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Abstract: In past years, several hints of lepton flavor universality (LFU) violation have emerged from the b — ctv

and b — s{*¢~ data. More recently, the Belle Collaboration has reported the first measurement of the p* longitudinal

polarization fraction in the B — D*7tv decay. Motivated by this intriguing result, along with the recent measurements

of Ry, and 7 polarization, we present the study of b — ¢7v decays in supersymmetry (SUSY) with R-parity violation

(RPV). We consider B — DWWy, B, — n.tv, B, — J/Ytv and A, — A.7v modes and focus on the branching ratios,

LFU ratios, forward-backward asymmetries, polarizations of daughter hadrons, and the 7 lepton. The RPV SUSY was

capable of explaining the Rp- anomalies at the 20~ level, after taking into account various flavor constraints. In the al-

lowed parameter space, the differential branching fractions and LFU ratios are largely enhanced by the SUSY effects,

especially in the large dilepton invariant mass region. Moreover, a lower bound B(B* — K*vv)>7.37x

10 ° is obtained. These observables could provide testable signatures at the high-luminosity LHC and SuperKEKB,

and correlate with direct searches for SUSY.
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1 Introduction

In the recent years, several interesting anomalies
emerged in the experimental data of semi-leptonic B-
meson decays. The ratios Rpo=B(B— DW1v)/
B(B — D™ () with £ = e,u, obtained by latest averages of
the measurements by BaBar [1, 2], Belle [3—6] and LH-
Cb Collaboration [7-9], yield [10]

RSP =0.407 +0.039 (stat.) + 0.024 (syst.),
R%P =0.306+0.013 (stat.) + 0.007 (syst.) . )

In comparison to the branching fractions, these ratios
have the advantage that, apart from the significant reduc-
tion of the experimental systematic uncertainties, the
CKM matrix element V., cancels out, and the sensitivity
to B — D™ transition form factors becomes much weak-
er. The SM predictions read [10]

RIM=0299+0.003,  R}M=0258+0.005, (2)
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which are obtained from the arithmetic averages of the
most recent calculations performed by several groups
[11-14]. The SM predictions for Rp and Rp- have values
below the experimental measurements by 2.30- and 3.0c,
respectively. Taking into account the measurement cor-
relation of —0.203 between Rp and Rp., the combined ex-
perimental results exhibit about 3.780- deviation from the
SM predictions [10]. For the B, — J/y1v decay, which is
mediated by the same quark-level process as B — D1,
the recently measured ratio R})J=0.71+0.17(stat)=
0.18(syst.) at the LHCb [15] lies within about 20~ above
the SM prediction R})) =0.248=0.006 [16]. In addition,
the LHCb measurements of the ratios Rgw =B(B —
KOu ™) /B(B— KWete™), RY® =0.74510090+0.036 for

2 Xp _ .
q* €[1.0,6.01GeV> [17] and Ry =0.69%01}+0.05 for

¢* €[1.1,6.0]GeV? [18], are found to be about 2.6 and

2.5¢ lower than the SM expectation, RRM ~ 1[19, 20], re-

spectively. These measurements, referred to as the Rpe,
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Ry, and Rk anomalies, may provide hints of the Lepton
Flavor University (LFU) violation and have motivated
numerous studies of new-physics (NP) both in the effect-
ive field theory (EFT) approach [21-34] and in specific
NP models [35-60]. We refer to Refs. [61, 62] for recent
reviews.

The first measurement on the p* longitudinal polariz-
ation fraction in the B — D*rv decay has recently been re-
ported by the Belle Collaboration [63, 64]

PP =0.60+0.08 (stat.) + 0.04 (syst.),

which is consistent with the SM prediction of P?" = 0.46+
0.04 [65] at 1.50°. Previously, the Belle Collaboration also
performed measurements on 7t polarization in the
B — D*tv decay and obtained the result P} =-0.38+
0.51 (stat.)*)2} (syst.) [5, 6]. Angular distributions can
provide valuable information about the spin structure of
the interaction in B — D®1v decays, and they are good
observables for the testing of various NP explanations
[66—70]. Measurements of angular distributions are ex-
pected to significantly improve in the future. For ex-
ample, Belle II with 50ab™! data can measure P} with a
precision of +0.07 [71].

