PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: August 19, 2019
REVISED: October 22, 2019
ACCEPTED: November 26, 2019
PUBLISHED: December 10, 2019

Angular analysis of A, — A.(— Am)év

P. Béer,” A. Kokulu,” J.-N. Toelstede®® and D. van Dyk®
@ Physik Department, Technische Universitat Miinchen,
James-Franck-Strafie 1, D-85748 Garching, Germany
b Max-Planck-Institute for Physics,
Féhringer Ring 6, D-80805 Munich, Germany
E-mail: philipp.boeer@tum.de, ahmetkokulu@gmail . com,
jan.toelstede@tum.de, danny.van.dyk@gmail.com

ABSTRACT: We revisit the decay Ag — A0 (0 = e, u,7) with a subsequent two-body
decay AT — A%7T in the Standard Model and in generic New Physics models. The
decay’s joint four-differential angular distribution can be expressed in terms of ten angular
observables, assuming negligible polarization of the initial A, state. We present compact
analytical results for all angular observables, which enables us to discuss their possible
New Physics reach. We find that the decay at hand probes more and complementary
independent combinations of Wilson coefficients compared to its mesonic counter parts
B — D®W¢=5. Our result for the angular distribution disagrees with some of the results
on scalar-vector interference terms in the literature. We provide numerical estimates for
all angular observables based on lattice QCD results for the A, — A, form factors and
account for a recent measurement of the parity-violating parameter in A} — A% decays
by BESIII. A numerical implementation of our results is made publicly available as part of
the EOS software.
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1 Introduction

Anomalous measurements [1-9] in observables that probe Lepton Flavour Universality
(LFU) in B — D7~ decays motivate careful reappraisal of the theoretical inputs [10—
22] entering the present Standard Model (SM) predictions of these decays. At the same
time, they also motivate further phenomenological analyses to uncover new observables that
complement the LFU probes [23-27], either in terms of independent systematic uncertain-
ties, or in terms of independent constraints on the origin of LFU effects. This work aims
to achieve the latter objective by studying the four-differential decay rate of the cascade
processlAg — AF(— A7)0~ v, with any charged lepton species ¢ = e, u, 7. To achieve
this goal, we work within the most general effective theory of local b — cfv operators
with left-handed neutrinos and up to mass dimension six, which includes scalar and tensor
interactions besides the SM contributions. Our work extends earlier studies of the three-
body decay A) — AT¢~ 7 [31], and of the four-body decay A) — Af(— A% +)¢~ v [32, 33].
Our analysis follows closely previous works on the flavour-changing neutral-current de-
cay A) — A%(— pr™)¢T ¢~ [34-36], which has a qualitatively similar angular distribution.
The LHCb experiment can only reconstruct the decay mode at hand by reconstructing
A% — pr~ decays, which correspond to ~ 64% of the A® branching fraction [37]. To assess
LHCDb’s ability to measure the four-differential rate, we estimate the expected signal yield
of cascade decays by relating it to the signal yield of A) — AT (— pK~n+)u~ [29]. Gener-
ally, reconstruction of a three-particle final state is less efficient than of a two-particle final

Note that previous analyses of A — AF¢~ 7 decays at LHCb used the three-body decay Af — pK
for the reconstruction of the A} [28-30].



state. For the purpose of our estimate, we will treat the reconstruction efficiencies for both
A} decay modes as equal. (Any more sophisticated estimate would require LHCb-internal
information that is unavailable to us.) Using the world average for the A} branching
fractions, we obtain a rough estimate of the signal yield as:

B(AF — A7)
BAF = pK-n+) (11)

N(Ag — A (= A7) ~ N(Ag — Af (= pK 7)) x
~0.5-10°.

This corresponds to ten times the signal yield of A, — A%(2625)u~ v decays, for which a
sensitivity study established that a full angular analysis is possible [26]. Hence, we expect
excellent prospects for a precision angular analysis of the cascade decay at LHCb in case
of the muon mode.

The remainder of this document is structured as follows. We present and discuss our
analytical results for the four-body differential decay rate and the ten angular observables
arising from the latter in section 2. In section 3 we provide numerical results for the angular
observables based on lattice QCD results for the full set of A, — A. form factors [31, 38|
at mass dimension six, and based on our own average of the parity violating parameter «
in the secondary decay A} — A%7T [39]. We conclude in section 4.

