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Introduction

The Standard Model (SM) is most successful theory to incorporate the dynamics of
sub-atomic particle

Neutrino mass and fermion mass hierarchy

Universal seesaw model (USM) — applies a seesaw-like mechanism to explain the fermion

mass hierarchy — Our focus: quark mass hierarchy
A. Davidson, K.C. Wali [PRL 59(1987)]; S. Rajpoot [PRD 36(1987)]; R. Dcruz, K.S Babu [PRD 108(2023)]

USM introduces:
~ An additional gauge group, SU(2)gr with the corresponding Higgs doublet

> Vector-like quark (VLQ) whose mass parameter plays role in the seesaw-like mechanism
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Introduction

Table 1. Quark mass and their corresponding Yukawa coupling

[PDG]

Quark mass Yukawa coupling

my = 2.16 MeV | yiM ~1.24 x 107°

myg = 4.70 MeV | 3™ ~2.7x 1077

me = 93.5 MeV | oM ~5.37 x 107*

me, =1.273 GeV | oM ~ 731 x 1072

my = 4.183 GeV | yp™ ~ 2.4 x 1072

my = 172.57 GeV | ¥+ ~ 0.99

My, Ma, Ms from MS at 4 = 2 GeV

me, My from MS at 4 =m
m¢ from direct measurement

v 246.22 GeV
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Introduction

Table 1. Quark mass and their corresponding Yukawa coupling * The tree-level quark mass

[PDG] I
Quark mass Yukawa coupling u = Yu /2

My = 2.16 MeV | ¥t ~1.24 x 107°

* The up quark Yukawa coupling can be explained

mg =470 MeV | yq" ~2.7x107° by following approximation formula:
S ~ _

m, =935 MeV | o™ = 5.37 x 10~ sMm . YurYRYur VR -5
SM -3 Yu = o o

me =1.273 GeV | ¥, =731 x10 \@MU \/§MU

my, = 4.183 GeV | vy =24 x 1077 vp < My

me = 172.57 GeV | % = 099 Yur = Yur =1 My — Mass parameter of up VLQ partner

My, Ma, Ms from MS at 4 = 2 GeV

Me, My from MS at p=m v & 246.22 GeV
m¢ from direct measurement
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Introduction

Table 1. Quark mass and their corresponding Yukawa coupling
[PDG]

Quark mass Yukawa coupling

My = 2.16 MeV | y5" ~1.24 x 107°

myg = 4.70 MeV | 3™ ~2.7x 1077

me = 93.5 MeV | oM ~5.37 x 107*

me, =1.273 GeV | oM ~ 731 x 1072

my = 4.183 GeV | yp™ ~ 2.4 x 1072

my = 172.57 GeV | yt =~ 0.99

My, Ma, Ms from MS at 4 = 2 GeV

Me, My from MS at p=m v & 246.22 GeV
m¢ from direct measurement

* The tree-level quark mass

sm VL

V2

mqy, =1

* The up quark Yukawa coupling can be explained
by following approximation formula:

ySM ~ Yur VRYur -~ U—R -~
“ V2My V2My

VR < MU

1072

Yur = Yur =1 My — Mass parameter of up VLQ partner

 How about the top quark?
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Introduction

* The top quark mass in the seesaw model has been discussed, e.g.

Y. Koide and H. Fusaoka, Z Phys.C 71 459-468 (1996)
TM, T. Satou, M.N. Rebelo, and M. Tanimoto, PLB 410 233-240 (1997)

roximation of m igenval
Y. Kiyo, TM, P. Parada, M.N. Rebelo, and M. Tanimoto, PTP 101 233-240 (1999) } App O ation o ass elgenvalues
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* The top quark mass in the seesaw model has been discussed, e.g.

Y. Koide and H. Fusaoka, Z Phys.C 71 459-468 (1996)
TM, T. Satou, M.N. Rebelo, and M. Tanimoto, PLB 410 233-240 (1997)

Y. Kiyo, TM, P. Parada, M.N. Rebelo, and M. Tanimoto, PTP 101 233-240 (1999) } ApprOX|mat|on of mass elgenvalues

* In the SM, Flavor-changing neutral currents (FCNCs) are absent at the tree-level

* In the USM, FCNCs exist even at the tree-level — suppressed

e Qur research:

- Study the third family quark mass hierarchy (top and bottom quarks) in the massless
case of the first and second generation

> Find the VLQ mass parameters (MT and MB) using the current experimental data
and using the exact mass eigenvalues

> Investigate the phenomenology implications — FCNCs process within this model
6/51
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The model

* Universal seesaw model is based on SU(3)c x SU(2)1, x SU(2)r x U(1)y

Table 2. Quark and Higgs fields with their quantum numbers under the model gauge group

Quark and Higgs Fields | SU(3)c SU(2)., SU((2)g U(1)y

¢ = ( sf ) 3 2 1 1/6
L

¢, = ( s ) 3 1 2 1/6
R

Tr,r 3 1 1 2/3

Br g 3 1 1 —-1/3
+

b1 = ( XL ) 1 2 1 1/2
XL
X-l—

PR = ( & ) 1 1 2 1/2
XR

Q=1I; +I};,+Y'

——
Y =13 +Y'
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* Universal seesaw model is based on SU(3)c x SU(2)1, x SU(2)r x U(1)y

Table 2. Quark and Higgs fields with their quantum numbers under the model gauge group

Quark and Higgs Fields | SU3)c SU(2)r, SU(2)r  U(1)y
%Z(Zi) 3 2 1 1/6 Q=1 +I3+Y
i U —
Tr,r 3 1 1 2/3
Brr 3 1 1 13| o= ( )
X1
= 1 2 1 1/2 1 0
oL (XOL) / <¢R>:ﬁ(UR)
vt
PR = ( & ) 1 1 2 1/2
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The model

* The Lagrangian of the model (excluding the QCD part)
L= »Cq + LH + ﬁgaugea

L, = ¢-iv"Druqs + iy Druqh + Tin* Dy, T + Bin* Dy, B
Y2 o1 Tr — Y2 Trohah — abyl ¢1.Br — Bryi dhak —

— TLMTTR — BLMBBR — h.C.,

Ly = (D}or) (Druor) + (Dior) (Drudr)
1 a aur 1 a aur 1 1
Egauge — _ZFLW/FLM o ZFRMVFRM o ZB;LI/B/M

where,

. T 4 .
Di(ryndr(r) = (% +tigrr) 5 Wemy, + 291Y$32> PL(R):

