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The upper limit of the branching ratio of the rare Z,” — =7+ decay is obtained as
BR(E;, — EZ77) < 1.3 x 107* by the LHCb. In the present work we study this decay
within the light cone QCD sum rules employing the =, distribution amplitudes. At first
stage, the form factors entering the Z,; — =7+ decay are obtained. Next, using the re-
sults for the form factors the corresponding branching ratio for this decay is estimated to
be BR(Z, — =77) = (4.8 +1.3) x 107°. This value lies below the upper limit established
by the LHCD collaboration. Our finding for the branching ratio is also compared with the

results of the other theoretical approaches existing in the literature.

I. INTRODUCTION

The exclusive weak decays of hadrons governed by the flavor-changing neutral current (FCNC)
b — s(d) transitions are forbidden in the Standard Model (SM) at the tree level and occur only
at the one-loop level. Consequently, these decays hold exceptional significance for testing the
predictions of the SM at the loop level as well as looking for the evidence of new physics beyond the
SM. These decay channels are strongly suppressed, and this makes their experimental investigation
difficult.

The rare exclusive radiative decay =, — =™~ induced by b — s transition has not been observed
experimentally yet, and the LHCDb collaboration imposed an upper limit on its branching ratio,
BR(E, — E77) < 1.3x107* [1]. This decay was investigated within different approaches, such as
light-front quark model [2], relativistic quark-diquark model [3], light cone QCD sum rules [4, 5]
using the = baryon distribution amplitudes, and in the framework of SU(3) flavor symmetry [6].
The difference in the predictions obtained in the Refs. [2-4, 6], which are below the experimental
upper limit, and [5] and especially the difference between the predictions of Refs. [4] and [5] despite
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being obtained using the same framework and same distribution amplitudes (DA’s) for = baryon,
require a more careful analysis of this decay channel. Therefore in this work, we investigate the
E, — E7 7 decay in the framework of light cone QCD sum rules by using the DA’s of the Z; heavy
baryon. The light cone QCD sum rules method (LCSR) [7] is an extension of the traditional QCD
sum rules [8], and one of the powerful approaches among nonperturbative methods that yields
predictions consistent with the experimental observations. In the LCSR the operator product
expansion (OPE) is conducted over the twist of the operators, rather than the dimension of the
operators as in the traditional QCD sum rules.

The organization of the work is as follows. In the next section, the LCSR for the transition form
factors responsible for the =, — =7~ decay are obtained by using the Z; light cone DA’s. Sec. III
is devoted to the numerical analyses for the relevant form factors obtained in the previous section.
Moreover, the corresponding branching ratio is attained using their numerical values. Discussions

and our conclusion are presented in Sec. IV.

II. FORM FACTORS FOR THE =, — Z v DECAY IN LIGHT CONE QCD SUM RULES

The rare b — s transition is described by the following effective Hamiltonian:

6
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where G is Fermi coupling constant, C;(u) are the Wilson coefficients, and V;, and V% are Cabibbo-
Kobayashi-Maskawa matrix elements. The O; are the local operators whose explicit forms can be
found in Ref. [3]. Since the penguin operator Oz, gives the main contribution to the b — sy

transition, the effective Hamiltonian for this transition is given as
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where we use C‘?g(mb) from Ref. [3]. The amplitude of the considered transition is obtained from
the matrix element of the Hamiltonian taken between the initial and final states, which requires
calculating the matrix element between the baryon states which can be expressed in terms of the
form factors. In this section, we provide the details of the light cone QCD sum rule calculations
to obtain the form factors for the =;” — =7 transition.

The basic object of the light cone QCD sum rules is the correlation function that sandwiches the

time-ordered product of the interpolating current of the final baryon state and the weak transition



current between the vacuum and the initial hadron state =, i.e.

. (p,p) = i / d*ze® (0| T {J= () J,(0)}Zs(p, 5)), (3)

where T is the time ordering operator. For the considered problem the form of the weak transition

current is J,, = 50, (1 + 75)¢”b and J= is the interpolating current of the =~ baryon
Jz = 2e%[(5,Cdy)y55¢ + B(5aC5dp)Se), (4)

where a, b and c¢ are color indices and C represents the charge conjugation operator, 3 is an
arbitrary parameter.

In the light cone QCD sum rules method, the correlation function is calculated in terms of
hadron and in terms of quark gluon degrees of freedom, respectively. After matching the results of
both representations the desired sum rules for the physical quantities are obtained.