2 Analytical results

We work within an effective field theory for semileptonic flavour-changing |AB| = |AC| =1
transitions. Its effective Hamiltonian can be expressed as
_ 4Gp

7 Zcioi

where a basis of operators up to mass dimension six and with only left-handed neutrinos

Heff f/cb ’ (21)

can be chosen as

Ov.r) = [V Prryb] [(vuPrve] . Osir) = [EPrryb] [(PLve] | 22)
Or = [eo"b] [l Prye] .

This approach is the standard way to account model-independently for the effects of New
Physics (NP). The SM corresponds to the parameter point Cy;, = 1 and C; = 0 for
all remaining operators. In the SM the product of parameters GrV,, coincides with the
product of the Fermi constant as extracted from leptonic p decays and the CKM matrix
element V. Beyond the SM, they merely provide a common normalization for the effective
operators. Throughout this work the value of Gr x V, is not relevant for numerical
estimates, since it cancels in the angular distribution. However, we emphasize that value
becomes relevant when interpreting external inputs for the Wilson coefficients, such as
benchmark NP points taken from other works. We note in passing that any interpretation
of NP constraints in terms of the Wilson coefficients C; within the SM Effective Field

Theory requires a careful interpretation of V; [40)].



2.1 Angular distribution

Following ref. [34], we express the kinematics of the four-body decay distribution in terms
of ¢?, the square of the dilepton mass; cos 6y, the helicity angle of the charged lepton in
the dilepton center-of-mass frame; cos 5, the helicity angle of the A° baryon in the A7+
center-of-mass frame; and ¢, the azimuthal angle between the two decay planes. For more
details, we refer to appendix A. The fourfold differential distribution takes the form

8r 1 d'r
3 dI'/dg? dg®dcosfydcosfy, do

K(q?, cosby,cosby,, ) = (2.3)

The physical ranges of the kinematical variables are m? < ¢? < (ma, — ma,)?, cosfpa, €
[—1,1] and ¢ € [0,27]. The distribution can be decomposed in terms of a set of trigono-
metric functions
K(qz, cos by, cosby,, P) = (K1SS sin? 0y + Kieecos® 0y + K. cos 95)
+ (Kgss sin? 0y + Koee cos® 0y + Ko, cos 9@) cos B,

2.4
+ (Kgsc sin 0y cos 0y + K3, sinﬁg) sin @y, sin ¢ (24)
+ (K4SC sin 0y cos 0y + K4 sin 95) sinfy, cos ¢,
giving rise to ten angular observables K; = K;(¢?). Our choice of the normalization

in eq. (2.3) imposes an exact relation between two of the angular observables of the first
row, 2K1ss + Kice = 1. The structure of eq. (2.4) is imposed by angular momentum
conservation [34]. It is generally compatible with the findings of refs. [32, 33], that is, we
find the same number of independent angular terms based on the results for the angular
distribution of refs. [32, 33] as in eq. (2.4).

In the presence of all five effective operators of eq. (2.2), we can express each angular
observable as a sesquilinear form of ten amplitudes

{AAm’AIm} = {ALwALO’ALl’AIIz’AIINA||1’AEO’A£’AT Aﬁl}

llo’
Here A =1, || denotes the transversity state; m = t denotes timelike dilepton state; m = 0, 1
denotes the magnitude of the z-component of the dilepton angular momentum in a vector
dilepton state; and the T superscript indicates that an amplitude arises only in the presence

of tensor operators. For the first row of eq. (2.4) we find:

dr’ 1 m% 9 9 m? 9
G Ko =g (14 ) ML P4 2s P42 P o] @)
my T px T px*
_2\/q>2Re{Al0 L0+AL1AL1+(J‘H||)}

2 2
m m
+ [(Hq;) |AI1\2+2q;|AL|2+<M||>} ,

dr 1

m2
d7q2 chc = 5 l:’AJ_l‘Q + ?;(’AJ_OP + ‘AJ_t‘g) + (J- e H):| (2'6)

— 2. Re {A{O AT A (Lo ||)}

Vi

mQ
2 @Aiowuqﬁzﬂmuuew] ,



dr

m% * *
i + o (AL AL + AoAlt)} (2.7)

ch = Re {AJ_I

Il

me * *
—2C Re {AT A%, + AT A7 + (Lo )}

\/qﬁ

+4Zf Re{A AT*} .

