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We comparatively analyze the rare A, — AZT¢~ channel in the standard model, supersymmetry, and
Randall-Sundrum model with custodial protection (RS,). Using the parametrization of the matrix elements
entering the low-energy effective Hamiltonian in terms of form factors, we calculate the corresponding
differential decay width and lepton forward-backward asymmetry in these models. We compare the results
obtained with the most recent data from LHCDb as well as lattice QCD results on the considered quantities. It is
obtained that the standard model, with the form factors calculated in light-cone QCD sum rules, cannot
reproduce some experimental data on the physical quantities under consideration, but the supersymmetry
model can do it. The RS, model predictions are roughly the same as the standard model, and there are no
considerable differences between the predictions of these two models. In the case of differential decay rate,
the data in the range 4 GeV?/c* < ¢> < 6 GeV?/c* cannot be described by any of the considered models.
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I. INTRODUCTION

The ATLAS and CMS Collaborations at CERN have
independently reported their discovery of the Higgs boson
with a mass of about 125 GeV using the samples of proton-
proton collision data collected in 2011 and 2012, com-
monly referred to as the first LHC run [1-3]. Recently, a
measurement of the Higgs boson mass based on the
combined data samples of the ATLAS and CMS experi-
ments has been presented as my = 125.09 4 0.21(stat) +
0.11(syst) GeV in Refs. [3-7]. At the same time, all LHC
research for signals of new physics above the TeV scale
have given negative results. However, the LHC constraints
on new physics effects can help theoreticians in the course
of searching for these new effects and answering the
questions that the standard model (SM) has not answered
yet. We hope that the upcoming LHC run can bring
unexpected opportunities to observe signals of new physics
in the experiment [8].

Although the SM could be valid up to some arbitrary
high scale, new scenarios should exist because we are
lacking a proper understanding of some important issues
like the origin of the matter, matter-antimatter asymmetry,
dark matter and dark energy, etc. [9]. In the baryonic sector,
the loop-induced flavor-changing neutral current (FCNC)
decay of the A, - AZ ¢~ with £ = e, u, 7, which is
described by the b — s£*£~ transition at quark level,
is one of the important rare processes that can help us
in the course of indirectly searching for new physics effects
[10]. Recently, the differential branching fraction of the
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A — Aptpu~ decay channel has been measured as a
function of the square of the dimuon invariant mass
(¢%), corresponding to an integrated luminosity of
3.0 fb~! using proton-proton collision data collected by
the LHCb experiment [11]. The measured result at the
15 GeV?/c* < ¢* <20 GeV?/c* region for the differential
branching  fraction is  dBr(A) - Autu~)/dg* =
(1187008 £0.03 £ 0.27) x 1077 GeV?/c*. The LHCb
Collaboration has also reported the measurement on the
forward-backward asymmetries of this transition at the u
channel. The measured result at the 15 GeV?/c* < ¢° <
20 GeV?/c* region for the lepton forward-backward asym-
metry is Afg = —0.05 £ 0.09(stat) + 0.03(syst) [11]. In
the literature, there are a lot of studies on this decay channel
via different approaches (for some recent studies, see for
instance Refs. [12-17]).

In the present work, we calculate the differential decay
rate and lepton forward-backward asymmetry related to the
FCNC A, — A¢t ¢~ transition for all leptons in the SM,
supersymmetry (SUSY), and Randall-Sundrum scenarios
with custodial protection (RS.). We compare the results
with the experimental data provided by LHCD [11] as well
as the existing lattice QCD predictions [18]. Comparison of
the LHCb results with the lattice QCD predictions shows
that there are some deviations of data from the SM
predictions. Such deviations can be attributed to the new
physics effects that can contribute to such loop-level
processes. In this connection, we comparatively analyze
the A, = AZT¢~ decay channel in SM and some new
physics scenarios. In the calculations, we use the form
factors calculated via the light-cone QCD sum rules in
Ref. [19]. Hence, to avoid misleading, we will use
SMLCSR instead of SM to refer to the results that are
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obtained using the from factors predicted by the light-cone
sum rules in Ref. [19] when we speak about the predictions
of different models. Note that there are many studies
devoted to the calculation of the form factors defining
the transition under consideration via different approaches
(see for instance Refs. [17,20]), but our aim here is to use
those form factors that are obtained in the full theory of
QCD in Ref. [19] without any approximation.

The outline of the paper is as follows: In the next section,
we introduce a detailed discussion of the effective
Hamiltonian responsible for the semileptonic A, —
A£T¢~ decay channel and Wilson coefficients in SM,
RS,, and SUSY models. In this section, we also present a
basic introduction of the RS, scenario. In Sec. III, we
calculate the differential decay rate and lepton forward-
backward asymmetry at different scenarios and compare
the predictions of different models.