Dr, T = (0, +ig)Y7B,,) T,
DpuB = (0, +i9,Y;B,,) B,

o V(¢L7 ¢R)7

i : T a : i
Drrypdrnry = <3u + ZgL(R)ij(R)M + ZQQYq/BL) 9dL(R)>
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— TLMTTR — BLMBBR — h.C.,

Ly = (DYér) (Druor) + (Dhor) (Drudr) — V(dr, dr),
1. 1

/ /
['gauge - __FLWFEW _ ZF}%MVFJ%W - ZBWB e Kinetic terms of gauge fields

4

where, I i (o i ™ e i V'B ) g
L(R)pdL(R) w JL(R) 5 "V L(R)u J91¥q¢By | dL(R)>

D, T
Dpg,B

+ ZglyTB;J Ta

Dr(rR)u?PL(R) (8 +Z9L(R) 5 WL(R) +ig) Y, B )CbL (R)>
( +igiY5B,,) B,
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The model

* The Lagrangian of the model (excluding the QCD part)
L=L;+ Ly + Loange,
L, = ¢-iv"Druqs + ¢Hiv" Druqk + Tin* Dy, T + Bin* Dy, B
~ Y3 @i oL TR — Y, TLdhat — diyh, o Br — BLyi, 0 hdr — h.c.
— Ty MyTr — BLMgBgr — h.c.,

Ly = (DYor) (Druor) + (Dhor) (Drudr) — V(dr, or),

1 a apuv 1 a auv 1 v
‘CgaUge — —Z L'LLI/FL'LL - ZFR/J/VFRILL - ZB/{“/B,'U, )

where,

V(r, dr) = pidtér + uhohor + A(0Lon)? + Ar(0hor)? + 2ALr(0) d1) (hoR),

a _ a a abc b c
FL,uI/ = (9MWLV — aVWL'u — grLe€ WLMWLI/7
a L a a abc b c
FR,LU/ == 8MWRV — a,/WRM — gRE€ WRMWRV?

i <0
pr <0

r / /
B!, = 8,Bl — 8,B..
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The model

* We derive the Lagrangian starting from:
SU(Q)L X SU(Q)R X U(l)Y/
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The model

* We derive the Lagrangian starting from:
SU(Q)L X SU(Q)R X U(l)Y/

( B;L ):(COSQR —sinfg )( B, ) b = Xk ) 1 V2XF%
WRM sinflr  cosfOp ZRy R x% N V2 UR+hR+iX?})2

SHIHR‘_-———gi———- cosfp = __9r
— : —
V9t + 97 V9% + g2
g = gycosfr = grsinfg v

SU(2)L X U(l)y
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The model

* We derive the Lagrangian starting from:

SU(Z)L X SU(Q)R X U(l)Y/

Béb _ ( cosbr —sinbg B, bp = Xk _
|44 sinfr  cosfOr Z Ry X%
: 9 9R
SIDHR:—y COSeR:—
V9% + g2 9% + g
g = gycosfr = grsinfg v
SU2)r, x U(1)y
( B, [ cosfy —sinby A,
qu sinfy  cos Oy AN b = ( X5 )
= L) =
cos Oy = 29—L, sin Oy = 29—/ XL
\/9L+g/2 ng—l—g’2
e = g’ cos Oy = gr, sin Oy v

V2

(

V2x L

vr + hr +ix%

V2x T

vr + hr +ix:

)

)
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Quark Sector

* In this talk, we skip the details of deriving the Lagrangian from:
SU(2)L X SU(Q)R X U(l)yl —> SU(2)L X U(l)y —> U(l)em [2407.00432]
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Quark Sector

* In this talk, we skip the details of deriving the Lagrangian from:

SU(Q)L X SU(2)R X U(l)yl —p SU(2)L X U(l)y —> U(l)em [2407.00432]

* The final expression of the mass terms in the flavor basis (before diagonalization):

M
Y3 v_L<WT )43 Y3 ’U_L(WT )44 (17/ )3
£ _ ~ 3 ~ 4 UL /2 R ur, \/5 R ~R . h c
mass ( (UL) (UL) ) ( 0 M, (ulR)4
3 vp 43 3 vp 44 1\ 3
—(@y @) ( Vi Vo)™ i, 5 (Waa) ) ( ¥ )_hc
L L 0 md, ( /1/%)4
M
where, b
. 3 Y3
B cosfr, sinfr, O — Mr O — Yin VR 0n — Mg 9 dr YR
Wiy, = ( —sinfr, cosOr, COS VTR My S VT Moy /2 COSVBr ma, S YBR M, /2
B cosfp, sinfp, (Y3 )202 (Y3 )22
Wer = <<—shJQBR cosOp, My, = uiz B+ M2, My, = —42%——ii4—ﬂfé-
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Quark Sector

* Changing from flavor basis into mass basis transformations:

4 _ 4 Ry = ( I, 09 )
= SRy, @ = Sy, e (0
B=1 p=1 Ky, = ( I, 0 )7
A 4 02 Krp
(W) = S Fr ) (@R = S (Ko, (dR)° fo= (32 3, ).
_ =1 L
B=1 B o L o
Br 02 Kpg,
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Quark Sector

* Changing from flavor basis into mass basis transformations:

4 _ 4 Ry = ( I, 09 )
= SRy, @ = Sy, e (0
B=1 p=1 Ky, = ( I, 0 )7
A 4 02 Krp
(W) = S Fr ) (@R = S (Ko, (dR)° fo= (32 3, ).
_ =1 L
B=1 B o L o
Br =\ 0, Kpg,

« Diagonalizing the mass matrix by the bi-unitary transformations:
K}, MoK, = (m} %) = diag(my, my),

K}, MyKp, = (mj"®) = diag(my, my ).
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Quark Sector

* Changing from flavor basis into mass basis transformations:

