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Editor: Hong-Jian He We study the phenomenological constraints on the parameter space of a class of left-right
symmetric models in which the fermion masses are generated through a universal seesaw
mechanism. Motivated by the axionless solution to the strong CP problem, the model features a
simple Higgs sector consisting of left- and right-handed doublets. The fermion masses are then
generated through their mixing with heavy vector-like fermions, which leads to flavor changing
neutral currents arising at tree-level and also introduces non-unitarity in the charged current
interactions. These new contributions induce flavor and flavor-universality violating processes
which are used to derive constraints on the parameter space of the model. We also argue that
although the model has the potential to resolve flavor anomalies, it falls short in the case of
B-anomalies Ry, and anomalous magnetic moment of muon a,,.
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1. Introduction

The left-right symmetric models (LRSMs) are simple extensions of the standard model (SM), initially proposed as a solution to
the parity asymmetry observed at low energy scales, involving the symmetry group SU(3), X SU2); X SUQ2)g x U(1)g_y. The
LRSMs, based on the concept that the V' — A structure of weak interaction may be a low-energy phenomenon that vanishes at very
high energy scales of the order of a few TeV, overcome this by putting both left- and right-handed particles on equal footing thereby
restoring the symmetry [1-3]. Such models have several attractive features. Right-handed neutrinos arise naturally, generating light
neutrino masses through seesaw mechanism [4-10]. These models also give a physical interpretation of the hypercharge as a quantity
arising from the B — L quantum number.

The class of LRSMs discussed in this paper is motivated by the axionless solution to the strong CP problem [11] since parity is a
good symmetry broken spontaneously [12]. The fermion masses in these models are induced through a universal seesaw mechanism
[13-15] by introducing heavy vector-like fermionic (VLF) singlet partners. The scalar sector of the model is minimal, containing only
two Higgs doublets. The light fermion masses are quadratically dependent on Yukawa couplings (J);), allowing for the values of Y
required to explain fermion mass hierarchy to be in the range ); = (1073 — 1) as opposed to V; = (107 — 1) in SM or standard LRSMs.
Another exciting feature of the LRSMs is the flavor-changing neutral current (FCNC) interactions leading to flavor-violating processes
occurring at the tree level due to direct couplings between VLFs and SM fermions. There can also be corrections to the SM charged
current interactions. These can result in stringent constraints on the parameter space of the model which are explored in great detail
in this work. The model can also potentially resolve the recent flavor anomalies such as (g —2) w Rge, Rpe, CDE-W mass shift and
the Cabibbo anomaly. This model has also been studied recently in the context of low energy experimental signals [16], gravitational
waves [17], neutrino oscillations [18] and, in explaining CKM unitarity problem and CDF W -boson mass [19].

Several measurements of semi-leptonic decays of B mesons have shown significant deviations from their SM predicted values [20,
21]. The most notable ones are the lepton flavor universality (LFU) violation observed in the neutral current transitions related to
the ratio Ry = BR(B » K™ uu)/BR(B — Kee) and in charged current mediated R = BR(B - D®zv_)/BR(B » D®¢v,),
¢ =e, pu. These are theoretically clean observables since the hadronic uncertainties cancel out in the ratios, making them extremely
sensitive to new physics probes. Deviations in the measurements of R and Ry [22-25] from the SM are collectively referred
to as B-anomalies. A solution to R, anomaly using this model has been discussed in [26]. The most precise measurement of Ry
has resulted in a combined 3.1 ¢ discrepancy in Ry and related processes. As a natural consequence of parity invariance, a right-
handed neutral gauge boson exists that mixes with the SM Z boson giving rise to two neutral gauge boson eigenstates, Z, and Z,.
Both these gauge bosons can mediate tree-level FCNC processes that contribute to Ry to occur at the tree level. Hence, the LRSM
model can potentially resolve the neutral current B-anomalies as well.

Another major hint towards physics beyond the SM comes from the long-standing discrepancy between the experiment and theory
in the anomalous magnetic moment (AMM) of muon, a,. The most recent measurement of a, at Fermilab National Accelerator
Laboratory (FNAL) reports a 4.2 ¢ deviation from the SM predicted value of AMM. The model explored in this work can provide
chirally enhanced one-loop corrections to AMM of muon mediated by neutral scalar (h, H) or gauge (Z,, Z,) fields. The possibility
of resolving the anomaly in muon AMM is explored briefly in this paper.

In this work, we look at the flavor physics constraints on the model, exploring the allowed parameter space from neutral current
gauge interactions, investigate the most stringent constraints for charged current and Higgs interactions, and address the limitations
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of the model in resolving Ry discrepancies as well as the AMM of muon. The rest of the paper is organized as follows. We describe
the details of the LRSM model [26], giving the particle content, Higgs potential and gauge boson mass matrix diagonalization in
Sec. 2 and the fermion mass matrix diagonalizations and their interaction Lagrangian in the physical basis in Sec. 3. In Secs. 4, 5,
and 6, we list the different constraints on the model parameters obtained from neutral and charged current gauge interactions, and
scalar interactions, respectively, in the parity symmetric scenario of the model. In Sec. 7, we explore the solution to neutral current
B-anomalies arising at tree-level mediated by the neutral gauge bosons, and at one-loop level mediated by the left-handed scalar
doublet. Sec. 8 examines the VL-lepton mass-enhanced corrections to the AMM of muon at one-loop level mediated by the neutral
gauge as well as scalar fields, and we conclude with Sec. 9.

2. Model description

The particle spectrum of the LRSM with universal seesaw is composed of the usual SM fermions, right-handed neutrinos, and
four sets of vector-like singlet fermions, denoted as (U,, D,, E,, N,,), where, the index a runs from 1 to 3 for the three generations of
fermions. The SM fermions, along with the right-handed neutrinos, form left- or right-handed doublets, assigned to the gauge group
SUB), X SUR), xSUR)gxU(1)g_; as follows (i = 1 — 3 is the family index):

Do (e Ly o (ur
01, (32.143)= (dL>,-’ Qpi (31243 = (dR>‘_,

(2.1)
v v
WL,i(szl’_]):( L) , y/R,,-(l,l,2,—1):< R) .
er); e/,
The Higgs sector is comprised simply of left- and right-handed doublets:
X 9
)(L(1,2,1,+1)=< 6>, )(R(1,1,2,+1)=< ’5>, (2.2)
L AR
with the general Higgs potential is given by
N N A N A N + .
V= (i 1y + HapdR) + - (g 20 + =5 e + Aol 20 w)- (2.3)

In the parity symmetric limit, A,; = A, but y; can be allowed to be different from up since parity can be softly broken. The
vacuum expectation values of the neutral fields for which the potential Eq. (2.3) has a minimum are denoted by

(x})=rx1, (xR)=rxrs (2.4)

with kx; ~ 174 GeV. The neutral scalar fields are o; = Re( )(2) / \/5 and o = Re( ;(%) / \/E are which mix to give the SM-like Higgs
boson & (125 GeV) and a heavy H. In the limit of small mixing, the SM Higgs is identified as o;. The remaining fields are “eaten
up” by W]:—’ g and Z; p bosons upon symmetry breaking. The physical Higgs spectrum obtained from the diagonalization of 6, — oy
mixing matrix,

OL.R

N 24K KR 25
N T .

is as follows:

h=cos{o; —sinfop, H =sin{o; +cos{op,

2
M} =2, 1- K7, M}, =24 gic.
Mg

with the mixing angle ¢ given by

2K KR

tan2¢ = 2.7)

(A1RKR = A1LKT)
To generate the fermion masses in the absence of the Higgs bidoublet (1,2,2,0) seen in the standard LRSMs, vector-like fermions
(VLFs) are introduced. The gauge quantum numbers of the VLFs are

Ua<3,1,1,+%>, Da<3,1,1,—§), E,(1,1,1,-2), N,(1,1,1,0). 2.8)

The electric charge is given by

Q=T’§L+T3R+—B_L with,
) 2 2.9)

Y B-L 2.

— =T

7 ThRT T
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thereby giving the hypercharge a definition in terms of the SU(2) and U(1)_; quantum numbers. Defining the covariant derivative

as

8L.R
2
the interaction of gauge bosons with Higgs field can be derived from the kinetic term of the Lagrangian

. T4 . B-L
D,=0,+i @W iRy +igs 2 B, (2.10)

L = (D) (D 21) + (D x0) (D 2w)- (2.11)
It can be easily verified that the charged gauge bosons do not mix at tree level, and their masses are
1
M2, =Ll o2 (2.12)
WLi(R) 2 °L(R)™L(R)

Of the neutral gauge bosons, the photon field A, remains massless while the two orthogonal fields Z; and Zy mix. In the limit of
small k;, these fields are related to the gauge eigenstates by:

_ gr8rB" +gpgr Wy +8p8L Wiy

\e5(el +ex) + e gn

"o_ H
”:gBB gRVI/g,R

s

,/g% +g3 (2.13)

2
g 2
gB8RB" —gr&R (1 + ﬁ) VV& +gBVV3’;

2 2 2 2, 88
Vst 8R\/8pTEL T 2
R

The hypercharge relation implies g;,z = g;z + g;z, which can be used to eliminate gz in terms of g, resulting in the Z; — Z; mixing
matrix

Al‘

>

H_
ZL—

2 2
2 4 52V.2 2 [81t&y o
1| (er +8y)x; gy gé_gZ 7
R °Y s (2.14)

2
M =-
Z;-Zg S 4.2, 4.2
2| 5 [eitey 2 SRFRYEY KT
4% 22 KL 2.2
8r™8y SR8y

from which the physical states and masses can be obtained as:

Z =coséZ; —sinéZp, Z,=sinéZ; +coséZp,

4 4
2 &r 2 &y 2 (2.15)

2 L1l 0 22 N
Mz, =3 +ere 20— F 2 -
2 .2
and the mixing angle is given by & ~ i—f{ :-é A /(gi + glz,)(gi - g,z,) or more accurately,
R "R

28%1/(g3 +g2) (g% — g3 )kt

tan(—2¢) = .
gpkn+ ekt — (g7 +83)(&r — 8L KT

(2.16)

The SM Z boson of mass 91.18 GeV is identified to be Z, or, in the limit of small mixing angle, Z;. Z, and Z will be used
interchangeably henceforth.