In this work, motivated by these recent experimental
progresses, we study the Rp~ anomalies in the supersym-
metry (SUSY) with R-parity violation (RPV). In this
scenario, the down-type squarks interact with quarks and
leptons via RPV couplings. Therefore, they contribute to
the b — crv transition at the tree level and could explain
the current Rp. anomalies [72—74]. Besides B — D™,
we will also study the B.— J/ytv, B.— n.7v, and
Ap — A v decay. All of them depict the b — c7¥ trans-
ition at the quark level, whereas the latter two decays
have not been measured yet. Using the latest experiment-
al data of various low-energy flavor processes, we derive
the constraints of the RPV couplings. Subsequently, pre-
dictions in the RPV SUSY are made for the five b — ctv
decays, focusing on the ¢* distributions of the branching
fractions, LFU ratios, and various angular observables.
We have also taken into account recent developments re-
garding the form factors [11, 14, 16, 75, 76]. Implica-
tions for future research at the high-luminosity LHC (HL-
LHC) and SuperKEKB are briefly discussed.

This paper is organized as follows: in Section 2, we
briefly review the SUSY with RPV interactions. In Sec-
tion 3, we recapitulate the theoretical formulae for vari-
ous flavor processes, and discuss the SUSY effects. In
Section 4, detailed numerical results and discussions are
presented. We present the conclusions in Section 5. The
relevant form factors are recapitulated in Appendix A.

2 Supersymmetry with R-parity violation

The most general re-normalizable RPV terms in the

superpotential are given by [77, 78]

1 ,
Wrev =i LiH, + z/lijkLiLjEli + A Li QD

+ %/llf}k U; DDy, 3)
where L and Q denote the SU(2) doublet lepton and
quark superfields, respectively. E and U (D) depict the
singlet lepton and quark superfields, respectively. i, j and
k indicate generation indices. To ensure the proton stabil-
ity, we assume the couplings A7, are zero. In semi-lepton-
ic B meson decays, contribution from the A term occurs
through the exchange of sleptons, and it is much more
suppressed than the one from the A’ term, which occurs
through the exchange of right-handed down-type squarks
[72]. Therefore, we only consider the A LiQ;Dy term in
this work. For the SUSY scenario with the A term, stud-
ies on the Rp- anomalies with slepton exchanges can be
found in Refs. [79, 80].

The interaction with Ay couplings can be expanded

in terms of fermions and sfermions as [72]
ALrpy =— A} |7, dkd] +d]dkvi +dy vid)
= V(T diul, + i dily +dy )| +he.,  (4)

where V;; denotes the CKM matrix element. Here, all the
SM fermions dy g, {1, and v, are in their mass eigen-
state. Since we neglect the tiny neutrino masses, the
PMNS matrix is not needed for the lepton sector. For the
sfermions, we assume that they are in the mass eigenstate.
We refer to Ref. [77] for more details about the choice of
basis. Finally, we adopt the assumption in Ref. [74] stat-
ing that only the third family is effectively supersymmet-
rized. This case is equivalent to the one where the first
two generations are decoupled from the low-energy spec-
trum, as in Refs. [81, 82]. For the studies including the
first two generation sfermions, we refer to Ref. [73],
where both the Rp~ and Rg anomalies are discussed.

The down-type squarks and the scalar leptoquark
(LQ) discussed in Ref. [83] have similar interactions with
the SM fermions. However, in the most general case, the
LQ can couple to the right-handed S U(2),, singlets, which
is forbidden in the RPV SUSY. Such right-handed coup-
lings are important to explain the (g—2), anomaly in the
LQ scenario [83]. Moreover, these couplings can also af-
fect semi-leptonic B decays. In particular, their contribu-
tions to the B — D17 decays are found to be small after
considering other flavor constraints [52].

3 Observables

In this section, we introduce the theoretical frame-
work of the relevant flavor processes and discuss the
RPV SUSY effects in these processes.
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3.1 b — c(u)Tv transitions

With the RPV SUSY contributions, the effective
Hamiltonian responsible for & — c(u)rv, transitions is giv-
en by [72]

Hor == 3 2Vl I Py ). ()

where tree-level sbottom exchange yields

Yy —/l 3332/13]3(V3) (6)

with the Higgs vev v = 246 GeV. This Wilson coefficient
is at the matching scale unp ~my,. However, since the
corresponding current is conserved, we can obtain the
low-energy Wilson coefficient without considering the
renormalization group evolution (RGE) effects, i.e.,
CLY (up) = C)F (unp).-

For b — ctv transitions, we consider five processes,
including B— D®¢v  [84-86], B.—n.tv [16, 87],
B. — J/ytv [88-96], and A, — A€y [97-100] decays. All
these decays can be uniformly denoted as

