PHYSICAL REVIEW D 96, 116005 (2017)

Lepton mass effects and angular observables in A, — A(— pr)f* ¢~
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The flavor-changing rare decay B — K*(— Kz)£"¢~ is one of the most studied modes due to its
sensitivity to physics beyond the standard model, and several discrepancies have come to light among the
plethora of observables that are measured. In this paper, we revisit the analogous baryonic decay mode
A, = A(— pr)¢t £, and we present a complete set of ten angular observables that can be measured using
this decay mode. Our calculations are done while retaining the finite lepton mass so that the signal of lepton
non-universality observed in B — K*#7#~ can be corroborated by the corresponding baryonic decay
mode. We show that due to the parity-violating nature of the subsequent A — px decay, there exists at least
one angular asymmetry that is nonvanishing in the large-recoil limit, unlike the case in B — K*#* ¢~ decay
mode, making it particularly sensitive to new physics that violates lepton flavor universality.
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I. INTRODUCTION

It is well known that the rare decay B — K*£/ ¢~
involves a b — s flavor-changing loop-induced transition
at the quark level, making it sensitive to physics beyond the
standard model (SM) [1-14]. The nature of this decay
provides one with a significant number of observables,
many of which have been recently measured [15,16] to a
great deal of accuracy. There are several discrepancies
observed when compared to the SM predictions; among
these, Ry, the ratio of the differential decay rate
d(B - KW¢te=)/dg?, for £ = u and e, has generated
a great deal of interest. The deviation of Ry, from the
expected value in the SM implies a challenge to the idea of
lepton universality [17] within the SM and points towards
possible evidence of new physics (NP). Naturally, the
question arises whether we can observe a similar deviation
in other decay modes that capture this non-universal
behavior of the leptons. This will go a long way in
establishing lepton non-universality on firm footing.
Here we reexamine the analogous baryonic decay of A,
to A and a lepton-antilepton pair, where the A baryon
further decays to a proton p* and a pion z~, as already
discussed by various authors [18-46]. The underlying
quark-level b — s£*¢~ transition for A, — AZT¢~ decay
is the same as in the well-studied B — K*#+ £~ decay,
making it an ideal candidate to study in depth.

Before we study the consequences of lepton non-
universality in baryonic decay A, — A(— pr)f*T¢™, we
recall that R is defined [47] within a given range of the
dilepton mass squared, g2, t0 g%, as
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The measured Rx and Rg- lie systematically below the SM
expectations [48,49]:

Ry (g% € [1:6] GeV?) = 0.7457079 £ 0.036,
Ri (g% € [0.045:1.1] GeV?) = 0.66010 75 & 0.024,
Ry (g% € [1.1:6] GeV?) = 0.685" 345 & 0.047.

In the SM, both Ry and Rg- are predicted to be virtually
indistinguishable from unity [50] for (¢* € [1:6] GeV?),
whereas Rg: ~ 0.9 for g> € [0.045:1.1] GeV?, owing to a
finite m,. The measurements correspond to 2.60, 2.10,
and 2.4¢ shortfalls from the SM expectations, respectively.

It is obvious that an observable R, can be proposed in
the same spirit as Ry, for the corresponding baryonic
decay A, - ALT¢™ as

ngmx dF(AbIIZ\/‘+/47) dq2
— Dmin 4q (2)
AT (e ATy ATe) g o
i dq’ i

One should expect the lepton mass effect to play a
significant role on R, in the low-g> region, just as in
the case of R-. The discrepancy between the SM expect-
ation and the experimentally observed value of Ry was
largest in the low-g? region. The observation of a similar
discrepancy in R, is therefore necessary to substantiate the
idea of lepton non-universality in FCNC processes, since
such an observation cannot be restricted to the celebrated
B — K®¢t¢~ alone. In order to disentangle the new
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physics contribution that may manifest as lepton non-
universality, one must take into account the SM contribu-
tion to R, including the effect of finite lepton mass [51,52].
We therefore derive the expression for R, without any
approximation.

Another salient feature of the A, - A(— ptz™)¢te~
decay is the wealth of information carried by the angular
observables expressed in terms of the angular asymmetries,
of which the forward-backward asymmetry in the hadron
angle 6, is of particular interest. We show that due to
the parity-violating nature of the A — px decay, angular
asymmetries are nonvanishing in the large-recoil or low-¢g>
limit, unlike the case in B - K*(— Kz)£"¢~, making it
particularly sensitive to new physics that violates lepton
flavor universality. This follows since the ratios of hadronic
forward-backward asymmetry for £ =pu and £ =e, in
the low-¢> region, are ratios of two finite quantities for
Ay = A(— pTrx7)¢t ¢~ decay. It may be recollected that
all asymmetries for B - K*#+ ¢~ decay mode vanish in the
low-g? region [11].

Our paper is arranged in the following way: In Sec. 11, we
derive the complete angular distribution consisting of ten
angular observables retaining all the helicities and lepton
mass. Section III is devoted to the calculation of hadronic
helicity amplitudes in terms of known parameters—
namely, the Wilson coefficients and form factors. In
Sec. IV, the decay rate and angular asymmetries are written
|

K(q279179A7 ¢) =
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in terms of the helicity amplitudes. We also define
observables that are free from hadronic uncertainties.
Finally, we conclude how these observables can play an
important role in pinning down lepton universality violat-
ing new physics.

