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The B meson semileptonic modes to p(770) and a,(1260) are useful to pin down possible non-Standard
Model effects. The four-dimensional differential B — p(z7)¢~ v, and B — a,(px)¢~ b, decay distributions
are computed in the Standard Model and in extensions involving new lepton-flavor universality violating
semileptonic b — u operators. The large energy limit for the light meson is also considered for both
modes. The new effective couplings are constrained using the available data, and several observables in
B — p(an)¢~ D, in which new physics effects can be better identified are selected, using the angular
coefficient functions. The complementary role of B — p(zz)¢~0, and B — a,(px)£~ b, is discussed.
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I. INTRODUCTION

The anomalies that recently emerged in the flavor
sector challenge both the experimental analyses and the

theoretical interpretations. In the tree-level b—cf 70,
_ B(B-DWz i)
T B(B-DW¢o,)
(with £ = e, p) from the Standard Model (SM) expect-
ations have been observed by BABAR [1,2], Belle [3-6],
and LHCD [7-9]. The measurements can be summarized
as R(D)gy, = 0.407 £ 0.039 + 0.024 to be combined with
the new Belle result R(D),, = 0.307 £ 0.037 +£0.016
[10], and R(D*).y, = 0.295 4 0.011 + 0.008. These mea-
surements are 3.1 away from the SM values quoted by
the Heavy Flavor Averaging Group (HFLAG) [11]:
R(D)gy = 0.299 4+ 0.003 and R(D*)gy = 0.258 + 0.005.
The tension, noticed in Ref. [12], is significant since
the hadronic uncertainties largely cancel out in the ratios
of branching fractions [13]. The LHCb measurement

B(Bf—=J/ytty,
R(J/y) = W — 0.71 £ 0.17(stat) =+ 0.18(syst)
[14] also exceeds the SM expectation; however, in these
modes, the hadronic uncertainties are sizable [15-17].

Other anomalies have been detected in neutral current
b — s semileptonic transitions, in the ratios Ry =

2
q, % —
S (B~ Kt )dg?
min

process, deviations of the ratios R(D™))

measured by LHCb and Belle.

2
qu"f“" %(B*—»K(*) ete)dq?
min
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The updated result for Ry is Rg+ = 0.846700% x
(stat)Z§o1s (syst)  for  [gpyy. gha] = [1.1 GeV2,6 GeV?]
[18]. For Rg-+, the measurements R0 = 0.66 0} (stat) £
0.03(syst) for g* in [0.045 GeV?, 1.1 GeV?] and Ry =
0.69 £0:31 (stat) + 0.05(syst) for g% in [1.1 GeV?,6 GeV?|
have been reported by LHCb [19]. Recent Belle mea-
surements, averaged over the neutral and charged modes,
are affected by larger errors: Ry = 0.52 £938 (stat) +
0.05(syst) for ¢> in [0.045 GeV?, 1.1 GeV?|, Ry =
0.90 £537 (stat) = 0.10(syst) for ¢*> in [0.1GeV?,
8GeV?], and Ry- = 1.18 £33 (stat) £ 0.10(syst) for ¢*
in [15 GeV?,19 GeV?] [20]. For all the ratios, the SM
predictions are close to 1.

The anomalies in b - ¢ and b — s semileptonic
modes seem to point to violation of lepton-flavor univer-
sality (LFU). This accidental SM symmetry is only broken
by the Yukawa interactions, while the lepton couplings to
the gauge bosons are independent of the lepton flavor.'
It is unclear if the deviations that emerged in angular
observables in B — K*u"p~ [22,23] and in the rate of
BY — ¢utpu~ [24] can have a connected origin.

In addition to these tensions, the long-standing differ-
ence in the determination of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |V.,| from exclusive
modes, in particular B — D*#~D,, and from inclusive B —
X .0~ v, observables (width and moments) still persists in
new BABAR [25] and Belle analyses [26], with
IVeblexet < IVepliner- As an  alternative to solutions
to the puzzle within the SM [27-30], a connection has
been proposed with the other b — ¢ anomalies, within
a LFU violating framework [13,31]. The related

'For a review on LFU tests, see Ref. [21].
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experimental signatures have been studied, in particular, the
four-dimensional differential B — D*(Dx, Dy)¢~v, decay
distributions for the three lepton species have been scruti-
nized [32], following analyses that have pointed out the
relevance of such distributions [33-36].

It is worth wondering if similar deviations can appear in
semileptonic b — u transitions. These modes are CKM
suppressed with respect to the b — ¢ ones; nevertheless,
high precision measurements are foreseen in the near future
by LHCb and Belle II. At present, there is a tension
between the exclusive measurement of |V, |, mainly from
the B — n¢~ v, decay width, and the inclusive determi-
nation from B — X, £, observables. New information is
available on the purely leptonic and on the semileptonic
B — 7 mode, and analyses within and beyond SM have
been carried out [37-45].

Other decay modes can be exploited to pin down
deviation from the Standard Model. In particular, for the
modes involving the vector p(770) and the axial-vector
a,(1260) mesons, the fully differential angular distribu-
tions when rho decays into two pions and a; decays into pz
represent an important source of information, due to the
wealth of observables that can be analyzed. Such observ-
ables are all correlated and are able to provide coherent
patterns within SM and its possible extensions. The differ-
ent parities of the two mesons act as a filter for new physics
(NP) operators, which is one of the prime motivations for
their consideration. In addition, the a; — pz mode has the
peculiarity that the longitudinal and transverse p polar-
izations are involved, increasing the plethora of observables
on which to focus the experimental analyses. Our NP
extension includes lepton-flavor dependent operators, and
the comparison with the effects of corresponding b — ¢
operators could shed light on the structure of the observed
LFU violating effects.

In Sec. II, we introduce the semileptonic b — u effective
Hamiltonian with the inclusion of new scalar, pseudoscalar,
vector, and tensor operators weighted by complex cou-
plings. Such operators affect the B transitions to two leptons
and to 7£7, and both channels can be exploited to bound the
effective coefficients. In Sec. III, we construct the fully
differential decay distributions for the B — p(zz)¢~ v, and
B — a,(pr)¢~v, modes, computing the sets of angular
coefficient functions in terms of the hadronic matrix
elements involved in the transitions. We also consider the
large energy limit for the light mesons, which allows us to
express the angular functions in terms of a small number of
hadronic form factors. In Sec. IV, we analyze several
observables in B — p(zn)¢~v, at a benchmark point in
the parameter space of the new couplings, to scrutinize their
sensitivity to the different new operators. In particular, we
focus on the angular coefficient functions and on combi-
nations for which the new operators would exhibit the largest
effect. In Sec. V, we elaborate on the a;(1260) mode; in
such a case, the uncertainties on the sets of hadronic form

factors are large and still need to be precisely assessed.
Nevertheless, we present a numerical analysis of a few
observables, to show the sensitivity of the a; mode to NP, but
the main focus is on the analytic results and on the outcome
of the large energy limit, to explain the complementarity
with the p mode. The last section contains a discussion of the
interesting perspectives and the conclusions. In the
Appendixes, we collect the definitions of the hadronic
matrix elements and the expressions of the angular coef-
ficient functions for the two modes.

II. EFFECTIVE b — u?~v, NP HAMILTONIAN
AND IMPACT ON B MESON PURELY
LEPTONIC AND SEMILEPTONIC
PION MODES

New physics contributions to beauty hadron decays can
be analyzed within the Standard Model Effective Field
Theory. If the NP scale Ayp is much larger than the
electroweak (EW) scale, all the new massive degrees of
freedom can be integrated out, obtaining an effective
Hamiltonian in which only the SM fields appear and
which is invariant under the SM gauge group. This
Hamiltonian contains additional operators with respect to
the SM, suppressed by increasing powers of Ayp. The
contribution O(A%NP) includes dimension-6 four-fermion

operators [46].

