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Analysis of A,— Al"l™ rare decays in a non-universal Z' model
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Abstract: We investigate the rare baryonic A, —AlT1™ decays in a non-universal Z’ model, which is one of the well-

motivated extensions of the standard model (SM). Considering the effects of Z’-mediated flavour-changing neutral

currents (FCNCs) we analyse the differential decay rate, forward-backward asymmetries and lepton polarisation

asymmetries for the A, — AlT1™ decays. We find significant deviations from their SM predictions, which could

indicate new physics arising from the Z’ gauge boson.
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1 Introduction

Rare baryonic decays A, —AlT1™(I1=e, u, T) induced
by flavour-changing neutral current (FCNC) occur at
loop level in the standard model (SM) [1]. These de-
cays can provide useful information about the parame-
ters of the SM and also offer the possibility of searching
for new physics (NP) beyond the SM. Joint efforts at
hadron colliders and B factories have contributed much
data of unprecedented precision in this sector [2-8]. The
predictions based on the SM are in almost perfect agree-
ment with the experimental findings of different particle
colliders from all over the world. But in recent years
several experimental results in this sector have shown
deviations from the SM values, including the observa-
tion of a 3.70 deviation in the angular observable P}
[4] of the B — K*u™u~ mode, the violation of lepton
universality in B — K11 decays at the level of 2.60
[5], a considerable discrepancy in the decay rates of the
B—K*I"1~ processes [6] observed by the LHCb experi-
ment, the observed discrepancy in the branching fraction
ratio of exclusive B—K*1T1~ decays and inclusive decays
into dimuons over dielectrons in the full range of ¢ [7],
the observation of a 3.30 deviation in the decay rate of
the B, — ¢utpu~ [8] process, and many more. Though
these deviations are not statistically sufficient to prove
the presence of NP effects, these data have intimated
several anomalies in B decays induced by FCNC pro-
cesses b—s1t17. This prompts study of the implications
of these observations in the context of various NP mod-
els as well as in a model-independent way. Therefore,
the rare A, decays involving a b—sl™1™ transition pro-
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vide a suitable way to search for NP effects. The NP
arises in these decays in two different ways: either by
introducing a new component to the Wilson coefficients
or by modifying the structure of the effective Hamilto-
nian, both of which are absent in the SM. These decays
have been studied in the literature both in the SM and in
various beyond-the-SM (BSM) scenarios such as the two-
Higgs-doublet model (2HDM), minimal supersymmetric
standard model (MSSM) etc. [9-19]. Recent statistical
analysis of Ay —ApTu~ decays using lattice QCD inputs
has been done in Ref. [20].

The theoretical study of inclusive decays is easy but
their experimental detection is quite difficult. For exclu-
sive decays the situation is opposite, i.e. their experi-
mental detection is easy but theoretical analysis is very
difficult. One type of exclusive decay which is described
at inclusive level by the b—sl1*1~ transition is the bary-
onic A, — Altl™ (I=e, p, T) decays. These decays are
studied in the SM [21], in the supersymmetric model with
and without R-parity [22-25], in the two-Higgs-doublet
model [26] and in a model-independent way. In com-
parison with B meson decays, Ay, baryon decays contain
some particular observables, involving the spin of the b
quark. So, the number of degrees of freedom involved in
the bound state of baryon is more, hence the study of
Ap— AlT1™ decays is less explored in comparison with B
meson decays. In this paper, we study the A, — AlT1~
(I=e, pu, T) decay modes in the non-universal Z’ boson
model and estimate the differential decay rate, forward-
backward asymmetry and lepton polarisation asymme-
tries in these decay modes. Theoretically, non-universal
Z' bosons exist in many extensions of the SM, for ex-
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ample grand unified theories (GUTSs) such as SU(5) or
Es model [27, 28], superstring theories and theories with
large extra dimensions. A non-universal Z’ [29-32] boson
is one of the most important theoretically constructed
models to understand physics beyond the SM [30-35].
As the 7’ boson has not yet been discovered experimen-
tally, its mass is not known exactly, but there are strin-
gent limits imposed by several theoretical models. The
7' mass is constrained by direct searches from different
accelerators [36-37], which give a model-dependent lower
bound around 500 GeV. In a study of B meson decays
with Z’-mediated flavor-changing neutral currents [38],
the Z'-boson was studied in the mass range of a few hun-
dred GeV to 1 TeV. Sahoo et al. [39] estimated the Z’
boson mass from BS—B_g mixing, giving a result in the
range 1352-1665 GeV. Oda et al. [40] have predicted
an upper bound on Z' boson mass of Mz <6 TeV in
a classically conformal U(1)" extended standard model.
The ATLAS collaboration [41] sets the lower mass limit
for the sequential standard model (SSM) Zgg,, as 1.90
TeV and ranges from 1.82-2.17 TeV are excluded for a
Zgpy strong flavor model. Recently, the CMS collabora-
tion [42] has searched for leptophobic Z’ bosons decaying
into four-lepton final states in proton-proton collisions at
v/s=8 TeV and obtained the lower limit on the Z’ boson
mass as 2.5 TeV. In this paper, we study the Z’-boson
with a mass in the TeV range.

