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Abstract Lepton flavour violation (LFV) naturally occurs
in many new physics models, specifically in those explain-
ing the B anomalies. While LFV has already been studied
for mesonic decays, it is important to consider also bary-
onic decays mediated by the same quark transition. In this
paper, we study LFV in the baryonic A, — A{1{, using
for the first time a full basis of New Physics operators. We
present expected bounds on the branching ratio in a model-
independent framework and using two specific new physics
models. Finally, we point out the interplay and orthogonality
between the baryonic and mesonic LFV searches.

1 Introduction

The incredible joint theoretical and experimental effort car-
ried out in the last years allows us to probe the Standard
Model (SM) of particle physics with an unprecedented preci-
sion. This brought to light some deviations between theoret-
ical predictions and experimental measurements in semilep-
tonic B meson decays [1-15]. These discrepancies, the so-
called B anomalies, hint at Lepton Flavour Universality
(LFU) violation. This is quite surprising, as LFU is one of
the foundation of the SM.

The B anomalies can be split into two classes: (i) devia-
tions in pt/e universality in b — s¢7¢~ and (ii) deviations
in t vs. light leptons universality in the b — c¢£V transitions.
These exciting findings may indicate the presence of New
Physics (NP) particles, and have inspired a plethora of the-
oretical and experimental work. The NP explanations for B
anomalies span a broad class of new heavy particles, from
vectors to scalars states [ 16—60]. However, a common feature
in all of these models is the prediction of sizeable effects for
Lepton Flavour Violating (LFV) B, 7 and u decays. Current
upper bounds on these modes largely constrain the allowed
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parameter space for NP models, and upcoming experimental
analyses will be fundamental to corroborate or falsify these
NP hypotheses.

When searching for LFV decays mediated by b — s€14£>
transitions, it is crucial to consider both mesonic and bary-
onic decays. Although mediated by the same underlying par-
tonic transition, these two types of decays provide orthog-
onal information on possible NP models. A striking exam-
ple of this is the NP analysis of A, — ApTu~ decays
[61], which shows that even though B — Ku*u~ angu-
lar distribution seems to be affected by some short-distance
NP [62-65], the latter is not visible in the A, — AuTu~
angular observables. It is therefore natural to assume that
Ap — Aﬂfﬁj decays provide complementary information
compared to their mesonic counterparts BY — K1£,4, or
Bs — {14, decays. More precisely, the spin structure of the
Ap — A decays induces a richer set of hadronic matrix ele-
ments. Therefore, A;, — A decays probe different parameter
space than their mesonic counter parts. In addition, the Ay
baryon is copiously produced at LHCb and the dataset col-
lected with Run 1 and Run 2 allow to make precision mea-
surement of observables constructed from A, decays (see
e.g. [66]).

In this paper, we calculate for the first time the angular
distribution of A, — AZ?Z;r decays using a full base of
NP operators (partial results are available in [67,68]). To
achieve this, we use the decomposition of the A, — A
hadronic matrix elements in [69] and the lattice QCD deter-
mination of the corresponding form factors [70]. We then
use model independent constraints to derive upper bounds
for the branching ratio of A, — Aﬂfﬂj decays and specific
models to provide predictions in a few scenarios [44,45].
This paper is organised as follows: in Sect. 2 we highlight the
main steps of our calculation and provide numerical results
in a generic scenario. In Sect. 3 we use constraints on various
LFV mesonic decays to put bounds on the branching ratio of
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Ap — A€y €5, for different choices of leptons in the final
state and make predictions for specific models. We conclude
in Sect. 4.

2 The angular distribution of A, — A 81‘(’,;'

In this section, we introduce the concepts that we need for
the study of phenomenological aspects in Sect. 3.

We consider the following effective Hamiltonian for LFV
b — s€; €3 transitions:

4G
Hefr = — f Vib Vi 4em > (Cflez(u)(?f]ez(u)
2 i=9,10,5,P
+c;“2(u)0;‘1‘2w)>, (1

where the relevant operators are defined by

O = Gy, PLb)(€1y"2),  ON? = Gy, PLb)(E1y"y ),
0L = (GPrb)(£1£2), 04 = (5Prb)(£1y5¢2),
Ol = Ga™b)(Liounts), O = Go™b)(L10uysta),

@

and the operators with flipped chirality OEWZZ are obtained
from OZNZ byreplacing Py <> Pg,where Py /g = %(IZF)/5).
Notice that the operator O7:

07 = 2 (50, Prb) F* 3)
e

cannot generate LFV contributions due to the universality of
electromagnetic interactions. We parametrise the hadronic
matrix elements for A,(p, sp,) — A(k, sp) decays using
an helicity decomposition [69-72]:

(Ak, sn)IS v bIAL (P, sA,))

n
= ik, SA)[fO(qz) (ma, — m/\)iITz
"
+ f+(q >7Ab A (p"+k“ — (m}, —mi)q—z)
S+ q
2
+ f1(g? (V" — A

(Ak, sA)|5 y"ys bIAL(p, sa,))

