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Abstract The rare baryonic decay A, — A(— pm™)
wt ™ provides valuable complementary information com-
pared to the corresponding mesonic b — sutu~ transi-
tion. In this paper, using the latest high-precision lattice
QCD calculation of the A, — A transition form factors,
we study this interesting decay within the aligned two-
Higgs-doublet model, paying particularly attention to the
effects of the chirality-flipped operators generated by the
charged scalars. In order to extract the full set of angu-
lar coefficients in this decay, we consider the following ten
angular observables, which can be derived from the anal-
ysis of the subsequent parity-violating A — pm~ decay:
the differential branching fraction d3/dg?, the longitudi-
nal polarization fraction Fr, the lepton-, hadron- and com-
bined lepton—hadron-side forward—backward asymmetries
Af;B, A{QB and Aﬁg, as well as the other five asymmetry
observables Y; (i = 2, 3s, 3sc, 4s, 4sc). Detailed numer-
ical comparisons are made between the SM and NP values
for these angular observables. It is found that, under the con-
straints from the inclusive B — Xy branching fraction and
the latest global fit results of b — s££ data, the contributions
of right-handed semileptonic operators Oé, 10> besides recon-
ciling the P; anomaly observed in BY — K*0utu~ decay,
could also enhance the values of d3/dg? and Af;B in the bin
[15,20] GeV?, leading to results consistent with the current
LHCb measurements.

1 Introduction

The rare semileptonic b-hadron decays induced by the
flavour-changing neutral current (FCNC) transition b —
s£7¢~ do not arise at tree level and, due to the Glashow—
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[liopoulos—Maiani (GIM) mechanism [1], are also highly
suppressed at higher orders within the Standard Model (SM).
In many extensions of the SM, on the other hand, new TeV-
scale particles can participate in the SM loop diagrams and
lead to measurable effects in these rare decays. As a conse-
quence, they play an important role in testing the SM and
probing New Physics (NP) beyond it [2,3].

While no solid evidence of NP at all has been found
in direct searches at high-energy colliders, it is interesting
to note that several persistent deviations from the SM pre-
dictions have been observed in rare B-meson decays [3].
Specific to the b — s£7£~ mesonic decays, these include
the angular observable P/ in the kinematical distribution
of B — K*0u+ 1~ [4-8], the lepton-flavour-universality-
violation ratio R of the decay widths for B — Ku™ ™ and
B — Kete™ [9-11], as well as the differential decay rates
for B > K®putpu~ [12-14] and By — ¢t~ [15-17].
Motivated by these anomalies and using the other available
data on such rare mesonic decays, several global analyses
have been made [18-27], finding that a negative shift in the
Wilson coefficient Cy improves the agreement with the data.
However, due to the large hadronic uncertainties involved
in exclusive modes, it remains quite unclear whether these
anomalies indicate the smoking gun of NP, or are caused
merely by underestimated hadronic power corrections [27—
34] or even just by statistical fluctuations. In order to further
understand the origin of the observed anomalies, it is very
necessary to study other processes mediated by the same
quark-level b — s€* £~ transition.

In this respect, the rare baryonic A, — Au™ ™ decay is
of particular interest for the following two reasons. Firstly,
due to the spin-half nature of A; and A baryons, there is
the potential to improve the currently limited understand-
ing of the helicity structure of the underlying effective weak
Hamiltonian [35-37]. Secondly, exploiting the full angu-
lar distribution of the four-body Ay — A(— pr)utu~
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decay, one can obtain information on the underlying short-
distance Wilson coefficients of effective four-fermion oper-
ators, which is complementary to that obtained from the cor-
responding mesonic decays [38—40]. Experimentally, this
decay was observed firstly by the CDF collaboration with
24 signal events and a statistical significance of 5.8 Gaus-
sian standard deviations [41]. Later, the LHCb collaboration
published the first measurements of the differential branch-
ing fractions as well as three angular observables of this
decay [42]. As the Aj baryons account for around 20% of
the b-hadrons produced at the LHC [43], refined measure-
ments of this decay will be available in the near future. On
the theoretical side, this decay is challenged by the hadronic
uncertainties due to the A, — A transition form factors
and the non-factorizable spectator dynamics [38,44-46]. As
the theory of QCD factorization at low g2 [47,48] is not yet
fully developed for the baryonic decay, we neglect all the
non-factorizable spectator-scattering effects. For the factor-
izable nonlocal hadronic matrix elements of the operators
01-0¢, Og, we absorb them into the effective Wilson coef-
ficients C?ff(qz) and Cg'ff (g?) [47-52]. For previous studies
of this decay, the reader is referred to Refs. [53—-80].
Interestingly, it has been observed by Meinel and Dyk [81]
that the A, — A(— pm~)uTu~ decay prefers a posi-
tive shift to the Wilson coefficient Cy, which is opposite
in sign compared to that found in the latest global fits of
only mesonic decays [22,26,27]. This suggests that a simple
shift in Cy alone could not explain all the current data and
needs more thorough analyses. In our previous paper [82],
we have studied the B — K*Out 1~ decay in the aligned
two-Higgs-doublet model (A2HDM) [83], and found that the
angular observable P; could be increased significantly to be
consistent with the experimental data in the case when the
charged-scalar contributions to C?i and C{)Iflt are sizeable,