To describe the modes B — M /"0, with M, a light
meson comprising an up quark, we consider the effective
Hamiltonian

Hbgut =j§vub{<1 el (i, (1= 75)b) @ (1~ 5)we)

+es(@b)(£(1=ys)ve) + €5 (aysb) (2 (1= ys)vy)
+ef (o, (1= y5)b) (o (1 —ys)ve)} + He.,
(1)

consisting in the SM term and in NP terms weighted by
complex lepton-flavor dependent couplings ef;.S‘P’T. Vo
and e{} are independent parameters, since the product
V(1 +€5) is not a mere redefinition of the SM V.
We assume a purely left-handed lepton current as in the
SM, an extensively probed structure. We exclude the quark
right-handed vector current, since the only four-fermion
operator of this type, invariant under the SM group, is
nonlinear in the Higgs field [47—49].%

The couplings of the NP operators in (1) are constrained
by the measurements, in particular on the purely leptonic
B~ and semileptonic B — #£~7, channels. Indeed, the
B~ — £, decay width obtained from H’;"“" in Eq. (1)
reads

2Right-handed currents are investigated in Refs. [38,39,41].
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2 22,3 2\ 2
F(B_ N f_ﬂg) _ GF‘Vub| meB (1 _m_2f> (ﬂ)
R4 my mg
m 2
1+e)) +—L2—eb) 2
x( +€v>+mb+mu€P (2)
with the decay constant f defined as
(Olay,ysb|B(p)) = if - (3)

dar .
72(B—>ﬂ'f_l_/f) =

GE|Vup A2 (. m

The EW correction to (2) is tiny. This mode is insensitive to
the NP scalar and tensor operators. The pseudoscalar
operator removes the helicity suppression, which is effec-
tive for light leptons, with a consequent stringent constraint
for the effective couplings e5".

The semileptonic B — n£~1, decay distribution in the
dilepton mass squared ¢>, obtained from Eq. (1) para-
metrizing the weak matrix element in terms of the form
factors f;(q*) = f2="(¢*) as in Appendix A, is

dq 128m3n’q?

A ) 14 )7 ) +

2q2
T3

with 4 the triangular function. In this case, the pseudoscalar
operator does not contribute.

As in the Hamiltonian (1), in Eqs. (2) and (4), the
CKM matrix element V,, appears in the combination
V(1 + €). The lepton-flavor dependence of the effective
couplings would manifest in different determinations
of V,;, from channels involving different lepton species.
|

—(B—nt"v,) =

(14 €§)fo(q?) +4——C—el fr(q?)

dE 64myn’q*

X {‘mf(l +€f) +

1
A )3 e

with ¢?> = m% + m2 — 2myzE. While the full kinematical
m 2 2

2 (1+55=7%). Eq. (5) only
holds for large E ~™. This expression is useful if the

distribution is independently measured for the three
charged leptons, since the ratios

range for E is m, < E <

dR(z)?C  dU dr
(—ﬂ:): (B—>71'f l/f)/d—E

T (B — at""0p) (6)

are free of hadronic uncertainties in this limit, and
only involve combinations of the lepton-flavor dependent

. !
couplings ei"; T

GEHVup P22 (m, . ¢°) (1

2,0
qg-€g
my, —m,

1 3
( +€V)+mB€T

2 (1-3)
q2

el
x{‘mf(l—l—eé)—l- 2
my, —m,

2

(m, = m2213(e?)

2 2

4q ¢ 2
mg +m”€TfT(q )

1}
[

We discuss below how the experimental measurements
constrain the parameter spaces.

Continuing with the semileptonic mode to the pion,
in the large energy limit of the emitted pion, using
Eq. (A13) for the weak matrix element, the decay
distribution is expressed in terms of a single form factor
£, [50,51],

mB—i—m,,

2\ 2
m
——5) 2(E)
q

2 m2 + m2 — g2\ 2
(= mzp (MBI

mp
42 2 2 4
M v “q (1+€) + _fei;
mpg

o

III. FULLY DIFFERENTIAL ANGULAR
DISTRIBUTIONS FOR B — p(—znr)f v,
AND B - a,(—pr)t v,

The main sensitivity to the new operators in (1), in
the modes B — p(—zx)f~v, and B — a,(—pr)t~iy, is
in the four-dimensional differential decay distribution
in the variables ¢*> and in the angles 6, 6y, and ¢
described in Fig. 1. For the p mode, the distribution is
written as®

*Other angular structures appear in the differential distribu-
tions if a quark right-handed vector current is included in Eq. (1).
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d*T(B — p(— nx)t"vy)
dg*d cos@d¢ dcos 0y,

2\ 2
=N,|p,l (1 - %) {If sin?0y + I .cos*0y + (I5.sin*6y + I cos*Oy) cos 20

+ I5sin*@ysin®6 cos 2¢) + I sin 20y sin 20 cos ¢ + 1% sin 20y, sin O cos ¢
+ (If,sin*0y + 1% cos*0y) cos O + I sin 20y sin O sin ¢}, (7)

2 2
it , = o
the relation of the coefficient functions to the hadronic
matrix elements, has been computed in the narrow width
approximation, resulting in a factorization of the produc-
tion and decay amplitude of the intermediate vector meson.
The factorization is connected to the procedure adopted in
the experimental analyses to select the contributions of the
intermediate resonances [52].4 A rrz contribution consid-
ered as an improvement of the narrow width approximation

|

. This expression, together with

d'T(B — a\(= p1ym)¢ Dp)
dq?d cos Odgpd cos 6y,

— M©)5, | (1 -

I

(NWA) has been investigated through the computation of
the B — zz matrix elements in the kinematical regime of
small dipion invariant mass and large energy, concluding
that it represents a small effect [S6-58].

For the a;(pz) channel, it is useful to provide the
expressions for the modes where the final p is transversely
(py) or longitudinally (p)) polarized, as specified in
Appendix B. The expression of the four-dimensional
distribution amplitude is

m2\2 ,
q_zf) {13y ysin®0y + 17 1) (3 + cos 20y)

+ (I;;H(l)sinzﬁv + 15, 1) (3 + cos 20y)) cos 20

. 2 . 2 . .
+ ’?,‘\\(Lﬁm 0y sin’0 cos 2¢p + IZ.,]H(L) sin 20y, sin 20 cos ¢

a . .
+ IS,IH(L) sin 26y, sin @ cos ¢

+ (I;’;_H(l)sinzev + It 1) (3 + cos 20y)) cos €
+ I;l,IH(L) sin 20y sinfsin ¢}, (8)

| referring to the two p polarizations.
The coefficients N \a\l(L) read N/ la‘fl) = 36%“/11;‘2:57(:;]‘;5 H(M).
The separation of the p polarizations is an experimental
challenge, which is justified in view of the different
sensitivity of the angular coefficient functions to the NP
operators. The unpolarized case is recovered by combining
the expressions for the transverse and longitudinal p
polarization. The NWA has been adopted also for the
computation of the distribution (8) with the derivation of
the relations of the angular coefficient functions in terms of
B — a; matrix elements. This is a more debatable pro-
cedure than for the p channel. Its motivation relies on the
assumption that the experimental analyses can constrain the
pr invariant mass in a narrow range around the a; peak,
separating the production and decay process of the inter-
mediate resonance. Going beyond such a limit would
require considering the pz invariant mass distribution, with
the B — a; form factors extrapolated to different values of
such a mass, with uncontrolled uncertainties. On the other
hand, considering the three pion final state would include

with the subscripts L,

*Studies of the B,4 mode are in Refs. [53-55].