2
~ k") ]uAb(p, sa,)s  (4)
S+

m
= —iin (k. 57) V5 [go(qz) (ma, + m)f]—z

mp, —mp is
+ g+(q2)”87 (p” + K — (mh, — m%&p)

2mA #

2
+g1(g% (J/ +— TAbk“)}uAb(p,SAb), ©)

(A, sp)[5i0" b|Ap(p, sa,))
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kY — p'k*
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= iin (k. sa) {21 () =
+

A;,+AM

+hu@)[ =

2
q2

~ 2
+ T g1 = =, (K" =K'y
S—

(g"y" —q"y")

1
- —) (K" = pk)]
S+

—ma(pty” = p'y") + pHk" — p”k")]

~ m
i (gH TR [(mA,, —my —qH"p’ —y'p")

—(m}, = mj + O —y R

+20mn, —ma) (K = p*) | Jun, (p5a,) ©)

withqg = p — k, s+ = (mp, £ mA)2 — qz, and s, and sp
are the spin of the A, and A baryons, respectively. Applying
equations of motion to Egs. (4)—(6), we obtain the following
matrix elements for scalar and pseudoscalar operators:

(A(k, sp) IS DIAL(P, sa,))
ma, —mMA

~ mp () — my(w) Joun(k, sp)un,(p,sa,), (7
(Alk, s7)|5Y5b|Ab(p, sa,))
ma, +ma goun(k, sa)ysun, (P, sa,), )

= mp () + my ()

which agree with the expressions in Ref. [69]. In the follow-
ing, we take the masses in MS using 712, (715) = 4180 MeV
[73] and ms (mp) = 78 MeV [74].

2.1 Differential decay width and numerical analysis

We decompose the spin-independent double-differential
decay width as

1 dU(Ap(p.sa,) = Ak, sa)Ey (PG (p2))
ro d cos 0dq?
=a+ bcosby + ccos’ by, 9)

: ©) _ GEIVin Vi _
with T = —20487[ - Shiga/A. We define Ay =

)L(m%\b, m%,q%) and A = A(g? ’mﬂl’mh)’ where A is the
usual Killén function defined as A(a, b, ¢) = a? + b* +
¢? —2a(b + ¢) — 2bc. Here cos 0 is the helicity angle in the
dilepton frame as defined in Appendix A. The coefficients a,
b and c are one of the main result of this work and have been
calculated using the operator base in Eq. (1) and the decom-
position for the hadronic matrix elements in Egs. (4)—(6). We
find:
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1 ma, —ma)? - -
= __2{|f0|2( Aqu A)-s+[|Cf(1)ﬁ_2|2(mzl + me,) g x [Re(fy I’y +2Re(fL hj))]}, (10)
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1384
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q z(ml; — ,/AHAL[Re(cfg)’fc*"l"z)(m@, — my,)

+Re (CZIZZC*ZIEZ)(mel + me,)IRe(fo f5)

Sl

[Re(fof+>(|c€1‘2| +ICH2P)

+Re<gog+>(|cf"2| +ICHeP W
llfzc*flfz

+1C5 2 P(mey — mey)*q+]

gL P+l P +29%q4)
Z(mA,7 — mA)

+ |CW2| (L +24%q-)] - Wv AHAL
+1g+1Pma, —ma) s [CL62 Pq 1 + 182 12q-] x [Re(CLy2CE1 ) my, — myy) +Re(Cl1€2C*elez)

01
+ 16lh4 [2s_[(me, +me,)*q_1C7 X (ngl + my,)IRe(gog’)
+ (me, —me,)?q1|Cr5> P

+ 1614 s [(me, —mey)?q-|C

+ (my, +me2> 2g41CH2 12

01422 L1422
g + SHUCHR + 1)
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(ma, —mp)? S+|h |2}

612

(mA}, +mA)2S— 2
- T P

12)

with C{2 = (CY® + C¥'2), ge = (my, £ my,)? — ¢
and oV = i/2[y*, y"]. Our results agree with [72] when
setting my, = my, = 0 and with [75] for my, = my,. How-
ever, we note that our convention for the helicity angle cos 6,
has the opposite sign that the one in [72] . We also note
that our formulae above disagree with Ref. [68], in the spe-
cific in terms proportional to (m¢, — mgz) [Cy ['K2| | fo|? and
(me, —my,)?| CWZ2 1| g0|%. We ascribe these differences to an
incorrect treatment of mass effects in [68]. Our formulae for
the angular coefficients a, b, ¢ also hold for A, — A*El_éz'
decays, when setting the additional perpendicular A, — A*
form factor to zero. This is a reasonable approximation as in
the Heavy-Quark-Expansion, this form factor is suppressed
by Aqcp/mp [76-78].