[I1

For the second row of eq. (2.4) we find:

dar @

—2a2L Re{AlO 0 +A{1Aﬁ1 +(Le H)}

Vi

2 2
+2aRe{(1+ZL§)A Al +2%A AT*},

llo

dr m?2
dq ~ 5 Koo = aRe {ALlA + %(ALOAHO + ALtA*t)} (2.9)
my *
2
+4aRe {A AN+ ;A ATI*}
dr o 5 mi N

—2a % Re{A AL AT AT+ (Lo ||)}

/q2
mi [ a1 2
For the third row of eq. (2.4) we find:

dr o m;
dqQKgsc:—\/i< 2 >Im{fquLl (LeD} (2.11)

m? N
+2\/§a<1 - q;) Im {AT AT — (L)),

dr mj \
P K3 = — ﬂlm{ALO \\1+?;AL1 J_t_(J-<_>||)} (2.12)
+\f2aﬂlm{A + AT Ar 4+ AT A% —(J_<—>H)}
iz I o T AL AL

2
m
_ 2\/§aq—;lm{A AT~ (Lo H)} .
For the fourth row of eq. (2.4) we find:
dr’ o ms .
(11(]2K4SC:_\/§<1_q2> Re {ALOAHI —(J_<—>||)} (2.13)

+2\/§Q(1—TZE>R€{A AH (J-HH)}’



2

dr Q X m ¥
_ 7Re {AJ-O 14 + ?;All Ht — (J_H H)} (214)

— Ky =
dgz ! V2
+\/§aﬂ2Re{A§0AL+A{1 AT A —(J_HH)}

\/; 1M

2
m %

Note that the two observables K3, and K3s vanish when analyzing the combined Ag and
/_\2 angular distribution; their extraction therefore requires separation of the two modes.
Comparing our results to the literature, our findings are summarized as follows:

e We find complete agreement with the results of ref. [31], which discusses the non-
cascade decay in the presence of all dimension-six operators.

e Our findings disagree with the results of ref. [32], which discusses the cascasde decay
for all dimension-six operators except for the tensor operator. We find interference
terms of the type V x S and A x P in our angular observables K3; and Ky that are
absent from the corresponding term Ci™ of ref. [32, arXiv v4]. We believe our results
to be correct, since they pass a crucial cross check: the interference between vector
and scalar operators can be completely described by a shift of the timelike transversity
amplitudes A, and A,. This shift is consistent with a Ward-like identity for the
Ap — A, matrix elements:

_ q" _
A Ap) = —— (A Ay) . 2.1
(Al 5) Bl = L (0] el b ) (2.15)
The term O in eq. (19) of ref. [32] cannot be expressed through this shift. Ad-
ditionally, we find a lack of an overall multiplicative factor B(A} — A%*) from
the secondary decay. Furthermore, we find agreement only by redefining the angles
O — m—0p, Op, — 05 and ¢ — —x.

e Comparing our results to the SM results for the fourfold distribution in ref. [33], we
find complete agreement when redefining the angles as 8, — 7 — 6, 05, — 65 and
¢ — —x. We note the absence of any terms corresponding to the angular observables
K34 and K3z, which vanish in the SM.

Our results therefore provide for the first time the full angular distribution of the cascade
decay in the presence of all dimension-six operators with left-handed neutrinos.

In the definition of seven out of the ten angular observables in eq. (2.4), we explicitly
factor out the quantity o = a(Af — A%7r™), which is an angular asymmetry parameter
arising in A} — A%t decays. It emerges as the hadronic matrix element of the parity-
violating weak decay of the AT. The present world average of this parameter by the Particle
Data Group (PDG) [37] reads:

afPC = —0.91+£0.15. (2.16)



It includes measurements by the CLEO [41] and ARGUS [42] experiments, in addition to
the statistically dominating measurements by the CLEO-2 [43] etTe™ collider experiment,

aCTEO2 — _ (.94 4+ 0.21(stat.) £ 0.12(syst.) , (2.17)
and by the FOCUS (Fermilab E-831) [44] fixed target experiment,
oFOCUS — _0.78 + 0.16(stat.) & 0.13(syst.) . (2.18)
With the recent measurement of « by the BESIII collaboration in eTe™ collisions,
oBESIL — .80 + 0.11(stat.) 4 0.02(syst.) (2.19)
we compute our own average including also the CLEO-2 and FOCUS results. We obtain:
o = —0.82 4+ 0.09 (2.20)
In the following we will use this average in lieu of an updated world average by the PDG.

