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Abstract There are two sources that help to explain the Rk,
Rg+ anomalies in the MF331 model. The first is non-LFUV
couplings of the new neutral gauge boson Z’ with leptons,
gzl (e) # gz/ (u, T), which causes the Rk, R+ anomalies via
Z'-penguin diagrams involving newly charged gauge bosons
X,jf, and exotic U-quarks. The second is the contribution from
the box diagram only for the first generation of leptons. We
show that the penguin diagrams can not explain Rx, Rk
anomalies, and that the box diagram is required. The experi-
mental constraints for Rg and R~ resultin new particle mass
degeneracy. The contributions of NP to the branching ratios
Br(By — utu™),Br(b — sy) predict results that agree
with the experimental limits in the allowed region of the NP
scale.

1 Introduction

In recent years, the LHCb has provided observations that
show a conflict between the standard model (SM) predic-
tions and the experimental results. The results of the angu-
lar analysis of the decay B — K% u* =~ and measure-
ments of the branching fraction of several b — sIT1~ [1-
10] are in tension with those of SM. Some of these tensions
can be explained by the involvement of hadronic uncertain-
ties arising from the different long-distance effects [11-15],
while the rest are explained by NP signs [16-20]. Lepton fla-
vor universality violating (LFUV) observables, such as the
ratios of branching fractions involving both b — syt~
and b — seTe™ transitions, are also intriguing to theorists.

The LHCDb and Belle collaborations measured [21-24] the

tio Re = Br(BT—>K*putpu™)
ratio Rx- = Br(BT>Ktete™)
mass-squared range (1.0 < g* < 6.0 GeV?). The LHCb has

in the low dilepton invariant
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reported the latest value of R [24], REHCP ([1.1, 6] GeV?) =

0.8461‘8:8‘;%4_'8:8{%, which showed 3.1o deviation from the

SM expectation [25,26] of >~ 1, giving evidence for the vio-
lation of lepton universality in these decays. Another ratio

was reported by the LHCb [27] and Belle [28], Rgx =
Br(B—K*uTu™)
Br(B—>K*ete™) ’
ant mass squared regions [27],

which is measured in two dilepton invari-

0.66 * 8:(1)% (stat) for 0.045 < q2 < 1.1 GeVz/c4,
40.03 (syst)

0.69 T 0 ob (stat) for 1.1 < q? < 6.0 GeV%/c*.
£0.05 (syst)

RH =

These ratios have been determined to be 2.1, 2.5 stan-
dard deviations below their SM expectations, respectively
[25,26,29]. Because the hadronic uncertainties are canceled,
the LFUV observables Rk and Rg+ are theoretically clean,
contrary to observations of the angular and branching frac-
tion of the b — sll decays. As aresult, we can certainly infer
the presence of NP. These novel metrics have sparked a lot of
interest, leading to a slew of model-independent global anal-
yses [30-37]. The majority of these studies revealed that the
LFUV observables Rk and Rg+ may be explained by using
the combination of new contributions of Wilson coefficients
(WCs) associated with V and A operators. The NP interpre-
tations of the Rk, Rg+ anomalies postulate the existence of
a new state with tree-level couplings to muons and quarks,
namely Z' vector bosons [38—44], scalar leptoquarks [45,46].

For addressing model building, it is reasonable to con-
sider what models naturally lead to the LFUV. Extending
the symmetry of SM reveals one of the natural candidates
for violating the lepton flavor universality (LFU). In differ-
ent approaches to extending the SM symmetry, the class of
model-based upon the gauge symmetry SU(3)c x SUQ3);, x
U(1)x (3-3-1) [47-52]is known as an attractive proposal.
Because this model explains not only the existence of only
three fermions, strong CP conservation, and electric charge
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quantization, but also dark matter, neutrino masses, cosmic
inflation, and matter-antimatter asymmetry, all of which are
current SM issues. In order to cancel the [SU(?))L]3 anomaly,
the number of fermion triplets must equal that of the anti-
triplet. Traditionally, the arrangement of the particles is one
of the quark families that transforms differently from the
remaining quark families, while all lepton families transform
identically. According to this arrangement, the models pre-
dict the tree-level quark FCNCs coupled to Z', whereas Z/-
boson interacts with a pair of the same flavors and strengths
as the three lepton families. It means that this approach pre-
dicts the lepton flavor universality (LFU) [53-56]. In contrast
with this setup , the quark and lepton arrangements flip over,
creating new versions that are called the flipped 3-3-1 (F331)
models [57,58]. The FCNCs are coupled to the Z' swap from
quarks into leptons. Therefore, the F331 models break the
LFU at the tree level [59], but quark FCNCs induce it at the
one-loop level. It naturally provides solutions for explaining
the LFUV measuremens in rare B meson decays.

