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INTRODUCTION

Urgency of the Thesis

The Standard Model (SM) is a unified theory describing strong and electroweak inter-
actions based on the gauge symmetry group SU(3)¢c ® SU(2);, ® U(1)y. However, several
phenomena such as neutrino masses and mixing, dark matter, matter-antimatter asymmetry,
and CP violation in strong interactions have demonstrated that the SM is insufficient for a
comprehensive description of nature. This motivates the study of beyond Standard Model
(BSM) extensions.

One important property of the SM is lepton flavor universality (LFU), whereby the W=
and Z bosons interact equally with the three lepton generations e, u, 7. However, recent
experimental data suggest possible LFU violation (LFUV), manifested through anomalies in
semileptonic B meson decays: i) b — ¢ transitions with ratios R(D), R(DV) from BaBar and
LHCD deviating from SM predictions, and ii) b — sfT¢~ transitions with ratios Ry, Rx0
smaller than SM values (~ 1). These anomalies can be explained by BSM models featuring
tree-level flavor-changing neutral currents (FCNC), such as the 3-3-1 models. The minimal
3-3-1 flipped model (MF331), with fermion sector as in F331 and scalar multiplets reduced
to two triplets, can generate tree-level LFUV and explain these anomalies.

With the expectation of elucidating the aforementioned anomalies of current interest,

we choose to investigate the topic: "B-physics anomalies in the minimal 3-3-1 flipped model”.

Research Objectives of the Thesis

Within the MF331 model framework, investigate lepton flavor universality violation in
the anomalous decay channels b — s¢T¢~, b — ¢/~ iy, and the transitions s — u,d — u
through one-loop corrections. From the explanatory results obtained, focus on the parameter

space regions in the MF331 model.

Main Research Contents of the Thesis

Overview of the SM and several BSM models. Present lepton flavor universality in the
SM. Lepton flavor universality violation in some flavor physics anomalies. General introduc-
tion to the MF331 model. Examine lepton flavor universality violation in the anomalous

semileptonic decay channels b — s¢*¢~, b — ¢/~ iy, and the transitions s — u,d — u.



Chapter 1. Overview of Lepton-Quark Universality, the Standard

Model, and new physics anomalies

In this chapter, we first briefly introduce the universality of lepton-quark currents,
present an overview of the SM structure, and discuss the advantages and limitations of
the SM. The universality of leptons in the SM and physical anomalies that violate lepton

universality, along with experimental data, are also introduced.

1.1. Lepton-quark universality

The universality of lepton and quark flavors (or generations) confirms that physics
occurs identically across generations. The universality of leptons and quarks was known even
before the Standard Model, in the theory of weak 4-fermion interactions (V-A theory).

1.1.1. Pion decay

A pion can decay into a muon or an electron. The ratio

r(w——>e—+ue):<ﬂ%)2<m3r—””€>27 (1.1)

L(r= = p= +17, my, mZ —m2

is in perfect agreement with the experimental result 1.23x10~*.The above observation shows
that the interaction is of the form V' — A which allows a good for meson decay.
1.1.2. Cabibbo current

Cabibbo proposed that the hadronic current consists of the sum of two currents:
h) _ 0 : 1
J/(L ) = COSHCJlS ) 4 SmGCJl(L )

The d and s quarks are not eigenstates of the weak interaction operator. Instead, the
weak interaction eigenstates are given by: d’ = cosf.d + sinf.s, s = —sinf.d + cosf.s.

More generally, in the presence of three generations of quarks, the weak eigenstates are
related to the flavor eigenstates through the CKM (Cabibbo-Kobayashi-Maskawa) matrix:

d’ d
s =Vexkm | s
v b

The Cabibbo theory established the universality of the quark-lepton interaction.



1.2. The Standard Model of particle physics

The Standard Model with its two parts - the Glashow-Weinberg-Salam (GWS) elec-
troweak theory and quantum chromodynamics (QCD) - is based on the corresponding gauge
symmetry groups SU(2)r, ® U(1)y and SU(3)c¢. In the SM, particles are arranged as follows:

corresponding to transformations under gauge transformation groups,

T
Yar = ( VaL.  €aL ) ~ (L 2, _1)7 €aR ™ (17 L, _2)’
T
QaL = ( Uqr,  daL ) ~ (37 2, 1/3) ) UgR ™~ (37 174/3)7 dar ~ <3’ L, _2/3X12)

and a = 1, 2,3 is the generation index.

The Standard Model (SM) predicts the existence of 12 gauge bosons that mediate the
strong interaction, electromagnetic interaction, and weak interaction. The strong and electro-
magnetic interactions are long-range interactions, and their mediating particles are massless.
Specifically, the strong interaction involves 8 massless gauge bosons called gluons, which me-
diate the interaction. The electromagnetic interaction is mediated by the photon, A,. The
weak interaction, on the other hand, is a short-range interaction, requiring the mediating
particles to have mass: the two charged gauge bosons W and the neutral boson Z. However,
mass terms for these gauge vector bosons are forbidden by the SU(2)r x U(1)y symmetry.
To generate mass for the weak interaction mediators, scientists propose that spontaneous
symmetry breaking is necessary. In the SM, a Higgs doublet ¢ is introduced into the model:

0

+
¢ = < 7 ) ~ (1,2,1) are positive and neutral complex scalar fields, respectively.
12

1.2.1. Scalar Mass Spectrum

After spontaneous symmetry breaking, the scalar potential yields a single physical field,
H, with mass: my = W = v/2\v. The remaining scalar fields, ¢t and &', are massless and
are identified as the Goldstone bosons. These are absorbed by the gauge fields W+ and Z via
the Higgs mechanism, providing the longitudinal components of the corresponding massive

gauge bosons.

1.2.2. Gauge Boson Mass Spectrum

The two charged gauge bosons are defined as: W;t = % (A1, FiAs,), and acquire

2
masses given by: m%,vi = %v? Among the neutral gauge bosons, the field A, remains

massless and is identified as the photon. The massive neutral boson Z has a mass: My =

%v /92—1—9’2.

1.2.3. Fermion mass spectrum

lepton

Viukawa 10T leptons in the unitary gauge is

. The Yukawa Lagrangian £

n _ v+ H
‘C’lYe'Elt(ZWa - = Z hgbeaL ( )ebR + h.c
a,b=1,2,3 \/i



0
May ebRH> + h.c (1.3)

_ ¢ _
= - E <eaLMabebR + €ar
2,3

a,b=1,2,
where M, = hﬁb% is the mass mixing matrix, VL”MZV}% = M*.
Since there are no right-handed neutrinos vz in the SM, neutrinos have zero mass. The
SM forbids decay channels that transition from one lepton generation to another.
The expression of the Yukawa Lagrangian that generates mass for quarks

77 7 d
E?l?li:wa - - E (uaLMZbubR + daLMabdbR)
a,b

_ Z <u

with M%4 = hgéd% being the quark mass mixing matrix.

M
ubRH +dar,

dbRH> + h.c, (1.4)

1.2.4}. Weak Interaction Currents in the Standard Model
The fermion Lagrangian in the unitary gauge can be rewritten as:
!/
Licpton = WLW“@L%} + éll%i’Yuaue;% + 97#2’“ + %J/}:B/M’ (1.5)
Charged current interaction:
lepton __ 1401 2 421\ _ 9 +
LB = (JNA’”—i—JLA' “) E(J W+ J W “) (1.6)

with JjE J1 :tzJ2

Neutral current interaction:

epton em g : em
chevton — o cos Ow J5™ AP - P (J3 — sin® Oy JS™) Z* (1.7)

Charged current interaction of quarks is

£Quark2\5}4 “Wjd;W++hc (1.8)

where the matrix V = V! TVLd is a 3 X 3 unitary matrix, also called the CKM matrix. The
charged current interaction of leptons preserves flavor number, but with quarks, it changes
one quark generation to another quark generation.

The neutral current interaction of quarks has the form

LEEE = egmAr + JEZ", (1.9)

cos 9W

The neutral current interaction of fermions in the SM always preserves flavor.