II. THE DECAY OF A, — A(— p*n~)e+e-

The process A, = A(— pr~) + jor(— £T€7) can be
thought of as a sequential decay, where it is assumed that
the daughter A baryon is on shell and subsequently decays
resonantly. This enables one to write down a joint angular
decay distribution [53-56] which is described fully by four
independent kinematic variables: the dilepton invariant
mass squared g, the polar angles 6;, 6, and the azimuthal
angle ¢, defined by the decay products in their respective
center-of-mass (c.m.) frames. At this point, we would like
to clarify that in our convention we have chosen 0, to be the
angle between the lepton (£7) and the flight direction of the
Jetr System, 6, to be the angle between the nucleon (p) and
the A flight direction, and ¢ to be the angle between the two
decay planes. The angular distribution involves the helicity
amplitudes H, i (J) for the decay Ay, = A + Jegrs hjl’ i for
the decay jp — £7¢ 7, and h 1,0 forthe decay A — p + 7~
The joint angular distribution for a unpolarized A, decay is
given by

HS L (DS (o,

JI M=ty Mi=30, 2 a0 Ay Ky A Ao

1
X D?w,.,/lA—z, (0,0,0)
x D}, ,,(0.6,,0)

i "%
Dll;;-l,\/_i/f (0’ 0, 0)51./’}131 o (J)hj] o (J/)

xJ' *
D, (0,01, 00y o5

XD, (~h.On D)L, (~h.0p. ). (3)

The polarization density matrix of A, py, » in Eq. (3)
is a Hermitian 2 x 2 matrix, with Tr(p) = 1. p,, and
p__ represent the probabilities that the initial state A, has
M, :% and M; = —%, respectively. For an unpolarized
sample of the A, baryon, Pum,m :%5M’,!M;. In the rest
frame of the A, baryon, the daughter A baryon and j. fly
back to back, and without loss of generality it can be
assumed that the motion of A and j. is along the z axis.
This reduces the first two Wigner’s D functions to
Kronecker delta functions 6y, ;, — i and 5M;_. 2y—1 TESpec-

tively, where M;, M, = j:%. After summing over M;, M’,
we are left with a Kronecker delta Op =it an—1, which
An—A,

signifies the fact that we considered the decay of an
unpolarized A,. We also observe that [1\ =24 =

|Ax — A;| =3, as the initial A, is spin 1/2. This condition

|
further restricts the values that 1, 4; can take, and that fact
has been already taken into account while calculating
K(q* 0,,0,,¢). The choices of possible values for 1,
and /; are depicted in Table I.

The hadronic helicity amplitudes Hf ; (J) contain all
the information of the A, - A + j transition in terms
of the relevant form factors and Wilson coefficients

TABLE 1. The possible values of 1, and 4;.

1/2 1 -1/2
1/2 0 1/2
—1/2 -1 1/2
—1/2 0 -1/2
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parametrizing the underlying b — s£T¢~ process,
explained in detail in Sec. IIl. In the case of a spin-% Ay
baryon decaying to an intermediate on-shell spin—% A
baryon, there are four hadronic helicitiy amplitudes
Hj ;. (J), where the index “a” denotes whether the
hadronic helicity amplitudes multiply the lepton vector
current (a = 1) or the axial vector current (a = 2). The
label (J) takes the values (J = 0) with 4; =7 and (J = 1)
with /Ij = #£1,0 for the scalar and vector parts of the
effective current j., respectively.

Let us also discuss here the helicity amplitudes hf/_; W
appearing in Eq. (3) describing the process jo; — £7¢7,
where 1; = 4; — 4,. Explicitly,

a=1(V)ih, ,,(J) = i1 (4)r,02(d)e (4)),
a= Z(A):hﬁj;zl,zz (J) = w1 (A)rursv2(d2)e (4;). (4)

These helicity amplitudes are evaluated in the (Z1£7) c.m.
frame with £~ defined in the —z direction. The label (J) is
the same as defined previously and takes the values (J = 0)
with A; = 0(¢) and (J = 1) with 4; = £1,0 for the scalar
and vector parts of the effective current j.g, respectively.
The leptonic helicity amplitudes are calculated and given
below:

htl;%’%(J =0)=0,
htz;%%(J =0) =2my,
h(l);%%(-] = 1) =2m,,
h(z);%%(.l =1)=0,
h};%,_%(-] = 1) = 2612,
h, (J=1)=/2¢%v, (5)

where v = /1 —4m2/q* is the velocity of the lepton in

the (£*¢7) c.m. frame, m, being the lepton mass. As the
leptonic current is either purely vector or axial vector in
nature, they have definite parity properties, which are
given by

1 _ 1
h—zj;—x,,—zz = hzj;z,.zz’ (6)

h%ﬂj;—il,—ﬂz = _hi;zl.xz' (7)

Finally, we move on to the helicity amplitudes hap,o
describing the decay A — pz~. We note that this decay is in
itself parity nonconserving in addition to the main decay
of A, = A+ jo. This is in contrast to the well-studied
mesonic analogue of B — K*#"¢~, where the K* meson
subsequently decays to Kz, conserving parity. Also, there
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is only one helicity amplitude for K* — Kz, compared to
two helicity amplitudes, as is the case for the A — pz~
decay. The parity-nonconserving nature of the A — pa~
decay leads to the forward-backward asymmetry on the
hadron side (angular asymmetry in 6,) as well as double
asymmetries (angular asymmetry in 8, and 6,), in addition
to the lepton side (angular asymmetry in 6,).