Based on the minimal flipped 3-3-1 (MF331) model [58],
a version of the F331 models in which scalar multiplets are
reduced to a minimum, we explore the Rk, Rg+ anoma-
lies from LFUV including the tree-level and the radiative
structure of quark flavor-changing interactions. We are look-
ing for NP parameter space regions that sufficiently repre-
sent the experimental data on Rg and Rg+. Furthermore, the
Br(Bs; — p' ™) is one of the cleanest observables [60] and
there is a minor disagreement with SM prediction [61]. This
tension suggests the same direction as the Rg+ fit’s chosen
WCs. As a result, we consider whether the parameter space
for fixing Rg+ and Br (BS — ut /1,_) are compatible. Apart
from affecting the above observations, NP can also alter the
Br (b — sy). Using the parameter space of the above fits, we
estimate the role of NP in the Br (b — sy).

The structure of paper is organized as follows. In Sect.
2, we give a quick summary of the MF331 model. In Sect.
3, we examine all of the NP contributions to the WCs asso-
ciated decay processes caused by b — s transitions and pro-
vide the effective Hamiltonian for these processes. A detailed
description of the Rk, Rg+ anomalies included in the global
fitis given in Sect. 4. In Sects. 5 and 6, we study the NP con-
tributions to the branching ratios of decays, By — whp~,
b — sy, respectively. Finally, we provide our conclusions in
Sect. 7.

2 A Summary of the MF331 model
2.1 Paticle content and mass spectrum of particles
The F331 model was first pointed out by Fonseca and Hirsch

[57]. The model is based on the extended SU(3)c x SU(3), X
U(1)y gauge group, in which the first lepton family is dis-

@ Springer

criminated against, while the remaining lepton families and
three quark families are in the same representation by the
gauge symmetry, SU(3), . The flipped fermion content is free
of all gauge anomalies, as specified by [57] as

gt 580 s

1
1 0 — 1
m=| e | ~(1e3) @
\/%Vl \/%61 E;
Vo )
wOlL = Cu ~ 1’37__ ) (2)
E 3
/L
eaRN(1715_1)7 EaR""(l,l,—l), (3)
d, 1
QaL = —Ua ~ (31 3*1 _> ) (4)
U 3
a L
ur ~ (3,1,2/3), dar
~ (3,1, -1/3), U ~ 3, 1,2/3), (5)

wherea = 1, 2, 3and o = 2, 3 are family indices. The Higgs
sector in the F331 model is intricate, with three triplets and
one sextet that could lead to the dangerous LFV in the Higgs
decay. As a result, the MF331 model [58] was presented, in
which the fermion content is the same as the F331 model but
the Higgs component is decreased to two scalar triplets,

+ +
Py X1
p=| 0 |~031/3, x=|x |~131/3),
P3 X3
(6)
where their vacuum expectation values (VEVs) have a form
(p) Ly (x) 1 O/ (7
p)=—\1v |, (X)=—71V |-
V2 w’ V2 w

To keep consistency with the SM and small neutrino masses,
the VEVs have to be satisfied 1/, w’ <« v < w. The scalar
potential has a simple form [58],

V=wuir o+ dx"x + 1 ) + 1 x)?
+2300 ) T + a0 (x )
+[3x e +2s(x"p)* + (hep o + Aax " X)xTp + Hoc].
(8)

The parameters 2 and [3 violate B — L while A, > are
the B — L conservation, thus A < A and 3 <K wi,2. After
spontaneous symmetry breaking, the MF331 model contains
the SM-like Higgs boson and two new Higgs fields Hy, H'.
In the limit, #’, w’ < v < w, the physical states have a mass
as follows

(4r120 — A3) v? 5

2 2
my >~ ——— mp, >~ 2hw’,
H 2)\’2 H;
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miy = 2 (0 4+ w?), ©)

and the Higgs triplets, p, x, are presented through the phys-
ical states as follows

Gy
p~| W +H+iGy)
%w’—i—H’
Gx
LU/—FGO
h= 7 v : (10)

%(w +H; +iGy)

where Gy x yz 7 are the Goldstone bosons. Because the
number of Higgs multiplets is reduced, light fermions gain
mass through non-standard interactions characterized by
dimension-six operators, whereas the masses of heavy quarks
and leptons are determined by normal four-dimensional oper-
ators. You may find the total Yukawa interactions in up to six
dimensions, as well as the fermion mass spectrum in [58].

To wrap up this part, let’s review the key points con-
cerning the gauge bosons sector. Apart from the SM gauge
bosons Z, WE, the MF331 model includes non-Hermitian
gauge bosons X*, Y*0* a5 well as one new neutral gauge
boson Z/, all of which have matching masses

m2 N g2v2 m2 N g2w2 m2 N gZ(v2+w2)
W — 4 ’ X — 4 ? Y — 4 ’
2 g*v? 2 g2[coyv* + 4c w?]
my >~ , My X 3 3 , an
deyy deyy (3 —4sy)

where cw = cos Oy, sw = sin Oy, Oy is the Weinberg angle

V3ix __ 8

which is determined by sw = with tx = 2=,
34+41% 8

2.2 Charged and neutral currents

The interactions of gauge bosons and fermions are derived
from the Lagrangian,

LFermion = i‘i‘V“Du v, (12)

where W runs on all over the fermion multiplets of the
model. The covariant derivative is determined as D, =
0y +igstaG), +igP,, where 1, are the generators of SU(3)c
group and equal to O for leptons and % for quarks. P, con-
tains the generators of SU(3);, x U(1)n groups. The form
of P, depends on the representations of SU(3), group and
U(1)x charge (X), namely