3. Interactions among physical fields

In this section, the diagonalization of fermion mass matrices is studied and the new contributions to fermionic interactions with
the bosonic fields are explored.

3.1. Charged fermions

The fermion masses in the model arise from the Yukawa coupling between quarks, leptons, and the Higgs bosons involved in
symmetry breaking. In the flavor basis, the Yukawa interactions of the charged fermions and the bare masses of VLFs are given by
the Lagrangian
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Ly =VyQrx1Ur +y£1QR)7RUL +MyU Uy
+)7D§L)(LDR+y2,§R}(RDL+MDBLDR 3.1)
+ VW x Er+ y'EWR)(REL +MgE Ep+hec.

with ¥} g =ity ¥} .- Under parity symmetry, ¥ =Y’ and M = M 7. The above Lagrangian gives 6 X 6 mass matrices for up-type
quarks (u,U), dowh—type quarks (d, D) and charged leptons (e, E) which are written in the form:

0 Yu.p.EXL
M = o .
U.D,E <yl/]TD K Mypp

Matrices of the form M can be block-diagonalized by a bi-unitary transform with two unitary matrices parametrized by p; and py.

1-1ptpy o
Uy = 27X X s ), X={L,R}. (3.3)
—px T—-3pxry

3.2

p is necessarily small while we assume py < 1 as well, to simplify the analysis.

1t T g ¥
1-1 - 0 1-1
Mdiag = szpL pL < 1Al yKL ) 2pRpR ll)R + 5 (3.4)
PrL Il——prL Y'kg M —PRr 1-2preg

where the matrices U, g are unitary up to O(p?), and the parameters are related to the masses and Yukawa interactions by

L= KLM_”yT»
—1y (3.5)
PR=KrM v,
while the mass eigenvalues are
h=—k kgYMT'Y'T, and M=M + %(Kfey’*y’M-”‘ +xI M YT y). (3.6)

M is assumed to be diagonal while /% needs to be diagonalized by a subsequent bi-unitary transform such that m, = VLf mV;/. Now,

it is possible to write the interactions of charged fermions with gauge and scalar bosons in the mass basis. In the following sections,
f(¢) stands for mass eigenstate of charged fermions (leptons), and F, U, D, and E represent charged VLF.

3.1.1. Neutral current
The tree-level interactions of charged fermions in their mass basis with the neutral gauge bosons are:

gZLEZL_7Ly”ZL (AL_(AL_BL)VprL oLV, L )fL

+7R7”ZL,, ( )
+7Ly”ZLM ((AL_BL)VprLF)FL (3.7)
+Furzy, (AL=Boe, eV, ) 11

+Fprr*Zy (Bp) Fpg.

_gZREZR =firtZg

u

"
4
(AR —(Ag— BR)VprLFpLFVLf) Sr
+?L7”ZR (

u (AR_BR)VprTL )FL
+FrrZy, ((Ax =B, V] ) f1
+{L— Rwith Ag > A}

+F 7" Zg, (Bg) FLrs

(3.8)

where,

82,0 = T RT3 o0
. [2 2 g2, 2
& rEt8 L.R
LR=T8y (3.9)
2 2
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YfL,R are the hypercharges of SM fermions and Y is the hypercharge of the VLF. Under parity symmetry, gg = g7, Vz ;= Vi ; and

PR= :—R pr- The SM interaction of charged fermions to Z boson can be obtained from L, as the VLF decouples from SM fermions.
L

The above expressions can be converted into the mass basis of the neutral gauge bosons using the relations in Eq. (2.15), as shown

in Egs. (4.1) and (4.2) with the couplings given in Appendix A.

3.1.2. Charged current
The charged current interactions of quarks are given by

V2 _
~ Ly, =axr Wy, (a

o1 ¥ t
I’ T x, T E(VXupXDpXD Vx,

+ + _ + 3.10
+VXMP;(UPXUV;Q)>‘1X +”x7MW;,,quP;(DDX (3.10)

— f — +
+ UXyﬂW;MpXU Vy,dx + UXy"W;prUpXDDX +h.c,

with X = {L, R} for {W}, Wg}. Since the charged current interactions of leptons involve neutrinos, these are discussed following
the diagonalization of the neutrino mass matrix in Sec. 3.2.

3.1.3. Higgs current
The interactions of the charged fermions with the scalar fields in the flavor basis are given by

- 0L o1 T ¥
Ly, =St (‘VLfyFﬂRFVR/+§VLfP‘LFPLFyFPRFV1;f>fR

1 t
(VL,-VF - E(VLfprRFpI{F + VprLFpLFyF)>FR (3.11)

T oL ¥ + oL 1 i

+Fp— <_pLFprRFVRf ) fRYFrL— (pLFyF - EpLFprRFpRF ) Fp+hec.
V2 V2

The oy — f interaction can be obtained with the transformation £, = L,, (L < R,Y — Y'). Since o and oy mix, the interaction

in the mass basis can be obtained by

Ly=cos{L, —sin{L; , 3.12)
Ly =sin{L, +cos{L,,. ’

The Eq. (3.11) reduces to SM interaction in the limit of { and the NP contributions tending to zero. This may be easily deduced from
the interaction Lagrangian

L£,D —(L-2v |7
nD freosd <KL 5 LfPLrPLFY Ly P Ir

V2

h ’"} 1
_fRSinCE E_EVpr}{FpRFVg

" (3.13)

fa fL+h.C..

For completeness, the corresponding interaction of heavy Higgs is

Z e H (M1 T v My
LD fy Smé“% (Z - EVprLFpLFVLfZ fr
mh f (3.14)
s _1

+7Rcoscj£

\/E KR_2

m
+ i f
VprRFpRFVRfa fL +h.c..

3.2. Neutrinos

The light neutrinos have Yukawa couplings with the heavy VL-neutrinos and the Higgs bosons. The VL-neutrinos being electrically
neutral, can have both Dirac (M ) and Majorana (y’L and /4%) mass terms. The Yukawa interactions of neutrinos are given by
ﬁ;uk =Y, w L Ng+ Y\/WL/?L(NL); + YVIWR}?RNL + YVIWR}?R(NR)CL (3.15)
+MyN N+, N'CN, + uf, NN\CNp +h.c..

We assume both Dirac (M ) and Majorana (¢; and py) mass terms for vector-like neutrinos. Under parity symmetry, N; < Np,
Wy < g, and y; < yg, whichmakes Y, =Y/, Y, =Y/, u| =y} and My = M. If y, =~ p', > My > kg >k, the model will give
rise to light sterile neutrinos potentially of sub-MeV or eV range and the Majorana mass terms can be of the order of 10! GeV. We
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shall assume that y} = ', ~ kg, in which case the sterile neutrinos will have masses of the order of k. The heavy singlet neutrino
mass matrix can be block diagonalized to a physical mass basis (N, N,). Then, the neutrino mass matrix sandwiched between
0T v, NT,NT)C and (v,v, Ny, Np)T is

0 0 Y*kp Yk
0 0 Y'k Y'x
My =| R Ry, 3.16
N7 Y, Y'Tky Ur 0 (3.16)
Y,  Y'Tky 0 Hy

where all the fields are taken to be left-handed, and ;4; = /4;. The mass matrix can be reduced to a 2 X 2 form assuming the mass
hierarchy mentioned above, and it being a complex symmetric matrix, can be block diagonalized with a unitary transformation:

1 1 ¢
1=350"p o 0 Y\ [(1-30"p" —p"
L) yr : Lo ) (3.17)
—p 1-3pp M p 1-30"p

Here M is block diagonal and Y is a 6 X 6 matrix containing both k; and xy couplings. Note that the parameter p is different
from the ones in Sec. 3.1.

p=—(YM™Hi, (3.18)
and

m=-2YM'Y', M=M + % (Y'Y M+ MYTY), (3.19)

where, 1h and M are 6 X 6 matrices. 1, which represents the mixing between the doublet neutrinos, may be written as
M, My
2
(Mg Mg ) ’ (5:20)
with
M, =22V up YT -2k Y Y
Mp= —ZK'LK'R?*/JZIY,T - ZKLKRY*/,{;_I?,T,
- - (3.21)
T 15T Y
M7 =2k kg 1 YT =26 kg Y i YT,
Mg = —ZKinleYIT - ZKi?'M;_l?'T,

and can be diagonalized again by the transformation:

1-15% &" M, My [1-36Te -y 599
- 1-1s5" J\M[ Mg 8 1-36%" ) G2

Here, the mixing parameter is given by

§=-MpMz"HT, (3.23)

and the masses of the light neutrinos are

— —1agT
m, =M, MpMg' M7,

_ 1 —li gt T g p =1t
My, = My 5 (M MMy + MEM M),
To obtain the mass basis (v|, v,, v3) of neutrinos, we need a subsequent unitary transformation equivalent to that of the PMNS matrix.
It may be worth noting that if the lepton number violating interactions of neutrinos were ignored, the neutrino mass matrix would
reduce to the same form as the charged fermions and can be diagonalized using the same bi-unitary transformation. Up to the second
order, the neutral current interactions of the light doublet neutrinos, under parity symmetry, are

2

(3.24)

87,£2, 2 VLJ’”ZL<AL(1 —0'p" - 5T5T)>VL +(V)r'Zy, (AL‘S*‘ST)(VC)L,
85 Ly, 2 VL}/”ZR(A'R (1=6T6" = pTp*) + ARéT(S*)vL (3.25)
+ (VC)L)/”ZR<A;{6*5T + AR (1-56T = p*p ))(VC)L,

following the same notations used in Eq. (3.9). The interaction of leptons with W is
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V2

_ 1 Lgst _ L1\
o £WLDleyMW£'” (1—VL’(§pLLpLL——6 ' —=p p) Ll)c”]_

2 2 (3.26)

_ 1 ,
+(VC)LY”W£'” (—5* 25*pL pLL—Ep P )VLTfL +h.c..

