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The recent anomalies in b — s£+£~ transitions could originate from some new physics beyond the
Standard Model. Either to confirm or to rule out this assumption, more tests of b — s£* £~ transition are
needed. Polarized A, decay to a A and a dilepton pair offers a plethora of observables that are suitable to
discriminate new physics from the Standard Model. In this paper, we present a full angular analysis of a
polarized A, decay to a A(— prx)£ "¢ final state. The study is performed in a set of the operator where the
Standard Model operator basis is supplemented with its chirality flipped counterparts, and new scalar and
pseudoscalar operators. The full angular distribution is calculated by retaining the mass of the final state
leptons. At the low hadronic recoil, we use the heavy quark effective theory framework to relate the
hadronic form factors which lead to simplified expression of the angular observables where short- and long-
distance physics factorize. Using the factorized expressions of the observables, we construct a number of
test of short- and long-distance physics including null tests of the Standard Model and its chirality flipped

counterparts that can be carried out using experimental data.

DOI: 10.1103/PhysRevD.104.013002

I. INTRODUCTION

Several experimental results in the rare b — s£ ¢~
processes have shown deviations from the Standard
Model (SM) predictions. In the B — K*#+¢~ decay
the deviations in the R observables hints to a possible
violation of lepton flavor universality [1,2]. Moreover, the
branching ratios of B - Kutu~ [3], B - K*utu~ [4,5],
B, = ¢u'u~ [6], and the optimized observables in B —
K*utu~ decay [7] show systematic deviation from the SM
predictions. Though inconclusive till now, new physics
(NP) beyond the SM could be the origin of these deviations.

LHCD is now capable to study b — s£+£~ transitions
in baryonic decays. Interestingly, the LHCb measurement
of A, - AZ"¢~ branching ratio [8] shows deviations
from the SM expectations with the same trend as its
mesonic counterparts. Phenomenologically, the A, —
A(— pr)utu~ decay could be richer than its mesonic
counterpart as the A, can be produced in polarized state. If
the A, is polarized then the full angular distribution
of Ay, = A(— pr)f*¢~ in the SM gives access to 34
angular observables [9] which were recently measured by
the LHCb [10]. In the LHCb, the polarization of A, was
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measured as P, =0.06 £0.07£0.02 at s =7 TeV[11].
At the CMS detector, P, = 0.00 £ 0.06 & 0.02 was mea-
sured at /s = 7 and 8 TeV [11,12]. In future e e~ collider,
A, can be produced in longitudinal polarization also.
There are several theoretical studies of A, — AZT¢™ in
the SM. Using QCD sum rules to calculate the A, - A
transition, the unpolarized A, - AZT¢~ was studied in
reference [13]. In [14] a sum-rule analysis of the spectator-
scattering corrections to the A, — A form factors at large
recoil were given. Further theoretical understanding of
light-cone distribution amplitude of A, wave function was
achieved in [15-17]. Light cone sum-rule calculations of
the A, - A form factors have been done in [18,19]
and most recently, lattice QCD calculations of the same
have been done in [20]. A covariant constituent quark
model analysis of unpolarized A, - AZ*¢~ decay can be
found in [21]. A full angular distribution of unpolarized
Ay, = A(— pr)fT¢~ in the SM was first given in [22].
Model-independent new physics analysis for unpolarized
A, = A¥ (= Nz)¢*¢~ decay including a complete set of
dimension-six operators and retaining the final state lepton
masses were performed in [23-27]. A full angular distri-
bution of polarized A, - A(— px)¢+¢" decay in the SM
was first discussed in Ref. [9]. In this paper we revisit
the polarized A, - A(— pr)£T¢~ decay and extend the
previous SM angular distribution by supplementing the SM
operator basis by its chirality-flipped counterparts (hence-
forth SM’), and new scalar and pseudoscalar operators
(henceforth SP operators). We also retain the masses of the
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final state leptons which was neglected in the previous
calculations [9]. In the presence of the SP operators, we
find two additional angular observables that are helicity
suppressed. All the 36 angular observables depend on ten
form factors that have been calculated at large recoil in the
framework of light cone sum-rules [18,19,28]. The form
factors also have been calculated in the lattice QCD [20]
which is valid at low recoil. At low recoil, or large dilepton
invariant mass squared g2, the decay can be described by a
heavy quark effective theory (HQET) framework [29-31],
which ensures relations between the form factors known as
Isgur-Wise relations [32—34]. The Isgur-Wise relations lead
to the factorization of short- and long-distance physics in
the angular observables. We use the factorized expressions
to construct several new clean tests of form factors and
short-distance physics in the SM. We also discuss how
these tests are affected by the presence of SM’ and SP
operators. Additionally, we construct for the first time
combinations of observables that are sensitive to scalar NP
only and therefore serve as null tests of the SM + SM’. We
also present a numerical analysis of several observables in
the SM and NP scenarios.

The organization of the paper is as follows: in Sec. II we
discuss the effective operators for b — s£#~ transition
and discuss the derivations of the decay amplitudes. In
Sec. III we derived the full angular distribution of A, —
A(— pr)¢t¢~ for a polarized A, and discuss how to
extract angular observables from the angular distribution.
In section IV we discuss the relations between form factors
in HQET. The low-recoil simplifications of the angular
observables due to the HQET and its consequences on the
tests of short- and long-distance physics are discussed in
section V. A numerical analysis is presented in Sec. VI and
our results are summarized in Sec. VII. We also give several
appendixes where details of the derivations can be found.

II. EFFECTIVE HAMILTONIAN

In the SM the rare b — s£"¢~ transition proceeds
through loop diagrams which are described by radiative
operator O, semileptonic operators (g j, and hadronic
operators O;_¢gg. The operators O; 4o are the dominant
ones in the SM and read

0, =" (56" Ppb|F
e

pv

Og = [5y*P.b][¢y,¢] and

Oy = [E}’ﬂPLb} [2}’,4755]' (2-1)

The corresponding Wilson coefficients are C;, Co, and Cyj.
We assume only the factorizable quark loop corrections
to the hadronic operators O;_qg which are absorbed into
the Wilson coefficients C; ¢ (often written as C5, CSHf in the
literature). For simplicity, we ignore the nonfactorizable
corrections which are expected to play a significant role,

particularly at large recoil or low dilepton invariant mass
squared ¢* [35,36].

