PHYSICAL REVIEW D 109, 015029 (2024)

B meson anomalies within the triplet vector boson model
to the light of recent measurements from LHCb

J. M. Cabarcas ,H J. H. Muiioz ,2’1 Néstor Quintero-Poveda ,2’3 * and Eduardo Rojas 8
"Universidad Santo Tomds, Codigo postal 11001, Bogotd, Colombia
2Departamento de Fisica, Universidad del Tolima, Codigo Postal 730006299, Ibagué, Colombia
3Facultad de Ciencias Bdsicas, Universidad Santiago de Cali, Campus Pampalinda, Calle 5 No. 62-00,
Codigo Postal 76001, Santiago de Cali, Colombia
4Departamento de Fisica, Universidad de Nariiio, A.A. 1175, San Juan de Pasto, Colombia

® (Received 2 May 2023; accepted 10 January 2024; published 30 January 2024)

The triplet vector boson (TVB) is a simplified new physics model involving massive vector bosons
transforming as a weak triplet vector. Such a model has been proposed as a combined explanation of
the anomalous b — su™u~ and b — ¢, data (the so-called B meson anomalies). In this work, we carry
out a revamped view of the TVB model by incorporating the most recent 2022 and 2023 LHCb
measurements on the lepton-flavor universality ratios R(D*)) = BR(B — D*)z,)/BR(B — D ¢'0,),
R(A.) = BR(A, = A1D,)/BR(A, = Aub,), and Ryw =BR(B — KWy u~)/BR(B — KWeter).
We perform a global fit to explore the allowed parameter space by the new data and all relevant
low-energy flavor observables including the recent experimental progress from Belle, Belle II, and
LHCb. Our results are confronted with the recent high-mass dilepton searches at the LHC. We find that
for a heavy TVB mass of 1 TeV a common explanation of the B meson anomalies is possible for all data
with the recent LHCb measurements on R(D(*)), consistent with LHC constraints. However, this
framework is in strong tension with LHC bounds when one considers all data along with the world
average values reported by the Heavy Flavor Averaging Group (BABAR, Belle, and LHCb) on R(D(*)).

Future measurements will be required in order to clarify such a situation.

DOI: 10.1103/PhysRevD.109.015029

I. INTRODUCTION

In the last ten years, approximately, the high-energy
physics community has been a witness of discrepancies
between experimental measurements and the Standard
Model (SM) calculations in several observables involving
b — su"yu~ (neutral-current) and b — ctv, (charged-
current) transitions, which provide an important test of
lepton-flavor universality (LFU). Such inconsistencies indi-
cate strong signals of LFU violation (for very recent
interesting reviews, see Refs. [1-3]). For the neutral-current
b — sutu~ transition, the ratio of semileptonic decay
channels,
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BR(B —» KWty
RK(*) = ( *ﬂ ﬂ_)’ (1)
BR(B = KWete™)

provides a test of u/e LFU for different dilepton mass-
squared range ¢> (g* bins). From 2014 to 2021, the LHCb
experiment reported the existence of discrepancies between
the SM predictions and the experimental measurements (low
and central ¢> bins) of Ry, R+, R ks> and R [4-8], hinting
toward LFU violation in the u/e sector. However, at the end
of 2022, an improved LHCb analysis of the ratios Ry,
namely [9,10],

[0.9941 00 005 a7 €[0.1,1.1] GeV?,
Ry = 0.04240.022 (2)
0.949f0_'041_+0_b22, g’ €[1.1,6.0] GeV?,
and

¢*€[0.1,1.1] GeV?,

5 , (3
> €[1.1,6.0] GeV?2,

+0.093+0.036
_ { 0'927—04087—0.035 ’

K* —
+0.072+0.027
1‘027—()‘068—0.026 ’

now shows good agreement with the SM [9,10]. In addition,
the CMS experiment has presented a new measurement of
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TABLE L
b— clv, (€ =u, ).

Experimental status and SM predictions on observables related to the charged-current transitions

Observable Experimental measurement SM prediction
R(D) 0.441 £+ 0.060 £ 0.066 (LHCb22) [43,44] 0.298 + 0.004 [47]
0.356 £ 0.029 (HFLAV) [47]
R(D¥) 0.281 £ 0.018 £ 0.024 (LHCb22) [43,44] 0.254 £ 0.005 [47]
0.257 £ 0.012 £ 0.018 (LHCb23) [45]
0.284 + 0.013 (HFLAV) [47]
R(J/w) 0.71 £0.17 £ 0.18 [40] 0.2582 £ 0.0038 [48]
P.(D") -0.38 £0.51707¢ [38.39] —0.497 £ 0.007 [49]
F.(D*) 0.60 4 0.08 £ 0.035 [41] 0.464 + 0.003 [49]
R(X,) 0.223 +0.030 [52] 0.216 +0.003 [52]

BR(B; — 77 7,)

< 10% [51], < 30% [50]

RY¢ 0.995 =+ 0.022 =+ 0.039 [54]
RYC 0.961 + 0.050 [56]

(2.16 +0.16)% [53]

0.9960 + 0.0002 [55]
0.9974 £ 0.0001 [57]

the branching ratio of B, — u '~ more consistent with the
SM [11]. Despite that the tension on Ry, ratios and
BR(B, — p"u~) has now disappeared, there are still some
discrepancies in the measurements of additional b — su™u~
observables, such as angular observables and differential
branching fractions related with B — K*u"y~ and B, —
¢utu~ decays [12-17]. Within a model-independent effec-
tive Hamiltonian approach, different scenarios with New
Physics (NP) operators (dimension 6) to b — s£7¢£~
transitions have been surveyed in the literature [1,18-28].
Taking into account updated b — su™p~ data (including
Ry by LHCD [9,10] and BR(B; — ™) by CMS [11]),
the most recent global fit analysis [26-28] show, in general,
a different situation for the possible one-dimension NP
scenarios compared to previous analyses [1,18-25]. Now,
the so-called lepton-flavor universal (universal contribu-
tions to b — se*e” and b — su"u~) solution C5**% (¢ =
e, p) is favoured to explain the data.! Moreover, there is also
a marked preference to the lepton-flavor universal solution
Chs?? = —Chs??. In addition, the scenario where only NP
contribution to b — su'tu~ is assumed (C5™* = —Cb*)
remains as a feasible option.

On the other hand, the experimental measurements
collected by the BABAR, Belle, and LHCb experiments
on different charged-current b — czv, observables indi-
cate the existence of disagreement with respect to the
SM predictions [29-47] (see Table I for a summary).
Regarding the ratios of semileptonic B meson decays,

_ BR(B - DWri,)
" BR(B - D¥¢D,)’

R(D™) (4)

with 7/ = e or u [the so-called R(D™)) anomalies], the
LHCb has presented, very recently, the first combined

'Some explicit model examples are shown in Ref. [26].

measurement using Run 1 data (3 fb=') with muonic 7
decay reconstruction [43,44],

R(D*)ppcppr = 0.281 +0.018 £ 0.024, (6)

which show a tension of 1.9¢ with the SM predictions.
Additionally, the LHCb also reported a preliminary meas-
urement of R(D*) using partial Run 2 data (2 fb~!), where
the 7 is hadronically reconstructed [45,46]. When combined
with Run 1, the result is [45,46]

R(D*); was = 0.257 +0.012 +0.018, (7)

that is compatible with SM at the ~1¢ level. Incorporating
these new LHCb results, the preliminary world average
values reported by the Heavy Flavor Averaging Group
(HFLAV) are [47]

