;, C, and C, are arising from the
peguin type diagrams of the opearators O 2, the peguin
type diagrams of the opearators O3 — Og and the tree level
diagrams of the dipole operator O, respectively which are
given in the NDR scheme (after MS renormalization) by
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Ay ~ Ae
C, = (At G(my) + )\fG(mC)> c1

Cp = [G(ma) + Glmy)Jes + )

i=u,d,s,c,b

é(mi)(C4 + ¢6)

2my e
Cy=— <k2>cgff cgff = —1.043
8 (A A Ac ~
C. = 9 ()\tG(mu) + )\tG(mc)> (c1 4+ 3c2)
2
Glmy) = 2 — Gy 10 (13)

Glm, k, 1) = —4/01da: 2(1— 2)In (mQ‘k%(l‘x)) ,

112
(14)
It should be noted that the quantities Cy, C}, and Cy
depend on the CKM matrix elements, the quark masses,
the scale p and k2, the momentum transferred by the vir-
tual particles apearing in the penguin diagrams. In the
factorization approximation there is no model indepen-
dent way to keep track of the k2 dependence; the actual
value of k? is model dependent. From simple kinematics
of charmless nonleptonic B decays [12] one expects k? to
be typically in the range

(15)

Assuming that in the rest frame of the A baryon, the spec-
tator diquarks both in the initial and final baryon have
negligible momentum and the momentum shared equally
by between the two quarks of the pion, we have found k2 ~
m? /2. For numerical calculation we have taken the CKM
matrix elements expressed in terms of the Wolfenstein
parameters with values A = 0.815, A\ = sin#.=0.2205,
p = 0.175 and n = 0.37 [9]. Using the mass renormaliza-
tion equations with three loop ( function, the values of
the current quark masses are evaluated at various energy
scales in [13]. Since the energy released in the decay mode
Ap — pr~ is of the order of my;, we take the current quark
mass values at scale p ~ my, from [13] as: m,(mp) = 3.2
MeV, mg(mp) = 6.4 MeV, mg(myp) = 90 MeV, m.(myp)=
0.95 GeV and my(mp)= 4.34 GeV. Thus we obtain the
values of the effective renormalization scheme and scale
independent Wilson coefficients for b — d transitions as:

I =1.168 /7 = —0.365 ¢/ =0.0224 +i0.0038
cjff = —(0.0455 +i0.0115) ¢/ = 0.0131 + i0.0038
ce!l = —(0.0475 4 i0.0115)

¢ Ja = —(0.0294 +i0.0329) cg’! Ja = 0.055 a

&l Ja = —(1.426 4 i0.0329) ¢/ Ja = 0.48 . (16)

After obtaining the effective Wilson coefficients now we
want to calculate the matrix element (7p|O;|Ap) where O;
are the four quark current operators listed in (9), using
the factorization approximation. In this approximation,
the hadronic matrix elements of the four quark opera-
tors (db) (v —a)(ud) v — 4y split into the product of two ma-
trix elements, (r|(du)(yv— 4)|0) and (p|(ab) (v — 4| As) where
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Fierz transformation has been used so that flavor quan-
tum numbers of the currents match with those of the
hadrons. Since Fierzing yield operators which are in the
color singlet-singlet and octet-octet forms, this procedure
results in general the matrix elements which have the right
flavor quantum numbers but involve both singlet-singlet
and octet-octet current operators. However there is no ex-
perimental information available for the octet-octet part.
So in the factorization approximation, one discards the
color octet-octet piece and compensates this by treating
N,, the numbers of colors as a free parameter, and its
value is extracted from the data of two body nonleptonic
decays.
The matrix elements of the (V' — A)(V + A) operators
e. (O & Og) can be calculated as follows. After Fierz
ordering and factorization they contribute as [14]

(pm|Og| As) = =2 (mld(1 + 75)ql0) (pla(L — 75)b|As)
q
(17)
Using the Dirac equation the matrix element can be
rewritten as

(PO Ap) _[R1<p|v,u|/1b> — Ra(plAp|Ap) | (7| A,]0)

(18)
with
2 2
Rl = M )
(my — mu)(ma + ma)
2 2
Ry = iz, , (19)

(mp 4+ may)(mg + my,)

where the quark masses are the current quark masses. The
same relation works for Og.