Beyond the SM, effects of NP operators with the same
Dirac structure as Og ;o can be trivially included by the
modifications Cy 19 = Co19 + 6Co19. We additionally
include the chirality flipped counterparts of Oy, and
new scalar and pseudoscalar operators

Oy = [sy*Pgb][¢y,7].
OS(/) - {EPR(L>b][Zf],

Oy = [EVMPRb] [2;/”7/5/],
Opi) = [§Pr1)b][fys).
(2.2)

The Wilson coefficients corresponding to Oy 1, Ogi) pi)
are Cy 1o and Cg po), respectively. NP operators of the
tensorial structure have been ignored for simplicity as these
operators lead to a large number of terms in the angular
distributions that will be discussed elsewhere. The A;, - A
hadronic matrix elements for the set of operators (2.1)
and (2.2) are conveniently defined in terms of ten g?
dependent helicity form factors f& ’f,l, g T3 114].
Assuming factorization between the hadronic and lep-
tonic parts, and neglecting contributions proportional to
V.upVis» the amplitude of the decay process A,(p.s,) —
A(k,s,)¢" (g )¢ (g_) can be written as

G (¢4 0SSk 7 Ay A
Mﬂl'ﬁz(s ,Sk):——FVbV* - |: I’[}LHYP kL-]’2
P \/E 1 ts 471_ S ZA: VA4 il

+HG LY "2} : (2.3)
where p, k, g, g_ are the momentum of A, A, #* and ¢,
respectively, and s, s are the projection of A, and A spins
on to the z-axis in their respective rest frames. The
polarization of the two leptons are denoted by 4;,, 4=
0, £1, t are the polarization states of virtual gauge boson that
decays to the dilepton pair, and 7.,y = —1, #, = +1. The
expressions of the hadronic matrix elements A f,gf;(s Ap> SA)

and HélgR)(sAb,sA) can be found in Ref. [23]. In the
literature, the angular observables are usually expressed in
terms of transversity amplitudes. For SM + SM’ set of
operators the transversity amplitudes are [24]

AL = VN (7Y VB

2mb

+ 7f£(m/\b + mA)\/Zs_Cgff), (2.4)

A" = V2N ( £4/2s . CHR

2m
2 s, —ma VI GE ) 29
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L(R S_ ,L(R
ALY = VN (fg(m/\h +my) ?Cv&l

2m
b fO \/ q2s_c$ff> , (2.6)
S
= V2N (fiomn, = ma) 500
+2_nzb q°s Ce”> (2.7)
q
Ay, = —2V2N(Cyo + Cyy)(my, —my) ;%fy (2.8)
S_
Ay, = 2VAN(Cro — Cro) (my, + mA>\/§f¢, (29)

where s, = (m,, £ ms)? — ¢?, and the normalization con-
stant is given by

) ) q*\JAm3, . m3, )
N<q ) = GFthVtsae TA, 3. 211m?\bﬂ5 /))f’
Am>
Be=1/1 - 2L, (2.10)
q
The combination of Wilson coefficients Csﬁ are
CVA+ (Co+Cy) F (Cio + Ciy). (2.11)
e = (Co = Cy) F (Cio = Cio)- (2.12)

For the SP operators we follow the definition of transversity
amplitudes from [25] and using the scalar helicity amplitudes
given in [23] we get

m —m
= V2NV ﬁcﬁ,’f, (2.13)
A =-v2 NfA CSP_ (2.14)
where the Wilson coefficients are
Cel = (Cs+Cy) F (Cp+Cpr), (2.15)
Cod) = (Cs—Cs) F (Co=Cp).  (2.16)

/\brest frame dilepton rest frame

A Hn»‘ ‘/,‘4
) ‘\Q‘\
. Py
n, Ny
kS
P beam [8]¢]

FIG. 1. Definition of the angular basis for decay of polarized
Ny = A= pr)cte-

The subsequent parity violating weak decay amplitudes of
A(k, s;) = p(ky)z(k,) are calculated following Ref. [22]
and using the baryon spinor given in Appendix A. In the
angular observables however, it is the parity violating
parameter a, = 0.642 £ 0.013 [37] that is relevant.

The leptonic helicity amplitudes are defined as

Lyl = (0020 F 15)210),  (2.17)

Lyl =@ W(E()E()|2r, (1 F 15)2]0),  (2.18)

where ¢ is the polarization of the virtual gauge boson that
decays to the dilepton pair. The detailed expressions of the
amplitudes are given in Appendix B.

III. ANGULAR DISTRIBUTIONS

The set of angles that forms the angular basis are 0, 0, »,

and ¢, » [10]. Since transverse polarization is considered, it

is appropriate to define a normal vector /i = pith = x pRP

~lab ~lab
where p> . p A

angle 0 between the 71 and the direction of A, in the A, rest

are unit vectors in the lab frame. The

frame is defined as cos @ = 7 - j)j\Ab}. To describe the decay
of A — pr and the dilepton system, we construct coor-
dinate system {Z,,9,,%,} and {Z,, 9., %,}, respectively.
The z-axes are as follows: Z, = p,{\ }, 2= pb{”’;}l The
other two axes are defined as: ,,=17nXZ,, and
Xps =nx3p,. The angles 0, and ¢, are made by the
" in the dilepton rest frame and the angles 6, and ¢,
are made by the proton in the A rest frame as shown in
Fig. 1. With this angular basis, the six fold angular
distribution of A, = A(— px)¢*¢~ for the SM+SM' + SP
set of operators is
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d°B
dg*dQ(0,.¢s. 0. 5. 0)

3272

3
= ((K;sin®6@, + K, cos? 0, + K5 cos 0,)

K, sin? 0, + K5 cos? 0, + K¢ cos ;) cos 6,

K sin@, cos 0, + Kgsin@,) sin @, cos (¢, + ¢,)
Kysin@,cos 8, + K sinf,) sin 0, sin (¢, + ¢,)
K,y sin? 0, + K, cos? 8, + K3 cos 0,) cos 0

K4sin? 0, + K5 cos? 0, + K4 cos 0,) cos 0, cos O

Ky7sinf,cos @, + K g sin ) sin 0;, cos (¢, + ¢,) cos 0

Ki9sin0,cos 6, + Ky, sin6,) sin @, sin (¢, + ¢,) cos 6

K>3 c0s0,sin60, 4 Koy sin b,

sin ¢, sin 0

cos ¢, sin

)
)
)
)

K»5co0s68,sin8, + K, sinf,) sin ¢, cos 0;, sin 6

K57 cos8,sin 8, + Kyg sinb,) cos ¢, cos 9, sin 0

K9 cos? 0, + K sin® 8, + K35 cos 0,) sin 0, sin ¢, sin @

K3, cos? 0, + K3, sin® 8, + K3 cos 0,) sin 0, cos ¢, sin &

K33 sin? 0,) sin ), cos (2¢p, + ¢,) sin @

K34 sin? 0,) sin 0, sin (2¢p, + ;) sin ).