1.3. Experiments on lepton universality in the Standard Model

1.3.1. The electroweak sector

Measurements of the branching ratios of Z — ete™,Z — pu*u=,Z — 777~ are equal,
completely consistent with the predictions of the SM.
LEP, Tevatron, and LHC experiments have also performed precise measurements using

W boson decay. All experimental results are consistent with LU.



1.3.2. Decay of Quarkonia

The leptonic decay of quarkonium resonances can also be used to test lepton universality
(LU). The most precise test is obtained from the branching ratio, J/v¢ — eTe™ and J/¢ —

u+u*:% = 1.0016 % 0.0031, which is in good agreement with LU.

1.4. Standard Model contributions to new physics anomalies, violation of lepton

universality

1.4.1. Anomalies in the decay channel b — ¢/~ vy

The ratios R(D), R(D™)) for quark transition V., are defined as the branching ratio

between third-generation leptons and first and second generations:

B(B—Drv,) . )y _ B(B-D®r—p,
R(D) = Gspmys  ROY) = 55 bmmi (1.10)

Most recently, these ratios have been averaged in as
R(DU)YSM — 0254 +0.005, R(D)™ = 0.298 & 0.008, (1.11)

The global average of experimental results, extracted from the most recent LHCb announce-
ment on R(D), R(D™), gives the value.

R(DU))YEXP — 0.984 + 0.013¢0ta1,  R(D)™P = 0.356 % 0.0290ta1- (1.12)

The SM prediction is lower than the measurement.

1.4.2. Anomalies in the Decay Channel b — s{T(~

In the Standard Model (SM), there are no flavor-changing neutral currents (FCNC) at
tree level. Since there are no tree-level contributions in the SM, FCNC decays provide higher
sensitivity to the possible existence of new physics (NP). In the SM, the ratios Rx and R},
are approximately equal to 1.

LHCb has announced the measured value of R Rt ([1.1,6] GeV?) = 0.84610 03370013,
with a deviation of 3.1¢ from the Standard Model (SM) prediction of ~ 1,providing evidence
for lepton flavor universality violation in this decay channel.

Another ratio observed by LHCb and Belle,

_Br(B—=K'utum)
~ Br(B—KYete)’

is measured in two regions of the squared invariant mass of the outgoing lepton pair,

Rk~

RLHCH 0.66 * 531 (stat) +0.03 (syst) with 0.045 < ¢ < 1.1 GeV?/c?,
K* =
0.69 * 531 (stat) +0.05 (syst) with 1.1 < % < 6.0 GeV?/c*.

These ratios are determined to be lower than the SM expectation with corresponding devia-

tions of 2.10 and 2.50.



However, with the combination of Run 1 and Run 2 data at LHCb, the precision of the

two ratios R and Ry~ has been improved.The reported values of Rx and R+ are:

Ry = 0.9947059% (stat) 70927 (syst)  with 0.045 < ¢? < 1.1 GeV?/ct, 113)
Ry = 09497002 (stat) T5-023 (syst)  with 1.1 < ¢? < 6.0 GeV?/c* .

with a deviation of 0.2¢0 from the SM prediction ~ 1, and

0.92770-093 (sat) 0033 (syst)  with 0.045 < g < 1.1 GeV?¥/c?,
1.02710-072 (sat) T9-02T (syst)  with 1.1 < ¢? < 6.0 GeV?/ct.

RLHCb

These ratios also exhibit a deviation of 0.20 from the SM prediction.

Experimental results for the ratios Rx and Rg+ have been shown to be quite close to
the Standard Model (SM) predictions. However, experimental measurements of the ratios Rp
and Rp+ have remained largely unchanged compared to analyses based on pre-2022 data. This
necessitates waiting for further experimental results to test lepton flavor universality (LFU)
and searching for other signs of new physics (NP) at future accelerators.

Although current experiments are not yet sufficient to confirm the precise violation of
LFU, there are still many other limitations of the SM, such as neutrino mass,dark matter and
dark energy,Big Bang and inflation,charge quantization, and the large hierarchy between the
electroweak and Planck scales. Among these challenges, new physics anomalies at accelerators
and exotic physics hypotheses, such as the number of fermion generations, mass hierarchy
between generations, and B physics, are being actively explored and remain a hot topic of

research.

1.5. Conclusion of Chapter 1

This chapter has presented an overview of lepton and quark flavor universality in the
Standard Model (SM), the role of the CKM matrix and the Higgs mechanism in particle mass
generation. Although the SM describes well the three fundamental interactions and agrees
with most experimental data, it still cannot explain neutrino masses, dark matter, and some
recent anomalies in B meson decays. Processes such as b — ¢/, and b — s/~ may be signs
of lepton flavor universality violation, suggesting the existence of new interactions.

In the next section of this dissertation, we will introduce several BSM frameworks,
including extensions of the particle spectrum and enlargements of the electroweak symmetry
group, which could incorporate new interactions capable of explaining the observed violations

of lepton flavor universality in these flavor physics anomalies.



Chapter 2. Lepton Flavor Universality Violation in Some Extended
Models

Lepton Flavor Universality (LFU) violation mechanisms typically involve intergenera-
tional lepton mixing or novel interactions that violate the universality of weak interactions.
LFU violation mechanisms generally entail mixing between lepton generations or the emer-
gence of new interactions beyond the Standard Model (SM). To explain this phenomenon,
new physics models such as leptoquarks or gauge symmetry extensions featuring Z’ bosons

have been proposed.

2.1. Model with Leptoquarks

The leptoquark model is one of the leading candidates for addressing the anomalies in
Ry, Rg+ and Rp, Rp~. In this framework, leptoquarks are bosons that transform as triplets
under the SU(3)c gauge group and are introduced as extensions to the Standard Model
(SM). Leptoquarks carry both lepton and baryon numbers and mediate interactions between
quarks and leptons. These interactions induce FCCC at tree level, providing an explanation
for Rp, Rp~, and FCNC at the one-loop level, contributing to an explanation for Ry, Rx~,
through their connection with the CKM and PMNS matrices.

2.2. 3-3-1 Models

We classify 3-3-1 models based on particle arrangements, universal according to leptons

(normal) or universal according to quarks (fipped).

2.2.1. Normal 3-3-1 Model

The 3-3-1 model has several theoretical advantages, such as explaining the number
of fermion generations being exactly three, accounting for the small masses of neutrinos,
addressing the strong CP problem, charge quantization, and the unusually large mass of
the top quark. There are multiple versions of 3-3-1 models, depending on the value of the
parameter [ in the electric charge operator: ) = T5 + 1 + N where T3 and Ty are the
diagonal generators of SU(3)r, and N is the U(1)x charge. In the normal version, the three
lepton generations are arranged identically, so the extra neutral gauge boson Z’ couples
universally to all leptons. As a result, this version does not induce lepton flavor universality
violation (LFUV) and therefore cannot explain the observed anomalies in B-meson decays
such as Rx and Rp«. To generate LEUV, other versions of the model must be considered —

for example, the flipped 3-3-1 model.



2.2.2. Flipped 3-3-1 Model

IIn the flipped 3-3-1 model, the arrangement of lepton generations is non-homogeneous:
the first generation transforms differently from the other two generations and from all three
quark generations. This configuration eliminates tree-level Flavor-Changing Neutral Cur-
rents (FCNCs) in the quark sector while permitting tree-level FCNCs in the lepton sector.
This leads to natural flavor-mixing effects in the lepton sector, such as: Decay processes like
w — 3e, u — ev,v., Nuclear ;1 — e conversion processes, and Non-standard neutrino inter-
actions with matter. Consequently, the flipped 3-3-1 model emerges as a suitable candidate
to explain anomalies in B meson decay channels, particularly those associated with Lepton
Flavor Universality Violation (LFUV).

2.3. Minimal Flipped 3-3-1 Model

2.3.1. Gauge symmetry and particle spectrum

The F331 model possesses a complex Higgs spectrum comprising three triplets and
one sextet, leading to high risk of unwanted lepton flavor-violating interactions in Higgs
decay channels. To address this issue, the Minimally Flipped 3-3-1 (MF331) model has been
proposed. The model features the gauge symmetry group SU(3), ® SU(3);, ® U(1)y with
the electric charge operator and weak hypercharge defined by: Q = T3 + %Tg +X, Y=
%Tg + X, where T3,Tg are the diagonal generators of SU(3)y, and X is the generator of
U)x."