M(pmsAm) = N(pn, AN+ (pe, Ao) +Ve(ps),  (7)
where  (M,N)=(B,D), (B.,n.),(B,D*),(B;,J/y), and
(Ap,A), and (€,7) = (e,¥.), (u,v,), and (1,¥;). For each
particle i in the above decay, its momentum and helicity
are denoted as p; and 4;, respectively. In particular, the
helicity of pseudoscalar meson is zero, e.g., Ap = 0. After
summation of the helicity of parent hadron M, the differ-
ential decay width for this process can be written as [67,
101]

2 VOO
5127r3mi4

m o,
X 1—?dq dcos by, )

where g = py — pn, ms =my +my, and Q. = m2 —g>. The
angle 6, € [0,7] denotes the angle between the three-mo-
mentum of ¢ and that of N in the ¢-¥ center-of-mass
frame. The following observables can be derived with the
differential decay width:

* The decay width and branching ratio

ds 1 dr 1 Z drete

/lr\/l[ Ry
At (M — NE7) = 2M|Z| o

@_ 494 _ 1 , 9
dg> Tymdg* Ty ¢ v dq? ©)
where I'y; is the total width of the hadron M.
* The LFU ratio
dI'(M — Ntv,;)/dg?
Ru(g)) = e B (10)
dT(M — Ntv)/dg

where dT'(M — N{v,)/dg* in the denominator denotes the
average of different decay widths of the electronic and
muonic modes.

* The lepton forward-backward asymmetry
App(q’) =
f dcos6,(d’T"/dg*d cosby) — f dcos6,(d’I"/dg>d cos 05)

dr/dg?
(11)
* The polarization fractions
dl—vl,=+1/2/d 2 _dr/l,=—l/2/d 2
Pl(q*) = 1= 1,
dr/dg
dl—vl,v=+l/2/dq2 _ dr/l,A/:—l/Z/qu
N 2\ _
PY(g%) = a ., (forN=A,)
drt=0/dg?
PM(¢?) =——, for N = D*,J
L) == (for 1)

(12)
Explicit expressions of the helicity amplitudes
ij 2= (Ntv¢|He|M) and all the above observables can
be found in Ref. [102] for B — D®1v decays, and Ref.
[76] for the A, — A.rv decay. The expressions for
B. — n.1v and B. — J/y1v are analogical to the ones for
B — Dty and B — D*tv, respectively. Since these angu-
lar observables are ratios of decay widths, they are
largely free of hadronic uncertainties, and thus provide
excellent tests of lepton flavor universality. The RPV
SUSY effects generate the operator with the same chiral-
ity structure as in the SM, as shown in Eq. (5). Deriva-
tion of the following relation in all the b — ¢t decays is
straightforward:

a =1Cl (13)
N

for N =D",n.,J/s, and A.. Here, vanishing contribu-
tions to the electronic and muonic channels are assumed.

The hadronic M — N transition form factors are im-
portant inputs to calculate the observables introduced
above. In recent years, notable progress has been
achieved in this field [11-14, 75, 76, 87, 97, 103—110].
For B — D™ transitions, it was already emphasized that
the Caprini-Lellouch-Neubert (CLN) parameterization
[111] does not account for uncertainties in the values of
the subleading Isgur-Wise functions at zero recoil ob-
tained with QCD sum rules [112—114], where the num-
ber of parameters is minimal [13]. In this work, we don’t
use such simplified parameterization, but adopt the con-
servative approach in Refs. [11, 14], based on the Boyd-
Grinstein-Lebed (BGL) parameterization [115]. Further-
more, we use the B. — 1., J/y transition form factors ob-
tained in the covariant light-front approach [16]. For the
Ap = A, transition form factor, we adopt the recent lat-
tice QCD results from Refs. [75, 76]. Explicit expres-
sions of all the form factors used in our work are recapit-
ulated in Appendix A.

For b — utv transitions, we consider B — tv, B — ntv
and B — ptv decays. Similar to Eq. (13), we have
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BB—-1v)  BB-ontv)  BB-oprv)
BB — 1)sm BB — nti)sy BB — pti)sm

[1+c)h 2.
(14)

The SUSY contributions to both b — urv and b — ctv
transitions depend on the same set of parameters, A},

A'303, and A’333. Therefore, the ratios Rp. are related to the
B — v decay.

3.2 Other processes

The Flavor-Changing Neutral Current (FCNC) de-
cays B* - K*vy and B* - n"vy are induced by the
b — svv and b — dvv transitions, respectively. In the SM,
they are forbidden at the tree level and highly suppressed
at the one-loop level due to the GIM mechanism. In the
RPV SUSY, the sbottoms can contribute to these decays
at the tree level, which results in strong constraints on the
RPV couplings. Similar to the b — c(u)rv transitions, the
RPV interactions do not generate new operators beyond
the ones presented in the SM. Therefore, we have [73, 74]

B(B*—»K'vw) 2 1 2

N V2 osy, 333075, 1
B(B* - K*vi)smy 3 3

2m% aem VoV X
R

s

-

BBt - ntvy) 2

2
v:omsy A3’y 1
B(BY - 1tvv)sm

Zmi Tem thV:d X;

s

(15)
where the gauge-invariant function X, =1.469+0.017
arises from the box and Z-penguin diagrams in the SM
[116].