but C;ﬁo ~ 0. In order to further understand the anoma-
lies observed in the b — s£7£~ mesonic decays, in this
paper, we shall study the A, — A(— pm )T~ decay in
the A2HDM. As the A}, polarization in the LHCb setup has
been measured to be small and compatible with zero [84],
and the polarization effect will be averaged out for the sym-
metric ATLAS and CMS detectors, we consider only the
case of unpolarized Aj, decay. In order to reduce as much as
possible the uncertainties arising from input parameters and
transition form factors, we shall calculate all of the angular
observables in some appropriate combinations [38—40]. For
the A, — A transition form factors, we use the latest high-
precision lattice QCD calculation [85], which is extrapolated
to the whole ¢ region using the Bourrely—Caprini—Lellouch
parametrization [86]. These results are also consistent with
those of the recent QCD light-cone sum rule calculation [46],
but with much smaller uncertainties in most of the kinematic
range.
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Our paper is organized as follows. In Sect. 2, we give a
brief overview of the A2ZHDM. In Sect. 3, we present the
theoretical framework for A, — A(— pm~)uTu~ decay,
including the effective weak Hamiltonian, the A, — A tran-
sition form factors, and the observables of this decay. In
Sect. 4, we give our numerical results and discussions. Our
conclusions are made in Sect. 5. Some relevant formulae for
the Wilson coefficients are collected in the appendix.

2 The aligned two-Higgs-doublet model

We consider the minimal version of 2HDM, which is invari-
ant under the SM gauge group and includes, besides the SM
matter and gauge fields, two complex scalar SU (2); dou-
blets, with hypercharge ¥ = 1/2 [83,87]. In the Higgs basis,
the two doublets can be parametrized as

G+ H*
Pl Lwrsi+ic) | BT Lrisy |
2.1)

where v = (v2G )~ '/? ~ 246 GeV is the nonzero vac-
uum expectation value, and G*, GO are the massless Gold-
stone fields. The remaining five physical degrees of freedom
are given by the two charged fields H¥(x) and the three
neutral ones go?(x) = {h(x), H(x), A(x)} = R;;S;, with
the orthogonal transformation R fixed by the scalar poten-
tial [83,87,88].

The most general Yukawa Lagrangian of the 2HDM is
given by [83]

V2
v
+ Y, ®o)uy + L) (M;®) + Y[ D2)lp] +hc., (2.2)

Ly = [0} (M, ® + Y)®2)dk + Q) (M,

where d~>a(x) = iTo®} (x) are the charge-conjugated scalar
doublets with hypercharge Y = —%; Q) and L, are the left-
handed quark and lepton doublets, and u’y, dj and £, the
corresponding right-handed singlets, in the weak-interaction
basis. All fermionic fields are written as 3-dimensional vec-
tors and the Yukawa couplings M /f and Y } (f =u,d, ) are
therefore 3 x 3 matrices in flavour space. Generally, the cou-
plings M}- and Y}' cannot be diagonalized simultaneously
and the non-diagonal elements will give rise to unwanted
tree-level FCNC interactions. In the fermion mass-eigenstate
basis, with diagonal mass matrices M y, the tree-level FCNCs
can be eliminated by requiring the alignment in flavour space
of the Yukawa matrices [83]:

Yoo =6aeMae, Yi=c) M, (2.3)

where ¢ (f = u,d,{) are arbitrary complex parameters
and could introduce new sources of CP violation beyond the
SM.
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The interactions of the charged scalars with the fermion
mass-eigenstate fields read [83]

2
Ly+ = _¥2 H" {ii[gg V MqPg — cu M}V PL1d
v

+ce vMy PR} + h.c., 2.4)

where Pp() = HETVS is the right (left)-handed chirality

projector, and V denotes the Cabibbo—Kobayashi—-Maskawa
(CKM) matrix [89,90]. As detailed in Refs. [82,88], the
charged scalars could provide large contributions to b —
s€1¢~ transitions, in some given parameter spaces.