II. THE SEMILEPTONIC A, —» AZt¢~
TRANSITION IN SM, SUSY, AND RS, MODELS
A. The effective Hamiltonian and Wilson coefficients

At quark level, the FCNC transition of A, — A£T¢™ is
governed by the b — s£T¢~ transition, whose effective
Hamiltonian in the SM can be written as

GFaem th st
2\/_ 2w

+ CN5y, (1 = y5)blytyst

HEE = (€™ Msy, (1 — y5)blye

e 1 _
—2mbC$“'SMq 5io,,q" (1 +vs)bey!e], (2.1)

where V,;, and V7 are elements of the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix; a,,, is the fine structure
constant at Z mass scale; G is the Fermi weak coupling
constant; g is the transferred momentum squared; and
CSM oM and C5™M are the Wilson coefficients
representing different interactions. The explicit expressions
of the Wilson coefficients entered into the above
Hamiltonian are given in the following equations. The

Wilson coefficient Celcf SM , which is a function of §' = ‘72

b
where q lies in the allowed region 4m? 7 < q <
(my, —my)?%, is given by [21,22]

CSSM () = CYPRy(§') + h(z, §)

X(3C1 +C2+3C3+C4+3C5+C6)

1
~5h(1.8)(4C3 +4C, +3C5 + Co)

1
— 3 h(0.8)(C5 +3Cy)

2

(3C; + C4 +3Cs + Cg), (2.2)

O |
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where CYPR in the naive dimensional regularization (NDR)
scheme is expressed as

SM

CNDR

PNDR + _ 4ZsM + PEESM.

23
sin®@y, (23)

The last term on the right-hand side is neglected due to the
smallness of the order of Pr. Here PPR =2.60 + 0.25,
YSM =098, Z5M = 0.679, and sin’ 0y, = 0.23 [21-23].
The parameter 7(8') in Eq. (2.2) is given as

n(d) =1+ a“(:h) w(3), (2.4)
with
(') = _3”2 - ngz(g/) —=In§1In(1 - %)
- %mu —§) - 235‘('1“ +/§;)(<1;22A’)) s
o) 29
and
) = — =) (2.6)

Ol

Here a;(m;) = 0.118 and gy =
Eq. (2.2) is also defined by

£ The function h(y, §’) in

’erl’—iﬂ') forx—4Z <1

(24x)|1 Vi-x-l
2arctan\/‘—l- forx—4z >1,
(2.8)
whereyzlory:z:Z—;, and
8 8 mb 4
h(0,3') =———=In ———l § 4+ — 2.
(0,%) 5779 9n+m (2.9)

In Eq. (2.2), the remaining coefficients are given by [23]

(j=1...6), (2.10)

8
Ci=Y kn"
i=1

where the kj; are given as
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kli: ( O, %, _%, 0, 07 0’ Oa)’
k2[ = (0’ 03 %7 %7 07 07 Ov 07 )7
ky = (0, 0, —, %, 0.0510, —0.1403, -0.0113, 0.0054),
ky = (0, 0, -, —é, 0.0984, 0.1214, 0.0156, 0.0026),
ks; = (0, O, 0, 0, —0.0397, 0.0117, -0.0025, 0.0304),
ke; = (0, O, 0, 0, 0.0335, 0.0239, -0.0462, -0.0112). (2.11)
|
The explicit expression for the Wilson coefficient C5)! is 1 1
given as T R Coluw) = =3 DM ). Coluw) = =5 Ey M),
ysM Co(uw) = 1. (2.15)
CM = ————. (2.12)
sin” Oy, . . m
The functions D™ (x,) and EPM(x,), with x, = 2%, are
w
Finally, the Wilson coefficient Cgff'SM in the leading log  given by
approximation is defined by [21-24]
8x7 +5x2 —7x,)  x2(2-3x,)
1 8/ DISM(y :_( i ! t ! tlx
M ) = Caloy) + 5 (=) €3l e PR N T
8 (2.16)
+ Cy(pw) Z hin®, (2.13)
i=1 and
where 2 2
—5x,—2 3
E{M(x,) = = X% = 5% - ) T nx,.  (2.17)
4(1 —x,) 2(1 = x,)
as(ﬂW)
n= ) (2.14)
as\Hp
The coefficients h; and a; inside Csff’SM are also given
and by [21,22]
h; = (2.2996, —1.0880, % -4, —0.6494, -0.0380, —0.0186, —0.0057),
a; = (% %, %, —%, 0.4086, —0.4230, —0.8994, 0.1456). (2.18)

One of the most important new physics scenarios is
SUSY. The different SUSY models involve the SUSY 1,
SUSY II, SUSY III and SUSY SO(10) scenarios according
to the values of tanf and an extra parameter y with the
dimension of mass [25-28]. In SUSY 1, the Wilson
coefficient Cif changes its sign, the u takes a negative
value, and the contributions of the neutral Higgs bosons
(NHBs) have been disregarded. In the SUSY II model, the

|

eff
HSUSY

2\[71 ’

_ 1
+ C’SUSYSJ/”( +y5)bly'ysC — 2mbC§ff’SUSY ?Eiaﬂy

+ CSYS(1 +75)b2 + CEUSY5(1 = y3)blt + CESY5(1 + y5)blyst + CSUSY5(1 — y5)blyst |.

