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Abstract The measurements of the ratios R g« along with
R p hint towards lepton flavor non universality which is
in disagreement with the standard model. In this work, we
reanalyze the four new physics models, which are widely
studied in the literature as a candidates for the simultane-
ous explanations of these measurements. These are, stan-
dard model like vector boson (VB), SU (2)-singlet vector
leptoquark (Uy), SU(2) -triplet scalar leptoquark (S3) and
SU(2)r triplet vector leptoquark (Uz) models. We assume a
coupling only to the third generation in the weak basis, so
that the b — su™ ™ transition is generated only via mix-
ing effects. Preforming a global fit to all relevant data, we
show that the vector boson model violates the current upper
bound on Br(t — 3u) and hence is inconsistent with the
present data. Further, we show that within this framework,
the U; leptoquark model cannot simultaneously accommo-
date Ry and R measurements. We emphasize that this
conclusion is independent of the additional constraints com-
ing from renormaliztion group running effects and high-pr
searches. In addition, we show that the S3 and U3 models are
highly disfavored by the constraints coming from b — svv
data. Finally, we find a that hypothesis of two LQ particles
is also challenged by b — svv data.

1 Introduction

Apart from confirming some of the prevailing anomalies in
the B-sector, the currently running LHC has provided several
new measurements which hint towards physics beyond stan-
dard model (SM). Some of these measurements are indicating
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towards lepton universality violation. The most striking mea-
surements hinting towards lepton flavor non universality are
the Rpw = I'(B — D™ t0)/T'(B — DWIv) (I =e, n)
[1-9] which disagree with the SM at ~ 3.8¢ level [10]. In
Moriond 2019, the Belle collaboration has announced new
preliminary measurements of Rpe using semileponic tag
[11]. These measurements are consistent with the SM at the
level of 1.20. With the addition of these new measurements,
the tension between R experimental world average and
the SM prediction reduces to 3.1c0.

Lepton flavor universality violation was further cor-
roborated by the measurement of Ry = I'(BT —
Kt utu™)/I(BY — Ktete) = 074575009 (stat) +
0.036 (syst) [12]. This measurement was performed in the
low dilepton invariant mass-squared ¢ range (1.0 < ¢> <
6.0 GeV?) and it deviates from the SM prediction, which is
=~ 1 [13,14], by 2.60. This measurement has been recently
updated in Moriond 2019. The updated value of Rg is
0.8461‘8:8221‘3:8}2 [15] whichis ~ 2.5¢ away from the SM. In
April 2018, the LHCb collaboration announced the measure-
ment of Rg+ = I'(BY — K*0utpu=)/I'(B® — K*0ete™)
[16]:

RGOS — 0.66070- 110 (stat) + 0.024 (syst), (1)
RYMOOT = 0.68570- 113 (stat) + 0.047 (syst), )

where the superscript denotes the dilepton invariant mass-
squared ¢ range. These measurements differ from the SM
prediction, which is ~ 1 [13,14], by 2.2-2.4c in the low-¢>
region and by 2.4-2.5¢ in the central-¢? region. In Moriond
2019, the Belle collaboration has presented their first mea-
surements of R+ in B decays along with the first ever mea-
surement of Rg+ in BT decays [17]. However, these mea-
surements have large uncertainties due to which the R+ dis-
agreement with the SM is still at the level of 2.40". Apart from
Rk, there are other measurements, all inthe b — s uwt o
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sector, which show discrepancies with the SM. The measure-
ment of some of the angular observables [18-20], in partic-
ular P/, disagrees with the SM predictions [21] at the level
of 40 in the (4.3-8.68) ¢>-bin. This disagreement is further
supported by the measurements of ATLAS [22] and CMS
[23] collaborations. Also, there is tension in the branching
ratio of By — ¢u* ™ [24,25]. Therefore b — s~ and
b — c 1 v decays serve as a fruitful hunting ground to probe
beyond SM physics.