3 The Ay > A(— pr~)ptu~ decay
3.1 Effective weak Hamiltonian

The effective weak Hamiltonian for b — s¢7 ¢~ transition
is given by [52]

4G . .
Hetr = —T;thv,f’; |:C10f + 05
+ZCZOZ+ > COI}, 3.1
i=7,9,10

where G is the Fermi coupling constant, and we have
neglected the doubly Cabibbo-suppressed contributions to
the decay amplitude. The operators O;<¢ are identical to P;
given in Ref. [91], and the remaining ones read

0f =~ (5™ Prit)b) Fyv,

Og = %mb(sa“”T”PRb)GW, (3.2)
0y = —— 2(sy PL(ryb) €y, 0).,

0 = Gy Puawp) Bty (33)

where e (gs) is the electromagnetic (strong) coupling con-
stant, 7“ the generator of SU (3)¢ in the fundamental repre-
sentation, and m; denotes the b-quark running mass in the
MS scheme.

Within the SM, 079,10 play the leading role in b —
s£T ¢~ transition, while the factorizable contributions from
O\ —¢,3 can be absorbed into the effective Wilson coefficients
CsM(g?) and €5 (%) [251:

1 4 80
Csﬂ(qz) =C7— 3 (CS + 3 C4+20Cs + 3 C6>

[(cl —6C2) F{ (g% + Cs F (D),
(3.4)

16 16
St (g% = Co+ = (C3 +3 Cs + > cﬁ>

2 32
—h(0,q )( C3+3C4+8C5+3C6>
7 2 32
—h(mbq) C2+3C4+38C5+?C6

+ h(me, q )( C1+C2+6C3—|—60C5>

B161 FO @ +Cr F2 gD + Cs (g,

e
(3.5)
where the basic fermion loop function is given by [47]
4 w2
h(mg,q>) == [In= + =
(mg,q”) 5 (nm?] +3+Z)
1 4m2
arctan — 7T 7= —t>1,
- —(2 +2)vlz - e &
f %a = q_zq < la
(3.6)

and the functions F8(7’9) (qz) are defined by Egs. (B.1) and
(B.2) of Ref. [47], while - (¢%) and F; " (¢?) are pro-
vided in Ref. [92] for low ¢ and in Ref. [93] for high ¢2.!
The quark masses appearing in these functions are defined
in the pole scheme. The contribution from O is suppressed
by mg/my and those from Oé) 10 @re zero within the SM.

Inthe A2HDM, the charged-scalar exchanges lead to addi-
tional contributions to C7,9,10 and make the contributions of
chirality-flipped operators 09’9’ 10 to be significant, through
the Z°- and photon-penguin diagrams shown in Fig. 1. Since
we have neglected the light lepton mass, there is no contri-
bution from the SM W-box diagrams with the W* bosons
replaced by the charged scalars H*. The new contributions
to the Wilson coefficients read [82]

+

I = 16ul? 7, + 5as} C7,ud, 3.7

H* _ | _ 2

C9 = |gul C9,UU7 (3.8)
+

i = lsul? Cro, s (3.9)
+ mg

C/H = ”_l_;[|§u|2 C7,w + §u§;C7,ud], (3.10)

! Here we incorporate only the leading contributions from an opera-
tor product expansion (OPE) of the nonlocal product of O1_g g with
the quark electromagnetic current, because the first and second-order
corrections in A /my from the OPE are already well suppressed in the
high-¢? region [49,50]. Although non-factorizable spectator-scattering
effects (i.e., corrections that are not described using hadronic form fac-
tors) are expected to play a sizeable role in the low-¢2 region [47,48],
we shall neglect their contributions because there is presently no sys-
tematic framework in which they can be calculated for the baryonic
decay [46]. As a consequence, our predictions in the low-¢? region are
affected by a hitherto unquantified systematic uncertainty.

@ Springer
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(1.1) (12)

(1.3)

Fig. 1 Z- and photon-penguin diagrams involving the charged-scalar exchanges in the A2ZHDM

I = (=1 + 4sin? 6y)

mphig
+ = lsul® €5,y + 29505 Ch, g
My
+ I5al* €4 gql- (3.11)
+  mpm
Clo =~ llsul® Clo,u +2%(5us)Clo, ua
My
+ Isal* Clo. qal- (3.12)

with the functions C{%y (i = 7,9,10; X, Y = u, d) given
by Egs. (A.1)—-(A.10). Assuming ¢, 4 to be real, one has
CéHi = ;Z—;C;Ii, and we shall therefore neglect CéHiin the
following discussion.

3.2 Transition form factors

In order to obtain compact forms of the helicity ampli-
tudes [38], we adopt the helicity-based definitions of the
Ap — A transition form factors, which are given by [38,44]

(AP, OIS Y™ blAK(p. )

"
N s/)[f,v(qz) (mp, —ma) ‘f]—z + £y (¢®

mapytma (o2 4Y
St (p *r (mAh ") q?
ZmA 2mA
+ ff(qz) (yu - nwo_ S_b p/u> :| up, (p,s),
+ +

(3.13)

(AP, sHIS y*ys bIAK(p, 9))
m
=—iup(p'.s)ys |:f,A(C]2)(mAb +mp) 2—2

mp, —mp gt
—"s (P“ + " = (my, —m3) ?)