Graen Vi Vis CSSUSY gy (1 — yo) by + CEFSUSY5

|

value of the tanf is large and the masses of the super-
particles are relatively small. In SUSY III, the tan f takes a
large value and the masses of the superparticles are
relatively large. In SUSY SO(10), the contributions of
the NHBs are taken into account. The supersymmetric
effective Hamiltonian in terms of the new operators coming
from the NHBs exchanges diagrams, and the corresponding
Wilson coefficients are written as

7, (14 15)beye + C3>Y 5y, (1 — ys5)bey'yst

_ 1

¢ (1 4+ ys5)bty#¢ — 2mbC/7€ff’SUSY 5i0,,q" (1 —ys5)btyHe
C]

(2.19)
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the 7 lepton.
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The Wilson coefficients in different SUSY models [26-29]. The values inside the parentheses are for

Coefficient SUSY 1 SUSY 11 SUSY III SUSY SO(10)(Ay = —1000)

CeSUsY +0.376 +0.376 —0.376 -0.219

Cgff»SUSY 4.767 4.767 4.767 4.275

39Sy -3.735 -3.735 -3.735 —4.732

CSQLIJSY 0 6.5(16.5) 1.2(4.5) 0.106 + 0i(1.775 + 0.002)

CSQEJSY 0 -6.5(-16.5) —1.2(-4.5) —0.107 + 0i(—1.797 — 0.002i)

Cl7eff.SUSY 0 0 0 0.039 + 0.038i

C/geff,SUSY 0 0 0 0.011 +0.072i

C/SUsY 0 0 0 -0.075 - 0.67i

C/QS]USY 0 0 0 —0.247 + 0.242i(—4.148 4 4.074i)

C’QSZUSY 0 0 0 —0.25 + 0.246i(—4.202 + 4.1281i)
where Cgff’SUSY, C/geff.SUSY, C?([)JSY’ C,ls()USY’ Cgff,SUSY, ds? — e‘Zkandx"dx” _ dyz,

/eff.SUSY  ~SUSY (vSUSY ~SUSY /SUSY
C; , CQ] , CQl , CQ2 , and CQ2 are the

new Wilson coefficients in the different SUSY
models. The new Wilson -coefficients C(Q/)]SUSY and
C(Q/ZSUSY come from NHBs exchanging [28]. The

primed Wilson coefficients only appear in the SUSY
SO(10) model. The values of Wilson -coefficients
in different supersymmetric models are presented in
Table I [26-29].

The last new physics scenario which we consider in
this work is the Randall-Sundrum scenario proposed to
solve the gauge hierarchy and the flavor problems in 1999
[30,31]. It is a successful model, featuring one compact
extra dimension with nonfactorizable anti—de Sitter
(AdSs) space-time [32]. This model describes the five-
dimensional space-time manifold with coordinates (x; y)
and metric

F Grae, Vi Vi ff,RS, — > ff,RS, =
HEll = e b O sy, (1 — ys)beyie + Cg >

2\/571'

N = diag(+1, -1, -1, -1). (2.20)
The scale parameter k is defined as k = O(Mpyc). We
choose it as k = 10" GeV. The fifth coordinate y varies in a
range between two branes, 0 and L. y=0 and y =1L
correspond to the so-called UV brane and IR brane, respec-
tively. The simplest RS model with only the SM gauge group
in the bulk has many important problems with the electroweak
precision parameters [33]. In the present work, we consider
the RS model with an enlarged custodial protection based
on SU3),xSU(2);, xSUQ2)gxU(1), x Pyg, where P;p
interchanges the two SU(2) groups and is responsible for the
protection of the Zb; b, vertex (for more information on the
model, see Refs. [32-40]).

The effective Hamiltonian for the b — s£ ¢~ transition
in the RS,. model is given as

(1 +75)bZ7"¢ + Clo 5y, (1 = 15)bZy'yst

- 1 - 1 _
+ C855y, (1 + ys)b2ytyst — 2m, C5TRS 7 Siowd (1 +75)bere - 2m,, CyF R 70w’ (1= y5>bfyﬂ,f] ,

where the new Wilson coefficients are modified consider-

ing the new interactions. The new coefficients in terms of

the SM coefficients are written as [32—40]

()RS,

=¢™Mac).  i=79.10.  (222)

(2.21)
AY.
— S _4AZ |,
’ Lin2<ew> }
AY'
= S _4NZ
= L 7]
AY
ACyy = ——— 5, 2.23
10 sin?(0,,) ( )
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and
AY!
AC,, = — . 2.24
10 sin?(6,,) ( )
with
1 A”(X)—A”(X)
AY, = — . L = AV (X),
Vi Vis 5 4My gsm
1 A (X)) = A (X
AY;:_ *Z L( )22R( )AzS(X),
Vi Vi X 4MXgSM
1 AL (X)
AZ, = L AP (X)), 2.25
: thV?sz:SMfgg%MSlnz(@w) r'X) ( )
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and

— : A (X).
ViV 8M3 gaysin®(6,,)  *

(2.26)

*
ts x

In the above equations, X =Z, Zy, Z', and A(l);
géM :%2nsin0§(ew); and 6,, is the Weinberg angle. The
functions inside AY,, AY), AZ,, and AZ, are given in
Refs. [32-40].