Flavour mixing can be induced at tree level in the
up-type and/or down-type quark sectors after diagonal-
izing their mass matrices. Mixing between ordinary and
exotic left-handed quarks induces Z-mediated FCNCs.
The right-handed quarks dgr, sg and by have different
U(1)" quantum numbers than exotic ¢gg and their mixing
will induce Z’-mediated FCNCs [38, 43-46] among the
ordinary down quark types. Tree level FCNC interac-
tions can also be induced by an additional Z’ boson in
the up-type quark sector [47]. In the Z’ model [48], the
FCNC b—s—Z' coupling is related to the flavour-diagonal
couplings qqZ’ in a predictive way, which is then used to
obtain upper limits on the leptonic 1Z’ couplings. With
FCNCs, both Z and Z’ bosons contribute at tree level
and will interfere with the SM contributions [45-47, 49].
Hence, it is possible to study A, — AlT1™ rare decays
in the light of a non-universal Z’ model to explore be-
yond the SM. Since at quark level the A, baryonic and
B mesonic decays are induced by the same mechanism,
we can independently test our understanding of quark-
hadron dynamics and investigate CP-asymmetry param-
eters with the help of A, — AlT1™ rare decays by combin-
ing with experimental data from the mesonic sector.

This paper is organised as follows. In Section 2,
we present the effective Hamiltonian responsible for the
b — slfl~ transitions and the matrix element for the
decay modes A, — Altl™ (I=e, p, T) with their decay
parameters in the SM. We also present the expressions

of the forward-backward asymmetry and lepton polarisa-
tion asymmetries for the same decay modes. In Section 3,
we discuss the effect of the Z’ mediated FCNCs. We write
the effective Hamiltonian for the Z’ part for A, — AlT1~
decays following the modified Wilson coefficients Cy and
C1o. In Section 4, the numerical results of the physical
observables - differential decay rate, forward-backward
asymmetry and lepton polarisation asymmetries — are
discussed for the A, —Al*T1™ (I1=e, u, T) decay modes in
the non-universal Z’ boson model. Finally, we present
our conclusions in Section 5.

2 The Ay, — Al"1" decay in the standard
model

At quark level the decay process Ay, — AlT1™ is gov-
erned by the b—slt1™ transition. In the SM the effective
Hamiltonian responsible for the b —sl*1~ transition at
the O(my,) scale is calculated by neglecting the doubly
Cabbibo suppressed contributions [50, 51]. The matrix
element of the b—sl™1~ process contains terms describ-
ing the virtual effects induced by tt, c¢ and uil loops,
which are proportional to Vi, Vi, Vo, Vi and V,,, V5 re-
spectively. Due to the unitarity of the CKM matrix and
neglecting V., V% in comparison to V;;, V¥ and V,, V%, the
matrix element of b —sl™1™ will contain only one inde-
pendent CKM factor Vi, Vii. The effective Hamiltonian
describing the A, — AlT1~ decay process is given as [50,
52]:

Hor = S5y, v |08 (55, (1-5)b) (F#D)
off 2\/57_[ tbVis |Cg (ST Vs Y

+00" (57 (1=75)0) (1" 51)
e — - ql»b 7.
—20g iz L (D). (1)

where Gy is the Fermi coupling constant, « is the electro-
magnetic coupling constant, ¢ is the momentum trans-
ferred to the lepton pair, which is the sum of the mo-
menta of the It and 1~ i.e. ¢g=p,+p_, and CT, C5M and
CSM are Wilson coefficients evaluated at energy scale
(u=my) and are given as [53],

CsT=-0.308, C3M=4.154, CP'=-4.261. (2)