Here, we assume that V', rotation associates vy, with the corresponding charged lepton. Similarly, the Wj-lepton interaction La-
grangian is

\/E + T lor L 7 o\ s ne
gEWRDVL,Y Wi Ve, (5 -6 PRLPRL—EP p )VR,(IR) .27

2
T * 1 % T 1 T * c
P P, = 55767 = 20Tp )VR(IR) +he.

e
+ W, (1- 2 2

1
2
4. Constraints on neutral current couplings

With the features of the interaction Lagrangian detailed above and the plethora of experimental signals available, we can study
the bounds on various NP parameters of the model. This section explores different constraints on couplings to Z; and Z,. In the
charged lepton sector, we consider the flavor-conserving and -violating two-body decays of Z; and three-body decays of charged
leptons. The most stringent limit comes from the three-body decay of muon. In the quark sector, we study the different meson decay
processes and mass differences from neutral meson mixing. Since both Z; and Z, contributes to FCNCs, which are absent in the SM,
we focus on the tree-level neutral current interactions of SM fermions. The Z; interaction to SM fermions can be rewritten, under
parity symmetry, as

—Lgz > fLy Zlﬂ(CL1+CL1)fL+ fRy ZI”(CR1+CR1)fR 4.1)
Similarly, the correspondlng Z, Lagrangian is
-Lz,> - fLy Z,,(Cy, +CL2)fL + fRy Z,,(Cg, +CR2)fR, (4.2)

where, C contains the mixing with VLFs. These expressions can be found in Appendix A. For the analysis, we assume g1 = 8&r»
Mz =Mz =9118 GeV and Mz =35 TeV, consistent with the current experimental limits [27]. A shorthand notation is used for
the new couplings:

"
(VLj'pLFpLF Lf)l/ —R

(4.3)
(VRfPR PRy R/),J
Then, under parity symmetry,
2
K
! R
R, =< Ry (4.9
KL

In the limit of small mixing between the neutral gauge bosons, siné = &, and cos¢ is set to 1. We also assume R;; is real for
simplicity. For a clear understanding of how the constraints affect Yukawa couplings at different vector-like fermion masses, the
results are given in terms of (VLf yij, VL' Dije Unless otherwise stated, the experimental bounds used in the analyses are obtained

from PDG (Ref. [28]). The results are tabulated in the following sections.
4.1. Z decays

The constraints on the couplings to charged leptons from Z (= Z) decay are reported here. As seen from Sec. 3.1.1 the couplings
are modified by the presence of vector-like leptons as well as the mixing between the two neutral gauge bosons. In obtaining
the branching ratios these contributions are included in the total decay width of Z. For Z — f}*f}.‘ the new contribution to the
appropriate couplings (R;;) is turned on in both the I'(Z — £ ¢;) and I',,,,;. We made use of the PDG results of partial decay widths
of Z-boson to achieve the precision needed to compare theoretical calculations with the experimental results. In computing the
branching ratios in the case of Z — f;rfj‘ decays, I';,;,; = 2.4952 GeV was used.

4.1.1. Z->¢He7

Here, we sltuclly the flavor-conserving decays of SM-like Z; boson to charged leptons. There are new contributions to the diagonal
couplings of Z, which will be constrained from the Z decay modes. These decay modes are more constraining because of the
interference of SM and NP terms as opposed to the case in the next subsection where Z decays to ¢;¢;. The decay rate can be
obtained from the equation

gile

— ii ~ii (2 ii ~ii 12
= Sieon (|CL1 +CY P+ich +Cy ) (4.5)
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Table 1

Constraints from flavor conserving Z decay to charged leptons. These are the allowed
regions in the 2¢ range as a function of vector-like lepton mass M; (TeV). These
constraints were obtained by setting the total decay width of Z as a function of the
NP contributions to the appropriate diagonal couplings and fixing the rest of the
decays to its SM values.

Process Exp. Bound Constraint

2

— T - M,
Z > ete (3.3632£0.0042)%  |(V,, VgLV, ool 5471072 ( 2

Z—ptum (33662£0.00660% |(Vy, Ve YiV)),,| <6.59x 1072 (

Zorte (33696:£00083)% IV, VpVpV, ).l <5.98x107 ( M, )

1 Te'

=

Table 2

Constraints from flavor violating Z decay to charged leptons as a func-
tion of vector-like lepton mass M, (TeV). I',,,, was taken to be 2.4952
GeV.

Process Exp. Bound Constraint

. N 2
Z ety <75x1077 |(VL,yEy;V,f’>w|<o411(1";;)

<

S

ZoeEt <5010 |V, VYY) )l <0275 ( M

z 4

)2
_ P 2
Z— e <6510 |V, VeiV) ), <0313 ( )

1 TeV

Table 3
Constraints from lepton flavor universality violations in Z decays. A 2 ¢ range is allowed in
constraining the parameters. The results are quoted as a function of vector-like lepton mass

M (TeV).
Process Exp. Bound Constraint ( IA—LLV )z
‘I;(é—i Z:Z:;' (10001 £0.0024)  ~6.0% 1072 < (Vy, VYV, )umee <5.73x 1072
1;((22::71;::)) (1:002£0.0032)  —1.03x 1072 <V, Vg YV, )rre £5.39x 1072
FF((ZZ—_:*;;)) (1.001£0.0026)  =7.55x 1072 < (V, Vg VpV, )oreyy 514 %1072

The experimental bounds of the decay modes and the corresponding constraints on the new diagonal couplings are given in Table 1.
The constraints are obtained by allowing 2 ¢ deviation from the central value of the experimental results quoted.

4.12. Z-> T

i

The presence of FCNCs lead to tree-level flavor violating decay modes of Z boson to charged leptons, which are studied in this

section. The constraints on the off-diagonal couplings contributing to the decay modes are given in Table 2, with the following
expression for decay rate:

giMZ 1

S A @y p, 46
Timsor o (CL P +ICH ) 4.6)

4.1.3. Lepton flavor universality violation

The lepton flavor universality violations of Z decays are studied here. The ratio of the decays to f;rfi_ pairs is calculated
using Eq. (4.5) and taking a Taylor expansion to the first order in both the R;, parameters involved successively. In the Taylor
series, the product of two parameters is ignored so that the quantity constrained is of the form (1 + constant X (R;; — R; j)) for
0(Z - )T Z - z,”;’fj‘). The constraints are listed in Table 3.

4.2. 3 body decay of charged leptons

In this section, we examine the decay of leptons to three charged leptons involving one flavor conserving vertex, as shown in
Fig. 1. These decay amplitudes are proportional to R;; since the flavor conserving vertex is SM-like coupling. The processes where

both the vertices are flavor violating are not considered here since their amplitudes are proportional to RizA which are much less
constrained. In computing the decay rates for the processes with one of the vertices being SM-like, the NP contribution to that vertex
is ignored (although, the mixing between Z; and Z, is retained).The decay rate for #; — fj‘f; f,:r is given by

4,5
r= 1 &M C
(1+6;) 1536cos* Oy, 73 Mél Méz

4.7)
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Fig. 1. Tree-level diagram for y — 3e.

Table 4

Constraints from three body decays of charged leptons. New contributions to diag-
onal couplings are ignored in this analysis but the mixing between Z, and Z, are
not omitted. The results are quoted as a function of vector-like lepton mass M
(TeV).

Process Exp. Bound Constraint

pooeeter  <LOX1072 |V, VYLV, ), | <951x 107

> e ete” <27%1078 |(V,)7F)72VL)”|<369><102

T > umete” <1.8%x1078 |(VL}yEy;,V; Jpe| <2.14x 1072

()
(e
TToeTutyT <27%x1078 |(VL,yEy;5VL, Jer| <2.61%1072 ( T )
()
()

oty <21x1078 |(V,_ly5y;gv;)w|<3.27x102

21

@

~

Y
4
Y
Y ¢

Fig. 2. One-loop ¢, — ¢,y mediated by neutral gauge bosons. F stands for SM as well as vector-like charged leptons.

where,
C=M§2(|cz’;|2+|C,’;f|2)(|cg’ 2+1E5 1)
7 L
M (1G4 (1c) P+ Licn 1P) + ICK P (1ch P+ 1ct P ) )
+ Mz M2 (8 + Cf’ Gl ) (ke + cltcy)
wkk —kk ( ~*Ji AT T i i kk ~kk ( ~*Ji AT T i i
+CEC(EPIC + LY Y+ Rl (E'Cy + 5 CIEL ).
1 2 10 1 2 10 1 2
The (1 +6;;) factor takes care of identical particles in the final state. The constraints on the off-diagonal couplings of neutral bosons
to charged fermions are given in Table 4.

(4.8)

4.3. Radiative decays of charged leptons

The radiative decays of the form ¢ — ¢,y arise from one-loop diagrams as shown in Fig. 2. The gauge interaction leading to such
decays with VL-lepton F in the internal line is given by

2
gauge 2

Jj=

Mw

(FJPL+C PR)fZ +he. 4.9)

I
—_

i

The appropriate coefficients can be obtained from Egs. (3.7), and (3.8) converted to the mass basis of neutral gauge bosons, imposing
parity symmetry:

10
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Table 5

Constraints from #; — ¢,y processes. The vector-like lepton mass enhance-
ment appearing in these diagrams is taken to be = 1.0 TeV. The results are
quoted as a function of vector-like lepton mass M; (TeV).

Process Exp. Bound Constraint

Wo—eTy <42x1070 |V, VYV, | <241x 1070 (lM' )

ey <33x107 |V, VpViV, el <269 107 (1

Te
Ty <42x107 |V, VpYpV)),.l <3.54%x 1072 (]";EL )

=

2 2
j . 1 8y 1 8y ¥
CF/=gLCOSOW Sin§——=-—=——cosé| =+ — |p..V, s
I 24/cos 20y, &2 2 28 rh
1 K . > (4.10)

Fj .
Cl =gpcosOy | siné—————p; V,
R 24/cos20,, KL " Li

Fj __ Fi
CL(R)Z_ CL(R),(é_)f'HT/Z)‘

The partial width for £; — £,y is [29]
(m2 _ m2)3
=1 2 (|UL|2+|UR|2)~ 4.11)
167m’
Using the Egs. (4.9) and (4.10), the coefficients 6 g for u — ey mediated by the VL-lepton F are the following, where the subscript
i=1,2 corresponds to Z, »:

2
OLR= ZO'Li,R,.» (4.12)
i=1
where,
F F F F
oy = (C;’:CR[”yl +CFe e ety + CeLfcR:‘y4) ,
. . . . (4.13)
op, =— (c;fchf‘yz +CFer y + e ety + czfcRi”y3) .

i

The factors y;, with ¢ = are

2 2 2\4.2°
96mZi(mZi my)

m
H 2 2 6 4 2 2 4 6
" =07((mzi —mF){—SmZi +30mzimF _9mZ,»mF +5my,

2
m
20, 4 2 2 4 4 2 2 2 F
2l + S i = mF) o+ 6l i (2 + 3m) 10 =L ),
my
vy =y(m, m”),
mp 2 2 2 2\, 4 4 2 2 4 2
3 :CT<(mZi —my) {(mﬂ +m2)(m —ZmZi —SmZimF)+6(4m62i — 3mZimF — mg) (4.14)
i
- 6m4zlmi(ml24 + mz - 6m22[ + 6mi)ln —2),
my,
m2
_ 6 4 2 2 4 6 6 F
ya=—cmom,mp 1lmZi—18mZ‘_mF+9mZ‘_mF—2mF+6mZilnm—2
Z.