Py (TaAZ + txXB,) ¥, for triplet of SUB3)L,
U | AL (T + WTL) + txXB,, W, for sextet of SUB)L,
where T, = % , while T, vanish for the right-handed fermion
singlets. In the F331 model, the first lepton family transforms

as a sextet of SU(3)L, while the remaining two families trans-
form as a triplet, leaving the LFUV in both charged and neu-
tral lepton currents. By substituting P, W into Eq. (12), one
can obtain the charged current interactions shown as

L€ = I W+ 1 +10Y9 + He, (13)

_ g _
JWM = _ﬁ {VaLV”eaL + Ly dar

+v2 (g v el + 0vier ) (14)
" = —% [DaLV“EaL +42 (171LJ/“E1L + SE_VMVIL)
+60y" e, — Oay'da | (15)
J%“ = —% [éaLV”EaL +2 (51LV“E1L + E_L_)/“elL)
+60y i+ Oy va | (16)

In the charged currents associated with the new charged
gauge bosons, there is a violation of LFU, particularly in the
SM charged leptons when the only electron interacts with the
X* boson. This interaction should play a significant role in
understanding the Rk, Rg+ anomalies.

One can also extract the neutral current pieces from Eq.
(12)

e = & fyrletin - b sz

e Pl =l )z an

where the couplings g‘%’(z/)( ), gi’(z/) (f) are taken from
[58]. In Table 1, we outline typical couplings of neutral gauge
bosons with fermions for convenience of future study.The
LFUYV can be seen clearly in the interactions of Z' boson.

Closing this section, we would like to point out that
three generations of quarks transform uniformly under the
SU@B); x U(l)y groups, and FCNCs processes involving
b — s transitions are loop suppressed. In the upcoming sec-
tions, these processes will be studied in further depth.

3 Effective Hamiltonian for decay processes induced by
b — s transitions

In the MF331 model, the decay processes, b — sy, B —
I, b — sll, are governed by the dimension six operators,
07.8.9.10- The relevant effective Hamiltonian can be written
in the following form

4GE

Hepr = —thbv;; X Z {Ci()Oi()} + Hec.,

i=7,8,9,10
(18)

@ Springer
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Table 1 Some couplings of

7., 7/ with fermions f g‘z/’(f) g/Z;/(f) g[%/(f) g?(f)
. 1-2cow 1 —cow Sty
1 2J/T+2cow 2J/T+2ew 2J/1+2cw JTH2ew
e _2-ow _ow I S
o 2J/1+2cw 2/1+2cw 212w VI+2cw
d _ A1+2cw _ 1 __24cow 52w
a 6 2J/1+2cw 6y/1+2cow 3V1+2cw
2 2
U Teow—1 ‘w 1+5cow _ 2y
a 6/1+2cow V12w 6/1+2cow 3V/1+20w
! g7 85 87 () gr ()
S Ly -4 AL W
12 | 1,1 |
da -3+ 38y —2 —3 IS ISy
Ua —35% 0 —55% —35%
where b S
e —
07 = mmb (so PRb) Fuv,
O = ——5my, (540,00 (T)*F Prbg) G,
8 16722 h(oz ,uv( a) ﬁ)
e? -
09: W(SYMPLb) (l)/Ml), ,
62 PY’ Z? Z
010 = — (SyuPLb) (Iy*ysl) . (19)
167
The MF331 model does not predict the existence of tree-
level FCNCs in the quark sector because all quark families are
identical transformations under the SU(3)r, group, but it does - I+

allow them at the loop level. As a result, the one-loop adjust-
ments determine the transition b — s. For convenience, the
WCs are divided into the following contributions

C;=C™M L AC;, Cy=CJM+ AGs,

Cy = CSSM £ ACy, Cio = C) + ACyo. (20)
where C%‘SM and Cg’}\fo are determined by interactions of

the SM [62,63], ACI;%& 1o are determined by the new inter-
actions. The NP contributions to ACy 19 for the first lepton
family are completely different from the two other families
because the first generation of leptons transforms differently
than the subsequent lepton generations. The first generation,
AC;, gets contributions from the y, Z, Z’-penguin and box
diagrams, whereas AC@ '" only get contributions from the
v, Z,7Z’ -penguin diagrams. To be explicit, the contributions
of NP to the above-mentioned WCs are split as follows:

AC§ g = ACg1y + ACS:le + Acgflzo + ACS:?SX’
n(r) _ u(t),y w(r),zZ w0,z
ACy )y =ACy " +ACy 5" +ACy 157

AC73 = ACSg. 21

The contribution of each style of diagram is indicted by the
superscripts. Without QCD correction, all NP contributions

@ Springer

Fig. 1 y,Z,7 -penguin diagrams induced by new charged gauge

boson Xf The blob denotes the combination of boson X* and new

quark U inside the loop

are calculated in leading order.! The Z-penguin diagrams
are presented in Fig. 1, which are induced by quark currents
coupled to the new charge gauge bosons Xt