4 B 4 ) Ry = ( Iy 0 ),
)" = Sy, (@7 = SR ) Vg, where 0, K,
51 p=1 Kr, = ( éz [?2 )
4 ) 4 N 12 OTR
()™ = 3 (B ) (uf2)? (d)* = (Kp,)* (d)” Roo= (0 42 ).
B=1 p=1 ~ I, 0
Kp, = ( 0, Kg, )
« Diagonalizing the mass matrix by the bi-unitary transformations:
di :
Kr}LMtKTR = (my *) = diag(my, my),
di :
KLLMbKBR = (my, **) = diag(me, My ).
* The mixing angles:
Kt o_ cos ¢,  sin o, Kt cos¢p, singp,
Te =\ —sin¢gy, cosor, )’ Br = \ —sin¢p, cos¢p, )’
Ko cos O, —sinor, -1 0 K. [ €os OBp, —Sinopg -1 0
T =\ sinér, cospry, 0 1 Br =\ singp, cosop, 0 1 14/51



Quark Sector

* The exact mass eigenvalues:

Top quark and heavy top quark: TV, A.S.Adam, Y.Kawamura, AHP, Y.Shimizu, and K.Yamamoto, J.Phys.Conf.Ser.2446 012046 (2023)
__V/AI%_F(nluR__7nﬂL)2_+ \/A4%'+(7nUR’+7nUL)2
2 2
\/M’_I% + (M — My )? 1 \/MJ% + (Mup + My, )?
2 2

my =

myr =

Bottom quark and heavy bottom quark:

VB (g —ma, ) /MR (ay + )

o = 2 2
o \/M% =+ (de - mdL)2 \/M% + (de + mdL>2
e = > i >
where, VR VL VR v
Myp = Yi}ﬁ» My = YSL ﬁ Mdp = ngRﬁa My, = dBLﬁ
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Quark Sector

* The right-handed weak isospin current:

3
Hin = D (uipuf — dipydi)

=1
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| SU@RE UMy,
i = (il — digy* i) ——»
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Quark Sector

* The right-handed weak isospin current:

. o N SURR®@U1)y " 2 — N — k(~1 \k
Jhr = Z (UlRVMU% —dﬁﬂudﬁz) — » Jsp =)D _(ap)*(uRr) + Z (p)I v (Z1g )" (UR)
i=1 i=1 7,k=3
2 _ 4 . ~
= (R (dR) = > (AR (Ze, ) (dR),
=1 7,k=3
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Quark Sector

* The right-handed weak isospin current:
| Su@roeut
Hn = (uiy iy — digy* die) T

2
2 (T
=1 =1 7, k:3
2 4
Z (~ d// Z ZBR gk(d//)

SU(2)L ® U(1)y -
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Quark Sector

* The right-handed weak isospin current:

— T -\ SV@re UMy 0 - ~7 TRY =7 ki~ \k
Hin =3 (e — djrdiy) ——— 35 = D (W) (@) + D (@) (Zr, )" (i)
i=1 i=1 7,k=3
2 Iao— ~ . 4 T —— . ~
SU(2), © U(1)y (@i (d) S (AR (Zpg )Y ()",
i=1 4, k=3
2 4
= > @Y @) + > (g (2, YR ()
i=1 7,k=3
2 4
=Nyt + S (AR (Zen) ARk
=1 7,k=3
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Quark Sector

* The right-handed weak isospin current:
_ ' _ ' SU(Q)R X U(l)yl 2

Hn = (i uy — digy"diy) ——» Jbg
1=1 =
2

SU(2)L ® U(1)y

(ZBR )jk =

1= jik € {3,4}
4
Y (KL (ZBa)" (Kpg)™
i,1=3
cos? By, — sin B, cos Bry,
— sin B, cos By sin? By,
cos® B, —sin Bp,, cos Bp,
—sin B, cos BB, sin® B,

> (Er Y (Zra) " (Krg)™,
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Quark Sector

» The left-handed weak isospin current:

3
i =D (uprul, - diydy)

1=1
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Quark Sector

» The left-handed weak isospin current:
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Quark Sector

» The left-handed weak isospin current:
]Z/;LL = Z (UZL’YMUL - dZLW’MdL) EE——
=1

i=1 j k=3
2 _ A 4

=S @pyy Ay = Y (dp)i(Zp, P (dE)"
1=1 7,k=3
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Quark Sector

» The left-handed weak isospin current:

- [ - T N SUR2)L @ Ull)y . ’ ~ ; N ) < ; ik ~m\k
i =D (it —diyrdy) g = SR )+ Y @ (2, ()
i=1 =1 J,k=3
2 4
= DRy (dy) = D (dp)in (Zs, Y ()"
=1 7,k=3
where
jk _ T \J3 3k
(25, )% = (KL, ) (Kp,)*
z cos? o1, — sin ¢, cos o7,
i — sin ¢y, cos oy sin® ¢,
z cos? OB, —sin¢p, cosPp,
b —singp, cos¢p, sin® ¢,
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Quark Sector

» The interaction between Higgs ( iz and hr) with quarks:

Lo2 Loy = == 3 [(ZrymP MR GR) + (m™ 20, ) () )
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» The interaction between Higgs ( iz and hr) with quarks:

Lo2 Loy = == 3 [(ZrymP MR GR) + (m™ 20, ) () )

H(Zrymi (L = Zr, )M (@) P(ag) + (1= Zp, )ymy " Zp,) " (d7)*(d

* Transformation from hr, and hr basis into the diagonal mass eigenstate » and H

hr \ cos¢  sing h
hrg | \ —sin¢ coso H

.
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Quark Sector

» The interaction between Higgs ( iz and hr) with quarks:

1 ia i~k (AT ia T Am\ k(AT
LoD Lo === 3 |(Brm @RI (@) + (mi*® 2r, M (@ F (a7

* Transformation from hr, and hr basis into the diagonal mass eigenstate » and H

h \ _ ( cos¢  sing \ ([ h tan2g = (LR g < Jg) <
hr —sing cos ¢ H RUR = ALUL

ALRV
tan ¢ ~ ALR L

AR VR 18 /51
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Quark Sector

» The interaction between Zr and Zr with quarks:

gL

Lq 2 Lzz == 2 cos Oy

() — ctan 9W<jsm>] Zin

IR . . 1 .
| ) — o tanon (38— 3050 | 2

where,

'/,l, .
]em -

W| —

> @myayt(amy® = 2y (dmyayt(d™)

Wl N
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Quark Sector

» The interaction between Zr and Zr with quarks:

gL

Lq 2 Lzz == 2 cos Oy

() — ctan 9W<jsm>] Zin

IR . . 1 .
| ) — o tanon (38— 3050 | 2

where,
4

> @myayt(amy® = 2y (dmyayt(d™)

a=1 a=1

o
]em -

Wl Do
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« Transformation from Z; and Zr basis into the diagonal mass eigenstate Z and 2’
Zru \ _ cos) sinf Z,
Zr, )\ —sinf cosd ZL
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Quark Sector

