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Abstract: Measurements of the branching fractions of the semileptonic decays B — D)7, and
B. — J/tU; systematically exceed the Standard Model predictions, pointing to possible signals
of new physics that can violate lepton flavor universality. The unknown origin of new physics
realized in these channels can be probed using a general effective Hamiltonian constructed from
four-fermion operators and the corresponding Wilson coefficients. Previously, constraints on these
Wilson coefficients were obtained mainly from the experimental data for the branching fractions.
Meanwhile, polarization observables were only theoretically studied. The situation has changed
with more experimental data having become available, particularly those regarding the polarization
of the tau and the D* meson. In this study, we discuss the implications of the new data on the
overall picture. We then include them in an updated fit of the Wilson coefficients using all hadronic
form factors from our covariant constituent quark model. The use of our form factors provides an
analysis independent of those in the literature. Several new-physics scenarios are studied with the
corresponding theoretical predictions provided, which are useful for future experimental studies.
In particular, we find that under the one-dominant-operator assumption, no operator survives
at 1o. Moreover, the scalar operators Os, and Og, are ruled out at 20 if one uses the constraint
B(B. — tv;) < 10%, while the more relaxed constraint B(B. — tvr) < 30% still allows these
operators at 20, but only minimally. The inclusion of the new data for the D* polarization fraction
FP” reduces the likelihood of the right-handed vector operator Oy, and significantly constrains
the tensor operator Or, . Specifically, the FP" alone rules out Or, at 1c. Finally, we show that the
longitudinal polarization P/ of the tau in the decays B — D*7¥r and B. — ]/ i is extremely
sensitive to the tensor operator. Within the 2¢ allowed region, the best-fit value T;, = 0.04 + i0.17
predicts P} (D*) = —0.33 and P/ (J/¢) = —0.34, which are at about 33% larger than the Standard
Model (SM) prediction Pf(D*) = —0.50 and P} (]/¢) = —0.51.

Keywords: semileptonic decay; B meson; lepton flavor universality; beyond Standard Model; form
factors; covariant constituent quark model; branching fraction; polarization

1. Introduction

The Standard Model (SM) of elementary particles has been tested in numerous high-precision
experiments, showing its uniquely powerful predicting ability in a wide range of physical processes.
However, the lack of answers to fundamental questions, such as the problems of hierarchy, dark
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matter, neutrino mass, etc., implies that the SM can well be a low-energy effective theory of a more
fundamental one. Therefore, the search for New Physics (NP) beyond the SM is one of the most
important tasks of modern physics. Such searches can go directly by aiming at higher energies
and looking for new particles beyond the SM, or indirectly by scrutinizing possible NP effects in
high-luminosity measurements. While the direct searches have not observed any NP signals so far,
the second approach has provided some interesting hints of NP in several decay channels of the beauty
mesons. One of the most exciting hints is the persistent excess of the measured branching fractions of
the semileptonic decays B — D(*)7i; over the SM prediction, which may imply violation of lepton
flavor universality (LFU), and is widely known in the literature as “the R},(.) puzzle” [1].

The ratios of branching fractions R ,.) = B(B® — D" t=7,)/B(B® — D" {~7;), where £ = e, 1,
are often considered in order to reduce the hadronic uncertainties and to cancel the dependence on
the Cabibbo-Kobayashi-Maskawa (CKM) matrix element |V;|. Independent measurements of R .,
by the BABAR [2,3], Belle [4-6], and LHCb [7,8] collaborations showed a combined excess of about
40 over the SM prediction, based on the analysis [9] of the Heavy Flavor Averaging Group (HFLAV)
in summer 2018. Very recently, the Belle collaboration reported a new measurement of the ratios of
Rpy+) [10]. Their results (first presented at Moriond 2019)

Rp = 0.307 £ 0.037 (stat) & 0.016 (syst), Rp+ = 0.283 £ 0.018 (stat) & 0.014 (syst), 1)
agree with the average SM predictions [9,11-14]
Rp =0.299 +£0.003, Rp+ = 0.258 £0.005, )

within 0.2¢- and 1.1c, respectively. The inclusion of these new results reduces the overall tension with
the SM from 4¢ to 3.10, and the global average values now read [9]