+ 1 ¢0 1
Lo o 1 ve 2
wlL = ?g f ﬁel ~ (1767 _§> ) IﬁaL = Ea ~ (1737 _§> )
ﬁl/l ﬁel Eq . o I
da 1
QaL = —Ua ~ (373*75) , €aR " (171771)7 EaRN (171771)7
U, L
UaR ™~ (37 1, 2/3)7 dar ~ (37 1, _1/3)5 Uar ~ (3a 1, 2/3) (21)

The MF331 model was introduced, where the fermion content is the same as in the F331
+

P
model, but the Higgs sector is reduced to only two scalar triplets: p = ( 09 ) ~(1,3,1/3), x=
P
X
( x5 ) ~ (1,3,1/3). The MF331 model helps prevent dangerous lepton flavor violation in
0
X3
Standard Model-like Higgs decay channels. Simultaneously, it can generate LF'U violation at

the tree-level approximation, directly related to recent anomalies observed at the LHC.

2.3.2. Scalar Sector

The physical mass states:

4210 — A2) 0?2 A
my ~ #, méy, ~ 2xw?, m?H ~ ?4 (v? +w?), (2.2)



and the Higgs triplets, p, x, are represented through the physical states in the form of

G G%
W X
1 ; 1 0
p \/§(U+H+ZGZ) 5 X X \/57) +GY s (2.3)
%w’+H’ %(erHl +iGy/)
where G x v,z,z are the Goldstone bosons.
2.3.3. Femion mass spectrum
The d-quarks gain masses via the following non-renormalizable Yukawa terms:
ha
(Malap = =28 (wv — w'v'). (2.4)

2A

The SM u-quarks, u = (uy,uz2,us), and new U-quarks, U = (Uy, Us, Us), are mixed via the
following mass matrix

Muyp =

1 ( h%vy + s¥%v’ Vv + sV )_( M, My > (2.5)

V2 \ —htw —stw  —hYw — sUw’ My, My

+

a

EF ¢ the charged lepton mass matrix has the form:

Mee Mg Me{
My =| Mg Mg Mge |, (2.6)

Mee  Mep Mg

In the basis, e

The physical neutrino states are related to the flavor states as follows

T T

V= ( A VA VA )L,R = VE,R( vy vo U3 )L,R (2.7)
2.3.4. Gauge Bosons
The model generates 3 physical states:
A As+ | VIV Ay v g (2.8)
=s c - = s .
W A3 \/g 8 w 3

swiw t‘Q/V
Z =cwAs — A \/1- XB|, 2.9
cw A3 ( 73 8 + sw 3 (2.9)
t2 tw
Z' =4/1— ?WAS — %B, (2.10)

) ) 22 g2[c2. v 4dck, w?
and their corresponding masses (O L [2w o]

v 4cd, 0 4cd, (3—3s%,)

Ow is the Weinberg angle defined by sw = \/% with tx = 2%,
X

Ty

) where cw = cos Ow, sw = sin Oy,

There is a slight mixing between two neutral gauge bosons, Z, Z’, with a mixing angle

2
defined as follows to, = — WL =2W 0 W There are six non-hermitian gauge boson states,
w

A i A A i A A A

wr = DT e AT yo0n _ AT A (2.11)
V2 V2 V2

2,2 2, 2 27,2 2
with the mass expressions given by m$, ~ £~ m% ~ £ mi ~ W. The

presence of vacuum expectation values (VEVs), v' and w’, leads to the mixing of the charged

gauge bosons W+ and X*: W), = cos OW,, — sin0X,,, X;, = sin 0W,, + cos 0.X,, where 0 is a
—2(w'v+wv’)

small mixing angle defined by t29 = tan20 = - mr e
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2.3.5. Charged Current and Neutral Current

rc.c _ JQV“W:[ +J;{Hx1‘ +J%"Y2 + H.c, (2.12)
w = s e + tayda + V2 (0L + 0 ) | (2.13)
It = —% {Far " Bar + V2 (2 Ear + 6574 0in) + € err = Uarridar b, (214)
IO = —% {éam”EaL +4/2 (élm“ElL + éiv“em) + 0 g, + Uam“uaL} . (2.15)

N =g o) — o (s 12— T {0 (D = oF (s} 7 (216)

The neutral bosons Z and especially Z’' interact differently with each fermion generation,
leading to LFU violation. Although all three quark generations transform identically under

the SU(3)r x U(1)x group, FCNCs can still emerge at the one-loop level — particularly in

relation to the b —

s transition.

z' z' z' z'
f gv(f) 94 (f) gz (f) 9r (f)
e 1—2cow _ 1 —Cow s
! 2v/1+2cow 2v/1+2cow 2v/1+2cow \/1+22C2W
e 2—cow Cow 1 Sw
& 2\/1+2C2W 2\/1+2C2W 2\/1+2C2W \/1+2C2W
d _ V1+2cow _ 1 __ 24cow S%v
a 6 2\/1+2C2W 6\/1+2C2W 3\/1+2C2W
Tcow—1 C%v 1+5cow - QS%V
a 6\/1+2C2W \/1+2C2W 6\/1+2C2W 3\/1+2C2W
Z Z Z Z
f gv(f) g9a(f) 9z (f) 9r(f)
1 2 1 1 2 2
€a | —3 + 28w —35 —5 +sw S
1 2.2 _1 _1 1.2 1.2
da | =5 + 35w 2 3 T 35w 35w
4.2 2.2 2.2
Ua —3%W 0 —3%wW —3%wW

Béang 2.1: Some interaction vertices of Z and Z’ with fermions.

2.4. Conclusion of Chapter 2

We emphasize that in the Standard Model (SM), the semileptonic decay process b —
cl* iy is mediated by the charged current at tree level, whereas the decay process b — sf™4~
is associated with the neutral current and occurs only through one-loop corrections. Exper-
imental results (2014) indicate a deviation of approximately 25%. from the SM predictions
for both processes. This suggests the possible existence of a light mediator particle. Several
theoretical proposals have been put forward, including models based on extended gauge sym-
metries, leptoquarks, strong interactions, and effective field theory approaches, all of which
can provide potential explanations. One such approach has been discussed earlier. Specifi-
cally, in non-universal gauge extensions of the SM, B-meson decay anomalies can be explained
through non-trivial adjustments of the scalar and gauge field parameters as well as mixing
effects, while gauge mixing effects are suppressed. The minimal flipped 331 (MF331) model
offers a viable explanation for the observed deviations from SM expectations in B-meson
decays. The MF331 model retains all the advantages of the 331 model, including solutions

for dark matter, neutrino mass generation, cosmic inflation, baryon asymmetry, the existence
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of exactly three SM fermion families, strong CP conservation, and charge quantization. The
key distinction of the MF331 model from other versions of the 331 framework lies in the
arrangement of fermions within each generation. In the F331 model, the first-generation lep-
tons transform as a sextet under SU(3)r,, while the remaining two lepton generations and all
three quark generations transform as triplets. Consequently, the model predicts non-universal
interactions between SM leptons and new particles (new fermions and new gauge bosons),

naturally providing solutions to explain the observed anomalies in B-meson decays.
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Chapter 3. Lepton universality violation processes in the minimal
flipped 3-3-1 model

3.1. Lepton universality violation in b — sI™1~

The MF331 model permits LFU violation through neutral current and charged current
interactions, with the capability to explain experimental anomalies in the decay ratios R,
Rg+, Rp, and Rp«, which constitute one of the verification channels for the existence of new

physics beyond the SM.