» The interaction between Zr and Zr with quarks:

gr : .
LqDLzz = — M(]gL) - 6taﬂ9W(ng)] ZLp
[ 9r

. . L,
) — o a0 (3~ 508) )| 2

where,
2 & 1
jéim g Z (,am)a,yu(f&m)a . § Z (dm)a,yu(dm)a
a=1 a=1
« Transformation from Z; and Zr basis into the diagonal mass eigenstate Z and 2’

) QCRS%SW@ T
Zip \ _ cosf)  sinf Z, tan 20 — Uk . 0<o<”
Z Ry —sinf cosf Z, Sty — 5% (55 cos 20R + cycq) o 1

v

TN

tan§ ~ O(v3 /v%)
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Higgs Sector

» After SU(2)., x SU2)r x U(1)yr —» SU(2)L x U(l)y —» U(1)em, we collect the qudratic terms:
Ly D Equad - (ngXZ)(Demuxz—) + (ngX;g)(Dem/,LXE)

.gLvuL +p — —p + Q%U% —pyy+

+1 5 {Wr" (Dempxry,) = Wy (DemuXL)}+TWL Wi,
2. 2

.gRUR _ — gpv _
12 (W Danix) = Wi (Denmirf)} + R W mwit,

1 (g0 vr \° 1 gr vr \’ g’ ?

— | = YAV — — v tand YAV
+2(2 COSQW) L L“+2{(2 COSQR) +(21)L o R) } REHH

9/ L gr UL

tan Qp =— YA

+ 2 HUR 2 cosf L Ru

1 1
+ 5(@0(%)2 + 5(%)(%)2

1 grvr 5y 1 grUR 5. g'vr 3
— — Zr, (O — — Zn, (0" — tanlpZpn,, (O*

2 cos Oy Lu( X7) 2 cos O Ru( Xr) 9 anvpg Ru( X7)

1 1
+‘§(8uhL)2*‘§(auhR)2

h? h?

— hL(QALRURUL)hR — 7L<2ALU%) — TR(Z)\RU%%).
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Higgs Sector

» After SU(2)., x SU2)r x U(1)yr —» SU(2)L x U(l)y —» U(1)em, we collect the qudratic terms:
Ly D Equad - (ngXZ)(Demuxz—) + (ngX;g)(Dem/,LXE)

2,2
.gLvuL _ - g7 v _
+ i AW (Dempxz) = Wi " (Demuxz)} + Z 2 WL "W, WL boson
2,2
.gRUR _ — gnpv _
+ iAW" (DemuXr) = Wi (Demxp)} + =W "Wy, WR boson

1 (g v \° 1 (gr va \* (¢ i
! (-4 7 o i Z v, tan VAYA
+2(20089w> L LM+2{<2COSQ_R i g VLMARVE R
Neutral gauge bosons . 9L UL

tanfp 2 ——— 747

H 2 a R20059W LB
1 1

+ 5(6,LLX?I),>2 + 5(8MX?1)%)2

Nambu-Goldstone bosonsi 4,4, 1 grvg q'vr

~ S cocgs Zen@xL) — 5 (0¥ k) — S5 tan On Zmu(9"X})
1 1

+ 5(8HhL)2 + 5(8Mh3)2

Higgs bosons 12 ;2
— hL(QALRURUL)hR — 7L<2)\LU%) — TR(Z)\RU%%).
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* Mass of gauge bosons:
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* Mass of gauge bosons:

My, = 29LVL; My, = 5YRVR
M? M2 M2 2 _ g2 g2 M2 21
2 = Wr 2 2 Wﬁ,(+) 1 — Wi R W°R 2 2 )2 Wr,
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Higgs Sector

* Mass of gauge bosons:

1 1
My, = 29LVL; My, = 5YRVR
M2 M2, M2, /2 — &2 g2 M2, 21
M2 ., = Wr ) 2 22 WL (4, [1 = WL R W°R 2 42 )2 WL

 After expanding and taking My, > My, , the Z and Z’ bosons mass can be expressed as,
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* Mass of gauge bosons:

1 1
My, = 29LVL; My, = 5YRVR
M2 M2, M2, /2 — &2 g2 M2, 21
M2 ., = Wr ) 2 22 WL (4, [1 = WL R W°R 2 4 42 )2 WL

 After expanding and taking My, > My, , the Z and Z’ bosons mass can be expressed as,

.7\{2 _7‘[2
M3 ~ " (1 — s tZW)
Z 2 Ve R R

M3 Mz,
My, ~ —5& (1 + S%]ﬁ%)
R My,
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Higgs Sector

* Higgs and heavy Higss masses:
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23 /51



Higgs Sector

* Higgs and heavy Higss masses:

mi(h’) = ALvi + Agvp () \/()\L’U?{, — ARVR)? 4+ 4N] puivy;

* If we ignore O(v3 /v%), the mass eigenvalues become,
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Higgs Sector

* Higgs and heavy Higss masses:

My = ALvg + Agvg () \/()\LUE — ARU%)? + 4N pvivg,
* If we ignore O(v3 /v%), the mass eigenvalues become,

2 AR 2
my >~ 2\, (1 — )\L>\R> VT,

m3 ~ 2\gv%
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Hierarchy in the Top and Bottom Sector

* How to explain the hierarchy of top and bottom quarks mass in a seesaw model

* Using exact mass eigenvalues formula:
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Hierarchy in the Top and Bottom Sector

* How to explain the hierarchy of top and bottom quarks mass in a seesaw model

* Using exact mass eigenvalues formula:

Top sector Bottom sector
2 _ 2 2 2
my = — \/MY% + (mUR T muL)2 + \/MZI2’ + (m'LLR + mu/:)z mp = — \/MB + (W;dR mdL) + \/MB + (W;dR + mdL)
2 2
M?2 _ 2 M2 T 2
my — \/M%Jr(muR—muLP n \/M%—l—(muR—i—muLP my = \/ B+<W;dR mdL) + \/ B+(lrr;dR mdL)
2 2
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Hierarchy in the Top and Bottom Sector