FIG. 1. Kinematics of the decay mode B — p(z7)¢ 0y
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contributions from several resonances of various spin
parity, affected in different ways from the NP operators
when produced in semileptonic B modes.

The angular coefficient functions /7 and ¢! in Egs. (7)
and (8) can be written as

I; = 14 ey PIM + |exPINX 4 |er 20T
+ 2Re[ex (1 + €)[INTX + 2Re[er (1 + ;)| INTT
+ 2Refexer | N (i=1,...6),

I; = 2Imfex (1 + €))7 + 2Imler (1 + €;)]17 "

+ 2lmlexe; 1N, (9)

with X = P in case of p and X = S in case of a;. The

coefficient functions /3™, IN?, and I'NT, expressed in terms

of helicity amplitudes, are collected in Tables II-IX of

Appendix B, together with the relations of the helicity

amplitudes to the hadron form factors.

Examining the angular coefficient functions and their

expressions, several remarks are in order:

(1) With the exception of /5, all angular coefficient
functions do not vanish in SM and are sensitive to
€y. Apart from such a dependence, we can identify
structures useful to disentangle the effects of the
other S, P, and T operators. In B — pfv,, the

functions 17,15, 15.. 15, I}, I, do not depend on
€p, as it can be inferred from Table III, and are
sensitive only to the tensor operator. We denote these
structures as belonging to set A, while set B
comprises the remaining ones. An analogous sit-
uation occurs for the corresponding quantities in
B — a,(p|n)¢vy, which do not depend on eg
(Table VI), while in B — a,(p, 7)£D,, the functions
Iy Ly Il 15 TG TG are insensitive to
the scalar operator (Table VII).

(2) In the absence of the tensor operator, the p and a;
modes give complementary information on the pseu-
doscalar P (in the p channel) and scalar S (in a;)
operators, together with the purely leptonic mode
(sensitive to P) and B — 7 mode (sensitive to S).

(3) There are angular coefficient functions that depend
only on the helicity amplitudes H, not on H, and
H,. These affect observables corresponding to the
transversely polarized W, hence to transverse p in
B — pfv, and transverse a; in B — a,¢v,. Such
observables depend on €7, not on €p (in the p mode)
or €5 (in the a; mode).

(4) In the large energy limit of the light meson, the form
factors parametrizing the B — p(a;) weak matrix
elements can be written in terms of two form factors,
& (&) and éﬁ (éﬁ‘ ), defined by the relations (A14)
and (A15). In this limit, several angular coefficients
depend only on the form factor £, ; others involve

both £, and ;. The coefficients depending only on

E(E) are:
(a) in the B — p(770) mode: I,
(b) in the B — a(1260) mode:
(i) for final p longitudinally polarized, /
IZ;',H’IZ}H’ and Ig;“,
(i) for p transversely polarized, 17, .15 .
15}, and Ig. | .
When a single form factor is involved, ratios of coefficient
functions are free of hadronic uncertainties (in the large
energy limit).

The conclusion is that, measuring the differential angular
distribution and reconstructing the angular coefficient func-
tions, it is possible to define sets of observables particularly
sensitive to different NP terms in (1). This would allow us to
determine the new couplings €/ and carry out tests, e.g., of

LFU, comparing results obtained in the x4 and  modes.

PP P
L, I5 and I ;

ay
1.’

IV. CONSTRAINTS ON THE EFFECTIVE
COUPLINGS AND B — p#£-7, OBSERVABLES

We want to present examples of the possible effects of
the NP operators in (1) in B — p£~1,, identifying the most
sensitive observables. For that, we constrain the space of
the new couplings using the available data and a set of
hadronic quantities. More precise experimental measure-
ments or more accurate theoretical determinations of the
hadronic quantities, when available in the future, will
modify the ranges of the couplings, but the strategy and
the overall picture we are presenting will remain valid.

The couplings €}, €}, ¢} are constrained by the mea-
surements B(B® — zt¢7p,) = (1.50 + 0.06) x 10~* and
B(B® - pt¢70,) = (294 4+0.21)107*  [59], together
with B(B™ - u™0,) = (6.46 2.2+ 1.60) x 10~ (and
90% probability interval [2.0,10.7] x 10~7) [60]. For e
and 7, the results for the purely leptonic modes
are B(B~ — e 7,) <98x 1077 and BB~ - t77,) =
(1.09 £ 0.24) x 10™* [59]. The upper bound B(B’ —
ztTtTr,) <2.5% 10~* has also been established [61]. We
use the B — x form factors given in Appendix C, obtained
by interpolating the light-cone sum rule results at low ¢?
computed in Refs. [62,63] with the lattice QCD results at
large values of g> averaged by HFLAG [64]. For the B — p
transition, we use the form factors in Ref. [65], which
update previous light-cone sum rule computations [66]
and extrapolate the low ¢ determination to the full
kinematical range.

In the case of y, the parameter space for the NP
couplings, displayed in Fig. 2, is found by imposing that
the purely leptonic branching ratio (BR) is in the range
[2.0,10.7] x 1077 and that the semileptonic B — = and
B — p branching fractions are compatible within 26 with
measurement. The benchmark point shown in Fig. 2 is
chosen in the region of the smallest

075037-5
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1.0f
05f
=
= 00
g
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-0.5+F
-1.0F
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Re[é€y]

Im[ef]

-1.0 -0.5 0.0 0.5 1.0

Rele§]

Im[ep]

.06 L L L " " e
-0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

Re[e}]

4 : :
~0.4 -0.2 0.0 0.2 0.4

Re[e€f]

FIG.2. Allowed regions for the couplings €, €5, €k, and €. The colors distinguish the various couplings. The stars correspond to the
benchmark points, chosen in the region of minimum y% (Rele}],Im[e}y]) = (0,0), (Re[es], Imleh]) = (=0.03,-0.02),
(Re[e%]. Im[¢]) = (0.12.0), and (Re[e]. Im[¢!]) = (—0.04,0), with |V,,| = 3.5 x 10>,

3. /B _ BP\ 2
2 _ ot et S
2= () (10)

i

for the three modes, varying |V,,| in [3.5,4.4] x 1073.
Specifically, in the region of smallest y?, we have selected
the points in the parameter space having €, = 0 and all the
other eﬁ # 0, with A = S, P, T. Our benchmark point is the

0.5F

Iml[ep]

-0.5r

s

FIG. 3.
(Re[en]. Im[e5]) = (0.01,0) and (Re[eZ]. Im|e5]) = (0.12.0).

one minimizing y>. We set €}, =0 to maximize the

sensitivity to the other NP couplings.

For the 7 modes, due to the smaller number of exper-
imental constraints, we consider a limited parameter space
setting €}, = 0 and €§ = 0 from the beginning. The region
for €}, in Fig. 3 (left panel) is constrained by imposing the
compatibility of B(B~ — 77D,) with measurement. We

have checked that % lies within the experimental

Iml[e7]

-
<

Re[€7]

Allowed regions for the couplings €}, and €%.. The stars correspond to the benchmark points chosen setting €j, = 0 and €§ = 0:

075037-6
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range when ¢}, and ¢/ are varied in their ranges. The region
for €% (right panel) is obtained by imposing the exper-
imental upper bound for B(B® — z*7~1,) together with the

for the 7 modes are in Figs. 7 and 8; /75 vanishes since at the
chosen benchmark point all the NP couplings ¢* are real.
Also in this mode, the coefficient Igc has a zero not

.. BB’ =zt o,
limit for Rﬂ. = B((BTJTE“))

set the range for €7, with the parameters for the muon fixed
at their benchmark values; then, we fix a benchmark point

appearing in the SM.
The measurement of the angular coefficients functions
allows us to determine the new couplings. Let us consider

. In the wide resulting region, we

) the ratios

to provide an example of NP effects.