R(D)yprava; = 0.356 £ 0.029, (8)
R(D*)rravas = 0.284 £0.013, (9)

that now exceed the SM by 3.26. Moreover, the LHCb
measurement of the ratio R(J/w) = BR(B. — J/y10,)/
BR(B, = J/wup,) [40] also shows tension (~20) with
regard to the SM prediction [48]. Additional hints of LFU
violation in the b — c70, transition have been obtained in
the Belle measurements of the 7 lepton polarization P,(D*)
[38,39] and the longitudinal polarization of the D* meson
F(D*) [41] related with the channel B — D*r,, which
also exhibit a deviation from the SM values [49]. The
tauonic channel B. — J/wzD, has not been measured yet,
but indirect constraints on its branching ratio have been
imposed < 30% [50] and < 10% [51]. In Table I, we
summarize the current experimental measurements and their
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corresponding SM predictions. We also collect in Table I the
experimental and theoretical values of the ratio of inclusive
decays R(X,) = BR(B — X, 70,)/BR(B — X ub,), which
is generated via the same b — c7v, transition [52]. The SM
estimation on R(X,) is based on the 1S mass scheme and
includes nonperturbative corrections of the order O(1/mj),
while the NP effects took into account the subleading
O(1/m,) corrections [52]. The R(D™)) anomalies still
exhibit the largest deviation. The other b — czi, observ-
ables also show tension (moderate) with the data, although
some of them have large experimental uncertainties [such as
R(J/w) and P.(D*)], while the ratio R(X,) is in excellent
agreement with the SM.

In addition, the LHCb Collaboration has recently
released the first measurement of the ratio of semileptonic
A, baryon decays, namely [58],

BR(AY — AfzD,)
BR(A) — AfuD,)

R(A,) = = 0.242+£0.076, (10)

in agreement at the ~1.2¢ level with the most recent SM
calculation, R(A.)gy = 0.324 +0.004 [59]. In Eq. (10),
we have added in quadrature the statistical and systematic
uncertainties and the external branching ratio uncertainty
from the channel A — Afu~D,) [58]. It is interesting to
highlight that this new measurement is below the SM
value, pointing to an opposite direction than the current
b — ctv, data (see Table I). Nevertheless, to provide an
overall picture, all the anomalous b — ¢z, data must be
taken into account. To the best of our knowledge, the
impact of the new LHCb measurement on R(A,.) has been
recently studied in a model-independent way (effective
field theory approach) [60] and in the singlet vector
leptoquark model [61].

Although the b — czv, data are suggesting stronger
signals of LFU violation than the b — su™u~ data, a
combined explanation of the current data is still desirable.
This simultaneous explanation can be generated by different
tree-level heavy mediators with adequate couplings, for
example, charged scalar bosons, extra gauge bosons, or
leptoquarks (scalar and vector). For an extensive list of
literature, see the theoretical status report presented in
Ref. [1]. In this work, we will pay particular attention to
the common explanation provides bg the so-called triplet
vector boson (TVB) model [62-71],” in which the SM is
extended by including a color-neutral real SU(2), triplet of
massive vectors W' and Z' that coupled predominantly to
left-handed (LH) fermions from the second and third
generations [62-71]. The neutral boson Z’ is responsible
for the b — suytu~ data, while the charged boson W’
generates the b — ¢z, one. We adopt a phenomenological

?Let us notice that in a recent work [72] the TVB model was
implemented as an explanation to the Cabibbo angle anomaly and
b — s¢t¢ data.

approach of the TVB model based on the minimal setup of
couplings between the new gauge bosons Z’', W and LH
fermions of the SM, without specifying the complete UV
model. We present an updated analysis of the TVB model
(parametric space) by including the new 2022 and 2023
LHCb data on Ry, R(D™), and R(A,). We also incor-
porate in our study all relevant flavor observables that are
also affected by this NP model, such as B; — B; mixing,
neutrino trident production, lepton flavor violation decays
(B = KWu*t%, B, — y*t%, v — pp, Y(nS) - p*c¥),
rare B decays (B — K"up,B — Ktt1~ B, —» 7717),
and bottomonium LFU ratios. Furthermore, we study the
consistency of the allowed TVB parameter space with the
LHC bounds from searches of high-mass dilepton reso-
nances at the ATLAS experiment.

Even though our focus will be phenomenological,
regarding the UV-complete realization for the TVB model,
the extension of the SM must allow for lepton-flavor
nonuniversal (LFNU) couplings to the extra gauge bosons
and LFV. In this direction in Ref. [71], there is a proposal in
which an extra SU(2) gauge group is added and where
extra scalars, new vectorlike fermions, and some nontrivial
transformations under the SM group are included. It is clear
that the couplings of fermions to the extra gauge bosons of
the particular UV realization will have model-dependent
consequences that might relate different terms between
them; however, since we emphasize that our approach is
phenomenological, we will start from the most general
Lagrangian for the TVB model as possible, and we will
make comparisons to other approaches presented in
Refs. [62,63,66,67], where the new physics is coupled
predominantly to the second and third generations of left-
handed quarks and leptons, ensuring LFNU and LFV
through different mechanisms. Restricting our results to
a particular UV model is out of our target.

This paper is structured as follows. In Sec. II, we
discuss the main aspects of the TVB model to accom-
modate the B meson anomalies. As a next step in Sec. III,
we consider the most relevant flavor observables and
present the TVB model contributions to them. The LHC
bounds are also studied. We then perform our phenom-
enological analysis of the allowed parametric space in
Sec. IV, and our conclusions are presented in Sec. V.

II. TRIPLET VECTOR BOSON MODEL

In general, flavor anomalies have been boarded into the
current literature as a motivation to build innovative models
and to test well-established New Physics (NP) models. In
this section, we focus in the previously mentioned TVB
model [62-71] as a possible explanation of these anoma-
lies, that might accommodate the observed flavor exper-
imental results. One significant feature of this model is the
inclusion of extra SM-like vector bosons with nonzero
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couplings to the SM fermions, that allow us to include
additional interactions.

In the fermion mass basis, the most general Lagrangian
describing the dynamics of the fields can be written as

ALy = gl(PLr' "V )Vi + gl (Pira! W) Vi, (1)

where V, stands for the extra or new vector bosons that
transform as (1, 3, 0) under the SU(3), ® SU(2), ®
U(l)y, gauge symmetry and must be redefined as
W%, Z'. On the other side, SM fermions are arranged into

the doublets W2 and ¥/ given by

VT
‘Pg_< ”L>, ‘P{_<VL>. (12)
d ‘1

where V is the Cabbibo-Kobayashi-Maskawa (CKM)
matrix.

To find the effective Lagrangian for this model, the
heavy degrees of freedom corresponding to vector bosons
introduced above must be integrated out. Introducing
the definition for the currents J, = ‘i‘gyﬂal ‘{‘JQL and J, =
W ol ‘PfL, the effective Lagrangian is therefore

(9fido +9ide)?