In order to identify the Lorentz structure of new physics
responsible for various anomalies in the b — s ™™ sector,
in a model-independent way, there have been a plethora of
works in recent times [26-39]. For b — ¢ t v, Refs. [40-44]
identified new physics operators which can account for R )
anomaly. However, simultaneous explanation of anomalies
inb — suTu~ and b — ¢tV sector in specific new physics
models is bit tricky. This is because the b — ctV transition
occurs at the tree level within the SM, whereas b — s~
decay can only occur at the loop level. One needs a rela-
tively large new physics contributions in order to explain
the Rp+ anomaly. However such a large new physics con-
tributions must also be consistent with the measurement of
other observables which are in agreement with their SM
predictions. Therefore there are only a limited set of new
physics models which can simultaneously explain the R )
and b — s~ anomalies, see e.g. [45-62].

In this work we revisit four models: (1) SM like vector
bosons (VB), (2) SU(2)-singlet vector leptoquark (Up),
(3) SU(2) -triplet scalar leptoquark (S3) and (4) SU(2)-
triplet vector leptoquark models (U3z). We assume a coupling
to only third generation in the gauge basis. These models
were studied in [48,58]. In Ref. [58], it was shown that VB
model is a viable model, but the Br(t — 3u) were shown
to be O(10~%) which is close to its present upper bound of
2.1 x 1078 [63]. Further U; model was also considered to
be a potential model in Refs. [48,58] to explain Rx and Rp+
anomalies. In Refs. [64,65], it was shown that the U; model
is disfavored due to the constraints coming from processes
such as T — evv, T — pvv which are generated solely due
to renormalization group running (RGE) effects. However,
it should be noted that Refs. [64,65] considered a different
kind of transformation from gauge to mass basis as used in
this work. We choose the one used in the Ref. [58].! Further,
in Ref. [66], it was shown that the high-pr searches also
disfavor the U; model.

For the first time we perform a global analyses of the four
NP models by taking into account all relevant data from B-
sector as well as the leptonic decays generated through the
RGE running. Our main findings are summarized below:

! Note that in the limit of very small mixing angles these two transfor-
mations are same.
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1. InRef. [58], it was found that the V B is a viable model for
the combined explanation of the B-anomalies. However,
on the basis of global fit, we found that for the V B model
the Z(t — 3u) is an order magnitude above the current
experimental upper bound at the best fit. Therefore, we
show that the V B model is simply excluded by 7 — 3u
process.

2. Reference [48] motivated U LQ model as potential can-
didate for the combined explanation of the B-anomalies.
Following this, Ref. [58] showed it to be a viable model.
However, our analyses shows that Rp« value is only
marginally improved over its SM value.

3. In Refs. [64,65] it were shown that this minimal frame-
work for the simultaneous explanation of the anomalies is
challenged by the t lepton flavor violating decays and Z-
pole observables which arise due to RGE running. How-
ever, we find that using a more flexible transformation
matrices to go from gauge to mass basis, the constraints
coming from these processes can be avoided.

The paper is arranged as follows. After the introduction,
in Sect. 2, we discuss the methodology used in our anlysis.
In Sect. 3, we describe the four new physics models in the
framework of third generation coupling in the weak basis.
In Sect. 4, we present our results. Finally, we conclude in
Sect. 5.

2 Methodology
In our analyses we take into account following constraints

1. the measurement of Rp [10,11],

2. the branching ratio of B — pu* = [67-69],

3. the differential branching ratio of B® — K*u* .~ and
BT — K*tuT ™ measured by LHCb [70,71],

4. the CP-averaged differential angular distribution for
B » K*9(— K*7 7 )utu~ [19],

5. the differential branching ratio of B — K%y~ and
BT — K*u*u~ measured by LHCb [70] and CDF
[72],

6. the differential branching ratio of BSO — outu” by
LHCDb [25] and CDF [72] and the angular observables
measured by LHCb [25],

7. the differential branching ratio of B — X,u™ ™ mea-
sured by BaBar [73],

8. the recent data by ATLAS [74] and CMS [75] for the
angular observables in B — K*0ut = decay,

9. the measurement of Ry [15-17],

10. mass difference AM; in Bg-mixing [76],
11. branching ratio of B — K ®v [77],
12. branching ratio of T — 3u [63],

13. branching ratio of B — Kurt [78],
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14. branching ratio of T — ¢u [79],
15. branching ratio of T — evv [76].