We can now compare observables in the SM and NP. The I’ (qz)
angular coefficient functions I, I5, I, 15, I, and 17, Rgs/ls(qz) = /2)“ 5 (11)
independent of ¢p, are shown in Fig. 4, setting ¢} at a Iy (a°)
benchmark point. The zero in 15 (g?) is absent in the SM o2
and appears in NP. The other coefficient functions are Rl (%) = 2s,\|(q ) (12)
drawn in Fig. 5, and also in this case, there is a zero in 2s/1s 7 H(qz)’
17 .(g*) which is absent in the SM. The function I vanishes ’
in the SM and is only sensitive to the imaginary part of the  and RZ;/”]S = R;l/t In the SM, R) /1 is form factor

NP couplings; it is shown in Fig. 6. The angular functions  independent. In NP, it is still form factor independent in

t=p t=p t=p
' : 250" . . : — : : .
Y B sMm of
_ 600». SM+er _ 200 M SM+er 1 _ 100l
> %> 1s50f T
2 400 > 3 -200f
<) 2 100t 1 = _300f
. " o
' 200} &' 50F / < ool
I sM
-500F
ol e W SMeer ‘ ‘ ‘
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
¢* [GeV?] ¢* [GeV?] ¢* [GeV?]
t=p t=p t=p

-100F
-200F
-300F
-400F
-500F
-200f[ SM -400tm sm 1 -600FH SM
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FIG. 4. B — p(nn)u~b, mode: angular coefficient functions I (g?) in set A, for the SM and NP at the benchmark point. A zero in
15 (¢*) appears in NP.
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FIG. 5. B — p(nn)u~0, mode: angular coefficient functions (set B) I, (¢*) (left), I2(¢*) (middle), and I¢,(¢?) (right) for te SM and
NP at the benchmark point.
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4 o the large energy limit, where /5 and /7, depend on &]. As
[ NP 1 shown in Fig. 9, the ratio (11) has a zero in the NP, not in
g
[ | the SM, of which the position qg’ » has a weak form factor
3t ] effect and depends only on |¢7]. In the large energy limit,
T we have
]
S 2 ] 2 2 .2 2 2.2
- e = 90, A(mB’mP’qo,p) + 2mym; (13)
[ ] T — 2 2 2 2 2 2"
1L ] 16m A(mig, my, ‘Io,p) +2q5,m;
Analogously, for the (a;); mode [and for (@), consider-
[ ] gously. I 1L
o} ‘ ‘ ‘ M ing Ryeyr.] we have
0 5 10 15 20
2 2 .2 2 2.2
¢ [GeV?] v Goa, Amgomg . qg, )+ 2mpmg,
CAES 2 2 2 2 2 2 (14)
- . . 16m3/1<m3vma1’40a1) +2q0a1ma1
FIG. 6. B — p(az)u~0, mode: angular coefficient function ' '
I5(¢*) in NP with the pseudoscalar operator at the
benchmark point.
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FIG. 7. B — p(znx)t~0, mode: angular coefficient functions 7/ (g?) in set A for the SM and NP at the benchmark point.
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FIG.8. B — p(nr)t b, mode: angular coefficient functions (set B) I7,(¢?) (left), I2(¢*) (middle), and 1%, (¢?) (right) for the SM and
NP at the benchmark point.
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FIG.9. Ratio RS, /15 in (11) the modes B — p(an)u~, (left) and B — p(xx)r~p, (right), in the SM and NP with the tensor operator at
the benchmark point. The dashed lines correspond to the large energy limit result (extrapolated to the full g> range).

The positions of the zeros in two modes are related, see
Fig. 10, and their independent measurement would provide
a connection with the tensor operator.

Another suitable quantity is the angular coefficient
function I%. shown in the right panel of Fig. 5 in the
SM and NP, which is sensitive to ey, €p, €7. At our
benchmark point, e, ~ 0; hence, we keep only the ep and
er dependence:

()] mo = (—2127) {4Hﬁm; ~ RelegJHY [

mge
+ 4Relep| HY —— 2
[ P} Omb +m, 9
(4)" ]

NP,
— H, "Relepes]
my, + my

(15)

Considering the ¢> dependence of the helicity amplitudes
in Appendix B, we have the following possibilities:
(i) No NP, ie., ¢p =€y =0. In this case, If, =
—8H? HymZ does not have a zero, as shown in Fig. 5
(right panel).

gof T
550

5.0

3.4, [GeV?]

4.5}

4.0f

5.0 5.5 6.0 6.5
qﬁ, P [GeV?]

4.0 4.5

FIG. 10. Relation between the position of the zeroes q% of
the ratios (11) and (12) for the B — p and B — a; modes,
respectively.

(i) NP with ez = 0 and ep # 0. lelis gives (I¢,)|c,~0 =
(—8H?H{ym,)[m, + Relep] —1—], with a zero at

my+m,

_my, 4 my, 1

% = my Relep]’ (16)

This position is form factor independent; its meas-
urement would result in a determination of Re[ep].
In the left panel of Fig. 11, we show /%, enlarging the
region where the zero is present for the benchmark
Relep], and in the middle panel, we display g3 vs
Re[ep] in the whole range for the coupling.
NP with ep =0 and ey #0, and (I7.)].,~0 =
(=2H?)[4HOm? — Reler]H) "my\/¢?). The zero
is present if Reler] > 0. The position has a form
factor dependence, as shown in Fig. 11 (right panel).
NP with both €p # 0 and e # 0. In this case, both
real and imaginary parts of €, and e are involved.
One can notice from Fig. 5 that it is possible to have
two zeros, nearly coinciding with those found in the
previous two cases.

Integrating the four-dimensional differential decay
distribution, several observables can be constructed:

(i) g*>-dependent forward-backward (FB) lepton asym-

(iif)

@iv)

metry,
! d’T
A 2) = dcos ————
(7 {A o8 dg?dcos 6
0 d’r dr
—/ dcos@———1 / —, (17)
- dg dcos@|/ dq

which is given in terms of the angular coefficient
functions as

_ 3(16 + 215,)
61, + 1210, =215 — 41} "

AFB(qz)

(18)
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FIG. 11. B — p(zr)u~b, mode: coefficient function I¢, (¢*) (left) and position ¢§ varying Re(ep) with ez = 0 (middle panel) and

Re(er) with ep = 0 (right).