* How to explain the hierarchy of top and bottom quarks mass in a seesaw model

* Using exact mass eigenvalues formula:

Top sector Bottom sector
2 2
VIZ T (Mg —may)® | ME+ (Mg +m0y)? |y = — Y Mp (M =0, )2 M+ (Mg + 11, )°
2 _ 2 2 2
\/MZI% + (muR o mUL)2 \/MQIZ’ + (muR + muL)2 my = \/MB i <de mdL) + \/MB T (de LA mdL)
mt/ = 2 + 2 2 2
VR vL UR v,
Where, muR = YQ?RE’ muL = YQ?LE., de — YdSRﬁ’ mdL e C?Lﬁ
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Hierarchy in the Top and Bottom Sector

* How to explain the hierarchy of top and bottom quarks mass in a seesaw model

* Using exact mass eigenvalues formula:

Top sector Bottom sector
2 2
\/M%_‘_(mupz _muL)2 \/M%—I—(muR+muL)2 mb:_\/MB+(de _mdL)2 + \/MB+(de+mdL)2
2 _ 2 2 2
\/M% + (muR — muL)2 \/M% + (muR + ’I”I’I,UL)2 my = \/MB + (de mdL) + \/MB + (de + mdL)
mt/ = 2 + 2 2 2
VR vL UR v,
Where, muR = YQ?RE’ muL = YQ?L ﬁ., de — YdSRﬁ’ mdL e Yd3L ﬁ

e Assumptions and constraints (from PDG):
gr =1, YT?R - YU3L - Yd3R - Yd3L ~1
my > 1310 GeV;my > 1390 GeV; Mz > 5150 GeV
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Hierarchy in the Top and Bottom Sector

* How to explain the hierarchy of top and bottom quarks mass in a seesaw model

* Using exact mass eigenvalues formula:

Top sector Bottom sector
2 2
\/M%_‘_(mupz _muL)2 \/M%—I—(muR+muL)2 mb:_\/MB+(de _mdL)2 + \/MB+(de+mdL)2
2 _ 2 2 2
\/M% + (muR — muL)2 \/M% + (muR + ’I”I’I,UL)2 my = \/MB + (de mdL) + \/MB + (de + mdL)
mt/ = 2 + 2 2 2
VR vL UR v,
Where, muR = YQ?RE’ muL = YQ?L ﬁ., de — YdSRﬁ’ mdL e Yd3L ﬁ

e Assumptions and constraints (from PDG):
~ 3 _v3 _v3 _v3
gR—la YuR_YuL_YdR_YdL_]'

 We obtain: M, = 5TeV;vg = 10 TeV
my > 1310 GeV;my > 1390 GeV; Mz > 5150 GeV

Y
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Hierarchy in the Top and Bottom Sector

1000 7
s00] T Top quark mass my=172.57 GeV
—_ Lower bound for my =1310 GeV
800

—S Lower bound for My, =5 TeV constrained by Mz,
700 [ ] Mr=942 3 GeV

600

500

Mr (GeV)

400
300 {pg, =,
200

100

T 3 3 4 5 & 7 5 3 w n
Ve (TeV)
Fig 1. Constraints on Vr and M (Fig source: [2407.00732])
e Atvg =10TeV ——» Mp =942.3 GeV
 Using the exact mass eigenvalues equation, we obtain ™ = 7.13 TeV
* The hierarchy: v < Mr <wvg
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Hierarchy in the Top and Bottom Sector

300

250

Mg (TeV)

150

100

Bottem gquark mass m. =4.183 GeV
Allowed region for my > 1390 GeV

Lower bound for Mw, =5 TeV constrained by Mz

Mg = 293.74 TeV

200 /

/

50
6

Fig 1. Constraints on Vr and Mg (Fig source: [2407.00732])

7 8

e Atvp =10TeV —» Mp = 293.74 TeV

 Using the exact mass eigenvalues equation, we obtain 7y = 293.82TeV

* The hierarchy: v <vr < Mp

v (TeV)

9

10

11
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Hierarchy in the Top and Bottom Sector

* The hierarchy: vi < Mr <vp < Mp
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Hierarchy in the Top and Bottom Sector

* The hierarchy:

* Using this hierarchy, we compute the approximation of the mass eigenvalues:

v, < Mpr <vp < Mp

appro
mtpp X o~

approx
t’ -

approx _
b —_—

3 3
URYuRYuLvL

-

YR 2
7(}/’5)1%)2 _|_ MT7

3 3

2Mp ’

a rox

’U2 ’
S (Y3,)? + M7
2
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Hierarchy in the Top and Bottom Sector

* The hierarchy: vi < Mr <vp < Mp

* Using this hierarchy, we compute the approximation of the mass eigenvalues:

Y3 Y3 VL

approx _ UR UR Uy,

mt ~ > y
2/ (Y3,)? + M
2

v

approx. _, “R(yv3 )2 2

My ~ \/ 5 (YUR) + Mz,
3 3

approx _ vRYdRYdL VL

b T 2Mp

appro
mb/ppr * ~ MB.

* Using the same numerical inputs, we obtain:

myPPTY = 172.58 GeV, m{P*"™ = 7.13 TeV, my”™"** = 4.19 GeV, mpP>" = 293.74 TeV
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Higgs and Z bosons FCNCs

* The interaction between Higgs and top-sector quarks:

2 2

5 > tth — cos ¢

M A 2
Eht:—cosgbﬁ (1— r (1—|— Li UL

) (tpty + trtr)h

VI AR M2 v wn AR V%
M- A _ _ / M? A _

— cos p—r °L (1 + ﬂ) (thtr + trty)h — cos gt L ( L — LR) t't'h.
Mygr VR )\R VR VR muR )\R
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Higgs and Z bosons FCNCs

* The interaction between Higgs and top-sector quarks:

m
Lyt >~ — cos gb—t

(1 )\LR M% U%

_ M ALR V7
2>tth—cosgb r (1—|— LE UL

) (tpty + trtr)h

VI AR M2 v wn AR V%
M- A _ _ / M? A _

— cos p—r °L (1 + ﬂ) (thtr + trty)h — cos gt L ( L — LR) t't'h.
Mygr VR )\R VR VR muR )\R

* Our findings:
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Higgs and Z bosons FCNCs