Note that out of the four models, not all of these contribute
to all the observables. For example, the leptoquark models
do not contribute to the four fermion operator at the tree
level, i.e. the processes like branching ratio of T — 3pu,
T — evb and BY-B? mixing do not occur at the tree level
in these models. Additionally, U; model does not give any
new physics contribution to the processes related to b — svv
transition at the tree level.

In order to check this viability of the new physics models,
we perform three kinds of fit,

1. Fit 1: Global fit
2. Fit 2: Fit with excluding b — ctv data
3. Fit 3: Fit with only clean observables

In fit 1, we perform the global fit by taking all the rele-
vant data from 1 to 10. Using the fit results, we check the
consistency of the other observables from 11 to 15. We then
remove the R data from the fit 1 to perform second kind
of fit. Fit 2 would enable us to know that how well these
models can explain the anomalies in b — s sector and on the
other hand would shed light on the what b — s u* ™ data
imply in b — c¢ 7 v sector in the context of these models.
In the third kind of fit, we only consider clean observables
such as Ry, Rpe . Along with this the model specific con-
straints such as BY- BY mixing is also taken into account. This
fit is performed to check to what extent our conclusions are
dependent on hadronic uncertainties.

We do a x? fit using CERN minimization code MINUIT
[80]. The X2 function is defined as

x2(C) = (On(C) = Ouep)T €71 (On(Ci) — Ourp). (3)

The theoretical predictions, &, (C;) are calculated using
flavio [81]. The &,y are the experimental measurements
of the observables used in the fit. The total covariance matrix
% is obtained by adding the individual theoretical and exper-
imental covariance matrices. We closely follow the method-
ology for global fits discussed in Refs. [82,83].

3 New physics models

In this section we describe the general framework and discuss
the new physics models which we have studied. In order
to explain the Rx anomaly, Ref. [84] considered following
operator

G - -
ﬁ(b’LVub’L)(TiV“TD. )

Here A is the scale of new physics. It was assumed that, in
the gauge basis, NP couple to the third generation only. The
transformation from gauge basis to the mass basis will then
generate operator (57 y,br) (i y* ) which contributes to
b—sutu~.

Then in Ref. [45] it was pointed out that full SU(3)¢ X
SU2)r x U(l)y invariant operator can be written in the
following way

ijkl ) _
Lo = —7 (QLru QDALY LY)
ijkl

~ Qo QD Wy e L), )

+

the i, j, k and [ are the generation indices and Q' and L’
are the quark and lepton doublets in the gauge basis. The
four fermion operator in the first term of Eq. 5 contains neu-
tral current interactions only while the second four fermion
operator contains both charged and neutral current interac-
tions and hence can simultaneously generate NP effects in
both Ry and Rpe.

We assume that the only non-zero Wilson coefficients are
G?333 and G%333, ensuring that the NP couples to only the
third generation in the gauge basis. The transformation used
in going from gauge basis to mass basis is given by

M/LZUML, dl=DdL, l/L=LlL, U/LZLVL, (6)

here the primed spinors (gauge basis) has all three generation
of fermions and U, D, and L are 3 x 3 unitary matrices.
Note that the transformation for both the charged and neutral
leptons are assumed to be the same because the neutrino
masses are neglected here.

Based on the effective operators, the global analyses indi-
cate that a non-zero new physics contribution to operator
(cLy™"b)(vpy*ty) is required to explain the Rpe) anoma-
lies. On the other hand, for explaining the anomalies in
Ryge and b — sutu~ data, we need a new physics in
(SLy"b)(fty, v) operator. Since both the operators involve
only second and third generations, we assume mixing only
between second and third generation so that the matrices D
and L can be defined using the two rotation angles 6, and
0,.z, respectively.