+ £ @

2mAb

2mA
+ i@ <V“ + - pt - P’“) ] upn,(p,s),

(3.14)

@ Springer

for the vector and axial-vector currents, respectively, and

(AP sHI5ic" gy bIAL(p, $))
2 n
_ q q
= —ia(p',s) [f{(q% - (p" +p" = (my, —m3) q—z)
+

2mp 2mp
e 20 )T,

+ (@ (mp, +ma) (y“ -
S+ S+
(3.15)

(AP, sHISio" ys gy bIAp(p, 5))
2 "
_ q / q
= —iin(p's) ys [foT5 U] . <P“ + " = (mh, —m}) ;)

2mp 2mp
+ 5@ ma, —ma) (V“ + - —_—= P”‘) ] Un, (P, $),

_ (3.16)

for the tensor and pseudo-tensor currents, respectively. Here
g =p—p andst = (mp, £mp)?> —q>. The helicity form
factors satisfy the endpoint relations f,v(A)(O) = fOV(A)(O)
and (1 (gR00) =[5 (@han) With @R = (ma, —
ma)?%. All these ten form factors have been recently calcu-
lated using (2 4 1)-flavour lattice QCD [85].

3.3 Observables in A, — A(— pr~)uTu~ decay

The angular distribution of the four-body A, — A(—
pr T )ut ™ decay, with an unpolarized Ay, is described by
the dimuon invariant mass squared ¢2, the helicity angles 6
and 60y, and the azimuthal angle ¢; the explicit definition of
these four kinematic variables could be found, for example,
in Refs. [38,39]. The four-fold differential width can then be
written as [38]

a'r . [(K1ss sin” 0p+ K Zp
= sin cos
dg?dcos@ydcosfpdg 87 ss e Rl ¢

+ K. cos6p)

+ (Kags sin® 0y + Koee cos® 6y
+ Kp.cosBy) cosbp

+ (K35c sin 6y cos 6y

+ K3z sinfy) sinf, cos ¢
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+ (K 45¢ Sin 6p cos Oy

+ Ky 8infy) sinfp sing |,
(3.17)

where the angular coefficients K, withn = 1,...,4 and
A =sys,c,ss,cc, sc,are functions ofqz, and can be expressed
in terms of eight transversity amplitudes for A, — A transi-
tion and the parity-violating decay parameter « in the sec-
ondary decay A — pm ~; their explicit expressions could be
found in Ref. [38].

Starting with Eq. (3.17) and in terms of the angular coef-
ficients K, we can then construct the following observ-
ables [38-40]:

e The differential decay rate and differential branching
fraction

dr dB dr (3.18)
— = — =TA, 5 .
dq? Ab dq?
where 74, is the A}, lifetime.
e The longitudinal polarization fraction of the dimuon sys-
tem

FL = 2K155 — Kices (3.19)

where we introduce the normalized angular observables
¢ o— K
Kﬂ)\. — drjdg?-

e The lepton-, hadron- and combined lepton—hadron-side

forward—backward asymmetries

Ay =28
FB — les

N 1, 34
) Alé\B = Kogs + EKZCCv Aéﬁ = ZK2C1

which have characteristic q2 behaviours: within the SM,
both A}‘;B and A}% have the same zero-crossing points,
qé (Af;B) ~ qg (Aﬁ‘g), to the first approximation, while
Al‘:\B does not cross zero [38]. Note that, as observed in
the mesonic case [47,94-96], the zero-crossing points are
nearly free of hadronic uncertainties [38—40].

e The other five asymmetry observables

3 . N 3r . 1 A
Y, = g(KZCC - K2ss), Y33 = —K3s, Y3e= 2K3sw
31 A 1 4
Yy = ?K% Yose = §K4s07 (3.2D)

which, along with the previous observables, determine
all the ten angular coefficients K,,,. Here Y5 also has a
zero-crossing point, which lies in the low g2 region.

In order to compare with the experimental data [97], we also
consider the binned differential branching fraction defined
by

qr%lax
[ asraig?
2 Dmin
(dB/dq™)g2, g1 = 2 _ 2 ’ (322)
9max 9min

and the binned normalized angular coefficients defined by

qgnax 2
f Kn)» dq
q2

<[2nk)[q§]m’q%ax] = q,%:xin , (3.23)
f (T /dg?)dg?
2

9min

where the numerator and denominator should be binned sep-
arately. As the theoretical calculations are thought to break
down close to the narrow charmonium resonances, we make
no predictions for these observables in this region.