The leptonic /¥ and Z couplings are also important to
probe the RPV SUSY effects [26, 117]. In particular, W
and Z couplings involving left-handed 7 leptons can re-
ceive contributions from the loop diagrams mediated by
top quark and sbottom. These effects modify the leptonic
W and Z couplings as [74]

2 1
=Z+3fi-
33

8zzr, 3slF 1 my fz(m_ztz)’

8z,

1672 1- ZS%V ml%R m;
33337 1 m? (mtz )

-5 JW
167T2 4m§ m2
R

EWrv,

(16)

g8we,v,

where £ =e,u and sy = sinfy with 0y the weak mixing
angle. The loop functions fz(x) and fw(x) have been cal-
culated in Refs. [26, 74, 117] and are given by fz(x)=
1/(x=1)=logx/(x—1)* and fy(x) = 1/(x—1)—(2-x)logx/
(x—1)%. Experimental measurements on the Zr;7; coup-
lings have been performed at the LEP and SLD [118].
Their combined results yield gz, /8206 = 1.0013+
0.0019 [74]. The Wrpv, coupling can be extracted from
decay data. The measured 7 decay fractions compared to
the u decay fractions yield gwx,v./gwe,v, = 1.0007 £0.0013
[74]. Both the leptonic W and Z couplings are measured
at the few permille level. Therefore, they assert strong
bounds on the RPV coupling A’333.

RPV interactions can likewise affect K-meson decays,
e.g., K— nvv, D-meson decays, e.g., D—1v, and 7
lepton decays, e.g., T — nv. However, as discussed in Ref.
[74], their constraints are weaker than the ones from the
processes discussed above. Moreover, the bound from the
B. lifetime [119, 120] is not relevant, since the RPV
SUSY contributions to B, — v are not chirally enhanced
compared to the SM.

Other interesting anomalies arose in the recent
LHCb measurements of Rgo=8B(B— KPutu™)/
B(B — K®e*e™), which exhibit about 20~ deviation from
the SM prediction [17, 18] and are refered to as Rkxw an-
omalies. The Rk anomalies imply hints of LFU viola-
tion in b — s¢* ¢~ transition. In the RPV SUSY, the left-
handed stop can affect this process at the tree level, and
the right-handed sbottom can contribute at the one-loop
level. However, as discussed in Ref. [73], once all other
flavor constraints are taken into account, no parameter
space in the RPV SUSY can explain the current Rg- an-
omaly.

Finally, we briefly comment on the direct searches for
sbottoms at the LHC. Using data corresponding to
359fb~! at13 TeV, the CMS collaboration has per-
formed search for heavy scalar leptoquarks in the
pp — tit* 1~ channel. The results can be directly re-inter-
preted in the context of pair-produced sbottoms decaying
into top quark and 7 lepton pairs via the RPV coupling
A’333. Then, the mass of the sbottom is excluded up to 810
GeV at 95% CL [121].

4 Numerical results and discussions

In this section, we proceed to present our numerical
analysis for the RPV SUSY scenario introduced in Sec-
tion 2. We derive the constraints of the RPV couplings
and study their effects on various processes.

The most relevant input parameters used in our nu-
merical analysis are presented in Table 1. Employing the
theoretical framework described in Section 3, the SM pre-
dictions for the B — D™tv, B. — n.tv, B. — J/y1v, and
Ap — A 7v decays are given in Table 2. To obtain the the-

Table 1. Input parameters used in our numerical analysis.

input value unit Ref.
mpete 173.1+0.9 GeV  [122]
myp(mp) 4.18+0.03 GeV [122]
me(me) 1.28+0.03 GeV [122]
A 0839675208 [123]
A 0224756050065 [123]
p 0.123*5023 [123]

] 0.37570.922 [123]
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Table 2. Predictions for branching fractions and ratios R of five b — ctv channels in SM and RPV SUSY. The sign "-" denotes no available measure-

ments at present. Upper limits are all at 90% CL.

