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Abstract

In this thesis the decay of a fourth generation U-quark was studied for a gauge model
with a SU(4) x SU(3) x SU(2) x U(1) symmetry and a fourth generation of heavy vector-
like fermions. Under the assumption of small mass mixing and increasing masses for later
generations, the leading order contribution of the 2-body and 3-body decay widths were
computed in terms of the fundamental parameters. Finally, the two decay modes were
compared for different mass values of the Leptoquark and the fourth generation U-quark.
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Part 1
Introduction

1 Motivation

Pursuing the question of what this universe is made of and which laws it follows, there have
been a large amount of discoveries made in particle physics in the last century. Most of these
discoveries are embedded in the Standard Model (SM) of particle physics [I]. While the Standard
Model is a full and conclusive theory itself, it fails to describe many physical phenomena and
thus cannot be viewed as the fundamental theory of the interactions in the universe [2]. Besides
the unification with general relativity and gravity, there are also phenomenological problems like
the existence of neutrino masses, that cause neutrino oscillations [3]. Additionally, the fact that
only a small amount of the energy spectrum has been measured in experiments leaves room for
additional heavy particles besides the Standard Model particles. To study the emergence of new
particles or interactions at high energies, many precision measurements have been performed
using the high-energy particles from the Large Hadron Collider (LHC) [4]. One particularly
interesting area for such precision tests is flavor physics. For all matter particles in the SM there
are three identical copies, that only differ from each other in mass. For the leptonic sector there
are no flavor changing vertices in the SM and the couplings to the gauge bosons are the same
for all generations. This leads to a large sensitivity to new physics in lepton flavor non-universal
processes. In the last years, several experiments have substantiated the inaccuracies of Standard
Model predictions in the decay of B mesons [5]. The BABAR and LHCb collaborations are two
of the most prominent examples for such experiments [6] [7]. While more data is taken in
order to get statistically more significant results, the current knowledge about the semileptonic
B decay is enough to spark a new interest in theories which have an additional mechanism of
flavor-universality breaking. Onme specific group of models addressing this issue are the 4321
models, which have a SU(4) x SU(3) x SU(2) x U(1) symmetry. These models originated
from the Pati-Salam (PS) model, which tried to unify quark colors and leptons into a fourfold
multiplet on which the SU(4) symmetry can act. The new results in B physics have excluded
the Pati-Salam Leptoquark, as it is constrained to be heavy by flavor measurements(> 250TeV")
[8]. However, a Leptoquark would need to have a mass of a few TeV and a O(1) coupling to the
third generation fermions to explain the B anomalies, which excludes the original PS model [9].
In this thesis the decay of a fourth generation quark is studied for a specific 4321 model with a
heavy vector-like fourth generation.
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2 Theory

While the SU(3) x SU(2) x U(1) part is similar to the Standard Model and hence does not need
an additional introduction, it is interesting to take a look at the SU(4) symmetry of the model.

2.1 SU(4) and Leptoquarks

The SU(4) symmetry connects quark colors and leptons into a fourfold multiplet and interprets
leptons as being the fourth color.

qg qu
q q
v = | °F Yvr=| (1)
qr, dr
ZL ZR

The gauge symmetry then has the following generators T, f v % with @ = 1,2,...,15 [10].
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Note that the first eight matrices Aj o, g form the subgroup SU(3) of SU(4) and can therefore be
mixed with the pure SU(3) symmetry. The generators Ty . 14 facilitate an interaction between
quarks and leptons, which can be described in the following way.
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These interaction vertices are particularly interesting, as they give rise to an additional flavor
changing mechanism due to the misalignment of gauge and mass eigenstates.

Since the SU(4) symmetry of the 4321 models unifies quarks and leptons, the explanation of
the different masses forces the existence of a new symmetry breaking mechanism. In this thesis
the additional symmetry breaking is assumed to be at a larger scale than the relevant scale for
fourth generation fermions decaying. Therefore, only true mass terms and mass terms stemming
from the Higgs mechanism are regarded in this thesis.

2.2 The model

This chapter introduces a specific case of a 4321 model including a fourth generation of fermions,
which is studied in this thesis. For further insights into the model one can see [9]. As expected
for a 4321 theory, there are 4 different kinds of gauge fields: Hj, 027 W and B/; with indices
a=1,2.,15b=1,2..,8 and ¢ = 1,2,3. While the SU(2) fields W are already the same as
in the SM, the SU(4) and SU(3) mix, such that the SM gluons G, and hypercharge bosons B,
are given by:
b _ b b
GM—03-0H+53-HM (4)
By=s1-H,+c B,
With b still being an index between 1 and 8 and s1/c¢; and s3/c3 being the sine/cosine of the
mixing angles 61 and 63. Together with the Leptoquarks from equation |3 these are only 15 of
the 24 gauge fields that are associated with SU(4), SU(3) and U(1). The remaining gauge fields
are given by:
GZ :—Sg'CZ—FCg-HZ

/ : (5)
Z,=—s1-B,+c-Hp

Again, the index b goes from 1 to 8. These gauge fields get masses through the spontaneous
symmetry breaking SU(4) x SU(3) x U(1) = SU(3)c x U(1)y.