A. Full angular distribution

K(q* 60,,0. ¢)
= (K 4,8in%0, + K ..c08’0, + K. cos6,)
+ (Koy,8i0°0, + Ko, .c08%0, + K. c0s 0,) cos O,
+ (K3, sin6, cos 0, + Ks, sin @) sin 0 sin ¢
+ (K44 sin6, cos 0, + Ky, sin 6,) sin O, cos ¢. (8)

Here K ,...K,, are the angular observables, and they are
functions of ¢®> and m, [12,20]. We cast this angular
distribution in terms of orthogonal Legendre functions,
which is advantageous, as the angular observables are
uncorrelated to each other. We then provide a set of
relations between Kj,,...K4, and the new uncorrelated
angular observables I;...1;, given below:

Klss_ll—?» Kice =11 + 1,
Is
K2ss_14_57 Koee =14+ Is,
KIC_I'% KZCZI@ K4sc:I7’
K4s = IS? K3sc = 19’ K3s = IIO' (9)

The expressions for /;...1|y are derived in terms of the
transversality amplitudes in Sec. III and are presented in
Table 1II.

In Eq. (8), a full angular analysis is presented, from
which the complete set of g>-dependent observables are
extracted. Once a good deal of statistics are available in the
future, it is expected that full reconstruction of the angular
observables will be possible. For the sake of completeness
here, we also provide angular observables made of partially
integrated distributions. Starting from full angular distri-
bution [Eq. (8)], the three uniangular distributions can be
obtained:

aar 1
W:Z(16II +ﬂ'218COS¢+7Z21108in¢>, (10)
da’r

—n(4l; + I,(1 + 3 cos26,) + 415 cos0y),

(11)

dg?dcos0,
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TABLE II.
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Angular observables expressed in terms of transversity amplitudes defined in Sec. III [see Eqgs. (24)—(29)]. 7 and f are the

total decay rate and the forward-backward asymmetry of the subsequent hadronic decay of A to pz, respectively.

Label Angular term Transversity amplitude
1 .
! Const ¢ [F(1 - ){lA” ol +IAfL P+ |A% o + AT, + (L < R)}
+ ,,—zRe(Aﬁ’BALo +ANAG +ATAL  +ATAL )
2m
+ 2 (AP + Ay 7))
1 =1 2 _
2 Py(cos ;) =3 (3cosb; — 1) qT( )[|A|| P+ |AJ_.1|2 |A|| o|2 + |Aio|2) +(L < R)]
I3 P, (cos8;) = cos 6, —2q21vRe[AjL1Aﬁ1 — (L < R))
la Pr(cos0y) = cos a*pl(1 - —)Re{A*foA” 0+ AT AL + (L < R)}
3m *
- {Re(AY ||0+A ToAfe + ATHAf,
3
+AT AR 1)} + ’l Re[A7 A, 1 ]]
Is P5(cos0)P(cos@y) =1 (3cos67 — 1) cos b, 242601 — 4mf)Re[A*L AL =247 AL+ (L < R)]
Ig P (cos ;)P (cosB,) = cos B, cos O, —q vﬂHA” P+ 1AL [P = (L < R)]
I; Py (cos 8;)sin0; sin 0, cos ¢p = cos O, sin O, sin O, cos ¢ V2¢25(1 4mf) [(A*L%IAﬁO _ AﬁLlAi,o) +(L < R)|
I sin @, sin 6, cos ¢ V2q*vpRe[(AT AL - AjiAf) = (L < R)]
. . Lo . . . ? . .

Iy P (cos ;) sin @, sin O, sin ¢p = cos @, sin G, sin 6, sin ¢ _\/zqzﬁ( ”)Im[(A L AL AII.LlAﬁ,O) + (L < R)]
I sin 6, sin 6, sin ¢ —\/quyﬁlm[(A’iL.lAﬁvo - AjiAL ) = (L < R))

ar

= —Ag(I, + 1,c080,).
dq*dcos @, #1414 005 0,)

(12)

III. HADRONIC HELICITY AMPLITUDES

In Eq. (8), we have obtained the angular distribution of
Ap(3) = AG) +J(0,1), where the A further decays to
pr~. Before calculating the helicity amplitudes of the
primary decay, let us go through the details of the
subsequent hadronic decay briefly. An on-shell spin-} A
baryon (uds) decays into an on-shell proton p (uud) and a
pion z~ via a parity nonconserving weak decay that
involves two hadronic couplings @ and b. The matrix
element for this decay can be written in the following way:

(p(ky)z(ky)|(dy" Pru) iy, Pps)|A(K))
= a(ki)[(a + by*)]u(k).