The dominant contribution to radiative decays arises from the chirally enhanced VL-lepton mediated diagrams. In obtaining the
constraints, the mass of the mediator VLF is set to 1 TeV. The results are given in Table 5.

4.4. Mass difference of neutral mesons

The effective Lagrangian for AF =2 processes mediated by neutral gauge bosons, as shown in Fig. 3, is of the form

L=

Mw

_ _ 1
(Co, T} ra5 Zy, + Cr NTy vy 2, + M3, 2, 2} ) (4.15)
k

1l
-

11



R. Dcruz Nuclear Physics, Section B 1001 (2024) 116519

Fig. 3. Tree-level diagram contributing to kaon mixing.

where i and j are flavor indices, Greek indices stand for color, and C(A) are the coefficients at high-scale. Upon integrating out the
Z, and Z, masses, the Lagrangian becomes

2
1 _ _ _ _
H=) — (Cik(/\) a7, vudy Ty 74 +Cr (NTg 7,05 qiiy”qﬁ
M2 j j J (4.16)

+2C1, (M) Cr (NTy 7,47, 52 " quj )
The mass difference can be evaluated as AM = 2Re(¢|H|$), ¢ being the meson state. In general, the NP operators contributing to
AF =2 processes are [31]

9i4j _ —a a =f u B
O/ =ap 1y ap,r"ay

4G4j _—a o =f f
O, 7 =qr;41; T4

03" =G, a7, Ty 45 (4.17)
OZi Y= quqLi qiquﬂii’
03" =Ty 71,45

and (Df ’zqg, obtained by the exchange L < R. Using Egs. (4.16) and (4.17), the effective Hamiltonian for meson mixing mass difference

can be written as

Heog = C,(M )0, + C,(M )0, — 4C5(M ,)Os. (4.18)

Here, the operator 05 is obtained by Fierz transformation [32] of E’iiyuqijﬁfﬁy” qﬁj in Eq. (4.16). The Wilson coefficients (WCs) at
Mz, scale (or any NP scale, A) need to be evolved down to hadronic scale m, = 4.6 GeV for bottom mesons, yp =2.8 GeV for
charmed mesons and ux =2 GeV for Kaons, which are the renormalization scales used in lattice computation of matrix elements [31].
Renormalization group evolution of Cs induces C,, causing the corresponding operator to appear in the expression of AM at the
hadronic scale. This is given by the analytical formula:

5

5
(B Hegrld); = Y LB + 1 CNNBIQ, I9), 4.19)

j=1r=1

where, 7 = a,(A)/a(m,), and a; b(r ) and c(' ) are the magic numbers. The relevant constants and magic numbers are provided in
Appendix B.3.

We follow a different approach for obtaining the mass differences in the case of B,-mesons [33,34], although the expression in
Eq. (4.19) is equally valid. The SM predicts [35]

202 2 124 ( 1>
AM, = FM A nBSO(x,) (4.20)
where, g = {s,d}, A, =V,,V,;, S, is the Inami-Lim function [36], x, = (m,(m,)/ My, )?, fip =0.84 and (O,) = M2 fb B, (my). Using
this, the SM+NP contribution to mass mixing normalized to the SM one is given by

b Tq’

S 2 ~ij? | iR
AMqM+NP ='1+ \/EGI.-MZl Z [g(ch +CRk ,16/23>
AMSM ST N EAVER
2M2 5!/ 6!/
25 & +1> L R 323 (4.21)
3(my, +m,)? M%
k
2 ij ~ij
+ 1By ZMBq 1 Ly "Ry (713/23 —'1_24/23> '
3B \myamy 3)\"mz k :
k

12



R. Dcruz Nuclear Physics, Section B 1001 (2024) 116519

Table 6

Constraints from neutral meson mass differences. The results are quoted as a function of vector-like quark
mass My (TeV). B, — B, calculations are done using Eq. (4.21) while the other two are evaluated using
Eq. (4.19). More details can be found in Appendix B.

2

Process AM,,, (GeV) AMgy Constraint ( % )
K-K (3.484 +0.006) x 1071 2364 x 10715 Gev |(VL/J?DJ?LV£/)M| <2.12x107*
D-D  (62586*210)x 107! 3.87%x 10715 Gev IV, Yy YV el £963x107
B-B (3.334+0.013)x 10-13 (0543 £0.029)ps™" [30]  |(Vy, Y} VZ/ Yap €376 1074
B,—B, (1.1688+0.0014)x 10~ (18.77 +0.86)ps~' [30] IV, VoYV, )l <435x 107

b

AR
B
S
Fig. 4. Tree-level diagram for B, — pu*u~.
Table 7

Constraints from flavor conserving charged leptonic decays of neutral mesons. The results are
quoted as a function of vector-like quark mass M. The experimental values of rare B decays
are obtained from HFLAV Collaboration [38].

Process Exp. Bound Constraint ( ]A;IE‘V )2 [y (GeV) [37]
D—ete <7.9%1078 |(VL,y,,y; V,‘;”/ Vel < 35.96 0.200
D—utu~ <62x107° Ve, Yy v, VZ/ Yuel <4.88%x 1072 0.200
B—eter <2.5%107° v, yD)?;VZf),,A <221 0.180
B utu <1.5x10710 |(VL,yDJ2£VL"'/ Yoal £2.62% 1073 0.180
B—ttr <1.6x107 vy, y,,y;vg/ Yoal <0.59 0.180
B, —e*e” <9.4x107° Ve, Yo} VL*/ Yos| <3.83 0.200
Bi—utum  (345x029)x107  |(V, y[,y'l",VL"'/ sl €121 1072 0.200
B, -ttt <52x107° Ve, Yo p V] sl <0947 0.200

G2,
with CAsm = ﬁ)% M I%VSO(X,)ﬁ - The analysis for B, mixings is done with a 2 ¢ deviation in the SM predictions and 1 ¢ in experimen-
tal measurements while 2 o deviation in the experimental measurements is allowed for K and D mass differences. The constraints
obtained are tabulated in Table 6 along with the experimental bounds and the SM predictions used.

4.5. Charged leptonic decays of mesons

Neutral mesons decaying to charged leptons of the form ¢ — f;rfi‘ are analyzed here, where ¢ represents meson and ¢ stands
for lepton. The decay rate, with f;, being the form factor, is given by

gZIt 2 2 4m3" 2 2
:mfdsz’md’ l—m—i(chl +|Crl%), (4.22)
CY i i o i s _
where, Cy = @(C'L’1 - C%l) + Mg (C’L/2 - ng)’ and X = {L, R}. The new contributions to Z; £¢ couplings are ignored; i.e.,
1 2

R/, =0 and the allowed parameter space of R;; from the quark sector is determined. For B, — utu~ decays (see Fig. 4), the
constraints are obtained for the central value of the experimental measurements.The constraints obtained are listed in Table 7 along
with the experimental bounds and the form factors used. We see that the constraints are small when electrons are the final particles
owing to the small mass while muon final states give stronger constraints on account of the stringent experimental bounds.

4.6. Semi-leptonic meson decay
Here, we explore the tree-level lepton flavor conserving decays of mesons of the for ¢ — ¢ £T£~. We assume that total decay
width is comprised of only the tree-level contribution from the NP model parameters, so the results are less constraining than what

would be obtained with a more thorough investigation including the SM interference terms. The decay width for such processes (see
Fig. 5) is given by

13
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Fig. 5. Tree-level diagram for B* — K*ete™.

Table 8

Constraints from flavor conserving charged leptonic decays of heavy mesons,
quoted as a function of vector-like quark mass M. The experimental values of
rare B decays are obtained from HFLAV Collaboration [38].

Process Exp. Bound Constraint ( 1?&)

K* = atete™  (3+0.09)x 1077 vy, yDy;VZ/ )sal £3.83 %1072
Kt > atutpy  (94+06)x1078 I(VL/J?DJ?;V,: Yoal £2.15% 1072
K* = ztww 1.7+ 1.1)x 10710 |(VL/yDyj')VL"'/)S,,| <3.66x 107
Bt > atttem <49%107°8 vy, yDy;VZ/ Ypal <6.49 %1073
Bt - rtete” <8.0x1078 (v, yDy;V:/),,,” <1.18x 1072
Bt > ztuty~  (1.78+0.23)x 1078 |(VL/yD)7£VZ/ Ypal <623 %1073
B— e <53x%1078 |(V,‘/y,,y,§VZ/ Ypal <9.6%1073
B— mete 8.4x 1078 (v, yDyj,V:/),,,A <1.71%1072
Boaptyu <6.9% 1078 |(VL]J2D)7:)VZ/)M| <155x%1072
Bt - ntvw <14x107° vy, y,,y;vzf Ypal <6.24%1072
B—mvw <9x107° |(VL/yDy‘,*,V,T/),,,,| <7.06x 1072

BY S K*eteT  (463£0.19)x107 (7, yDy;VZ/ Yol £1.72% 1072
B* > K*teter  (5.61£056)x107  |(V, VY], VZ] Vs | <2.83% 1072
Bt > Ktuty~  (450+0.21)x 1077 |(VL/)7D)72')VL"'/),H| <242x1072