Therefore, we define

10 0 10 0
0 cosOps sinbps |, L =| 0cosf,; sinb,,
0 — sin Bpg cos Oy 0 —sinf,; cosOy;

D =

The transition b — ctv occurs at the tree level in the SM
so the explanation of anomalies in R ) requires a large NP
coupling with third generation. However, as the transition
b — supu occurs at loop level in SM, a small NP coupling
with second generation is required for the explanation of
R anomalies. The above transformation gives small cou-

@ Springer
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plings through rotation to the second generation down quarks
and charged leptons in the mass basis.

Therefore, in the mass basis, the new physics couplings
can be written as,

ijkl i
Gy = ganX’YH, @)

where X and Y are the matrices which are function of the
rotation angles. The form of these matrices for b — sITI~
decay is

000
000
001

00 0
0 sin? G — sin Bps cOS Op |, ®)
0 — 8in Gpg COS Ops COSZ Opg

000

000
001

00 0
L=|0sin?6,, —sinf,; cosyr | . 9)
0 —sin 6, cos O, cos®O,¢

X =D'

D =

Yy =L"

In case of up-type quarks involved in the process, the matrix
U isused instead of D. The couplings g1 and g» take specific
values depending upon the new physics models. In the more
recent study [85] generic couplings in the mass basis are
considered.

The effective Hamiltonian relevant for the b — sﬂfﬂj,
b — ct;v;j and b — sv;v; processes can be written as

_ aGF ij - =
Hegr(b = st707) = == 25V Vi € Gy bu) Gy )
’ ﬁn
+ CHoGLr b Aiveytp). (10)
B 4GF o _
Hepr(b — ctivj) = —=VepCy €Ly br)liLyuviL).
V2
(1D
Heff(b — sSVivj) = __OtGF thVttCZ(L?LVMbL)
V2 ’
x@iyu(l = y7)v)). (12)
The new physics contributions to the Wilson coefficients read
Céut _ _Ciiou — _ T (g1 +282)
V2aGpVyVE A
X (8in Bps cOS Oy sin? Ouz), (13)
. 1 28>
ij _
Cy =

226V A
X (—Vieg Sin Bps €08 Ops + Ve cOS% Ops) Y'Y (14)
T T (81— 82)
b V2aGrV, vy A

(sin Bpg cOs Op) Y,

(15)
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Having discussed our general framework and assumptions,
next we discuss the four new physics models studied in this

paper.
3.1 SM-like vector bosons (VB)

First, we consider an additional heavy vector bosons which
transforms as (1, 3, 1) under the SM gauge group SU (3)¢ x
SU2)r x U(1)y. In the gauge basis, its interaction with the
fermions is given by

—
ALy = g;%/ (QL3VM(71Q/L3)VJ
_, ,
+giy (Lysy* oLV (16)

On integrating out this heavy vector boson, this generates
one of the two operators shown in Eq. 5 with

g1=0. g2=—-gve- (17)

For simplicity, we set these couplings to a fixed value as
g;%, = g?‘% = J0.5. The Z’ (i.e the neutral component)
contributes b — s~ and b — svv decays, whereas the
W’ (the charged component) contributes to » — ¢t~ v decay
the at the tree level. In addition to the semileptonic operators,
this model also generates four fermion operators at the tree
level. These put additional constraints on the VB model. For
example, the AF = 2 process, the B; — By mixing can be
described by the effective Hamiltonian,

2 .2

_ G+m
Hery (Bs = By) = = (Vi V) *Cvrs

x(Ly"br)(SLy"br). (18)
Here the Wilson coefficient is given by

(g1)’ 1672

s 02 2
Sin“ Opg COS” Ops.
2m3, Gmy, (Vi V)2

Cvir =Cyy +

the SM contribution to the Wilson coefficient C‘S,Alj’ 1 reads,

9 6 6x?2 log x;
I—x (I=x)? (=x)]
(19)

Cit = 1+

The QCD constant np, is equal to 0.551 and the ratio x; =
m[2 / m%v The mass difference is given by