We identify the angular observables with those given
[22] as: Ky = Ky, Kiee = Kao Kie = K3, Kogs = Ky,
Kye = Ks,  Kye =Kg, Ky = K7, K4y =K,
K3, = Ky, and K53, = K. We obtain two new angular
coefficients K55 and K34 that are absent in the SM + SM’
set of operators [9]. These observables depend on the
interference of scalar and (axial-)vector amplitudes only

and are helicity suppressed by m,/+/q’. Since we have
retained the masses of the final state leptons, we write each
of the K;’s as

e
Ve

In Appendix C we express the observables in terms of
transversity amplitudes. The massless part IC; of the
observables K; have been previously calculated in the
SM operator basis in [9] and we agree with the results.
Our expressions of C; given in Appendix C extend the
SM results by scalar amplitudes and are therefore new.
The expressions of K and K appear due to retaining
the leptons masses and have not been calculated
previously in the literature. If the final states leptons
are of two lightest flavors, then K can be neglect for
large recoil analysis. But the expressions are useful for
di-tau final states. The K are also useful for accurate
prediction of observables that are sensitive to lepton
flavor universality violation.

2
my
K{,,'} = ]C{...} + ]C/{} +?’C{{/m}. (3.2)

+
+
+
+
+
+(
+(
+ (K5 cos0,sin 6, + Ky, sinf,
+(
+(
+(
+(
+(
+(
+

(3.1)

Integrations (3.1) over the angles give differential decay
distribution

aB
—=2K K. 3.3
d(]2 1 + 2 ( )
This is used to define normalized observables as
K.
M, =—— 34
t dB/qu ( )

The M,;’s can be extracted from (3.1) by convolution with
different weight functions [9]

=g [ (iM,f,@)gi(ﬁ)dé 35)

where the weighting functions g¢;(€) are chosen such that

they satisfy
S o= 3272
/fj(Q)gi(Q)dQ = (T) b;j-

The weighting functions for M to M5, are given in [9].
For M55 and M;¢ the weighting functions are

(3.6)

= 9
935(Q) = 508 0, sin 0, sin ¢;, sin 0, (3.7)

-

9
936(Q) = 5 €08 0, sin ), cos ¢;, sin 6. (3.8)

013002-4



POLARIZED A, BARYON DECAY TO pzr AND ...

PHYS. REV. D 104, 013002 (2021)

IV. LOW-RECOIL AMPLITUDES IN HQET

At low recoil, lepton masses can be neglected for di-
muon or di-electron final states. In that case, the time-like
amplitudes A, |, and hence the form factor f;/‘A do not
contribute. The HQET spin symmetry at leading order in
1/m; expansion and up to O(a,) corrections implies
following relations between the rest of the form factors

S—&b=r11 :f(‘)/:fi :for’
Gt+&a=ri=fo=/C=/ (4.1)
where &, , are the leading Isgur-Wise form factors [14]. To
exploit these relations we assume the vector form factors
K’ﬁ as independent and use the relations (4.1) for tensor
form factors. Including one-loop corrections to the Isgur-
Wise relations, the transversity amplitudes read [22]

~ —2NCHR T Z A

f

where the Wilson coefficients are given by

SVESE (44

2kmymy,

C{;(R) = <(Cg +Co) F (Cio + Cipy) + TC7>’

2km,m
CLR) = ((09 —Co) F (Cio = Cio) + %CJ'

(4.5)

The parameter k=x(u)=1—(a,Cr/2x)In(u/m;) accounts
for the radiative QCD corrections to the form factors
relations. The parameter « is such that together with the
Wilson coefficients and the MS b-quark mass m,, in (4.5),

AiR) = —2NCfL(R)\/E 1Y, A”< = 2NCER) /s f4, the amplitudes are free of the renormalization scale p.
49 The simplifications of the transversity amplitudes yield
(4.2) factorizations between short- and long-distance physics in
ma +m the angular observables. In the factorized expressions, the
LR) \/ENCim) /\”72/\ VS_fy, (4.3)  vector and axial-vector Wilson coefficient contributes
v through the following short-distance coefficients [22]
|
1
pr = B (ICEP? +[CE?) = [C79 £ Cy [ +[C10 £ Cror|%,
1 . * *
Z (CR CR* CILC{{_*) = Re(C79CTO - Cg/CTO/) - lIm(C79C9, + Cloclo/).
1
Py = B (ICEP? = IC1?) = 2Re(Cr9 £ Co) (C1p £ Cr)*
1
(CR CR* 4 CcLCE)
= (|C79|2 = [Co [ + [Ciol* = [Ci0[?) = ilmC39Ciy = Co Ci. (4.6)
where we have abbreviated Im(p,) = 0, Im(p,) = 0, (4.9)
2Kmy,my . .
Cro=Co+—2-20C. (4.7)  so that the independent coefficients are p;, p3, and Re(p,).