Rp = 0.340 £ 0.030, Rp+ =0.295+0.014. 3)

Even though the tension is now somehow reduced, the puzzle remains unsolved and attractive.
One of the reasons is that similar anomalies also appear in other B meson decays (see, e.g., [15] for a
recent review). In particular, the recent LHCb measurement [16] of the ratio of branching fractions

Ri = B(B. — J/ytv)
Iy = B(Be — ]/duv)

also exceeds the SM predictions [17-19] at about 1.5¢. It is important to note that the decays B, —
J/plv and B — D)y are described by the same transition b — cfv at the quark level. The excess
of Rj/y over the SM predictions therefore implies hints of NP in the b — cTvr transition, once again.
It also suggests the consideration of the decay B, — 7.Tv as a promising probe of NP.

The Ry and Rj/y puzzles have been the motivation of a huge number of theoretical studies,
which can be divided into two basic categories: Specific models of NP and general effective Lagrangian
approaches. The first approach explains the discrepancies by assuming the participation of additional
mediators beyond the SM, such as charged Higgs bosons, W' boson, leptoquarks, etc., in the given

= 0.71 +0.17 (stat) 4 0.18 (syst) 4)

process. Such models are well constructed, and the new mediators have some definite properties that
can be tested by experiments. However, at the same time, they suffer from stringent experimental
constraints coming from various processes, also including direct searches at the Large Hadron Collider
(LHC). Details on these models can be found in the recent papers [20-26] and references therein. In the
second approach, one starts with a general effective Hamiltonian for the weak b — c/v transition
that includes both the SM and beyond-SM contributions in the form of dimension-six four-fermion
operators. Experimental constraints on various physical observables in the decays are then used to
discriminate between different NP scenarios. This approach is more general and exploratory in the
sense that it may provide important insights for further construction of NP models if the discrepancy
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with the SM is confirmed. There is a large number of analyses using this approach in the literature.
We therefore mention here only a few pioneering studies [27-31] as well as very recent papers [32-37].

Following the general Hamiltonian approach and using the hadronic form factors obtained in the
covariant constituent quark model (CCQM), we have studied the B-meson anomalies in a series of
papers [38—41]. We have shown in detail how various polarization observables could help distinguish
between NP contributions. In particular, we found that the longitudinal polarization fraction FP"
of the D* meson in the decay B — D*Ttv; is very sensitive to the scalar and tensor four-fermion
operators, and the effects are opposite: The scalar operator enhances, while the tensor one lowers the
value of FE " [38] (also see [42-44]). Recently, the Belle collaboration reported their first measurement
of the fraction FE " [45], and the result was quite curious. For the electron mode, their measured value
FP"(B® — D*e*v,) = 0.56 £ 0.02 agrees very well with our prediction of 0.54 [46], while for the tau
mode, their result FE* (B — D*ttv,) = 0.60 & 0.08 (stat) 4 0.04 (syst) lies at about 1.60 above our
prediction of 0.46 [46]. Based on our analysis [39], one sees that this enhancement, if confirmed, is clear
evidence of the scalar operator.

Moreover, the longitudinal polarization of the tau in B — D*7v; was also observed for the first
time in a recent experiment at Belle [6]. Even though the result P} = —0.38 + 0.51 (stat)fgz%é (syst)
still suffers from large uncertainties, this observation gives a clear message that more accurate data
will soon be available at Belle II. In light of the new experimental data, we redo the global fit for the
NP Wilson coefficients with particular focus on the new measurement of D* polarization [45] and its
impact on the overall picture. The rest of the paper is organized as follows: In Section 2, we introduce
some formalism concerning the semileptonic B decay and the NP effective Hamiltonian. Section 3 is
dedicated to the calculation of the form factors in the CCQM. Numerical results and their discussion
are given in Section 4. Finally, we briefly conclude in Section 5.