We also note that the helicity amphtudes h 2,0 defined in
Eq. (3) describe the same decay A — p*z~ Moreover itis
clear that there are only two helicity amplitudes, as 4, takes

values + % From a separate measurement of the A — p*z~

(13)

decay width and the polarization asymmetry, these two
helicity amplitudes can be inferred, which is equivalent to
the extraction of the two hadronic couplings a and b.

To calculate the hadronic helicity amplitudes of the
primary decay which in turn can be related to the invariant
form factors, we start with the Hamiltonian for the decay
described in Ref. [57].

The matrix element for the decay A, — AZ¢ is
defined by

GF a/l
Ny
+ Cio(Alsy*(1 = y°)b|Ay)Er,7sC

MU, = NZE) = ZEZE O (A 57 (1 = 1)BIA,) 2,

2m _
- q—;’csffmmawm +7°)b|Ay) 7,2,

(14)

where C;’s are the Wilson coefficients, 1, = V;,V,;,, and m,,
is the b-quark mass. For this paper, all the values of the
Wilson coefficients have been taken from Ref. [19]. The
hadronic matrix elements written in terms of dimensionless
form factors are
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iy (p2)lfY (@*)r" = f3(q%)ic"d [mn, + f3(q%)q" /mp,)ui ().
iy (p2)[f1 (@) = f3(a?)ic" /my, + f5(q°)q" /mp, )y ur (p1),
i (p) 1Y (6 (¢ )
= '_42(172)[ ITA(‘IZ)(Y”C]z - q”q)/mib —szA(qz)iU”q/mA,,}Vsul(Pl)v (15)

(A(K)[sy*bIAy(p)) =
(A(K)[577°bl Ay (p)) =

(A(K)[sic" [mn,b|Ay(p)) =

(A(K)[sic"y> /my, bl (p))

where ¢/Yq, = o1 is used through out as a shorthand
notation.

The helicity amplitudes H¢ L, are expressed by the
following relation: !

Hj ;= Mu(Ap)e™(4)). (16)

where Mj; are the hadronic matrix elements defined in
Eqg. (15). As before, the labels 4; and 1, denote the helicities
of the effective current and daughter baryon, respectively. We
shall work in the rest frame of the parent baryon A, where
the daughter baryon A is moving in the positive z direction,
and the effective current is moving along the negative z axis.
The relevant momenta that describe the motion of particles in
this frame are given below:

pﬂ = (mAwO’ 0’0)7 kﬂ - (EQ’O’O’pZ)’

qﬂ = (6107 0,0, _Pz),

where gy = 5, — (mgxb —m} + ¢*) and E; = (my, — qo) =
(mAb +m} — ) /2my,. The helicity of the particles is
fixed by angular momentum relation through the equation
M; = Ay —4;. The J= % baryon helicity spinors are

given by

(= o1
iy (k = Pzz,i§> =VvE+ mA<)(i Ef‘fnzzl,\)(i)’ (17)

u1<ﬁ—0,i%>—\/%(xoi>, (18)

(%) are two-component Pauli

where y, = (j) and y_ =
spinors.

The polarization vectors of the effective current J
moving along the negative z axis look like

1

e'(t) = 72(610,0,0, —D2)s
q
1
() = (0, %1,~.0),
¢#(0) = —— (92.0.0.~q). (19)

[
They satisfy the g,¢* = 0 equation, g, being the momen-

tum four-vector of the effective current. We also note that
hadronic helicity can be expressed as

PHYSICAL REVIEW D 96, 116005 (2017)

- q"@/mf\b - gv(‘lz)iﬁﬂq/mz\h]ul(m )

I
_gv A
H,?A.A, = H,lf.zj - H/lf,/ljs (20)
where H/‘{“ 4 and Hf“ ;, are the vector and axial-vector parts
of the helicity amplitudes, respectively. HY¢ Indy H?f. A have

definite parity properties:

Va Va Aa — _QgAa
H—A =4 _Hﬂ,\,/lj’ H—/IA,—/Ij - Hﬂ,\.ﬂj‘ (21)

Different hadronic helicity amplitudes that take part in the
decay are presented below:

2
Hl/t'a — Q+ <M FVa + q—F¥a> ,
2 V q mp,

M
HYe — . /2 FVa + T+ pVa
3l Q- < my, ° )’

2
Higa — Q—2_<M+FY“ + q_F%/a)’
2 q my,

Q- 7’
H?t“: e M, F}* ——=—F{e |,

M_
Hi' = /20, (FA” HFg‘a>,
b

2
o = % <M Ffa — q—F/ga), (22)
? q mAb

where My = my, £ mp, Q. = M?% — ¢, with a being the
leptonic current index (a = 1, vector current; a = 2, axial-
vector current). The redefined form factors F)*, FA“
involve linear combinations of the form factors fY, f4,
as well as the Wilson coefficients:

FYl Ceff fV Ceff fTV

Ay

2m,m
V1 _ ceff £V b Ny ~eff 2TV
=G5S T F G b}

ZmbM

Vi _ Cgff fé/ Ceff fTV,

2my,

Ay

Al Cgff f? Ceff fTA ,

2m,m
Al _ eff £A "Ny ~eff £TA
=Cy f5 + e ~CT S

2myM
Al _ Cgfff{? + qbz + C%fffTA,
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and

FV2 ClOfl ’
Ffu = wa?- (23)

We switch to transversity amplitude, defined as

PHYSICAL REVIEW D 96, 116005 (2017)

The superscript L(R) on A, () denotes that the trans-
versity amplitudes are multiplied by a left-handed
(right-handed) lepton current. There are two additional
transversity amplitudes that are relevant to the decay if the
Jer 18 virtual, corresponding to the J = 0 contribution.
These two amplitudes, A, and A ,, do not have separate
left-handed or right-handed parts, as the timelike polari-
zation of j.; couples only to the axial-vector part of the
lepton current [5], a fact highlighted by Eq. (5). Moreover,
the A, contribution vanishes in the limit of massless leptons.
The decay A, - A(— pr)¢+¢~ is completely described
by these transversity amplitudes, which include all con-
tributions from the standard-model effective operators.

IV. TOTAL DECAY RATE AND ANGULAR
OBSERVABLES

The total differential decay rate can be extracted in terms
of the constant piece appearing in the angular distribution
once we include the parameters in the effective Hamiltonian
and the relevant phase space factors, i.e.

Aﬁ(()) HVa 1 == HVa 27 (24)
AL( ) — HAa 1 HAa=2 25

L0 T Hig ™ (25)
A“ (1 ) — HVa 1 T HVa 2’ (26)
AJ_(I) HAa 1 ¥ Hi?:z’ (27)

Ay, = Hﬁ;tz + H‘;t:z, (28)
A= Hg;f - ng? (29)
dr _dU(A, = (A — pr)t*e7)
dg*> dq®

2 2

2(27)* 16m3,

2 m2
S22
<[3(

4m2 * * *
*Q—;Re(“lnf)f‘ﬁo AjSATL +ATHAT

where a is the fine structure constant, G is the Fermi
coupling constant, 4, = V;,Vﬂ, is the product of CKM
matrix elements relevant for the underlying quark level
transition, and |p,| = A'/2(m3 ,m3.¢*)/2m,, is the mo-
mentum of the A baryon in the A, rest frame where
A(m} ,m3,q%) is the Killén function. The 1/2 factor
appearing in the definition of the differential decay rate
takes into account the decay of the unpolarized spin-1/2
initial-state A, baryon. We note that there is an additional
timelike contribution to the differential decay rate that

qf ) (AR + |AE 2 4 AL o 4 AL P 4 (L < R)}

2
m
+ATAL ) +—2f(|At,L|2 + 1A% (30)

|
becomes important for nonzero lepton masses m, # 0,
especially in the low-¢? region.

The decay rates for A, — Ae*e™ and A, - AuTu~ can
be readily calculated once the values of relevant form
factors are fixed. Our interest lies primarily in the low-g?
(high recoil) region, i.e. ¢*> = 0.04 GeV>-6 GeV?, and it
has been emphasized in Refs. [58—62] that heavy quark
symmetry is not reliable at low ¢°. Heavy quark symmetry
is expected to break down as one deviates from the
zero-recoil point [58,59]. We therefore follow the approach

TABLE IIl.  Parameters for the form factors as a function of ¢*, f(t) = f(0)/(1 — ar + bt*), t = q*/mj for the
A, — A transition as given in Ref. [19].

Parameter it Y 1y i 4 4 v v fra 7
f(0) 0.107 0.043 0.003 0.104 0.003 —0.052  -0.043 —0.105  0.003 —0.105
a 2.271 2411 2.815 2232 2955 2.437 2411 0.072  2.955 2.233
b 1.367 1.531 2.041 1.328 3.620 1.559 1.531 0.001 3.620 1.328
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of Ref. [19], which uses the covariant quark model (CQM)
to calculate the required form factors at low ¢g>. We quote
the values of those form factors [19] in Table III and
calculate R(A), the ratio of decay rates for A, — Au"pu~
and A, - AeTe™. We also use soft collinear effective
theory (SCET) and compare the two estimates obtained for
the decay rate. A heavy-to-light transition of A, to A in the
large-recoil (low-¢?) limit is simplified as the number of
independent form factors reduces to one. SCET is valid
[62,63] in this energy range, as the energy of the daughter A

is larger than its mass, and one can use 4 = , /:172 as an

expansion parameter which is small. In such a picture, the
hadronic matrix elements in Eq. (15) for A, — A decay can
be parametrized in the following way:

(N(p2)[5TBIAL(p)) = &(Ey)iin(p2)Tuy, (p) + O(2%¢;).