3.1.1. The effective Hamiltonian for decay processes induced by transitions b— s

In the MF331 model, the transition processes b — s¢™¢~ are determined by dimension-
six operators, O7 5 9.10. The corresponding effective Hamiltonian can be written as:
4Gy

Hepr=——r2VaViex > {Ci(w)Oi(n)} + He, (3.1)
V2 i=7,8,9,10

The Wilson coefficients (WCs) are decomposed into the following contributions:

Cr=CPSM L AC,, Cs=C3M 4+ ACs, Co=CSFSM L ACy, Cpo =CH) + ACH. (3.2)

The NP contribution to the aforementioned WCs can be decomposed as follows:

ACS 19 = AC;:?O =+ ACS,HZO + Acgflzol + AC’;;%’X,
ACkT = ACKTY + ACk ) + Ack D)
ACrs = ACHK. (3.3)

Hinh 3.1: The penguin diagrams are induced by new charged gauge bosons W', neutral
bosons v, Z, Z', and the exotic boson Xff. The dashed part represents the combination of the

boson X* and the new quark U inside the loop.
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ACE — Cow ; 2%, [ —33520%[,2 na 4 (2% + 52 — 3)caw + 3} ’
Sty 8(x —1) 16(x — 1)
1 [ —32%3 (22 + 52 — 3)caw + 3
ACE = —— | W A
o 2, [S(x et 16(z — 1) } ’ (34)

Since the first-generation lepton transforms differently from the other two generations under
the SU(3), group, the gauge boson Z’ interacts with it in a fundamentally different way
compared to the other two generations. As a result, we obtain the following contributions for

different generations:

ACHY =g (e)f(2) . ACT =K () (),
ACHTE = gl () f(x), ACKT? = gF (1 7)f (@), (3.5)
The different arrangements of fermion generations also lead to significantly different con-

tributions to the Wilson coefficients (WCs). Only Cg ;, receive contributions from the box

diagram shown in Figure (3.2)). These additional contributions are given in the form:

1 m? 2[4 — —4)2-1 —4
acgbor L miy { CltE=8 sl =422 e(Cat Ty }
siy mx (16(y —x)(z—1) 16(y —z)(y — 1) 16(y —1)(=z — 1)
1 m? 2[4 — —4)2-12 -4
Acsbes = L M { 74+ (= 8)3/]2 _zylly—4) i I G i) } (3.6)
siy mx (16(y —z)(z — 1) 16(y —z)(y — 1) 16(y — 1)(z — 1)
X+ X+ Ox=+ Ox=
b+’VVVV\'+€7 b+f\/\/\/v\,+e— b+ 77777 —— e~ b+ 77777 —— e~
Uy A 60 UV A é’O Uy A 50 U v A 60
$+'vvvv\4~<—e+ S 44— ---- *764» Sﬂ—wvw«—e"' S —-a—7»~---- +e+
X+ Ox+ X+ Ox=

Hinh 3.2: The box diagram contributes only to the first-generation lepton
The additional bsvy interaction is generated by the photon penguin diagram induced by
the new charged bosons X f, as shown in Figure The electromagnetic currents of leptons

couple to this interaction, leading to additional contributions to Cg7 g.

4 2 2 _ 2Qr — -1 3 2 2
ACg:flnx—x(M? x 6)lnx— 9x° + 25z ,
9 18(z — 1)° 36(z — 1)3
823 + 522 —7x  2%(2 — 3z)
ACY =— — Inz. 3.7
7 24(z — 1) Az —1)F 7 (37)

3.1.2. Lepton universality violation in BT — KTITI™

The differential branching fraction for Bt — K*171™ :

d°r (BT — K*1117)
dg?d(cos0)

a(q?) +b(q?) cos 0 + c(q?) cos? 6, (3.8)

We obtain

ToA3/2 4m?
a= = Bl{|G|2+|(c§%4+Acm)f+(q2>|2+|(0§3“+Acm>fo<q2>|gq;(m%—mi)Q :
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b=0,

FO)\3/262
=L {16l ] (O + ACw) £ (@)} (3.9)

The LHCb experiment measured the ratio Ri?°" ([1.1,6] GeV?) = 0.84610 05570015 with a
deviation of 3.1¢ from the SM prediction, as described in the introduction. In the MF331

model, Rk also depends on unknown parameters, such as the masses of new particles my, , meo

and myz . The study examines two scenarios
e Case 1: Mass Degeneracy Am = my,z7 —mgo =9, 0 < 1.

e Case 2: No Mass Degeneracy my = aymgo, Mz, = agmeo, ay2 ~ O(1).

1078}

9
1%%000 5000 6000 7000 8000

Hinh 3.3: The plot shows the viable parameter space obtained from the latest measurement,

REP ([1.1,6] GeV?) = 0.84670:035 0013 Here, my = meo + 4.

Results indicate:

e In scenario 1: Rk exhibits minimal dependence on the mass degeneracy between Z’
and the new lepton mgo, but is significantly influenced by the mass degeneracy between
new quarks and new leptons. The permissible range for § spans from 1076 to 1077,
with the LHC constraint of mz, > 4000 GeV.

e In scenario 2: Rk asymptotically approaches 1, coinciding with the SM prediction and
failing to explain the experimental value.

© a;=02,a,=04
1.00095

aj=2,a,=4

1.00090

x
«©
1.00085

1.00080

1.00075

4000 5000 6000 7000 8000

Hinh 3.4: The ratio Rk as a function of the mass of new fermions in the case of no mass
degeneracy.
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The contributions from the penguin diagrams depend only on the parameter x, while the box
1

r—y"
box—e

As a result, the box diagram contributions, ACq75° > 1, play a significant role in the Ry

diagram contributions depend on both y and x, particularly due to terms containing

ratio. In the absence of mass degeneracy, the factor y%r ~ 1, which leads to the cancellation

of all diagrammatic contributions in Wilson coefficients by two factors ng}‘; and % Thus,
the Ry anomaly can only be explained in the case of mass degeneracy, with the box diagrams
serving as the primary source of this anomaly.

We examine the contribution of penguin diagrams to the Rx anomaly induced by lep-
ton flavor non-universal (LFU) interactions of the new gauge boson Z’ with leptons, where
g% (e) # g% (1, 7). Consequently, Ry is determined by the mass of the new boson Z’ and the
new quarks. Figure (3.5) illustrates the relationship between Ry and the new quark mass
my, while fixing the mass of Z’.

If the new gauge boson has a mass of myz: = 500 GeV, then the ratio Rx can reach the
experimental value. However, if mz = 4000 GeV, the ratio will approach 1. On the other
hand, LHC constraints indicate that the lower mass limit of Z’ is several TeV, which means
the value of Ry is close to the SM prediction R%M ~ 1. This implies that the contribution
of box diagrams for the first lepton generation is a relevant source for explaining the Ry
anomaly. Therefore, we conclude that the question of Rg in the MF331 model can only be
addressed if both mass degeneracy of the new particles and the box diagram contributions

for only the first-generation leptons are considered.

- Ry (mz = 500 GeV)
0.95 Rk (mz = 4000 GeV)

Rk

0.90

4000 5000 6000 7000 8000

Hinh 3.5:

3.1.3. Lepton Flavor Universality Violation in B° — K% [t[~

The differential decay rate of the process B — K%[*[~ can be expressed as the sum
of longitudinal and transverse polarization components

dr(B® — KO*I17) _ dIy(B° — K™IH7) | dlp(B® — KOUH)

i " " (3.10)

The LHCb experiment has measured the ratio R+ in the invariant squared mass region
¢> € [1.1,6] GeV?, obtaining the result REHICY = 0.68570 13 4+ 0.047, which deviates by

approximately 2.50 from the SM prediction. Now, we proceed to analyze the numerical results

for the ratio Rg~.
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4000 5000 6000 7000 8000

Hinh 3.6:

Figure (3.6)) illustrates the parameter space that satisfies experimental constraints by
randomly sampling the parameters mgo and ¢ within the ranges meo € [4000, 8000] GeV and
5 € [1078,107°]. The obtained parameter values, shown in Figure (3.6)), overlap with the

parameter space constrained by the measurement of Ry .

3.1.4. Conclusion

In the MF331 model, the interaction of the new neutral gauge boson Z’ with the electron
pair eTe™ differs from its interaction with the p*p~ and 77~ pairs, whereas the three
generations of quarks couple to the Z’ boson with the same strength. The photon and Z-
penguin diagrams contribute equally to the Wilson coefficients (WCs) for all three lepton
generations. However, the Z’-penguin diagrams provide different contributions between the
first-generation leptons and the other two generations.