Thus under the factorization approximation the
baryon decay amplitude is governed by a decay constant
and baryonic transition form factors. The general expres-
sion for the baryon transition is given as

PPp) Vi = Aul s (pi))
= “p(pf){fl(QQ)'Yu +if2(a*) o’ + f3(4*)au
—[91(@*) 7 + ig2(6*) o’ + QS(QQ)QM]’VE)}UAb (pi) » (20)
where ¢ = p; — py. In order to evaluate the form factors

at maximum momentum transfer, we have employed non-
relativistic quark model [7], where they are given as:

Am A
2V /Ny =1— e L
F1(4n) /Ny + dm;my ( 2my

x(m; +my —nAm)

Am
Zmi

Am A
i —nA
~Smem; mQ(m +my —ndm)
1 1
2Y/Np; = = ; —nA
f3(qy,) /Ny ST 4mimf(m +my —nAm)
A

T (m, A
S it mpn + Am)
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AmA 1 1
2Y/Np; = —
91(4m) /Ny n 4 mimg  Mpmq n
A 1 1
2
93(¢y,) /Ny 1 (mimq mme)n (21)

where A = my —mg, Am =m; —my (m; and my are the
initial and final baryon masses), ¢2, = Am?, n = 1, mQ
and m, are the constituent quark masses of the interacting
quarks of initial and final baryons with values m,=338
MeV and mp=5 GeV. Ny; is the flavour factor:

1
V2
Since the calculation of ¢? dependence of form facors is be-
yond the scope of the nonrelativistic quark model we will

follow the conventional practice to assume a pole domi-
nance for the form factor ¢ behaviour as

f(0) 9(0)
(1—¢*/m3)? (1—¢*/m%)?

where my (m4) is the pole mass of the vector (axial vec-
tor) meson with the same quantum number as the cur-
rent under consideration. The pole masses are taken as
my = 5.32 GeV and m4 = 5.71 GeV. Assuming a dipole
¢®> behaviour for form factors, and taking the masses of
the baryons and pion from [15] we found

fi(m m; f3(m

g1(m migs(m

Nfz —flavor spin <p|bLbb|Ab>ﬂavor spin — (22)

(@) = 9(¢*) = (23)

2):0043
2) =0.092

2) = —0.009

2y =-0.047  (24)

The matrix element (7|A,|0) is related to the pion decay
constant f, as

(m(@)[Au]0) =

Hence one obtains the transition amplitude for A, — pr~
as (where the factor Gp/ V/2 is suppressed)

A(Ay — pr™)

—ifrqu (25)

=i frlp(pys) H/\u (a1 + aq + ayo + (ag + ag)Ry)
Fholar-+ o+ (as-+ as) ) b (R0m)ms = m)
+ f3(mZ)m2) +4 Ay (a1 + aq + a1 + (as + as)Ra)

A (ag 4 aro + (ag + as)Rg)} (g1(m2)(m; +my)

— gs(m ]wb i) (26)

The coefficients a1, as--- aip are combinations of the ef-
fective Wilson coefficients given as

1
azi-1 = 5l0) + N —cl
c 2i—1
as; eff+# ol i=1,2---5, (27)

Coi1
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S 2Im(Au L) (Im(SuS2) + Im(PuFPY))
LM (Su? 4 [Pul?) + (AP (ISe]? + [Pe[?) + 2Re(MuA?) (Re(SuS?) + Re(PuPr))
—2sin7y (|SuSe|sin(dy — 62) + |PuPe|sin(sy — 67)) (35)

3118l + [Pul?) + 32 1(1Se]? + [Pe]?) + 2cosy (|SuSe| cos(6F — 6) + [PuPe| cos(dL — 6F))

where N¢// is the effective no. of colors treated as free
parameter in order to model the nonfactorizable contribu-
tions to the matrix elements and its value can be extracted
from the two body nonleptonic B decays. Naive factoriza-
tion implies N, = 3. A recent analysis of B — D data
gives N&// ~ 2 [16]. On the other hand Mannel et al [17]
have used N¢// = oo to study the nonleptonic decays of
Ay baryon. So here we have taken three sets of values i.e.,
2, 3 and oo for the effective no. of colors.