Finally, it should be noted that, unlike the strong decay
K* — K in the mesonic counterpart B — K*£T¢~,
the subsequent weak decay A — pm~ is parity violat-
ing, with the asymmetry parameter o, being known from
experiment [98]. This fact distinguishes the signal with an
intermediate A baryon from the direct A, — pr~utu”
decay, and facilitates the full angular analysis of A, — A(—
pr)uT T decay [38,39].

4 Numerical results and discussions
4.1 Input parameters

Firstly we collect in Table 1 the theoretical input parameters
entering our numerical analysis throughout this paper. These
include the SM parameters such as the electromagnetic and
strong coupling constants, gauge boson, quark and hadron
masses,? as well as the CKM matrix elements. The Weinberg
mixing angle Oy is given by sin? Oy = 1 — M‘ZV/M%.

For the A, — A transition form factors, we use the latest
high-precision lattice QCD calculation with 2 + 1 dynami-
cal flavours [85]. The ¢2 dependence of these form factors
are parametrized in a simplified z expansion [86], modified
to account for pion-mass and lattice-spacing dependences.
All relevant formulae and input parameters can be found in
Egs. (38) and (49) and Tables I1I-V and IX-XII of Ref. [85].
To compute the central value, statistical uncertainty, and
total systematic uncertainty of any observable depending
on the form factors, such as the differential branching frac-
tion and angular observables given in Egs. (3.18)—(3.21), as
well as the corresponding binned observables and the zero-
crossing points, we follow the same procedure as specified
in Egs. (50)—(55) of Ref. [85].

2 The pion mass is needed to describe the secondary decay A — prm—,
and the kaon and B-meson masses are used to evaluate the B K threshold
in the z parametrization of the A, — A transition form factors [85].

@ Springer
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Table 1 Summary of the theoretical input parameters used throughout this paper

QCD and electroweak parameters

Gr[107° GeV~2] ag(myz) . (mwy) mz(GeV) my (GeV) [98]
1.1663787 0.1182+0.0012  1/128 91.1876 80.385
Quark masses (GeV)
e mj e M) () m(2GeV) (98]
1742+ 1.4 4.78 +0.06 1.67 £ 0.07 4.184+0.03  1.27+0.03 0.096" 0008
Meson and baryon masses (GeV)
My mg mp ma ma, [85,98]
0.135 0.494 5.279 1.116 5.619
Other parameters
Ay lifetime(tp,) Parity-violating parameter (ctp ) [VEVip [98,99]
(1.466 + 0.010) ps 0.642 +£0.013 0.04152 + 0.00056
Table 2 The Wilson coefficients at the scale 1, = 4.2 GeV, to NNLL accuracy in the SM
Ci C C3 Cy Cs Ce C7 Cg Cy Cio
—0.294 1.017 —0.0059 —0.087 0.0004 0.0011 —0.324 —0.176 4.114 —4.193

4.2 Results within the SM

For the short-distance Wilson coefficients at the low scale
up = 4.2 GeV, we use the numerical values collected in
Table 2, which are obtained at the next-to-next-to-leading
logarithmic (NNLL) accuracy within the SM [3,91,100—
103].

We show in Fig. 2 the SM predictions for the differen-
tial branching fraction and angular observables as a function
of the dimuon invariant mass squared qz, where the cen-
tral values are plotted as red solid curves and the theoretical
uncertainties, which are caused mainly by the A, — A trans-
form form factors, are labelled by the red bands. The latest
experimental data from LHCb [97], where available, are also
included in the figure for comparison.? The SM predictions
for the corresponding binned observables are presented in
Table 3.

As can be seen from Fig. 2 and Table 3, in the bin
[15, 20] GeV? where both the experimental data and the lat-
tice QCD predictions for the A, — A transition form factors
are most precise, the measured differential branching frac-
tion [97], (1.20 & 0.27) x 10~7 GeV~2, exceeds the SM
prediction, (0.766 % 0.069) x 1077 GeV~2, by about 1.6 0.
Although being not yet statistically significant, it is interest-
ing to note that the deviation is in the opposite direction to
what has been observed in the B — K ®) = [12-14] and
By — ¢ut ™ [15-17] decays, where the measured differ-

3 For the differential branching fraction, the error bars are shown both
including and excluding the uncertainty from the normalization mode
Ap = J/ YA [98].

@ Springer

ential branching fractions favor, on the other hand, smaller
values than their respective SM predictions. Also in this bin,
the lepton-side forward-backward asymmetry measured by
LHCb [97], —0.05 £ 0.09, is found to be about 3.3 ¢ higher
than the SM value, —0.349 +0.013. As detailed in Ref. [81],
combining the current data for A, — A(— pr 7 )utu~
decay with that for the branching ratios of By — u ™ and
inclusive b — s€7€~ decays, Meinel and Dyk found that
their fits prefer a positive shift to the Wilson coefficient Co,
which is opposite in sign compared to that found in the latest
global fits of only mesonic decays [22,26,27]. This means
that a simple shift in Cg alone could not explain all the current
data. Especially, a negative shift in Cy, as found in global fits
of only mesonic observables, would further lower the pre-
dicted A, — ApT ™ differential branching fraction.