2.2 Transversity amplitudes

The transversity amplitudes arising in the angular observables K; are further decomposed
into Ay — A helicity form factors as defined in ref. [45], Wilson coefficients, and kinematical
factors. Equations of motion for the b and c-quark fields relate the hadronic matrix elements
of scalar (pseudo-scalar) currents to timelike vector (axial-vector) form factors. In the
absence of the tensor operator we find six independent transversity amplitudes:

Al ==2NysZ fl () Cyy =F1, Cy (2.21)
Ay, = +2N /51 () Cym = F, Gy, (2.22)
mp, + ma, .
ALy = +V2N o= [ (%) Cyy = FL, Cyy (2.23)
\/?
Ay, = —VaN a2 e plye, = B Cy (2.24)
J(T
2
Ay, = +V2N fap e = e gV (g2) [:Z% Cyy+ mb\—quCCS’*] (2.25)

\/>FJ_ Cs+

*FLtCV—&——i_
_ MA, T A a0y | T, P
A, = V2N /52 e @) !\/q»gcv,_ e 057_] (2.26)

=F, Cy_ + —VQQFSC
- Ht V7_ mf H 57_7

with
s+ = (mp, £ mAC)2 —¢*. (2.27)



We note that the timelike leptonic polarization state requires a non-vanishing lepton mass.
Hence, the transversity amplitudes A;, and A, always enter observables with a factor
my such that all physical observables are well-defined in the limit my, — 0. In the above
we introduce a phenomenologically useful basis of effective form factors F), and F;\g , and
abbreviate common linear combinations of the Wilson coefficients:

CVV,:I: = CV,L + CV,R s CSd: = CS,L + CS,R . (228)

We also introduce an overall normalization factor

A(m& ,m4 ,q?)

~ ~ m A> A?

NEGFVCb( q;) éx%gi x B(AF — AO7+), (2.29)
b

with the Killén function A(a, b, c) = a? + b* + ¢ — 2ab — 2ac — 2bc.
In the presence of the tensor operator we find four additional transversity amplitudes
and hence four additional effective form factors F;:Fm:

Ajjy = =2V2N/51 Crfg (¢) = F Cr, (2:30)
AT, = —2VaN 5= Crff (@) = FT, Cr (2.31)

Al = +an ”“b} < /55 CrfTP(¢?) = F ¢y, (2.32)
AT, = pan T e T (g?) = BT ;. (2.33)

NG

2.3 Phenomenology

To understand the NP reach of any of the angular observables or their combinations, it is
instrumental to understand the sesquilinear combinations of Wilson coefficients entering
the observables. To facilitate this understanding we define five real-valued and ten complex-
valued quantities o:

U\% = i\vaiP, ova=—Cy_Cy,

051 = §|CS,j:‘27 0s2=—Cg_Cg .,

O-\j/:S,l = §Cv¢C§¢ ; ovse = —Cy_Cs5 .,
osve=—Cg_Cy ., (2.34)

1
2
or,1 = §|CT| )
. *
Oyr1 = §CV¢CT7

+ _ = *
Osr1 = QCS,iCT-



This constitutes the complete set of sesquilinear combinations of the Wilson coefficients,
and corresponds to 25 real-valued degrees of freedom. In terms of these combinations and
effective form factors, we find in the limit my — 0

dr 1 1 _
Gz e = 50 (2IFLE 1FLE) + o7 (21FP + 1FLP) (2.35)

n 4(051\Ff 2 a;lrFSP) 20, (\FﬂF ; |F”T112) ,

dr _ _
diqulcc = U\—;l’FJ—l ’2 =+ UV,l‘FHl ‘2 + Jg’_,l‘Ff’Q + US,l‘FﬂgF (2'36)
+ 4o, <|1L1T0|2 + |FT02) ,