6]2

The p5 and p, contributes due to the secondary parity
violating decay. These coefficients appear in other
b — s¢T¢~ decays also. For example, pi* and p, appear
in B— K*(— Kn)¢"¢~ [38], B— Knf"¢~ [39], and
A, = AN*(= NK)¢+ ¢~ decay [25], ps appears in A, —
A* (= NK)£¢~ decay, and p; and p, appear in B —
Kr¢t¢~ decay. In the SM the following simplifications
take place

(4.8)

pl =pi =p1=2Re(ps),  p3 =p5 =ps,

The scalar short-distance coefficients that appear in angular
observables are

ps = |Cpe* + |CSp. ],
pst = 2(Cip, Csp_ + Cp, Cp_).- (4.10)
V. LOW-RECOIL FACTORIZATION

Using the HQET simplifications of the previous section,
we obtain factorization between short- and long-distance
physics in the angular observables. We reiterate that the
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lepton mass is neglected to obtain these expressions. The factorized expression for the 10 observables that also appear in the
unpolarized A, decay are

(my, —my)? _ (mp, +mp)?
Ki:=2&+<UﬁP-%——Ji;————U€V pl%-2&-|fKP-¥———LET———ﬂfXP Py

1
+ =) UfY Psipse(ma, —mpa)* + | f1Ps_ps_(ma, +mp)?], (5.1)
b
1
Ky =ds |fi oy +4s_|f1 ol + ) Y Psypsy (ma, = ma)> + |f212s_ps_(ma, + my)?), (5.2)
b
Ky = 1635754 f{Re(py). (53)
(m3, —m3)
Ky = —Sa/\\/5+s—( L+ %foS)Re(m) — OA/S4 S }’f{‘(m,\bz — my*)Re(psy), (54)
Ks = —16ax/s5_f1 f{Re(ps) — ap\/ss_f{ f1(mp,> — mp*)Re(psi), (5.5)
Ko = —dans, |f1 P03 —dans_| PPy, (5.6)
(my, + my) (my, —my)
K7 = —8ay\/5o5_ (A"ZAfoﬁ — == 3! | Re(ps) (5.7)
V4 V4
(my, —my) B (my, +my)
Kg =4s ap /\}’42Af6‘f¢ﬂ3 —4s_ay Ab‘ﬁf%{fﬂﬂgﬁ (5.8)
V4 V4
(mp, +mp) o0 (ma, —mp)
Ko =8apy/s s Tfo 1 +ﬁfojﬂ Im(py). (5.9)
q q

For the additional observables that appear due to polarization, the factorization looks like

(m3, —m3})

Ky = =8Py, /5,5 (fgf(‘)/T - fﬁfK) Re(py) — Pa, N2anf fiRe|psi] /55 (my,* — mp?), (5.10)

K1y = 16Py /s s_f1fRe(ps) — Py, N2apf{ fiRe[pgi] /s 5_(mp,* — mp?), (5.11)
Ki3 = 4Py, s, |f\Pp3 + 4Py, s_|f11PP7, (5.12)
(mp, +mp)? (mp, —mp)?\ _
K]4 ——2aAPAbs_<|fY_|2—|fg|2 hqz pi_za/\P/\str ‘fj‘_|2_|f6\|2'77 P1 (513)
1
+PA;,aAN2W Y Psipse (ma, —ma)® + |f7 Ps_ps_(ma, +my)?], (5.14)
b
1
Kis = —4apPy,s_|fY P} — 4anPy, s |f11P07 + PAbaANZW Y Psipsi(ma, —mp)* + 1217 s_ps_(ma, +my)?],
b
(5.15)
K16 = —16a,Py,\/s:s_f" f{Re(ps), (5.16)
(my, +my) (my, —my) _
K= —4aAPAhs_b72foKpT FAapPp, s — = 8 1o (5.17)

Ve Ve
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(my, +my) (my, —my)
K18 = —16aAPA S+S_ (bifgfL féfl Re(p2) (518)
S 7
(mp, +my) (mp, —my)
Ko = sany, s (7 S 4 2 i) (5.19)
(my, +my) (mp, —my)
Ky = =8Py, /5,5 <'— OfL = =0 | Im(py). (5.20)
e V7
(m A) (mp, —my)
Ky = 8Py, /545 <A—fng 7 ———=—f0f |Re(py), (5.21)
V q V4
(mp, +mp) (mp, —my)
K24 = 4PA)S_b7 +4PA Sy —— 7~ flp3 ’ (522)
b \/q_2 b \/?
(m, +my) (mp, —my)
Kys = 8ap P, /S5 <b—fng — =" fofY |Im(py), (5.23)
Ve V7
(my, +my) (my, —my) B
Ky; = —4azPy,s_ —A" A o fipt —dapPy, s, e 5 N (RATSR (5.24)
V q VvV q
(my, +my) (my, —my)
Koy = 8P, i (S gt P gy YR, (5.25)
b /7 /7
Kyg = —Pp,apf{ fHm(pg) ) /s5s_(mp, > — my?) (5.26)
<m%\h ~ mfz\) A £V V rA 2 2
K3o = +8apPa, /sy s-——5—— fofolm(pa) + Pa,anf? fiIm(psi)\/s7s=(my,” — my*) (5.27)
1
K3 = Pj, 00— . 5 [=If Y Psipss (ma, — mp)? + |fHPs_ps_(my, + ma)?] (5.28)
b
(ma, +mp)? (ma, —mp)? _
K32 = —ZaAPAbS_ 4/\1” A |f() |2 + 2aAPAbS+ A q2 ; |fé|2pl (529)
1
+apPy, — 2 5 [=Uf Psipse(ma, —mp)? + [ Ps_ps_(ma, + mp)?]. (5.30)
b
K33 = =2ap Py, s_|f Y P} + 2an Py, s | f1LIPPT (5.31)
K3y =8azPy,\/sis_f1f Im(py). (5.32)

Note that the observables K;(,; vanish in the HQET. Moreover, K35 and K34 are helicity suppressed by m,/ \/5i and
therefore are not given above.