Our SM predictions for the zero-crossing points of angular
observables AﬁB, Aéﬁ and Y» read, respectively,

a2 (Afp)lsm = (3.95 + 0.62) GeV?,
G2 (AB)Ism = (3.89 +0.63) GeV?,
g5 (Y2)lsm = (0.35 +0.10) GeV>.

“.1)

The zero-crossing points of the other observables Y; (i =
3s, 3sc, 4s, 4sc), which correspond to the case when the
relative angular momentum between the pz~ system and
the dimuon system is (I, m) = (1, £1), are plagued by large
theoretical uncertainties. The observables Y3 and Y3 are
predicted to be very small within SM and are, therefore,
potentially good probes of NP beyond the SM [40].
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Fig. 2 The A, — A(— pm~)uT ™ observables as a function of
the dimuon invariant mass squared ¢, predicted both within the SM
(central values: red solid curves, theoretical uncertainties: red bands)
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and in the A2HDM (case A: blue bands and case B: green bands). The
corresponding experimental data from LHCb [97], where available, are
represented by the error bars
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Table 3 SM predictions for the

binned differential branching (dB/dg?) (FL) <A£B) (Afp) <A£§)
?(‘;‘E?‘g’e(\i,“_‘z‘;‘i;;;gn e [0.1,2] 0.24 (23) 0.531 (92) 0.104 (17) ~0.310(18) ~0.0332 (56)
dhservables. Tho e e 2, 4] 0.18 (12) 0.867 (28) 0.056 (31) ~0.306 (24) —0.017 (10)
specifies the bin ranges [4, 6] 0.23 (1) 0.813 (43) —0.063 (39) —0.311(16) 0.021 (13)
[9imin- Gina ] in units of GeV? [6, 8] 0.310 (94) 0.728 (48) —0.163 (39) —0.3160 (88) 0.053 (13)
(1.1, 6] 0.20 (12) 0.829 (33) 0.011 31) ~0.309 (20) —0.0026 (99)
(15, 16] 0.810 (70) 0.454 (20) —0.373 (14) —0.3069 (55) 0.1283 (48)
(16, 18] 0.839 (72) 0.418 (15) —0.371 (13) —0.2890 (69) 0.1372 (37)
(18, 20] 0.671 (65) 0.3711 (78) —0.308 (15) —0.2266 (91) 0.1487 (19)
(15, 20] 0.766 (69) 0.409 (13) —0.349 (13) —0.2709 (73) 0.1394 (32)
(Y2) (Y35) x 1072 (Y35c) x 1073 (Yas) (Yase)
[0.1,2] 0.032 (17) —0.11(12) 0.25(33) —0.013 (29) 0.013 (12)
2, 4] 0.0918 (84) —0.093 (92) 0.22 (24) 0.036 (43) 0.006 (16)
[4, 6] 0.0838 (76) —0.066 (62) 0.15 (14) 0.044 (52) 0.000 (16)
(6, 8] 0.0696 (85) —0.048 (44) 0.100 (98) 0.035 (45) —0.004 (14)
[1.1, 6] 0.0857 (78) —0.084 (84) 0.19 (21) 0.036 (42) 0.004 (15)
(15, 16] 0.0231 (33) ~0.012 (12) —0.022 (40) —0.070 (15) —0.0105 (40)
[16, 18] 0.0171 (24) ~0.010 (12) —0.011 (24) —0.106 (12) —0.0104 (30)
[18, 20] 0.0094 (16) —0.005 (10) —0.003 (9) —0.1713 (80) —0.0086 (20)
(15, 20] 0.0157 (22) —0.009 (11) ~0.010 (22) —0.121(11) ~0.0098 (27)

4.3 Results in the A2ZHDM

In this subsection, we shall investigate the impact of A2ZHDM
on the A, — A(— pm~)uT ™ observables. For simplic-
ity, the alignment parameters ¢, 4 are assumed to be real. As
in our previous paper [82], we use the inclusive B — Xy
branching fraction [104,105] and the latest global fit results
of b — s¢f data [26,81] to restrict the model parame-
ters ¢, 4. Under these constraints, numerically, the charged-
scalar contributions to the Wilson coefficients can be divided
into the following two cases [82]:

. ~HE . /HE .
Case A : C7 g are sizeable, but Cy 1o > 0;

+ + . +
Case B : CI" and !, are sizeable, but C{'}, ~ 0.