In the following, we focus on the branching ratio and
forward—backward asymmetry:

aBtitz c
=0 (a4 3). 1
dAégz fO dcosedcos@dq f dcosgdcos@dq
2
dq fO dCOS@dcosgdqz + f dcosgdcos@dq
b (14)
2(@+5%)

where the branching ratio B = 74, I, where t,, is the mean
life of the Aj baryon [79] and I" the total width. To evaluate
the size of LFV A} — AE;E;‘ decay, we provide the ¢2-
integrated quantities of Eqgs. (13)-(14). For simplicity, we
set Cl{[‘ez = 0. We further set C?‘éz) = 0. This choice is
discussed at the beginning of Sect. 3. Using the values for
the masses from PDG [73], CKM factors from the UT-fit
collaboration [80] and lattice QCD inputs for the form factors
[70], we obtain

108 . gtz — €€1€2|C€1€2| +§€1€2|C€1€2| +€€|€2|C§162|2

+$€152|C5152| +§9_1922R (Cgllzcéllfz)
+ Eigp Re(Ci €™, (15)

A]l-TIBZZ — |: 3142(|C5152|2+ |C£1£2| )+p9i(€2R (Cllelc*eIZZ)

+p§g€2R (Céllzc;elez)_‘_pf(l)e;R (Cllizc*ellz)]/l—wellz’

(16)

with the numerical values for the coefficients ée‘ez and ,ol.ele2

listed in Tables 1 and 2 and T'“'¢2 is the integrated width.

@ Springer

Table 1 Numerical values for the parameters of Eq. (15). The coeffi-
cients do not depend on the charges of the final state leptons, except for
&é 122 which changes sign when switching the charges of the leptons, i.e.
59 ¢ = —55; and 55'3” = —S; ; . The uncertainties only include those
from the form factor which are the dominant ones

bi=p, bh=1 bi=pu, bh=e
gt 2.15+0.11 3.13£0.20
gl 2.08 +£0.10 3.13+0.20
gat 0.980 + 0.057 1.83£0.11
gt 1.06 £ 0.06 1.83£0.11
gL —0.973 £ 0.059 0.142 £0.013
gl 1.20 £ 0.07 0.144 +0.013

We present only explicit results for the final states v+
and 1 FeT. The results for e can easily be obtained from
the above results and agree within 1o with those of 754 F.
The quoted uncertainties only include those from the form
factors, which are the dominant ones. The correlation matri-
ces between the two sets of {Sl‘éz, p; 162y coefficients are
given in Appendix B. The &; (it coefficients in Table 1 do
not depend on the charges of the final state leptons, except
for £)¢ which depends on (m¢, — my,) and thus switches
sign when switching the charges of the final state leptons,
ie. &5 = —&j5 . Besides, we note that for e final states,
Selez $Zlez and %‘Zlez = Ef;l[z, such that only the com-
bination |C£1€2|2 + |Ce‘£2|2 and |C£'lz|2 + |C§‘ZZI2 can be
constrained. The coefﬁc:lents ,oglg2

units of 1072! GeV~!, which is then compensated in Ag
by the size of the decay width.

in Table 2 are reported in
L 1 1%

3 Phenomenological implications

In the following, we discuss the implications of the available
constraints on LFV B-meson decays and which bounds they
imply on the observables in the baryonic modes. In order to
do so, we need to choose which NP operators are present.
Since no NP particles have been observed so far above the
electroweak scale, we choose to work with the SMEFT:

Leir = Lsvi — {[c@ 1799 (0 y o Q) (Lo L)
+[c(”]’f°‘ﬂ<Q’ “OI) (LY, LP)
+[Creaq 1" (Q"d,’;)(é%Lﬂ)}, (17)
where we adopt the so-called Warsaw basis [81]. Here we
denote with Q and L the left-handed quark and lepton dou-

blets, respectively, and with eg and dg the right-handed
charged leptons and down-type quarks, respectively. We fur-
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Table 2 Coefficients for the numerator of AWZ2 We give the values in units of 102! GeV~!. This factor is compensated by the size of the decay

width in Eq. (16)

bi=p, b=t =1, b=n bi=p, br=e li=e br=p
pm2 1.26 £0.08 —1.26 £ 0.08 —0.025 £ 0.005 0.025 £ 0.005
Poto’ ~5.09+0.24 —5.09 4+ 0.24 ~9.16 +0.55 —9.16 4+ 0.55
p;glz —2.234+0.12 —2.234+0.12 —0.283 £ 0.023 —0.283 £ 0.023
p]l(l)i,z 1.99 £0.11 —1.96 +£0.11 —0.280 £+ 0.023 0.280 £ 0.023

ther denote € = io» and M is the effective scale which can be
associated with the mass of the heavy NP degrees of freedom.
The operators in Eq. (17) are the complete set of dimension-
6 semileptonic operators that can contribute to b — s£14;
transitions. We note that none of these operators contain a
tensor current; nonetheless, at low energy, the operator OZTI(ZSZ)
defined in Eq. (2) could be generated through effective opera-
tors containing a covariant derivative [82]. However, as tensor
operators provide a poor explanation for B anomalies (see
e.g. [83]), we do not consider them in our analysis.