2. Theoretical Framework

In the model-independent approach, the SM is extended by considering a general effective
Hamiltonian for the quark-level transition b — cfv (¢ = e, u, T) constructed from all dimension-six
operators as follows (i = L, R) [47-49]:

_ 4GV
Hefp = —f5 (OVL_'—X—S,-,W,TL&TKXOX), ®)

where the four-fermion operators Oy are given by

Oy, = (ev"Pib) (LyuPrve), (6)
OSi = (Eplb) (ZPLVK) p (7)
OTL = (EO’VVPLb) (Z(TP“/PLI/K) . (8)

Here, Oy = i [’yy, 'yy] /2,PLr = (1Fv5)/2,and Xs are the complex Wilson coefficients governing
the NP contributions. The tensor operator with right-handed quark current simply does not contribute.
One recovers the SM Hamiltonian by setting Vz, g = S g = Tr, = 0. We have assumed that NP only
couples to the third-generation leptons, and neutrinos are left-handed.

The matrix element of the semileptonic decays B — D® 1y and B. — |/ (1) TV can be written
in the following general form, where P (V) denotes a pseudoscalar (vector) meson:

M = Mgy + V2GEVy Y X - (V(P')|eTxb|P) - Tl xve, )
X

where I'x is the Dirac matrix corresponding to the operator Ox. The hadronic part in the matrix
element is parametrized by a set of invariant form factors depending on the momentum transfer
squared q2 between the two hadrons. For the P — P’ transition, one has
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(P'(p2)|ev"blP(p1)) = Fi(*)P" +F-(%)q", (10)
(P (pIb|P(pr)) = (m+ ma)FS(aP), )
iTT (42
(P (p2leot (1= Pl = oL (prgy — prgn i), 12

where P = py + p2, g = p1 — pa, €1 = e""*F P4, and the mesons are on shell: p? = m? = m%, and

pa=m3= m%,( pry- The P — V transition form factors are defined by
Fa M 5 ezrx ua 2 U pa 2
(Vip2)ley (15 )IP(pr)) = 22| g1 PgAg(q?) = PUP* A ()
" P A (%) + i PV ()], (13)
(V(p)ler’blP(p1)) = €5 P*G"(4), (14)
(V(p2)leo™ (1= ")bIP(pr)) = —iel, [ (Prg"™ — P'g" +ie™"*) GT (¢?)
+ (98" — g'g"" + ie™) G (%)
G (4%)
UV _ pUaU - Pquv 1% 0
+ (P q" — P'qt + ie )P (m1+m2)2}' (15)

where e, is the polarization vector of the V meson which satisfies the condition € - p» = 0.
The differential decay widths are written in terms of helicity amplitudes which, in turn,
are combinations of the invariant form factors (see, e.g., [38] for the full expressions). One has

r(p P’ G2|Vep|?|p2lg? 22 /
dr(P — V(P))tv) _ Gf[Va|*|p2lq (1- ") ™, (16)
dq? (2m)312m3 7
where
: 3
Hiy = 11+ gv[? [|HolP + 6c(|Ho2 +3|H:[%)| + 3 lgsPIH5P
+3+/26.Regs HoH; + 8| Ty |*(1 + 467 ) |Hr|? 4+ 121/26,ReT HyHr, (17)
3
Hiy = (T+ViP+ Ve | T |Hn2+zsr< )3 |Hn|2+3|Ht|2) + 2 Iz P P
n=0,+ n=0,+

—2ReVR [(1+ 6:)(|Hol* + 2H+ H_) + 36 |H|?] — 31/26:RegpH} H;

+8|T > (1+46:) Y. |H}* —12V/25:ReT; Y H,H}. (18)
n=0,+ n=0,=

Here, §; = m? /24 is the helicity flip factor, and |pa| = A/2(m2, m3,4?) /2m is the momentum
of the daughter meson in the rest frame of the parent meson. For simplicity, we have introduced
gv = VL + Vg, gs = S. + Sg, and gp = Sp — Sg. Note that in this paper, we do not consider
interference terms between different NP operators since we assume the dominance of only one NP
operator besides the SM contribution.