observable unit SM RPV SUSY exp.
B(B - 17) 1074 0.947+0-1%2 [0.760, 1.546] 1.44+0.31[10]
B(B* — 1t v) 10-6 0.14672014 [0.091, 14.00] <14[122]
B(B* - K*v¥) 1076 3.98070:470 [6.900, 16.00] <16 [122]
B(B - D7) 1072 0.76170.921 [0.741,0.847] 0.90+0.24[122]
Rp 0.30070.903 [0.314,0.330] 0.407 £0.039+0.024 [10]
B(B. — 1.17) 102 0.219+5:023 [0.199,0.262] -
Ry, 0.2807(:03¢ [0.262,0.342] -
B(B — D*17) 102 1.331+519 [1.270,1.554] 1.78+0.16 [122]
Rp+ 0.26070.9%8 [0.267,0.291] 0.306+0.013+0.007 [10]
P —0.467+0:067 [~0.528,-0.400] ~038=0.51*02! [5, 6]
P’ 0.413190% [0.382,0.445] 0.60+0.08 +0.04 [63, 64]
B(Be — J/yrv) 102 04260046 [0.387,0.512] -
Ry 0.248+0.906 [0.254,0.275] 0.71£0.17=0.18 [15]
B(Ap = AcTP) 102 1.886*01°7 [1.807,2.159] -
RA 0.332+0.011 [0.337,0.372] -

¢

—-0.011

oretical uncertainties, we vary each input parameter with-
in its 1o range and add each individual uncertainty in
quadrature. For the uncertainties induced by form factors,
we also include the correlations among the fit parameters.
In particular, for the A, —» A.7v decay, we follow the
treatment of Ref. [75] to obtain the statistical and system-
atic uncertainties induced by the form factors. From Ta-
ble 2, we can see that the experimental data on the ratios
Rp, Rp and Ry, deviate from the SM predictions by
2.330, 2.740- and 1.870, respectively.

4.1 Constraints

In the RPV SUSY scenario introduced in Section 2,
the relevant parameters used to explain the Rp. anom-
alies are (43,5, 4'323, A'333) and my, . In Section 3, we know
only that the three products of the RPV couplings,
(434" 333-4'3234 5435 A'3334"335), appear in the various fla-
vor processes. In the following analysis, we will assume
that these products are real and derive bounds on them.
We impose the experimental constraints in the same man-
ner as in Refs. [124, 125], i.e., for each point in the para-
meter space, if the difference between the corresponding
theoretical prediction and experimental data is less than
the 20~ (307) error bar, which is evaluated by adding the
theoretical and experimental errors in quadrature, this
point is regarded as allowed at the 20~ (30) level. From
Section 3, it is known that the RPV couplings always ap-
pear in the form of A};;4"%;, /m~ in all B decays. There-
fore, we can assume m;, = lTeV without loss of general-
ity, which is equivalent to absorbing m; into A5,4’;

333
Furthermore, the choice of m; = 1TeV is compatible with

the direct searches for the sbottoms at CMS [121]. In the
SUSY contributions to the couplings gz:,r, and gw.,, in
Eq. (16), additional mj_ dependence arises in the loop
functions f7(m? /m ) and fiy(m? /m ), respectively. As
described in the next subsection, our numerical results
show that such m; dependence is weak, and the choice of
my, = 1TeV does not lose much generality.

As shown in Table 2, the current experimental upper
bounds imposed on the branching ratio of B* — K*vv and
B* —» n*tvy are one order above their SM values.
However, since the SUSY contributes to these decays at
the tree level, the RPV couplings are strongly con-
strained as

~0.082 < A 3455 <0.090, (from  B* — x*v¥)
~0.098 < 330’35, < 0.057, (from B* — K*v#) (17)

at 20~ level. For the leptonic W and Z couplings, the cur-
rent measurements on gwr,,. /gwe,v, and gzr,r, /8z¢,¢, have
achieved the precision level of a few permille. We find
that the latter can yield a stronger constraint, which reads

A'33347533 <093,  (from  gzr,7,/87¢,0.) (13)

or [1'333] < 0.96, at the 20 level. This upper bound pre-
vents the coupling 1’333 from developing a Landau pole
below the GUT scale [126].

As discussed in Section 3, the RPV interactions af-
fect b — ctv transitions via the three products (15,1353,
A'3234"%35, A'3334'55,). After considering the above indi-
vidual constraints at 20~ level, the parameter space to ex-
plain the current measurements on Rpo, Ry, P} (D*) and

PP is shown in Fig. 1 for m; =1TeV. The B —» D™ v de-
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cays and other flavor observables are observed to put
very stringent constraints on the RPV couplings. The
combined constraints are slightly stronger than the indi-
vidual ones in Egs. (17) and (18). Moreover, after taking
into account the bounds from B* — K*vv and gz .,, the
B— D™ty decays are very sensitive to the product
A'3234"55;. Consequently, current Rp anomalies yield a
lower bound on [1'3234"%,]. Finally, the combined bounds
in Fig. 1 read numerically,

—0.082 < A 34"%4, < 0.087,
0.018 < /1’323/1'233 < 0.057,
0.033 < /1'333/1';33 <0.928.