They are associated to the (large |g,|, small |g4|) and (small
|gul, large |4|) regions, respectively; see Ref. [82] for more
details. This means that the charged-scalar exchanges con-
tribute mainly to left- and right-handed semileptonic oper-
ators in case A and case B, respectively. The influences of
these two cases on the A, — A(— pm~)utu~ observ-
ables are shown in Fig. 2, where the blue (in case A) and
red (in case B) bands are obtained by varying randomly the
model parameters within the ranges allowed by the global
fits [26,81,82], with all the other input parameters taken at
their respective central values.

In case A, the impact of AZHDM is found to be negligibly
small on the hadron-side forward—backward asymmetry A l‘:\B

@ Springer

and the observables Y; (i = 3s, 3sc, 4s, 4sc). For the differ-
ential branching fraction, on the other hand, visible enhance-
ments are observed relative to the SM prediction, especially
in the high ¢? region. For the remaining observables, the
A2HDM only affects them in the low ¢ region, but the effect
is diluted by the SM uncertainty. In order to see clearly the
A2HDM effect in case A, we give in Table 4 the values of the
binned observables in the bin [15, 20] GeV?, including also
the SM predictions, the A2ZHDM effect in case B, as well as
the LHCb data (where available) for comparison. Although
being improved a little bit, the deviations between the LHCb
data and the theoretical values for the differential branch-
ing fraction and the lepton-side forward-backward asymme-
try are still at 1.3 0 and 3.2 o, respectively. Including the
A2HDM in case A, there are only small changes on the zero-
crossing points:

42 (Alg)lease A = (4.02 £ 1.01) GeV?,
qg(Af;I];)lcase A= (396 + 102) GeVz,
42 (Y2)|case A = (0.37 £ 0.20) GeV?. 4.2)

In case B, however, the A2ZHDM has a significant influence
on almost all the observables, as shown in Fig. 2. The most
prominent observation is that it can enhance both the differen-
tial branching fraction and the lepton-side forward—backward
asymmetry in the bin [15,20] GeV?, being now compati-
ble with the experimental measurements at 0.2 0 and 1.3 o,
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Table 4 Comparison of our

2 ' A LA

results for the (dB/dg~) (FL) (Agg) (Agg) (Agg)
Ap = A= pr )t~ _ _
So o A Pl e M 0.766 (69) 0.409 (13) 0.349 (13) 0.2709 (73) 0.1394 (32)
(where available) in the bin Case A 0.82(11) 0.409 (13) —0.344 (16) ~0.2709 (73) 0.1374 (47)
[15, 20] GeV2. The Case B 1.11(38) 0.396 (20) —0.24 (12) ~0.179 (92) 0.129 (17)
uncertainties of AZHDM results —y pey, [97) 120 (27) 0.61+011 ~0.05(9) ~029(8) -
mainly come from the A, — A
transition form factors and the (Y3) (Yas) x 10~2 (Y3ee) X 10-3 (Yas) (Yase)
model parameters. The
d?ffer(?ntial .branching7 fraCtiOEI is SM 0.0157 (22) —0.009 (11) —0.010 (22) —0.121(11) —0.0098 (27)
given in units of 10~ GeV Case A 0.0156 (23) ~0.008 (11) —0.011(23) ~0.120(11) —0.0097 (27)

Case B 0.0110 (56) —0.68 (68) —0.035 (39) —0.174 (55) —0.007 (4)

respectively (see also Table 4). The magnitude of the hadron-
side forward—backward asymmetry tends to become smaller
in the whole ¢? region in this case, but is still in agreement
with the LHCb data, with the large experimental and theo-
retical uncertainties taken into account. In the high (whole)
g region, a large effect is also observed on the asymmetry
observable Y3g (Y4s). Adding up the A2ZHDM effectin case B,
the zero-crossing points are now changed to

43 (Abg)lease B = (4.38 & 1.44) GeV?,
G5 (A |case B = (4.00 & 1.17) GeV?,

g3 (Y2)|ease B = (0.52 £ 0.29) GeV?, 4.3)
which are all significantly enhanced compared to the SM
predictions (see Eq. (4.1)) and the results in case A (see
Eq. (4.2)). It should be noticed that our predictions for
the zero-crossing points given by Eqgs. (4.1)—(4.3) are most
severely affected by the hitherto unquantified systematic
uncertainty coming from the non-factorizable spectator-
scattering contributions at large hadronic recoil, a caveat
emphasized already in Sect. 3.1.

Combining the above observations with our previous stud-
ies — the angular observable P in B® — K*Ou* ™~ decay
could be increased significantly to be consistent with the
experimental data in case B [82], we could, therefore, con-
clude that the A2HDM in case B is a promising alternative
to the observed anomalies in b-hadron decays.