Lo = —
eff 2M%/

(13)

_ (gi0)? B 9hgul ol 3 (g )e)? (14)
2M?, M3 oM

The middle term of the right-hand side of the above
equation corresponds to

gffgfzf oJe . gijgil
M3, M,

(‘i’iQLy”GI‘P%‘)(‘?fLy"GI‘PfL). (15)
Substituting Eq. (12) in the last expression, it leads us to

q 7
9ii9ua’ 0l ¢ g _ >
= M2 = M_ké[(ng)ij(uiL}/ydjL)(fkyﬂVlL) +H.c/]
v v
¢
Iy g v ) ey o)
M%, g i\ VW )\VkL V" ViL

+ gl diny,din) (G r"€n)]

¢
g _ _
_Mk‘zl/ [(ngVT)ij(uiL]/”ujL)(ka}'ﬂflL)

+ g5 (dinyudin) @y vn)); (16)

in this expression, we can identify that the first term
expresses an effective interaction of the SM fields that
should be mediated by extra bosonic charged fields, while
the remaining terms are mediated by an extra neutral bosonic

field. These extra fields are precisely the vector boson fields
W’ and Z' introduced in this model and which masses can
naively be considered to be (almost) degenerated which is
required by electroweak precision data [65]. For simplicity,
and without losing generality, we are going to consider that
the couplings g% are real to avoid CP-violation effects.
Additionally, it is important to notice that we can write
compactly the couplings of quarks to the vector boson fields
with an explicit dependence in the couplings of the down
sector and also keep in mind that the CKM matrix couples
into the doublets to up-type quarks and that we should
restrict the significant contributions for the second and third
families. For this purpose, we restrict the relevant couplings
of the down sector to gpp, gy, and gy, = gp,, While other
terms remain zero. This hypothesis that the couplings to the
first generation of fermions (also in the leptonic sector) can
be neglected has been widely accepted in the literature in the
context of flavor anomaly explanations [62—69]. Lastly, the
resultant compact form for the couplings of the quark sector
to the W’ that we obtained are

Jab = bV T GsbVas>
9as = 9ssVas T Gsv Vb (17)

where a stands for u, ¢, or t quark flavors. The same
procedure described above must be implemented for a
compact form of the couplings of up-type quarks to the
Z' boson. In this case, we find two possibilities: one on
flavor-conserving interaction given by

Yaa = gbbvib + 2gabvasvab + G5 V%{S (18)

and the other related to flavor-changing Z' couplings
mediated by

ga/i = Gpb v/}b Vab =+ Isb V/)’s vab =+ 9sb Vﬁb vas + Yss V/)’s vas’
(19)
where a # f labels u, c, or t quark flavors.

Regarding the leptonic sector, we will assume that the
couplings will follow the structure

Gee 0 0
Ja=10 9w 9 |s (20)
0 9w G

this assumption is motivated through different flavor
observables as well as possible theoretical flavor sym-
metries such as those sketched in Refs. [62,67], where
the mixing pattern for different fermions is enriched by the
inclusion of mixing matrices that will rotate the fields from
the gauge basis to the mass basis, thus privileging second
and third families of leptons. In this way, we will only
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consider possible flavor change (lepton-flavor violation)
from p to v and vice versa.

To close this kind of parametrization, we mention that
the terms of the rhs of Eq. (15) are responsible for and will
be important to 4g and 47 interactions ruled by the
Lagrangian

q 4q
4q.4¢ 9ii9k 5 -
Lyp = =S5 (P r,0" V5 ) (Yo v V)

NP ZM%/ H
9491{1 5 5
- 2 (T{LJ’MGI\P?L)(lpr}’”O'l\PlfL)- (21)
2M5,

A. Other parametrizations

In this subsection, we compare the previous parametri-
zation explained above with others used in some repre-
sentative references studied widely in the TVB model.

In the TVB model presented in Refs [62,67], the mixing
pattern for quarks is enriched by the inclusion of mixing
matrices that will rotate the fields from the gauge basis to
the mass basis and a projector (X, Y) that will ensure the
dominance of the second and third families to explain
anomalies. Particularly, the explicit form of these matrices
for the down-type quarks and charged leptons and projec-
tors is

1 0 0 1 0 0
D=0 cosfp

0 —sin@p cosfp
000
000]. (22)
001

sinfp |, L=1|0 cos@, sinf; |,

0 —sin@; cosé;

X=Y=

These matrices will leave an explicit dependence of these
mixing angles (6p ;) into the couplings to the extra fields,
which by the experimental results coming from different
observables can be constrained. The assumptions made in
the introduction of these matrices were previously intro-
duced in Ref. [62], and we can establish the full equivalence
between the notations of the angles by the relations 6, =
ay, and 0, = a,,. We have also found that these couplings

TABLE II.

can be translated into the generic parametrization introduced
at the beginning of this section; for this purpose, as
explained earlier, the couplings of the whole quark sector
will depend on the couplings of the down-type quarks,
especially in this kind of parametrization. We can show the
way in which the couplings are obtained by the effective
charged Lagrangian, given as

G
Ll =2 M2 [(VDTXD)ij(aiLyﬂde)
\%4
x (L'YL)(Zyy"vy) + Heel; (23)

thus, we obtain the equivalence

7.2
9pp = 5 €08~ Op
gsp = —4i sin @y, cos O

Gss = gg SiIlz HD (24)
and for the leptonic sector

)
9er ™ g2 Cos HL
Gue = —95 sin@ cos O,

G = g5 sin?0;. (25)

The comparison and equivalence among parametriza-
tions of different influential references can be found in
Tables II-V.

For our last comparison, we considered the parametriza-
tion given in Refs. [63,66] where the couplings to the vector
bosons have almost the same structure of the initial para-
metrization presented here, but its major difference consists

in the dependence on flavor matrices denoted by the authors
(¢.2)
model can be shown using the charged effective Lagrangian
as we did before,

as 1 . This incidence of the flavor structure into the

gqgf

T

[(V’I)ij(aiLVﬂdjL)(?ky”VlL) +Hel], (26)

to obtain the desired dominance of couplings to the second
and third families using the flavor matrices mentioned

Couplings to W’ boson in different parametrizations of the TVB model.

Coupling Parametrization in Ref. [68]

Parametrization in Refs. [62,67]

Parametrization in Refs. [63,60]

i 966 Vub + 9sbVus
92 9oV er + g Ves
gt 966 Vio + Gsv Vs
Giis IssVus + 9sb Vb
gds GssVes + GsvVuch
gt 9ssVis + 9V

GV, c08? 0y — Vs cos ,sin 6,
G (Vpcos? 0y =V, cosf,sinf,
GV cos? 0,y =V, cosOysinf,
GA(V,ssin?0, =V, cos0,sin 0,
GV sin? 0, — V., cos0,sin 0,
G (Vs sin? 0, — V,y, cos,sin 0,

~

9a(Vur + Viaday + Vushsp) V2

9a(Ver + Veahap + Veshap) /V2

9e(Vip + Viadu + Vighsp) /V2
9g(Viahas + Vipdsy + Vighs) [ V2
9g(Veahas + Vepdsy + Veshss)/ V2
9¢(Viakas + Vidsp + Vighss) V2

— — D —
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TABLE IIL

Flavor-conserving couplings to Z’ boson in different parametrizations of the TVB model.

Parametrization in

Parametrization in Parametrization in

Coupling Ref. [68] Refs. [62,67] Refs. [63,60]
glqlll 9bb V%lb + ngb Vux Vuh + Yss VL21€ gg(vib COS2 gd - 2Vus Vub COs ed sin ed + V%v Sin2 Hd) gqﬂuu/\/i
ggC 9bb V%b + 295}7 Vcs vcb + Yss V%s gg(vgb COSZ ed - 2Vcs Vcb cos Hd sin gd + v%s Sil’lz ed) gqﬂ“/\/ﬁ
i 9uVi + 290V iV + 95 Vis  93(V3, €087 04 = 2V V08 0y 5in O, + V7 sin® 0,) Ggha/ V2

before; the 4;; belonging to the first family must be set to
zero. Additionally, the values for 1,;, = 4,, = 1 in order to
maximize its contribution. However, as an illustration, we
can make a complete relation of the implementation of the
flavor matrices to the construction of couplings for the
quark sector without any assumption in Tables II-V.

We emphasize that the results presented in Tables II-V
allow us to understand the differences and similarities
for the parametrizations presented above in the context of
the TVB model; additionally, it gives us a complete
interpretation of the variables present on each one and
the possibilities to find adjustments to explain flavor
anomalies.

III. RELEVANT OBSERVABLES

In this section, we discuss the constraints from the most
relevant flavor observables on the TVB model couplings to
simultaneously accommodate the B meson anomalies. We
will include the recent experimental progress from Belle and
LHCD on different LFV decays [such as Y(1S) — p*r¥,
B —» KWurr¥, and 7 — p¢g), and the first evidence
reported by Belle II of Bt - K*vi.