The Wilson coefficients of the operators in Eq. (17) can be
constrained from low-energy processes as well as high-pr
data, and in general a flavour structure has to be assumed
to reduce the number of independent NP parameters. In the
following, we choose to consider only constraints from low-
energy data and first do not to assume any hierarchy for the
NP couplings. In Sect. 3.2 we then study particular scenarios,
where a more complex structure for NP couplings in flavour
space is assumed. For the b — s£1¢; transition we are inter-
ested in, we set i = 2 and j = 3 and generic « = ¢; and
B = {7 in Eq. (17). Performing now the tree-level matching
onto Eq. (1), we have

12 010 v? T
Cgl 2= C 1 2_+_2—
A Dlem|Vtths|

% ([Cl(;)]m.ez i [Cl(;)]2361£2),

2
€18 1€,2 v 7
C9 162 __ +C 1€2 =1 — - [Cld]2351(2,
A aem|vtbvts|
2
by L4y T C 23016>
or o S— ]
A? Qem| Vi Vi |
2
C/flfz _+C/€1€2 +_ 7 [C c* ]32£1£2
S leqd

A? aem|VinV, >§|
(13)

3.1 Model-independent approach

constraints on several combinations of Wilson coefficients

from measurements of mesonic LFV decays. We consider
the branching ratios of the decay modes B, — Zfﬁ; and
B - K E;E; , for which the experimental upper limits at
90% CL are reported in Table 4. Using Eq. (1), we have:

Table 3 Experimental upper limits for LFV B decays at 90% CL

Observable Upper bound

3.5-1073 [84]

5.4 x 1079 [85]
4.5 x 107 [86]
3.9 x 107 [87]
7.0 x 1072 [88]
6.4 x 1079 [88]

B(By — u*t¥)
B(B; — puFeT)
B(BT - KTt=u™)
B(BT - KTu~th)
BBt - KTu~et)
BBt - KTe ut)

Table 4 Predictions for the coefficients describing BT — K *EI_Z'Z"
decays using the hardonic form factors from Refs. [89,90]. We note that
these coefficients are independent of the charges of the leptons, except
for cflgb which changes sign depending on the charge of the heavier

lepton

]_:/,Lf,Z;:'[Jr T:M77€;:e+
9+
ot 1.09 1.75
10+
% 1.14 175
s
Sy 1.47 2.68
P
cy, 1.58 2.68
59
s, ~1.35 0.21
P10
cfip 1.66 0.21
G|V,
B(B, — £;6]) = T‘; 7‘1 EVin Vil f5, Mg mi, mf,)
",
mz 2
2 2 L1t B 131
- - C — = C
X ([m& (me; —me,)"]|(me, +me,)Cpp~ + s
2
+ [m%, — (me, +mey)?] |me, fmm(cf'“w—(cz'% ’
(19)
and
BB* — Kty o))
2 2
_1n-8) 9+ 5152 10+ | ~€1€2 S 1515
=10 { Zlﬁz C +C€]Ez C10+ +C€]l2 CS+
2
P 13123 S9 x010p ilt’z
+C€1£2 CP+ + C@]fz [C C ]
P10 *01 €y ~L1Lo
+cpp, Re[Cp C10+]}, (20)

@ Springer
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o =0 =0
100 = =
— B(Bs — p 1)
— B(Bt = K*tu 1"
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e}
0
ig
O
—50
—100 T T .
—100 —50 0 50 100
ot =y
100
— B(BS — p,’TJr)
— B(Bt = K*u7")
50
Sa
3
o
S
&}
—50
—100 T T .
—100 —50 0 50 100

uT nT
Cy" =—Chg

o= — 0
100 g 10
— B(Bs — p1)
— B(Bt = Ktu1")
50
a
O
0
©
R
O
—50
—100 T T .
—100 —50 0 50 100
T T
cyr=cy
100
— B(B; — )
— B(BT — K"t pu%)
50
e
%
o
S
&}
—50
—100

=100 —50 0 50 100
Gl =-Cyy

Fig. 1 Model independent constrains on different combinations of Wilson coefficients obtained from the 90% CL upper limits on meson b —

st transitions

Both Egs. (19) and (20) agree with previous results in the lit-
erature [91,92]. Using again the values for the masses from
PDG [73], CKM factors from the UT-fit collaboration [80],
fB, = 215MeV [93] and Lattice QCD/Light Cone Sum
Rule results in Refs. [89,90], we find the coefficients c@l &
in Eq. (20) as listed in Table 4. Similar as for &yg, the coeffi-
cient 6519132 is proportional to my, —my, and thus changes sign
depending on charge of the heavier lepton. We stress that the
numbers in Table 4 are strongly dependent on the choice for
aem- Here we take aey = 1/133. A different choice can be
implemented by rescaling the cél ¢, coefficients.

Finally, we use the experimental upper bounds listed in
Table 3 and Egs. (19) and (20) to constrain different combi-
nations of couplings Cf‘ 2 As stated before, we do not con-
sider te decays as the constraints coming from these decays
are similar to those from the tu channel. Furthermore, for
simplicity we also do not consider the O;e‘b operators. This
choice is motivated by the fact that these operators are unap-
pealing when trying to fit b — s¢£ data [62-65,94]. Nev-

@ Springer

ertheless, we stress that the baryonic channels have a dif-
ferent dependence on the primed operators with respect to
the mesonic ones, which may be interesting to consider once
scenarios involving these operators become more interesting
to explain the B anomalies.