Finally, it remains to introduce the fermion field content of the theory. As in the SM, there
are three generations of quarks and leptons, but in this case the generations do not have the
same gauge transformation properties. The first two generations have the same hypercharges
and properties as in the SM, e.g. they are a singlet under SU(4) transformations. The third
generation quarks transform as a singlet under SU(3) and in the fundamental represantion of
SU(4), the same behavior as the third generation leptons. Additionally, there is a right-handed
neutrino that is introduced for the third generation. For the fourth generation, vector like
fermions are introduced. In this thesis the model 1 of [9] is used.

The fields with index ¢=1,2 correspond to the first two generations. It is also noteworthy that
all these fields are denoted in their gauge eigenstates. The third generation is given by the
o fields: b = (q3,13)T, WP~ = (43, v3)T and "W = (@3, 3)T. Lastly, there
is also the new heavy generation represented by large letters: Qr/r = (UR/L,DR/L)T and

Lijr = Ng, Eryp)’.
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Field  SU(4) SU(3) SU(2) U(1)
a, 1 3 2 1/6
uly 1 3 1 2/3
diy 1 3 1 -1/3
I 1 1 2 -1/2
e 1 1 1 —1
Ur, 4 1 2 0
Ppture 4 1 1 1/2
pgewmTture g 1 1 —1/2
QL 4 1 2 0
Qr 1 3 2 1/6
Ly 4 1 2 0
Lp 1 1 2 —1/2

Table 1: Summary of the fermion fields and their representations in the gauge symmetries.

3 Procedure

In this thesis the decay of the fourth generation U-quark into SM particles is studied. This decay
can happen through two different interaction types. First, there is the two-body decay into a
W-boson and a bottom quark. Additionally, the Leptoquark can facilitate the decay U — v7b.

v(p2)

W(ps) 7(ps3)

U(Pl) LQ+

b(p2) b(p4)

Figure 1: Feynman diagrams of the U-quark decay modes studied in this thesis.

For the U-quark decay one can define a ratio R between the two decay widths.

L T(U = WD)
h= (U — vtbh) (6)

The goal of this thesis is to study this ratio and express it in terms of the new mass parameters,
which involve the fourth generation quarks.
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Part 11
Symmetry breaking and mass mixing

4 Symmetry breaking

In this section the symmetry breaking of the model is computed with the goal of finding the
mixing angles as a function of the gauge couplings. The starting point for this is the kinetic
part of the Lagrangian with its covariant derivative.

Lo 3 Vi — iga 3 DR Ty

Y=g} ul,di Ut eh b W 5 . QL.Qr.LL, LR Y=Y} 5.QL.LL

, T by , —e0C iy
—igy Y, GENy—igy Y WW S —ig > DB Xih
Y=g} uk,db,Qr Y=q% 1t Pr,Q,L Y=gt ub,di It et bt T Qr, LR

(7)

Tas U(4), the Gell-Mann matrices A’ and the halved Pauli matrices %c are the generators of SU(4),

SU(3) and SU(2) respectively. The charges X; for U(1) can be distinct for different fields and
are shown in table [ This can be rewritten in a form such that the gauge fields that represent
intact symmetries after the symmetry breaking are more clearly visible. Thus, the angles 61 and
05 can be derived. In equation 4} a general mixing of the SU(4) and SU(3) fields has already
been assumed. The equations nd can be transformed such that the initial gauge fields C’z
and HZ are given as functions of the gauge fields GZ and GZ/. Plugging these relations into
equation [7] and leaving out insignificant parts, yields:

£5-i( g 3 T (c30” + 53¢ )0 + ga 3 T (1 2 + 51 B

V=Y Y} W5.Qr.LL Y=Y} W5.Qr.LL
— b/ b — !
+93 > T (=53¢ + e3¢ )0 + g > VXi(e B — 514 W))
v=q} uk,d5,Qr Y=qt uky,db 1t el p QR LR

(8)

Here A, represents the photon field.
To have the same behaviour for the strong gauge boson GZ as in the SM, the first three generation

must have the same coupling strength. But one has to be careful, since the SU(4) generators

have an additional factor % in comparison to the Gell-Mann matrices.