Bt > K*rtrm  <22x107 vy, yDy;Vz/ Ios| < 1.62
B— K¢£te (328+0.32)x 107 |[(V, ¥V}, V,j/ Vs | < 1.52% 1072
B— Kete~ (249 +0.72) x 1077 |(VL/yD)72')VL"'f Vs | €216 x 1072
B— Kutu~ B4 £03Hx107 |V, y,,y;VZ/ Yo £2.20% 1072
B - K*w <16x107° (v, yDy‘,*)V,‘j”/ Iyl <5.51x 1072
B— Kw <2.6%x107° vy, yDy;VZ/ Vsl <7.03% 1072
Dt = rtete” <1.1x10°® |(VL/yUy,} sz)m.l <033
Dt atutus  <73x1078 (v, R V,‘_"/ Yue| < 8.54% 1072
D — zete” <4x107 |(VL/J7UJ7;/VLT/)M| <1.44
Dyt~ <1.8x10™* [N V[{)M| <9.67
D, Kttty <21x107 |(VL/yUyZ',V£/ Yee| < 1.67
D, — K*ete~  <3.7x1076 [CARTRA VL*/ Yae| <0.99
gi 2 2 2
= 64”300549Wm11|f+(0)| FACLI" +1CkI7), (4.23)
m%/ m2,—m?
where, F = pr <—2m‘;{ + 9m‘}{m%, - 6m§{m‘11, - 6(mf, - m%jrmy)2 In szy o ), my is the parent meson mass and m,, is the corre-
H

sponding vector meson mass. The input parameters used are given in Appendix C. The coefficients C; p are given by

CC (i) ~iJ 166 (i ~ij
CCl +C) il +cy
Cy= +

M2 2 » X={LR}. (4.24)

Z 2y
The NP contribution to diagonal couplings from the lepton sector is set to zero since the quark vertex has the leading contribution.
When the final state particles involve neutrinos, only the SM neutrino vertex is taken into account so that the Cy, coefficients vanish
and the three flavors of neutrinos are summed together. As in the previous section, the constraints are obtained for the central values
of the experimental measurements. The results are tabulated in Table 8.

14
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Table 9

Constraints from leptonic decays of W, . f’s are the new contribution to
the charged current couplings as defined in Eq. (5.1). A 2o deviation is
allowed in obtaining the constraints.

Process Exp. Bound [39] Constraint

W} —etv  (10.83+0.100% -7.03x1073 < f,, < 1.36x 1072
W: —utv (10.94 + 0.08)% -1.06x 1072 < fou £5.84% 1073
W=ty (10.77 £ 0.21)% -152%x1072< f,, <2.82%x 1072

B v er
Fig. 6. One-loop diagram of y — ey mediated by W, . Keeping one of the vertices to be SM-like will eliminate v, from appearing in this process.
Table 10

Constraints from /; — I,y processes. The f’s are the new
contributions to charged current interaction.

Process Exp. Bound Constraint
U —ey  <42x1078B | fey + fr ] <2.59% 10-¢
T ey <33x1078 [foo + [ 1 <173 % 1073

oty <42x10% |f, + /7 1<1.95x 107

5. Constraints on charged current couplings

In this section, we find the constraints on the theory parameters modifying the charged current couplings. The major constraints
arise from lepton flavor universality violating processes. We also look at W decay to leptons and | — ¢,y processes. For simplicity,
the part of Eq. (3.26) relevant to the processes being studied is rewritten as

— g
~Ly, =vLyl’W]j'”7Lz(1 — foe)r +...+he. .1

5.1. W; decay to leptons

Here, we obtain the constraints on the coupling of W} to leptons by studying its different decay modes. The decay rate of such
processes is given by

gy
T 48z
To accommodate the deviation in the total decay width of W, due to NP contribution, the branching ratio is computed by turning
on the relevant coupling in each case. Since I'(W} — ¢;q;)sm = 6I'(W} — v,¢)gy Oowing to the apparent unitarity of the CKM matrix,
the total decay width of W; maybe written as

r 1= £ (5.2)

g1 My,
487

Then, the branching ratio of WIT — e*v, for example, would be I'(f,, = f,.)/T'w, (f,s = fc). We allow a 2¢ deviation above and
below the central value in obtaining the constraints. The constraints from W, decays are given in Table 9.

Ty, =8T(Wp = vl )sm + 1= f,.1% (5.3)

5.2. Radiative decays of charged leptons

Since the charged current couplings can be flavor-changing in this model, #; — £,y processes can occur at one-loop level without
a neutrino mass insertion in the internal fermion line as shown in Fig. 6.The gauge interaction relevant for the decay is

8L - - 8L — - 8L - - 8L

L==—ey’W[ v+ —uy’ W v, + —fev”ey"WLGv” + =

V2 V2 V2 V2

and the decay rate is computed along the same lines as Sec. 4.3. The internal fermion mediators are considered to be SM neutrinos
such that one of the vertices is a SM vertex. The constraints from these processes are listed in Table 10.

fweﬁy"WL_cve +..+hec (5.4
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Table 11

Lepton flavor universality violation in W decays. The f’s are the new con-
tributions to charged current interactions. A 2¢ deviation is allowed in the
experimental bound for obtaining the constraints.

Process Exp. Bound Constraint
(W, = uv)/TW; — ev) (1.002£0.006)  —0.007 < f,,, — f,. <0.005

ve =

O(W, > t)/T(W, >ev)  (1.015+£0.020) —0.027< f,, — f,, <0.012

ve =

T(W, » t)/TW, - uv)  (1.002+£0.020) —0.021< f,, — f,, <0.019

v =

Table 12

LFUV from leptonic decays of mesons. The f’s are the new contributions to charged current interaction.
A 20 deviation is allowed in the experimental bound and the central value of SM prediction is used for
obtaining the constraints.

Process SM Exp. Bound Constraint

T(K

LK=ev) 5477107 (2.488 +0.009) x 1073 —0.002< f,, = f,, <0.006
T'(K - pv) "

I

Tr=ev) (12352200002 x 10 (12327£0.0023)x 104 ~0.003 < £, — f,, <0.001
I'(z — pv) u

[D, =) e (10.73 % 0.69 012< /. — f. <0.020
—_— . . =+ 0. —0. - .
D =) + ) She—Ju s

5.3. Lepton flavor universality tests

In this section, we have analyzed the constraints arising from various lepton flavor universality (LFU) tests involving charged
current. The ratio of leptonic decays of W boson, predicted to be unity in the SM [40], can be a direct test of lepton universality.
The theoretical uncertainties for these processes appear from the mass of the final state leptons, which are small compared to the
experimental uncertainties, and the other theoretical parameters cancel out in the ratio. Using Eq. (5.2), the ratios of decay rates given
in Table 11 take the form 1 —2( fvfl - fvfj) to the first order in both the parameters, where, i is lepton flavor in the numerator, and j
is the one in the denominator. This formulation is also valid for I'(z~ — ;rV” v.)/T'(z™ = e"v,v,) and, for I'(K — zuv)/T(K — mev)
given in Table 13, which, including the radiative corrections, is predicted to be 0.6591(}3{1) [41] in SM. In computing the constraints
Rsm+np Ex

<—F where, R is the ratio of the branching
SM SM

for such process that have non-negligible radiative corrections, we adopt

fractions.
Another set of LFU-violating constraints come from the purely leptonic decays of charged mesons, ¢. The ratios of such decays
will be of the form

R (m? - mimé)z (1 +6pc —2(fy; - fvi))

3.2 2
(mj m¢mj)

(5.5)

where, i is lepton in the numerator, j is the one in the denominator and . is the radiative correction [42-45]. The constraints
from these are given in Table 12. Yet another set of constraints comes from the three-body decays of charged leptons. The theoretical
prediction to the lowest order for

I'z=-—->ev,v,) m?

_7__e‘[:_;(1_2(fv‘r—fv )) (5.6)
I'(u=—>e vev”) m

u

Finally, we also look at ratios of the form I'(z - Mv,)/I'(M — ¢v,) which are given by [46]

I'(z > Mv,) m: (1- m?\l/mf)2

1
R,y = ==
MM = ve) 2 mpgm (1= [m2, )2

(148 =2(f,c = 1)) - (5.7)
where, 6?4 represents radiative corrections [47]. The results obtained from these sets of LFU-violating decays are given in Table 13.
5.4. Mass difference of neutral mesons

In SM, neutral meson mixing occurs at one-loop level through the familiar box diagram involving W; boson. The presence of W
boson and heavy vector-like quarks can have additional effects on these processes which can give significant constraints on the NP
parameters including the mass of Wj. The diagrams contributing to kaon mixing are shown in Fig. 7. We only consider the first two
diagrams since the contribution from the one with two W7p’s is extremely small.

The W; — W} box diagram contributes [48]

2 Ap2 X

— X
H;, = :;;2 L (dy" P, s)* Z AFRAEE{a+ B 1) = 2 1 e, D} (5.8)
ij
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Table 13

Constraints from other LFUV processes. The f’s are the new contributions to charged current
interaction. A 2 ¢ deviation is allowed in the experimental bound and the central value of SM
prediction is used for obtaining the constraints.

Process SM Exp. Bound Constraint (x1073)
'z~ > puv,v,)

n'r

= 0.9726 (0.9764 + 0.0028) —473<fy, — f..<1.03

T'(z=—=ev,v,)

'z~ = e v,v,) " "

L 70 R 1345% 10 (1349 £0.004)x 10 —442< f,. — f,, <152

F(u=—ev,v,)

f@ > 'v,) 9771 (9704 + 56) 307<f,. - f, <841

D(z* - ptv,) - NS Jve = Jvp S0

TG > K*v,) 1.94 % 107 (1.89 +0.03) x 107 241<f, —f. <813

I(K+* — e*v,) ’ T =T A= Tve = Jwe =0

TE =K g (469+7) 733< [, — . <221

T(K* = wv,) * 33 fio = £l <22

I'(K - zpv)

_— . . . .| =5. < — <3.