(i1) Transverse forward-backward (TFB) asymmetry, the
FB asymmetry for transversely polarized p, reading
in terms of the angular coefficient functions as

315,

Alg(q*) T T (19)

For ¢ = p, the asymmetries Apg and AL are shown
in Fig. 12, and for £ = 7, they are shown in Fig. 14.
In the case of NP, the zero of Agg in the 7 mode is
shifted. Moreover, ALy is very sensitive to the new

Fy(B— pp0,) s =0.52£0.15
Fr(B = pu D) s =0.48+0.11
) B i (V] )2
B(BO_)p+” Uﬂ)|SM:(337i052)X10 4x (WO;S ’
(20)

F (B— pt7,)|gy =0.50+0.13
Fr(B = pr,)|gy = 0.50£0.12

- Vv 2
B(B® = p*271,)|gy = (1.80 £0.25) x 1074 x <|b|> .

operators, and in the case of 7, it has a zero not 0.0035
present in the SM. This is related to I%, with a zero (21)
in NP and not in the SM.
(iii) Observables sensitive to the p polarization. We For the B — 7 mode, we have
consider the differential branching ratio for longi- ,
tudinjally L) ;md transversely (T) polarized p as a B(B _)”+M_Dﬂ)|SM —(1.540.1) x 10~ x ( Vbl >
function of ¢~ or of one of the two angles 6, 6y: 0.0035
dBrr)/dg*, dBpr)/dcos8 and dByr)/dcosby. Vi \2
BO -7 — —4 b
These observables are depicted for # = u and for B(B” = 777 0;)|sm = (0.92£0.06) x 107 x <0.O(u)35> '
¢ = 7 in Figs. 13 and 15, respectively.
Among all these quantities, the ones corresponding to (22)
transversely polarized p depend only on €7, as stressed in .
the legends of the corresponding figures. The ratios
Integrating the distributions, we obtain in the SM the B(B _ B(B
longitudinal and transverse polarization fractions and the R,= <_ - l_/ 0 , R,= (_ i) (23)
branching fractions: B(B — nt"v,) B(B )
l=u
0.0 T 0.0 ™
W SM ‘3\\
-0.1 1 SM+NP o2l \‘\\“\
-0.2
< < -04
E 03 o
< <
-04 —0.6'L
-0.5 o8l
065 5 10 15 20 0 5 10 15 20
¢ [GeV?] ¢ [GeV?]

FIG. 12. B — pu~ v, mode: forward-backward lepton asymmetry (17) and (19) in the SM and NP at the benchmark point.

075037-10



PROBING NEW PHYSICS WITH ... PHYS. REV. D 100, 075037 (2019)

25 e = 35 n
& W sM 15t ' W SM ol B SM B SMNP
5 20} B SM+NP B SM+NP .
% 'S S 25
<) 1 —
= x 10f x  20f
s < S 15f
— w2 » )
x Q] 8 A g
=8 5 <| g 10f
zr_,'s o ° = 5f
=}
s OF ofF
0 5 10 15 20 -1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
¢* [GeV?] cos 0 cos Oy
=u
25
& W SM
'> 2.0 SM+er
3 'S
o =
n X
> 5~
- W=
x 8 §
k-
-1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 05 1.0
¢ [GeV?] cos 6 cos Oy

FIG. 13. B — pu~, mode: distributions dB;/dq?, dB;/dcos6, and dB;/dcos@y (first line) and dB;/dq*, dBr/dcos6, and

dBy/dcos 0y (second line), with B = B/B(p — zx), in the SM and NP at the benchmark point.
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FIG. 14. B — pr~0, mode: asymmetries (17) and (19) in the SM and NP at the benchmark point.
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FIG. 15. B — pr i, mode: distributions dB; /dq?, dB;/dcos, and dB,/dcosy, (first line) and dB;/dq?, dBy/dcos6 and
dBy/dcos 0y (second line), with B = B/B(p — nx), in the SM and NP at the benchmark point.
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TABLE 1. Ratios R, and R, in Eq. (23) in the SM and in NP at
the benchmark point.

SM NP (benchmark point)
R, 0.60 £ 0.01 0.75 £0.02
R 0.53 +£0.02 0.49 £0.02

are modified by the new physics operators in (1). The
results in the SM and NP are collected in Table I, with
the errors obtained by considering the uncertainties in the
hadronic form factors. The deviations are correlated when
the new operators are included in the effective Hamiltonian,
and, as shown in Fig. 16, large effects are possible in
corners of the parameter space of the new effective
couplings.

Concerning R, in the SM, the value R, = 0.641(17) is
obtained using lattice form factors at large ¢ [67], the
range [0.654, 0.764] is found in Ref. [68], R, = 0.7
together with R, ~0.573 is found using form factors
computed in perturbative QCD [69], and R, ~0.731 and

Sf
f : i N « Re[e4]>0 & Re[€}]>0
3 i 5 . * Re[e#]<0 & Re[€}]>0
& . ¢ AR . « Re[!]>0 & Re[€l]<0
2oEeF & Re[€f]<0 & Re[€f]<0
& A e
LA ¢ S 1 e sMm
P
[ . BP
O F L . . =
0.5 1.0 15 2.0
R

FIG. 16. Correlation between R, and R, in Eq. (23) with only
the tensor operator added to the SM effective Hamiltonian. The
colors correspond to the different signs of Re(¢e%) and Re(€%) in
the full range of the parameter space. The red and brown points
are the SM and NP results at the benchmark point, respectively.

R, ~0.585 are quoted in Ref. [70]. The effect of a new
charged Higgs reduces the SM result for R, and R, [71].
Considering a single NP operator per time, values for R, up
to about four are obtained in Ref. [68], the range [0.5, 1.38]
is found in Ref. [69], while the inclusion only of the

= t= l=u
H sM B sMm
E 0.
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—_ — -200}
% 600} 1 % ts0f =
@ @ $  -400f
< 400l 1 2 100t 2
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2 2
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0= N 100} _
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QS _200} N\ © _so0f S
g -300f §F -400} ?—;
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= ]
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FIG. 17. B = q, (pHﬂ)/fz‘/” mode: angular coefficient functions in (8) for the SM and NP at the benchmark point, using the form
factors in Ref. [82]. The bandwidths are due to the uncertainty in the set of form factors.
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pseudoscalar and scalar operators in the effective

Hamiltonian gives R, € [0.5,1.2] [49].

V. REMARKS ABOUT THE
MODE B — a,(1260)¢~ 7,

As for B — p(nn)¢~v,, the channel B — a,(pr)¢ v,
can be numerically analyzed in the SM and in the NP
extension (1) using the same benchmark points for the
couplings ei,s,r and the expressions for the angular
coefficient functions in terms of the form factors.
Exclusive hadronic B decays into a;(1260) have been
analyzed at the B factories considering the dominant a; —
pr mode. In particular, B® — a,(1260)*zT have been
scrutinized by the BABAR and Belle collaborations to
carry out measurements of CP violation [72-74].

Observation and measurements of the semileptonic B —
a; mode are within the present experimental reach, in
particular at Belle II. The theoretical study of B — a,£" 1,
requires an assessment of the accuracy of the hadronic
quantities. The B — a, form factors have been evaluated by

of the uncertainties has not been done so far. To present
numerical examples, we use the set of form factors in
Ref. [82], for which the uncertainty of about 20% is quoted.
The angular coefficient functions, for the 4 and z modes
and for both the p polarizations, are depicted in Figs. 17,
18, 19, and 20. In general, the hadronic uncertainties
obscure the effects of the NP operators, confirming the
necessity of more precise determinations. Nevertheless,
there are coefficient functions in which deviations from SM
can be observed, namely, I‘zl;,”(qz), IZLH(qZ) (Fig. 17) and
15! | (¢*) (Fig. 19) for the y channel and I'II;'H(qz), Ig: | (%)
(Fig. 18) and I!, (¢?). Ig. , (¢*) (Fig. 20) for the z mode.
On the other hand, the forward/backward lepton asymmetry
shows sizeable deviations from SM in the case of 7, as
shown in Fig. 21.

In the ratio R, = 75 ((g:;ll‘;:Z;)), the form factor uncertainty

1s mild. We obtain, in the SM and for NP at the benchmark
point,

. . . SM _ NP _
different methods [75-84], but a comparative evaluation R =044 4007, Ry = 0.67+0.12. (24)
t=1 t=t o t=1
1500w sm 200 B SM
B SM+er M SM+er ~100}F
= 1000} T 150} L -200}
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FIG. 18. B—a 1 (pw)7" D, mode, angular coefficient functions with the same notations as in Fig. 17.
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FIG. 19. B—a(p L7)u~ D, mode, angular coefficient functions with the same notations as in Fig. 17.