(from combined constraints)

19)

As shown, a weak lower bound on 1'3334'%;, is also
obtained. Although the constraints from the p* polariza-
tion fraction P?" are much stronger than the ones from the
7 polarization fraction P}, this observable cannot provide
further constraints on the RPV couplings. From previous
discussions, we show the combined upper bound on
3334535 /mgk as a function of m; in Fig. 1(d). The upper
limit of 4333135, /mi changes around 20% by varying

my, from 800 GeV to 2000 GeV. Therefore, the allowed
parameter space for m;_# 1TeV can approximately be ob-
tained from Fig. 1(a)-1(c) by timing a factor of
(mj, [1TeV)>.

4.2 Predictions

In the parameter space allowed by all the constraints
at the 20 level, correlations among several observables
are obtained, as shown in Fig. 2. In these figures, the
SUSY predictions are central values without theoretical
uncertainties. From Fig. 2(a), we can see that the central
values of Rp and Rp. are strongly correlated, as expected
from Eq. (13). The SUSY effects can only enhance the
central value of Rp. by about 8%, such that the ratios Rpe
approach, but still lie outside, the 20 range of the
HFLAYV averages. Therefore, future refined measure-
ments will provide a crucial test to the RPV SUSY ex-
planation of Rp. anomalies. At Belle II, precisions of Rpw
measurements are expected to be about 2%—4% [71] with
a luminosity of 50 ab~!. Fig. 2(b), it can be seen that both
Rp- and B(B* — K*vv) deviate from their SM predictions.
The lower bound for the latter is B(B* — K*vv) > 7.37x
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B(B — ) [1071]
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(color online) Correlations among various observables. SM predictions correspond to the green cross, while the correlations in

the RPV SUSY are depicted by red points. In Fig. 2(a), the current HFLAV averages for Rp and Rp- are shown as the black region,
and the 20~ (40-) experimental region is depicted in gray (light gray). In other figures, the 1o experimental region is shown in black.

The 20 regions for Rp+ are also depicted in gray.

1076, which is due to the lower bound of '334';; > 0.018
obtained in the last section. Compared to the SM predic-
tion B(B* — K*vv)sm =(3.98 £0.47) x 107, such signific-
ant enhancement makes this decay an important probe of
the RPV SUSY effects. In the future, Belle IT with 50ab™"
data can measure its branching ratio with a precision of
11% [71]. Another interesting correlation arises between
B(B* - K*vv) and gzr,+,/8z¢,¢,- As shown in Fig. 2(f), the
RPV SUSY effects always enhance 8(B* — K*vv) and
suppress gzr,r,/8ze,e, simultaneously. When gz- ., /8ze.¢,
approaches the SM wvalue 1, the branching ratio of
B* — K*vv maximally deviates from its SM prediction.
In Fig. 2(d) and 2(e), we show the correlations involving
B — tv decay. The SUSY prediction on B(B — 77¥) is al-
most in the SM 1o range. Since the future Belle II sensit-
ivity at 50ab~! is comparable to the current theoretical un-
certainties [71], significantly more precise theoretical pre-
dictions are required in the future to probe the SUSY ef-
fects.

Using the allowed parameter space at the 20 level de-
rived in the last subsection, we make predictions on the
five b — ctv decays, B — D1y, B, — n.tv, B. — J/y1v,
and A, — A.tv decays. In Table 2, the SM and SUSY
predictions of the various observables in these decays are
presented. The SUSY predictions have included the un-
certainties induced by the form factors and CKM matrix

elements. At present, there are no available measure-
ments on the B. — n.7v and A, — A.7v decays. Table 2
shows that, although the SUSY predictions for the
branching fractions and the LFU ratios in these two de-
cays overlap with their 1o SM range, they can be consid-
erably enhanced by the RPV SUSY effects.