Applying the Feynman rules for diagrams given in (1),
we derive the radiative FCNC coupling bs Z. Combining the
finding with the neutral current of leptons coupled to the
Z-boson yields the result

Z _
ac=—5 8(x—1)2

Sw

CZW—ZS‘%V |:—3xzc%V
16(x — 1)

(x2—|—5x—3)czw+3i|

e, /L

I Ttis worth noting that the NP contributions to the WCs, AC;"", depend
on the energy scale. When the RGE running is considered, the WCs,
ACf’”, receive corrections of order € ~ Z‘—; In mi [64]. In the MF331
model, the NP scale w ~ 0(1)TeV, the az(w) ~ 0.1, and thus, € is
about a few percent of the ACie’”. Running these WCs in the LFUV
observables ratios Ry cancels out the effect in the numerator and the
~ 1AC e (At )l
T |JACe(w)+el2 T |ACe(w)|?
Therefore, we will neglect the RGE running effects on the NP WCs in
the present work.

denominator of these ratios, namely Rg
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1 [ -3
aCh = -5 | g ch In
2 8 -1

(x2 +5x —3)cow + 3
16(x — 1) ’

(22)

where x = Z—gj For three generations of leptons, these con-
tributions are i(he same. It should be noted that the mass of the
third exotic quark generation is assumed to be my; > my, ,,
and similarly in the SM’quarks m; > my_, so the diagrams
governed by Uz dominate.

Because the first generation of leptons transforms differ-
ently from the last two generations under the SU(3); group,
the Z’ gauge boson interacts with them in a fundamentally
different way than the other two generations. These interac-
tions, in combination with the radiative couplings induced
by Feynman diagrams (1), give the contribution to the WCs.
We receive following contributions for different generations:

ACS? = —F () f(x), ACSE =G (e)f(x),
ACEOZ = g% (u(0)) £ (x),
ACHTZ = &% (1u(x)) £ (x), 23)

where f(x) is determined as

Fx) = 1 mZ x(3x + 2)CW In
N V1 + ZCZWSW %/ 2(x — )

(3x —x — 12)cow + 2(x —3x—3) o
8(x — 1)
and g%’ A (D) are defined in mass eigenstates as
§% () = Vil OVIL + Virgk (OVir,
g5 () = Vi ef OViL — V] gk (DVIr (25)

with gEIR(f) are the flavor basis couplings of new Z' boson
with a pair of left (right) leptons as defined in Table 1. The
left-handed lepton mixing matrix is V). and it is assumed
that Vi, = Vpwmns, where Vpyins denotes Pontecorvo—Maki—
Nakagawa—Sakata (PMNS) matrix. As shown in Table 1, the
right coupling of Z' with the first lepton generation must
be equal to the right coupling of Z' with the two remaining
lepton generations, gl%/ (e1) = gl%, (eq). This is explained by
the fact that all three right- handed lepton generations trans-
form identically under SU(3)y, group, e;r ~ (1, 1, —1). As
a result, the effects of the new right-handed leptons mixing
matrix Vir will be eliminated, and we will have

g% (0 = Vi gl (Vi + g% (D),
g% = Vi gl (Vi — g% (D). (26)

The different arrangement of the fermion generations also
leads to a distinct contribution to the WCs. Only Cg |, ben-
efits from the box diagrams in Fig. 2. These additional con-

tributions are given as

1 m%v{ 2[4 + (x — 8)y]
s%, mX 16(y — x)(x — 1)2
_mle -9 -12]

16 -0y -2 7

Inx

e,box __
ACH™ = —

x(—4+7y)
+m@—nu—nr

1 md [ x%[4+ (x —8)y]

.b W

ACTY™ = — - { — — 5 Inx
Sty mX 16(y —x)(x — 1)

ol =42 —12]
6y — 0y —12

x(—4+7y)
16(y — )(x = 1)

} . (@27

2

m
0
where y = m—i Because the vertexes of new gauge bosons
X

Xf with fermions in the box diagrams, such as UdXx, £0Xe,
are proportional to the gauge coupling g, ACS:?SX does not
contain NP couplings as in Eq. (23).

The radiative coupling bsy is produced by the photon pen-
guin diagrams caused by new charged bosons def seenin Fig.
1. The electromagnetic currents of leptons combine with this
coupling to produce additional contributions to C79. The
outcomes are listed as follows:

4 x2(5x%2 = 2x — 6) —19x3 + 25x2
ACY = —Inx — Inx — i
9= Bx—DF T 36— 1)
8x3 +5x2 -7 22 -3
ack = BT o dx 273, (28)
24(x — 1)3 4(x — D*

4 Lepton non-universality in b — sIT1~
4.1 Lepton non-universality in B* — K171~

As previously stated, the electroweak couplings of charged
leptons are distinct in the MF331 model, and as a result,
the decay properties of each lepton flavor are expected to be
different (referred to as lepton flavor non-universality).