Using the factorized expressions, we derive tests of operator product expansion through form factors and the short-
distance physics. In the SM + SM’ + SP set of operators, the combinations of K, and K53 are

2 (mA —mA)2
Ky —— = K= INP(8IFARs. p- viz, A, TIA)
2 anP 33 = |N| ( |f¢| S+P +1f1 sy m% P

Ay

(mp, +mp)? _
§+ \f?|25—b7ps . (5.33)

b
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K, +

ANLp,

If the SP operators are absent then these combinations
depend only on p~ and p™ respectively. The Kg and K, can
be combined to form two relations that can be used to
extract p5 and p3, and K; and K,; can be combined to
form two relations that can be used to extract pt even in the
presence of SP operators

my, + my +

Py, K + anKyy = =8|N|*Py, anfi fY 5_p3
' ' e
(5.35)
mpy, — mpy
Py, Ks — apnKyy = 8NP Py apf [} ——=—s.,p53.
)
q
(5.36)
my, — My _
Ky + K7 = 8‘N|2PA,,aAf61fﬁb—25+p1 . (5.37)
vV 4q
mA +mA
Ky — K7 = =8|INPyazfi f ——=—s_p]. (5.38)

Ve

In the SM + SM’ + SP set of operators, several ratios of
short-distance coefficients can be determined without any
hadronic effects up to Agcp/m,, corrections
P Kg+anKopy — p3 Py Ks —anKoy  p3

9

(mA
Ky — |N|2(8|fz|2s_pl+ s,

(my, + my)?

—mp)® A2 -
R + |71 S-—— 2 Ps) (5.34)

b b

Kis _ZRG(PZ) Kss _aAIm(Pz)

Ky Im(p,) Ky Im(py)
Ko _ _PaRelpy) (5.40)
Ko axlm(p,)

In the SM 4 SM' the ratio of K3 and K is proportional
to Re(p,)/Re(py) but is modified as following in the
presence of SP operators

Ky 16m2 1 f{Re(py)
Ks 16aAm12,fﬁfKRe(p4) + aA(’"%\,, —m3)f7f{Re(ps:)
(5.41)

If the SP operators are absent, then this ratio is equal to
Re(p,)/asRe(py). On the other hand, in SM + SM’, the
ratios K5/K; and Ks/K,; are independent of any short
distance physics but are modified in the presence of SP
operators as

Ks _ V@B Re(py) + (m3, —md) 1 fY Re(pgy)
Ky 16miRe(py)[(ma, +ma)fL1E = (ma, —mp) fofY]

Ky — Ky7 P Ky + K7 Py (5.42)
(5.39)
!

Ks _ V@’ B2f1fIRe(ps) + (my, —mi)f1f1Re(psi)] (5.43)

Ky 16m3 Py Re(ps)[(ma, + ma,) fLf5 + (ma, —mp)fofY]

These two relations could be regarded as null test of
SM + SM'.

We find a ratios involving K3, K,g, and K5 that are
independent of any short distance physics in the SM +
SM’ + SP set of operators

K K my +m
s £ 28 —Py oyt Af—o, (5.44)
K; ' Vgt Il
Kig— Ky mp, —my f§
K3 = P,\ba,\ W? (545)

The ratios can be used to extract f4/f4 and f3 /fY.

|

The angular observable K g vanishes in the SM + SM’ in
the limit of zero lepton mass. If SP operators are present
then it is proportional to the imaginary part of pg; as given
in Eq. (5.25). The real part of pg; can be extracted from the
combination

PAb(K4 - Ks5) —apKy,
(m3, —m3})

— AV
—PA,,aAftft B
mb

I Re(pg)).  (5.46)

so that the pg; can be determined completely.
K3, given in Eq. (5.28) also vanishes in the SM if m,
is neglected but depends on pg. if scalar operators are
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present. This observable therefore serves as a null test
of SM. We find another null test of pg, from the following
combination

Kis (mA - mA)2
K> + =2 Vizg, —=b 22 5t
2 Pran (|fz s mi Ps

n, + ma ) ;zmA)ng ) (5.47)

b

+ |fAPs—

This equation in combination with (5.28) can be used to
extract pg and py. We find that the following relation holds
in the presence of SM + SM’ + SP set of operators

PAhaAKz - K15 = 2(PAhaAK1 - K14). (548)

Since we work in the m, — 0 limit, the relations
Ky3ay=—P,, K¢ and K5 =—P,, a, K3 remain unchanged
when SM + SM' is supplemented by the SP operators [9] in
low-recoil HQET.

VI. NUMERICAL ANALYSIS

In this section we perform a numerical analysis of
polarized A, decay to A(— pz)upu~ at the low recoil
region 15 GeV? < ¢> <20 GeV?. At this region the

0.30

025p
0.20

o
E" 0.15

0.10

0.05

Set2 Scalar

[ W sV | sett

0'0015 16 17 18 19 20

F(GeV?)

[. SM Set1 Set2

0.00

Scalar

-0.05

-0.10

-020— e

-0.25

-0.30

15 16 17 18 19 20
q°(GeV?)

masses of the leptons are neglected. Due to low-recoil
HQET, only four form factors contribute through the
SM amplitudes (4.2)—(4.4) and the scalar amplitudes
(2.13) and (2.14). The form factors, as well as their
uncertainties are taken from lattice QCD calculations
[20]. In addition to uncertainties coming from the form
factors, there are additional sources of uncertainties in our
analysis. We consider a 10% corrections between the
amplitudes (4.2)—(4.4) to account for the neglected terms
of the O(Aqcep/my,) and O(my /m,,) to derive the leading
Isgur-Wise relations (4.1). These corrections are imple-
mented by scaling the amplitudes A o by uncorrelated
real scale factors.

There are theoretical uncertainties emanating from a
virtual photon connected to the operators O;_¢ and Og
which are of nonlocal in nature. At low recoil, the
HQET combined with low recoil OPE in 1/Q, where

0O ~ (my, \/q%), the nonlocal effects are calculated in terms
of local matrix elements suppressed by the powers of Q and
absorbed in the Wilson coefficients C7¢ [33]. The uncer-
tainties due to the neglected terms in the OPE of the order
O(a;Agcp/my,. mé/Q*) are included in our analysis by a

L(R)
0" Other

sources of uncertainties are parametric uncertainties, and
scale dependence of the SM Wilson coefficients C;(u) for

uncorrelated 5% corrections to the amplitudes A

0.30
M sm Setl Set2 | | Scalar
0.25
0.20
S 0.15
=

0.10

0.00 1

15 16 17 18 19 20

q*(GeV?)
0.00
-0.05
-0.10 E‘
o
Em -0.15
-0.20
M sm Seti Set2 | | SM +Scalar

-0.25
-0.30

15 16 17 18 19 20

q°(GeV?)