A. b — s€*¢" data
The NP effective Lagrangian responsible for the
semileptonic transition b — sZt¢~ (£ =e, u) can be
expressed as
4G
L(b— st )y = —\/21” Vo Vi (Chr Ot
+ Chs??Obs??) + H.c., (27)

where the NP is encoded in the Wilson coefficient (WCs)
Ch?? and C43’? of the four-fermion operators

Aem -
OgSff = A (S]/”PLb) (f}/”l’ﬂ)’ (28)
) a _ -
Oil)aff = ﬁ (S]/”PLb)(Lﬂ]/”]/sf), (29)

respectively, with a,,, being the fine-constant structure. As
stated above in the Introduction, global analysis of b —
s£T ¢~ data have been recently performed in Refs. [26-28].
In general, despite that these analyses employed different
methodologies (such as statistical methods, form factors

TABLE IV. Flavor-changing couplings to Z’' boson in different parametrizations of the TVB model.

Parametrization Parametrization Parametrization
Coupling in Ref. [68] in Refs. [62,67] in Refs. [63,66]
ggc 9bb V(rb Vub + 9sb Vcs Vle gg Vcb Vub COSZ ed - gg Vcs Vub Cos ed sin ed gq/’{uc/\/Z
+ 956Vt Vs + G55 Vs Vs —g3V Vs cosOy8in 0, + gV .V, sin? 0,
i 9o VioVub + 956 Vis Vo GAV i,V up €085* 04 — gV V,y, cOs 0, 5in 0, Gaur/ V2
955 Vis Vs + G55 Vis Vs —g3V Vs cos O sin, + gV, V,, sin? 0,
gl IsVerVin + 956 Ves Vi GV Vi cos? 0, — giV .V cos0,sin 0, gq/lct/\/i

+gsb Vcb Vts + Yss Vcs Vrs

—g3V Vs cos Oysin@y + giV .V, sin? 0,

TABLE V. Couplings of leptons to Z’' boson in different parametrizations of the TVB model.

Coupling  Parametrization in Ref. [68]  Parametrization in Refs. [62,67]  Parametrization in Refs. [63,66]
g/m g/m géf Sinz eL gq (’1;1/4)/\/5

Gur YGur _95 sin @, cos 0, qu (’1/47:)/\/E

e 9re 95 COS2 GL gq/\/E
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choices, assumptions about nonperturbative effects, among
others), there is a notable level of agreement. Therefore, for
simplicity, in our study, we will consider the results
obtained in Ref. [26]. In the one-dimensional NP scenarios
(see Table 6 of Ref. [26]), the 1o solution of the WC
Ch’? €[-0.99, —0.57] with a pull = 3.7¢ is notably pre-
ferred by the data, thus favoring solutions in which the NP
contributes equally to electrons and muons (£ = e, ). The
analysis also leaves open the possibility of different NP
scenarios, such as the one generated by the CS“ ‘= —Cll’f)f ‘
solution, which is associated with the dimension-6 operator
(57,PLb)(£r*P,¢). In the context of the TVB model, the
Z' boson couples only to left-handed fermions, allowing it
to induce this operator at the tree level. Keeping this in
mind, we consider the following two 1o solutions [26]:
(1) lepton-universal: universal contributions to b —
sete™ and b — suu~ (but not b - sttr7),

Ch?? = —Chs’? €]-0.51,-0.29]  (pull =3.50),
(30)
(2) muon specific: purely muonic contribution to
b— sutyu,
CoM = —Ch €[-0.23,-0.11]  (pull = 2.70).
(31)

The pull for the lepton-universal solution is considerably
larger than that for the muon-specific one. However, the
muon-specific solution still stands as a viable choice. In
further analysis, we will use these two different scenarios.
The corresponding WC read as follows:

T gzbgﬁf
V2GraemVy Vi, My

Cgsff — —C?Sff — _ (32)

Using the above results of the global fit [26], these
correspond to

9’
— S0 e [4.4,7.7) x 1074 TeV~2, (33)
M
|4

990
— 20 11.7,3.5] x 107+ TeV~2 (34)
M

v
for the lepton-universal and muon-specific solutions,

respectively.

B.b > Cf_ljf data

The W’ boson leads to additional tree-level contribution
to b — ¢~ v, transitions involving all lepton generations
(¢ =e,u,7). The total low-energy effective Lagrangian
has the form [53]

_ 4G ety
Lan(b = ct8)suiw =5 Vol + C7)

X (Ty,PLb)(r*Prug)].  (35)

where G is the Fermi coupling constant, V., is the charm-

bottom CKM matrix element, and CL*** is the WC
associated with the NP vector (left-left) operator. This
WC is defined as

Cbcfv/ _ \/§ Z(Vcsggb + Vcngb)géf (36)
v 4GV, M3,
with g%, = ¢%.. 9l 9%rr and My, the heavy boson mass. Let
us notice that in the lepton-universal scenario C5** =
—CBS? (£ = e, u) we have Cy"™" = Ch £0 owing
to gi =9, while in the muon-specific scenario
C];S"” = —Ci’(s)"”, we have Cff’w" #0 and Ci’f”"’ =0,
because of ¢, #0 and g7, = 0, respectively. The NP

effects on the LFU ratios R(X) (X = DY J/w, A,) can be
easily parametrized as

2|1 + Ch™e 2

R(D™)) = R(D™) , (37)
TR g
1+ Cbcn/, 2
R fw) = RO S (38)
|1+ Cy™|
1 Cbcn/, 2
R(A) = R(A gy LV (39)

SM :
1+ P

The D* and 7 longitudinal polarizations related with the
channel B — D*zi, and the tauonic decay By — 7~ i, are
only affected by NP contributions to the third lepton
generation. These observables are modified as

FL(D*) = FL(D*)syrpt|l + CF™ 2, (40)

P,(D") = Po(D")syrpt |1+ Oy 2

, (41)

BR(B; — 777,) = BR(B; - 777,)su|l + Co7 %, (42)

respectively, where rp- = R(D*)/R(D*)gy. For BR x
(B: = t71,), we will use the bound < 10% [51].

With regard to the transition b — cu,, the u/e LFU
ratios R’l‘)/(f) =BR(B — D“up,)/BR(B - Dep,) have
to be taken into account. The experimental values obtained
by Belle [54,56] are in great accordance with the SM
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estimations [55,57] (see Table I). The NP effects on this
ratio read as

beuv, 1o
1+C,""
R;;/(f :[ /e | + 14 |

o lsm per; (2" (43)
PR 4 oy

C.b->ut v, (€=pu, 7) data

The TVB model can also induce NP contributions in the
leptonic decay B — v, induced via the charged-current
transition b — u?" v, (£ = u, 7). The ratio

T/ _ T U
Ryl =—n———+ 44
; = (44)

provides a clean LFU test [55]. Through this ratio, the
uncertainties on the decay constant fz and CKM element
V., cancel out (circumventing the tension between the
exclusive and inclusive values of V,;, [73]). The NP effects
on this ratio can be expressed as

1+ Cbuﬂ/, 2
Rr/ﬂ RY o 7;/’4% , (45)
1+Cy,
where
Chutve _ V2 2Vl + Vuhgbb)gff (46)
v 4GV, M3
and
2 2 2\ 2
T/u m; mp — mz
R =(— ——— | =22254+3.0. (47
o= (2) (=) s o

The experimental value is [RY/" Jexp = 205.7 £ 96.6, which

was obtained from the values reported by the Particle Data
Group (PDG) on BR(B™ — 771,) [74] and the Belle
experiment on BR(B™ — u~7,) [75].