In a suitably specified range of the dilepton mass squared,
the branching ratios for BT®) — KT+~ decays can
be expected. The differential branching fraction for BT —
KT171~ decays, keeping the lepton mass (my), has been stud-
ied by [65] and given as follows

d’r (B* — K*1t17)
dg?d(cos )
= a(q®) + b(q?) cos 6 + c(q°) cos> 6, (29)

where

Lo’ By
a(@?) = = 11 +1 (CR' + ACn0) £ (@)
4m? 2
+«c%P+Acmmx¥n?Z#(m§—n&)},

@ Springer
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Xt X+ - Ox+ dx+ B
b+’\/\/\/\/\z+6* b —»— e b—»—---- —— e b—»—---- —— e
Uy A EO Uy 50 Uy A 50 Uy A 50
S —p— A nnNa— €+ S —4——---- €+ S —d4— AN — €+ S —a4—L - - — - Lg— €+
X#* bx= X+ Px+

Fig. 2 Box diagrams induced for only the first lepton generation

b(q®) =0,
F0A3/2ﬁ2
(@) = =L {162 + 1 (CH' + ACw0) 2@
(30)
with
G= (Cgff'SM + ACg) £, (qz)
2my,
= (M 4 ACH) fr(@) + (@),
mg + mg
G2, [V Vi ?
o = —,
51275 mB
4ml2
= [1-28, 31
q

A is a function that depends on the mass of B-meson, Kaon,
and dilepton. It has the following form as

A= A(sz, m%(, qz)

= m‘é + mf( + q 2(mBmK + mBq + qu ) (32)

The angle 0 is known as the angle between the negative lepton
direction and the B direction in the [T/~ rest frame. The
effective WCs Ceff M (qz) are obtained via the WCs of SM
and have the form given in [62]:

C%ff—SM ( q2)

80
C,—-|(C C 20C C
7 3<3+3 4+ 5+3 6)

,
— € = 6c) Fll@) + CsF @) |

4 16 16
CSESM(g2) = Cg + 3 (C3 + ?Cs + 3C6)

~h(0, q )( Cs + 3C4+8C5+ ; cﬁ)
—h(m™, ¢*) (zcs + %C4 +38Cs + 2Cs)
+h(m?*", q%) ( Ci +Cy +6C3 + 60C5>

— = (CIFR @) + CF@) + G @)

4

where the WCs of SM, C;, are listed in the Table 2. The
functions h(mpole 2), FY; (Cg), and Fg)’(g) are determined
in [62]. -

For B — K processes, the QCD form factors, f+’T(q2),
and fo(q?) can be expressed in the form of a simplified z-

(33)

@ Springer

series expansion as given by [66]

T 0) N—1
B—)K( 2) ]13—>Kq2 1 + Zb]ti’(r {Z(q2’ to)k

- 7 k=1
mg

k
~2(0.¢)" = (=D)L (2(a” )N - 200, to)N>} } :

57K(q?) = f_ ¢ (0)

N

{1 + Y bk (26 1)~ 2(0.10)%) } : (34)
k=1

where z(q?, tg) = VAT VAT with ty = (mp +

N
mg)2, ty = (y/mp — \/m_K)z(mB + mg). In this case, N = 2
for the vector and tensor form factors f, 1(q%), and N=1
for the scalar form factor fo(q?). The parameters bO T
in these form factors have numerical values taken from [67].
hk presents the non-factorizable contributions from the weak
effective Hamiltonian and has a parameterized form as deter-

mined by [65]
= ™M@t (@)
age'P + bKe"f’b(q GeV?) for q < 6 GeV?2
cge'¥ for q> > 6 GeV?,
(35)
where the strong phases are in the range ¢apc € (—m, 7).

The coefficients a, b, c satisfy the following conditions: a €

[0,0.02], b € [0, 0.05], and ¢ € [0, 0.05]. After subtracting
6 from Eq. (29), we get

dr(B+ — K*1t17)
dq?
FO)\,3/2,33
- {|G|2+\(c + AC1) (@) }
+F0A3/2/3]2(1 — B ) {|G|2 n (mB —)LmK)2

2
x |(CR+ aC) fo(@?)| } : (36)
The LHCb experiment measures the ratio [24] R%HC"
([1.1,61GeV?) = 0.8461700350-013, which exhibits 3.10
tension with the SM prediction, as described in the intro-
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Table 2 Several SM input

parameters are being used for Parameters Values Ci(u =5 GeV) Values
S R Cl
GeV, up to NNLO accuracy s3 0.23126(5) MeV [68] C, 1.01
(63,70] my 91.1876(21)GeV [68] C; —0.005
s (my) 0.1181(10) [68] Cy —0.077
e (Mz) 1/127.955(10) [68] Cs 0.0003
Vi V| 0.039790008 [68] Cs 0.0009
mg+ 5279.34(12) MeV [68] Cy —0.324
myc+ 493.677(16) MeV [68] Cg —0.176
mp® 4.91(12) GeV [69] Co 4.344
mP%® 1.77(14)GeV [69] Cio —4.198
mgo 5279.65(12) MeV [68]
Myeox 895.55(20) MeV [68]
mp, 5366.88(14) MeV [68]
T8, 1.516(6) x 10712 5 [68]
fp, 230.3(1.3) MeV [68]
me 0.510998461(31) MeV [68]
m,, 105.6583745(24) MeV [68]

duction. The LFUYV interactions are included in the MF331
model, which may provide a better fit for this data. When
it comes to fitting, we use the Rx measurement directly, as
seen below

2 + + -
fqzmax drB™—=K"'u"n )qu

Ry = min da” 37)
Prax drB*>Kfeter) 4 2 '
fz d 2 q
Imin q

Table 2 lists the input known parameters as well as the WCs of
SM calculated at the next-to-next-to-leading order (NNLO).