* The interaction between Higgs and top-sector quarks:

correction
2 2

- ) tth — cos ¢

M A 2
Eht:—cosgbﬁ (1— r (1—|— Li UL

) (tpty + trtr)h

VI Ar m2_ v wn AR V%
M- A _ _ / M? A _

— cos p—r °L (1 + ﬂ) (thtr + trty)h — cos gt L ( L — LR) t't'h.
Mygr VR )\R VR VR muR )\R

* Our findings:
> The Higgs-top coupling receives a small correction
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* The interaction between Higgs and top-sector quarks:

2 2

5 > tth — cos ¢

M A 2
Ehtz—cosgbﬁ (1— r (1—|— Li UL

) (tpty + trtr)h

VI AR M2 v wn AR V%
M- A _ _ / M? A _

— cos p—r °L (1 + ﬂ) (thtr + trty)h — cos gt L ( L — LR) t't'h.
Mygr VR )\R VR VR muR )\R

suppression

* Our findings:
> The Higgs-top coupling receives a small correction

- The Higgs-heavy top coupling receives an overall suppression of O (v, /vg) ~ O(107?)
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Higgs and Z bosons FCNCs

* The interaction between Higgs and top-sector quarks:

O (1071
my ALR M% U% _ M~ ALR U% T 7
L >~ — — | 1—- tth — 1+ ——= | (tptr +thtr)h
hi cosgva ( A 2 2 cos ¢ - + e 02 (tpty + thtr)
M- A _ _ / M? A _
— cos p—r °L (1 + ﬂ) (t’LtR—i—th’L)h—cosgbmt L ( L — LR) t't'h.
Mygr VR )\R VR VR muR )\R

* Our findings:
> The Higgs-top coupling receives a small correction

- The Higgs-heavy top coupling receives an overall suppression of O (v, /vg) ~ O(107?)

- The Higgs FCNC of tLtr, trty type is suppressed by a factor O (v, /vg) ~ O(1072)
compare to tpthy, thtr type
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Higgs and Z bosons FCNCs

* The interaction between Higgs and bottom-sector quarks:

Arg 02\ - , A _
Loy~ — cos p2 < - ﬂ:}%) bbh — cos 0T (1+ LR VT ) (b + bibr )

VL >\R R mdLde /\R M2
v, (ALr V% , ALR\ /.,
— b, b bpb Yh — 1——=1)bbh.
UR()\R+M2>( R+ bRbL) COS¢mb/ < )\R)
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Higgs and Z bosons FCNCs

* The interaction between Higgs and bottom-sector quarks:

correction

A\ , A
Loy~ — cos p2 < - %”—f) bbh — cos 0T (1 4 OLE L ) (b + bibr )

VL R VR Md, Mdr, Ap M2
v, (ALr V% , ALR\ /.,
— b, b bpb Yh — 1——=1)bbh.
UR()\R+M2>( R+ bRbL) COS(bmb/ < )\R)

* Our findings:
> The Higgs-bottom coupling receives a small correction
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suppression
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Higgs and Z bosons FCNCs

* The interaction between Higgs and bottom-sector quarks:

my, ALR VL £ My Mgy ALR UL /
~ — — — ———= | bbh — 1 brb bbr)h
L Ccos ¢ < v2> cosgbmdLde ( + Y M2 (brbr + bRrbr)

A A _
- ( LE , R ) (¥, b + brb), )h — cos (1 - ﬂ) b'b'h.
VR my )\R
suppression

* Our findings:
> The Higgs-bottom coupling receives a small correction

~ The Higgs-heavy bottom coupling receives a suppression of O (v;,/Mp) ~ O(10™%)

-~ The Higgs FCNC of v/ bg, brb}, type is suppressed by a factor O (v, /vg) ~ ©(1072)
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Higgs and Z bosons FCNCs

* The interaction between Higgs and bottom-sector quarks:
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my, ALR VL £ My Mgy ALR UL /
~ — — — ———= | bbh — 1 brb bbr)h
L Ccos ¢ < v2> cosgbmdLde ( + Y M2 (brbr + bRrbr)

A _
_ L (ALR + R ) (¥, b + brb), )h — cos (1 - ﬂ) b'b'h.
VR my )\R

* Our findings:
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> The Higgs FCNC of b.b;, 0301, type is not suppressed
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Higgs and Z bosons FCNCs

* The interaction between Higgs and bottom-sector quarks:
=1

my, ALR VL £ My Mgy ALR UL /
~ — — — ———= | bbh — 1 brb bbr)h
L Ccos ¢ < v2> cosgbmdLde ( + Y M2 (brbr + bRrbr)

A _
_ L (ALR + R ) (¥, b + brb), )h — cos (1 - ﬂ) b'b'h.
VR my )\R

* Our findings:
> The Higgs-bottom coupling receives a small correction
~ The Higgs-heavy bottom coupling receives a suppression of O (v;,/Mp) ~ O(10™%)
-~ The Higgs FCNC of v/ bg, brb}, type is suppressed by a factor O (v, /vg) ~ ©(1072)
> The Higgs FCNC of b.b;, 0301, type is not suppressed

because Y; ~1
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Z-boson
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Higgs and Z bosons FCNCs

* The interaction between Z-boson and up-sector quarks:

z z _ __ 9L TN 11 11,5 | (~my1
£, 2 07 = -5 2 LG () - @i @)

T ()2 — (00207 | @ + 3 (002 = 0257
+EyH [(9v)i4 — (9A)i475] t' 4ty [(gv)ig — (9A)i3’75]t

Iy [(gv)i‘f — (gA)i4v5] t’} Zy
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Higgs and Z bosons FCNCs

* The interaction between Z-boson and up-sector quarks:

£, 5 07 = 5 2 LT () g | @)
T ()2 — (00207 | @ + 3 (002 = 0257
+EyH [(9v)i4 — (9A)i475] t' 4ty [(gv)ig — (9A)i3’75]t

Iy [(gv)i‘f — (gA)i4v5] t’} Zy

where
(90)27 = 5 (57, )% — (5,)"") — 26Q,0°7
(0037 = £ ((2,) + (2,)")

k = sin? Oy cos § — sin Oy tan O sin @
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Higgs and Z bosons FCNCs

* The interaction between Z-boson and up-sector quarks:

£, 5 07 = 5 2 LT () g | @)
T ()2 — (00207 | @ + 3 (002 = 0257
+EyH [(9v)i4 — (9A)i475] t' 4ty [(gv)ig — (9A)i3’75]t