To start with, let us highlight the relations between different
form factors used in Eq. (15) in the low-g? limit,

firfir—fIVr-fit=¢, (31)
VafyrfinfinflVa Mo, (32)

where £, is the single parameter all nonzero form factors
depend on in the limit of small ¢> [63,64]. In Fig. 1, we
have plotted R(A). We have gone further and also probed
the reliability of the R, value by randomly adding +30%
error to each form-factor estimate in the covariant quark
model and by generating 10* points to evaluate the ratio.
It is thus concluded that R, is reliably predicted in the
|

1 |
—1 1 1 2. 1 d'T
- [f—lz - fz% + f% ]dCOS 0, f—l dcos ) O” d(ﬁﬂdqzdcosé),\dcosf),d(/)
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FIG. 1. The ¢>-dependence of R,. The blue solid line is found
using the values of the form factors in the covariant quark model
given in Table III. This line almost coincides with the estimate
using SCET form factors plotted as a black dotted line. The green
band represents the possible values of R, obtained by randomly
generating 10* points, corresponding to £30% error in each of
the covariant quark model form-factor estimates.

low-g* (high-recoil) region of ¢*> = 0.04 GeV>-6 GeV>.
The contributions to R, from long-distance effects will be
discussed later.

A. Angular observables

In this section, we list the angular asymmetries that allow
us to extract the angular coefficients /,.../;, and contribute
to nine of the ten observables, with /; being the total
differential decay rate. These asymmetries result from
orthogonal angular distribution and are thus independent
observables.

- : 4 , (33)
f—ll dcos b, f—ll dcos O, fOZ dg dq*d cos ZAl;cos 0,dgp
- 4
An— [_ fi)l +f01]d00891 f—ll dCOSQA fOz d¢4_lndq2dcosg,\l;cosé),dr/1 (34)
3 — . 4 )
f—ll dcos 91 f—ll dcos 9/\ fO2 d¢ dqzdcosg/\l;lcos@dqﬁ
- 4
A, — f—ll dcos 91 [_ j‘?l + fol]dCOS O 02 d¢$dq2dcosz,\1:icosé,d¢ (35)
4 — u 4 ’
f—ll dcos 91 f—ll dcos 9/\ fOZ d¢ dq’d cos Z,\I;COS 0,d¢p
1 1 - 4
. 4 [_ f—12+fi%_f;]dcosgl[f91 —fol]dCOSQA f()2 d¢dq2dcosz/\l;'cos€1d¢ (36)
577 =z a1 s
3 [t dcosO; 1 dcosO, [? d(b—dqzdmg&cosgldd)
- 4
- [fE)l - fol]dcos gl[fi)l - fol]dcos 9/\ f()z d¢ dqdeOSZAFdCOSG']d(ﬁ
Ag = (37)

1 1 27 d‘r ’
Jt dcosO; [1 dcos, [; d¢dq2dcos

Ordcos0,dp
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z 37[

Ao — 3 [fO fO dCOS 91 f dcos QA[ é” '2[2 d¢ dqzdcosﬂ,\dcosﬁldtﬁ (38)
7 T 7 )
4 f—ll dCOSGZ f—l dCOSGA foﬂdql)dqzdcosgj\rdCOSHquﬁ
—T T T 4
Ao — 1 f—]1 dcos 6 f—ll dcos O, [_ j?” + j% - f’z—’ ]d¢ dqzdcosg,\l:icoseldqﬁ (39)
8 — o ’
71-2 f—]l dcos 91 f—ll dcos 9/\ fOZﬂ d¢ dq*d cos gj;cos 0,d¢
- f f() dCOS 91 fl dcos 9/\ fO fzﬂ' d¢ qudcog()Al;lco@H/d(/) (40)
9 — — El
4 JY dcosO, 1 dcos, [3* d¢—dq2dcosgil;lcos€ld¢
A 1 fl dcos 0, fl dcos O, fO +f(;r d¢dq2dcosgil;co€9,dr/) (41)
10— 3
2 [ dcos6, [1, dcosO, 2 d(]ﬁ—dqzdmsg:;cosalw

Note that Ay and A;, are nonzero only if the
amplitudes have imaginary contributions. These are
expected to be extremely tiny in the SM. The asym-
metries A,, As, A;, and Ag are not simple forward-
backward asymmetries. We note that A;, A, are
|

—3uRe[ATH Al = (L < R)]g?

|
forward-backward asymmetries in the leptonic angle
0, and the hadronic angle 8, respectively. There is also
a double asymmetry involving 6, and 0, given by Ag.
We provide an expression for each of these quantities in
terms of known parameters.

Al = , 4
FB — 41, (42)
m2 " « 3m? « 3m? % *
A — ap[(1 - q_zf)Re{Af.oAﬁ,o +AHAL A+ (L < R+ q_ZKRe{At‘HAf.J-} +7 {Re(AKAf o +ATAR + AR AL + AL AS )} g
FB — 2]1
(43)
I
bsequent K* — Kx decay is parity conserving, and thus
AL P+ AL P = (L < R)|¢? subsed . =
Al = —3van]] Il.1 "+ AT P~ g _ no forward-backward asymmetry in the hadronic angle Q-

81,
(44)

Al Al Al are the lepton-side forward-backward
asymmetry, hadron-side forward-backward asymmetry,
and double forward-backward asymmetry, respectively.
The parameter a, is the asymmetry parameter of the decay
A — ptz~, which is defined as