In the case of ACY, ACY) (u,) = 0.429ACY) (M yx) +
0.128AC§;/)(M xk) is used where the following three con-
tributions are included [34]:

(ACy); = iQur ) [A+2mi(A"+ B)|[DLY"(Y*) YDyl

F=u,c,t

.8
(AC7), = =iQar3 (6°) D [lo+ A+ B+ 4mi(ly+ A + B)]|[D Ry Y“ReDlss.

F=d,s,b

8
(ACy); = ierg(gﬁD)z > mpllo+A+ B

F=d.s,b

m
[DZRLRLYdDR]B + # [DI YdRRRRDRbS}v (2.27)

s

(ACh); = iQur Y [A+2mi(A"+ B)|[Dp(Y!) Y (Y*) "Dy s,

F=u,c,t

. 8
(ACH), = ﬂQd’g(Q?D)z Z [Io+ A+ B+ 4m}(Iy + A’ + B)|[DyRe(Y!) 'R, Dy ],3,

F=d,s,b

8 my ;
(8C)s =10y 7P Y- melly+ A+ BI{ DY RARa() Dilos + 2 DY) R R Dils b (228)

F=d.,s,b

(ACs), = ir Y [A+2mp(A'+ B)|[DLY"(Y") Y'Dglys,

F=u,ct
9 2 - - - -
(ACs), = —ir_ (") ——T3 Y [A+ B +2m3(' + B)|[D} Y*Re(Y!) R, Y Dilys.
8 mpm; F=d,s.b
9 _ _ _ _
(ACg); = —iry (¢T3 D [A+B+2m}(A + B)|[D; Ry YRy Drlys. (2.29)
F=d,s,b
(ACY), =ir Y [A+2m3(A + B)|[Dp(Y)) Y (Y*)'D, ]y
F=u,c,t
2
(ACy), = _i,,? (5°) . 7, Z [A+ B+ 2m}(A + B)|[Dp(Y) R Y Re(Y!) Dy ),s,
8 MpMs 2050
9 - - - + .
(ACg); = —iry (@3P)*T5 > [A+ B +2m}(A" + B)|[DyR(Y) R, Dylys. (2.30)

F=d,s.b

where r = —%——and 73 = 7 [ dy[g(y)]*. For the parameters inside the above equations and the related diagrams, see

Sr “m
52 Vs

Refs. [32-40]. Q, and Q, represent the electric charges of the up- and down-type quarks, respectively. The functions /’,

A", and B") are given as

()
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TABLE II. The values of modifications in Wilson coefficients in the RS, model used in the analysis [34]
AC, AC ACy AC; AC AC),
Values 0.046 0.05 0.0023 0.038 0.030 0.50

1 In(t) )

i 1
Io(r) = TR <_t—1+(f_ 1)2

folt) = (4i) M}}a( <2t(l:; : (thi(l)> )
Alt) = B() =14 24M%<K <(tt 3)2 flf(lt)) )
A1) = 2B/(1) = M;}( ; ( 7 ,S_tl_ (;hi(?)“)
A = B) = i (- 2+ ),
P (4;)24 MIA;(K (:j )1 2:(?: t1>)ln( ))7 (2.31)

with 1 = m%/M% (for more information, see Ref. [34])
Fitting the parameters to the B — K*u™ u~ channel, the modifications on Wilson coefficients in the RS, model are found

in Table II [34].
B. Transition amplitude and matrix elements
The amplitude of the transition under consideration is obtained by sandwiching the corresponding effective Hamiltonian
(2.32)

between the initial and final baryonic states, i.e

MM = (N (pp) [H A (P, )

where p, and p, are momenta of the initial and final baryons. To calculate the amplitude, we need to know the following

b
matrix elements, which are parametrized in terms of 12 form factors in full QCD
(A(pa)[57,(1 = 75)bIAL(Pa,)) = aa(pA)[ruf1(d%) + icwa” f2(q) + 4" f3(q%)
—1,7591(@) = 16,756 92(4%) = ¢*7593(q)|ua, (s, ) (2.33)
(Apa)I57,(1 +75)bIA(pa,)) = aa(pa)lruf1(a?) + iowg” f2(a%) + 4" f3(q%)
+1,:7591(4%) + i0,,y5q° 92(4%) + 4"7593(q)|up, (Pa,) (2.34)
(M(pa)I5io,,q" (1 +75)bIAy(pa,)) = an(pa)rf1(4?) + icwa’ f3(4*) + ¢"f1(4*)
+ 147591 (4%) + 10,759 95 () + 47595 (7)]ua, (Pa,)» (2.35)
(P)lrufT(@?) +i0,ua" f1(a*) + ¢* 5 (q?)
— q"ys95 (q)]un, (Pa,) (2.36)

(A(pa)l5io,q* (1 —ys)b|Ay(pa,)) =
- iaﬂvySL]Dgg(qz)

— 1259 (4%)

(A(pa)ls( +75)b|Ab(pAb)>:mibﬁA(pA)[q (4% +iqho,,q" f2(4*) + 4* f3(q%)
—iq"0,,75q° 92(4%) — 4*7593(q*)|un, (Pa,)- (2.37)

— qr591(4%)

and
115025-6
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1
(A(pa)|3(1 =75)b|Ay(pa,)) = m—hﬁA(PA)[q 1(¢?) + ig*0,,q" f2(q*) + ¢*f3(q?)
+ qr591(4%) + iq"0,,759" 9:(0%) + 4*7593(4%)]un, (Pa,)- (2.38)

where f ,( and g, (w1th i running from 1 to 3) are transition form factors, and u,, and u, are spinors of the A, and A
baryons, respectively. We will use these form factors from Ref. [19] that have been calculated using the light-cone QCD
sum rules.