5 Conclusions

In this paper, we have investigated the A2HDM effect on
the rare baryonic A, — A(— prm~)utu~ decay, which
is mediated by the same quark-level b — st~ transi-
tion as in the mesonic B — K™ pu*u~ decays. In order
to extract all the ten angular coefficients, we have consid-
ered the differential branching fraction d3/dg?, the longi-
tudinal polarization fraction F, the lepton-, hadron- and
combined lepton—hadron-side forward—backward asymme-
tries Af;B, AQB and Affg, as well as the other five asym-

metry observables Y; (i = 2, 3s, 3sc, 4s, 4sc). For the
Ap — A transition form factors, we used the most recent
high-precision lattice QCD calculations with 241 dynamical
flavours.

Taking into account constraints on the model parameters
Su.d from the inclusive B — Xy branching fraction and the
latest global fit results of b — s£¢ data, we found numer-
ically that the charged-scalar exchanges contribute either
mainly to the left- or to the right-handed semileptonic oper-
ators, labelled case A and case B, respectively. The influ-
ences of these two cases on the A, — A(— pr)utu~
observables are then investigated in detail. While there are no
significant differences between the SM predictions and the
results in case A, the AZHDM in case B is much favored by
the current data. Especially in the bin [15, 20] GeV? where
both the experimental data and the lattice QCD predictions
are most precise, the deviations between the SM predic-
tions and the experimental data for the differential branching
fraction and the lepton-side forward—backward asymmetry
could be reconciled to a large extend. Also in our previous
paper [82], we have found that the angular observable P in
BY — K*9u %~ decay could be increased significantly to
be consistent with the experimental data in case B. Therefore,
we conclude that the A2HDM in case B is a very promis-
ing solution to the currently observed anomalies in b-hadron
decays.

Finally, it should be pointed out that more precise exper-
imental measurements of the full angular observables, espe-
cially with a finer binning, as well as a systematic analysis of
non-factorizable spectator-scattering effects in Ay, — A(—
pr T )utu decay, would be very helpful to further deepen
our understanding of the quark-level » — su™* ™ transition.
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A Wilson coefficients in A2ZHDM

The coefficients Ci%y (i = 7.9, 10 and X,Y = u,d)

appearing in the Wilson coefficients cl 7. 9 10 are given, respec-
tively, as [82]

1
C7,uu = —=Fs (1),

. (A.1)
4 80 3 1
C7ud = —gFl(yt) - FZ(yt) - FS(yt) + F6()’t)
(A.2)
8 896 14
Co,u = —Fl(yz) ——F0) - s(yz) - ﬁFﬁ(yz)
1
- (—4 + 2—) Fi(m), (A3)
2 sin” Oy
X,
C1o,u = mzﬁ ). (A4)
Y
Co = x—;FS()’z), (A.5)
Ch wa = L F2(y0) A6
9.ud = 7(01), (A.6)
/ his 2 20 928
Co a4 = FO (xr) + — Fl(}’t) + —Fz(yt)
Xt 1
2
- 1 — F5(y;) — 53 Fa(yt)} (A7)
10,0 = —ﬁ (B0F2(y;) +3Fs(y) — Fs(1)) , (A.8)
1 1 30 9
Clows = —5— |: —Fi(y) + Fz(y;) + Fs(%)
sin” Oy
3 1 1
- ﬁ&(y,) 3 —4 + 0w Fi(ys),
(A.9)
1 1
Clo,aa = —m I:EFI () + Fz(yz)}
+ ( 4 + 9 ) F>(y), (A.10)

where the basic functions F; (x) are defined, respectively, by

Fo(x) = Inx, (A.11)
Fi(x) = X xInx (A.12)
W=y 4x —1)2 ‘

X xZ1nx
b0 =566 =1 " %a -1 (A.13)

@ Springer

Fy(x) X x—6+(3x+2)lnx (A.14)
X) = — s .
} 8|lx—1 (x — 1)
3x(x —3)  x(x?>—8x+4)Inx
Fy(x) = — , A.15
=507 16(x — 1) (A-15)
—19x3 +25x2  (5x%2 —2x —6)x%Inx
F. = A.16
SO = = 1) 18(x — 1)? (A.16)
Fo(x) 8x3 +5x2—7x  (Bx—2)x%Inx (A17)
X) = — s .
6 12(x — 1) 20x — D#
x(53x% 4+ 8x — 37)
F =
7(%) 108(x — 1)*
x(=3x3 —9x2 +6x +2)Inx ’ (A18)
18(x — 1)3
x(18x* 4 253x3 — 767x2 + 853x — 417)
Fg(x) = 3
540(x — 1)
_ x(Bx* —6x3 +3x2 +2x —3) lnx. (A.19)
9(x — 1)
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