The obtained bounds for 7 and pe finals states are given
in Fig. 1 and in Fig. 2, respectively. We consider three 2-
dimensional scenarios, in which we allow only some combi-
nations of NP Wilson coefficients to be non-zero: Célez and

C f(l)lz, C éllz and C f}lz and the SMEFT inspired one, where

1l L14o 01l L14n L1o L1€o
Cy /Z_E_Clo/é ?nd Cy“=—Cp~.Forthe Cy “ —Cy,
and C¢'™ — C,"? scenarios, which are independent of the

charge configuration in the final state, we only consider the

strongest bound in Table 3. As the interference between Cg‘ K

and Cglez depends on the charge configuration of the leptons
in the final state, we present plots for both the T~ and
t~ ™ final states. We note that the By — 77T decay only
gives a very weak constraint in the Cg‘ez = —Cf(l)zz plane

ranging from —200 to 200. From comparison of the plots
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" cr=c¥ =0 Lo G =Cli=0
— B(B, — e ut) — B(B, — e ut)
— B(BT - Kftepuh) — B(BT - Ktepuh)
104 0.5
i EE
O )
I 0 II0.0
S 3,
] )
—104 —0.51
—-20 T T T —-1.0 T T T
—20 —10 0 10 20 —-1.0 —-0.5 0.0 0.5 1.0
oo =y o = o
» G ot g =0
— B(B, — e ut)
— B(BtT - Ktepuh)
0.5
3e,
T N
i 009 ( )
_05.
-1.0 T T r
—-1.0 —-0.5 0.0 0.5 1.0
cir=~cty

Fig. 2 Model independent constrains on different combinations of Wilson coefficients obtained from the 90% CL upper limits on meson b —

spEeT transitions

in Fig. 1, we find large differences between the T+~ and
the T~ u*. Hence, we stress that it is important to analyse
these final states separately. For the electron, the differences
between p~e™ and u e are negligible and we only present
one figure.

As the mesonic Bt — K7T¢,¢, and B, — £,¢, are
mediated by the same quark level transition, we can use the
obtained upper limits on combinations of Wilson coefficients
and convert those into upper limit on the branching ratio
and forward-backward asymmetry for A, — Af€1£> decays
using Eq. (16). When allowing for only one NP Wilson coef-
ficient to be nonzero at a time, for example allowing only
Cglzz # 0, the corresponding bounds can be easily obtained
by calculating the scale factor between cél ¢, of the meson

B — K LFV decay and éflez of the baryon A, — A
decay using Tables 1 and 4 and re-scaling the upper limit
of the mesonic decay accordingly. In addition, comparing
the coefficients in these tables, we observe that the ratios
€),0,/€1,0, and éf'zz/éflgz are very similar for i, j = 9, 10

andi, j = S, P. Therefore, the sensitivities for LFV B — K
and A, — A decays are rather similar when considering the
Cgllz - Cﬁ‘)lz only and C?zz - Cf,llz only scenarios. Upper
limits (at 90% CL) for the branching ratio of A, — A€
derived from their mesonic counter parts for the three sce-
narios are presented in Table 5. These values should be inter-
preted as follows: any future experimental upper limit on the
baryonic mode below the quoted value gives stronger con-
straints on the Wilson coefficients than those obtained from
the current mesonic upper limits.

The complementarity of the mesonic and the baryonic
LFV channels specifically arises when considering both
(axial)vector and (pseudo)scalar operators. This complemen-
tarity is caused the difference between the ratios cle o/ cé 0
and gf‘b/gjfl@z fori = §9, P10 and j = S, P,9, 10.
We expect a similar complementarity also when both ten-
sor operators and (axial)vector operators are present. We
illustrate quantitatively this in Fig. 3 for the SMEFT sce-

: ity ity ~Lily [58%)
nario where Cy' > = —C|)*,Cy * = —Cp . We present
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Table S Upper limits for the branching ratio of A, — A LFV decays
obtained in a model independent way by considering their mesonic
counter parts. Bounds are at 90% CL. For the first two scenarios, the
branching ratios are independent of the charge configuration. However
for the SMEFT scenario this is not the case anymore, hence we present
both branching ratios for =t and in brackets T~ ™

BAT (BTH) x 1075 B = BH¢ x 1078

Céllz £0, C]é(l)lz £ <7717 <11
0, Céléz — cfoll’z =0
Céllz £0, Cf;llz £ <2.72.7) < 0.06
0.C' = €15 =0
ce=—cli, ch = <7401 <11
L8y
—Cy

the current meson constraints combined with two possi-
ble constraints on the A, — Apu~t™ branching ratio and
observe that the mesonic modes place strong constraints on
scalar/pseudoscalar interactions while the baryonic channel
is more sensitive to C§ * and C; .