3v 6
ggM — 9458 _ g3c3 <= tan(f3) = 95V/6 9)

V6 g4

Before the analysis is continued, it is useful to introduce a notation that is better suited to
discuss flavor. Since the goal of this thesis is to discuss the decaying behavior of the fourth
generation, the first generation is neglected in this thesis from this point on. Aware that particles
with different quantum numbers are mixed into the same vector, the following multiplets are
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introduced:
2 2
ur dr, 3 3
/ / / u / d
up = uz dy = dz uR_(Ué%)dR_(DE)
UL DL R R
2 2
€L: 61/ VL: I/l; €R— E/ VR— N/ (10)
EL NL R R

The left-handed fields ¢;, and I;, are defined as:

(D DD o

The terms involving the SM gauge field B,, of equation [§ can then be rewritten, while leaving
out the first generation particles as already mentioned.

ED—i[(lediag( aB, \fslB 73112?) L+deiag(—g—101E, ?:?é 51, ?ijlB)lﬁ’

uRdzag(—slB + —clB clB)uR + dewg(—slB — —clB g1 clB)dR—}-
\/7 f
394 .
eRdzag(—T s1B— 5 c1 EclB)eR + ERdzag(_

V6

The mixing angle #; can be found by requiring that the couplings of the fermion fields to the
gauge field B, are the same as in the SM for the first three generations.

51$+51c1 ,—Elclze)y;z] (12)

o Gsm _ 9L, _ 91
qr, : 6 6 C1 \/681
' Isur g1 394
Iy : —228 = —Z-¢; = ——=
r2 2 g4 g1
UR : §95M = 59101 %81 + 561 (13)
d ._lg’ :—lcg 9, 9,
R*~39sMm 36191 NG 1= 5a
’ / 394 g1

€Rr " —9spm = —g1€C1 = —%51 - 501

All these equations give the same value for the angle #; and for gng and thus a consistent
symmetry breaking pattern is achieved.

gy = g1¢1 = V6gas

tan(6,) = gfxl/é (14)

5 Mass mixing

Before the Feynman rules can be calculated, it is important to recollect that up to this point the
formulas were written in the gauge eigenstates of the fields. As already stated, the additional
symmetry breaking mechanism that is used to give leptons distinct masses from the quarks in
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SU (4) is neglected, as in this thesis scales below this mechanism are interesting. Therefore, only
Yukawa interactions and real mass terms are looked at.

s 0 Mss 0 555 O 555 0
Loy | Mss my |ug+dy [Mss my |drp+ep [ Mas mu | er+op [ Mss my | vg
v ! dv ! v / v /
A M, AT M, AGs M A z\{l)
15

Without knowing their values, a set of fields in the mass eigenstate are defined:

CrL, SL tR bR
urp, = tL dL = bL UR = <UR> dR = (DR>

Ur Dy,
I
HL L T VT,
ep = |7 |ve=| V] €R=<EI;> VR:<N1;> (16)

Ep Np,

The mixing matrices Y from equation |15 are diagonalized using the unitary matrices (Wi)gxg
and (W}%)ng, with the index ¢ = u, d, e, v corresponding to the particle type.
chiag = WETYZWIZQ
(YY) iy = WH(YTY YW (17)
(V'Y M)aiag = W[ (VY)W

5.1 Matrix perturbation theory

To calculate the mixing matrices between the gauge and the mass eigenstates, matrix perturba-
tion theory is used. For this it is assumed that the matrix, that should be diagonalized, only has
small off-diagonal elements and can be diagonalized to each order by a unitary mixing matrix.

M = Méiiag + EMfff_diag

) ; (18)
W =Wy+eWi +e¢ W2+O(€)

At O(€Y) one gets Wy = I, such that Wy is unitary and keeps My diagonal. Up to order O(e) it
gets more interesting:
WIW =T +eWi+ W) =1
=W, =W,/
WIMW = My + e(My + MWy + W, Mp)
= M1 = [Wl, M(]]
Note that these formulae are for quadratic matrices and that there is no correction to the

diagonal elements of M at this order. Now the mixing matrices W}é and Wi can be computed
up to first order using the equations from

(19)

v2 7 7 i [ % %
yityi — S (N5l + X532 + [A7]?) ﬁ(m 53 + MA™) (20)
5 (M Nyg + M*AY) m? + M?

To use the matrix perturbation framework, a look at the hierarchy of the scales in our theory
is needed. Assuming a similar hierarchy as in the SM, small mixing and increasingly heavier
generations lead to the hierarchy M >> v,m. By factoring out M?, it is now obvious that
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there are O(1) elements in the diagonal and O(77) elements in the off-diagonal. Thus, matrix
perturbation theory is applicable and the last equation of can be used to get the mixing
matrix (in this case the equation is multiplied by ¢).