dr * + S T — S T

G = Re {oveF Fi, + 4080, FEFL; + 405, FEF L (2.37)
dr o X * S 7S T T
diquQSS = —5 Re av,2 'F’HIFJ-l + 2‘F1||OFJ-0 + 205,Zﬂ| FJ_ — 80’T71_F1”1FJ_1 (238)
dr
2o = —aRe {UV,QF”lFL + o5 F P — 8aaT,1F”TOFf;} , (2.39)
dF — * — *

d?ch — a<a§,1|FJ_l|2 n gu1|ﬂ|1|2> —4aRe {agT’lFfFHTO + aST’lFﬂgFLTO} . (2.40)
dr

— K3 = —V2aIm {U‘JZIFLOFL — U‘;,lFlloFH*l —dory (FIOFff — F||T0F7;*) } , (2.41)

dF (0% * * —
dTJQKgS =% Im {am <F||1Fjo + FHOFh) + 40§T71FfFLT1 - 405T’1FSFT1*} ,

(2.42)
dr « * * T T+ T T
d7q2K4Sc = E Re av,2 'F’HIFJ-O — F”OFJ-l + 80”]‘71 FJ—O'F1||1 — P]'OFLI s (243)
dr _
a2k = —vZaRe {a‘t’lFLon_l - amFHOFﬁl} (2.44)

~2v2aRe{of FEFT — 205, FFFT}

The result above illustrates that the cascade decay for £ = e, i is sensitive to 12 out of the
25 real-valued combinations of Wilson coefficients:

— + + + +
YX(my=0)= {O'VJ,O'S’I,O'TJ,RG ov2,Imova, Reosa, Reogy,, Im O'ST’I}.

This sensitivity should be compared to the sensitivity exhibited by B — D®) ¢~ 5 decays.
For the pseudoscalar final state meson, the coefficients CV, _and C s.— do not enter at all by
virtue of vanishing matrix elements. For the vector final state meson, the coefficient Cg |
does not enter for the same reason. Hence, not all elements of ¥(m, = 0) are accessible
in the B-meson decays, in particular oy g2 and og2, and therefore the A cascade decay
provides new and complementary constraints on the Wilson coefficients. We refrain from
providing lengthy expressions for the massive case ¢ = 7, which can be readily obtained
from our results in section 2.1. We find that the cascade decay with a massive lepton is



sensitive to a larger set of 22 (out of 25) real-valued combinations of Wilson coefficients.
The full set of combinations reads:

— + + + +
Y =3%(my=0)U{Re oy Imoyg, Reovsz, Reogy,2, Reoyr, Im O‘VTJ}.

Presently, the only prospect for measurement of the Ag — AF ™ v decays is the LHCb
experiment. Within LHCb, reconstruction of the # momentum from the remaining initial
state and decay kinematics is difficult, but possible [46]. We do not expect a measurement
of all ten angular observables before a sufficiently large data set is available. In the mean
time, we focus on identifying observables that can be more readily measured than the full
angular distribution. The LHCb experiment provides projections of the angular resolution
in B — D*(— Dn){~ v decays [47, section 5.3.1 and figure 5.4], which clearly show that
the D helicity angle is the best candidate for reconstruction. Under the assumption that
LHCb’s performance in the cascade decay reflects the projected performance B — D*(—
D)0~ v, we search for observables that can be determined without reconstruction of either
the dilepton helicity angle or the azimuthal angle. Analysis of eq. (2.4) suggests only one
angular observable that meets this criterium: the hadronic forward-backward asymmetry,

1
Ale = Kogs + 5 K2ee (2.45)

Measurement of this observable can be achieved through a counting experiment with re-
spect to the sign of cos §,,, normalized to the sum of all events. The normalization through
the decay rate is helpful in two ways. First, it reduces the inherent theoretical uncertain-
ties by partial cancellation of the (correlated) form factor uncertainties. Second, it reduces
systematic experimental uncertainties in the measurement, including the poorly-known
Ay fragmentation fraction at LHCb. The ability to determine A?f_% regardless of the re-
construction of the lepton helicity angle will also make possible to probe LFU through
the ratio:

ABe

AAC — FB l=T1
[AFB

In the above, the ¢ = 7 and ¢ = p subscripts denote that the forward-backward asymmetry

Joa

is to be extracted from decays into the specific lepton species £. By virtue of taking the
LFU ratio as defined in eq. (2.46) the sensitivity to the parity violating parameter « is
completely removed.