D. Bottomonium processes: Ry(,s) and Y (nS) — p*z¥

A test of LFU has also been studied in the leptonic ratio
RT(HS) (with n =1, 2, 3) [76],

rY(nS) —»ttr)
T(Y(nS) = £+¢°)

Ry(ns) = (£=ep), (48)

in connection with the reported hints of LFU violation in
the charged-current transition b — c7v, [76,77).% 1t is
known that NP scenarios aiming to provide an explanation
to the anomalous b — ¢z, data also induce effects in the

3Recently, in Ref. [78] has been proposed a new method to test
LFU through inclusive dileptonic Y'(4S) decays.

neutral-current transition bb — ttr= [76,77]. Experi-
mentally, the BABAR and CLEO Collaborations have
reported the values [79-81]

BABAR-10:1.005+0.013+0.022[81],
Y(18) = (49)
SM:0.9924[79],
CLEO-07: 1.04 + 0.04 + 0.05 [82],
Ry(s) = (50)
SM: 0.9940 [79],

CLEO-07: 1.05+0.08 +0.05 [82],
BABAR-20:0.9664+0.008 :0.014[83],  (51)
SM: 0.9948[79],

Rys) =

where the theoretical uncertainty is typically of the order
+0(1073) [76]. These measurements are in good accor-
dance with the SM estimations, except for the 2020
measurement on Ry(sg) that shows an agreement at the
1.80 level [81]. By averaging the CLEO-07 [80] and
BABAR-20 [81] measurements, we obtain RQ(V3C5> =
0.968 £0.016, which deviates at the 1.7¢ level with
respect to the SM prediction [77].

The NP effects of the TVB model on the leptonic ratio
can be expressed as [76]

AVP(1+2x2) + [BY (1 - 4x7)

Ry(ns) = (1 —4x )1/2|

|Ahﬂ|2+|Bhﬂ|2 ’
(52)
with x, = m,/my(,s and
2( s) Ian9%

AY = ~4naQ, + —"~ 1 Z%", (53)

be m%f( s) Ipp9re
BY =-—" : (54)

v 2 4M3

This ratio is modified because Y (nS)— 7"z~ and
Y(nS) — utu~ are affected.

The neutral gauge boson also generates the LFV proc-
esses Y — utzT (Y = Y(nS)). The branching fraction is

given by [67,68]
fimy (2 N mj)
48 FY mY

2\ 2
m
X <1 - ;)
my
where fy and my are the Upsilon decay constant

and mass, respectively. The decay constant values can
be extracted from the experimental branching ratio

BR(Y — p*cF) =

ga (gif)* 2

. (59)
M3
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measurements of the processes Y — e~e*. Using current
data from PDG [74], one obtains fy(;5) = (659+17)MeV,
fres) = (468 £27) MeV, and fy(35) = (405426) MeV.
Experimentally, the reported upper limits (ULs) are
BR(Y(1S) —» u*7¥) < 2.7 x 107® from Belle [82] and
BR(Y(2S) - u*7¥) <3.3x107%, BR(Y(3S) — p*T) <
3.1 x 107® from PDG [74]. From these ULs, we get

£ F |9;q,b(g§r)*|
M5,

Y(1S) = u < 5.7 TeV~2, (56a)

M3,

Y(2S) > u < 6.2 TeV™2, (56b)

f*|

q
Y(35) - ptet: W <52TeV2  (56¢)

2
1

E. AF =2 processes: B, — B, and D’ - D" mixing

The interactions of a Z' boson to quarks sb relevant
for b — sy~ processes also generate a contribution to
B, — B; mixing [83,84]. The NP effects to the B, — B,
mixing can be described by the effective Lagrangian

, 4G _ _
Ly = ——— |V Vi, PCLE 5y, PLb) (57PLb) + Hec.,
V2
(57)
where
1 q |2
o= oy (58)

4NV2Gp|V VP M5

Thus, the NP contributions to the mass difference AM
of the neutral B, meson can be expressed as [83]

AMSM+NP 6/23
S8 (1 41 cf}f), (59)

SM loop
AM; Y

where 1 = a,(M)/a,(m,;) accounts for running from the
M 7 scale down to the b-quark mass scale and the SM loop

function is Ry = (1.310 £ 0.010) x 107 [83]. At
present, AM has been experimentally measured with great
precision AMS® = (17.757 +0.021) ps~' [42,83]. On the
theoretical side, the average is AMM = (18.4797) ps~!,
implying that AMSM/AMY™® = 1.04+004 [83]. This value
results in to

}76 /23
U+ e Coi
loop

0.89 < <1.11, (60)

which in the TVB model translates into the important 2¢
bound

q
195 5 395 1073 Tev-, (61)
My

In addition, the Z’ boson can also admit ¢ — u tran-
sitions, consequently generating tree-level effects on D° —
D mixing [68,85]. The effective Lagrangian describing the
Z' contribution to D° — D° mixing can be expressed as
[68,85]

: |9ucl® _
LEc,=— 21:'/;2 (¢y,Pru)(cy*Pru) +He., (62)
Z/
where Gue = gavcbV:;b + ggb<vcsVZb + VcbVZx) +

gesV Vi [68] (see also Table V). Such NP contributions
are constrained by the results of the mass difference AM, of
neutral D mesons. The theoretical determination of this
mass difference is limited by our understanding of the short-
and long-distance contributions [68,85]. Here, we follow the
recent analysis of Ref. [68] focused on short-distance SM
contribution that sets the conservative (strong) bound

1% <3x1073 TeV~l. (63)
S

14

The couplings gj, and g7, are less constrained by
AMp [68]; therefore, we will skip them in our study.

F. Neutrino trident production
The Z' couplings to leptons from second generation
G = gyﬂ,,ﬂ) also generate a contribution to the cross
section of neutrino trident production (NTP), v,N —
I/I,N/ﬁ,u‘ [86]. The cross section is given by [86]

OSM4NP _ 1 Kl i ”29/%/4)2
OsM 1 + (1 +4S%V)2 M%/
1}292 2
+ <1 + 45}, + M;‘”) } (64)
v

where v = (v2G5)~"/? and sy =sin@y (with 6y the
Weinberg angle). The existing Chicago-Columbia-
Fermilab-Rochester (CCFR) trident  measurement
occrr/0sm = 0.82 4 0.28 provides the upper bound

||

VA

<1.13 TeV~!. (65)

G. LFV B decays: B —» K®u*7¥ and B, — p*7F
The Z' boson mediates LFV transitions b — su®zF

(B - KWu*r¥ and BY — p*7¥F) at tree level via the
WCs [62]:
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T ggb (gir)*

Chs;u' _ _
V2Graw Vi Vi, My

bsur
9 -C -

(66)

The current experimental limits (90% C.L.) on the
branching ratios of BY — K*u*r¥ are [74]

BR(BT —» Ktput17),, <4.5x 1072, (67)

exp

BR(B" - Ktp=tt),, <2.8x 1072, (68)

exp

Let us notice that LHCb Collaboration obtained a limit of
BR(BT — KT t") ey < 3.9 x 107 [87] that is compa-
rable with the one quoted above from the PDG. On the
other hand, the LHCb has recently presented the first search
of B® - K*%u*7T [88]. The obtained UL on this LFV
decay is [88]

BR(B® - K*0u*7¥), < 1.0x 1075, (69)

exp

From the theoretical side, the branching ratio of BT —

K7~ [89] and B® — K*°uT7z~ [62] can be written as
BR(B" = K*utt™) = (ag|Co™ > + bg|CU¥2) x 1072,
(70)

BR(B? —» K*%u"77) = ((ag- + cx+)
+ (bg- + dg)|CE2) x 1079,
(71)