The individual branching fractions in the SM, in this model
of form factors, are B(B — aju~0,) = (3.0 £ 1.7) x 10~
and B(B - a7yt 7,) = (1.34+0.6) x 107 [82].

We can now summarize the synergies between the
various considered modes to provide possible evidences
of NP in semileptonic b — u transitions:

®

(ii)

The presence of the tensor structure in the effective
Hamiltonian can be established independently of the
presence of the other operators, looking at deviations
of the observables that depend only on €7. These are
the observables involving transversely polarized p
and a;. Moreover, it is possible to tightly constrain
le7| looking at the zero of the ratios defined in
Egs. (11) and (12). A correlation between the
position of the zero in the p and a; modes should
be observed, as in Fig. 10.

If a pseudoscalar operator is present, without other
NP structures, deviations should be observed in
leptonic B decays and in the semileptonic decay
to p, not in semileptonic decays to z and a;.
Determining the position of the zero in %, allows

(iif)

@iv)

075037-14

us to constrain Re[ep|. Zeros should not be present
. a

in / 6. |"
If a scalar operator is present, without additional NP
structures, deviations should be observed in semi-
leptonic B decays to z and a;. In particular, a zero

a4 -
would be present in I¢, , not in fg..

The simultaneous presence of all the operators
would manifest in a more involved pattern of
deviations. However, such deviations are correlated
in the two modes, and the pattern of correlation can
be used to assess the role of the various new terms
in (1).

Precise measurements of modes with final = provide
new important tests of LFU. The determination of R,
and R, would give information on the relative sign
of Re[¢;] and Re[e%], as shown in Fig. 16. In the a;
channel, deviations are also expected. However, in
this case, the reconstruction of the modes with 7 is
challenging; for example, using the three prong
channel for the 7 reconstruction implies considering
a final state comprising six light mesons.
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FIG. 20. B — a,(p,x)t i, mode, angular coefficient functions with the same notations as in Fig. 17.
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FIG. 21.

VI. CONCLUSIONS

The questions raised by the anomalies in b — ¢ semi-
leptonic modes call for new analyses on the CKM sup-
pressed semileptonic b — u modes, for which precise
measurements are expected. We have considered an
enlarged SM effective Hamiltonian including additional
D = 6 operators and looked for the impact of the new terms

=1

04

Afh()

W SM+NP

-04 4 6 8

10
7 [GeV’]

B — a,¢" v, mode: FB lepton asymmetries for # = u (left) and 7 (right).

on B = p(nn)¢~v, and B — a,(px)¢~0,. We have con-
structed the four-dimensional differential distribution for
both the modes, finding that they are sensitive to different
NP operators. The different quantum numbers of light
mesons in the two processes act as a selection on the
contributions of the NP terms; therefore, the two modes
provide complementary information about the role of the
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new operators in Eq. (1). This motivates their consider-
ation. We have constrained the parameter space of the
effective coupling constants from current data on purely
leptonic and semileptonic B modes into a pseudoscalar
meson and considered the impact on B — p#~0,. Among
the various observables, we have found that a few angular
coefficients present zeros that do not appear in the SM, the
observation of which would represent support toward the
confirmation of NP effects. We have defined integrated
decay distributions, useful for comparing the modes into
and 7z, with the aim of further testing LFU. In the
perspective of precision analyses, the theoretical error
connected to the hadronic matrix elements represents a
sizable uncertainty needing to be reduced, in particular for
the a; mode. The combination of different determinations
based on QCD (QCD sum rules and lattice QCD), obtained

|

in their respective domains of validity, can be a strategy for
reducing the theoretical uncertainty. The large energy limit,
in which the number of hadronic form factors is reduced,
also represents a way to analyze these two modes. The
possibility of finding deviations from the SM fully justifies
the careful scrutiny of such promising processes.
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APPENDIX A: HADRONIC MATRIX ELEMENTS

For the M,, = n" meson, the weak matrix elements are
written in terms of form factors as follows,

2 2 2 2
mg —m my — my

(z(p')|ay,b|B(p)) = f5"(q*) | pu + Pl — % a.| + 157"(¢*) —L—5"4q,

(n(p")|ab|B(p)) = f5~"(q*)

q

_ _ .2fB—>7z q2
(i biB(p) = 2L, — )
_ B 2fB—>ﬂ(q2) "
(z(p")|ac,,rsb|B(p)) = _m;ﬁeﬂuaﬁp p”, (A1)

where €°'%* = +1. The relation f5-7(¢*) = pras—— A

il B=7(4%) holds.

For M,, = p™, the various matrix elements, expressed in terms of form factors (with e the p polarization vector), read

2vB—>/) <q2)

(p(p'.€)liy,(1=75)b|B(p)) = My +m

ieﬂuaﬁe*vpaplﬂ

. _(e"-q) - (€ q) 5—m; -
_{(mB—i_m/’){eﬂ_ e 9y A? ’(¢%) mg +m (p+ 1), ~ ? 4y Ag "(q%)
P
2m N
e ) Al @) ). (A2)
with the condition AJ”(0) = "% AP~ (0) — "2~ AP (()), and
/ — 2 2mp * B—p/ 2
(p(p'.€)|uysb|B(p)) = ———— (" - q)Ay "(q°) (A3)

my, +m,

(p(p'.€)|ac,,b|B(p)) = qu”(qz)m

_ - o Bsp € -q
p(p',€)|ac,,ysb|B(p)) = iT§ " (q*) ————
(v NiorshlB(p)) = 113 (@) (s

+iT5 " (q%) (ples

—€,p)).

q 4 B— 1P B— Py
)2 e;wa/}p( p/ﬂ + Tl p(qz)e;waﬂp( € b + TZ p(qz)e;waﬂp/( € b (A4)
P

.B—p * *
5 (Pupl = Pupy) + 1T (@) (pues — €ipy)

(AS)
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For M, = af, we use the decomposition:

; 2457 (¢)
/, - 1= b|B — ; " KU O I
(@1, (1 =15 IB(P)) = g
. 5*"1 —a
+{<mB+ma1)|:€/4_( qz )Qﬂ]vf 1(q2)
_ (e7-q)

m% —m? 2m
4 n _ B ap VB—ml 2 + et . ap VB—»al 2} A6
() = VI )+ ) TR )| (a6)

with the condition V5~ (0) = 2 Ma yB=ar () _ MM yB=a ) ang

2ma Zma
/ — 71D 2ma| * B—ay 2
(a\(p',e)|ab|B(p)) = ———(e" - q)Vy “(q°) (A7)
my, —my,
(@ (P, )io, bIB(p)) = T~ () — "L (p, 0}~ p,1})
(mp +myg )> "0
TP (@) (pues — €xp,) + T3 (q%) (Pl — €3ph) (A8)
', 6)ioysb|B(p)) = TE (g2) — 1 apylp
<a1(p €)‘u0-;w7/5 | (P)> 0 (q )(mB+mal)2€puaﬂp p
+ TV @) euapp€™? + TS (@) €uapp'*e™. (A9)

In the large energy (large recoil) limit for the light  of universal functions &;(E) [50,51]. For B — z, a single
meson, the weak matrix elements can be expressed in terms ~ form factor £,(E) parametrizes the matrix elements,

of a smaller number of form factors. We define E =
m2+m’—q>
2mp

"\ |7 R —
and m as the light meson mass. The B 4-velocity is defined ()i b|B(p)) = ZEfﬂ(E)(n_)”
from p = mgv, and n_ is a lightlike 4-vector along p’: (z(p")luo l/qyb|B(p)>:2iE£ﬂ(E)[(mB_E)(n—)ﬂ_mBUﬂ]'
p' = En_. In the large recoil configuration, for F ~ 2”, the (A10)
light quark u carries almost all the momentum of the light
meson, p,,, = E(n_) u + k. with the residual momentum
k < E. Using, e.g., an eikonal formulation of the weak  For B — p, there are two independent form factors, &| (E)
current, this allows us to express the form factors in terms  and fﬁ (E),
|

as the light meson energy in the B rest frame

/

2E‘Ej_(E) mxaﬂe (n_)avﬂ
2E{Z(E)[e; — (e" - v)(n_),] + E{(E)(e" - v)(n_),}
2E mgfﬁ_(E)ewaﬂe*”v”(n_)/}