2 .2

G.m
ﬁ(vﬂ, Vi) Cyre (20)

As mentioned above, the VB also gives tree level contribution
to the four lepton operators such as (ppy*tr)(iryupr),
which induces LFV tau-decay t — 3. The branching ratio
of T — 3uis

2 N
AM; = 3 ms, [} B,

0.52 mlt,
B(t — 3u) =0.94———

+ 6 2
T §in® Or 052 Opr. (21
Tom?, 19273 1% O €087 Oe - 21)
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Table 1 Best fit values of the mixing angles in vector boson model. For Fit 1, dof=123, Xz/dof = 1.00

SMANP  pSM+NP
BK BK*

Observable Ripia—601  Rk+0045-1.11 Rksi11-601 Pigo 0 RD™ Ry BT T T 3u
Measurement 0.846 £ 0.062 0.66 = 0.09  0.694+0.10 —0.30+0.16 1.10£0.10 1.16 £0.06 <4.0 <29 <2.1x1078
Standard model 1.0 0.93 0.99 —0.82 1.0 1.0

Our(rad.) Ops (rad.) Fit 1 (global fit)

0.649 £+ 0.158 0.004 £ 0.002 0.78 0.87 0.79 —0.71 1.02 1.02 0.88 0.88 5.95x 1077
x> 1.09 5.11 0.99 5.20 0.54 4.56 - -

Oz (rad.) Ops (rad.) Fit 2

1.53 £2.47 0.002 +0.004 0.71 0.85 0.72 —0.68 0.93 0.93 0.94 0.94 3.18 x 1078
x> 4.98 4.27 0.10 4.61 2.53 13.64 - -

Oz (rad.) Ops (rad.) Fit 3

0.5354+0.16 0.005 %+ 0.003 0.80 0.88 0.81 —0.71 1.03 1.03 0.85 0.84 2.5 x 1077
x2 0.45 5.38 1.47 5.20 0.43 3.99 - -

Table 2 Best fit values of the mixing angles in U; leptoquark model. For Fit 1, dof=122, x2/dof = 1.00

Observable RK[1.1-6.0] RK+[0.045-1.1] Rk+[1.1-6.0] PS40-6.0] Rigtio Rygtio
Measurement 0.846 £ 0.062 0.66 £ 0.09 0.69 £0.10 —0.30+£0.16 1.10£0.10 1.16 £0.06
Standard model 1.0 0.93 0.99 —0.82 1.0 1.0
Our(rad.) Ops (rad.) Fit 1(Global fit)

0.339 +£0.224 0.007 £ 0.009 0.77 0.88 0.78 —0.70 1.04 1.04

x> 1.54 5.38 0.79 5.11 0.30 3.71

Oy (rad.) Ops (rad.) Fit 2

0.095 +£0.134 0.0895 £ 0.255 0.76 0.87 0.77 —0.70 0.94 0.94

x> 1.80 5.11 0.69 5.11 2.45 13.35

Oz (rad.) Ops (rad.) Fit 3

0.328 +0.21 0.007 £+ 0.008 0.78 0.87 0.79 —-0.71 1.04 1.04

%2 1.09 5.11 0.99 5.20 0.30 3.71

On the experimental side, there is an upper bound on the
branching ratio B(t — 3u), which is 2.8 x 1078 at 90%
CL [63]. In addition the VB model can contribute to more
processes suchas t — uvv, T — up etc. But, we will show
that the model is excluded if we take into account just the
constraints from Ry, Rpey, AMg and Br(t — 3u).