The hadronic representation of the correlation function is obtained by inserting a complete set
of baryon states carrying the same quantum numbers as the interpolating current J=— in Eq. (3)
and isolating the pole term of the =~ baryon we get
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The first matrix element appearing in Eq. (5) is determined in standard way and given as
01J=|2(', ') = Au(p', 8), (6)

where X and u(p’, s') represent the residue and spinor of the Z~ baryon, respectively. The transition

matrix element, (E(p/, §')|Ju|Zp(p, 5)), is parametrized by the set of form factors in the following

way:
— ) I\ = v — — ] flT 2 - T v grlr 2
(EW, s")I5iowg” (1 +75)b|Ep(p, 5)) = a(p', s ){mf_('mq = da) +if2 0wd” + (g dau)rs
= =b
+ iggguuqy75}u3b(pa 3): (7)

where mz=, is the mass of the heavy =, baryon.

b
In the considered problem the photon is real. Consequently, only two form factors, fJ and
gd, at ¢> = 0 point contribute to the =, — Zv decay. Therefore, in the next calculations, we

concentrate on the computations of only the f1(0) and g2 (0) form factors.



Substituting Egs. (6) and (7) in the Eq. (5) and using the completeness relation > u(p', s')u(p’, ') =

7 + mz the correlation function for the hadronic side becomes
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in which v, is defined as v, =
b

The calculation of the correlation function for the QCD side proceeds as follows. Using the
interpolating current for =~ baryon and the weak transition explicitly and after contracting the
s-quark fields via Wick theorem, we obtain the correlation function as

2
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where Sy, (x) is the s-quark propagator, A; = C, Ay = Cv5, By = 75 and By = . The matrix
element in Eq. (9), <0\sg(a:)d% (2)b¢(0)[Ep(p, 5)), is expressed in terms of the light-cone distribution
amplitudes (DA’s) of ;" baryon that have been studied in Ref. [9]. Here we would like to note
that the light-cone distribution amplitudes are obtained within the heavy quark effective theory.
The relation between the heavy baryon state and the heavy baryon state in the heavy quark
effective theory is given by [Z4(p)) = \/m=,|Zp(v)). After these remarks, in Eq. (9) we make the

replacement, |Z,(p)) — |Z(v)), hence appears the following matrix element
eane (0|58 ()} ()b (0) [Ep(v)). (10)

This matrix element can be written in terms of = baryon DA’s [9] as
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where the light cone vectors n and 7 and as well as t; are defined as
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and h(0) is the heavy quark effective field coming from the replacement of heavy quark field
b(0) — h(0). Here
1 _
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and 9, V3,(135), and 14 are the DA’s with twist 2, 3, and 4, respectively and t; = to = vx. The
DA’s 9(t1,t2) are defined as
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with ¢ = 1 — u and w being the total momentum of the light quarks.
Choosing the coefficients of the structures ¢v,, and ¢vsv,, for the QCD part of the correlation

function we have
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where - - - represent the contributions coming from other structures, the function ¢ (u, w) is defined
s
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Matching the coeflicients of the structures written in the above equation explicitly, ¢v, and
¢v5vy, obtained in both hadronic and QCD sides, and performing the Borel transformation with

respect to the variable p’?, we attain the following desired sum rules for the form factors fI(0) and
95 (0):
_2f2 ( )m” )‘e_ﬁ - H1B7
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where T1¥ and 11 represent the Borel transformed results obtained from the QCD side for the
structures ¢v, and ¢ysv,, respectively. From Eq. (15) it follows that 8 =118, hence f7(0) = ¢4 (0)
which is consistent with the endpoint relations discussed in Ref. [10]. To obtain the results after

Borel-transformation and continuum subtraction, we apply the master formula given as
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where s = (1_777/711)) +wmg,, and wy is the solution of the equation s = so, where s is the continuum
threshold.

mg

Using the matrix element given in the Eq.(7) the decay width of the rare =, — =~ radiative

decay is
G%“aem %12, 21 ~(0)eff 2 (M= _mQE T 9 Ms\9, T 9
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where C%g)eff(mb) = —0.310 [3, 11], GF = (1.166 x 107°) GeV~2 and the fine structure constant
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III. NUMERICAL ANALYSES

In the previous section, the sum rules for the form factors fJ and gI at ¢> = 0 point are derived.
In present section, we perform the numerical analyses of sum rules for the form factors. Moreover,
using the obtained results for f1(0) and g2 '(0) we estimate the corresponding branching ratio.

The main input parameters for the LCSR are the distribution amplitudes (DA’s), which are the
DA'’s of = baryon in our case. These DA’s were obtained in Ref. [9], and their expressions are
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for which the values of the parameters ag, a1, ag, and g, €1, €2 are given in Ref. [12] with A = %,
C(2u — 1) is the Gegenbauer polynomial, and
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The values of the other input parameters are as follows: For the residue A\, we have used the
result of Ref. [13] obtained for A> with A = (27)2\. In our analysis to get numerical values for A we
have used the numerical values of the condensates given in Ref. [13] and the threshold and Borel
parameters are varied in the ranges 2.5 GeV? < sp < 2.8 GeV? and 1.0 GeV? < M2 < 1.5 GeV?,
respectively. The parameters f(1) and f(?) are taken as f() = f() = (2.2340.35) x 102 GeV? [14].
The input parameters taken from PDG [15] are |V;5| = 1.014+0.029, |Vis| = (41.540.9)x 1073, m;, =
4.78 +0.06 GeV, m = 93.475% MeV, mz— = (5797.0 £ 0.6) MeV, mz- = (1321.71 + 0.07) MeV,
7z = (1.572 4 0.040) x 10712 s.