In the MF331 model, the Rk also depends on the unknown
parameters such as the mass of new particles my,, mgo and
my . In this paper, we consider two scenarios in which the
masses of new fermions my, mgo are either degenerate or
non-degenerate

e Case 1: Degenerate masses

Am = my 7z — mg’;O = 8, sk 1. (38)

e Case 2: Non-degenerate masse
my = ajmgo, Mz = amgo, aj2 ~ o). (39)
In the first scenario, we randomly seed the mgo and § to
obtain values that satisfy the Rk constraint. Figure 3 depicts
the acquired results. The blue and brown points correspond to
fixingmy = mgo +46, my = mgo, andmy = m§o+8, my =

mgo + &, respectively. The findings indicate that the mass
degeneracy between the gauge boson Z’ and the new lepton

& 0 has little effect on the ratio Rk, but the point distribution
is affected by mass degeneracy of the new quarks and new
leptons.

It is worth noting that LHC searches for heavy Z’ boson
in fermionic final states have been resulted in a constraint on
the Z' mass, my > 4000 GeV [68]. There is generally no
restriction on the upper bound of m 0. The special case mgo =
my, is considered in the Fig. 3. So it entails constraints of
mgo > 4000 GeV. For simplicity, we chose the following
ranges: mgo € [4000, 8000] GeV, 8 € [1077, 107°] GeV. We
see that there is almost no difference between the two kinds
of dots, and the allowed range of § are from 1078 +~ 1077
GeV.

In the second scenario, for non-degenerate masses, we plot
Rk as a function of new fermion mass. The predicted result
given in Fig. 4 is similar to that of the SM. This means that in
this circumstance, the ratio Rk can not reach the experimental
value.

The numerical results given in Figs. 3 and 4 are inter-
preted as follows: The contribution from the penguin dia-
grams depends only on the parameter x, while the contri-
bution from the box diagrams depends on both parameters
y and x, especially the contribution that contains the term

2 2 2
. Mo 4¢3, M m
L As previously state, y = —5 = — %5 ~ 155
x=y my 3—dsy, m7, mz,
2
m2 <m50+8) .
as well as x = m—g ~ 1.5-———. We can obtain x =~
X 7/

y (1 + n?—ao) in the degenerate mass, which leads to the fac-
3

m

=

tor: 1~ 20 5 1y ~ 107*. As a result, the con-
ty—x T 2y8 : ’

m

S

@ Springer
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® mgz= m;
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10—9 I I | ]
4000 5000 6000 7000 8000

me

Fig. 3 The frame shows viable parameter space obtained from the most recent measurement [24], RIIgHCb ([1.1, 6] GeVz) —= (0.846 1004240013

Here my = mgo +§

—0.039-0.012"

°* 2,=0.2,a,=04

a1=2, a2=4

Fig. 4 Ratio R as a function
of new fermion mass in the case
of non-degenerate masses
1.00095
1.00090
x
©
1.00085
1.00080 -
1.00075
4000
box—e

tribution from the box diagrams, ACy"[, = > 1, is significant
in the ratio Rk . In the case of non-degenerate mass, the factor
1

== = 1, so all diagrams whose contributions to the WCs

2 2

are suppressed by the coefficients I;—‘;’, m—,zz The Rk anomaly
X My

can only be explained by degenerated mass case, and the box

diagram will be the primary source of this anomaly.

To clarify this, we numerically study the contribution of
each type of diagram to the Rk ratio. We look at the pen-
guin diagrams’ contribution to the Rg anomaly caused by
non-LFUV couplings of new neutral gauge bosons, gZ/ (e) #

@ Springer

6000 7000 8000

me

5000

gzl (u, 7). As aresult, the Rk is determined by the mass of
new Z' gauge bosons and new quarks. Figure 5 simulates
the relationship between the Rk and the new quark mass
my via fixing the Z' mass. If the mass of the new gauge
boson my = 500 GeV, the Rk ratio can reach the experi-
mental value, and if my = 4000 GeV, the ratio approaches
1. According to the LHC constraints, the lower limit of 7
mass is a few TeV, which is close to the value of SM pre-
diction RRM ~ 1. This means that the penguin diagrams’
contribution is not a relevant source to explain Rg anomaly.
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Fig. 5 The ratio Rk as a

function of exotic quark mass 1.00¢
when the box dlagram
contributions AC9°1X0 ¢ are
excluded
0.95
X
«
0.90

. RK (mz = 500 GeV)
Rk (my = 4000 GeV)

p——l el
Y
0.85F o emmemme==
4000 5000 6000 7000 8000
my

As aresult,we conclude that the Rk puzzle can only be solved
if there is both mass degeneration of new leptons and new
quarks, as well as box diagram contributions from only first
generation leptons.