B |h—%.o|2 - |h%,0\2

Po 20— 50 45
e = ol + TP (45)

ap =

Note that the convention used by us is the same as in
Ref. [19] up to an overall negative sign. The asymmetry
parameter has been measured to be a, = 0.642 +0.013
[65]. As mentioned already, this is in contrast to the
mesonic counterpart B — K*(— Kn)¢*t¢~, where the

is observed. While we are discussing AJ.5, we would also
like to point out that it is sensitive to the timelike
polarization of j., as the presence of A, can be seen in
Eq. (43). If we are to restrict ourselves to the SM effective
operators, the transversity amplitude A, involves the Wilson
coefficient Cy only. A, receives an additional contribution
in the presence of pseudoscalar operators of the form
(5ysb)(lysl), as shown in Ref. [5]. Thus, A%, provides an
independent test of pseudoscalar currents that are not
present in the SM. The lepton forward-backward asym-
metry is given by AL, which depends on the real part of
the interference between two amplitudes A, ; and Aj ;.
The presence of the factor v suggests that lepton forward-
backward asymmetry vanishes as > — 4m12. The double
forward-backward asymmetry is given by A%, Ttis clear that
Al vanishes when either asymmetry parameter a, = 0
or > — dm3.
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FIG.2. The ¢* dependence of the forward-backward asymmetries AL, A, A%, for the electron and muon are presented. For muons,
the ¢> dependence of the asymmetries are given by the solid red line, obtained using covariant quark model form factors, and the blue
dotted line is for SCET form factors. For electrons, the solid green line represents the ¢ dependence using covariant quark model form
factors, whereas the black dotted line represents the g> dependence due to SCET form factors.

An interesting feature of the three forward-backward
observables Al.,, Alp, and A%, is their characteristic ¢?
dependence. More precisely, within the SM, one finds that
both AL, and A%, cross zero, in contrast to Al,, which
does not. Moreover, to the leading order, the zero-crossing
points are same for AL, and A%, The g3 value only
depends on ratios of Wilson coefficients, a result well
known from other exclusive and inclusive b — s£*¢~
decay, and to leading order,

2mbmAb C7

c (46)

a5~

If we relax the assumption that Wilson coefficients are
flavor blind and allow for the possibility of Cf # C§, then
the zero-crossing point will be different for muons and
electrons. Thus, by observing q%, the zero-crossing values
for observables like A%, and A’,, one can extract vital
information about the underlying flavor structure of the
theory. There are also other theoretically clean observables
having zero-crossing points in the large-g> region, as
emphasized in Ref. [22]. Thus, a careful study of the
zero-crossing points of these observables is necessary over

the whole ¢ range to disentangle any genuine new physics
contribution, which is expected to be g? independent, from
any unaccounted hadronic effects.

We construct ratios of Af,, Ay A" to the corre-
sponding quantities for the electron, i.e. A%y, Aly ., A
These ratios are defined in a similar vein as done in
Refs. [66-69]:

Afs
R; = RA’FB Ae. (47)
FB
Alg
R4 - RA};_B = Ah ’ﬂa (48)
FB.e
Al
R¢ = RA;;D/B A A (49)
FB.,e

We additionally provide here ratios of other angular
observables for muons—namely A5, A%, A5, Af—to the
corresponding quantities for the electrons:
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FIG. 3.

The ¢* dependence for the ratios of forward-backward asymmetries R, , R, , and R ,u [see Eqs. (47)—(49)]. The blue solid
q- dep y A Al A q

line is found using the values of form factors in the covariant quark model given in ‘Tableé TI1. This fine almost coincides with the estimate
using SCET form factors, represented as the black dotted line. Note that, while the two asymmetries A%y ., and Al Fp.. are form-factor
dependent, the ratio R Al is independent of the choice of form factors (CQM or SCET). The green band represents the possible values of

R, obtained by randomly generating 10* points corresponding to +30% error in each of the covariant quark model form-factor

estimates.

R, =‘j— (50)
Ry =ﬁ— (51)
&:%, (52)
&2%. (53)

A natural question that arises is to what extent the ratios
defined in Egs. (42)-(44) deviate from the case where
individual form factors are only known to a certain
accuracy. In SCET, the helicity amplitudes defined in
Eq. (22) are expressible in terms of the parameter ¢;.
This simplification leads to &, getting factored out, and it
cancels when ratios like AL, A%, Al are defined. In
Fig. 2, we plot AL,, Ay, A%l for the cases of £ = e and
¢ = u separately in the low-g? region. There is, however, a
dependence on form factor in the observable of special

interest—the hadronic forward-backward asymmetry
Agg,z’ as can be seen in Fig. 2. Fortunately, it turns out
that the dependence on the choice of form factors cancels
out in the ratios of asymmetries defined as RA; . RA’Z-B’

and Ran . if the measurements of these

ratios differ from the predicted ones, one may question the
accuracy of form factors which are only calculated based on
a model. In order to ascertain the sensitivity of these ratios
due to inaccuracies in the form factors, we randomly add
4+30% error to each form-factor estimate in the covariant
quark model and generate 10* points to evaluate the ratios
Ryt s Ryn s and R - In Fig. 3, we have plotted these ratios
RAIFB’ RA;“B’
ratio of two nonvanishing asymmetries at low g*; hence, it is
likely to be more accurately measured. The ratio of the
remaining angular observables defined in Eqn. (50)—(53) are
plotted in Fig. 4. We conclude this section by providing a
numerical estimate of the ratios Ry, Ry: . Ry in Table IV

for two g*-integrated bins. All the ratios show a remarkable
insensitivity to the form-factor uncertainties.