Cbsm |2

respectively, where (ag,bg) = (12.72 £0.81,13.21 £
0.81) [89] and (ag:,bg,cg,dg) = (3.0+£0.8,2.7+
07,164 +2.1,154 + 1.9) [62] are the numerical coeffi-
cients that have been calculated using the B — K
transitions form factors obtained from lattice QCD
[62,89]. The decay channel with final state =7+ can be
easily obtained by replacing u<t. The current ULs can be
translated into the bounds

|ggb(g;fr)*|

BT > Ktutr:
M5,

<62x1072 TeV=2, (72a)

+ .- + |gsb(gm) |
V

BT = Kty <49x 1072 TeV=2, (72b)

|g?b(g/fr)*|
M3,

B® - K*0utr: <25x102 TeV2  (72c)

As for the LFV leptonic decay B, — u*zT, the branch-
ing ratio is [62]

f5,mp,m?
BR(B! — p*r¥) = TB‘*T @GEV Vil
m?
X <1 - ) (ICoH 2 + | Ch12),
By

(73)

where fp = (230.3 £ 1.3) MeV is the B, decay constant
[42] and we have used the limit m, > m,. Recently, the
LHCb experiment has reported the first upper limit of
BR(B,; — u*r7) <42 x 107 at 95% C.L. [90]. Thus,
one gets the following limit:

q £ \*

L”(ggf) | < 51%107 Tev2. (74)

My,

H. Rare B decays: B - K"vi, B - Kt* 7~
and B, —» t*7~

Recently, the interplay between the dineutrino channel

B — K®up and the B meson anomalies has been studied

by several works [85,91-94]. In the NP scenario under

study, the Z’ boson can give rise to B — K*)up at tree level.

The effective Hamiltonian for the b — svr transition is
given by [95]

G N
Hegt (b — svv) = Gem 2 r Vi Vi C{ (5y*PLb)

 Vor
X (Ui}/,u(l - 75>Vj>7 (75)
where Ci'i = CSM+AC’“ is the aggregate of the SM

contribution C$M ~ —6.4 and the NP effects ACY, that
in the TVB framework read as

q ¢
z Isb9ij

ACY = ,
t \/ZGFaem th V?s M%/

(76)

with i, j = e, u, 7. By defining the ratio [95]

. BR(B - K¥up
RY, = (B~ v ?) , (77)
K9 BR(B —» KMud)gy

the NP contributions can be constrained. In the TVB model,
this ratio is modified as

. Zij|6ijCiM + AC2j|2
K& = 3‘CEM|2 ’

(78)

25, CMAC] + Zi,’|AC2j|2
=1+ SCMT : (79)
|C2Y|

From this expression, we can observe that diagonal

leptonic couplings g}fﬂ(w) contribute to b — sv,7,(v,.7,)
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which are relevant for b — s£ ¢~ data, while ¢, contrib-
utes to b — sv,v,, which is relevant for b — ctv, data. In
addition, since the neutrino flavor is experimentally unob-
servable in heavy meson experiments, it is also possible to
induce the LFV transitions b — sv, v, (and v,7,) through
the off-diagonal coupling g,

Experimentally, the Belle II Collaboration (using
326 fb~! data) has recently presented the first evidence
of the Bt — K'uvp decay with a branching ratio [96,97],

BR(B" = K'uD)geep = (24 £0.7) x 107, (80)

which is in tension with the SM expectation BR(B™ —
K*up)gy = (5.58 0.38) x 107 [89] by about 2.8c.
Moreover, this new result is consistent within errors, but
about twice larger, with a previous Belle II weighted
average (1.1 +0.4) x 1075 [98,99]. In turn, with the
new Belle II measurement, the ratio R;ﬂ has been calcu-
lated to be

RY7. =43+13. (81)

Given this enhance ratio, it is interesting to study its
implication for the TVB model phenomenology. On the
other hand, for the B — K*vv decay, the Belle experiment
in 2017 obtained the following UL on its branching fraction
BR(B - K*vp) < 2.7 x 107 (90% C.L.) [100], resulting
in a limit on the ratio R¥. of [100]

RY <217. (82)

The rare B processes B, = 7t~ and B — Kt~
(induced via b — st'7~ transition) are expected to receive
significant NP impact. For the leptonic process B, — 7777,
the SM branching ratio is shifted by the factor

BR(B, —» t777) = BR(B; = 7777 gy

™ g (g5) 2

x|1 +
V2G pag,V,ViCSN M3,

(83)

where C3)M ~ —4.3. The strongest experimental bound on its
branching ratio has been obtained by the LHCb, BR(B, —
7577) < 6.8 x 1073 at 95% confidence level [101], while
its SM prediction is BR(BY — t777) gy = (7.73 £ 0.49) x
1077 [102]. The bound is
q £\
959)"] _ 56 Tev-2. (84)
M

Vv

As concerns the semileptonic decay B — Kz'z~, an
easily handled numerical formula for the branching ratio
(over the whole kinematic range for the lepton pair

invariant mass) has been obtained in Ref. [103], for the
case of a singlet vector leptoquark explanation of the B
meson anomalies. Since the NP contribution is generated
via the same operator, this expression can be easily (but
properly) translated to the TVB model, namely,

1
BR(B = Kttt )~ 1.5x 1077 + 1.4 x 10—3( )
22Gy

R q £\ * 1 2
x e[gsb(zgn’) ]+35< >
My, 2V2Gp
% |gzb(gfr)*|2
My

(85)

This decay channel has not been observed so far, and the
present reported bound is BR(B — K7t77) < 2.25 x 1073
[74]. We obtained the following bound

g, (95"
M3,

< 0.83 TeV~2, (86)

that is weaker than the one get from B, — t7.

L. = decays: © — pjip, T — pee, T — pv,v,, and 7 — ug

It is known that the TVB model generates four-lepton
operators (ﬁyaPLT) (?yaPLf) and (ﬂyaPLT) (DryaPLUy)’
thus yielding tree-level contributions to the leptonic 7
decays, 7™ — u~ "¢~ (£ = e,u) and 7~ — p~0,v,, respec-
tively [67,68]. For the LFV decay v~ — u~¢+¢~, the
expression for the branching ratio can be written as

i m? |Gl
BR(z™ =107 0) =536 f;}f
T \%4

(¢=e.pn), (87)

where I, is the total decay width of the 7 lepton. The current
experimental ULs reported by PDG (at 90% C.L.) are
BR(z™ = u utpu~)<2.1x107® and BR(z™ > puete) <
1.8 x 1078 [74]. These correspond to

‘ f
M < 1.13% 1072 TeV=2, (88)
M

Vv

o]
M5,

< 1.05x 1072 TeV2. (89)

The leptonic decay 7~ — u"y,v, is a lepton-flavor-
conserving and SM allowed process that receives tree-level
contribution from both W’ (via lepton-flavor-conserving
couplings) and Z’ (via LFV couplings) bosons [68]. The
branching ratio is given by [68]
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1

BR(z = uv,v;) = BR(t — pv,v, 1+ —
(= i) = BR(e = o1+ 5

2
X (2g/fygf‘r - |g/fr|2)

) (90)

where BR(7 = ut,v;)gy = (17.29 £0.03)% [104]. The
7' boson can also generates one-loop corrections, which
can be safely ignored. This value has to be compared with
the experimental value reported by PDG BR(7 — ub,v,) =
(17.39 £ 0.04)% [74].

Finally, the branching ratio of the LFV hadronic 7 decay
T — u¢ (r — uss transition) can be expressed as [67]

i) = L O AV AU
a 1284T, mZ m) M

(o1)

1

|Gl
2V2G MY,

‘

BR(z™

where m,, and f, = (238 4= 3) MeV [68] are the ¢) meson
mass and decay constant, respectively. Currently, the UL
reported by Belle on the branching ratio is BR(z™ —
u ) < 2.3 x 1078 [105]. The current UL produces the
bound

|9 9]
M3,

<9.4x 1073 TeV~2, (92)

Since the D°— D° mixing imposes that |gl|/My <
3.3 x 1073Te V! (see Sec. Il E), the constraint from 7 —
u¢ can be easily fulfilled. We will not take into account this
LFV process in further TVB model analysis.