FIG.2. The angular observables M, 1453, for polarized A, — A(— pz)u™pu~ decay in different ¢> bins in the SM and NP scenarios.
For (axial-)vector operators we choose two sets from global fits to b — su*u~ data. Setl corresponds to set 6Cy = —Cy = —1.21,
6C1p = +Cjp =0.28 and Set2 corresponds to 6Cy = —Cy = —1.11, 6C;y = —Cj, = 0.09. The set of scalar couplings are
Csg=1.5+1i0.03, C5 = -2+1i0.2, Cp = 1.8 +i0.1, C), = —1.1 — i0.04.
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FIG.3. The angular observables Ks/K; (left) and K, + K5/(Py, ) (right) for polarized A, > A(— pa)u™p~ decay in different ¢
bins in the SM and in the presence of SP operators. The set of scalar couplings are Cg = —1.5+i0.03, C5 =2.2+i0.2,

Cp=2.5+i0.1, Cp = —3 — i0.04.

varying the scale y in the range m; /2 < u < 2m,,. At large-
g, uncertainties due to quark-hadron duality violation in
the integrated observables are expected to be small and are
neglected in our analysis [40].

Though there are a total of 36 observables, for simplicity
we study the ones that otherwise do not appear in
unpolarized A, decay, and where both SP and (axial-)
vector operators contribute. We also show in our plots only
the interesting variants of observables for a representative
set of NP couplings. A detailed NP analysis for all the
observables will be presented elsewhere. To estimate the
effects of NP operators we summarize the constraints on
the NP Wilson coefficients that we use for our analysis. For
simplicity we assume that the vector and axial vector, and

TABLE L.

scalar and pseudo-scalar NP contributes separately.
From the global fits to b — sutu~ data we choose two
sets for illustrations [41-46], Setl: 6Cy = —C{ = —1.21,
8Cip =+C)y =0.28 and Set2: 6Cy=—-C;,=—1.11,
8Cyo = —C}p = 0.09. For scalar Wilson coefficients we
follow the fit presented in [47].

All our determination are for Py, = 1. In figure 2 we
show the SM predictions and NP sensitivities of M, M,,
M4, M, different high-g? bins. Here the bands correspond
to the uncertainties coming from form factor and other
sources. These plots indicate that the observables are
sensitive to NP effects.

The relations (5.42) and (5.43) are quite interesting. In
the SM + SM’ they are independent of any short-distance

Expected experimental precision on the angular observables achievable at the future LHCb. The second

column shows the precision achieved at the LHCb using combined Run 1 and Run 2 with 650 events in the
15 < g% < 20 GeV? bin [10]. At future LHCb, about ~8000 events are expected with 50 tb~! integrated luminosity
and about 50000 events are expected with integrated luminosity of 300 fb~! [9]. Precision achievable at these
luminosities are shown in the third and the fourth columns.

Observables Run1+Run2 50 fb~! 300fb~! Observables Runl+Run2 50fb~! 300 fb!
M, 0.020 0.006 0.002 Mg 0.058 0.017 0.007
M, 0.040 0.011 0.005 M 0.122 0.035 0.014
M, 0.029 0.008 0.0033 M 0.056 0.016 0.006
M, 0.046 0.013 0.0052 M, 0.105 0.030 0.012
Ms 0.081 0.023 0.009 M>, 0.045 0.013 0.005
Mg 0.055 0.016 0.006 My, 0.077 0.022 0.009
M, 0.084 0.024 0.010 M, 0.033 0.009 0.004
Mg 0.037 0.011 0.004 M;s 0.176 0.050 0.020
My 0.084 0.024 0.009 My 0.074 0.021 0.008
My, 0.037 0011  0.004 M, 0.140 0.040  0.016
M, 0.043 0.012 0.005 Mg 0.058 0.017 0.007
M, 0.063 0.018 0.007 My 0.097 0.028 0.011
M5 0.045 0.013 0.005 My, 0.061 0.017 0.007
My, 0.082 0.023 0.009 M, 0.094 0.027 0.011
M 0.117 0033 0013 M, 0.055 0016  0.006
My, 0.084 0.024  0.001 M3 0.060 0017  0.006
M, 0.120 0.034 0.014 My 0.058 0.017 0.006
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physics but are modified by SP operators. These are a null
test of the SM + SM'. In Fig. 3 we show the ratio K5/K»3
in the SM and for set of representative scalar couplings
in different g> bins. The relations (5.46) and (5.47) are
the ones where the combinations of angular observables
depend on the SP operators only. In Fig. 3 we plot
K, + Kys/(Pa,an) for a set of scalar couplings. This
combination is also a null test of SM + SM'.

In Ref. [10] the observables have been measured in the
15 < ¢ < 20 GeV? bin using combined Run 1 and Run 2
data sets that correspond to 610 =+ 29 events. Due to large
uncertainties, the polarization observables are consistent
with zero. This is expected as the P, observed in [11,12] is
also consistent with zero. In Table I we show the precision
achievable at future LHCb luminosities. Effects of back-
grounds are expected to have a negligible effect on
experimental precision and are neglected. As can be seen
from the table, a large number of events are expected at
future LHCb luminosities, and the precision on angular
observables is expected to improve. The precision with
which an observable can be measured is independent of
the P,,. But as the polarized observables are proportional
to P,,, it affects the sensitivity with which NP can be
disentangled from the SM, with lower P,, leading to a
lower sensitivity. This caveat is in order when comparing
the Table I with the plots 2 and 3 which are obtained
with P, = 1. Given that a 10% polarization of A, cannot
be excluded, the tests discussed in Sec. V remain one
of the interesting possibilities in the polarized A, — A(—
pr)fT ¢ decay.

|

kﬂpn’—RF = (Ep’

k’2l|pn:—RF = (Ex, _|kpzr| sin 0, cos ¢, _|kp7r| sin ), sin ¢, _|kpzr| cos0,),

where
P Kt my, —my Pt my—my, (A2)
g WK g KR
and

A(k2,m%, m2)

k.| = A3
el 2Vi2 (A3)
The Dirac spinors for the A are
ZmA O
0 2m
w(k, +1/2) = u(k,—1/2) = M
0 0
0 0
(A4)

k| sin @), cos ¢y, |k .| sin @), sin ¢,

VII. SUMMARY

In this paper we derive a full angular distribution of
polarized A, decay A, — A(— pr)£*¢~. The distribution
is obtained for a set of operators where the Standard Model
operator basis is supplemented with its chirality flipped
counterparts and additional scalar and pseudo scalar oper-
ators. We retain the mass of the final state leptons. We apply
a heavy quark effective theory framework valid at low
hadronic recoil and obtain factorization of long and short-
distance physics in the angular observables. Using the
factorized expressions we construct several tests of form
factors and Wilson coefficients, including some null test of
the Standard Model and its chirality flipped counterparts.
Our analysis shows that new insight to b — s¢T¢~
transition can be obtained from this mode.
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APPENDIX A: NUCLEON SPINOR
IN A REST FRAME