Finally, we consider the integrated forward—backward
asymmetry Aégz which provides orthogonal information
compared to the branching ratio. From Eq. (16) we note the

following properties: Aﬁ']f % is identically zero if Céllz =
Cf(l)ez = 0, and in the case in which only Cglez = —Cf(l)b £
0 Af;‘];Z % is independent on the values of Cé’ﬂfz and Cf(l)éz.
In the latter scenario, we find for Cglgz = —Cf(l)lzz and
Céllz _ Cﬁ)l/éz -0
™ T
AL = 0144001, A =0.40£0.03,
At = Apg = 033 £0.04. (21)

A measurement or an upper limit different from these val-
ues provides interesting complementary information. This is
illustrated in Fig. 4, where we consider for the w~tT final
state a future scenario in which an upper limit of Afg < 0.3
and B*T < 7.7 x 107> are considered. As we can see from

100
— Bi— ot
— Bt - KTt u7T+
— B(Ay— ApT77) <3.0-107°
501
in,
3
07
So
)
750_
—100
—100 —50 0 50 100

nT nT
09 - _CIIJ

wr _ ewr _
100 Cs =Cp =0
50
=]
12
—50
— B(Ay — AptrT) < 7.7-107°
— A <03 \
—100 T r "
—100 —50 0 50 100

ut
CQ

Fig. 4 Illustration of how the forward—backward asymmetry provides
orthogonal constraints to the branching ratio of A, — Au~t". The
shaded area present the allowed region for an upper limit A‘F‘}; < 0.3,
compared to an upper limit for the branching ratio of 7.7 x 107>

Fig. 4, the information on Agy helps to rule out a large part

of the allowed space in the Célez -C f(l)ez plane.

3.2 Explicit models

As mentioned, in many models that explain LFU violation,
also LFV naturally occurs. Since our aim is not to perform
a detailed analysis of all the observables in low-energy phe-
nomenology, we choose to focus here on two specific mod-
els that explain the B anomalies. We choose two interesting
solutions, which are the most favourite in the literature: the
combination of the scalar leptoquarks S; and S3 and the vec-
tor leptoquark U;. For these models we provide predictions
for observables in A, — Aél_ﬁz' decays.

— By—purt
1001 — g+ g+ pwort
— B(Ay— Ap ) < 74-107°
50
.
A
3
o
S5y
)
—50
—100

—1l0 50 0 5 100
CyT=-Cly

Fig. 3 Tllustration of the orthogonality between current mesonic and possible future baryonic constraints
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The S; + S3 scalar leptoquarks scenario [44]

Here we focus on the S 4 53 scenario, following the analysis
in Ref. [44].! The main idea there is to apply the Froggatt—
Nielsen mechanism [95], that explains the hierarchies of
quark masses, as a power counting for NP operators, and
thereby providing simultaneously an explanation for the B-
anomalies and the flavour puzzle. Converting the formalism
of Ref. [44] to the Wilson coefficients defined in Eq. (1), we
find:

016 2% v?
C912:_C12_

2 &30y Gx24,
= S57S 22
0= 312 g Ve V] & 22

QL= QL

where M is the mass of the heavy scalar leptoquarks, S‘Z’L
is the spurion associated with the S3 scalar leptoquark and
encodes the Froggatt—Nielsen power counting, and g3 is an
overall coupling which is expected to be of O(1). Notice that
the scalar leptoquark S; does not contribute to b — sﬁl_E;’
transitions. With this, we find

Ci" = —Cly = — (0.41 £0.07),
Co"' =—C[l =(10=£2). (23)

For the modes with electrons and muons in the final states, we
find C;“ o¢ 1073 and a even lower value for Cg ¢. Therefore,
we conclude that the corresponding branching ratios are too
small to be measured by any experiment in the near future.

Focusing then on the final states with muons and taus, using
the Wilson coefficients in (23) and our results in Sect. 2 gives

BT = (7.1 £2.5) x 1072,

(24)
B =@42+1.7) x 1079,

where the errors are dominated by the ones on the NP Wil-

son coefficients. Note that since this model predicts Cglez =

—C1, A is independent from any Wilson coefficients
and assumes the value in Eq. (21). From Fig. 4 we can con-
clude that the Cé 2 = _c f(l)lz scenario would be excluded
by the measurement of Aé‘B&. Hence, this stresses the impor-
tance of obtaining experimental constraints on this observ-

able.

The U; vector leptoquark scenario [45]

Other interesting NP models are those with a vector lepto-
quark, usually denoted Uj. In fact, this NP particle is the
only one able to accommodate both classes of B anomalies
on its own. Among the various possibilities available in the
literature, we focus on [45], where the vector leptoquark is

! The analysis Ref. [44] provides qualitatively the same results as Ref.
[40].

a massive state originating from the Spontaneous Symme-
try Breaking of a gauge group larger than the SM one. As a
consequence of the gauge representation of the U; vector lep-
toquark, not only vector and axial vector couplings, but also
scalar and pseudoscalar couplings are generated. In particu-
lar, the latter are very useful in explaining the large discrepan-
ciesinb — ctv dataand as a consequence, generate sizeable
b — s€1£; interactions. Therefore, we expect very different
signatures for the U1 model than the ones in the scalar lepto-
quark case. In Ref. [45] several cases are taken into account,
where the flavour structure of the NP couplings has a U (2)°
flavour symmetry [96] or not, and where (pseudo-)scalar cou-
plings are present or not. In the following we report results
for the case in which no U (2)° flavour symmetry is assumed.
We note that using the scenario based on the U (2)° flavour
symmetry yields very similar results. We also note that given
the flavour structure assumed in Ref. [45], the couplings of
the vector leptoquark to electrons is zero, hence no effect is
predicted for Aj, — Ae®u¥. In the notation of Ref. [45] we
have