Ly [<gv>i4 - <gA>i4v5] t’} Z,

k = sin® Oy cos§ — sin By, tan O sin @

I
Wher: ) . , , ! (kr,)*” = (cos @ — sin Oy tan O sin 0)(Z25)*,
<gV)u — 5 ((KTL) — <K’TR) ) — 2/’43@“(5 : (/{;T )aﬁ _ Sinew sin 6 (ZaH)aﬁ tan  ~ 0(1}2/7}2)
5 = L (o) 1 (o)) T sinfpcostp o
aBf _ : ap 4 @

(gA)u 2 kT RTr :
|
I
I
I

I 0 I 0
all __ 2 2 all __ 2 2
ZTL - ( 02 ZTL ) 7ZTR - ( 02 ZTR >

34 /51



Higgs and Z bosons FCNCs

* The interaction between Z-boson and up-sector quarks:

£, 5 07 = 5 2 LT () g | @)
T ()2 — (00207 | @ + 3 (002 = 0257

+7* (g )3 = @) ¢+ 77 () — (@) e - rene
A [(gv)i‘f - (gA)i4v5] t’} Z,
where
(8% 1 (6 (6% (6
<gV)uB — 5 ((K’TL) b <K’TR) 6) _ 2/'{@“(5 P

(0403 = & (2, )°7 + (w2,)°%)

k = sin? Oy cos § — sin Oy tan O sin @

(K, )*P = (cos @ — sin By tan O sin 9)(2%2)0‘5,

sin Oy sin 6
*f = (Z%ll}{>a5 tanf ~ O(v3 /v%)

(k77) sin O cos O

I 0 I 0
all __ 2 2 all __ 2 2
ZTL - ( 02 ZTL ) 7ZTR - ( 02 ZTR >
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Higgs and Z bosons FCNCs

* Qur results:
~ The Z-boson FCNC process with the top-quark and heavy-top quark Z¢t'

2
wr M
(/{TL)34 — (,{TL)43 — cosf (1 — sin Oy tan 0O (Ug)) My, M7

2
UR muR

34 )43__811191/{/00890(?]%) My

_— KJT -
(s sin O cos Og 0% ) Mup

(K“TR
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2
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So, the Z-FCNC process is suppressed by a factor of O(vrMr/vE) ~ O(107%) for (k1. )" = (k1)
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2
wr M
(/{TL)34 — (K/TL)43 — cosf (1 — sin Oy tan 0O (Ug)) My, M7

2
UR muR

34 )43__811191/{/00890(1}%) Mr

= kT ;
(i sin @ cos O V% ) My,

(K“TR

34 43

So, the Z-FCNC process is suppressed by a factor of O(vrMr/vE) ~ O(107%) for (k1. )" = (k1)

and O(vi Mr/v},) ~ O(107°) for (kr,)** = (k)™

35/51



Higgs and Z bosons FCNCs

* The interaction between Z-boson and down-sector quarks:

Z Z gr S, 11_ 5|/ 3m\1
ez, 2 £f =5 2 {idmie ol - @l @)

H@ 2 (o = (a2 | (@ + B (o)~ (0 b
#9030+ 5 (a8 = (0085 o

+ ()it - ot } 2,
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Higgs and Z bosons FCNCs

* The interaction between Z-boson and down-sector quarks:

A Z gr S 11 115 jmy1
£, 5 0f =5 2l o - ei?| @)

H@ 2 (o = (a2 | (@ + B (o)~ (0 b
+0# a) — @ [0+ 5 ()8 — (0
+0 | (91~ 0)1°|V | 2

where

(00)3 = 5 (98,07 — (5,)°7) — 26Qu8°7

(90037 = 5 ((85,)"° + (3,)")

k = sin® Oy cos§ — sin Ay tan O sin @
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Higgs and Z bosons FCNCs

* The interaction between Z-boson and down-sector quarks:

ez, 5 £ =5 2 fidmie )kt - @alia? @)
H@ 2 (o = (a2 | (@ + B (o)~ (0 b

+09# ) (0§77 + 50 () — (o)

+0 | (91~ 0)1°|V | 2

where
(00)F = 2 (55, — (5,)°%) — 26Qu5™
(94)5" = ! (k)™ + (kBR)*")

2
k = sin® Oy cos§ — sin Ay tan O sin @

(FLBL)O‘B = (cos § — sin Oy tan O sin 0)(Zall ) 8,

sin By sin @
af __ w (2%111%)04,8

(Kpr)™" = sinfp cosOp tan ~ O(v} /v)

I 0 I 0
all 2 2 all __ 2 2
ZBL - < 0o ZBL ) 7ZBR o ( 02 ZBR >
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Higgs and Z bosons FCNCs

* The interaction between Z-boson and down-sector quarks:

Z Z gr S, 11_ 5|/ 3m\1
ez, 2 £f =5 2 {idmie ol - @l @)

A

(@ [<gv>?ﬁ (9 >3%5] (@2 1 By [<gv>?f’ -
+w[<g> <qA>34w]b/+W[<gv>d (94)

+ ()it - ot } 2,

43 ’] h FCNC

where ) (kp, )P = (cos@ — sin Oy tan O sin 0)(2%%)"‘5,
(gv)aﬁ =3 ((FLBL)O‘B — (/ﬁ;BR)O‘B) — 2}{@6150‘5 (RBR)QB _ sinfy sind (2%111%)&/3

"~ sinfpcosfp

I 0
all 2 2 all
ZBL_<02 ZB, )’ZBR_(

1 o o
2 ((K’BL) & + (K’BR) B)

k = sin® Oy cos§ — sin Ay tan O sin @

(94)5" =

02



Higgs and Z bosons FCNCs

* Qur results:
~ The Z-boson FCNC process with the bottom-quark and heavy-bottom quark Zub’

mdL
Mg

2
(kB )** = (kp, )*® = cos b (1 — sin Oy tan g O (UL))

2
VR

43 sin Oy cos 6 O (v%) M,

34 _ _ L
(1kB5)" = (955) sinfpr cosOr vy ) Mp
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Higgs and Z bosons FCNCs

* Qur results:
~ The Z-boson FCNC process with the bottom-quark and heavy-bottom quark Zub’

mdL
Mg

2
(kB )** = (kp, )*® = cos b (1 — sin Oy tan g O (UL))