K = e 0.6591 +0.0031  (0.6608 % 0.0029) 5.69< f,, — fre <3.11
dr, Ur;, UL 5L dp S dp TR, U, SR
Wy, Wy, Wnr Wi, Wr Whr
sy upg, Up; dr, SR dr, SR uRi, UR dp

(a) (b) ()

Fig. 7. Box diagrams contributing to kaon mixing. The F in the internal line represents both SM and vector-like up-type quarks. The last diagram is qualitatively
insignificant compared to the other two.

while the contribution from W; — Wj diagram is

2 2
b
Hig= F2”2L dPLSdPRSZ’liLR’lfL\/ij{(“+ﬁxixj)11(xi’xj;ﬂ)—(1+ﬂ)12(xl’xj9ﬁ)} (5.9)
L]
where,

x;=m /M3, B=M; /My
x; Inx; . . flnp

I (x;,x;58) = «j)— ,

N (P ey eapres e A ) Ty ey ey (5.10)
x*Inx; Ing

L(x;,x;;8) = : i o j)— .

XD =TT e = T T A a5 p

In the above equations, we need to implement the GIM cancellation as well as the simplification m, — 0, and m? / Mi r is kept to

the first order [49]. The expressions for 4, ; are given in Appendix D. Among the meson mixing processes, K — K gave significant
constraints on the NP parameters. The theoretical bound on the mass of W} boson was found to be My, 2 2.4 TeV. The indirect
CP violation in the meson system could improve this bound; however, it depends heavily on the complex phase associated with the
right-handed quark mixing matrix under parity symmetry. The correction to ex [16], compared to the theoretical uncertainty of the
SM prediction [50], yields a conservative limit of M W > 10.8 TeV.

6. Constraints on Higgs couplings

In this section, we tabulate the constraints on the Higgs couplings to fermions. Since there is a mixing between the light Higgs A
and heavy Higgs H, the parts of the Lagrangian given in Eq. (3.13) and Eq. (3.14) are relevant for the processes considered here.
Similar to the parity symmetric approximation done in the case of Z; couplings, the new contributions to Higgs couplings may be
written in terms of

— i il
R—VLfPLFﬂLFVLfmfs , KIZQ

/ t - R'=—R. (6.1)
R =VprRFpRFVRfm/., Kp

Using this, the Higgs interactions to charged fermions are
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Table 14
Constraints from SM-like Higgs decay to charged leptons. The results
are quoted as a function of vector-like lepton mass M; (TeV).

Process Exp. Bound Constraint

2
Moy 1212035 10, DpV4V)),,0 <1886 (L)
2
s "
Yorre 09120090 |V, Ve ViV, ).l <961 ( 1 Tév>
Table 15

Constrains from top decaying to Higgs and up-type quark. The re-
sults are quoted as a function of vector-like quark mass M (TeV).

Process Exp. Bound Constraint

2
tohe  <T3XI07 0V VRV, )l <239 ( e )

t—hu  <19x107* |(VL/)7FJ72VL"'/)“,|<1.24( ik )

1 TevV

Fig. 8. Tree-level diagram of scalar mediated K — K mixing.

£h:7h<{cz—sclfl—SiLCK;}PR'F{%K:—iﬁKz}PL)f-k""
R

L KR Kp (6.2)
R R PR R
Kr KR KL KR
with,
2
1 1 KR
Ki=(m=3R). Ka=(m-33R) -
L

The mixing angle is set to zero, with the mass of the heavy Higgs being ~ 6.6 TeV when M, =5 TeV. The first set of constraints
comes from the expected deviation in the charged leptonic decay of Higgs from SM, py+,- = BR(h — £¥£7)/BR(h — £1£ ™ )gy with

m* — 4m?
- h 4 2 2\, 2 2 2 " *
T(h— 467 = - (lCth +1Cg, | )(mh—2m/)—2mf (cLthh+cLthh) , (6.4)
h

and the SM contribution being

mhm§,< ~ %r/z’ ©5)

T(h = 46 )y =
M 8i? 2

L my

where, the coefficient of Py g, is Cy(g)- The constraints from various expected results are tabulated in Table 14. Since the SM-like
Higgs can also induce flavor change, we study the decay of the top quark to the up-type quarks and Higgs. The decay rate is given by

\/m;t — Zmi(mg + mtz) + (mg - mtz)2
I'(t— hg)= PP X
m
t

(6.6)
( (ICL, 12 +1Cx, 1) (2 + m2 = m2) + 2mym, (C1, Cy +C}, Cr, ) >
The constraints arising from the top decays are quoted in Table 15.

Another set of constraints comes from the tree-level meson mixing processes mediated by {4, H} as shown in Fig. 8. The major
constraints arise from K — K and B — B mixing mass difference. The effective Hamiltonian leading to meson mixing may be written

as
c? (A C2 (N . €, (MNCg (A)
Hogg = 2 ( Ly o, + Ry 3, + Ly Ry (94)’ (6.7)
2 2 2
k=mH \ 2mj 2m; my
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Table 16

Constraints from mass differences of neutral mesons. The results are quoted as a function of vector-
like quark mass M (TeV). The NP contributions were constrained against the central value of
experimental results. The constraint given in the parenthesis is obtained using A MSM*NP /A pSM,

Process Exp. Bound (GeV) Constraint
= - P— m
K-K = (348420000 x 107 |(V, ¥, Y} v,ﬁ/ Jas) < 1.06(:55)?

B-B (333420013)x 107 |(V, YY), VL*/ Yas| < 0.214( 1";;,)2 (4.21 X 10—2(1";—;)2)

with reference to the operators given in Sec. 4.4. Both the quantities in Table 16 are computed using magic numbers given in
Appendix C. The AM’s obtained this way were constrained using the central value of the experimental results. In the case of
B — B, we also included an analysis with AMSM*NP /A MSM | since there is an attempt to reduce theoretical uncertainties of the SM
prediction of AMp [33]. This gives a more stringent constraint quoted in parentheses in Table 16.

7. Neutral current B-anomalies

The experimental results on several b — syt~ processes showed! significant deviations from the Standard Model predictions.
Over the years the discrepancies have been observed in branching ratios of B — K® yu*u~, B, — ¢u*u~, and B, — u*u~, and in
the angular distribution of B — K*u* ™. In particular, there was a combined 3.1 ¢ discrepancy with the measurements of the lepton
flavor universality (LFU) ratio Ry =I(B —» K® utu~)/T(B - K®eTe™). The SM calculations of these observables are devoid of
any hadronic uncertainties as they cancel out in the ratio leading to clean and highly accurate predictions [21]:

SM _ +0.0008
Ry™ = 1.00047 5075

gsm _ ] 0:906=0.028 q* €[0.045,1.1] GeV?, 7.1
K 1.00+0.01  ¢*>€[l.1,6] GeV?,

where, ¢ denotes the dilepton mass. The most precise measurement of these ratios so far has been by the LHCb:

Ry =0.8461004240013 = y2 2 11 1 6] GeV?, [25]

—0.039-0.012
0.66*011 £0.024 g% €[0.045,1.1] GeV?, (23] (7.2)
K* = ;
06970113 +0.047 g% €[1.1,6] GeV™.
Ry~ measurements have also been done by Belle [23]
0521036 +£0.05 ¢ €[0.045,1.1] GeV?,
096704 +0.11 ¢ €[1.1,6] GeV?,
Ry» =40.90%027+£0.10 ¢* €[0.1,8] GeV?, (7.3)
L1802 +£0.10 ¢* €[15,19] GeV?,
0.94*017 +0.08 ¢ €[0.045,] GeV?,

but with considerably larger errors compared to LHCb. These deviations of experimental measurements from the SM predictions,
referred to as the neutral current B-anomalies, could be clear signals of new physics. In this section, we explore the contribution to
these processes from the LRSM with universal seesaw in the phenomenologically interesting parity symmetric version.

The contributions to neutral current B-anomalies in this model arise from the Lagrangian

2
1 - - - -
£, = Zl SMZ(Z, )2+ (CE By s )+ Clbrrs) + CLf @yt )+ CRl Crre ) Z,,. (7.4)
<

where £ = {e, u}. Integrating out Z , at tree-level gives the effective Lagrangian:

2
] — —_ —_ —
Lg==) e [C]lfCiif(bLy“sL)(fLy”fL) +CPCR brr"s € ryyl p)
i=1 Z;
bs ~EE (T i N7 bs ~CE T o He N7 (7.5)
+ CRiCLi (bry SR)(fL}’”fL) + CRiCRi (bry sR)(fRy”fR)

1 - 1 - - -
+ E(cﬁ)%bmmz + E(Cﬁ’é)z(bRyﬂst + C]li‘:Cfé(bLyusL)(bRy“sR)].

Compared to Eqns. (4.1), (4.2) and Appendix A, certain changes have been made to keep the notations simple. Firstly, the factor

g1/ cos By, has been absorbed into the coefficients Cy g . Furthermore, C’ZY R = 52‘ R, while C{’fRi = G{le defined in Appendix A.

! The recent LHCb measurement is consistent with the SM predictions [51].
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Table 17
Observables constraining the model parameters that contribute to resolving neutral
current B-anomalies.

Observable SM prediction Experimental Value

% ~1 1.0001 + 0.0024.

AM, (18.77 +£0.86)ps™" (17.749 + 0.020)ps ™"

BR(Z - e*e™) (3.3663 +0.0012)% (3.3632 + 0.0042)%

BR(Z - p*p™)  (3.3663 +0.0012)% (3.3662 + 0.0066)%

BR(B, » p*u™)  (3.65£0.29)x 107 [55]  (3.09704¢ *01%) x 10~ [56,571
Table 18

Maximum values of NP Wilson coefficients (Eq. (7.8)) allowed by the
model parameters consistent with B, — ES mixing (Eq. (7.6)) and LFUV
of Z decays (Eq. (7.7)) and the corresponding extremum values of the
observable. Note that NP from only one of the electron or muon sectors is
turned on at a time.

Wilson coefficient Value Observable
ce=-cy, —274x10+ | Rx=09
Ry. =096
re _ (e _ -1
St Q03X 107 1 R (B, — jtum) = 3.65 X 10
cl=-cl —263x104 | Re=104
Ry. =1.03
'~ _ 1
G =Cy 868107 | BR(B. = utu-)=235x 10~

From the two expressions above, it is evident that the couplings relevant to resolving neutral current B-anomalies also contribute to
B, — B, mixing, B; > u*u~, as well as Z; decays, whose SM predictions and experimental values are given in Table 17. Therefore,
the main constraints arise from

- The B, — B, mass difference: AMNP+SM /A MSM,
+ Lepton flavor universality violation of Z decays: I'(Z — u*u~)/T(Z — e*e™), and the individual branching ratios.