The new charged lepton current, £%y*e, interacts with the new charged gauge boson
X;[, leading to box diagrams that contribute only to the first-generation leptons in the
Wilson coefficients. This explains why the MF331 model provides two possible sources of
contributions to effective interactions that violate lepton flavor universality (LFU), allowing
us to account for the anomalies in Rx and Rg~. The contribution of the Z’-penguin diagram
is negligible compared to the Standard Model (SM) contributions.

We demonstrate that the anomalies in Rx and Ry~ can be explained by the contribu-

tions from the box diagrams under the condition of mass degeneracy among the new particles.

3.2. Lepton Flavor Universality Violation in & — ¢ Quark Transitions in the
MF331 Model

3.2.1. Effects of New Physics on Charged Currents

The non-universal interactions of Z’ and the charged bosons X+, Y°(%) with leptons
are manifested through the charged current

Lepton flavor universality (LFU) violation arises from charged currents associated with
the complex gauge bosons X* and Y*. In addition to the differing couplings of lepton gener-

ations with these bosons, the interactions €0y ey, X LT E0rtpy LY£ , which exist only for the
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first generation, provide a plausible explanation for the observed deviations in LFU.

3.2.2. Effective Hamiltonian for Flavor-Violating u' — d’ Transitions

The contribution of the charged current to lepton-flavor-violating processes such as

u* — d? transitions is contained in the effective Hamiltonian:

widi1 /. ;o
Hepr = [Cyéei] <u;L’YdeLV(;L’Y#e;)L) . (3.11)

At tree level, the Wilson coefficients [C’jacéi } decompose as follows:
tree

[eas], = o] <5 [c;‘fj;‘]% té [CZESJ}XJ (8.12)

The non-universal interactions of both SM leptons and new leptons with the new gauge

bosons also generate four-fermion interactions via penguin and box diagrams at the one-loop

level, as illustrated in Figures (3.7), (3.8)), and (3.9).

€L vr €L vp
Ic

Hinh 3.7: Penguin diagrams obtained from the SM

er vy 2 L vp

Hinh 3.8: CPenguin diagrams obtained from new interactions
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Hinh 3.9: Box diagrams

3.3. Lepton Flavor Universality Violation in b — ¢ Transitions in the MF331
Model

3.3.1. Effects of New Physics on Charged Currents

The non-universal interactions of the Z’ and the charged bosons X+, Y°(%) with leptons
are manifested through the charged currents in Equation . Lepton flavor universality
violation arises from the charged currents involving the exotic gauge bosons X*,Y*. In
addition to the different couplings of the lepton generations with these exotic gauge bosons,
the interactions &0y e X .t E0rtipy LYf exist only for the first generation. This suggests a

potential explanation for deviations in lepton universality (LU).

3.3.2. Effective Hamiltonian for Lepton-Flavor Violating u’' — d’ Transitions

- The contribution of the charged currents to lepton-flavor violating processes such as
u* — d7 transitions is included in the effective Hamiltonian:

idj] (- -
Heps = [Cuith] (o dyr i mehy ) - (3.13)

At the tree level, the Wilson coefficients [Cﬁazﬂ are decomposed as follows:
tree

u;d;
[S%

]tree W w

— [c;‘;i’;]SM (5 [c;‘fjbj]wl 45 [Cﬁfjg ]X> . (3.14)

The non-universal interactions of SM leptons and new leptons with the new gauge bosons

also induce four-fermion interactions through penguin and box diagrams at the one-loop level,

as illustrated in Figures (3.7), (3.8), and (3.9).

One-Loop Contributions Taking into account one-loop contributions:

uid;

+ [cuie

Cuaeb - vgep

wid; [Cuidj n [Cgigi]box. (3.15)

j|tree j| penguin

The penguin diagram contribution is divided into two components:

uid; w:d;1SM w;d; NP
[ena] o=leng] +leng] o (3.16)
penguin penguin penguin

Box diagrams, shown in Figure (3.9)), contribute to the Wilson coefficients as follows:

4GF 51g°2 2 LB 2.1€° g€
e e . {[cﬁgi;] +[cna)’ + o] } (3.17)
box box box

uidj] _
box \/§ 6472 mg( — m%,

(S5
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3.3.3. Study of Lepton Flavor Universality Violation in b — ¢ Transitions

(%) +5 Ci
SRR i . L.
r (B N D<*>lz7) >k (ICH2 12 4+105212)

Sy (CHP +ICP)
Xy 1G5k

] x R(DM)gu. (3.18)
SM

R(X¢) = x R(Xc)sM. (3.19)

SM

L(B—Xer) 340517 [ ZklCH
[(B—Xco) S,ICE12 7 |, ]CL)?

For numerical evaluation, we use the SM parameters and assume the new physics pa-

rameters as follows:

e The lepton and quark mixing matrices are given as follows: V. =V =Vl = VF =
Diag(1,1,1), VY = Upmns, V§ = Voxum. This corresponds to choosing a basis in
which the mass matrices of the up-type quarks and charged leptons are diagonal, so
that the observed quark and lepton mixing arises only from the down-type quarks and

neutrinos, respectively.
e To satisfy the LHC constraints, the masses of the new gauge bosons are chosen as:
mz = 4500 GeV, mx = 4100 GeV, mi =m% +m¥,.
Without loss of generality, we consider the mass hierarchy of the new fermions under
four scenarios:
— Degenerate masses for new leptons and exotic quarks, with mg, = mg, = mg,
and my, = my, = my,.

— Normal mass hierarchy (E, U,) where both new leptons and quarks follow SM-like

generation scaling.

— Inverted mass hierarchy (E;U;) where both new leptons and quarks follow SM-like

generation scaling.

— Mixed hierarchies with either normal lepton/inverted quark scaling (E,U;) or

inverted lepton/normal quark scaling (E;Uy).

00 /, 5000
/
P 1000
00 — Ry — R

~

— RO — ROy
— RXo) — RXo)

Hinh 3.10:
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Hinh 3.11:

In the first scenario, shown in the plots of Figure , we represent the parameter
space in the dm — my, plane that satisfies the experimental constraints of R(D), R(D*), and
R(X.) using blue, orange, and green regions, respectively. We assume mpg, = mg, = mpg, and
my, = my, = my,, with mg = mg, +dm and mgo = mg, — dm. From the plots in Figure
(3.10), we observe that the experimentally measured values of R(D), R(D*), and R(X.) can
be achieved in two distinct parameter space regions for dm: one in the range of a few GeV
to several tens of GeV (2 < dm < 40 GeV) and another in the TeV range (dm < 2 TeV or
om < 5 TeV). From the plot on the left panel of Figure , we obtain an upper limit
on the mass of the exotic quark, my, < 4 TeV. We illustrate the allowed parameter space
consistent with experimental values in the dm — my, plane in Figure . The parameter
dm is constrained by the experimental values of these ratios and by the mass hierarchy of
the new leptons and quarks, as shown in Figure . For all scenarios (E;U;, E Uy, EiUy,

E,U;), the correction dm reaches values at both the electroweak and TeV energy scales. The
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allowed parameter space depends on the mass hierarchy of the exotic quarks. For the cases
E;U, and E,U,, the parameter space of dm is limited to a few GeV to several tens of GeV.
The allowed TeV energy range is constrained by a curved boundary, imposing an upper limit
on the mass of the exotic quarks. For the cases E;U; and E,Uj, the parameter space of dm
reaches either a few GeV or a few TeV. The allowed TeV-scale energy region is a portion of the
plane, bounded by lines where m remains constant in the dm —my;, plane. This corresponds
to the absence of an upper bound on the mass of the exotic quarks. The above predictions

strongly depend on dm and the mass hierarchy of the new leptons and quarks.