Now we start to analyze the ¢ distributions of the dif-
ferential branching fraction 8, LFU ratio R, lepton for-
ward-backward asymmetry Agg, polarization fraction of r
lepton Pj7, and the polarization fraction of daughter
meson (P?, Pi/ v, P/L\‘). For the two “B — p” transitions
B — Dtv and B, — n.77, their differential observables in
the SM and RPV SUSY are shown in Fig. 3. All the dif-
ferential distributions of these two decays are very simil-
ar, whereas the observables in B. — n.7v suffer from lar-
ger theoretical uncertainties, which are due to the large
uncertainties induced by the B. — . form factors. In the
RPV SUSY, the branching fraction of B — D7y decay
can be largely enhanced, while the LFU ratio is almost in-
distinguishable from the SM prediction. Therefore, it is
difficult for the differential distribution of Rp(g?) to
provide testable signature of the RPV SUSY. Moreover,
the RPV SUSY does not affect the forward-backward
asymmetry Apg and 7 polarization fraction P] in these
two decays, as shown in Fig. 3. The reason behind this is
that the RPV couplings only modify the Wilson coeffi-
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Fig. 3.
the SM (SUSY) central values with 1o theoretical uncertainty.

cient Cr», and its effects in the numerator and denominat-
or in Egs. (11) and (12) cancel out exactly. This feature
could be used to distinguish from the NP candidates,
which can explain the Rp~ anomaly, but involves scalar
or tensor interactions [83, 127, 128].

The differential observables in the B — D*rv and
B. — J/ytv decays are shown in Fig. 4. As expected,
these two “B — V” processes have very similar distribu-
tions. In these two decays, the enhancement by the RPV
SUSY effects is not large enough to make the branching
ratios deviate from the SM values by more than lo.
However, the LFU ratios Rp-(¢?) and R, (¢?) are signific-
antly enhanced in the entire kinematical region, espe-
cially in the large dilepton invariant mass region. In this
end-point region, the theoretical predictions suffer from
very small uncertainties compared to the other kinematic-
al region. By this virtue, the LFU ratios Rp.-(¢*) and

(color online) Differential observables in B — Dy (left) and B, — n.7v (right) decays.

4 6 8 10
g’ [GeV?]

The black curves (gray band) indicate

Ry;y(¢%) in the RPV SUSY deviate from the SM predic-
tions by about 2¢-. Therefore, future measurements on
these differential ratios could provide more information
about the Rp- anomaly and are important for the indirect
searches for SUSY. In addition, as in the B— Dtv and
B. — n.7tv decays, the angular observables Arg, P] and
P?’J/ ¥ are not affected by the SUSY effects.

Figure 5 shows the differential observables in the
Ap = A.tv decay. The RPV SUSY effects significantly
enhance the branching fraction and the LFU ratio. In par-
ticular, at the large dilepton invariant mass, the ratio
RA (%) in the SUSY exhibits a higher than 20 discrep-
ancy from the SM values. With large A, samples at the
future HL-LHC, this decay is expected to provide com-
plementary information to the direct SUSY searches. In
addition, as in the other decays, the RPV SUSY effects
vanish in various angular observables.

083103-8



Chinese Physics C Vol. 43, No. 8 (2019) 083103

B — D*tv

T~ 17 v 1 7 1 17 1T 1T T T T 17T 7]

04 -

r —SM :

& [ =mNP ]
o 03fp 7
i F ]
~ n _
% 0.2:- -:
~ L 4
2 oaf 7

4 6 8 10

¢* [GeV?
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the SM (SUSY) central values with 1o theoretical uncertainty.

Fig. 4.

5 Conclusions

Recently, several hints of lepton flavor universality
violation have been observed in the experimental data of
semi-leptonic B decays. Motivated by the recent measure-
ments of P, we have investigated the RPV SUSY ef-
fects in b — c1v transitions. After considering various fla-
vor processes, we obtain strong constraints of the RPV
couplings, which are dominated by B(B* — n*vy),

B, — J/yTD

—SM
== NP

Pi(q)

4 ;) 8 10
¢* [GeV?

B(B* —» K*vv), and gz;,r,. In the surviving parameter
space, the Rp» anomaly can be explained at the 20 level,
which results in bounds on the coupling products,
—0.082 < 2},34"333 < 0.087, 0.018 < A"334"35; < 0.057, and
0.033 < A"3334"%;, < 0.928. The upper bound on the coup-
ling 2’333 prevents this coupling from developing a Land-
au pole below the GUT scale.

In the parameter space allowed by all the constraints,
we make predictions for various flavor processes. For

B* — K*vv decay, a lower bound 8(B* — K*vv) > 7.37x
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107® is obtained. Compared to the SM prediction
(3.98£0.47) x 107°, this decay can provide an important
probe of the RPV SUSY effects at Belle II. We also find
interesting correlations among Rp, Rp., B(B* — K*vv),
B(B — 1v), and gzr,1,/8z¢,¢,- For example, the RPV SUSY
effects always enhance B(B* — K*vv) and suppress
87z¢,7,/8z¢,¢, Simultaneously, which makes one of them
largely deviate from its SM value.