One would also need to consider the following observables in reconciling the B-anomalies:

+ Muonic decay of B, meson: BR(B, — u* " )NP+SM /BR(B, — utu~ )M,
+ Mixing induced CP asymmetry given by A?iX(BS — J/y) =sin(p, — 26,) [52] with the value —0.021 +0.031 [53], where, ¢,

P
NP+SM
AM!

A with §, = 0.01843+000048 1547
N

is defined as arg ~0.00034

Assuming the couplings are real, the constraint from B, — Es mixing, allowing 2 ¢ deviation, is

AMi\IP+ SM AMSexp

= -5
INVED < INVED =0.95+0.04= |Ry| £1.41x107°. (7.6)
s s

The LFU violation of Z decays can arise due to NP in either electron- or muon-sector, or both. For simplicity, we assume that the NP
appears only in one of these sectors at a time leading to the following constraints, allowing 2 ¢ deviation:

0(Z - utp) IR,,| <1.74x1073,

L H K 7.7
[(Z — eter) IR,.| <1.81x1073. 77

From these constraints, the largest allowed values of the conventional Wilson coefficients are tabulated in Table 18 along with the
respective LFU ratios. The NP WCs in terms of the model parameters are [58]

2
427 T
¢l == cbs (C”iC”) .
9(10) SGFaethths* P Mé L; L; R;

(7.8)

H

e S ey (ciach)

9(10)= 8GFaethths*,~=Z] M2 ki
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br, or KL br or br
= -—-—- = - — — — o —
FR Y Y ERj FR: Y Y FRj
= -—-—- = «— - - - = - e
Sy, or 1237 SL o, SL

(a) (b)

Fig. 9. Box diagram contributing to C, from ¢; mediator (a) and B, — E‘. mixing arising from the same mediator (b). F represents VL-down type quark whereas E
represents VL-lepton.

We see that the NP in electron-sector can improve the theoretical prediction of Ry slightly due to the large right-handed cur-
rent (C;e = C{g) (see also Refs. [59-61]) contribution in the denominator. This, however, is not sufficient to explain all the
b — sutu~ related anomalies which points towards NP in the muonic sector. The NP in the muon-sector in this model worsens
the Ry predlctlon due to the large right-handed current C' #= C' # appearing in the numerator, although it can explain the ob-
served BR(B; — u* ™). Since the global fit to the neutral current B- anomahes alludes to a muon-specific left-handed current [58],
box diagram contribution mediated by left-handed scalar field o, (assuming no mixing with o such that (m;, =m;) < (m,, =mg)),
as shown in Fig. 9 (a), leading to Cg = —C{‘ o was also explored. The NP WC from the box diagram is

2 1y lPye;
Cl=-Clt=- V2 L u 2‘ LF(xpx;)), (7.9)
1282G pater, V, Vi 4m6L
where,
xl.2 Inx; ij- Inx; 1
Fxix;) = - + ) (7.10)
O =12 —x;) (=120 —x;) (= Dlx; = 1)
. mF,- mEj . . :
with x; = — and x; = —. Here, y,;, y, and y, are Yukawa couplings of i, s; and b, respectively, to o, . The coupling of quarks
mg, mg,

band s to o; and down-type VLFs lead to B, — B, mixing as shown in Fig. 9 (b). The mass difference (procedure for the calculation
is described in Sec. 4.4 and the magic numbers are given in Appendix B.3) is given by

0.86 1v5%1y 1% 8

— 2
AM, = 0 i M B ()T (), (7.11)
oL

N

m

meg. F;
with x; = — and x; = L. The constraint arising from A M, is extremely severe to allow large values of WCs required to explain
m

°L oL
the previously observed Ry . In light of the recent experimental result of Ry, which is consistent with the SM predictions, our

analysis shows that this model is consistent with the flavor constraints arising from b — su™u~ experiments.
8. Anomalous magnetic moment of muon

The anomalous magnetic moment of muon a, = (g, — 2)/2 is predicted to be a =116591810(43) x 10~!! [62-65]. The mea-

surement of a, at Fermilab National Accelerator Laboratory (FNAL), a ”(FNAL) = 116592040(54) x 10~ [66], which agrees with
the previous Brookhaven National Laboratory (BNL) E821 measurement [67,68] is at odds with the SM prediction. The difference,
Aa, =a,” - aLh ~ (251 £59) x 10711, is a 4.2 ¢ discrepancy. (There is an ambiguity that emerged recently with the results from
the BMW collaboration [69] which agrees with the experimental measurement within 1.6 ¢.) The discrepancy is another major hint
towards BSM physics. The neutral scalars 4 and H, and the neutral gauge bosons Z; and Z, in the LRSM with universal seesaw can
mediate significant chirally enhanced one-loop corrections to a,,, as shown in Fig. 10, potentially resolving the anomaly in AMM of
muon.

The corrections to AMM arise from the following Lagrangian:

_ i &
£DgLCOSOWMy”ZlM [{ siné —Y—cosé(% %

R L LA I
LPpPLt —————=ViP Fr
24/cos 20y, gL L 2k 4/cos 20y, t

— g
—chosﬁwm/”Zzu |:{ cosé —Y+sm§<é %

Vopip - SRy i | F
LPrfL— LPLER
24/cos 20y, gL L 2k 4/cos20y, L

g
cos{ 1 K2
+Hh ViV =SV Yooy — +VipyprY) ¢ P VLpLyT R }PL
V2 2 K KL

L

|‘(<N'\’ [EQN|-<|\>
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1225 Zvs HR

Fig. 10. Diagrams leading to correction to AMM.

. 2
sin¢ 1 " KR + iAot KR
—ﬁ<{VL)7—E(VLyﬂLPL+VLK_%ﬂLPLy) Po—9Vir, Y PLE Pr )| F

. 2

_ sin¢ 1 K - i K

+HH (== (S VY=V Y proy— +Vipy oY) pPr—4 Ve, Vo) = 0Py
V2 2 K KL

. Ky o s
B A B AL LA I R S R S = A | B @1
\/5 2 Ki KL

where, Py g, are left- and right-handed projection operators, and F represents the heavy VL-leptons. Compared to the general form
of the interaction Lagrangian

LD Y HE[Cyr" +Car" Pl FX, + Y i [Cs+Cpy®| FH. (8.2)
F.X F.H

m
The corrections to AMM [70], under the assumption £ <0, arising from the VL-lepton mass enhancements are:
mp

m,mg
lau] x =7 (Ch = CIF(mp.my) .
la,] y =L (2 = CR)Gmp ) '
HIH — 872 N P F>""H
with
m2
mi’r - 4m§( + 3m‘;(m%_, + 6m§(m%E In —;(
F(mp.my)= "
PrX 4m§((m§( - m%D)3
2 (8.4)
m‘; + 3m‘}1 - 4milm2F + 2m‘1‘1 In m—2F
g(mp,m)() = H

2 _ 23
2(mF mH)

A single-family mixing between muon and the corresponding VLF is not enough to resolve the anomaly in AMM due to the constraint
from muon mass. To avoid this, we consider a case where muon mixes with two VL-leptons in a basis where the muon mass is
negligible:

o 0 0 Yukp HR
(yL E,, E”L) 0 0 M, || E, |, (8.5)
yukr - M, M, \E,.

such that y,x; < {M,, M,}. The mixing matrix M, is diagonalized by a bi-unitary transform of the form

Diag(0, My, M) =U; M, U} (8.6)
where,
Cx, Sx, 0
Ux—r.r)=| —cx,5%x, <x,¢x, Sx, |- 8.7)

_SXISX2 _CXISXZ CXZ
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Here, ¢ (s) stand for cos (sin). The mixing angles and the mass eigenstates are

Iag2 4 2.2
=YKL 1 2M, M1 +y”KL
M,

), L,=-arctan|—
O

L, = arctan(

(8.8)
I M2 4 2 52
—Y,KR 1 2M, M1 +y”KR
R; = arctan( ), R, = —arctan ——
M 2 My = (kg =K7Y,
1 2
Mgy =5 <2M12 + M3+ (<] + KRy, T \/4M22(M12 +K7)2)+ (M22 + (k% - Ki)ylzl) ) (8.9)

The mixing between Z; — Zy can be ignored such that Z, ) = Z, ), whereas o, — o mixing as of Eq. (2.6) is required to obtain
a chiral enhancement. The total correction to AMM is

4 2
m, | g; tan” 6y,
u | 5L
__|:—cLlchsLlsRl{CLZCRZMEF(ME,mZR)+stsR2MMT(MM,mZR)}

a
A2 | 4g? - g2)
-
vy sin2¢
L ex, {SLZSRZMEQ(ME,mh)+cchR2MEQ(MM,mh) (8.10)

— 51,5, MpG(Mg,myp) - cchRZMEQ(MM,mH)}]

The main contribution to the AMM in this model arises from the scalar sector when there is a large mixing between the neutral scalars.
But this correction is not large enough to explain the 4.2 ¢ discrepancy for scalar and vector-like lepton masses in the experimentally
accessible (< O (TeV)) range, although it can be alleviated to some extend.