R — WR 1% 1

. 21
, L (mAY; + MA™) (21)
Ri NG 33
P m M2 (N N |AP2)
The 323 matrix Wi is computed to be:
2 .. i 2 . -
G 7 T T
Yyl = Nz GNP m® NG AT - m MY (22)
U2 z*Az U2 Z*Al+m*M %‘Ai|2+M2
Due to the same reasons as for W}z matrix perturbation theory can be applied.
1 wht o owl
Wi = Wi o L W'
RES RES
-Wig— =W 1
Li _ T A3 53
12 — 2 ;
m? + 5 (A5 — [Nss]?) (23)
2 . %
Li _ T by’
13 = 2 as
M? + 55 (JA — [Ag]?)
ki SNAT + mM*
23 =

M = + 5 (AP = N P)

5.2 Parameter reduction

The physical effects of the mass mixing can be seen in vertices where different kind of fermions
interact. In the SM such flavor changing effects only arise due to the charged current weak
interaction with the W-boson and are described using the CKM-matrix.

Lo —z'%(aLW+WgTngL + apW W diag(0, 1) Widg
+ AW W W + dgW ™ Wil diag(0,1)Wiug)  (24)
The CKM-matrix in the SM describes the flavour changing properties of the weak vertex.
L2 @MW Vormdi™ + dPMW TV M (25)
Where UEM and dfM are vectors containing the three up-/down-type quark generations of the
SM respectively. The elements of this matrix have been measured and can therefore be used

to reduce the numbers of free parameters in this model [II]. The bottom right 2 x 2-matrix of
Ve am should then be equal to the upper-left 2 x 2-matrix of V301 = W;TWg.

Vigo1 =
LourrrL,ds LourrrL,ds Ld  1rLu LourrrLd* Ld Lu Lutg,Ld
SU*x ,ax U ,ax S ux s U ,ax »U SU* s
VVi2 — W?d + W%?) Wli ) 1 +LW12 V[il?i + W2L3 W23L . Wys b W23L d+ W12L W13L .
Juk ,d* RUES ,d* Uk Jdx Uk s S Uk S Uk s
(26)
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The upper-left 2 x 2 part of Vj321 can be simplified using the Yukawa hierarchy Ay << Ai4, A’
These hierarchy assumptions are particularly well justified for the quark sector with its small
mass mixing and ascending masses for later generations in the SM.

33
2
L . v
W13 ' O(Mg) (27)
wki. o m
23 ( M)
whi. o v
12 ( M)
It is assumed that the factors 1%3, 17 and 7 have a similar level of suppression and that m and
33

v are of similar order. The upper-left 2 x 2 part of Vi32; is approximated up to O(§;/ izﬁ E
33

1 WL,d N WL,u
\V ~ y . 12 12 28
4321 <W1L2’u . WlLQ’d 1 ( )

Looking at the Wolfenstein parametrization [12], it can be seen that at this level of accuracy
this only yields one restriction on the parameters.

Vep = Wit — Wi (29)

Additional parameters can be eliminated by using the measurements of the top- and bottom-
quark.

Yc;'iag - W[Z/TYZWI%

=
U L,ux UV o\ Rux* U\ uvr L Louyr Rux (30)
my = —=Ay3W + —=A33 —mW — —=A"Wo" + MW
t NG 2319 NG 33 12 2 23 23 W12
LN L,dx* UV \d R,dx U\ dyirL,d L,dyx,R,dx
mp = —=Aga W77 + — A5 — mW5" — — A W% + MW 25 Ws S
b /2 2312 /2 33 12 /2 23 23 12

One can see that only the second term is not suppressed by the mass/Yukawa hierarchy and
therefore it dominates. Additionally, the hypothesis is made that the mixed Yukawa coupling
)\‘213 is equal to zero. This is done in order to get rid of all the couplings involving the first three
generations, such that only the new mass parameters (m, M, A" and A?) involving the fourth
generation remain.

mt\/i

33: v
mpV 2
g = T2 @)
[T ﬂVCB(’m‘Q—i_m%)

L
Vep =Wio" & Ay =
12 23 vmy
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Part 111
U-quark decay

6 Decay widths

6.1 2-body decay

The transition amplitude for the two-body decay can be deduced from equation This am-
plitude also has a right-handed contribution due to the SU(2) charge of the fourth generation.