The polarization of the D* meson can be studied by considering the cascade decay B — D*(—
D7) ¢7,. The fourfold differential decay distribution is written in terms of the momentum transfer
squared 4%, two polar angles, 6 and 6* in the dilepton and D* rest frames, respectively, and one
azimuthal angle x, which are defined in Figure 1. One has

d*T (B — D*(— D) éwy)
dq?d cos 0dxd cos 0*

9 * *
= 5 INIPB(D" = Dm)](6,6", %), (19)



Particles 2020, 3

where
|N|2 _ G12:|Vcb|2|P2|q2 (1 . ﬂ%)z
(27r)312m3 7%

The full angular distribution J(6, 6*, x) is expanded on a trigonometric basis as follows:

CA9)
= Jissin? 0" + Jic cos? 0 + (Jos sin® 0% + Jp. cos? %) cos 260
+J3sin? 0% sin? @ cos 2 + J4 sin 20" sin 20 cos x
+J55in20* sin 6 cos x + (Jes sin” 0* + Jg. cos? 6*) cos 0
+J7sin 20 sin 0 sin x + Jg sin 26* sin 20 sin x + Jo sin? 8* sin? @ sin 2y,

197

(20)

(21)

where ]i(“) (i=1,...,9;a =s,c) are angular coefficient functions, explicit expressions of which can be
found in [38]. A novel model-independent method for measuring the angular coefficients was recently

discussed in [50]. In this paper, we are interested in the polarization of the D* meson, for which we

need only Ji5(.) and Jpg(). One has

3+2;

4he = (14 VL + [VRP)(IH: [+ [H-[?) = (3 +267)ReVRH 1 H-
—8\/26:ReTy (Hy Hi + H_Hy) +4(1 + 66.)|Te 2(|Hf | + |H7 [?),
41 = 2|Sg — SL*|Hy > +4+/20:Re(Sg — Sp)Hy Hoy

(|1 + VL2 + |VR[? — 2ReVR) [45T\Ht|2 + (1 + 257) |H0|2}
—16/26;ReT HyHY + 16(1 + 26, | T, [*| HY|?,
1

thy = =261+ Vil + [VaP)(IHL P+ |H )

—4ReViH. H- —16|T. [2(|Hf  + |Hf )],
4fc = (1=200)[ = (|14 Vi + |Vr[? — 2ReV)| Hol? + 16/T; [2|H 2]

Note again that we do not consider interference terms between different NP operators.

+

,
m S

.

;
/ "

Figure 1. Definition of the angles 6, 8%, and x in the cascade decay B® — D**(— DO7nt)t~v,.

(22)

(23)

(24)

(25)

After an integration of Equation (19) over all angles, one obtains the familiar differential decay rate

dT(B® — D*(v,)

i = NPlot,  Jrot =3 + 6J15 — Jac = 2]as.

(26)
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For convenience, we define a normalized full angular distribution J(6*,6, x) as follows:

- _ 97,60

10760 = 5.7 @)

One can easily check that the normalized angular distribution J(6*,6, x) integrates to 1 after
cosf*, cosf, and x integrations. By integrating Equation (19) over cosf and x, one obtains the
hadron-side cos 8* distribution, whose normalized form can be written as

3

J(6°) = 3 (2FL(%) cos? 0 + Fr(g?) sin0 ), (28)

where F; (¢) and Fr(g?) are the polarization fractions of the D* meson and are defined by

R = gy = e ) g ) =1 9)

] tot ] tot

3. Form Factors in the Covariant Constituent Quark Model

The covariant constituent quark model has been developed by our group in a series of papers
(see, e.g., [51,52]). We only mention here some important features of the model for completeness.
More detailed descriptions of the model and the calculation techniques can be found in [51-55]. In the
CCQM, the interaction Lagrangian of a meson M with its constituent quarks is constructed from the
meson field M(x) and the interpolating quark current Jps(x):

Ling = gMM(x)m(x)+Hec, (30)
Jm(x) /dxl_/dxz Fai(x; %1, %2) @3 (x2)Tmqq (x1), (31)

whereI'y; = I, 'y = 95, and 'y = ¥ for a scalar, a pseudoscalar, and a vector meson, respectively.
The quark-meson coupling gy is determined by using the compositeness condition Zy; = 0, where
Z 1 is the wave function renormalization constant of the meson.