9. Conclusion

This paper presents a comprehensive description of the left-right symmetric model with a universal seesaw mechanism for gener-
ating fermion masses. The direct coupling of SM fermions with their VLF singlet partners leads to tree-level flavor-changing neutral
current interactions and has room for flavor and flavor-universality violating processes, making this a compelling model to explore
various flavor anomalies that have come up in recent years. We explore the complete tree-level Lagrangian in the physical basis,
deriving constraints on the theory parameters from neutral and charged current mediated processes. The parity symmetric version,
motivated by the axionless solution to the strong CP problem, was explored in great detail. The model was applied to find a solution
to the neutral current B-anomalies and the AMM of muon. The constraints on the contributions from the model were found to be
severe, ruling out the possibility of resolving the two anomalies. The contribution to Ry is restricted by the stringent constraint
appearing from the mass difference in B, — B, mixing. While the model allows for mass-enhanced corrections to the AMM of the
muon, these are ultimately suppressed due to constraints from the muon mass.
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Table 19

Values of the strong coupling constant at different energy scales.
Scale My M, My, My, M, My M,
A 91.187 GeV 5 TeV 80.379 GeV  4.219TeV  12510GeV ~ 10TeV  172.9 GeV
o 0.1183 0.0824 0.1206 0.0837 0.1129 0.0774 0.1079

Appendix A. Neutral current interaction

The coefficients of neutral current interaction of Z; with SM fermions as defined in Eq. (4.1) are

. 2 T
g & Y
CL]=00529W cosé T3L——)2/L __siné ——)2/£ ,
L g 2 Veos20y \ & 2 /|
2 . 2
- g5 Y, =Y, g5 Y, =Y,
Gy, =—cos? by [cos§<T3]_——§ fLZ F)+ sing (—g sz ]
81 Veos20y, \ 81 (A1
r 2 . 2 ) ’
g5 Y, g5 Y
CR1=c0520W COSé __gﬂ _& T3R__§ﬂ R
L 85 2 \/cos 20y, &y 2 ]
. 2
~ siné KR
Cr, =00529W7 (TSR) X —=R;j,
\/cos 20y, Ky
whereas those of Z, with SM fermions as in Eq. (4.2) are as follows:
2 2
& Y gy Yy
Cp, =cos?ly, | —S25 S ) psing (1, - 2 L)
| \/cos20y, 87 2 8L 2
r 2
- g5 Y Y, g5 Y, =Y,
CL2:C0820W cosé —;’ A —siné T3L——)2/ T X R;;,
| V/cos20y, \ &1 2 7 2
[ cosé 82 f g2 Yf (h2)
CR2=00520W —_— T3R——§—R +siné —}ZI—R ,
| \/cos20y, I 2 g 2
2
~ cosé KR
CRzz—coszﬁw—(Tm)x—zR,-j.
\/cos 268y, I3

Appendix B. Input parameters for meson mixing

Here, we provide various input parameters useful in computing the meson mixing mass difference. The strong coupling strengths
at high scales [71], a,(A), are given in Table 19.

B.1. K—?mixing

The meson mixing mass difference is given by AMy = 2Re(K|H|K). The matrix element at low energy scale is obtained as:

5

5
(KIHegl K=Y Y (B +nel" Mm% CUANR,(KIQ, IK),
j=1r=1

(B.1)

with, (0,) = %M K f12<B] (¢). The non-vanishing entries of the magic numbers are [72]:

a; =(0.29,-0.69,0.79,-1.1,0.14)
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Table 20 _
Values of input parameters used in K — K mixing
Constants fx My my my
Values 2 GeV 159.8 MeV 467.611 MeV 93 MeV 4.67 MeV
Constants R, R, R, R, Ry
Values 1 -12.9 3.98 20.8 5.2
Table 21
Values of input parameters used in D — D mixing.
Constants  u fo M, m, m,
Values 2.8 GeV 201 MeV 1.864 GeV 2.01 MeV 1.01 Gev
Constants B, B, B; B, Bs
Values 0.865 0.82 1.07 1.08 1.455
b'Y =(0.82,0,0,0,0), " =(-0.016,0,0,0,0),
b =(0,2.4,0.011,0,0), ¢ =(0,-0.23,-0.002,0,0),
b§23) =(0,-0.63,0.17,0,0), c§23> =(0,-0.018,0.0049,0,0),
5% = (0,-0.019,0.028,0,0), % = (0,0.0028,-0.0093,0,0),
5% = (0,0.0049,0.43,0,0), ¢ =(0,0.00021,0.023,0,0), (B.2)
B =(0,0,0,4.4,0), cf““) =(0,0,0,-0.68,0.0055),
5™ =(0,0,0,1.5,-0.17), ¢ =(0,0,0,-0.35,-0.0062),
b?‘” =(0,0,0,0.18,0), ¢ =(0,0,0,-0.026,~0.016),
5> =(0,0,0,0.061,0.82), ¢ =(0,0,0,-0.013,0.018).
The coefficients and input parameters relevant to this calculation are given in Table 20.
B.2. D — D mixing
The mass difference is given by AMp = 2|(D|H|B)| with the renormalized operators being:
1
0))= gMpff)Bl(ﬂ),
2
5 Mp 2
(Oy)=—= <—> Mp By (w),
Y24 \mw +m(uy ) PP
2
1 Mp 3
Oy=—|——| M B s
(03) a4 <mu(ﬂ)+mc(ﬂ)> DfD 3 (1) (B.3)

1 Mp
o= ———
©a) 4<mu<u>+mc<u>

(Os) = <L
> my, (1) + m(u)

2
) MDf12) By (n),

2
) M, f7Bs(u).

The coefficients and input parameter values are listed in Table 21 and the non-vanishing entries of the magic numbers are [31]:

a; =(0.286,—0.692,0.787,—-1.143,0.143)

=(0.837,0,0,0,0),
=(0,2.163,0.012,0,0),
= (0,-0.567,0.176,0,0),
= (0,-0.032,0.031,0,0),
b = (0,0.008,0.474,0,0),
5™ =(0,0,0,3.63,0),
=(0,0,0,1.21,-0.19),
=(0,0,0,0.14,0),

5> = (0,0,0,0.045,0.839),

b‘(. 11)
b§22)
b§23)

p3?
1

3)
bi

e

(11)
¢

c¥22)

e

C;SS)

=(=0.016,0,0,0,0),

= (0,-0.20, —0.002, 0, 0),
= (0,-0.016,0.006,0,0),

= (0,-0.004, -0.010,0,0),
=(0,0,0.025,0,0),

(23)

(33)

444) =(0,0,0,-0.56,0.006),

™ =(0,0,0,-0.29,-0.006),
C554)

=(0,0,0,-0.019,-0.016),
=(0,0,0,-0.009,0.018).
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Table 22

Values of input parameters used in B, — Ed mixing.
Constants [z My m, my
Values 46GeV 200 MeV 5279 GeV  4.61 GeV = 54 MeV
Constants B, B, B; B, Bs
Values 0.87 0.82 1.02 1.16 1.91

B.3. B, — B, mixing

The operators used in evaluating AM B, = 2|(Bq|H|§q)| (in Sec. 4.4) are

8
(O1)=f5,Mp, 3 Bi(y).

—-5M
— 2 4
R A PRES SR cia
M2
O3) = 2 My ——— B\
O =T Mo Gy vy 4
2M;
O =13 My | ———— 4 LB,
O =T, M, | G e+ gt + 3 [P0
2M3

(O5) =13 My "

— X +1|B .
| 3G+ e+ |

(B.5)

The central values of the combination of fIZS,B,-(yb =4.18 GeV) used are as follows [33]:

fgst(,,,,) = 0.0452 GeV?,
fﬁs Bl ()= 0.0441 GeV?,
f;x_ Bi(up) = 0.0454 GeV?,
fﬁx Bi(up) = 0.0544 GeV?,
fgx Bi(uy)= 0.0507 GeV?,

f};dBf ()= 0.0305 GeV?,
fgd BY(uy)=0.0288 GeV?,
fgd BY(uy) = 0.0281 GeV?,
fgd Bl(uy)=0.0387 GeV?,
fgd B(uy) = 0.0361 GeV?.

The masses of quarks at y, are m; =77.9 MeV, m; = 3.94 MeV and m, =4.18 GeV.
In Sec. 6, B; — B, mass difference was calculated using magic numbers. The renormalized operators in terms of B;(x) parameters
are same as in Eq. (B.3) with {Mp, - My , fp — fp,, m, > my, m. > my}. Other relevant input parameters are given in Table 22

and the non-vanishing entries of the magic numbers are [73]:

a; = (0.286,-0.692,0.787, —1.143,0.143)

b\ = (0.865,0,0,0,0), " =(=0.017,0,0,0,0),
5% = (0,1.879,0.012,0,0),
b = (0,-0.493,0.18,0,0),
5% = (0,~0.044,0.035,0,0),
5 = (0,0.011,0.54,0,0),
5™ =(0,0,0,2.87,0),

5™ =(0,0,0,0.961,-0.22),
¥ = (0,0,0,0.09,0),

5> =(0,0,0,0.029,0.863),

¢ =(0,0,0.028,0,0),

Appendix C. Form factors for meson decay

¢ =(0,-0.18,~0.003,0,0),
¢ = (0,-0.014,0.008,0,0),
¢ =(0,-0.005,-0.012,0,0),

™ =(0,0,0,-0.48,0.005),
¢ =(0,0,0,-0.25,~0.006),
¢ =(0,0,0,-0.013,-0.016),
¢ =(0,0,0,-0.007,0.019),

(B.6)

(B.7)

(B.8)

The form factor that appears in Eq. (4.23) describing the decay width of meson to lighter meson and charged leptons takes the

form [37]

26



R. Dcruz Nuclear Physics, Section B 1001 (2024) 116519

Table 23
Parameter values used in calculation semilep-
tonic decays of heavy mesons.

Transition f.(0) M,, (GeV)
K-n 0.9709 [74] 0.892

B-orn 0.29 5.32

B—-K 0.36 5.42

D-n 0.69 2.01

D, - K 0.72 2.01

2
S@)= 1,0/ = ). (G

v
The values of the form factors and the vector meson masses are given in Table 23.

Appendix D. Kaon mixing box diagram expressions

The A couplings contributing to kaon mixing box diagrams mediated by W g in Sec. 5.4 take the form

AL = - 5v: DVia = 6V,,),

i=(u,c,t)
t Kz
LR _ *
Ai:(u,c,t) = (vi,l - 5vi,1)(vi,2 - —2517,-,2),
K
L
“i (D.1)
LR R .
AR =V = =8V (Vi — 6V,
KL
LL _ T T
Ai:(U,C,T) - (VLd pLU )1 N (pLU VLd )i’za
LR _ JRL _ KL orL
Ai:(U,C,T) - Ai:(U,C,T) - a}“ﬁ(u,c,T)'

e Foios : _1 ¥ ¥ ¥ T
From Eq. (3.10), the script V =V VX,, is interpreted as the V-, matrix elements, and 6V = 3 (Vx p X, PXp de +Vx, P Xy PXu VXd ).
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