Considering long distance effects, a perturbative part
coming from one loop matrix elements of the four quark
operators (Y (s)) [26, 54] and a resonance part (C5*) [14,
55-57] due to the long distance resonance effect are in-
troduced in the coefficient C$™. Hence, it can be written
as:

Cf = CytY(s)+Cre. (3)

The amplitude of the exclusive decay A, — AlT1™ is
obtained by sandwiching H.g for the b—sl*1™ transition
between initial and final baryon states, i.e. (A|H.g|Ay).
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The matrix elements of the various hadronic currents be-
tween the initial Ay, and the final A baryon can be derived
in terms of the form factors, as discussed in detail in [58]:

<A|§7ub|Ab> = A[f17u+lf2auvp +f3pll«]uAb7
(A57,75b|An) = Ua[917uY5+i9200Y5P” +93VsDulUn,,
<A|SZJM,,p b|Ab> = A[ 7u+zf2 OuvP +f3 pu]u/\w
(A|5i0 5P blAn) = Ualg] VY5093 O VsD” +93 VsPulUa,

(4)

where f; and g; are the various form factors which are
functions of ¢?. The decay process A, — A is studied
based on the heavy quark effective theory (HQET) in
[59]. Using the heavy quark symmetry limit, the num-
ber of independent form factors is reduced to two and
the matrix elements of all hadronic currents, irrespective

(A(pa)I5Tb|Ab (pa, ) =Ua[Fi (P*)+ ¥ F2(p*) Tun,,  (5)

where I is the product of the Dirac matrices, and Fj o
are the form factors. The relations among these two sets
of form factors are given as [22-25, 60]:

F:

G=h=f3 =93 =Fi+VrFs, go=fo=gs=fs= >,
mAb

T 2 T F2

g3 = (ma,+ma), fi=-— (ma, —ma),

Ay, ma,
F.
T T 2 2
i =9 mAbq ()

where r=m3 /m3 . The form factors Fy and F; for the
A, — Al*1™ decay are calculated in the QCD sum rule
approach combined with heavy quark symmetry in [21—
25, 60], and the transition amplitude can be written as
[58]:

of their Dirac structure, can be written as |

GFCY
\/_
+i0""q, (Do Pr+E>Pr)+¢" (D3 Pr+E3P)]ua, 1,

(Ab—>Al+l ) thV* [l_")/ul{’a[\[’Y“(A1PR+B1PL)+’L'O'HVQV (AQPR"’BQPL)]UA])}+Z_’Y‘L’Ysl{’a[\[’Y“(DlPR_FElPL)

(7)

where the parameters A;, B; and D;, E; (i =1, 2 and j |as:

=1, 2, 3) are defined as

&I Gia? |V, V|2 dm?
1 20" dsdz Fa21|2;rbs g Ay Ul Wzll VALK (3,2),
As = 3OS (fimg) - (T 4T, - o)
1 2 K3 7
1. 2Ccffmb where § = s/m3% , s =q?% z = cosf, the angle between
B; = Ecgﬁ(fr"gi)— ;2 (ff=9?), Pa, and pi in the center of mass frame of 1*1- pair and

Ma,b,c) =a*+b*+c*—2(ab+bc+ca) is the usual triangle
function. The function K (8,z) is given as

K(3,2)=K(8)+2K,(8)+2K,(3),

(8)

The double partial decay rates for A, —AlT1™ (1=e, u, T)
can be obtained from the transition amplitude [Eq. (7)] |

1 1
D; = Eclo(fj_gj)v Eazgcw(fﬂ'gi)'
(10)

where

Ko(8) = 32mimy 5(1+r—3)(|Ds|*+|Es|*)+64mim3 (1—r—38)Re(D; Es+DsEy)+64m3 /r(6m?—3m3 )Re(DiE;)
+64m?ms, \/rx[2ma, $Re(D; Es)+(1—r+8)Re(D; Dy+E; By)|+32m3, (2m?-+ém3, )

X[(1=r+8)ma, vVTRe(A; Ay+B; By)—my, (1—r—38)Re(A; Bo+ A5 By )—2/r{Re(A; B;)

+m3 8Re(A;By)}4+8m3 [4mf(1+r—38)+mi {(1-r)*=8"}x(|A:[*+|Bi[*)

+8my, [Ami{A+(1+r—=38)8}+m3 8{(1-r)*=5}]x (|A2|*+|Ba|?)