For further phenomenological applications we provide the full set of angular observ-
ables for the full basis of dimension-six operators as part of the EOS software [48] as of
version 0.2.5.

3 Numerical results

For the numerical illustration we define three NP benchmark points (BMPs).
BMP #1 reads:
cy) =115,  CJp=0,

(r) () (7) (8-1)
Cy) =-030, Cyp=+030, Cf =0.



SM BMP #1 BMP #2 BMP #3

obs. {=p (= (= =T =T

Kic.. +0.206+0.004 +0.310+0.001 +0.311+£0.000 +0.307£0.001 +0.343 £+ 0.001
Ky, —0.134£0.004 +0.016+0.003 +0.037£0.002 —0.073+0.002 +0.080 £ 0.003
Koss  +0.288+0.032 +0.221 £0.024 +40.228 £0.025 +40.167 £0.018 +0.252 4+ 0.027
Koee +0.115+0.013 +0.183£0.020 +0.193 £0.021 +40.122+0.013 +0.130 £ 0.013
Ky, —0.164+0.018 —-0.031+0.004 —-0.017+£0.003 —0.123+£0.013 —0.080 £ 0.009
Kyse +0.063 £0.008 +0.023 £0.003 +0.022 £0.002 +0.026 +0.003 +0.001 £ 0.000
K4 +0.125£0.015 +40.063 £0.007 +0.065 £ 0.007 +40.161+0.017 +0.039 £ 0.004

Table 1. Predictions for the angular observables in the SM and in the NP benchmark point. The

observable K5 can be obtained as (1 — Kj..)/2 and is hence not listed. The observables K.
and K3 are zero in the SM and in all NP models without new CP-violating phases in the b — /v
Wilson coefficients.

BMP #2 reads:

cy) =140,  Cp=0,
¢ —_115, ¢ =—035, ¢\ =010 (32
S,L , S,R 99, T AU
BMP #3 reads:
c\) =040, Cp=0,
¢ —o ¢ — 4060, ¢ =030 (33)
S.L , SR -bU, T U

All BMPs are inspired by and compatible with the best-fit points labelled “minimum
1”7 through “minimum 3” in a recent global analysis of the available data on b — crv
processes [49].

We provide numerical results for the entire set of angular observables integrated over
their full g phase space in table 1. Our results include SM predictions for both ¢ = ;. and
¢ = 7, as well as predictions for the NP benchmark point (¢ = 7 only). We illustrate the
¢? dependence of the hadronic forward-backward asymmetry and the NP reach of its LFU
ratio in figure 1. For all predictions we estimate the theoretical uncertainties based on
two sets of inputs. First, for the parity violating parameter o — following the discussion
in section 2.1 — we use an average that includes the new BESIII measurement in lieu of
the world average. Second, for the hadronic form factors we use the lattice QCD results?
of the full set of form factors based on the tables provided in refs. [31, 50]. We use the EOS
software [48] for the computation of all numerical values and plots shown in this work.

Benefiting from the correlated results for the A, — A, form factors and from cancella-
tions due to the normalization to the decay rate, we find small uncertainties of the order

*Note that the numerical results for the tensor form factors obtained from lattice QCD [50] seem to be
inconsistent with the numerical results for the remaining form factors obtained using the same method in
ref. [31] according to a recent analysis of the heavy-quark expansion to order 1/m?2 [51]. We emphasize
that our numerical implementation is agnostic of the parametrization and numerical inputs for the full set
of form factors. Our predictions for the benchmark points involving a non-zero C(TT) should therefore be
revisited once this inconsistency is understood.