3.3.4. Investigating Some Observations Related to Flavor Non-Universality in

Interactions

Transition s — u
We consider the ratios:

(K —uv) T(r— Kv) T(Kt— %)
'K —ev) T(K—er) T(K+— nlev)

in the MF331 model. We obtain:

DK - pp) S IC8P [SeIC8P] mcw]
DK —er) 3000 [klClP o [T(K = ep) Jgy
oK) SLGHE TRCHE) [T o i)
TE —er) 5 CE " [0 1C0P |y ™ [TE = ) gy
DE* = nom) 3 plCsil® | [XelCiil®]  [LE' = wom}
D(K+ — moev) — 3, [CHR2 7 |22, IC5[2 ) o LT(ET — mlev) [ g
The experimental values for these ratios are given:
DR S[Re ) L[ o)
TS el’)LXP = 4.018(3) x 10%; TK ey 1.89(3) x 107; TR e |, 0.660(3){3.20)

as well as the values predicted by the SM:

'K — up)
'K — ev)

I'(r — Kv)

(KT — 7%av) B
(K — ev) —} = 0.663(2)(3.21)

K+ — n%v) | g\

] =4.0037(2) x 10%; [ } =1.939(4) x 107; [
SM SM

In all three cases, the allowed parameter space for m, which can explain these experimental
values, is also divided into either the electroweak scale or the TeV scale. The allowed parameter
space regions are determined by their consistency with the experimental values of R(D),

R(D™), and R(X,) as previously analyzed.
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Hinh 3.12:

Transition d — u. Experimental values for these decay ratios are:

I(m — uw)

= e

TS GV)LXP =17.90(5) x 107, [

} = 8.13(3) x 10°. (3.22)

Meanwhile, the predictions from the Standard Model (SM) are:

I(m — ui)

{M T(7 — eD)

TS eﬂ)]SM =7.91(1) x 107, [

} = 8.096(1) x 10°. (3:23)
SM

The MF331 model predicts the following expressions:

P pr) _ Ty lC3 P [Selcsi?] {F(w—wﬂ)]
Tm—er) S |CH P | ShICs |y, LT@—en)lgu’

D(r—mv) S, 1C8 12 |3, 1C%2 D(t — 7o)
o ud (2 wd|2 X N\ (3.24)
I'(m — ev) > I CYe | >k ICYE . I(m — eD) |gm
In Figures (3.13)), (3.14), we plot the contour lines for the ratios 11:8;:2;; and 1;((:1’; Z))

as functions of my, and ém in the possible cases considered in the previous sections. For the
case where mg, = mg, = mg, and my, = my, = my,, we find that in the TeV-scale region,
there exist certain values of dm that predict these ratios to be consistent with experimental
values. Meanwhile, the GeV region of dm is predicted to explain these values. In the range
2 GeV < dm < 20 GeV, the upper bound on myy, is less than 4 TeV. These conclusions also
apply to the cases E;U,, and E,U;.
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processes b — ¢, s —u,d — u. The parameter space in the first case, where mg, = mg, = mg,
and my, = my, = my,, is determined by the intersection of the my, — dm planes shown in
Figures (3.10)), (3.12)), and (3.13). We conclude that the allowed region is a part of the plane
bounded by dm and my, as follows: 2 < dm < 20 GeV, my, <4 TeV, or dm <2 TeV.

The parameter space arising from the cases E;U,, and F,,U; must simultaneously be consistent
with the values described in Figures and . Specifically, when dm is at the GeV
energy scale, there is no common set of my, — dm values. However, at the TeV energy scale,
there exists a narrow region of my, — dm that is compatible with the experimental values
of lepton flavor universality observables. In summary, the above predictions strongly depend
on the mass splitting dm and the hierarchical structure of the masses of the new leptons and

new quarks.

3.4. Analysis of the Ratios Rx, Rx+ Based on New Experimental Data from 2022

In December 2022, an updated LHCb analysis of Rk and Rk~ based on the complete
Run 1 and 2 datasets was presented. These new results are consistent with SM predictions.
Based on this, the authors conducted a reassessment of New Physics (NP) effects in the Rk
and Rk~ ratios within the MF331 model framework. Through random parameter scanning in
the ranges dm € [2,20] GeV and my, € [200,5000] GeV, three mass hierarchy scenarios were
examined: (i) homogeneous new fermion masses mpg, = mg, = mg,, my, = My, = My,,
(ii) mixing states of type E;Uy, and (iii) mixing states of type E,U;. Results indicate that in
the first two scenarios, the model can effectively predict Rk and Rk~ values consistent with
recent experimental data, with the EiUn scenario showing the highest degree of compatibil-
ity. Conversely, the EnUi scenario generates a nearly linear point distribution and not only
reproduces the new data but also encompasses pre-2022 results, although the relevant param-
eter spaces exhibit distinct differences. This demonstrates that the MF331 model maintains
the capacity to reasonably describe B-meson decay anomalies under appropriate parameter

configurations.

Hinh 3.15:



CONCLUSION AND RECOMMENDATIONS

1. The dissertation has approached the latest experimental results related to recent anoma-
lies, specifically those associated with lepton flavor universality violation in weak in-
teraction currents. The anomaly associated with charged currents is observed in the
decay channel b — c¢f~ ;. This decay channel is predicted in the Standard Model
(SM) at the tree level approximation. However, recent experimental results indicate
a significant discrepancy compared to SM predictions. Specifically, the experimentally
measured values of Rp and Rp- are over 25% larger than the SM predictions. More-
over, in a 2014 experiment at the LHC, the research group led by R. Aaij published
findings in Physical Review Letters related to the violation of lepton flavor universal-
ity in the decay channel b — s¢*¢~, within the invariant mass-squared range of the
outgoing leptons (1.0 <q?><6.0 GeVQ). This decay channel is predicted to exist in
the SM through loop-level contributions. However, the experimental results measured:
R ([1.1,6] GeV?) = 0.74550:02% £ 0.036, while the SM predicts R(K) ~ 1. Our
research group, based on these experimental results, has explored new physics models
in search of explanations for lepton flavor universality violation. In addition to studies
conducted by the theoretical physics research community, we have identified that a pos-
sible solution to these anomalies could stem from extending the particle spectrum by
introducing scalar leptoquarks. However, leptoquark-based models may face stringent

constraints from proton decay processes.

At this point, we have identified that constructing a physical model in which lepton
number universality is inherently violated could provide a strong theoretical expla-
nation for these experimental results. We have discovered that the F331 model is
a relatively simple framework for lepton flavor universality violation. In the MF331
model, the first-generation leptons transform as a sextet, while the other two genera-
tions transform as a triplet under the SU(3), transformation. All three generations of
quarks transform as an anti-triplet under SU(3)y. With this arrangement, we observe
that:

e The existence of interactions between leptons and gauge bosons leads to a viola-
tion of lepton flavor universality.

e The first-generation leptons possess new interactions that are absent in the other

two generations.

e All three generations of quarks transform identically, ensuring quark flavor uni-



versality at the tree-level approximation. No tree-level flavor-changing neutral

currents exist.

Based on the characteristics of lepton flavor universality-violating interactions men-
tioned above, we investigate flavor-changing processes associated with the neutral cur-
rent transition b — s¢T¢~ and subsequently calculate their contributions to the ratios
Ry and Rg~. We conduct a numerical analysis to explain the experimental data on
Ry and Rg« published by the LHC in 2014. The results indicate that the ratios Rg
and Rg+ can only be explained if the model allows for mass degeneracy between the
new leptons appearing in the sextet of the first-generation leptons and the new quarks.
In the absence of this degeneracy, the model predicts negligible new contributions,

meaning that the ratios Rg, R+ ~ 1, similar to the Standard Model predictions.

. In addition to anomalies arising from neutral currents, we further explore the contri-
butions of new physics to charged currents. The new physics contributions to the
observables Rp and Rp- are strongly dependent on the mass splitting parameter
dm = megx — mp, = mp, — meo. We find that when dm is on the order of several
tens of GeV or around the TeV scale, the model successfully explains the experimental

values of Rp and Rp-.