—2E{E| (E)ymple;, — (" - v)(n_),] + & (E)(e" - v)[(mp — E)(n_), —mguv,]}. (A1)

(p(p'.€)lay,b|B(p))
{p(p'.€)|ay,ysb|B(p))
(p))

B(p))

(p(p'.€)|uc,,q"b|B(p
(p(p'.€)|uc,,ysq"b|B

p

and two independent £{' (E) and fﬁ‘ (E) for factors are also involved for aj,

= —2UEET (E)eape™ (n_) 0P

—2E{1 (E)e, — (e* - v)(n-), ) + &' (E)(e" - v)(n-), }

= 2EmpE| (E)eyyqpe™ v (n_)F

—21E{ET (E)mple;, — (€" - v)(n_),] + &' (E)(e" - v)[(mp — E)(n_), — mpv,]}.  (Al2)

(a\(p'.€)lay,rsb|B(p)
(a\(p', )|y, b|B(p)
(a\(p'.€)|0,,q"ysb|B(p)
(a\(p'.€)|@o,,q"b|B(p)

 — — -
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Comparing Egs. (A1)-(A8) with Egs. (A10)-(A12), the
relations among the form factors and their large energy
limit expressions can be worked out. For B — z, they are

PP) = 5 @) = @)
= ‘fﬂ(E)a

for B — p, they are

(A13)

mp +m —p D
Iy () = LI AT () = € ()
mpg mp
m N mpg+m o
TG = =A@
Mp =My, Bop, o p
BT 4 — &(E
My > (g% ||( )

77 (¢*) =0
757" (¢%) = 2£,(E)
To " (%) = 28 (E);

and for B — a, they are

(A14)

m . mpg+m =

AT () = VT (@) = € ()
aj
m N mg+m -
2Vo ) == VT @)

mp—m N

— Lyl () = & (E)
mp

Ty (q?) =0
Ty (¢?) = 2¢1 (E)
Ty " (4%) = 2£] (E).

The functions &,, fﬁ, and & have been determined by light-

cone QCD sum rules within the Soft Collinear Effective Theory,
using B meson light-cone distribution amplitudes [85-87].

(A15)

APPENDIX B: ANGULAR
COEFFICIENT FUNCTIONS

Here, we collect the expressions of the angular coef-
ficient functions in Eqgs. (7) and (8). The general form of the
B — V¢~b, decay amplitude, with V = p and a;,
|

_ G
A(B = VED,) ==LV, [(1 + € HSM LK

V2

+ €§HNP,SLNP,S + €£HNP,PLNP,P

+ 5 Hpy T LNPTw] (B1)

is given in terms of the quark current matrix elements

HM(m) = (V(py.e(m))|ay, (1 - v5)b|B(pg))

()T

(B2)

HNS(m) =(V(py. e(m))|ab|B(pp)) = e (m)T"

(B3)
Hi™ (m) =(V(py. e(m))|iysb|B(pp)) = e“(m)Ta""
(B4)
NPT I - 7
Hy™" (m) = (D*(pp-. e(m))[co,, (1 —vs)b|B(pp))
= ()T (B5)
and of the lepton currents
LM = 2yt (1 —ys)ve (B6)
WS = INF = F(1 =y, (BY)
LNPTw = £6m (1 — y5)vg. (B8)

In the SM, one can relate the helicity amplitudes for the V
polarization states to the polarizations of the virtual
W(q,€). In the lepton pair rest frame, they are

1

€ 0,1,+i,0), €,=(0,0,0,1), €& =(1,0,0,0).
. ﬁ( ). &= ). &= )
(B9)
This allows us to define the amplitudes
H,=&yewT,, (m=0%)
H =& e Ty (m=r1), (B10)

which can be expressed in terms of the form factors in (A2)
and (A6),

(mp +m,)*(m} —m% — g*)A(q*) — A(mp. m2, q*)Ay(q?)

Hj =

2m,(mg + mp)\/q2

H” (mp +m,)*Ai(q*) F \/A(mg. m5. q*)V(q?)
:t p—

mg +m,

Amy, m3. q%)

(B11)
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and

—(mg +my, )*(my —m3, — ¢*)Vi(q*) + Amg, m3, . 4*)Va(q*)

HY =
zmal (mB + mal) V q2
" —(mp +my,)*Vi(q®) £ \/A(my. mG, . 4*)A(q)
0 mpg + My,
Am, m . q*)
HY =Y V(). (B12)

\/?

No new definitions are needed in the case of S and P operators, since their matrix elements involve the same form factors as

in the SM. For the NP tensor operator, one defines [32]

1

NP,

R =l = 2
1

HNPo — ﬁ{[m% = m2 =2V (3, m2,

HNP,/) —4 l(mlz'?’mfz)’ q2) TB—>/)+2
L mp(mB—l—mp)2 0

NP,a,

The expressions for H | "},

For the decay B — a,(pr)¢~v,, we define the p helicity
amplitudes A, A_;, Ay for 1 =+1,—1, 0. Writing the
matrix element

(p(pyma(pz)lai(p'se)) = gie-n*)(p" - p,)

+ga(e-p,)(p -n")  (Bl4)

in terms of the couplings g; and ¢,, we have

TABLEII. Angular coefficient functions in the four-dimensional
B — p(nn)¢~ b, decay distribution, Eq. (7), in the SM.

i ™

, L(HE + H2)(m2 + 3¢7)

n. AmLH} + 2H (% + )

L, ~L(HE + H2)(m? — )

Igc 2H(2)(m% _qZ)

I 2H H_(m} - ¢%)

r Ho(H , + H_)(m? - ¢)

I —2H,(H, + H_)m% = 2Ho(H, — H )¢’
17, —8H,Hym>

I 0

2 2 2
my+m; —q
m

are obtained by replacing m, — m, and T f_)” -

B— B— B— B—,
AT+ T, )+ (T =T, ")}

PN+ T + (177 =T570)}

TV + 4m,,T§_>”}. (B13)
P
Ty
|
Pl = | &
I(ay - pr) = (| + 1), (B15)
24zxmy,
2002 102 12
where |p,| = '17(@1""”’"1”) and
ay

Ly =2A,° =2gim3, (m} + 1B, /*)
2

~ m - -
Ly = [Ao? = —5-[(m) + [P, [)g1 + 15, 9] (B16)
P

The branching ratios for p longitudinally and trans-

versely polarized, appearing in the factors N \a\l(L) in
Eq. (8), read

-

1 1pyl
[(a,)24xm?,

Blar = pjuym) = ) (B17)

APPENDIX C: B - 7 FORM FACTORS AND
OTHER PARAMETERS

For the B — x form factors defined in (A1), we use the
parametrization [88]
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TABLE IIl.  Angular coefficient functions for B — p(z)£~,: NP term with P operator, interference term SM-NP
with P operator, and NP-NP interference terms between P and T operators, Eq. (9).