—8mij, [dmy (1+r—38)—mjy {(1-7)*=8"}]x (|D:[*+|E:[*)

+8m3, svf x[—=8my, 8v/rRe(D; Ey)+-4(1—r+3)y/rRe(D} Do+ E} Es)
—4(1=r—8)Re(D} Ex+D; Er)+ma, {(1-r)* =8 H{| Do|*+| E2|*}], (11)
Ki(5) = —16m? suVA{2Re(A; Dy)—2Re(B; By)+2ma, Re(B; Da— By Dy+ A3 By — A} E)}
+32mib§vl\/X{mAb (1—r)Re(A;Dy— B Ey)++/rRe(A; D, +A;Dy— B3 E,— B E,) }, (12)
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and
K»(3) = 8my 50 N[|Ao|*+|Bs|*+| Dao|*+| E,|?]
—8miy, viA[| A P +[Bi|*+[Di|*+|E[P], (13)

where A is the short form for A\(1,r,8). Now integrating
Eq. (9) w. r. t. the angular dependent parameter z, we
can get,
(40 - Gty

0

3 115
ds 21 7my,

X4 [1—

4;7;“2 VAL [Ko(é)—%%Kg(é)} . (14)

The forward-backward asymmetry is defined as,
1 0

dr dr

/ B / P

AFB(é): 0 710

. .
ar ar

/ BT / L
0

—1

(15)

Hence, we can derive Apg using Eqs. (11)—(15) in thel

following form,
K@)
Ko(3)+K2(5)/3

When the final A baryon is polarised, the lepton polar-
ization components P;(i=L, N, T') are defined as:

Arp(3) (16)

dF(A ) dF(A
~ 77:67, - ~ ——€;
Pi(5)=-d5 a4 , (17)

where the é;’s are the orthogonal unit vectors along lon-
gitudinal, normal and transverse components of the 17
polarization and 7 is the unit vector used to represent
the four spin vector, along the spin in its rest frame as:
— A SO

53:%7 §+:77+E1+_T_mlﬁ+ . (18)
The observables P, Py, Pr correspond to longitudinal,
normal and transverse polarization asymmetries respec-
tively. Among these observables, P;, and Pr are P-odd,
T-even whereas Py is P-even, T-odd. The observables
P, Px, Pr are given as [58]:

A 16m3, VA . . . i )
Pu(s) = mx[mfm,\b><(Re(DlE3—D3E1)+\/;R6(D1D3—E1Eg))—4m12mibs(|D3|2—|E3|2)
4 .
—dma, (2mi+m}, §)Re(A; By~ A} By)—gm} s07 (3Re(D; By— D3 Ey)+/rRe(D; Dy~ E} Ey))
4 2
3 \/;(Gmf‘Fmibé”f)Re(AIAz—BTBZ)_gmibé(Q—QT‘Fg)UlQ(‘D2|2—|E2|2)
+(Ami+my, (1=r+8)) (| A [ =B ") = (4mi—m}, (1-r+5))'| D[’ | E:|)
1 .
=3, (L=r=8)ol (A =B+ Dy P = | B ?
1
=g, [12mf (1=r)+m3, 3@ (1=r+3)+of (1=r—=8)]x (|4 ~| Bz[*)]; (19)
A 87-[m3 ’Ul\/X ~ * * A * * * *
Px(3) = m><[—Qmib(l—r—i—s)><\/FRe(AlDl—BlEl)+4mibs\/FRe(A1E2+A2E1+BlD2—|—BQD1)
—2m3, 3v/F(1—r+8)Re(A; Dy +B; Dy)+2my, (1—7—3) x (Re(A; By +B; D:)+m3, 3Re(A;E,+B;D,))]
—mj, ((1-7)?=58%)xRe(A} Dy+ A5 D14 By Ey+B; Ey)). (20)
. 8mtm3 vV 8\ . i} . . . i} .
PT(S) = m><[mib(l—r—s)(Im(Ale_AlDQ)_Im(BzEl_BlEz))+2mAbIm(A1E1_BlD1)
—m}, Slm(A;E,—B;D,)]. (21)

3 Contribution of Z'-mediated FCNC in
Ay, — AlT1™ decays

A non-universal Z’ model could be naturally derived
from grand unified theories (GUTSs), superstring theo-
ries, Fs models and so on, but experimentally the Z’ bo-
son has not yet been discovered. One convenient process