Using the above transition matrix elements in terms of form factors, we find the amplitude of the transition under
consideration in different scenarios. In the SM, we find

aeie- Grag,Va Vi _
Mg = F"; f;j e 8 (g (o) (1 [ASMR + BML] + i6,,, q* [ASMR + BSML] + ¢#[ASMR + BSML) )y, (pa, )| (£7°€)

+[a(Pa) (ru[DMR+EML] + i, q* [DMR+ESML] + g [DIMR+EML])uy, (pa,))(Z7'ysE)}. (2.39)

In the case of SUSY we get

A AT £ G aemV Vs
Msﬁsyf 12 F th¥t {[MA(pA)(yﬂ[ASUSYR+BSUSYL] + m q [ASUSYR+BSUSYL]

2V

@ LASUSYR + BV L uy, (o, (7€) + [ (p2) (1, [DSUSYR + EUSVL] + i, g [DSUSYR + £3VSVL)
+ g [DSUSYR + E8SY L uy, (pa, ) (Zrrst) + [a(pa) (@GSUSYR + HSUSVL

g 0,4" (3SR + HEUSVL] + P IG5USYR + UYL ), (pa, ))(Z€) + [ (p) (4[ICFUSY R + STUSY L)
+ig 0, ISUSR + SUYL] 4 ISUSYR + SV L]y, (pa, ) (750)), (240)

and for RS, we obtain

N - G V.,V
M0 = ZEEem T8 ([ () (r AR R + BY L] + i, ¢ [AYR + By L]

2\/_71
+ @A R + By L))uy, (p,))(Z7#€) + [an (o) (7 [DFY>R + EFL] + i0,,* D5 R + E5> L]

+ @ [DS5R + EX L] uy, (pa, )| (Z7"756) ). (2.41)

where R = (1 +y5)/2 and L = (1 —y5)/2 are the right-handed and left-handed projectors, respectively. In the above
equations, the calligraphic coefficients are defined in different models as

1
Ay = f1C — g G - zmb? [fTes™ + gl ceit), A, = A (1 - 2), Ay = A (1 - 3),

By = f,C" 4+ g,c8 — 2m,, [cheff+ gl Ceft], B, = B;(1 - 2), By = B (1 - 3),

Dy = f1Cfy — 9:1Cyp. D, = D1<1 - 2), D3 =D (1 - 3),
&1 =1Cl+ a1C. E=&E(1-2), E=E&(1-3),

6= o 11Ch ~0iC ) ©=Gi1=2  G=G(1-3)

lemib[ﬂca‘f‘mcél]a Hy =Hy(1 - 2), Hy =H,(1 - 3),

Ky _mib[ﬂCJQrz—mCéz], Ky =Ki(1-2), Ky =K (1 -3),

s, = nib[flcgz ol Si=8(1-2),  S=38(1-3), (242)
with
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Cetf+ Ceft + C/eff , Ce9ff— — Cfg:ff _ Cgaff , Cgfﬁ — C%ff + C/eff , C%ff_ — C%ff _ C{7eff , CIFO — Cl() + C/1 0
- 4+ / - _ / + / - _ /
Cro=Cio=Clg.  Ch =Cg +Cp. Cp =Co ~Cp. Ch=Co+Ch. Cg =Cp—Ch.
(2.43)

III. PHYSICAL OBSERVABLES
A. The differential decay width

In the present subsection, we would like to calculate the differential decay width for the decay channel under
consideration. Using the decay amplitude and the transition matrix elements in terms of form factors, the supersymmetric
differential decay rate, as the most comprehensive differential decay rate among the models under consideration, is
obtained as

d’T'sysy
dsdz

2 .2
GFaemmAb

“eagans Vo ViPo AL r DTS (@) + T () + T3V (3)2), (3.1)
Y/

(z,8) =

where z = cos 0, with 0 being the angle between the momenta of the lepton [* and the A,, in the center of mass of leptons,
2
=4/1- 4% is the lepton velocity, 2 = A(1,7,3) = (1 —r —§)* — 47§ is the usual triangle function, § = ¢*/mj , and
r = mj/my, . The functions T3S (8), T3V (8), and 75" (5) are obtained as