The sum rules also contain following auxiliary parameters: Borel parameter, M2, threshold
parameter so and the parameter 5 entering to the interpolating current. The continuum threshold
so is determined from the analyses of two-point QCD sum rules, namely its value is obtained from
the condition that the mass sum rule reproduces the experimentally measured values within 10%
accuracy. This analysis leads to the result 2.5 GeV? < 59 < 2.8 GeV?2. The working region of the
M? is determined by demanding that the power corrections and the continuum contributions be
suppressed compared to the leading twist-2 contribution. Taking these conditions into account, we

obtain the following domain for this parameter: 1.7 GeV? < M? < 2.5 GeV?2.

Using the DA’s for = baryon given in Eq. (21), in Figure 1 the dependence of the form factor,
1¥(0), at zero momentum transfer squared on M? at fixed values of sp and 3 = —1, is presented.
We see that the form factor, fI(0), exhibits good stability when M? varies in the working region,

as can be seen. In order to find the working region of [, in Figure 2 we present the dependence of
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FIG. 1. Variation of the the form factor f1(0) as function of M? at different values of threshold parameter
sp and B = —1.



f¥(0) on cosf, where tanf = 3, at fixed values of M? and sy from their working regions. From
this figure we observe that, when cos varies in the region —0.8 < cosf < 0.5, the form factor
f¥(0) exhibits good stability on the variation of cosf. Besides in this region the required criteria
for Borel parameter, M?, and threshold parameter sq including the convergence of the OPE, are

satisfied.

If5 (0)]
o
(o]

05 00 05 10
cosé

FIG. 2. Variation of the the form factor |f] (0)| as function of cos @ at fixed values of threshold parameter

5o and Borel parameter M? in their working regions.

To analyze the stability of our predictions on all of the determined parameter space, the param-
eters, so, sy, M 2. M'? and cos#, are randomly selected inside the chosen region. The histogram

of 5000 such computations are shown in Figure 3. From these data the mean and the standard
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FIG. 3. The histogram of the form factor fZ(0) obtained using arbitrary values of the auxiliary parameters,

S0, 8y, M?, M'? and cos @ from their working intervals.



References The branching ratio values
This work (4.841.3) x 1075
Experiment [1] <13x1074
Light front quark model [2] (1.14£0.1) x 1075

Relativistic quark model [3] (0.95+0.15) x 1075
Light cone QCD sum rules [4] (1.0870:8%) x 107°
Light cone sum rules [5] (3.03+£0.1) x 1074

SU(3) flavor symmetry [6] (1.23 +0.64) x 1075

TABLE I. The branching ratio, (BR), for Z,° — =~ obtained in different frameworks and the experimental

upper bound.

deviation of our predictions on the form factors are
|f5 (0)] = |g3 (0)] = 0.31 £ 0.04. (23)

Note that from the two-point sum rules results of Ref. [13], the sign of A can not be predicted.
Hence we only show the absolute values of the form factors at ¢> = 0. Note also that the relative
size of standard deviation is a measure of the stability of our predictions within the chosen region
in the parameter space.

After the determination of the form factors, f4 (0) and g2 (0), we can determine the decay width
applying Eq. (20). Using the lifetime for =,  baryon, Tey = (1.572 4+ 0.040) x 10712 s, we get the

branching ratio as
BR(Z, - E77) = (484 1.3) x 107°. (24)

At the end of this section we compare our result on branching ratio of Z;° — =7 with the
existing results in literature and with the experimental upper bound, BR(E, — Z7v) < 1.3 x
10=* [1]. The results are presented in the Table I. From the table, it follows that the result of
Ref. [5] exceeds the predictions of all other works by one order and even exceeds the experimental
upper limit. Our result has consistent order of magnitude with the results of all the works, except
that of Ref. [5]. The measurement of the branching ratio of Z;° — =77 decay may be useful for

distinguishing the right picture.

IV. SUMMARY AND CONCLUSION

By using the heavy = baryon distribution amplitudes the rare radiative =, — =77 decay is

studied within the light cone QCD sum rules. The sum rules for the relevant form factors are derived
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and their numerical values are determined at ¢ = 0 point. Using the results of the form factors

the branching ratio is estimated. Moreover, we perform a comparison between our finding and the

results of other works in the literature on the branching ratio of ;" — =7~ decay. We obtained

that the branching ratio, BR(Z; — Z77) = (4.8 £ 1.3) x 107°, has consistent order of magnitude

with results given in Refs. [2-4, 6] and below the experimental upper limit [1]. Besides, it is smaller

than the result given in Ref. [5]. Our final remark to this work is that the results presented here

can be improved by taking into account O(as) corrections to the distribution amplitudes, as well

as improving the values of parameters appearing in them.
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