4.2 Lepton non-universality in B — K% 1+1~

Studying the B — K171~ decay is more complicated than
studying the last process, BT — K¥1717, due to the polar-
ization of the daughter particle K* meson. The differential
decay rate of B — K171~ can be expressed as the sum
of longitudinal and transverse polarization components [70]
using the notation employed in Eq. (29) and keeping the lep-
ton mass mj

dr®? - K”1*17)  drpB° — K™t
dq2 N dq2
dl'r(BY — K%1t17)
dq2 ’
drpB° — K™I*17)  Tog?v/A*y
dq? R

3(1 —
x [ ( 5 i )<|H%|2 + [HY1») + BE(HLP + |H%|2)} ,

drp(B? — K™I'17)  Toq?v/A* By 3
dq? o 3 =~
3(1 - B2)
x[ 5 ! IH}|2+ﬂ12(IHf|2+IHi2|2)] (40)

where helicity amplitudes Hl1 ’2, i = 0, £, t have the follow-

ing forms

. )\'*
th = —1[C?34 + ACyo], | EAO(QZ),

H} = [C§™M () + ACy]

V(g®) .
|::t \/FmBO -:lIIlKO* B l(mBO + mKo*)Al (q2)i|
q—;’[csff'SMmZ) + ACH]

x [V @) - i
HL = (C) + ACyp)
2

| aivir D

IIlBO + InKo*

m2o) T2 ]

—i(mpo + mgoa)A| (q2)1| ,

; 8mpomyo«
/qz

x [(csff'SM(qQ) +AC)A ()

H)=—

mp
—(Ceff M%) + AC7)Tas(q )}
Mpo + Mgox
8myomy0s
Hj = —i B [O8M 4 ACIJA (). “h

JE

with A* is the function of mgo, myo-«, and q2

+q*
+q°mp + g'my,.). (42)

)»*(q ) = mBo + mKO*

_z(mBO mKO*

@ Springer
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Fig. 6 The viable regimes 1075 ¢
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most recent measurement [27],
RLHCY ([1.1, 6] GeV?) =
0.68570 443 + 0.047. Here * mz=m;
mU:mEo-i-S 10_6? mz'=m§+6 |
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The non-factorizable contributions in the region ¢> €
[0, 6] GeV? can be included in the calculation by modify-
ing the CSTSM(q2) [71] as follows

C%ff»SM (qZ) — C%ff—SM (q2)

2

j j q
x | 1+ aie'% + bie' P ( )] 43
|: 1 1 6 GeV2 ( )
where the ranges of the parameters a;, b; are as follows: a; €
[0,0.05], b+ € [0,0.2],a0 € [0,0.2],bg € [0,0.05]. The
strong phases ¢y, b, are the same as in the BT — K*1T1~

decay. The seven form factors F; = V, Ty 323, Ag, 12 are given
in [71]

Fi(q%) = a7 (%) — 2 (0)1%,
1 - qZ/m}%,l kﬂ);,z :
t/ _ q2 _ t/ _ t/
im%=J+ Vi (44)

\/t; —q2+\/t’+ — 1

with €, = (mpo + myo)%t) = (mpo + myos)(/Mpo —
J/Mycox )2. The masses of resonances mg ; and coefficients a]i(
can be found respectively in Table 3 and Table 15 of [71].
The ratio Rg+ in the dilepton invariant mass-squared range
q> € [qrznin, qrznax] is determined by

fq?mx drBO K™t p) 4o
2 e q

q .
Ry = —212 . 45
K Grax dF(BOHKO*e‘*e_)d 2 43)
fq2‘ dq2 q
min

As mentioned previously, LHCb has confirmed the ratio
Rg+ in the dilepton invariant mass-squared range > €
[1.1,6] GeVZ: REHCY = 0.68510-103 + 0.047 [27] which

@ Springer

me

yields approximately 2.5 o deviation from the SM predic-
tions. We will now investigate numerically for the ratio Rg»
predicted by the MF331 model using input parameters listed
in Table 2.

Figure 6 shows the parameter region satisfying the exper-
imental constraints, RIIZI;ICb ([1.1,6]GeV?) = 0.685J_r8:(1)ég +
0.047 by seeding parameters like mgo, § at random in the
range mgo € [4000, 8000] GeV, § € [107%,107°]. The
obtained parameters shown in the Fig. 6 overlaps with the
parameter domain obtained by the constraint of the Rk mea-
surement. Figure 7 shows the image for a more accurate
assessment.

5 The decay By — putpu~

Among the non-LFUV observables, the Br(B s — ut ,u_) is
one of the clean observables and sensitive to physics beyond
the SM. This kind of decay gives a good handle on the muon
sector without involving the electron sector. The theoretical
prediction for branching ratio, Br™ (BS —ut M_), of this
process remains as follows [72]

22
a~Gsmp
Br(B +, —\th — F 5
r( S_)ll/ n ) TBS 167‘[3
4m12 %1202 2/ ~SM
Bs
+ACyo[. (46)

If including the effects of By — B, oscillations, the
Br(B; — ;ﬁ;f)th relates to the available experimental
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Fig. 7 The left and right panel show regions for both experimental values RII;HCI’([I.I, 6] GeV?) [24] and Rk];’Cb([l.l, 6] GeV?2) [27], with

myz = mgo and mz = mgo + &, respectively

value as [73]

Br(By — utu)™ = Br(B, - utu)". @7

l_y_r

AT,
- 2T,
Br(By; — ' u ™)™ = (3.0970:45 T019) x 1077,

v, = 0.0645(3),

(48)

experimentally established by the LHCb Collaboration [60].