22

The calculation of the decay width is done in good approximation with the simplifications
my = 0 and my = 0, as their masses should be negligible in comparison to the U-quark mass.
The squared amplitude can then be summed over spin polarization and color final states and
averaged over the initial state conﬁgurations.

iT = — 2 ( Visa(p 2>v“<1—75>u<p1>ez<ps>—W%d*u(pzw(l+75>u<p1>e;<p3>> (32)

Z Tip — 16( n P3uP3v + D3Ny + p3unu)

" (p3 - )2 ps-n PP

spin,col

( Vish ( 8(n 0P —n'nP +ntPn7) — 8%'6”’”‘")

+H W 2( B(n" 0" — 7 + ) + 8i6””“”) )

p1 =

3

|
S O =
o O
e

N

|
s
’BL’B
N——
]
95

|
N
3
N——

=)
@)

While the terms with the metric tensor yield scalar products between the four momenta, the
terms with the Levi-Civita tensor are harder to handle. n and p; have all space-like coordinates
equal to zero, which lets most terms including a factor of the Levi-Civita tensor go to zero. This

is however not clear for the terms including the factor f’;’:‘i 3)‘; Since p; has to be taken with

the index 0 for a term to be non-zero, the remaining factor is a (negative) product of the three
entries of p. For every Levi-Civita tensor, there are 6 such possibilities of which 3 are even and
3 are odd. Therefore, these terms cancel and it is sufficient to look at terms without a factor
VPHO

Evaluating the scalar products and doing the phase space integral [13], yields:

R,d|2
Tusws = Z2—(|Visn >+ W5 %) (34)

Rewriting this in terms of the initial mass parameters one gets:

L.ux v R L,ux* v R7 ~
23f+W23u 2 s3Wig" + Wy m EAUWMU"‘MNM

mZv?|A%2 m2u Al 2Re(mymiv? A AY)

Luxyr,Ru

i 35
|WR,d 2 2M2 |Ad‘ m mb \/ivRe(m*MmbAd*)
12 2M4 M4 M4

10
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The leading order contribution from [V, 4%, |? cancels. This renders the left-handed contribution

to be suppressed compared to the decay with a right-handed vertex and therefore only the
right-handed vertex contributes at leading and next-to-leading order. When the suppressed
hightest-order (next-to-next-to-leading order) terms are neglected, the decay width of this two-
body decay is given by.

(36)

Fywe =

gaM [ v2M?|AY)? n V2vRe(m* MmyA%)
327 2M*4 M4

Note that there are no contributions from the left-handed vertices to this accuracy.

11
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6.2 3-body decay

As a next step, the decay width of the 3-body decay is to be found. Again, all particles in the
final state are assumed to be massless. For this, the Effective Field Theory (EFT) framework
is used [14], where it is assumed that the mass of the Leptoquark mp¢ is much larger than the
U-quark mass, giving rise to 6-dimensional operators. The Leptoquark part of the Lagrangian
has already been shown in equation [3| To see the flavor structure of these vertices better, these
interaction vertices have to be written using the multiplets which were introduced in section

Lo —%( aLWyldiag(0,U ™" U Wiy + dWildiag(0,U™" U )Wiey,

+ oW diag(0, U, U Y Wiuy, + e W diag(0, U, U)Wy,
+ fLRWgTdiag(U+, 0)Wgrr + JRWIdeiag(U+, 0)Wger
+@Wﬁ@wwimW&m+amﬁmwwimwﬁm) (37)

It is interesting to take a closer look at the flavor structure of the process.

Wildiag(0, ¥, U)W} =
Wiy Wi+ wiwi wikwgk —wil o —wi - wiwi

G I TE M R A SLE Sl (38)
, Lk T, L% , L v, Lo* Lk 0 :
—WHs™ — W Wi Was™ — Wi L Wy W
Wi diag(lf,0)W}, = : NE-
R g(w ) R U (leéR* WlléR*WféR

These matrices are particularly interesting when one decides which flavors of neutrinos are
considered in the final state. One can see that the largest contribution in the left-handed part is
coming from the diagonal element, while for the right-handed vertices a decay into the v, seems
to be favored. The decay into v, is more heavily suppressed and is therefore neglected in this
thesis.

6.2.1 Wilson coefficients

In this chapter the EFT framework will be used to approximate the decay width for large
Leptoquark masses.

v(p2)

U(p1) 7(p3)

b(P4)

Figure 2: Feynman diagram of a 6-dimensional EFT operator describing the U-quark decay.
Using the Feynman gauge, one can predict the Dirac structure of these vertices. The different

right- and left-handed vertices in the full theory have to be accounted for too. Since the leading
order in the EFT power counting is the desired accuracy for this thesis, only the following terms

12
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from the EFT Lagrangian are relevant for the U-quark decay.