Nonlocality of the quark—meson interaction is characterized by the vertex function Fy;(x; x1, x2),
whose form reads

FM(X; X1, Xz) = 5(4) (x — w1Xx1 — ZUQXZ) (DM ((x1 — XZ)Z) , (32)

where w; = mg, /(mg, +mg;) and (i,j = 1,2), so that wy + w, = 1. This form of the vertex function
satisfies the translational invariance. It has been shown in our previous work that the concrete form of
the function @, ((xl — x2)2) has small effects on the final physical results. Therefore, for simplicity, it
is assumed to have the following Gaussian form in the momentum representation:

Dy (—pz) = exp (pz/A%/I) . (33)

The parameter A is a free parameter of the model that characterizes the finite size of the meson.

In the framework of the CCQM, hadronic matrix elements are described by Feynman diagrams
which are written as convolutions of quark propagators and vertex functions. Regarding the quark
propagators S;, we use the Fock-Schwinger representation as follows:

S, (k) = (mg+ K) /daexp[—oc( 2_12)]. (34)
0
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The B — D) and B, — J/ () invariant form factors are calculated from the corresponding
one-loop quark diagrams. More details regarding the one-loop evaluation techniques can be found
in [46,56-58], where semileptonic meson decays were computed. A form factor F can be finally written
in the form of a threefold integral

1/A2 1

1
F= / dttfduaq [doy 5(1 — 0] — a2>f(t061, t062), (35)
0 0 0

where f(tay, tay) is the resulting integrand corresponding to the form factor F, and A is a universal
infrared cutoff parameter that guarantees the absence of branching points corresponding to the creation
of free quarks.

Before presenting the results for the form factors, it should be mentioned that the model contains
several free parameters: The constituent quark masses, the hadron size parameters Ay, and the
universal infrared cutoff parameter A. These parameters are determined from a least-squares fit to
available experimental data and some lattice calculations. Those parameters involved in this paper are
given by (in Gigaelectron Volts (GeV)) [52]

my/d mg me my A AB ABC AD AD* A]/llJ Am
0241 0428 1.67 504 0181 196 273 160 153 174 378 °

(36)

Once the free parameters are fixed, the CCQM can be used as a strong tool to calculate hadronic
quantities. The model has been successfully applied for numerous studies of not only mesons, but also
baryons and other multiquark states.

In the CCQM, the form factors are calculable in the full kinematical momentum transfer region
0 < g% < q20 = (my — my)?. We use FORTRAN codes from the Numerical Algorithms Group (NAG)
library to do the numerical calculation of the threefold integrals in Equation (35). The calculated results
are then interpolated by a double-pole parametrization

(A=)

Flgt) = 7

T1—as+b2 0 m 37

=N

The parameters of the form factors for the B — D(*) and B, — ]/ (1.) transitions are listed in
Tables 1 and 2, respectively. Zero-recoil (or g2,,,) values of the form factors are also listed for further
comparison.

Table 1. Parameters of the dipole approximation in Equation (37) for B® — D®) form factors.
Zero-recoil values of the form factors are also listed.

Ay Ay A 14 GP Gt GI Gf F, F FS T

F(0) 162 067 —077 077 -050 —0073 073 —037 079 —036 080 077
a 034 087 089 09 087 123 090 0.88 075 077 022 076
b -016 006 007 008 006 033 007 007 004 005 —0.10 0.04

F(g%,) 191 099 —115 115 —074 —013 110 —055 114 —053 089 111

Table 2. Parameters of the dipole approximation in Equation (37) for B. — J/¢(#.) form factors.
Zero-recoil values of the form factors are also listed.