Using (4) and (20)-(26) we obtain the parity violating
(S) and parity conserving (P) amplitudes (in the unit of
fxGr /2 x 1073) for three different sets of effective no.
of colors as

S = Ay(30.215 — 0.6244) — A\,(2.453 + 0.624i)
P = A, (64.662 + 1.334i) — \,(5.245 — 1.334i) ,

(for N¢/T = 2) (28)
S = Ay (32.1 — 0.66i) — A\c(2.581 + 0.667)
P = A, (68.7 — 1.4114) — A(5.52 + 1.4113)

(for N&/T = 3) (29)
S = A\u(35.871 — 0.738) — \(2.845 + 0.738)
P = X, (76.769 — 1.578i) — \.(6.084 + 1.578i) ,

(for N¢/T = o0) (30)

4 CP violating asymmetry

For Ay, — pr~ decay the CP violating rate asymmetry
in partial decay rate and « (Asymmetry parameter) are
defined as follows,

DAy = pr) — I(A, — pr)

Gep = F(Ab —>p7T7)+F(/Ib —>]3’/T+) ’ (31)
Ala) = Zfz . (32)

As these decays are all self tagging the measurement of
these CP violating asymmetry is essentially a counting
experiment in well defined final states. Their rate asym-
metries require both weak and strong phase differences in
interfereing amplitudes. The weak phase difference arises
from the superposition of amplitudes from various tree
(current-current) and penguin diagrams. The strong phase
which are needed to obtain nonzero values for a, are gen-
erated by final state interactions.

Without loss of generality, we can write the parity vi-
olating/conserving transition amplitudes for the hyperon
decay as

S = XulSule’® 4 Ac|Sc|e

P = A\y| Pyl + Ao|P|e've (33)

Table 1. Branching ratio and CP violating parameters for the
decay Ay, — pr~ decay mode

N&'f BR (Theory) BR Expt. [15]  acp A(a)

2 0.83 x 107¢ —83% —2.4x107°
3 093x107% <5x107% —83% —23x107°
00 1.16 x 1076 —8.3% —15x1077°

where Ay = ViV, (S/P)y and (S/P). denote the con-
tribution from hadronic matrix elements proportional to
the product of CKM matrix elements A\, and A, respec-
tively for (S/P) waves. The corresponding strong phases

are denoted by 61([9/ P) and 5£S/ P) respectively. The corre-

sponding quantities for the antihyperon decay are given
as

S == (AnISule + A5|Scle’)

P = \:|P,|er + \:| P|e e (34)
Thus the CP violating rate asymmetry is given as, (see
(35) on top of the page) where the weak phases entering
in the b — d transition is equal to —v, as we are using
Wolfenstein approximation in which \. has no weak phase
and the phase of A, is —y which is obtained from the

relation tan~y = (%) The strong phases (55 — §7) are
obtained from

1
cos(62 —63) = 5.5 |<R€Su ReS. + ImS,, ImS.)
1
sin(67 — 65) = 5.5 |(ImSu ReS. — ImS, ReS,) (36)

Similar relations hold for (67 — 6%') with the amplitude S
is replaced by P.

5 Results and discussions

In this section we have estimated the branching ratio and
the CP violating asymmetries for the decay mode A, —
pr~. The magnitude of the parity-conserving (P wave)
and parity violating (S-wave) amplitudes are given in
(28)—(30) for three different sets of effective no. of colors.
Using the pion decay constant f, to be 130.7 MeV and
G from [15] we have obtained the branching ratio with
(5) as given in Table 1. It is seen that the branching ra-
tio is maximum for N&// = oo, but its value for all three
sets of N¢f/ lies below the present experimental upper
limt BR(Ay — pr~) < 5 x 107° [15]. The CP asymmetry
acp is found to be ~ —8% in all the three cases and the
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CP violating parameter A(a) obtained using (6), (7) and
(32) increases with the effective no. of colors as seen from
Table 1.

In this work we have studied the direct CP violation
in A, — pr~ decay mode. Using the next-to-leading or-
der QCD corrected effective Hamiltonian, we have ob-
tained the branching ratio and CP asymmetries within
the framework of generalized factorization. The nonfac-
torizable contributions are parametrized in terms of the
effective no. of colors N¢//. So in addition to the naive
factorization approach (N¢// = 3), here we have taken
two more values for N¢/7 i.e., N¢/f = 2 and co. The bary-
onic form factors at maximum momentum transfer (g2,)
are evaluated using the nonrelativistic quark model and
the extrapolation of the form factors from ¢2, to the re-
quired ¢? value is done by assuming the pole dominance.
The weak phases in our analysis are obtained from the
CKM matrix elements whereas the strong phases are ob-
tained from the absorptive part of the penguin diagrams.
The obtained branching ratio lies within the present ex-
perimental upper limit and the CP violating observables
are found to be a., ~ —8% and A(a) ~ 2 x 1075, In the
future there will be more data on the heavy A, baryon
from different experimental groups, hence it will be very
interesting to look for such CP violating asymmetries in
the experiments in order to get a deeper understanding of
the mechanism of CP violation. Furthermore, the study
of CP violation in A, decays may provide insight into the
baryon asymmetry phenomena required for baryogenesis.
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