[ to get the Z’ boson is to include an additional U (1)’ gauge
symmetry in the SM. In the non-universal Z’' model, the
FCNC transitions for the b—sl™1~ process are induced
at tree level due to the presence of a non-diagonal chiral
coupling matrix. The detailed formulation of this model
is discussed in [32]. By neglecting the Z—Z’ mixing and
considering that the couplings of right-handed quark fla-
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vors with the Z’ boson are diagonal, the Z’ part of the
effective Hamiltonian for A, — AlT1~ decays is written as
[47, 48, 61-67]:

’ 2G * BSL SL, 7
HY = ——ﬁ;Vcme K:VE 57, (1=75) "1y (1=75)1
B SE _
+#s%(1—%)bw(1+%)l . (22)
t ts

In the above expression, BL = |Bg,|e™**, which cor-
responds to the off-diagonal left-handed couplings of
quarks with the Z’ boson, and ¢y, is the new weak phase.
In a compact manner, the above equation can be rewrit-
ten as;

’ 4G ’ 4
H%=——2V, Vi [AWC? O+ Ay CH 0], (23)
V2
where Are—i9
e '¥sb
Agy=———, 24
YAV Vs 24
C§' =|Bw|Se, Cf=|BulDue, (25)
and

SLL:S{T_FSE) DLL:Slli{_SlIT' (26)

Here, S and Sff represent the couplings of the Z’' boson
with the left- and right-handed leptons respectively. The
contributions to the decay A, — AlT1™ mainly come from
the Wilson coefficients Cy and Cy, and corresponding
operators. In this Z’ model the operator basis remain the
same as in the SM and the contribution of Z’ only modi-
fies the Wilson coefficients Cy and C'y. Hence, to include
the Z’ contributions, it is sufficient to make the following
replacements in the formalism relevant to A, — AlT1™
decay:

’ 47‘[64‘%‘3
CSJVI+Z :CSM Bs S 27
9 9 + Oé‘/tb‘/t: | b| LL; ( )

’ 47'[eii¢5b
CoM+2 =My —— —|By|Dpy. 28
10 10 T ViV |Bev| Drr (28)

In this model, the new physics contributions to forward-
backward asymmetry and other polarisation asymme-
tries for A, — Al*1™ decays are analysed in the light of
the above modifications in Section 4.

4 Numerical analysis

In this section, we discuss the forward-backward
asymmetries and lepton polarisation asymmetries for
A, — Alf17(1=e, u, 1) decays in the framework of the
non-universal Z’ model and investigate the scenario of
NP. The numerical values of the input parameters [7]
used are collectively given in Table 1. The dependence
of the form factors for fi 23, g1.2,3, f15 and g3 5 on ¢* in

the light—cone QCD sum rules approach can be parame-
terized as [68]:

a b

fi(q2)[9i(q2)]:1_q2/m%t+(1_q2/m%t)2’ (29)
whereas the form factors f and g7 are of the form
T/ 2 T2 a b
O e e reeres s CL)

The parameters appearing in the fit function of the form
factors are summarised in Table 2. To evaluate different
observables in the Z’ model we need to fix the numer-
ical values of the parameters |Bg|, ¢s, Srr and Dypp
for the Z' couplings. These values, however, are strictly
constrained from B meson mixing and different inclusive
as well as exclusive decays of B mesons. The values are
collected from Refs. [69-85] and are encapsulated in Ta-
ble 3 for three different scenarios S, S, and S3, where
S; and S, correspond to two different fitting values for
BB, mixing data from the UTfit Collaboration [70-76],
and S3 is obtained from the analysis of three different B
meson decays [79-82].

Table 1. Numerical values of the input parameters [7].
parameter value
My, 5.620 GeV
M 1.115 GeV
mp 4.28 GeV
Me 0.510x1073 GeV
My 0.105 GeV
me 1.77 GeV
Gp 1.17x107° GeV—2
TAp 1.383x10712 5
o 1/137
Vi Vi 4510~
Table 2. Parameters appearing in the fit function
of the form factors [68].
fit parameter a b m%t
fi —0.046 0.368 39.10
f2 0.0046 —0.017 26.37
f3 0.006 —0.021 22.99
a1 —0.220 0.538 48.70
g2 0.005 —0.018 26.93
g3 0.035 —0.050 24.26
T —0.131 0.426 45.70
fT —0.046 0.102 28.31
gF —0.369 0.664 59.37
gt —0.026 —0.075 23.73
fit parameter C mézt mgf
It —1.191 23.81 59.96
gt —0.653 24.15 48.52
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Table 3. Numerical values of the Z’' coupling parameters [69-85].