Ay Ar  A_ 14 GP Gt G & F, F FS T

F(0) 165 055 —087 078 —061 —021 056 —027 075 —040 0.69 093
a 119 168 18 182 18 216 186 191 131 125 0.8 130
b 017 070 091 08 091 133 093 1.00 033 025 —012 031

F(q%.) 234 089 —149 133 —103 —039 096 —047 112 —059 086 140
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4. Numerical Analysis

In this paper, we assume that, besides the SM contribution, only one NP operator appears at a time.
We also assume that all NP Wilson coefficients appearing in Equation (5) are complex. The allowed
regions for each of these coefficients are obtained by using experimental results for the ratios of
branching fractions Rp = 0.340 £ 0.030, Rp+ = 0.295 £ 0.014 [9], Ry =071£0.25 [16], the upper
limit B(B, — tv) < 10 % from the LEP1 data [59], and the longitudinal polarization fraction of the
D* meson FLD (B — D*tv) = 0.60 £ 0.09 [45]. Within the SM, our quark model predicts Rp = 0.267,
Rp+ = 0.238, Ry, = 0.243, B(B; — tv) = 2.74%, and FE* (B — D*tv;) = 0.45. The theoretical errors
for our predictions are estimated to be of order of 10%.

When the general effective Hamiltonian (5) for the b — cfv, transition is invoked, the pure
leptonic decay of the B, meson with a tau in the final state is also affected. To be more specific, all NP
operators except for the tensor one contribute to this channel. The tauonic branching fraction of B, in
the presence of NP is given by [60]

2
m
i , (38)

2
GZ
B(BC — TV) = §|V6b|2Tchch% (1 — " ) féc X
B

where g4 = Vg — Vi, gp = Sg — S, 1B, is the B lifetime, fp, is the leptonic decay constant of B,
and flI;C is a new constant corresponding to the new quark current structure (0|§ysb|B:(p)) = mp, fgc .
In the CCQM, one obtains fp. = 489.3 MeV and fll%)c = 645.4 MeV.

First of all, we consider separately the new constraint coming from the recently measured
longitudinal polarization FP" (B — D*tv) on the NP Wilson coefficients. The allowed regions
of the last are shown in Figure 2. It is seen that the current data on FP" prefer the scalar scenarios
S1,r, and the right-handed vector coefficient Vy, is still viable within 1¢. Moreover, the most fruitful
implication of the FP" measurement is that it singly rules out the tensor operator at 1o, and also
severely constrains it at 20. This makes the explanation of the b — ctv anomalies based solely on the
tensor interaction become less likely.

In Figure 3, we include all of the available constraints on the scalar scenarios at the level of
20. The quick observation is that both S; and Sy are excluded at 20. However, more detailed
notations should be made. Firstly, in both cases, the current data on R;,, and FP" do not provide
any additional effective constraints to those already given by Rp, Rp+, and B(B; — Tv¢). Secondly,
the combination of the two well-measured ratios Rp and Rp+ prefers Sy to Sg: Sy is well allowed
within 10, while Sg is almost excluded at 2¢. It is seen that the branching fraction B(B, — tvr) offers
a very stringent constraint on possible scalar contributions in the b — ¢ semitauonic transition: Sy,
and Sg are ruled out mainly by the constraint B(B; — 7v;) < 10%. If one uses the more relaxed
constraint B(B, — tv¢) < 30% obtained from the B, lifetime [61], then one finds that S; and Sy are
still available at 20, but only to a small extent. Better experimental data for B(B. — tv) are therefore
highly expected.
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o L5t B ,
4 FP (10) 1 4 FP'(10) ]
2t - 2t ]
= 1 <
20 20
—2f N _ol ]
i - —4L ]
—6F , —6F ]
-4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4
RGSL RCSR
1} - 1} x ]
] FP Qo)
S FP'(10) S
z 0 ; E o R
4l S ]
_2L i _2t ,
-3 2 -l 0 1 -3 -2 -1 0 1
ReVpg ReVpg

Figure 2. Constraints on the complex Wilson coefficients Sy (upper, left), Sk (upper, right), Vr (lower,
left), and T} (lower, right) from the measurement of FP i (B — D*tvy) within 1o (for Sy, Sg, Vg) and
20 (for Tr). The allowed regions are indicated in gray color.