Nevertheless,

and R u . In contrastto Ry, and Rym , Ryn isa
FB FB FB FB
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FIG. 4. The ¢*> dependence of the ratios of other observables R,, Rs, R;, Ry that are not simple forward-backward asymmetries

[see Egs. (50)—(53)]. The color code is the same as in Fig. 3.

In the above analysis, we have not considered the
contribution from long-distance effects. However, this
is unlikely to affect our conclusions based on a recent
study [70] of long-distance effects in the analogous mode
B — K*u"u~. It has been shown in Ref. [70] that R is
insensitive to long-distance effects within the realm of
the SM.

V. CONCLUSIONS

The baryonic decay mode A, - AZT¢~ is similar at
the quark level to the much studied mesonic decay mode
B — K*¢7¢~ and is hence also expected to provide a
plethora of observables that can be used to probe NP and
better understand the hadronic effects accompanying the
weak decay. While this mode has been a subject of several
studies, we have reexamined the decay mode with focus on
aspects that have not been studied in detail earlier. We have
derived the angular distribution without any approxima-
tions. In particular, we retain the finite lepton mass effects
and the two timelike amplitudes. These contributions play a
significant role in estimating accurately the size of lepton
non-universality that may show up in the mode within SM.
We estimate R,, which is defined in a manner identical
to Ry [see Egs. (1) and (2)]. The nonzero lepton mass
effects become increasingly important in the low-g? region,

where the discrepancy between SM expectation and
the experimentally observed value of Ry, is largest.
The observation of a similar discrepancy in R, is therefore
necessary to substantiate the idea of lepton non-universality
in FCNC processes, since such observations cannot be
restricted to the B — K(*Z+#~ alone. A discrepancy
between the estimates presented here and upcoming mea-
surements at LHCb would establish the existence of non-
universality in interactions involving fermions on firm
footing.

The angular distribution of the decay products in A, —
A(— pta7)¢t ¢~ decay provides a wealth of information
on the nature of decay. This is characterized by the angular
observables expressed in terms of helicity amplitudes. We
have presented a complete set of ten angular observables
that can be measured using this decay mode. We study in
detail the three forward-backward asymmetries ALp, A%,
and A, Tt may be noted that no hadron angle forward-
backward asymmetry exists for the mode B — K*£¢~.
The asymmetry A%, is found to be especially interesting,
since it is nonvanishing in the large-recoil limit, unlike the
case with the B — K*£T¢~ decay mode, where all asym-
metries vanish in the low-g? limit. This is a consequence
of the parity-violating nature of the subsequent A — px
decay. The nonvanishing asymmetry is particularly sensitive
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TABLE IV. The binned values of the observables R, RA’F e
Ry . Only Ry for g* ~ 1-6 GeV? does not show a Gaussian

behavior, as it is peaked towards unity.

Bin 1 Bin 2
Binned ratios g% ~ 0.045-1 GeV? q* ~ 1-6 GeV?
Ry 0.907 £+ 0.003 0.9885 +£ 0.0002
RA[FB 0.9469 + 0.0007 0.998 £ 0.196
RA;}B 0.993 £ 0.001 >0.9973 (0.999% C.L.)

to new physics that violates lepton flavor universality, since
it involves comparing two finite quantities for the cases of
¢ = p and £ = e, respectively. It may be noted that all the
asymmetries in B — K*#*#~ vanish in the low-¢* limit,
and as such result in comparisons between two vanishing
quantities.

We numerically estimate the three asymmetries Ak,
Ay, and ARy and the ratios Ry, Ry, , Ryn . Ryu . In order
to ascertain that our results are not very sensitive to the

PHYSICAL REVIEW D 96, 116005 (2017)

choice of form factors, we use two different approaches to
form factors. We have used both the covariant quark model
and soft collinear effective theory to calculate all the
observables. We find that all the above mentioned ratios
are remarkably insensitive to the choice of factors, as can be
seen from Figs. 1 and 3. In order to probe the reliability of
the values estimated for these ratios, we have randomly
added +30% error to each form-factor estimate in the
covariant quark model to evaluate these ratios as well.
In contrast to Ry —and Rym, Ry is a ratio of two

nonvanishing asymmetries at low g?; hence, it is likely
to be more accurately measured. We have numerically
estimated the ratios R, RAIF " RA’}B in two qz—integrated

bins. All the ratios show a remarkable insensitivity to the
form-factor uncertainties. Since these ratios are expected
to be insensitive [70] to long-distance contributions, we
conclude that R, and Ry are both experimentally and

theoretically reliable observables to test new physics
beyond the standard model.
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