Furthermore, we systematically investigated the RPV
SUSY effects in five b—crvy decays, including
B — DYW1v, B, — n.1v, B. — J/ytv, and A, — A.1v de-
cays, while focusing on the ¢* distributions of the branch-
ing fractions, the LFU ratios, and various angular observ-
ables. The differential ratios Rp-(¢*), Ry (g?), and R (¢%)
are significantly enhanced by the RPV SUSY effects in
the large dilepton invariant mass region. Although the in-
tegrated ratios Rp- jjy A, in the SUSY overlap with the 1o
range of the SM values, the differential ratios

Appendix A: Form factors

For the operator in Eq. (5), the hadronic matrix elements of
B — D transition can be parameterized in terms of form factors F.,
and Fy [28, 102]. In the BGL parameterization, they can be written
as expressions of ' and ) [11],

Ab — ACTD

0.2F .
— 00F .
[a\]
= C ]
L3 —02F -
- r ]
-04f ]
0.0F 3
-02F 3
& C ]
= -04fF 3
<?.q r ]
A -06f 3
-0.8fF 3

¢ [GeV?]

(color online) Differential observables in A, — A.7v decay. Other captions are the same as in Fig. 3.

Rp-, j/w’A‘_(qz) in this kinematical region exhibit a higher
than 20 discrepancy between the SM and SUSY predic-
tions. In addition, the SM and RPV SUSY predictions of
various angular observables are indistinguishable, since
the RPV SUSY scenario does not generate new operators
beyond the ones of SM.

The decays B* — K*vv and B — 77, as well as the dif-
ferential observables in b — ctv decays, have the poten-
tial to shed new light on the Rp anomalies and may serve
as a test of the RPV SUSY. With the forthcoming Super-
KEKB and the future HL-LHC, our results are expected
to provide more information on the b — ¢tV transitions
and could correlate with the direct searches for SUSY in
future high-energy colliders.

We thank Jun-Kang He, Quan-Yi Hu, Xin-Qiang Li,
Han Yan, Min-Di Zheng, and Xin Zhang for useful dis-
CUSSIONS.

Fi(2) = ' (w,N),

1 o .
P @+ @ N) ZO“

Db w,N), (A1)

n=0

1
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where z(w,N) = (VI+w— V2N)/(NT+w+ V2N), w=(mi+m% - q*)/
(2mpmp), N =(1+r)/(2+r), and r=mp/mp. Values of the fit para-
meters are taken from Ref. [11].
For the p — p* transition, the relevant form factors are Ay, and
V. They can be written in terms of the BGL form factors as
mp + mp+

2y _
Aolg”) = szl(W),
A=
mp + mp+
L (mp+mp) [md—md, = g?) fw) = 2mpFi (w)]
Ax(g7) = ,
Ap- (%)
N
V(g = mpmp- (mB+mD*)7g( w), (A2)
Ap-(q?)
where (mB+m —g»)/2mpmp  and  Ap- = [(mp—mp+)? —g¢*]

[(mp +mp= )2 —¢?]. The four BGL form factors can be expanded as a

where z=(Vw+1-V2)/(Vw+1+ V2) and r=mp+ /mp. Explicit ex-
pressions of the Blaschke factors P;. and By, and the outer func-
tions ¢;(z) can be found in Refs. [14, 129]. We also adopt the val-
ues of the fit parameters in Refs. [14, 129].

The A, — A, hadronic matrix elements can be written in terms
of the helicity form factors Fo., and Go. . [75, 76]. Following
Ref. [75], the lattice calculations are fitted to two Bourrely-Caprini-
Lellouch z-parameterization [130]. In the so-called “nominal fit”, a
form factor has the following form

1@ = . Slag +al @), (A4)

~g? /om0

while the form factor in the “higher-order fit” is given by

fao(g) = {410

1= /(m! )
f

+a] 4o () + @ o 1 (@) (A5)

where zf(¢%) = (\/r/—qz - \/ti —to)/(\/rf -+ \/ri —to), to = (ma,—

mp,)?, and zj (m’
Ref. [76].
The form factors for B. — J/y and B. — . transitions are taken

pole

P015)2 Values of the fit parameters are taken from

from the results in the Covariant Light-Front Approach in Ref.
[16].

series in z
1= P|+(Z)¢’f(Z) Z""Z ’
ni@= P1+<z)¢¢1 EREE) ZZ
8@ = m Zaﬁz”,
PO 0B 0on @ (z>¢p, @ Z ' A9
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