scenario | Bgp, x 1073 dsp in degree Srrx1072 Dy x102
S1 1.0940.22 7217 —2.843.9 —6.7£2.6
S2 2.20+0.15 8244 —1.2+1.4 —2.5+0.9
S3 4.0£1.5 150+£10 or —150410 0.8 -2.6

In our calculation, we have considered the maximum
values of the Z' parameters from the three given scenar-
ios in order to observe the maximum influence of the 7’
boson on the different asymmetry observables. So we
construct three sets from the three scenarios of the nu-
merical values of coupling parameters, as follows.

Set-1:

Within the range of coupling parameters for scenario
S listed in Table 3, we have grouped the maximum val-
ues in this set to get the magnified impact of the Z’ boson,
ie. |By|=1.31x1073, S, =1.1x1072, Dy, =—4.1x1072,
Goo=(—T2LT)".

Set-11:

Within the range of coupling parameters for scenario
S, listed in Table 3, we have grouped the maximum val-
ues in this set to get the magnified impact of the Z’ boson,
ie. |By|=2.53x1073, S;,;,=0.2x1072, Dy, =—1.6x1072
Gop=(—82E4)°.

Set-111:

Within the range of coupling parameters for scenario

S5 listed in Table 3, we have grouped the maximum val-

‘o)
Fig. 1. (
(green) for the decays (a)Ap—Aete™, (b) Ap—Aptu™ and (c) Ap—AT T,

We plot the differential decay rate (Eq. (14)) for
A, — ALl (I=e, u, 1) decays against § and ¢, for Set-
I (yellow), Set-II (blue) and Set-III (green), as depicted
in Figs. 2(a), 2(b) and 2(c). It is observed that Set-IIT
data contributes more to the differential decay rate for
Ay — AlT1™ decays. Similarly, Figs. 3, 4, and 5 present
the dependence of lepton polarization asymmetries P,
Py and Pp on § for Ay, — AlT1™ decays respectively. For
Ay — Aete™ and Ay, — Aptpu~ decays, Pr, decreases in
7' scenarios compared to the SM [Fig. 3(a) and 3(b) ]
whereas for the Ay, —ATTT™ decay, Py, is enhanced in the
three sets of Z’ coupling parameters compared to the SM

ues in this set to get the magnified impact of Z’ boson,
ie. |By|=5.7x1073, S;;,=0.8x1072, Dy, =—2.6x1072
s =(—150%10)°.

Let us proceed further with all the numerical data
discussed above. In the Z’ model, the new physics contri-
bution to the asymmetry parameters are encoded in the
modified Wilson coefficient. Therefore, we investigate
the variation of asymmetry observables for A, — AlT1™
(I=e, u, 1) decays with different values of Z’ coupling
parameter within the kinematically accessible physical
range of §.

For A,—Aete and A,—Aptu~ decays, App(§) ini-
tially decreases with increase in § and takes small nega-
tive value for § up to 0.1, then Apg(8) gradually increases
almost equally in the three sets of coupling parameters
in Fig. 1(a) and Fig. 1(b) respectively. In Fig. 1(c),
Apg(8) prominently decreases and then increases with
respect to § for A, — AtT1™ decay. In Fig. 1(c), the
maximum variation is observed with Set-III, hence we
can say that with the higher contribution of coupling
parameters Apg(8) increases.

(color online) Dependence of Arp(§) on § and ¢, for the SM (red), Set-I (yellow), Set-II (blue), and Set-IIT

| values [Fig. 3(c)]. In Figs. 4(a), 4(b) and 4(c), the con-
tribution of the Z’ boson to Py dominates over the SM
value for A, —AlT1™ decays. Figures 5(a), 5(b) and 5(c)
represent the variation of Pr for A, —AlTl™ (I=e, u, T)
decays. For A, — AeTe™ and A, — Autu~ decays, the
Pr decreases in Z’ scenarios compared to the SM [Fig.
5(a) and 5(b)], whereas for the A, — ATt~ decay, Pr
is enhanced in the three sets of Z’ coupling parameters
compared to the SM values [Fig. 5(c)]. The slopes of
the planes are similar for A, — Aete™ and Ay, —Aptu~
decays, whereas the slope for the A, — Attt decay is
different. This may indicate lepton non-universality,
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(b)

Fig. 2. (color online) Dependence of differential decay rate on § and ¢g, for the SM (red), Set-1 (yellow), Set-II
(blue), and Set-IIT (green) for the decays (a)Ap,—Aete™, (b) Ap—AuTu™ and (c) A, —AtHT™.