~10 -
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Figure 1. Predictions for (top) the hadronic forward-backward asymmetry in the SM for ¢ = p and
¢ = 7 final states, and (bottom) the LFU ratio R(A%g) in the SM and in the NP benchmark point
BMP #1. The bands correspond to the 68% probability envelopes. The theoretical uncertainties
are due to the hadronic form factors [50] and the parity violating parameter o (see text). Due to the
absence of any threshold effects with respect to the dilepton mass, the two bands for the hadronic
forward-backward asymmetry are virtually indistinguishable. The LFU ratio hence exhibits this
large sensitivity to the NP benchmark point.

of 11% for A?% that are dominated by the uncertainty in the parameter «. This becomes
much more visible in the LFU ratio where « cancels completely. For that observable the
relative uncertainty is reduced to ~ 1%, providing an excellent opportunity for a high-
precision probe of New Physics in semileptonic b — ¢ transitions. We therefore encourage
a sensitivity study to determine the experimental precision that the LHCb experiment can
achieve for the projected size of the upcoming data sets.

- 11 -



4 Summary

We present the first study of the full angular distribution of the cascade decay Ag —
AF (= A°7+)¢~ v using the complete basis of dimension-six operators, assuming only left-
handed neutrinos, in the weak effective field theory for b — ¢fv transitions. As a cross
check, we reproduce the rate of the non-cascade decay. Our findings disagree with some
scalar/vector and pseudoscalar/axialvector interference terms of the four-differential decay
rate in the literature. However, our results pass a crucial cross check for amplitudes to
timelike polarized dilepton states, which is not fulfilled by the results in the literature.
We express the four-differential rate through a set of ten angular observables, nine of
which are independent. The full set of angular observables is shown to be sensitive to more
combinations of NP couplings than the decays B — D¢v and B — D*{D taken together.
This highlights the usefulness of the cascade decay in constraining potential NP effects in
b — ¢lv transitions for all lepton species £ = e, u, 7. For convenience, we provide computer
code for the numerical evaluation of all angular observables as part of the EOS software.
We suggest to measure the hadronic forward-backward asymmetry, which is the only
angular observable that can be extracted from the angular distribution without either
knowledge of the lepton helicity angle or the azimuthal angle between the decay planes.
We expect good prospects for its measurement at the LHCb experiment for all three lepton
species. We find that the LFU ratio of the hadronic forward-backward asymmetry features
very small hadronic uncertainties in the Standard Model and beyond. It is therefore a
prime candidate to cross check the present anomalies in the LFU ratios R(D) and R(D*).
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A Kinematics

We label the momenta in the cascade decay as follows:
A(p) = AL (R) (@) (g2), AL (k) = A%(ki)7" (ko) . (A.1)

The z-axis is chosen in the Ay rest frame such that the A, travels in positive and the W
boson in negative z-direction. Within the A. rest frame, we define the angle 6, as the
angle enclosed by the flight direction of the A baryon and the z-axis. Analogously, within
the dilepton rest frame, 6, is defined as the angle between the charged lepton momentum
and the z-axis. Finally, we define ¢ as the azimuthal angle of the 7", i.e., if ¢ = 0, the
coordinate system is chosen such that the charged lepton and the 7+ both travel in positive
x-direction.
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7(q1)€~ (gz2)-rest frame:

E, E,
u_ | —lalsind, u_ | lalsindy :q2—m3 Ao
ai 0 @ 0 » lal === il (A.2)
—|q| cos b, |q| cos by
The polarization vectors in this frame we choose to be
1
eu(t) = (1707070)T7 eu(j:) = ﬁ(oaila_LO)Ta e,u(o) = (070707_1)T' (A?’)
A} (k)-rest frame:
Ea Ex
i —|k|sin Oy, cos ¢ . k| sin 6y, cos ¢ K = \/)\(m?\c,m?\vm%) '
! —|k|sin f, sin ¢ 2 |k|sinfy, sing | 2my,
|k|cos By, —|k| cos Oy,
(A.4)
Furthermore, we define
7=q —q, k=ki—ky. (A.5)

With these definitions, some of the kinematical Lorentz invariants are

G- e(+) = i\/qj<1 - TZE) sin(6y) , (A.6)

m2
7-€(0) = —/ (1 - qf) cos(00), (A7)
)
cuno€” (£)e (F)ardh = £5(* — mf) cos(0h), (A-8)
koe(£) ==+ ;;Z;— sin(f, )T (A.9)
Ac