T T

cT o C
LerT D Aig(UL'YMVz%L'YubL) + ALQR

(Uh"viTrYubR)
N

Ch - i cy - _
/TI;(UR’Y“VJQTR’M?R) + TLQ(UL’Y“NLTLW@L)
C'LR 7 A M = C]RYL 7 M = Cﬁ 7 M =

+ ?(UL’Y NLTrYubR) + F(UR’Y NRTLYubL) + F(UR’Y NRrTrYubR) (39)
The tree-level four-point function iTgrr(U — v7b), that arises from these EFT terms up to
order A2, has to be equal to the tree-level four-point function of the full theory up to order m% .

LQ

From equation [37| the Feynman rules and subsequently the full theory four-point function can
be deduced. During this step the Leptoquark propagator has to be rewritten in order to get a

power counting.
— 2 _ 2
1+ (p1 2]02) o) ( (p1 2p2) ) 2
MLo Uoe) (40)

.
+ RL

A2 ([7R7M V}%%L’YubL) +
N

— My _ um
(p1 —p2)* — m%Q m%Q

(p1 — p2)* = m¥ — 2my|pa|

|p2| denotes the magnitude of the neutrino momentum in the center-of-mass frame of the U-
quark and is bound from above at |pz| = X due to energy conservation.
By setting equal the four-point functions, the tree level matching for the Wilson coefficients can
easily be read out.

A= mrLQ

. 9
g ,Lx v,L* ,Lyx-d,Lx
Cr = _?4(W2u3 — Was ") (1 + Wy Wa3™)

T, — igz Wu,L* WV,L*
LR__?( 03 — Wy3™)
.
tg ,Rx ,Lx,d,Lx
C}QL:—?LLW& (14 Wa3 Wy3™)
. 9
Cf = — W™ (41)
.
7
O = =S+ WP Wb (1 Wil W)
N ig; L L
w,Lxyx -1,
Crr= —?(1 + Was " Wo3™)
.
N g R R Lir-d,L
Crr = *?4W1u2 WL+ Wy Wag™)
. 9
O = =Wt

3

iTprr(U — v7b) = ( (CT + Cp ) u(p2)y" (1 — 75 )u(p1)t(pa)vu (1 — 75)v(ps3)

4m%Q
+ (CLg + CLR)u(p2)y" (1 = 75)u(p1)u(pa) (1 + 75)v(p3)
+ (Chp + CRLE(p2)7" (1475 u(p1)(pa) v (1 = 5)v(ps)
+ (CR A+ CR a2y (1 + 35 ul(p)u(pa)yu(1 +5)0(ps))  (42)

Note that @(p2) are technically different for Wilson coefficients with different index 7/N. They
are put as the same here nevertheless, since both neutrinos v” and N are approximated to be

13
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massless and thus have the same properties for this calculation.

A long calculation yields the following for the squared amplitude, which is summed over final
spin states and averaged over initial spin states. Note that for the decays analyzed in this thesis
the color summation gives a factor 1, since there are no color changing vertices involved.

S TP =

spin,col

( ( ICTI2+|CL P +|CRI*+|CF [*+2Re(CT*CL ) +2Re(CF CR)) (p1p4)(p2p3)

+ (1CTRl +CERl? + |CRL + ICRL + 2Re(CERCER) + 2Re(CRLCRL)) (p1p3)<p2p4)>

(43)

6.2.2 Phase space

Finally, it remains to do the phase space integral [I5]. Below there is the connection between
the decay width and the squared transition amplitude [13].

d3ped3psd3py

2 I8 P 44
8(2m) By EsEy (44)

(27T 244
dl’ = VAR
g, § |T|6%(p1 — p2 — p3 — pa)

spin,col

For this integration it is useful to realize that the final state particles are on a plane in the rest
frame of the decaying particle. Therefore, the first angular integration around the z-axis can
already be done.

A J

Pa + Ds

Figure 3: Schematic figure of the 3-body decay in the rest frame of the U-quark.

myy

21 ! 2
= _——— [ dcos(d
(271’)54mU /_1 COS( 2)/0 spin,col

dBpsd3ps < 9cd
U:/ E T|%6 — — —
4‘p3”p4‘ | | (pl D2 D3 p4)

d3 p3d Pi O 2.4
T Do — P —
dlpzllpzl/ Tpsllpal ! |*6%(p1 — p2 — p3 — pa) "

spin,col

The last part of the integral U is Lorentz invariant and can therefore be evaluated in the center-
of-mass frame of the b-quark and the tauon. Performing this integration and thus eliminating
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the Dirac distribution, yields:

m72U 1 1 27
I = 4<27$4mU/0 dpap /_1 dcos(6-) /_1 dcos(ﬁ*)/o dqﬁ*( a(p1ps)(p2pa) + b(p1p4)(p2p3))
1

a=— (ICERI> + |CLRI® + |CRL? + ICRLI® + 2Re(CTRCTR) + 2Re(CELCRL))
LQ
1 * T %
b=—3 (ICEP +1CY P + |CRP + |CR? + 2Re(CT*CY)) + 2Re(CEF CR))
LQ