J. LHC bounds

LHC constraints are always important for models with
nonzero Z' couplings to the SM particles [106]. In
particular, in our study, it will set important constraints
on the parametric space conformed by the TVB couplings
(985 9u) and (g},. g). We consider the ATLAS search
for high-mass dilepton resonances in the mass range of
250 GeV to 6 TeV, in proton-proton collisions at a center-
of-mass energy of /s = 13 TeV during Run 2 of the LHC
with an integrated luminosity of 139 fb~! [107] (recently,
the CMS Collaboration has also reported constraints for
similar luminosities [108], basically identical to ATLAS
[107]), and the data from searches of Z' bosons decaying
to tau pairs with an integrated luminosity of 36.1 fb™!
from proton-proton collisions at /s = 13 TeV [109].
There are also searches for high-mass resonances in the
monolepton channels (pp — £v) carried out by the

ATLAS and CMS [110-112]. However, they provide
weaker bounds than those obtained from dilepton
searches, and we will not take them into account.

We obtain for benchmark mass value My, = 1 TeV the
lower limit on the parameter space from the intersection of
the 95% C.L. upper limit on the cross section from the
ATLAS experiment [107,109] with the theoretical cross
section given in Ref. [113]. Lower limits above 4.5 TeV
apply to models with couplings to the first family, which is
not our case. The strongest restrictions come from Z’
production processes in the bb annihilation and the sub-
sequent Z' decay into muons (u"u~) and taus (z777).
Further details are shown in Refs. [113—-115]. Let us remark
that within the TVB framework it is also possible to
consider the annihilation between quarks with different
flavors (namely, g} ); however, we anticipate that according
to our phenomenological analysis in Sec. I'V this coupling is
very small. Therefore, we only consider production proc-
esses without flavor-changing neutral currents. In the next
section, we will show that the TVB parameter space is
limited by LHC constraints to regions where the couplings
of the leptons or the quarks are close to zero, excluding the
regions preferred by the B meson anomalies and low-energy
flavor observables.

IV. ANALYSIS ON THE TVB PARAMETRIC SPACE

In this section, we present the parametric space analysis
of the TVB model addressing a simultaneous explanation
ofthe b — sy~ and b — c7i, data. We define the pull for
the ith observable as

X _ (oth
pull, = — !

— a0 (93)

where O is the experimental measurement, O =
ONgl. gl G 9o Ile) is the theoretical prediction that
include the NP contributions, and AQO; = ((6;")? +
(6)2)1/2 corresponds to the combined experimental and
theoretical uncertainties. By means of the pull, we can
compare the fitted values of each observable to their

measured values. The y> function is written as the sum
of squared pulls, i.e.,

Nobs

2= (pull)%, (94)

1

where the sum extends over the number of observables
(Ngps) to be fitted. Our phenomenological analysis is based
on the flavor observables presented in the previous section
(Sec. III). This all-data set includes b — czv, and b —
sutp~ data, bottomonium ratios Ry(ns), LFV  decays

[BY —» Ktp*tF, B - K*u*t%, B, —» u*7F, Y(nS) —»
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u*t¥], rare B decays (B - K“uo,B - Kttt B, —
777), 7 decays (r = 3u, 7 — ;u?ﬂuf), AF = 2 processes,
and neutrino trident production. We will study the impact of
the most recent LHCb measurements on the ratios R(D™))
[43—45]. For such a purpose, we will consider in our analysis
the following three different sets of observables:

(i) All data with R(D); ycpao + R(D*)Lucnoss

(i) All data with R(D™))| ycopaas

(iii) All data with R(D™))yp avas-
Moreover, as it was pointed out in the Introduction and
Sec. III A, the preferred solutions to describe the Ry data
are the one-dimension NP scenarios involving universal
contributions to b — sete” and b — sutu~ (lepton

universal) and NP contributions only to b — su™u~ (muon
specific). Keeping this in mind, we present an updated status
of the TVB model as an explanation to the B meson
anomalies and explore whether the TVB framework can
account for these NP solutions. In both NP scenarios, muon
specific and lepton universal, we have that all the three
datasets contain a total number of observables N, = 31
and five free TVB parameters (g1, g7, G 9ors Yiar) 1O be
fitted. The heavy TVB mass will be fixed to the benchmark
value My = 1 TeV. Therefore, the number of degrees of
freedom is N4, = 26.

For the three sets of observables, we find the best-fit
point (BFP) values by minimizing the y> function (y2. ). In

min
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FIG. 1. Muon-specific scenario: 68% (green) and 95% (light-green) C.L. allowed regions for the most relevant 2D parametric space of

(a) all data with R(D); ycpes + R(D*)cpss (0) all data with R(D™)); yycp00- and () all data with R(D™)) g avas» respectively, for
My =1 TeV. In each plot, we are marginalizing over the rest of the parameters. The SM value is represented by the blue dot. The light-

gray region corresponds to LHC bounds at the 95% C.L. The perturbative region (g7, > v/4x)) is represented by the yellow color.
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Table VI, we report our results of the BFP values and 1o
intervals of TVB couplings for the muon-specific and
lepton-universal scenarios, respectively. For each fit, we
also present in Table VI the values of y2. /Ny, and its
corresponding p value to evaluate the fit quality. The most
significant observations are as follows:

®

Muon-specific scenario. 1t is found (in general) that
the three sets of observables provide an excellent fit
of the data. In the quark sector, the TVB model
requires small g7 coupling, |gf | ~O(1073), and
opposite sign to gf, to be consistent with C§* =
—Ci solution to b — sutu~ data and B, — B,

mixing. On the other hand, large values for the
bottom-bottom coupling g/, ~ O(1) are preferred
but safe from the perturbative regime (< v/4x).
The lower value on g}, is obtained for all data with
R(D)xcp2e + R(D*)ucnas- As for the leptonic cou-
plings, it is found that the lepton-flavor-conserving
ones have a similar size ¢, ~ g7, ~ O(107") for
all data with R(D); ycvor + R(D*) 1 pcp3s suggesting
a nonhierarchy pattern. While for all data with
R(D™)) yicvos [With R(D™)ym avasl, these cou-
plings exhibit a hierarchy g%, > gjfﬂ. As LFV cou-
pling is concerned, the obtained best-fit point values

Lepton-universal scenario
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FIG. 2. Lepton-universal scenario: 68% (green) and 95% (light-green) C.L. allowed regions for the most relevant 2D parametric space
of (a) all data with R(D);cpan + R(D*)1nchoss () all data with R(D™)); ey, and (c) all data with R(D™)) g avas» respectively, for
My =1 TeV. In each plot, we are marginalizing over the rest of the parameters. The SM value is represented by the blue dot. The light-

gray region corresponds to LHC bounds at the 95% C.L. The perturbative region (g7, > v/4x) is represented by the yellow color.
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on gﬁ, are negligible. Thus, the TVB model does not
lead to appreciable LFV effects.

(i) Lepton-universal scenario. We obtained that this
solution provides larger p values when compared
with those from the muon-specific scenario. How-
ever, the BFP value and 1o interval for the quark
coupling gf, are very large gJ, ~ v/4x, thus putting
the perturbativity of the TVB model into question.
Such large coupling values can be understood
because they are related to the NP solution size
[26], the lepton-universal solution (—0.40 = 0.11) is
quite a bit larger the muon-specific one
(=0.17 £ 0.11). Then, since B, — B, mixing de-
mands |g} | ~ O(107%), ¢4, must be in the range
~[0.01,0.1], and g%, ~ O(107") (due to b — stt7~
data). This in turns allows for very large values for

TABLE VL

g}, to explain R(D™)). While for the muon-specific
solution, smaller values for ga are obtained. In view
of this situation, the lepton-universal solution could
generate some difficulties to the phenomenology of
the TVB model.