TUSY(5) = 32mmd, §(1 + 7 = (D2 + |&5) + 64 (1 — 7 = Re[D}Es + Dy
+ 64m3 /r(6m7 —m3 §)Re[DiE ] + 64mzmy /r{2my,SRe[D5E] + (1 — r + §)Re[DD; + &5}
+32mA (2m2 + mA $){(1 = r+ 38)my,/rRe[Aj A, + B B,]
—my, (1 = r=3)Re[A; B, + AB)] = 2/r(Re[A[ B|] + m3 §Re[A;5,])}
83 {4m2(1 47— 5) + 3, [(1 = 12 = TP + ByP)
T 8md {42+ (14 7= 5]+ md 51— ) = S} AP + |BaP?)
— 8, {421+ r—5) — i, [(1= 12— FHID, P + &)
+ 8m} §v°{~8my, 8 VrRe[D3E,] + 4(1 — r + 3)/rRe[DiD; + ;&)
—4(1 = r— §)RE[DE, + D& + my, [(1 = ) — SI(IDoP +E))
— 8, {4m[(1 = 1) = 3(1 + NRe[DYC, + E18,] + (4m2 — 2, $)[(1 = 12 =31+ AJIG 2 + [ )
b 5 (A — i §)Re[GEHA]) — S ${2v/rdm? — i, 5)(1 = r+ DRe[GiGs + Hi)
+4m/r(1 — r+ 3)Re[D; K3 + £;S3 + DK, + E381] + 4my(1 — r — 3)Re[D;S; + E1K; + DiS) + E5K]
+2(1 = r=8)(4mz — m3 $)Re[GiHs + HiGs] — my, [(1 = 1)* = 8(1 + )](|Ki[> +1S1*)}
- 32mib\/;§{2mfRe[D’[Sl + &K + (4m? - mA $)Re[GiH, ]}
+ Sm?\b§2{4\/;Re[/C*S 1+ 2mAb\/l_"(1 — 1+ 3)Re[KKC5 + S185] + 2my, (1 — r — §)Re[K] S5 + STK5]
= (4mz —m3 8)(1+r=3)(|Gs|* + [H3|?) — 4m(1 + r = §)Re[D5K; + £485] — 8my/rRe[D3S5 + £3K5]}
+8mf {1+ 7 = 8) (I +[S5]°) + 4V/rRe[K385]}, (3.2)

T3VUSY(8) = =32m} moNav(1 = r)Re(AGy + BiHy) — 16m} §10VA{2Re(A[D;) — 2Re(B;€})
+ 2my, Re(BiD, — ByDy + ASE — AjEy) + 2my, meRe(ATH; + BiGs — ASH, — B3G1) }
+32m3, $10VA{my, (1 = r)Re(A3D, — B3E,) + VrRe(A3Dy + AiD, — BiE| — Bi&,)
— \rmRe(A;Gs + BiHs + A5Gy + ByHy )} + 32m§ m, V205 Re(A3G; + ByHs). (3.3)
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and
T395Y(3) = =8my, v 2(|AL > + B, + Dy [* + |€1 )
+ 8m§ 502 A(|Aaf* + |Baf* + Do + [E2]).
(3.4)

Integrating Eq. (3.1) over z in the interval [—1, 1], we obtain
the differential decay width only in terms of § as

dl'susy . G%“agmmAh 5
= Vi Vi A
6 = T Vi ViPoV

o] R
x | T3USY(3) + ETEUSY(S) . (3.5)

The differential decay rate of RS, is found from % (3)
by replacing Cy,, Cp . Cp, and Cj, with zero. In the

case of SM, %(S) is found from the supersymmetric
differential decay rate via setting C2*'", C¢", C}, Co,, Cpy,,
Cg,. and Cj to zero.

B. The differential branching ratio

In this subsection, we numerically analyze the differ-
ential branching ratio that depends on ¢ for the A, —
A£*¢~ decay in SMLCSR, SUSY, and RS, scenarios. In
order to discuss the variation of the differential branching
ratio with respect to g%, we shall present some values of
input parameters in Table III besides the form factors as the
main inputs.

By using all these input parameters and the form factors
with their uncertainties, we present the dependence of the
differential branching ratio of the A, — AZ*#~ on ¢? in
SMLCSR, RS, and different SUSY models in Figs. 1-6. In
these figures we also show the experimental data provided

TABLE III. The values of some input parameters used in our
calculations, taken generally from PDG [41].

Input parameters Values

my, 0.10565 GeV

m, 1.77682 GeV

m, 1.275 £0.025 GeV

m, 4.18 £0.03 GeV

m; 173.21 £0.51 £0.71 GeV
my 80.385 £ 0.015 GeV
my, 5.6195 £ 0.0004 GeV
my 1.11568 GeV

75, (1.451 £0.013) x 1072 5
h 6.582 x 107> GeV's
Gp 1.166 x 107> GeV~2
Ao 1/137

[V Vil 0.040

PHYSICAL REVIEW D 92, 115025 (2015)

by LHCb [11] as well as the existing lattice QCD
predictions [18]. We do not present the results for e in
the presentations, since the predictions for the e channel are
very close to those of u.

From Figs. 1-6, we see that

(1) For all lepton channels, the SMLCSR and RS.
models have roughly the same predictions
except for some values of g> at which there are
small differences between predictions of the
SMLCSR and RS, models on the differential
branching ratio.

(2) The areas swept by the SMLCSR are wider com-
pared to those of lattice QCD [18] existing in the u
channel, but they include those predictions.