(46)
The four-momenta used for this calculation are shown next. Note that the vectors p3 and p} are
in the center-of-mass frame of the b-quark and 7. Accordingly they have to be rotated around
the y-axis with angle (62 +7) and boosted along the z-axis with v = m’;n;llfﬂ to get into the rest
frame of the U-quark.

my 1 1
|0 _ sin(f2) | . miz | sin(0%)cos(¢*)
b1 = 0 p2 = |p2| 0 p3 = 9 sin(6*)sin(¢*)
0 cos(0 cos(0*
(02) (") .
1
iy [ —sin(6)cos(6") I aramree——"
PAZ 797 | —sin(07)sin(¢7) iz = \fmy = 2my pa|
—cos(0*)
The final result for the decay width is then attained by performing the remaining integrals.
(a+ b)ymy;
T =~/ U 48
U—vtd (271')3192 < )

The full expression can then be found by evaluating and expanding the variables a and b using
the mass and Yukawa hierarchy. Again, equation [35]is used to approximate the U-quark mass
using the Yukawa and mass parameters. Since the next-to-leading order vanishes, only the
leading order contribution is stated here:

4 0o
Ty = ( 94 (49)

27)3864m7

It is also interesting to study where the leading order contributions for the decay width are
coming from:

1

=7 (ICTRI? + |CLRI? + |CRLI? + |CRLI* + 2Re(CTRCLR) + 2Re(CRLCRL))
LQ

LO 1
L (1o

. e (50)

b= 7 (ICT>+ |CY > + |CRI* + |CR | 4+ 2Re(CT*CL)) + 2Re(CFCR))

LQ
LO 1
L (e Po

LQ

One can see that the leading order contribution stems from the decay into a fourth generation
neutrino.
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7 The ratio R

Finally, all ingredients are ready to express the R ratio using the leading order contribution
from the two different U-quark decay widths. This leads to the following quantity for R:

108¢3v2|AY2m2m?
R= 2 g’4m|6 LQ (51)
4'u

Here, the fact has been used that the U-quark mass is equal to the mass parameter M in a good
approximation (see equation .

It is particularly interesting to look which decay channel dominates at which range of our mass
parameters. Since we have assumed that my < mpqg in our calculation, the U-quark mass can
be parametrised in the following way using an € between 0 < € < 1.

my = emrq (52)

Using this parametrization, the value €y, where the two decay widths are the same, can be found.
For € > ¢y the 3-body decay width is larger than the two-body decay width. For € < ¢y the
reverse is the case.

2,,2[ Ad[2, 2 d
€0 = ( gav \14\ ]27r 108) %%0‘27< A7> %( i) %( 3T€V) 1 (53)
g4mLQ mLQ

It is obvious that € is suppressed by our mass hierarchy, since we have assumed mpg > my ~ M.

Nevertheless, this is not a large suppression, since the exponent yields that ¢g is only proportional

to( v
mr

) 5.The only Yukawa factor in this equation is the mixing parameter A? between the
fourth and third generation. When this mixing parameter is increased, it enlarges the range in
which the 2-body decay dominates. This does not come as a surprise, since only the 2-body
decay mode is dependent on flavor changing vertices at leading order. Furthermore, a numerical
reference value was found for € using natural guesses for the SU(4) parameters: mrg = 3 TeV,
gs = 3 and A? = 10~!. For this numerical example, the U-quark mass at which the two decay
modes have the same strength is approximately 810 GeV. To get that numerical result, the
following values were used for the SM parameters go and v.

g2 =6.5-10"1 v =246GeV (54)
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Figure 4: R ratio as a function of the U-quark mass for different LQ masses.

It is interesting as well to plot R as a function of the U-quark mass. Again, the plots were
evaluated with the values from equation and with the parameter values g4 = 3 and A? = 1071,
In figure E| R is plotted for different masses of the Leptoquark mpg. As expected for a fixed
mass of the Leptoquark mprg, the 3-body decay channel gains relative strength with respect to
the weak decay when the U-quark mass my is increased. However, it is important to note that
this only represents the leading order contributions from the EFT. Due to the large coupling
constant g4 = 3, the EFT power counting competes with the coupling strength. For large U-
quark masses (my — mpqg), the EFT cannot be handled perturbatively anymore (see equation
. Thus, the leading order contribution depicted in figure |4{ gets less relevant for larger masses
my.