The angles 8, and ¢, made by the p in the px rest frame
(denoted as pz-RF) are shown in Fig. 1. In this frame,
characterized by k* = m3, the four-momentum K/ , read

kpy| cos ),

(A1)
|
and the spinor for p are [48]
I cos%b
0 O iy
1 7, sine
u(ky, +1/2) = T
2my \/T-cos>
N sin%be“bb
—/Tr sin%e‘i‘/"’
Oy
1 /T4 cos %
u(ky,~1/2) = o (AS)
2my \/fsin%e‘“ﬁb

—W/V_COS%

The secondary weak decay is governed by the Hamiltonian
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4Gy
V2

The A(k,sp) = p(ki,
metrized as

HS%_ | = —= V3, Vildy,Prullay*Prs].  (A6)

s,)m(ky) matrix elements are para-

Hy(sn.5,) = (p(ky.s,)n™ (k) |[dy, Prul [y Pys||Ak.s4))
[@(ky.5,)(Eys +@)ulk.sy)]. (A7)

In terms of the kinematics variables the secondary decay
amplitudes are

= (Vo — ) eos 2

(Vo + ) sin 2 o,
(=T ) sin e,

(VFro+ 8 cos 2.

Hy(+1/2,+1/2)
Hy(+1/2.-1/2) =
Hy(=1/2,41/2) =

Hy(~1/2,-1/2) = (A8)

In the final distribution only the parity violating parameter
is relevant

—2Re(wé)

NI

= oo, (A9)

APPENDIX B: LEPTONIC HELICITY
AMPLITUDES

To calculate the Iepton helicity amplitudes for
Ap(p.s,) = A(k,s)¢" (g+)¢"(g-) in the dilepton rest-
frame we have to calculate the following two currents
(B1)

iy, (1 F ys)ve,, and & (A)iig,y,(1 F ys)ve,.

In the dilepton rest-frame (2£RF), the four momentum of
the two leptons are

" oore = (Ez, —|qoy| sin @, cos ¢y,
—|qor| sinO; sin gy, —|grp| cos 0,),  (B2)
¢ lorr = (Ez. |qas| sin 6y cos g, |qo| sin O, sin by,
|q2¢| cOs 0;), (B3)
with
Pe VT 4m?
e =F P Ee=T o=y [1-—
q
(B4)

Following [48] we give the explicit expressions of the
spinors in this frame are

[Z
up(2) = < VE; +mgy ) = < cos = )
‘ 2/E, —mgy! & ~itr in% )

eid’lsin&
w 2
X_ < 0 )
cos =+

2
) 0
o= (T ()
- ) )
=24 Ef‘i’mf)(zi +2 4
—eiti cos
X = L)
K < sin% )
2

(BS)

l—

e~ cos %

(B6)

Using these spinors we obtain the following nonzero
expressions of the leptonic helicity amplitudes for different
combinations of 4; and 4,

L = </ (1 + Bo)eit,

i1 ,
Ly ? =\ a*(1+pe)e™, (B7)
L =\ - pe,
L =21 = po)e. (B8)
141 ,
Lzzﬁ = V2my, sin0,¢%,
L;ﬂ:z = V2my, sin0,¢%, (B9)
1
L} = V2m,sinye2,
i
Lp {= V2my sin e, (B10)

_ 1

11 -3
L2 = —V2mysin6,, L =—V2m,sin6,,
(B11)

+i+1 . +4+3 .
L7 =—V2mysin0,,  Lp} =—\V2m,sin6,,

(B12)
11 )
L:ﬁ V> (1 —Bo)(1 —cos,)ei,
Lt =y q?(l = Be)(1 = cos b )™, (B13)
Lyl q* '
L% i=- ?(1 +B,)(1 +cos,)e,
+4-4 q* .
—Lp=7 = —\/=(1+ ps)(1 4 cosO,)e™, (B14)

2
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1,1 1_1
++

2 i} 272 —i¢,
15— [0 00— L e, L e, e
14l q° . ++5 it -5 —idhy
Ly ==\ 51+ B)(1 = cosB)e™, (B15) Lgy* =2mee'™,  Lgi*=2mee”"".  (B22)
5 The combinations of 1; and 1, for which the amplitudes
L;ﬁﬁ = — /%(1 — )1 4 cos,)ei®, vanish are not shown.
+l_% qz —i¢,
—L i ==\ (1= Be) (1 +cosO)e, (B16) APPENDIX C: ANGULAR COEFFICIENTS
i ' i ' The expressions of angular observables K; are given
Ly =2mscosfpe'”, L% = —2mgcosOse', below. With reference to equation (3.2) we separately show
(B17) the massless part K; and the massive parts K}, K. The
expressions of K; extend previous expressions for the
Ll it 11 _ip SM + SM’ amplitudes [9] by including SP amplitudes.
Ly * =2mycosOze”, Lgy* = —2mycosOpe™", The expressions of K%, K given below are new in this
(B18)  paper.
1 1
Ly =\/a*(1-B,)sind,. K1 =7 (2IAF 2+ AF 2+ 2148 P+ AR P +{R < L})
-1y . 1
Ly’ =\ ¢*(1 = p,)sinby, (B19) +5 (A5 + AP + {R & L}). (C1)
1l
Ly = \q*(1+p,)sin0,.
11 * *
Lyy = \/q*(1 + ;) sin6,. (B20) Ky =Re(Ag, AT, +A§ Al - {R < L}),  (C2)
|
K ==(Af P+ 1A P +{R < L}) + (JALP +{L < [I}) + 2Re(A} AT, + AT AT +{L < [I})
— (|A§. [ + |A§ P + {R < L}) — Re(A§ Agl + AS ASh). (C3)
1 1
o = 3 (1AF P+ AR, ]2+ {R & L}) +5 (A8, + A5 P + {R < L)) (c4)
K, = Re(A AL + AH,Agﬁ —{R < L}), (C3)
K5 = (AR |2 = AR ]2 4+ AR |2 = |AR 2 4 (R o L}) + (ALP + {L o [}) = (AR, + A 2 + (R < L})
+2Re(Af AT + AT AT - AS AL +{L < 1)), (Co)
Ky = =p(Af AjF —{R < L}), (C7)
Ky = prRe(A§ AR + A AT+ {R < L} + AG AR + AG AL +{]| & L}). (C8)
KE =0, (C9)
a
Ky = 7"Re(2A’L)A‘*‘OR +AS AR 4248 A +{R < L}), (C10)
Ky = aARe(AgnAL +A§LAW1 —{R < L}), (C11)