(3) The experimental data in the intervals 4 GeV?/c* <
q*> <6 GeV?/c* and 18GeV?/c*<g¢?><20GeV?/c*
cannot be described by the SMLCSR, lattice
QCD, or RS, models. In the remaining intervals,
the SMLCSR, lattice, and RS, models reproduce

3.0¢ T T T
LHCb Collab. ettt
25 SMLCSR s
RS, mssssm

iy

5 10 15 20
4% [GeV?/c*]

g
>

=
=
T

dBr (A, > A gt p)/dg?x 107[(GeVZ/chH ™
<> [
wm W

e
>

FIG. 1. The dependence of the differential branching ratio on ¢>
for the A, > AuTp~ transition in the SMLCSR and RS, models.
The lattice QCD [18] and recent experimental data by the LHCb
[11] Collaboration are also included.

-
'S
T
L

SMLCSR s
RS, s E

-
53
T

=

>
T
1

I
=
T

54
)
T

I~
IS
T

et
S

dBr (A, » A 7v77)/dq?x 107[(GeV?/ch)™']

e
o

13 14 15 16 17 18 19 20
g7 [GeV?/c*]

FIG.2. The dependence of the differential branching ratio on ¢*
for the A, — Ar"¢™ transition in the SMLCSR and RS, models.
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173
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>
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FIG. 3. The dependence of the differential branching ratio on ¢> for the A, = Au*p~ transition in the SMLCSR and SUSY I and II
models. The lattice QCD [18] and recent experimental data by the LHCb [11] Collaboration are also included.

i

LHCb Collab. +—a— LHCb Collab.  +——
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)

Lattice

Lattice

2
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- !
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dBr (Ay > A g p)/dq*x 107[(GeVZ/e*)™]
-
dBr (Ap > A p*p)/dg 2 x 107[(GeV2/e*)™]

<>
=
wm

FIG. 4. The dependence of the differential branching ratio on ¢* for the A, — A"y~ transition in the SMLCSR and SUSY III and
SO(10) models. The lattice QCD [18] and recent experimental data by the LHCb [11] Collaboration are also included.

the experimental data, except for 6 GeV?/c* < of ¢? for which the errors of the form factors do not kill
q* <8 GeV?/c*, for which the datum remains out- the differences between the two model predictions.
side of the lattice predictions. (5) At all lepton channels, the SUSY models show
(4) In the 7 channel, the bands of the SMLCSR and RS, overall considerable deviations from the SMLCSR,
scenarios intersect each other, except for higher values lattice QCD, and experimental data, although they

N

®
>

SMLCSR s

SMLCSR s
SUSYII s

SUSY 1

wn
T

=
T
1
=)
>
T

I
T
3
>

—

dBr (A, » A 5 77)/dq?x 107[(GeVZ /e ™
w

dBr (A, » A T577)/dq?x 107[(GeVZ/cH) ™
=
<>

0

13 14 15 16 17 18 19 20 13 14 15 16 17 18 19 20
4 [GeV?/c*] q” [GeV?/c*]

FIG. 5. The dependence of the differential branching ratio on g> for the A, — Az" 7z~ transition in the SMLCSR and SUSY I and II
models.
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[
'S
T
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T

[
=
T

e
T

dBr (A, » A 7577)/dq?x 107[(GeV?/ch)™!]
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FIG. 6. The dependence of the differential branching ratio on ¢> for the A, — AzTz™ transition in the SMLCSR and SUSY III and

SO(10) models.

include the predictions of these models for some
values of ¢°. The maximum deviations of the SUSY
predictions from the results of SMLCSR, lattice
QCD, and experiment belongs to the SUSY II model
such that the SMLCSR, lattice QCD, and exper-
imental results remain out of the regions swept by
the SUSY II model at higher values of ¢.

(6) In the u channel, the experimental data in the interval
18 GeV?/c* < ¢* <20 GeV?/c* are reproduced by
SUSY L, III, and SO(10), but not by SUSY II. Note
that in this interval other models (SMLCSR, lattice
QCD, and RS,) also cannot describe the experimen-
tal data.

(7) Again in the u channel, the experimental data in the
interval 4 GeV?/c* < ¢*> <6 GeV?/c* cannot be
reproduced by any SUSY models like the SMLCSR,
lattice QCD, and RS, scenarios.

(8) In the case of 7 as the final lepton, there are
considerable differences between different SUSY
models’ predictions and that of the SMLCSR, and
these cannot be completely killed by the errors of
form factors. The maximum deviations of the SUSY
results from the SMLCSR predictions belong to the
SUSY 1I at higher ¢ values.

C. The lepton forward-backward asymmetry

In this subsection, we would like to present the results
of the lepton forward-backward asymmetry obtained in
different scenarios. The lepton Ay is defined as

Jo i
Jo i

Considering the form factors with their uncertainties
from Ref. [19], we plot the dependence of the lepton
forward-backward asymmetry on g for the decay under
consideration in both lepton channels in the SMLCSR,

2
= (z.8)dz - [° jscl;z

i (2,.8)dz + fol iz

,8)dz

Ars(8) = o 8)de (3.6)

RS,, and different SUSY models in Figs. 7-12. From these

figures, we obtain that
(1) In the p channel, the SMLCSR, lattice QCD, and
RS, models’ predictions on Az coincide with each

1.5 T T T
LHCb Collab.  t—s—i
1.0F SMLCSR s
: RS, s
~ Lattice
X
N
05
<
T
=
2 0 ._l_.
5
= -
-0.5
-1.0 - > -
0 5 10 15 20
7% [GeV?/c*]

FIG. 7. The dependence of Ay on ¢* for the A, — Ay~
transition in the SMLCSR, lattice QCD [18], and RS, models
together with recent experimental data by LHCb [11].