Based on the parameter space that explains Rp and Rp+«, we further investigate and
evaluate processes related to Rx, as well as flavor-changing transitions such as s — u
and d — u. Our predictions for these processes are found to be fully consistent with
experimental data. Furthermore, if the parameter space explaining the experimental
results for Rp, Rp+, and Rx_, as well as for the transitions s — u and d — u, requires
a mass separation between the new leptons and new quarks, then the model cannot
explain the 2014 measurements of Rx and Rg~. However, in December 2022, LHCb
reanalyzed the experimental data using the full Run 1 and Run 2 datasets, revealing
that the ratios were consistent with Rx ~ 1 and Rg+ ~ 1. Consequently, we revisited
our analysis and found that when the mass splitting dm is of the order of several tens
of GeV or around the TeV scale, the predicted values of Rx and Rg+ in our model

approach 1, aligning with the updated experimental results.

. We also discuss the potential for discovering new physics (NP) at accelerators such
as the LHC and LEP. The LEPII experiment has searched for a neutral boson Z’,
setting a lower mass limit of 1.13 TeV, while constraints from meson mixing push this
limit above 4 TeV in the 331 model. At the LHC, heavy exotic quarks and leptons can
be produced through gluon-gluon interactions and the Drell-Yan mechanism. Due to
small mass differences, the exotic leptons exhibit unique decay modes, including decays
into Standard Model particles such as leptons, and the bosons W and Z. Notably, the
exotic leptons €0 and &* carry zero lepton number, leading to certain decay processes
that violate lepton number conservation. Additionally, heavy neutral scalars H' can be
efficiently produced at the LHC via mechanisms involving heavy exotic quarks, with

significantly higher production rates compared to traditional Higgs models.
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PHU LUC

A. M6 hinh cuc tiéu véi leptoquark

Mo hinh ¢6 cau triic gibng nhut SM cong thém phan mdé rong hat 14 mot hat don tuyén
ctia SU((2) 1, mang ca s6 baryon va sb lepton nén hat sé tuong téc véi dong thai véi lepton va
quark, ¢6 siéu tich Y = —% [71]. Dudi bién doi chuan SU(3)c ® SU(2)r ® U(1)y leptoquark
dugc bicu dién nhu sau (3,1, —1). Lagrangian ctia mo hinh lic ndy bao gom Lagrangian cua

SM cong them Lagrangian ciia @,

Lo = (D,®)'D,® — M |®|* - gho |¢|*|®[*

Scy L * | —c yR * (A1)
+ QN L®* + uZ Aer @* + hec.,

trong dé ¢ la ludng tuyén Higgs, A 1a cAc ma tran trong khong gian vi, va ¢¢ = Cy7T 1a
céc spinor lién hgp dién tich. Tuong tac ciia céc leptoquark dugc khai trién theo , cu
thé & day la thanh phan & dong thi 2. Véi sy déng goép ciia cac tuong tdc méi nay sé cho
déng gop dé giai quyét van dé clia vat 1y vi. Khai trién ching trong cd sé cac trang thai vat
ly ctia quark va lepton tich dién trong dé ma tran quay Uy (V) v6i fr g 1a fermion phan

cuc trai, phai.

up, = Ulup, dj = UdeL, ey, =Ulel, v, =Ulyy
uy = Viug, dfp=V]dg, ey=Vien, vhp=Viug (A.2)
Ta c6
Ly 3 usAE e @ — dS AL vp®@* + a4 AR ep @ 4 hec., (A.3)
trong do
Ao —UIAFU,, AL =UTAL | AR = VIARV,, (A.4)

va ma tran CKM va ma tran PMNS
Vexum = UlUy, Upyins = U UL. (A.5)

Vi s6 lepton 14 béo toan trong phan lepton mang dién & gan ding cay nén U, c6 thé coi ma

tran 14 bang ma tran don vi, dan t6i Upyng = U,,.

Vi s6 hang thit 1 va 3 trong (A.3) sé cho chiing ta déng gép vao qua trinh ra ban lepton
B meson véi leptoquark lam trung gian & ngay 6 gan dung cay, dugc mo ta trong hinh

Lagrangian hiéu dung cho qué trinh nay c6 dang

@ 1 N » .
['LE:H) = 2Mq2) |: - )\ﬁilj )‘lflukuL’YMbL €£7“V§, (AG)

. 771 09 v,k
AR AL (i, Pk URouwbr bro" v
uifj by, RYL RYL 4 5

trong dé 4, j, k 1a cac chi s6 vi. Khai trién chiing trong hé co sé cac trang thai vat 1y thi thanh

phan dau tién sé tao ra cac déng gop ty 1é véi cac phan ti clia ma tran CKM V,, va V.
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Hinh 16: Gian d6 mitc cay déng gép vao phan ra yéu.

hay déi véi

Cac hé s6 V,;, V., v6i vi lepton khac nhau 1a khac nhau vi né ty 1é véi )\5:‘@_ )\fuk,

vi [jv, thi cdc hing s6 tuong tac nay la khac nhau. Thanh phan tht hai bao gom cac tuong
tac méi khong c6 trong mo hinh chuan. Chinh vi vay né c6 thé gitp giai thich duge tat ca
cac ty s6 ra tit phan ra B-meson.

Mot trong kénh ra dang duge chi ¥ hién nay 1a kénh ra B — D™ 7. Thiyce nghiem cho thiy
rang ty s6 ra nay la 16n hon khodng 30% so véi tien doan ctia SM. Bang mot phan tich doc
lap khong phu thudc vao mo hinh thi ngusi ta da tinh toan toan t hiéu dung va cho sy anh
hudng clia cac todn tii hieu dung nay khi ma cho chay tit p = Mg dén pu = my, |1794(180]. O
bai b4o sau cling, ngudi ta tim ra dude mot két quad cho cac hing s6 tuong tadc méi 1a phit

hop rat tot véi thuc nghiem cho ty s6 ra B — D®) 1o

ANE, ~035M2, AEAE, ~ —0.03 M3, (A7)

T

vdi gid st ring chi ¢6 neutrino v, 1a lién quan dén qua trinh ra (vi ¢6 bién do 16n va do d6
tao ra hiéu tng 16n). Trong mo hinh véi vo huéng don tuyén leptoquark, Mg = Mg /TeV.

Nhu vay, v6i khéi lugng leptoquark & gan thang TeV thi A\L*

AL, 8 bac O(1) va cac hing so
tuong tac clia leptoquark phan cie phai 1 nhé hon rat nhiéu so véi cac hing s6 tuong tac

cua cac leptoquark phan cyc trai.

Ngoai ra trong mo6 hinh nay ciing xuat hién dong trung hoa thay ddi vi ¢ gan ding
cay va thé hién thong qua Hinh Hinh (16| cho phép giai thich cac ty s6 rda B — Kvv va
D° — ptpu~. Cu thé toan ti Lagragian hi¢u dung mé ta cho kénh rd B — Kvi c¢6 dang

£y = 5 Alﬁ AL, SLyubr vy (A.8)
Cong thitc (A.8)) cho phép ta xac dinh ty s6 ra R,; = I'/T'sy v6i dong gop ciia hat leptoquark
duéi dang
R® _q_ 2r Re (AL)‘LT)bs ﬁ ()\LALT)bb ()‘LALT)SS (A.9)
" BWeVE 3wt
trong do (APAET), =37 A0 ALX . va

4 2
Sy 1 mWN1.91
"7 2% Xo(w) MZ T A2 (410
(0% 0\ Tt @ M¢

Tai day Xo(z,) = 420 4+ 38-F g, ~ 1.48 v6i 2, = m?/m¥,, 53, = 0.2313 la binh

phuong ciia goc tron yéu. Mot trong nhitng rang buoc rat manh mé 1a ty s6 ra B~ — K v



va B~ — K*“vi dugce dua ra béi BaBar [181] va Belle [182], dua dén rang buoc R,; < 4.3
va R,y < 4.4 tai 90% CL [183]. sit dung bat ding thitc Schwarz, ngudi ta thu dugc tit cong
thite (A.9)

(AEAFT)

—1.20 M2 < Re 2bs < 9.95 M2 (A.11)
‘/tbv;fs

Qué trinh FCNC trong kénh ra D° — ptpu~ c6 thé xuit hién ¢ gan ding cay trong mo
hinh ctia ching ta. O day ching ta gia thiét ring trong SM khong c6 su déng gép ciia kénh
ra D° — ptp~. Ngudi ta tim thay ty s6 ra tit cic tuong tac hitu dung dua ra bdi phuong
trinh chting toi tim thay téc do phan ra

f3Zm3 mp 2 2
T = D """D () B,LL l@i‘)\L )\R*_)\R}\L*

(A.12)