Finally, one can define a mass my,o = €gmpg corresponding to the U quark mass at which the
decay widths of the two modes are the same. Equation states that the factor €y increases
when the Leptoquark mass mp is decreased. However, this is only relative to the Leptoquark
mass mrq, which is not fixed itself. It is therefore interesting to see how the corresponding mass
myo changes. In the plots in figure 4 that change can be easily seen. The mass my o increases
with an increasing Leptoquark mass, even though it gets relatively smaller compared to mpq.
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Part IV
Conclusions & Outlook

4321 models are interesting, since they could give an explanation for the deviation to Standard
Model predictions in B meson decays. In this thesis the decay of a fourth generation U-quark
was studied for the 4321-framework. In the specific model that was chosen, the third and fourth
generation behave differently and Lepton flavor-universality is only given approximately for low
energies. Using assumptions about the mass hierarchy and neglecting small masses, the decay
widths for the two decay modes were computed separately up to next-to-leading order in the
mass hierarchy. There is the decay mode involving the weak interaction (U — Wb) and the
Leptoquark decay mode into three particles (U — vbr). The leading order decay widths were
then compared using the ratio R between the two decay widths and R was plotted as a function
of the U-quark mass for different Leptoquark masses.

As a next step, it would be interesting to calculate the decay widths with more orders in the
mass hierarchy. Additionally, the ratio R could also be analyzed using more orders in the decay
widths and thus getting a more exact result. Furthermore, not neglecting the small masses
(my, my, m; and m,) in the decay width calculations would also increase the accuracy of this
analysis.

Finally, it is also important to retain the connection to the experiments. Consequently, the
anomalies in flavor physics should be studied further in experiments and more data on this
subject is needed to get statistically more significant results. By studying the B-meson decay
and confirming or discarding the anomalies, the relevance of the 4321-models can be changed.

18



REFERENCES Nando Zwahlen

References

1]

[10]

[11]

[12]

R. Oerter, The theory of almost everything: The Standard Model, the unsung triumph of
modern physics, Penguin Publishing Group, (2006).

J.D. Lykken, Beyond the Standard Model, High Energy Physics - Phenomenology, (2010).

V. Barger, D. Marfatia and K. Whisnant, The Physics of Neutrinos, Princeton University
Press, 2012.

S Amoroso, Precision measurements at the LHC, PoS, (2020).

LHCb Collaboration, P. de Simone, Experimental Review on Lepton Universality and Lep-
ton Flavour Violation tests in B decays, EPJ Web of Conferences 234, 01004, (2020).

LHCD Collaboration, R. Aaij et al, Tests of Lepton Universality Using B® — K%*I~ and
Bt — K*TIT~ Decays, Physical Review Letters 128, 191802 (2022).

BABAR Collaboration, J.P. Lees et al, Evidence for an Excess of B — D®) 1=, Decays,
Physical Review Letters 109, 101802 (2012).

G. Valencia and S.Willenbrock, Quark-lepton unification and rare meson decays, Physical
Review D 50 , 6843 (1994).

J. Fuentes-Martin, G. Isidori, M. Konig and N.Selimovic, Vector Leptoquarks Beyond Tree
Level III: Vector-like Fermions and Flavor-Changing Transitions, High Energy Physics -
Phenomenology, (2020).

F. Kreuzer, Lower Bound on Mass of the Leptoquark in Pati-Salam Standard Model Ex-
tension, Thesis at ETH, (2018).

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001, (2018).

L. Wolfenstein, Parametrization of the Kobayashi-Maskawa Matrix, Physical Review Let-
ters, 51, 1945 — 1947, (1983).

P.A. Zyla et al. (Particle Data Group), Review of Particle Physics, Progress of Theoretical
and Experimental Physics, 083C01, (2020).

A.V. Manohar, Effective Field Theories (Lectures), High Energy Physics - Phenomenology,
(1995).

J. C. Romao, Integration of three body phase space: The 3BodyXSections and 3BodyDe-
cays packages, Notes from series ”Computational Techniques in Quantum Field Theory”,
Instituto Superior Tecnico, (2022).

19



	I Introduction
	Motivation
	Theory
	SU(4) and Leptoquarks
	The model

	Procedure

	II Symmetry breaking and mass mixing
	Symmetry breaking
	Mass mixing
	Matrix perturbation theory
	Parameter reduction


	III U-quark decay
	Decay widths
	2-body decay
	3-body decay

	The ratio R

	IV Conclusions & Outlook