0.4
SMLCSR s
RS, e
02}
i
~
A
(%
<
T00
<
)
<
—02F -
_oqla . . . . . . .
13 14 15 16 17 18 19 20
4% [GeV?/c*]
FIG. 8. The dependence of Ay on ¢* for the A, — Ar*z

transition in the SMLCSR and RS, models.
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other. Except for the lattice QCD, they can only
describe the experimental data existing in the
0 GeV?/c* < ¢*> <2 GeV?/c* and 18 GeV?/c* <
g*> <20 GeV?/c* regions. The remaining data lie
out of the swept regions by all these models.

As far as the SUSY models are considered, in the u
channel, the SUSY models have predictions that

2

Apg (Np > A ptp”)

Apg (Ap > Aptp)

Apg (Ap > AThT7)

PHYSICAL REVIEW D 92, 115025 (2015)
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FIG.9. The dependence of Ay on g for the A, — Au™p~ transition in the SMLCSR, lattice QCD [18], and SUSY I and II models
together with recent experimental data by LHCb [11].
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FIG. 10. The dependence of A on g for the A, — Au™u~ transition in the SMLCSR, lattice QCD [18], and SUSY III and SO(10)
models together with recent experimental data by LHCb [11].
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The dependence of Ay on ¢ for the A, — Ar" 7~ transition in the SMLCSR and SUSY I and II scenarios.

deviate from the SMLCSR and lattice QCD pre-
dictions considerably. All SUSY models reproduce
the experimental data in the regions 0GeV?/c*<
q*<2GeV?/c* and 18GeV?/c*<g?><20GeV?/c*.
The other data also remain out of the regions
swept by different SUSY models, except for
SUSY 1II, which reproduces the experimental
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FIG. 12. The dependence of Az on g for the A, — Ar*7™ transition in the SMLCSR and SUSY III and SO(10) scenarios.

data also in the interval 15 GeV?/c* < ¢g? <
18 GeV?/c*.

(3) In the case of the 7 lepton, the SMLCSR and RS,
have roughly the same predictions on Agp.

(4) In the 7 lepton channel, the SMLCSR and SUSY I
have roughly the same predictions for Agg;
however, the remaining SUSY models’ predictions
deviate from the SMLCSR predictions considerably,
although they intersect each other at some points.

IV. CONCLUSION

In the present work, we have analyzed the semileptonic
A, = A¢T¢~ decay mode in SMLCSR, different SUSY
models, and the RS, scenario. Using the form factors
calculated in light-cone QCD sum rules in the full theory
[19], we evaluated the differential branching ratio and
lepton forward-backward asymmetry for different leptons
in those scenarios. We also compared the results obtained
via SMLCSR, RS, and different SUSY scenarios with the
recent experimental data provided by LHCb [11] as well as
the existing lattice QCD predictions [18] on the considered
quantities. We observed that the regions swept by the
SMLCSR model include the RS, predictions, although they
are somewhat wider compared to those of RS, models for
the considered physical quantities. The SMLCSR predic-
tions on the considered quantities in the present work are
overall consistent with the lattice QCD predictions pro-
vided by Ref. [18].

The predictions of different SUSY models on the differ-
ential branching ratio deviate considerably from the
SMLCSR and lattice predictions. The maximum deviations

belong to the SUSY II model. In the case of Ay and the u
channel, the predictions of different SUSY models have
considerable deviations from the SMLCSR and lattice
QCD predictions. For Ay and the 7 channel, the SUSY
I and SMLCSR have roughly the same predictions, but the
other SUSY models have predictions different from that of
the SMLCSR.

The experimental data on the differential branching
ratio in the u channel can be reproduced by SMLCSR,
lattice QCD, and RS, models, except for the intervals
4 GeV?/c* < ¢> <6 GeV?/c* and 18 GeV?/c* < ¢* <
20 GeV?/c*, which cannot be described by SMLCSR,
lattice QCD, or RS, models. As far as the SUSY models are
considered, different SUSY models also cannot reproduce
the experimental data in the interval 4 GeV?/c* < ¢* <
6 GeV?/c*. However, except for SUSY II, the remaining
SUSY scenarios can explain the experimental data in the
region 18 GeV?/c* < ¢> <20 GeV?/c*.

In the case of Ayp and the u channel, the SMLCSR, RS,,
and different SUSY models can only describe the exper-
imental data existing in the 0 GeV?/c* < ¢*> <2 GeV?/c*
and 18 GeV?/c* < ¢*> <20 GeV?/c* regions. The other
existing data remain out of the swept areas by these models,
except for SUSY II, which can also reproduce the exper-
imental data in 15 GeV?/c* < ¢*> < 18 GeV?/c*.

More experimental data in the y channel related to
different physical quantities associated with the A, —
ApTu~ mode, future experimental data in the 7 channel,
and comparison of the results with our predictions on the
quantities considered in the present work may help us in the
course of searching for new physics effects.
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