3 > i 3
|

oL Rp- N 1 oL g 1

1, | 4
~ \: ‘
4 o |
— “ ,

—1f Rp- i

ol — i _af . ]

-3 ; . . . -3 . . . ;

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

RBSL RCSR

Figure 3. Constraints on the complex Wilson coefficients Sy, (left) and Sg (right) from the measurements

of Rp, Rp+, Rj/y, and FE* (B — D*tvr) within 20, and from the branching fraction B(B; — Tv¢).

The small (large) dash curve represents the constraint B(B, — tv¢) < 10% (B(B: — tv) < 30%).
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y: 4 Rp \\\
£ st )
N\ )
N, 17
_1t 7
_2t
-3 -2 -1 0 1 -3 -2 -1 0 1 -3 -2 -1 0 1
ReV, ReVg ReT,

Figure 4. Constraints on the complex Wilson coefficients V, (left), Vi (center), and Ty (right) from the
measurements of Rp, Rp+, R} s and FLD : (B — D*tvr) within 10, and from the branching fraction
B(B; — tv7) < 10% (dashed curve).

The constraints on the vector and tensor Wilson coefficients within 1¢ are presented in Figure 4.
None of the three operators is allowed at 1¢. Unlike the scalar scenarios, the constraint from the
branching fraction B(B, — Tv) on the vector operators is still far less strict than that from the ratios
Rp, Rp+, and R; /y- For the tensor scenario, B(B, — Tv¢) simply has no effect. At 10, the tensor
operator is ruled out either by the combined data for Rp, Rp+, and R ]/ s OF by the polarization fraction
FP"(B — D*tuy) alone (see Figure 2). The new constraint from FP~ reduces the likelihood of the Vg
scenario, which is now disfavored by either the combination of Rp, Rp+, and R; /s OF the combination
of Rp, Rp+, and FLD " Note that FLD "is independent of V;, and therefore, the new measurement of FI’? '
does not change the situation regarding V;..

Finally, in Figure 5, we show the allowed regions for V;, Vi, and T} within 2¢. In each region,
we find a best-fit value and mark it with an asterisk. The best-fit values read
Vg =0.01 —i048, Ty =0.04+10.17. (39)

Vi, = —0.36+1i0.92,

The 20 allowed regions together with these best-fit values can be used to analyze the effects of
NP operators on various physical observables, as has been done in numerous papers, including our
detailed analyses [38—40].

ReV,

ReVg

11.]

-3

-2 -1
ReT,

Figure 5. Constraints on the complex Wilson coefficients V (left), Vi (center), and Ty (right) from the
measurements of Rp, Rp+, R} s and FLD : (B — D*tvr) within 20, and from the branching fraction
B(B: — tvr) < 10% (dashed curve). The allowed regions are indicated in gray color. The asterisk

symbols indicate the best-fit values.

In this paper, we redo the analysis using the most updated data, and we present here only
significant changes compared with our previous results. The most important update is that the tensor



Particles 2020, 3 203

coupling allowed at 20" has a negligible effect on the ratios Rp and R;,, in comparison with that on
Rp+ and Rj,y. For demonstration, we show in Figure 6 the differential ratios Ry, (¢%) and R ] /lp(qz)
assuming the tensor scenario. In the case of the vector operators Oy, and Oy,, the effects on all of
the ratios Rp(.) and Ry, are rather similar. In Table 3 we present the average values of R;,. and
Rj/y over the whole q* region. The predicted ranges for the ratios in the presence of NP are given in
correspondence with the 20 allowed regions of the NP couplings shown in Figure 5.

Table 3. The g% average of the ratios in the Standard Model (SM) and in the presence of New

Physics (NP).
<Ry > < Rjy >
SM 0.26 0.24
\%3 [0.26,0.38] [0.25,0.35]
VR [0.25,0.41] [0.25,0.36]
T [0.25,0.28] [0.24,0.36]

08[F T
Ryu(@
0.6

0.4

0.2¢

0.0

4 5 6 7 8 9 10

¢* (GeV?) 7* (GeV?)
Figure 6. Differential ratios Ry, (¢%) (left) and R ] /¢(q2) (right) in the tensor scenario. The black dashed
lines are the SM predictions; the gray bands include NP effects corresponding to the 2¢ allowed regions

in Figure 5; the red dot-dashed lines represent the best-fit value of the corresponding NP coupling
given in Equation (39).