0.4

5 5

(a) (b) (c)

Fig. 3. (color online) Dependence of longitudinal lepton polarization asymmetries (PL) on § and ¢g, for the SM
(red), Set-I (yellow), Set-IT (blue) and Set-III (green) for the decays (a) Ap, — Aete™, (b) Ap —Aptp™ and (c)
Ap—ATTT.

w

K i ]
(b) 08

Fig. 4. (color online) Dependence of normal lepton polarization asymmetries (Px) on § and ¢« for the SM (red),
Set-I (yellow), Set-IT (blue) and Set-IIT (green) for the decays (a) A, —AeTe™, (b) Ap—AuTp™ and (c) A, Attt

(®)

Fig. 5. (color online) Dependence of transverse lepton polarization asymmetries (Pr) on § and ¢g, for the SM
(red), Set-I (yellow), Set-IT (blue) and Set-ITT (green) for the decays (a) A, — Aete™, (b) A, — AuTu™ and (c)
Ap—AtTT,
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although it is absent in the SM.

For § = 0.6, Arp(8) is enhanced significantly from
that of the SM values with increasing values of Sy and
Dy; in Ay, — Aptp~ decays with |Bg,| = 1.31x 1073,
¢ = —65° [Fig. 6(a)]. Figure 6(b) depicts a different
picture for A, — Aptp~ decays in the high § region for
|Byp| =5.7x1072 and ¢, = —140°. It is observed that
in the Z’ model, initially the values of Apg(§) are less
than the SM prediction, but it gradually increases Withl

Fig. 6.

increase in Z’ coupling parameters and finally crosses
over the SM value. Similar plots are presented in both
Fig. 7(a) and 7(b) for A, —Attt™ decays, showing that
Arg(8) is significantly enhanced compared to the SM val-
ues with increasing S;; and Dy ;. These plots present a
clear distinction among the Z’ boson contribution to the
forward-backward asymmetry and the SM values, which
give signals for the existence of NP.

A4,,(3=0.6)

(b)

(color online) Dependence of Apg(8) on S and Dry, at §=0.6 with (a) |Bsb|=1.31><10_3, ¢sb=—65° and

(b) |Beb|=5.7x1072, ¢, =—140° for the decay Ap,—ApT ™. The blue plane represents the SM result and orange

plane represents the Z’ boson contribution.

Fig. 7.

|Bsb| =5.7x1073, ¢, = —140° for the decay A, — Attt™.

plane represents Z' boson contribution.

5 Conclusions

In this paper, we have studied the rare semileptonic
A, — ATl (I=e, u,T) decays in the SM as well as in a
non-universal Z’ model. This non-universal Z’ model al-
lows FCNC transitions at tree level, which gives a boost
for the physical observables to compare with their SM
values. Aliev et al. [78, 79] have discussed the decay
width and lepton polarization for Ay, — Al*l~ decays

(b)
(color online) Dependence of Argp(§) on Srrand at §=0.6 with (a) |Bs,|=1.31x1072, ¢, = —65°and (b)

The blue plane represents the SM result and orange

|explicitly in the Z’ model. Their result shows an effi-
cient tool for establishing new physics beyond the SM.
Gutsche et al. [86] also presented a detailed study of
observables for A, — AlT1~ decays using the covariant
quark model, and compared their results with others. In
this paper, we have computed the variation of different
physical observables with respect to Z’ coupling parame-
ters within the kinematical region of §. The effect of the
7/ mediated FCNCs enhance the differential decay rate,
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forward-backward asymmetry and lepton polarization
asymmetries in these decay modes. Our results show
deviations from the SM values, which is a signal of the
presence of NP in these decays. The exploitation of the
full data sets of the LHC experiments is a challenging
task for both the theoretical and experimental commu-
nities. More precise measurements of A, — Al*1™ decays
will provide a powerful testing ground for the SM and
possible NP models. We expect that the measurements
of the observables will not only help us to find hints of

new physics but also provide a tool to determine the
precise values of the parameters of the Z’ gauge boson.
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