3.2 Leptoquark(LQ) models

We consider the three leptoquark models, a scalar SU (2)[,
singlet LQ S; (3, 1, —2/3), ascalar triplet LQ S3(3, 3, —2/3)
and vector singlet LQ U;(3, 1, 4/3). In the gauge basis, the
interaction Lagrangian for these LQ models is given by [86]

AzUl = g?ﬁl (E/LS)’ML/B)U]M + h.c., (22)
AL, = gii@lsa’io%'&)sg +h.c., (23)
ALy, = 8(312 (E/L3V”UIL’L3)U3M +h.c.. (24)

On integrating out a heavy LQ, the operators of Eq. 5 are
generated at the tree level but with different weights of the two
operators depending on the representation. We can identify
the couplings g1 and g for various LQ models as

1
U]I g1=g2:—§|g2/31|2<0, (25)
3
S3: g1 =38 = lg5i* > 0, (26)
3
Us:gr = =38 =—3lgil <0, 27)

the couplings 8?131’ g?]z and ggf are set to one. Clearly, all
these LQ models can potentially contribute to b — st ™,
b — svv and b — ¢t~V transitions at the tree level. How-
ever, for the U1 model since g; = g», there is no tree level
NP contribution to b — svv (see Eq. 15). Note that the
LQ models do not give contributions to the four fermion
operators at the tree level. But these operators are still gen-

erated at low scale due to RGE running of the operators of

@ Springer



707 Page 6 of 10

Eur. Phys. J. C (2019) 79:707

Ur model, gf? =1

{ T — evv
‘ —— LFV
Ry
1.5 RY
1.0 7
3
>
0.5
"0 _
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Our
33 _
S3 model, g5, =
T — evp
—— LFV
Ry
1.5 1 RY)
— b— svp
1.0 7
3
>
0.5 1
e
o —

00 01 02 03 04 05 06 07
6/1,7'

Fig. 1 The plots in the top row depict allowed new physics param-
eter space, at 20, due to various observables in the U; model. The
left and right panels in the top row represent the allowed regions for
32/31 = 1 and g?f] = 2, respectively. The left and right panels in the
bottom row depicts the allowed regions in the S3 and U3 models, respec-

Eq. 5 [64,65]. Some of the processes which are generated
due to RGE effects in the LQ models are B — K®vp,
T — 3u, T - puvv, T — evv, T — up. In addition to
this the Z-boson axial and vector couplings are also affected.
It was shown in Refs. [64,65] that the Br(t — evv) con-
straints can be very stringent for the models with g; = g».
However, note that in the present work we use a different
transformation to rotate from gauge to mass basis.

@ Springer

Uy model, g§? =2

T — evv
— LFV
R™
D
1.5 1 *
RY
1.0 1
2
<>
0.51
0.0 1 |

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

uT

Us model, g =

T — evv
— LFV

RY ]

Ry

— b—svw

1.0 4

gbs

N

0.0 1

T T T T T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
9,“—

tively. The plots for S3 and U3z models correspond to gg?(Ug) =1
The grey, magenta, brown, yellow and green regions in these figures
show allowed parameter space for Ry, Ry, branching ratios of
LFV decays (t — ¢u & B — Kt*uF), branching ratio of T — evi
and branching ratios of B — K ®) v transitions, respectively

4 Results and discussions

In this section, we present the result of the fits for the SM like
vector boson, and Uy, S3, Uz LQ models. Their mass set to
1 TeV. As discussed in Sect. 2, we perform three kind of fits.
For the first one, which we call a Global fit, all relevant data
is included. We then perform a fit, fit 2, by removing only the
R p data from the x 2, Finally, a fit including only the clean
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Table 3 Best fit values of the mixing angles in S3 leptoquark model. For Fit 1, dof=122, x?/dof = 1.02

/ ratio ratio BiMJrNP BiAerNP
Observable Rk(1.1-6.0] Ri10.045-1.11 Rr*111-6.01 Psp40-6.0) R R+ BV B
Measurement 0.846 £0.062 0.66+0.09 0.694+0.10 —0.30+0.16 1.10£0.10 1.16+£0.06 <40 <29
Standard model 1.0 0.93 0.99 —0.82 1.0 1.0
Our(rad.) Ops (rad.) Fit 1 (global fit)
1.574+0.48  —0.0008 & 0.0001 0.76 0.87 0.77 —0.70 1.04 1.04 1.02 1.02
X2 1.80 5.11 0.69 5.11 0.30 3.71 - -
Oy (rad.) Ops (rad.) Fit 2
0.095 £0.134 —0.089 + 0.255 0.76 0.86 0.77 —0.70 091 0.91 10.82 10.82
X2 1.80 4.84 0.69 5.11 3.32 16.75 - -
Oz (rad.) Ops(rad.) Fit 3
1.57 £0.48 —0.0007 £ 0.0002 0.79 0.87 0.80 —0.71 1.04 1.04 1.02 1.02
x> 0.82 5.11 1.16 5.20 0.30 3.71 - -