Finally, we focus on the prediction for the longitudinal polarization of the final tau, since it has
been measured recently (in the decay B — D*tv; [6]), and more precise results are expected to be
coming in the near future. The longitudinal polarization reads [39]

: 1
PPl () = W{ — |1+ gv|*[|Hol* — 6 (|Ho|* + 3|H:|*)] +31/25:RegsHpH;

tot

3

+5 185 PIHBP + 81T (1 — 460) | Hr? - 4\/2(5TReTLHOHT}, (40)

1
PPV = W{(Il + VL + [VRI?) [ = Y [Hal? +6:() [Hal* + 3| Hi )]

tot n n

—2ReVg [(1 — 67)(—|Ho|* + 2H H_) + 36| H;|*] — 31/26:RegpHy H;

3
+5 g PIHY P+ 8TL2(1— 460) Y [HF +4v20ReTy Y HuHjf. (41)
n=0,+ n=0,+

Note that the tau longitudinal polarization is defined in the W* rest frame, not in the parent
B-meson rest frame.

The longitudinal polarization Py is not affected by the vector operators. The g* dependence of
P} in the tensor scenario is presented in Figure 7. The g% averaged values of P} are shown in Table 4.
The current status of experimental data has ruled out the scalar operators at 20, and the tensor operator
is the only NP contribution that has an impact on P/. Moreover, the effects of O7, on < Pf (D) > and
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< P[(nc) > are small. Specifically, the best-fit value suggests a large enhancement of < P} (D*) >,
which can be tested in high-precision experiments at Belle II.

1.0 , PL(B-Drv)

¢* (GeV?) ¢* (GeV?)

Figure 7. Longitudinal polarization of the T in the decays B’ — Dtv (left) and B® — D*7v (right) in
the tensor scenario. Notations are the same as in Figure 6.

Table 4. The 4? average of the longitudinal polarization in the SM and in the presence of NP.

< P[(D) > < P{(D*) > < P (1) > < P{(Jlyp) >
SM 0.33 —0.50 0.36 —0.51
Ty [0.28,0.37) [—0.50, —0.33] [0.31,0.40 [—0.51, —0.34]
Best-fit (T;) 0.30 —-0.33 0.33 —0.34
Experiment —0.38 £0.517041 [6]

5. Conclusions

Inspired by recent Belle measurements of the polarization observables Pf and FP" in the
B — D*tvr decay, as well as the ratios R(.), we have revisited the flavor anomalies in the semileptonic
transition b — ctv based on an effective Hamiltonian consisting of vector, scalar, and tensor
four-fermion operators. The form factors parametrizing the corresponding hadronic transitions
B — D™ and B, — J/9(1.) have been calculated in our covariant constituent quark model. Under
the assumption of one-operator dominance, we have obtained the available regions for the Wilson
coefficients characterizing the NP contributions using the most updated experimental constraints from
the ratios Rp(.) and R;,y, the leptonic branching B(B. — tv) < 10%, and the polarization fraction
FP". In particular, we have discussed the effects of the new constraint from FP" on the overall picture.

It turned out that at the level of 20, the scalar coefficients Sy g are excluded (mainly by the
constraint B(B. — tv) < 10%), while the vector (V7 ) and tensor (T7) ones are still available. If the
upper limit on B(B. — 7v) is relaxed up to 30%, then S; and Sy are also allowed at 20, but only
minimally. However, all coefficients are ruled out at 1o. The recent measurement of FP" provides
a severe constraint on the tensor scenario. In particular, the tensor scenario is excluded at 1¢ by
the constraint from FP" alone. We have also observed that the effects of the tensor operator on the
differential ratios Rp(4%) and Ry, (4%) are now negligible. Finally, within the 20 allowed regions of the
corresponding Wilson coefficients, we have provided predictions for the g% average of the ratios of
branching fractions and the tau longitudinal polarization, which will be useful for future testing of
LFU in these decays.
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