For the muon-specific and lepton-universal scenarios, in
Figs. 1 and 2. we show the allowed regions of the most
relevant two-dimensional (2D) parametric space of (a) all
data with R(D)ycpon + R(D*)cpass (b) all data with
R(D™) yopa» and (c) all data with R(D™))yp avos:
respectively, for a benchmark TVB mass My, =1 TeV.
The 68% and 95% C.L. regions are shown in green and
light-green colors, respectively. In each plot, we are
marginalizing over the rest of the parameters.
Furthermore, we include the LHC bounds (light-gray
regions) obtained from searches of high-mass dilepton

BFP values and 1o intervals of the TVB couplings (My = 1 TeV) for the three different sets of

observables in the muon-specific and lepton-universal scenarios.

All data with R(D); gevon + R(D¥) L uchos

Muon specific

Lepton universal

TVB couplings BFP lo intervals BFP 1o intervals
gl -2.5x 1073 [-3.4,-1.6] x 1073 -2.7x 1073 [-3.4,-2.0] x 1073
g 0.87 [-0.24,1.96) 3.54 [1.08, 8.82]
gﬁﬂ 0.10 [0.070, 0.128] 0.21 [0.16, 0.26]
i 0.50 [0.28, 0.73] 0.25 [0.16, 0.34]
Tie ~0 [<0.11,0.11] ~0 [<0.04,0.04]

X/ Naot = 0.63, p-value = 92.9%

X2/ Naot = 0.57, p-value = 96.4%

All data with R(D™); jicom

Muon-specific

Lepton-universal

TVB couplings BFP lo intervals BFP lo intervals
gb -33x 1073 [-4.5,-2.1] x 1073 -3.7x 1073 [-4.8,-2.7] x 1073
gh 1.54 [0.76, 2.30] 3.54 [1.95, 5.79]
G 0.071 [0.050, 0.092] 0.15 [0.11, 0.18]
i 0.73 [0.47, 0.97] 0.37 [0.26, 0.48]
Gl ~0 [-0.15,0.15] ~0 [-0.05,0.05]

22 /Naos = 0.63, p-value = 93%

22 /Naor = 0.60, p-value = 95%

All data with R(D™) g avas

Muon specific

Lepton universal

TVB couplings BFP lo intervals BFP lo intervals
gh -34x1073 [-4.6,-2.1] x 1073 —4.1x1073 [-5.3,-3.0] x 1073
ai, 1.58 [1.13,2.02] 3.54 [2.59, 4.71]
g}fﬂ 0.070 [0.049, 0.090] 0.13 [0.10, 0.16]
i 0.74 [0.57, 0.91] 0.41 [0.33, 0.49]
gﬁr ~0 [-0.15,0.15] ~0 [-0.06, 0.06]

}(zmin/Ndof = 0.59, p-value = 95.1%

Zrznin/Ndof = 0.57, p-value = 96.4%
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(dimuon and ditau) resonances at the ATLAS experiment
[107,109], as discussed in Sec. IIIJ. The perturbative

region (g, > /4r) is represented by the yellow color. In
regard to the muon-specific solution (Fig. 1), it is observed
in the planes (g7,. ¢%) and (g},. ¢4, that for 1l data with

R(D™) 1 ava3 the TVB model seems to be strongly ruled
out by the LHC bounds. However, for all data with
R(D)icrar + R(D*)Lpcros [and with R(D™)) oy, ] that
include the very recent LHCb measurements [43-45],
the TVB model can provide a combined explanation of
the b —» ct, and b — su™u~ anomalies, in consistency
with LHC bounds. Our analysis shows that, given the
current experimental situation, particularly with LHCDb, it
is premature to exclude the TVB model to address the B
meson anomalies. Future improvements and new mea-
surements on b — ctu, data at the Belle II and LHCb
experiments will be a matter of importance to test the TVB
model. As far as the lepton-universal scenario is concerned
(Fig. 2), in general, a large part of the allowed parametric
space of (g, g%,) and (g, ¢,,) lies within the perturbative
region, which is in accordance with our results previously
shown in Table VI. Again, we emphasize that the TVB
model cannot generate this solution.

We close by mentioning that an analysis of the TVB
model was previously reported by Kumar, London, and
Watanabe (KLW) by implementing the 20185 — ¢z, and
b — su"u~ data [68]. At that time, the anomalous R, data
can all be explained if there was NP that couples selectively
to muons (muon specific), with a global fit solution of
Com — b — —0.68 + 0.12 [68]. Using this solution,
KLW found that the TVB model is not viable as a possible
explanation of the B meson anomalies due to the bound
from LHC dimuon search (3.2 fb~!) [68]. At present, the
recent LHCb measurements on Ry, showed that the
tension has disappeared. Then, the muon-specific solution
was narrowed to Cy** = —C?#* = —0.17 + 0.11 [26], and
as it was explained above for the lepton-universal scenario,
making now the TVB model allowed as shown above. This
shows that the global analysis is strongly affected by the size

of the C5™* = —Cb" solution. Unlike to KLW analysis,
we have incorporated several new observables and consid-
ered the recent available experimental measurements
reported by Belle, Belle II, and LHCb and recent LHC
dimuon (139 fb!) and ditau (36.1 tb~") searches. Thus,
our present study is not only an update of the previous
analysis performed by KLW but also extends and comple-
ments it. We also extend the recent analysis [77] where only
the charged-current b — czv, anomaly was addressed
within this framework.

V. CONCLUSIONS

We have presented a revamped view of the TVB model
as a simultaneous explanation of the B meson anomalies
(b = ctv,and b - sutu~ data). We performed a global fit
of the TVB parameter space with the most recent 2022 and
2023 data, including the LHCb measurements on the
charged-current LFU ratios R(D)) and R(A,) and the
recent results on Ry, by LHCb and BR(B; — u*u~) by
CMS. For the latter, the new data preferred solutions in which
the NP contributes equally to electrons and muons (lepfon
universal) and only muons (muon specific). We have
explored whether the TVB framework can account for both
NP scenarios. In addition, we have also included several
important flavor observables: bottomonium LFU ratios, B, —
B, mixing, neutrino trident production, recent experimental
progress from Belle and LHCb on different LFV decays
(such as Y'(18) = u*7z%, B — K" u*r¥, and 7 — p¢p), and
the first evidence reported by Belle Il of B™ — KT vp, as well
as other rare B decays B — K*uv,B — Kz't~, and
B, — v77”. We have confronted the allowed paramater
space with the LHC bounds from searches of high-mass
dilepton resonances at the ATLAS experiment.

In the muon-specific scenario, our analysis has shown
that for a heavy TVB mass of 1 TeV and using all data along
with world average values on R(D*)) reported by HFLAV
the TVB model can accommodate the b — c7v, and b —
sutp~ anomalies (in consistency with other flavor observ-
ables), but it seems to be strongly disfavored by the LHC
bounds. However, we obtained a different situation when
all data are combined with the very recent LHCb mea-
surements on R(D*)). The B meson anomalies can be
addressed within the TVB model in consistency with LHC
constraints. We concluded that new and improved b —
ctv, data by LHCb and Belle II will be required to really
establish the viability of the TVB model.

On the other hand, with regard to the lepton-universal
case, we found that very large values for gf, coupling
(>+/4r) cannot be avoided, casting doubt on the perturba-
tivity of the TVB model. In general, such a solution is very
troublesome for the phenomenology of the TVB model.
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