observables is performed. The fit results for the VB model
are presented in Table 1, and we observe the following: At the
best fit point the VB model evades the current upper bound
on the Br(t — 3pu) and this holds even on removing the
b — ctv data from the fit. Therefore, we can conclude that
the VB model, coupling only to the third generation in the
weak basis is inconsistent with the present data.

The fit results for the U1 model are presented in Table 2.
At the best point the central values of Ry« in the central
g° region lies within 1o of the experimental range, whereas
this is not true for the Rx+ in low ¢2 bin. The central value
of Rp= falls in 20 of the experimental range. Further, the
angular observable P can be accommodated within 207. We
get the similar results for the fits performed only with the
clean observables. On removing R from the fit, we find
that the tension in the same gets even worse as compared to
the SM.

The new physics coupling are found to be highly corre-
lated with large errors. Hence, one should also consider the
allowed range of various observables. In Fig. 1 we present the
20 contours of various observables in the space of couplings.

Itis evident from the left panel of top row of Fig. 1 that the
Ry (grey) and R (magenta) regions do not overlap even
at 2¢0. The brown region depicts constraints on this model
due to LFV decays, Br(t — ¢u) and Br(B — Kt u¥).
Evidently, these puts a tight constraints on this model. On the
other hand, the yellow region shows that the Br(t — evv)
does not put additional constraint on this model. Note that
for a different mixing pattern, the Refs. [64,65] found this to
be extremely constraining for the U1 model which otherwise
was found to be viable in their setup.

The main reason is that our parametrization is more flexi-
ble. In particular, we obtain the transformation matrices Eq.
18 of [64,65] only in the limit 6,; — 0 and 6,,; — 0. How-
ever, in our analysis we allow the parameters 6,5 and 6,,;

to be free and fit them from the real data. Our parametriza-
tion is more suitable because it provides more flexibility to
satisfy the additional constraints such as Z(t — evv). To
understand this, we note that according to Eq. 97 of Ref.
[64,65] this branching ratio is driven by the Wilson coef-
ficient (Cze)gl o gaA33A%5; which according to [64,65] is
~ —0.5, simply because they have set A3; = A3; = 1
and go = —0.5 for Ul leptoquark. In contrast, according to
our parametrization we get (C 22)31 ~ 2 cos? s cos? Ouzs
which is a function of the mixing angles. Furthermore, in our
analyses the parameter g, is fixed by model but in a gen-
eral EFT analysis [64,65], C3 (= g») is a free parameter and
varying C3 it as done in [64,65], is not equivalent to varying
Ops and 0,,; because the later parameters also appear in all
other observables such as Rg, Rp with a different functional
dependence.

The upper right panel in Fig. 1 shows the same plot for
ngl = 2, clearly the higher values of the coupling also does
not help. Therefore, we conclude that the U; LQ, in this
present setup is not a viable model for the combined expla-
nation of the charge and neutral current anomalies.