2w
L1ln 14T %) 201 ; p30o\ %
C =-C =4+——C R
? 10 O5em|vtbvt>§| U‘BL (ﬂL )
4

C?@z _ _C?(Zz -+ CUﬂiﬁ(ﬂ;@z)*’ (25)

®em| Vip V;;|
where Cy is a normalisation constant which contains the
mass of the vector leptoquark normalised to the electroweak
vacuum-expectation value and the gauge coupling of the lep-
toquark. The factor ,BIJ"? g Tepresents the coupling in flavour
space to left(right)-handed fermions. In the following we
neglect the uncertainties on the fitted parameters obtained
from [45] due to their large and asymmetric distributions.
Either way, this scenario provides a useful benchmark that
allows us to predict the size of LFV A, — A decays. We
first look at the case ,313{3 = 0. We find

Cy"' = —C}{f =—5.93,
Clt = —Cly = +2.90. (26)
L14o

The predictions for Apg“ in this case are the same as in
Eq. (21). The corresponding integrated branching ratios are:

B™™=15x10"°
B*T =3.6x 107, (27)

In the case where ﬂ;ﬂ # 0, we find

Cy'' = —Cji =-447, Cc'=-Cp'=0,
C§" = —Cjy =203, C¢" =—-Ch" =4.06, (28)

which yields

B =85x10"" and Apg =0.14,
B*T =53x 107" and Afg = 0.12. (29)
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. . 6
Some comments are in order. In the scenario where C 52 PZ) =

0, Af;g % is independent from the Wilson coefficients and its
value is given in Eq. (21). We find that B*™* > BH** due to
a factor of two between the respective NP couplings. In the
case where we have also Cg” = —Cgr # 0, we find that B**
is surprisingly small due to the negative interference between
C '; and C gr. On the other hand, Aglg is found to be smaller
than A;g, hence providing a possible way to distinguish the
different scenarios.

3.3 LHCb prospects

The results found in the above sections indicate that A, —
AL1£; decays are very good probes of physics beyond the
SM and provide in certain scenarios complementary bounds
with respect to the ones from B — £18yand BT — K100,
decays. Here we want to comment on the prospective for mea-
surement of A, — A£1£, decays at the LHCb experiment.
If we consider measurement carried out with the same
dataset, we expect for the measured yields:

N(Ap = A(— pm)eilr)
N(B+ — Kt4147)
_ B(Ap — A(— pﬂ)21£2)|theory e

LAb +, (30)
B(BT — K+el£2)|theory I+ fo/B

where fa,/fp+ is the ratios of the fragmentation functions
for the Ap and the BT modes, respectively, and 7y, /B+
is a correction factor due to different reconstruction effi-
ciencies. In Ref. [97], the ratio fa,/(fu + fs) is mea-
sured. Using isospin relations, we can write fa,/fp+ =
2fn,/(fu+ fa) = (0.518 £ 0.036). The ratio of the pre-
dicted values of the theoretical branching ratios depends on
the NP model and final state leptons. However, as we noted
already in Sect. 3.1, the branching ratios for the baryon and
the meson case are very similar in size: therefore, for an
order of magnitude estimate, we consider them to be equal.
The last piece of information needed is the ratio r, /p+, that
is difficult to estimate without a thorough simulation of the
LHCb detector. However, in order to give an estimate, we use
the information in Refs. [6,98], that are based on the same
integrated luminosity. From these papers we extract

N(Ap = A(— pryp~p™)
N(Bt — Ktu—ut)

~ 0.31. (31)

This means that we expect the efficiency for the reconstruc-
tion of the Ay to be roughly 1.67 times less than that of the
BT, when also taking into account the fragmentation frac-
tions effect. Hence we set ry, g+ = 1.67. We expect that all
the other correction factors due to the reconstruction of the
leptons in the final state cancel out since we are comparing

@ Springer

the same leptonic final states in both decays. This yields

B(Ap — A(— pm)lils) ~ 1.67%B(B+ — KT0105).
B+
(32)

Using the current upper limit on B(BT — KTt ™), we
thus expect that LHCD can reach the following sensitivity:

B(Ap — A(— pm)u~th) <6.5x 1073, (33)

for Run 1 and 2 datasets. In the above estimate, we have not
included any correction for the trigger efficiency, which can
be different for the baryonic and mesonic mode. The estimate
in Eq. (33) can be compared to the model dependent and
model independent bounds on B(A, — At ™) found in
the previous sections. In particular, the expected upper bound
from LHCb would already give better constraints than the
corresponding ones from the mesonic decays, as illustrated
in Fig. 3. We also stress that future runs will improve the
upper limit in Eq. (33) of at least a factor of roughly two with
Run 3 and a factor of three with further runs [66].