013002-13



DIGANTA DAS and RIA SAIN PHYS. REV. D 104, 013002 (2021)

Kj = —2a\Re(AT AJF + A AGf +{R < L} 1o = aA—\/?Im(AglA* —A§ A +{R < L}
R *L R
- Af Al AL,A +{ll & L1} + AL AR + AR AT+ {L < ||}, (C29)
— AL AT, + AL AR + AR AL, (C12)
Ky =0, (C30)

Ks = ayRe(Af AR + AR AR +{R < L}), (Cl13)

I S| Py,

+2A%, A*R + {R < L}), (C31)

Ky = ayRe(AR A% + AR 1A, +{R<L}). (Cl4) ;
S

S|l

K4 = 2a\Re(AR ATR — AR AR 1 (R « L}

: K1) = PoRe(A5, 4], + 4543, —{R & L)), (C32)
+ AR ATl 4 AR AYL 4 AR AfL 4+ AR AL 4 A AT
Ky = —2P, Re(AR AT + AR AR+ {R < L} - A
— (AR AR+ {R & L} + AL AR+ AE ALY, 1 A RE(AJ AT+ AS AG) + {R < L} — AL A],
R *L R Ax*L L A*R
(C15) + (A AT = AfAT A5 AG I < L)
(C33)
_ O’Aﬂf 2 2
Ko = anpRe(A§ AJf + AGAT +{R < L} (C34)
+ AR AT + AL AT+ {]| < 1)), (C17) Ki, = P,Re(AB Al + AR AL, — {R < L}). (C39)
Ks =0, (C18) 1 = 2Py Re(Af AT + AR AT — A A +{R < L}
R A*R R A+R TALA +ARA*L A\lfA*L+{||9L}
K7 = “LRe(al A —AFAT +{R < L C19
e LA A { P ) —AélAEﬁ {R < L}), (C36)
K5 =0, (C20) ;
7 K= "2 (AR 448 P (R L)), (C3)

K4 = 2v/2a,Re(AR AR —AR A*R +{R<L}), (C21)

I 13 = PaBRe(AS AT + AL AR+ {R < L}

R *L L R
)
Klly =0, (C39)
Kl = e pe (AR ATR — AR ATR + (R < L} P
v2 Kis = "8 Re(2]AR 2 4 2JA% [2 — |AR 2 - |A% 2
+ A5 AR+ AG A - {]| & L)), (C23) 4
+{R < L} +2(]A§ > + [A§, P + {R < L})).
Ks =0, (C24) (C40)
Ko = %Im(A’LA*R ARAR 4 {R < L}), (C25)  Kiy = PyarRe(A§ AT + AGA] - {R < L}),  (C41)
IC’—PaAZ—i—A 24+ {R< L
Ky =0, (C26) 4 A /\2(| >+ 1A%, 1P +{ }
— (lApl* + 1AL
Ky = 2v2a\Im(Af AR — AR A+ {R < L}).  (C27) + (|48 [? + A8 P+ {R < L})

—2Re(AL ATR — AL AR — AR AL 4 (|| & 1})),

CanBer ok ook i ol A4~ Asis
Kio = Im(AR AR —AR AR — {R <> L}),  (C28) (©42)

N o = A
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P
Kis = 20 (<(|AR [ 4 [AR 2+ {R < L})
+ (AR |2 + AR P+ {R « L})). (C43)
Kis = Py,anRe(A§ A, + AS A7, — {R < L}),  (C44)

K5 = Pa,arl|Af |2+ [Af [P+ |AL [P + |AT, P +{R < L}

+ (A2 + 1A L) — (A8 P + A& P+ {R < L))
+2Re(Af Al - A A —AG AL +{] < L]
(C45)
Kie = PAbaAﬂlRe(AR A*R {R < L}), (C46)
,C,16 = PA aAﬂlRe(AISQHA‘*‘R +AR A*R {R <> L}
+AG A +Ag A+l o L), (C47)
Kis =0, (C48)
_PA”a R A*R R A*R
Ki7=- Re (AH AH —-AY A —l—{R(—)L}) (C49)
V2
K17 =0, (C50)
Kty = 2V2Py, azRe(AR ATR — AR AR 4 (R < L}),
(C51)
_ Paanfy R A%R R *R
Kig = NG Re(AT A —Af AT — {R < L}),
(C52)
Py anp
— b R A#*R R A*R
Kig = NG Re (ASHA” —Ag AT+ {R< L}
+AG A +AG A —{ll e L), (C53)
Ky =0 (C54)
IC __PAa Im (ARA*R ARA {R(—)L}) (CSS)
NG I 1
K =0 (Cs6)
Ko = 2\/§PAhaAIm(A|Ir AR - AR AR —{R < L}).
(C57)
P
o= A AE A A (R ). (€55)

a
Ky = Ai/—AﬁlI (AGAT —AG AR +{R < L}
+AGAT +A§ AT —{ll & L)), (C59)
K3 =0 (C60)
K PAbI AR AR 4 AR A*R C61
21_\@“‘( Ay TALAL +{R < L}), (C6l)
Ky =0, (C62)
K5y =~2v2P, Im(AR AR+ AT AR+ {R o L}). (C63)
IC - P/\bﬂl AR A*R AR A R L Co64
2= = \/E ( Il + 1 { <~ }) ( )
P
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