The fit results for S3 and Uz models are presented in the
Tables 3 and 4 respectively. From these one can infer that:
these models are able to explain R g » within 1o, and reduces
the tension in the R ¢ . The central value of R+ for the low
g does not come within 1o . The angular observable P{ can
be accommodated within 2o . The tension in R« becomes
worse on removing b — ctv data from the fit. In the fit with
only clean observables, the results of the global fit are almost
unchanged. The left and right panels of in the bottom row of
Fig. 1 represents the 20 contours of the relevant observables
in the couplings plane for S3 and Uz models, respectively.
In U3 model, the Rg and R regions do overlap within
20, but this is challenged by the constraint coming from the
upper bound on b — svv transitions. Again, we find that the

@ Springer
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Table 4 Best fit values of the mixing angles in Us leptoquark model, For Fit 1, dof=122, x2/dof = 0.97

’ ratio ratio BIS<M+NP BiiHNP
Observable Rk(1.1-6.0] Ri+p0.045-1.11 Rre1-6.01 Pspo_60) R R BT B
Measurement 0.846 +0.062 0.66 £0.09 0.69+0.10 —0.30+£0.16 1.10£0.10 1.16+0.06 <4.0 <29
Standard model 1.0 0.93 0.99 —0.82 1.0 1.0
O,z (rad.) Ops (rad.) Fit 1 (global fit)
0.076 £ 0.011 0.144 £0.036 0.76 0.87 0.77 —0.70 1.14 1.14 296.27  296.27
x> 1.80 5.11 0.69 5.11 0.18 0.06 - -
Oy (rad.) Ops (rad.) Fit 2
0.083 +£0.117 0.119+0.34 0.76 0.86 0.76 —0.70 1.11 1.11 207.14  207.14
%2 1.80 4.84 0.79 5.11 0.006 0.72 - -
Oz (rad.) Ops (rad.) Fit 3
0.071 £0.013 0.144 +0.036 0.78 0.87 0.79 —-0.71 1.14 1.14 296.27  296.27
x2 1.09 5.11 0.99 5.20 0.18 0.06 - -
Table 5 Fit results for (U; + Uz), (U1 + S3) and (U3 + S3) combinations of two LQ particles

/ ratio ratio Bf(MHVP BIS(A;I-'—NP

Observable Ripa-601  Ri+0.045-1.1RK*[1.1-6.01P5 140607 D R BT B
Measurement 0.846 £ 0.0620.66 +0.09 0.69 £0.10—0.30 £ 0.161.10 £ 0.101.16 £ 0.06< 4.0 <2.9
Standard model 1.0 0.93 0.99 —0.82 1.0 1.0
Our(rad.) Ops(rad)) iy 8t Ui +Us
0.31 £0.830.05 £ 0.05-0.69 £ 0.76 0.93 £ 0.72 0.76 0.86 0.77 —0.70 1.14 1.14 934.59 934.59
Ouc(rad.) Ops(rad.) g3} g3 U+ 83
0.64 4+ 0.901.50 £ 1.540.930 % 0.0020.928 + 0.0020.74 0.86 0.75 —0.69 1.35 1.35 132.15 132.15
Ouc(rad.) Ops(rad.) g?/i ggf Us+ $3
0.124+0.120.10 £0.111.06 £ 0.81 0.62+1.05 0.76 0.86 0.77 —0.70 1.14 1.14 221.77 221.77

constraints coming from the LFV decays are quite stringent.
Further, we find that the Br(t — evv) is not important for
these models.

Finally, we try a combination of two LQ particles taking
the LQ couplings to be a free parameter. These results are
shown in Table 5. Clearly, b — svv is a big challenge for all
combinations.

5 Conclusions

The measurements of Rg by the LHCb collaboration has
reinforced the earlier hints of lepton universality violation
observed in Rp . In this work we look for simultaneous
explanations of these measurements in VB, Uj, S3 and Uj
models. Here we assume a coupling only to the third gen-
eration in the gauge basis. Performing ‘a global fit’ to all
relevant data, we find that the vector boson model violates
the upper bound on the branching ratio of T — 3 and hence

@ Springer

is inconsistent with the present data. The U; LQ model can
not accommodate the R and R ) anomalies. This is evi-
dent from the fit as well as from the allowed regions which
do not overlap even at 2o. We also find that, with consid-
ered structure of the mixing in this work, the Br(t — evv)
which arises due to RGE effects, does not put constraint on
this model. Further, we find that the S3 and Uz LQ models
are highly constrained by the b — svv data.
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