i I?IPA,P I%NT,P I?NT.PT
1, 0 0 0
I 2__4q 2 _meq? 0
le 4H; ) 4H; mbim”
1, 0 0 0
1, 0 0 0
I3 0 0 0
Ji4 0 0 0
» 2 22
15 0 _Hf (H+ + H_) mr:irqmu ZHT(HEP + HI:IP) lg’li,-?—nl”
r 0 0 0
I’? ' 0 myq* (P)?
o _4H[H0 mbi({nu HtHIZIP m(fﬁrmu
° meq* 213/2
" i L HO) 2, (1Y~ )

TABLE IV. Angular coefficient functions for B — p(zz)¢~0,: NP term with T operator and interference term
SM-NP with T operator, Eq. (9).

i INP.T II_NTA,T
1 1
I, 2((HYP)? + (HEP)?](3mz + ¢7) —4(HNPH . + HNPH_Ym/ ¢
I, § (HY")2(m3 + q°) —HNP Homy\/ ¢
I 2((HYP)? + (HEP)?|(m7 — ¢7) 0
I, § (HYP)?(g* = m3) 0
4 SHYPHNP (g2 — m2) 0
I sHYP(HYP + HYP) (g — m3) 0
I —H}" (HY — HY")mj p[HYP(H —H_) +8HY(H, + Hy)
i +8HNP(H, — Ho)ms\/ g
It 8[(HY")* — (HEP)*Imy —4(HNPH . — HNPH_)m,+/¢?
Igc 0 HEPHtmf V q2
7 0 F[HYP(H +H_) - 8HY(H, + Hy)

+8HNP(H, — Hy)|my+/ ¢?

TABLE V. Angular coefficient functions in the four-dimensional B — a,(px)¢~0, decay distribution, Eq. (8), in

the SM.

i Y Y

I L(H? + H?)(m2 + 34%) 2H}mZ + H}(m? + ¢*) + 5 (HY + H%)(m% + 3¢%)
a

1 4H?m? + 2H3(m% + ¢?) 1(H% + H2)(m2 + 34?)

Iy; —3(HY + H2)(m3 - ¢%) [Hf — 3 (HY + H2)|(m3 - ¢%)

I 2H(m; - ¢°) -3 (H2 + H2)(m7 - ¢°)

' 2H . H_(m} - q%) ~H H_(m} - q*)

1y Ho(H, +H_)(m} — ¢*) —3Ho(H, + H_)(m} - ¢%)

1§‘ —2H,(H, + H_)m%-2H\(H, - H_)q* H,(H,+H_)m2+Hy(H, —H_)q*

I, 2(H: - H2)q? —4H,Homy + (H3 - H2)q?

Ig! —8H,Hym? 2(H3 — H*)g?

i 0 0
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TABLE VI. Angular coefficient functions for B — a, (pz)£~v,: NP term with S operator, interference SM-NP
with S operator, and NP-NP interference with S and T operators, Eq. (9).

) JNP.S JINT.S JINT.ST
! il il Al
I 0 0 0

a m 2
L, 0 0 0
I, 0 0 0
I 0 0 0
I 0 0 0

a m.q? 213/2
s 0 —H,(H, + H_) 2L —2H,(HYF + HNP) L=
I, 0 0 0
fe ° —AH Ho i ~HH

a mog? 213/2
I 0 —H,(H, - H_) 2 —2H,(HY? — HNP) 10
TABLE VIL.  Angular coefficient functions for B — a,(pz)¢~0,: NP term with S operator, interference SM-NP
with S operator, and NP-NP interference with S and T operators, Eq. (9).

; JNP.S JINT.S JINT.ST

il il il

a 2_ ¢ 2 _meq’ 0

Ils 2Hf (m/,zm“)2 2HT m,,iZn“

I 0 0 0

I, 0 0 0

Iy, 0 0 0

I 0 0 0

I 0 0 0

a, m.qg? 42)3/2
15 0 %Hf(H+ + H—) mhiqm“ Ht(Hﬁp + NP) 1511—)111“

a 2 2)3

Iss 0 —2H Hy 2 —HHYP L

1 g:r 0 0 0

a) m 2 23\3/2
I7 0 YH,(H, —H_) H,(HYP — HYP) o)
TABLE VIII. Angular coefficient functions for B — a,(pz)¢~0,: NP term with T operator and interference

SM-NP with T operator.

I{fﬁ’f

I{I\lf‘T T

I
I,
Iy
Iy,
I
o
1o

I
I
I

2((HE")? + (HEP’|(3m7 + ¢°)

s (HYP 2 (m7 + q°)

2((HE")? + (HY?)*](m7 = ¢°)

—g (HY") (m7 = ¢%)
—SHNPHNP (12 — o)

~HP (Y 1 BN (2 — )

—HY (Y — )

8[(HY")? — (HEP)*Jm3
0
0

A4(HYPH . + HNYH _Ymyn/ ¢*

H)"Hom, \/‘1_2
0
0
0
0

—3[HYP(H, — H_) + 8HY"(H, + H,)
+8HNP(H, — Hy)me\/q?
4(HNPH, — HNH )my/¢*
~HYPH,m\/ ¢
—4[HYP(H, + H_) - 8HYP(H, + H,)
+8HN(H, — Hy)lm\/q*
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TABLE IX. Angular coefficient functions for B — a,(pz)£~,: NP term with T operator and interference SM-NP

with T operator, Eq. (9).

i Ly’ Lyt
Ij; [(HYF)? + (HY?)?)(3m3 + ¢%) s[4(HY"H, + HYPH )
+1g (H)")? (m3 + ¢%) +H)PHolm/ ¢
It 2((HY")? + (HY®)?)(3m3 + ¢°) 4(HNPH, + HNPH Ymy\/ 4
I3, [(HYF)? + (HYP)?)(m3 = ¢°) 0
— (PR (2 — )
Iy, 2((HYF)? + (HYP)?](m7 - ¢%) 0
I3 AHYPHYF (m7 — ¢°) 0
1 FHYP(HY + HY) (m3 — ¢7) 0
I5 sHYFP (HYF — HY)m3 g[H)"(H, —H_) +8HY"(H, + H,)
+8HNP(H, — Hy)lms/q*
I A[(HY")? = (HYP)Jm ~L[—4(HNPH, — HNPH_) + HYPH )mo/¢*
I 8[(HYP)? — (HYP)]m3 A(HNPH, — HNH Ymy\/q
s 0 VIHYP(H. + H_) - 8HYF(H, + H,)

+8HNP(H, — Hy)]

TABLE X. B — 7 form factor parameters in Eq. (C1).
ﬁ—m g—vz f?—’ﬂ
ao 0.416(20) 0.492(20) 0.400(21)
a; —0.430 -1.35 —0.50
a 0.114 2.50 0.00076
a3 0.534
1 Nt n In this expression, £, = (mg + m,)?, and t, is chosen at the
— N, (\N -
for(t) = | _izan[zw” _N(_l)n ()] value ty = (mg + m,)(\/mz — /m,)*. For B — nu~v,,
miye "0 the kinematic range is —0.279 <z7<0.283; for
N-1 B — nt7i,, it is —0.279 < 7 <0.257. The mass of the
folt) = Z a,z(1)", (C1)  polein f 7 is myee = mp.. The parameters a, for £, fo,
n=0

expressed as a truncated series in the variable

_ VL=~
A = Vii—1+ T =1y (€2)

and fr, with the condition f, (0) = f((0), are obtained by
fitting the light-cone QCD sum rule results in the range
m2 < ¢* < 12 GeV? [62,63] and the lattice QCD results for
16 GeV? < ¢? in the recent FLAG report [64]: they are in
Table X. The other parameters used in the analysis are the
quark masses 2, = 2.16705¢ MeV (in the MS scheme at
p =2 GeV), m,(m,) =418 GeV [59], and the B
decay constant fp = 188 &7 MeV [64].
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