2
2m,m
L yRx R y Lx p''tc L \Lx R \ Rx
T A up T AG A + m2 ()‘cu)‘uu+)‘cu)‘uu) ]’

trong do6 fp = 212(1) MeV la hang s6 phan ra meson D va 3, = (1 —4mi/m%)l/2. Chung toi
stt dung khdi lugng quark charm dang chay ¢ m. = m.(Mg) ~ 0,54 GeV, Mg ~ 1 TeV. V6i
nhitng gia thiét nhu vay va st dung gisi han trén thyc nghiem Br(D° — ptp~) < 7.6 -107°
(tai 95% CL) [184] ta thu dugc diéu kién rang buoc

LI2AR 122 DB PIAE |2 <1.2.-103 M2
\/‘Acu‘ ‘)‘uu +‘)‘cu‘ ‘/\uu < OA ¢ (A.13)
AL AL+ AR A < 0.051 M7

cp up cpuMup

Nhu vay véi phuong trinh cho chiing ta rang budc vé gidi quyét ty sé ra B — DM 7,
phuong trinh cho rang buoc vé ty s6 rd va phuong trinh cho rang buoc ve ty
s6 ra D° — ptp~. Nhu vay ching ta c6 3 didu kién rang budc vé cac hing sb tuong tac
ciia leptoquark phan cuc trai va phai ALY, A\, 0 day ching ta thay néu nhu A\ ¢ vao bac
O(1), A nhd hon rat nhidu so v6i AL thi ty dong gidi quyét vé thyc nghiem cac ty s6 ra
B—DWrp, B~ — K* v va DO — utp.

Mo hinh tiép tuc di khdo sat kénh rda b — s¢T¢~ nham gidi thich cac két qua thuec
nghiém tai LHCDb

R ([1.1,6] GeV?) = 0.74510:9%) + 0.036,

v6i khoi lugng bat bién ctia ciap lepton di ra la (1.0 < % < 6.0 GeV? ) Két qua nay dugc
nhém tac gid R. Aaij cong bo trén tap chi Phys. Rev. Lett. nam 2014.
Trong mot phan tich khong phu thude vio mo hinh [188] dé giai thich dit lieu ngudi ta

st dung ham Hamiltonian hiéu dung

4GF « Qe
Het = _W‘/tbv;ts Ir ; Ci(p)Oi(), (A.14)

véi céc toan tit dang V,; A mo ta qua trinh b — sff ing v6i cac lepton mang dién

O = [59, PLbl [Y*4], Or0 = [57.Peb] [P 30], (A.15)



Hinh 17: Gian do hop doéng gép vao dich chuyén b — sptp~.

0L, =(0§-04)/2, 0fp=(05+04)/2, (A.16)
do do6
CE,L = Cg - Cfo ) CﬁR = Cg + Cfo . (A-17)

Trong mo hinh cuc tiéu véi leptoquark, di thuong Rk c¢6 thé nhan duge tit bé dinh mot vong
clia cac hat leptoquark dudge mo ta béi hai gian do trong Hinh |17, Mot gian dd véi cac dudng
trong la hat gauge boson W va hat leptoquark ®. Mot gidn do véi cac duong trong chi 13 hat
leptoquark ®. Hai gidn d6 sé cho déng gép vao céc he s6 Wilson. Trong gidi han M2 > miw,
chiing ta thu dugc cho cac déng gop vao he s6 Wilson |188]

w(®)
Crr SWQMQ ’

1 V2 (AR (AETAL)

- 2 * )
R = Toma M2 At [ Ymz T f(xt)]
O e
6dma GpMZ ViV b’
trong d6 m; = my(my) ~ 162,3 GeV 1a khoi lugng clia top quark va f(zy) = 1+ xt i (i,rt‘ftl -

1) ~ 0,47. Khi nghién citu doc lap véi mo hinh, diéu kién dé c6 thé giai thich t6t nhat cac
két thuc nghiem ve céc ty s6 rd Rk, Rk+ thi tuong ing véi —1,5 < CY; < —0,7va CY, ~ 0
tai thang nang lugng u ~ Mg [188]. Va 6 day véi dit lieu ctia ching t6i thi trong mo hinh nay
s6 ¢6 Cf'; ~ —1 va C'p ~ 0. Diéu nay hoan toan dong thuan véi tai lieu [178,/186,(187,/189).
V6i gia thiét trén thi mo hinh khong chi gidi quyét tot van dé Rk, Rk~ma tham chi né con
c6 thé giai thich t6t van dé ty s6 ra Br(B, — utu™)/Br(Bs — ptp™)sy = 0.79 £ 0.20 dugc
dua ra béi LHCbH [185] va CMS [190].

Cac dong gop tit gian do hop W-® hon hop trong bi rang budc bdi cac lien két
cua leptoquark véi top-quark va muon. Cac dai lugng nay duge dy dodn 1a duong trong mo
hinh v& do dé riéng ching khong thé giai thich dugce di thuong Ry . Cac dong gép tit gian
dd hop véi hai leptoquark ® 1a dudng trong la can thiét dé tai tao gia tri chuan CY, ~ —1.



Diéu nay doi hoi

ALALT .
> AL P Re (thvt)b — 174N [P ~ 12,5012 (A.19)

3
Dé thu duge Cp ~ 0 thi déng gop cia cac hing sd tuong tac véi cac leptoquark phan cuc
phai phai nhé hon nhiéu so véi cac leptoquark phan cuc trai. Két hop li v6i gi6i han
trén trong tao ra

2 2 0.77\ ., 2

\/])\5# + | AL+ <1 - M2) AL "> 236, (A.20)
¢

Nhu vay & day ta cling thu duge v6i khoi lugng clia leptoquark & thang TeV thi cac hé s6

tuong tac )\th )\5}“

phan ciyic phai 14 nhé. Diéu nay hoan toan phu hgp véi khong gian tham s6 trong truong hgp

AL, roi vao bac O(1) clia My, céc hing s6 tuong tac véi cac leptoquark

Rp, Rp+. Véi C¥; = —0.7 hodic —1.5 thay thé cho —1 thi vé phai clia gi6i han nay phéi bang
2.0 ho#c 2.9.

Nhu vay bing cac két qua 1ap luan [71], mo hinh cyc tiéu v6i mot vo huéng don tuyén
leptoquark sé cho chiing ta gidi thich duge dong thai ty s6 Rp, Rp- va Ry, Ri+.

Mo hinh ciing giai thich dugc cho dao dong By — B,. Ty le (AEAET),. / (Vi V3Y) trong
ciing ¢6 thé bi gidi han bdi cac phép do hién c6 ctia bien do tron B, — B,. Dong gép
ctia leptoquark vao hé s6 ludng cuc Cr., cho sy phan rda B — X,y dan dén

2 (\LyLt
SM v ()‘ A )b
= = A21
Cry = C3' + (12%) Vv (A.21)

Mbi quan hé [71] ngu ¥ ring sy thay ddi tuong ting trong ty lé phan nhanh B — X,y nho
hon khoang 1% va do d6é an toan dudi gidi han thic nghiém. Mo hinh tham chi ciing giai
thich dugc momen tit di thuong ctia muon |71].

B. Cac tham sb xuat hién trong ma tran khéi luong lepton

Khai trién ctia cac ham fEF fef fee flf, fﬁf trong ma tran tron khéi luong lepton

ab »Jab > Jab>
M, duoe dua ra béi

1
b = —ESZW/, (B.1)
ee 1 sib / 1 Slleb / ‘ib
=————"vw—- — MW — ———, B.2
Jio V2 A 2 A 22/ 2Av'w’ (B.2)
1
a = _ﬁSaEbwlv (B.3)
EE sty , 18 5
— - —— B.4
flb 2 A w 2 A w -, ( )
1 1
gf = _ﬁhaEbv/ - E‘Sgbva (B-5)
e 1 e 1 e
ffb = _ﬁsabw - Ehabw/7 (B~6)
B 1 A, 1 8, 1 sE
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