(MR md)yEs + (md, —mh, — @)y cos(6a,)

k- €(0) = Zm?\c\/? , (A.10)

cpnp e ()€ (FIRRE = F /7 cos (B, ). (A1)
with €923 = —¢193 = +1. We defined

ry = (mj, £m3)®> —m2, suchthat ryr_ = \m3_,m3,m2). (A.12)

B Correlation matrices

We collect here the correlation matrices between the integrated angular observables K; in
the SM and in the selected benchmark points. The individual correlation coefficients have
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been obtained from the sample covariance using 2.5 - 10° samples.
the observables appear is the same as in table 1.

The correlation matrix in the SM for ¢ = p reads

+1.000
—0.680
—0.110
+0.130
—0.191
—0.175
+0.266

—0.680
-+1.000
+0.047
—0.213
+0.125
-+0.350
-+0.020

—0.110
+0.047
-+1.000
+0.962
—0.953
+0.899
+0.862

+0.130
—0.213
+0.962
+1.000
—0.982
+0.797
+0.876

—0.191
+0.125
—0.953
—0.982
-+1.000
—0.847
—0.945

The correlation matrix in the SM for ¢ = 7 reads

+1.000
—0.699
—0.047
—0.024
—0.498
—0.097
+0.171

—0.699
+1.000
+0.027
—0.000
+0.487
+0.182
—0.126

—0.047
+0.027
-+1.000
+0.999
—0.760
+0.958
+0.922

—0.024
—0.000
+0.999
+1.000
—0.769
+0.949
+0.923

—0.498
+0.487
—0.760
—0.769
-+1.000
—0.715
—0.903

—0.175
+0.350
+0.899
+0.797
—0.847
-+1.000
+0.825

—0.097
+0.182
+0.958
+0.949
—0.715
-+1.000
+0.888

The correlation matrix in the BMP #1 for £ = 7 reads

+1.000
—0.703
—0.047
—0.025
—0.673
—0.100
+0.162

—0.703
+1.000
+0.027
-+0.004
+0.649
+0.165
—0.109

—0.047
+0.027
-+1.000
+1.000
—0.532
+0.958
+0.934

—0.025
+0.004
+1.000
+1.000
—0.543
+0.951
+0.935

—0.673
+0.649
—0.532
—0.543
-+1.000
—0.495
—0.741

—0.100
+0.165
+0.958
+0.951
—0.495
-+1.000
+0.896

The correlation matrix in the BMP #2 for £ = 7 reads

+1.000
—0.235
—0.048
—0.003
—0.159
—0.123
+0.084

—0.235
+1.000
—0.053
—0.091
+0.063
+0.058
+0.042

—0.048
—0.053
-+1.000
+0.998
—0.966
+0.955
+0.976

—0.003
—0.091
+0.998
+1.000
—0.969
+0.937
+0.973

— 14 —

—0.159
+0.063
—0.966
—0.969
-+1.000
—0.927
—0.992

—0.123
+0.058
+0.955
+0.937
—-0.927
-+1.000
+0.945

The sequence in which

+0.266
+0.020
+0.862
+0.876
—0.945
+0.825
+1.000

+0.171
—0.126
+0.922
+0.923
—0.903
+0.888
+1.000

+0.162
—0.109
+0.934
+0.935
—0.741
+0.896
+1.000

+0.084
+0.042
+0.976
+0.973
—0.992
+0.945
+1.000

(B.1)

(B.4)



The correlation matrix in the BMP #3 for ¢ = 7 reads

+1.000 —0.605 +0.027 —0.050 —0.279 —-0.405 +0.144
—-0.605 +1.000 —0.031 -0.053 +0.196 +0.565 —0.190
+0.027 —0.031 +1.000 +40.989 —0.932 +40.246 +-0.962
—0.050 —0.053 40.989 +1.000 —0.903 +0.266 +0.947 | . (B.5)
—-0.279 +0.196 —0.932 —0.903 +1.000 —0.072 —0.943
—0.405 +0.565 +0.246 +0.266 —0.072 +1.000 +0.119
+0.144 —-0.190 +0.962 +0.947 —0.943 +0.119 +1.000
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