This experimental upper bound is close to the SM expec-
tation for the Br (Bs — uu™) [61] (including the effect of
By — By oscillations)
M = (3.65+0.23) x 107°.

Br (B, — utu (49)

These results impose considerable limits on the NP scale. We
use numerical analysis further to investigate this constraint
on the parameters in MF331. The NP regimes that satisfy
the limits (48) are shown by the green regions in Fig. 8. The
blue lines are contours for the experimental center value. At
least one of the exotic quarks and new gauge bosons must
have a mass of a few TeV to reach the experimental center
value. Despite the fact that the NP scale is only a few TeV,
the contribution of NP does not exceed the boundaries (48).

6 The decay b — sy

The b — sy decay is also very interesting. The calculation
of the branching ratio at NNLO level in the SM is shown in
[74], Br (b — sy)M = (3.36 £ 0.23) x 10~* for the pho-
ton energy E,, > 1.6GeV in the decay meson rest, whereas
the inclusive measurements of B — X,y decay can be com-
pared with high confidence to theoretical predictions [60],
Br (B — Xsy)®P = (3.32 £ 0.15) x 10™*. These findings
have the potential to place strong limitations on the NP scale.

my, (TeV)

R R PR R R R
0 5 10 15 20 25 30
my (TeV)

Fig. 8 The viable NP regimes (green) as determined by the most recent

measurement [60], Br(B; — putu™)®P = (3.09t8;i§ fgjﬁ) x 1077

The blue lines present the contour for the central value of the measure-
ment

New contributions to the b — sy decay are induced at
the one-loop level in most of NP scenarios by charged cur-
rents connected to new charged particles (new gauge boson,
charged Higgs) [75], and FCNCs associated to new neutral
gauge bosons [76,77]. As stated in Sect. 2, the MF331 does
not exist charged Higgs and FCNCs, the new effects in the
b — sy decay are induced by the charged currents connected
to gauge boson X*. Compared with the contribution of the
SM, the new contribution is strongly suppressed by a factor

2

m

m—‘é’ . Because scalar charged currents are not present, the new
X

@ Springer
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Fig. 9 The Br(b — sy) asa S

function of the my for fixing %2 33625 k :

3362 Y

3.3615

3.361

10000 BrMF33L (b 5 )

3.3605

3.36

effects in b — sy decay in the MF331 model are expected
to be minor.

Figure 9 plays the Br (b — sy MF331 including the NLO
QCD corrections. The NP has a minor influence on the
Br(b — sy)MF 31 because the contributions of NP to the
Br (b — sy)MF33! are suppressed by factor ﬂ—g compared to

these of the SM. The Br (b — sy )MF331 glight enhancements
to the value of SM. It means that the new contribution still
ensures the Br (b — sy)MF33! to be in agreement with the
present limit of the experiment [60].

7 Conclusions

The MF331 model naturally breaks the LFU at the tree-
level because the first lepton family transforms differently
than the remaining lepton families. The FCNC in the quark
sector does not exist at the tree-level but is allowed at the
loop level due to three quark families transforming identi-
cally under the gauge symmetries. Thus, the coupling of new
neutral gauge boson Z’ with a pair of e e~ differs from that
of ™ and T, whereas three quark families couples
with the same strength to the Z'-boson. Based on this fea-
ture, we investigate contributions from the y, Z, Z’-penguin
diagrams to the b-s transitions and, combining them with
the tree-level interactions of y, Z, Z' with a pair of leptons,
we induce the NP contributions to the WCs AC;’Q ’9i10. The
y, Z-penguin diagrams give the same contributions to the
WCs for three generations of leptons, but the Z’-penguin
diagrams give different contributions between the first lepton
generation and the other two generations. Another interesting
feature of the model is that first family of left-handed leptons

@ Springer

are classified as hexagons of the SU(3)1 group, resulting in
the appearance of new leptons, £°, £*. The newly charged
lepton current, €%y e, couples to the newly charged gauge
boson X:, resulting in a box diagram that only shows the
contribution of first lepton family to the WCs. That why the
MF331 model provides two possible sources of contribu-
tions to non-LFU effective interactions, which allow us to
explain the Rk, Rg+ anomalies. The Z’-penguin diagrams
give a negligible contribution by comparing to the SM con-
tributions, because the contribution of Z’ is suppressed by

2
a factor ::—21 We show that the Rk, Rg+ anomalies can be

!

explained lgy contributing from the box diagrams in the situ-
ation of a mass degeneracy of the new particle. In the allowed
region of the NP scale, we investigate the NP contributions
to the Br(By; — pu*u™), Br(b — sy). These contributions
are consistent with the experimental measurements.
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