4 Conclusions

In this paper, we present the first full analysis of A, —
AE;K; lepton flavour violating (LFV) decays in terms of
possible new physics operators. The main results of this paper
are Egs. (10)—(12), where the coefficients of the angular dis-
tributions for Ap — AZI_ZZr decays are given. We study
the interplay between the baryonic and mesonic searches
for LFV, where for the latter upper limits are already avail-
able. We convert these upper limits into constraints on the
branching ratio and forward—backward asymmetry for A, —
AEI_K; decays. We find that the A, — AEI_E; decays pro-
vide different constraints on the new physics Wilson coef-
ficients than By, — ¢, ¢5 and BT — KT¢ €] decays,
and have the potential to reduce the allowed parameter space
for new physics models. We then analyse quantitatively the
size of Ap — AKI_EEF decays in specific scenarios that can
address B anomalies, using as a Refs. [44,45]. Our findings
indicate that the predicted branching ratio for A, — AE;E;‘
for these scenarios are such that they can further constrain the
new physics couplings. As a final prospective, we estimate
the reach of LHCD for A, — AE;E;’ decays, finding that
an upper limit of B(A, — Au~t") < 6.5 107 can be
reached with Run 1 and Run 2 data.
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Appendix A: Details on kinematics

In the A rest frame (A, — RF), the momenta are defined as

q"1a,-rF = (g%, 0,0, —|g), (34)
K" a,—rE = (ma, —¢°,0,0,13)). (35)
where

where A is the usual Killen function defined as A(a, b, ¢)
a’ +b* + c* — 2a(b + ¢) — 2bc.
In the dilepton rest frame we have that ¢"|2/_Rr

V42(1,0,0,0), and

P l2e—rE = (E¢,, —| p2ll2e—rr sin 0y, 0, —| p2||2¢—rF €O 6p),

(37)
Py le—rr = (Eg,, +|P2ll2e—rF sin 0, 0, +| pal2¢—rE c0s 0;),
(38)
where
2 2
|_) || )\'(q25m[lam[2) d
P2112¢—RF = , an
2Vq*
2 2 2
q°-+m —m
Ey, = Lo {21 ) (39)

2/

The two reference systems are connected by the following
relation for any vector:

y 00-By
0 10 O

XM la,—RF = AppxTH, A= 0 01 0 (40)
—-By 00 vy

where A, is a Lorentz transformation along the z axis. It’s

0 m%\b - Mi + ¢? parameters are:
q"|A,—RF = T, and

i /k(m%b’ m2. q?) Y= q0|A;,—RF’ and f— |§J|A[,—RF. @1
l711a,—RE = 2nin, ; (36) Va? 4°|A,—RF
Table 6 Correlation matrix for the A, — Au~e™ parameters
1 1 0.617 0.617 0.643 0.643 —0.728 0.820 —0.839 —0.839
1 1 0.617 0.617 0.643 0.643 —0.728 0.820 —0.839 —0.839
0.617 0.617 1 1 0.885 0.885 —0.559 0.451 —0.778 —0.778
0.617 0.617 1 1 0.885 0.885 —0.559 0.451 —0.778 —0.778
0.643 0.643 0.885 0.885 1 1 —0.835 0.438 —0.911 —-0.911
0.643 0.643 0.885 0.885 1 1 —0.835 0.437 —0.911 —-0.911
—0.728 —0.728 —0.559 —0.559 —0.835 —0.835 1 —0.434 0.932 0.932
0.820 0.820 0.451 0.451 0.438 0.438 —0.434 1 —0.517 —0.517
—0.839 —0.839 —0.778 —0.778 —0.911 —0.911 0.932 —0.517 1 1
—0.839 —0.839 —0.778 —0.778 —0.911 —0.911 0.932 —0.517 1 1
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Table 7 Correlation matrix for the A, — Apu~t ™ parameters

1 0.997 0.709 0.716 —0.742 0.742 0.835 0.857 —0.877 0.877
0.997 1 0.747 0.755 —0.787 0.788 0.858 0.838 —0.900 0.900
0.709 0.747 1.00 0.999 —0.962 0.947 0.715 0.466 —0.835 0.835
0.716 0.755 0.999 1 —0.971 0.958 0.734 0.470 —0.846 0.846
—0.742 —0.787 —0.962 —-0.971 1 —0.999 —0.841 —0.481 0.899 —0.899
0.742 0.788 0.947 0.958 —0.999 1 0.857 0.480 —0.903 0.903
0.835 0.858 0.715 0.734 —0.841 0.857 1 0.519 —0.964 0.964
0.857 0.838 0.466 0.470 —0.481 0.480 0.519 1 —0.544 0.544
—-0.877 —0.900 —0.835 —0.846 0.899 —0.903 —0.964 —0.544 1 -1
0.877 0.900 0.835 0.846 —0.899 0.903 0.964 0.544 —1 1
Appendix B: Correlations 11. Belle Collaboration, S. Hirose et al., Measurement of the T lepton

We present correlation matrices for the set of coefficients
{éf‘zz, pflez}, with the same ordering as in Tables 1 and 2.
In Table 6 we present the correlations for pe final states and
in Table 7 the ones for w7 final states.
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