2
VR

43 sin Oy cos 6 O (v%) My,

34 _ _ L
(1kB5)" = (955) sinfpr cosOr v ) Mp

So, the Z-FCNC process is suppressed by a factor of O(vr,/Mg) ~ O (107%) for (r5,)*"

and O(U%/URMB> ~ 0 (10_5) for (K’BR>34 — (HBR)43

= (K’BL )43
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Summary

* We have presented the quark sector of universal seesaw model in the massless case
of two lightest quark families

* We confirmed that the hierarchy of VLQ’s mass parameters,vr, and Vr
v, < Mpr <vgp < Mp

* We have shown that the Z-boson mediated FCNC process is suppressed for both
(up and down) sectors

* On the other hand, the Higgs mediated FCNC of b.b%, bzb;, is not suppressed when
YdBL ~ 1
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Higgs Sector

7 and 7' bosons mass

 Mass matrix in the Zr and Zr basis:

v 2 1 v
M2 = | (zest) 59'0L tan1932g(fs o ,
29'vrtanOrslsgs (5h5o)” + (39've tan Or)
* Define following transformation:
Zru \ cosf) sinf Z,
Zg, ) \ —sin@ cosd Z,

* After diagonalizing the mass matrix, the mass eigenvalues and mixing angles are,

/ Ly My 2M5,
M3 7y = TQ;’ 1+ (¢ + By) 5= (D4 /1 L

2 2 .2 72 2
_ (CR — ‘SWSR) 4 (Cz 1 12,)2 (MWL) 1
12 2 2 R W T2
2
2CR S%SW 5—5
tan 20 = ; ; B

, 0<6<
(8%, cos20p + c&c%)

‘d
I~

7'('
4

(Y

TN
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Higgs Sector Lagrangian

1 M, E?V M, T?*V 2M LQV 2 — g2 g2 M, [Q,V 2 1
R R R

 After expanding and taking My, > My, , the Z and Z’ bosons mass can be approximated,

M?2 M?Z
M2 ~ Wr, 1 . Wi, 82 t2 :
b= (1 i

M2 ]\42
M2, ~ Wr 1 2
7= <+M3VRSR )
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Higgs Sector Lagrangian

Higgs boson mass

 Mass matrix in the Az and hgr basis:

M2 L 2)\[/0% 2)\LR’UR’UL
N QALRURUL QARU%{

* Define following transformation:

hr \ cos¢g  sing h
hg )] \ —sin¢ cos¢ H

* After diagonalizing the mass matrix, the mass eigenvalues and mixing angles are,

mi(ﬂ) = A\ vi + Mgy (P \/()\L’Ui — Agv%)2 + 4X7 pvivg

2>\LR'URUL s
tan 2¢ = 0< < —
an.2¢ )\R?}]Q% — )\LU%, o |¢| !
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Higgs Sector Lagrangian

iy = ALVE + Agvg () \/()\L’UE — AgvU%)? + 4X] puivg

2\
tan 2¢ — LRURUVL

ARU%-—ALU%

* If we ignore O(v3 /v%), the mass eigenvalues and mixing angle become,

2 A%f{ 2
~ 2 | 1—
my, L( )\L>\R>'U

m3 ~ 2\RU%,
2ALR VL

tan 2¢ ~ Y-
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Higgs Sector Lagrangian

X7 and X% mixing

1 1
Equad ) Ex - 5(8,LLX%>2 + §(aMX§%)2
1 gror 3. 1 grugr 5. g'vrL 3
S Zr. (0" — — Z ., (O* — tanfrpZr,, (0" X
Y Lu(0X1) 2 cos O ru(0"XR) an0rZ R, (0"x1)

* By changing into mass eigenstate Z and Z’, also in terms of Mz and M.

1 1
Equad 2 Ex — 5(8,MXZ)2 + 5(8/~LXZ’)2

— MZ (8“XZ)ZM — MZ’(8HXZ’)ZZL7

Xs o\ cosa  sina Xz
X?j% ~ \ —sina cosa Xz )’

where,

Mz cos 6
cos o = ;
\/Mg cos? 6 + M2, sin® 6
] MZ’ sin 0
sin @ =

\/Mg cos2 0 + M2, sin* 46 /51



Higgs Sector Lagrangian

* Therefore, the quadratic terms of Higgs sector Lagrangian written in terms of the mass basis
of the Z bosons, Higgs bosons and Nambu-Goldstone bosons,

Li D Lauaa = (Dl X7 — iMw, W) (Dot + i, Wi,)

+ (Dhuxp = iMw W) (Dempxds + iMv Wi, )
1 1

2
+ 5 (a,uXZ — MZZM)2 + 5 (auXZ’ — MZ/Z;)
1 1 1 1
+ 5 (0uh)" = Smiph? + 5 (9,H)" — Smi H?,

where,
Demqu:r(R) = (Op + ieAu)XE(R)
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Kinetic terms of gauge fields

* Recall the kinetic terms of gauge fields which invariant under SU(2);, x SU(2)g x U(1)y-

1 Qa apuyv 1 a apur 1 1
/:'gauge — _Z L,uI/F’L'u - Z R,lu/Fﬁu - ZB//H/B/M

where, ; ,
a . a a abc c
FL/U/ = a’uWLV — aVWLM — grLe€ WLMWLV7

Fg,., = 0.Wg, —0,Wh, — gre***Wg, Wi,
B, = 0,8, - 0,5,
* Startlng from SU(2)L X SU(Q)R X U(l)Y/ —> SU(Q)L X U(l)Y

()
X% V2 \ vr+hr+ixh

( Bé )_ ( cosfr —sinfp )( B, )
WRM sinfr  cosfgr ZRry 48 /51



Kinetic terms of gauge fields

SU(2)L X U(l)y 1

a apv 1 1
Egauge - ZFLMVFLM o ZBMVBM

1 o
L (0uWih, — W@ WR” — W)
—i(0,Wg, — 0, WEN)(gR cosOrZ% + g BV YWg*
+ ("W 5" — "W 5")(grcosOrZRr, + g'By )WEM
(grcosOrZr, + g B,,)W];fu(gR cosOrZy, + g’ BV )W "

—(grcosOrZR, + g B,)W3 (9r cosOrZy, + ¢ B )W}

1 Opv . — Ouv
— ZFBRWFZZ + ZWRNWEI/(QR cos QRFZ’; + g’ B*Y)
b Wi, Wik, — Wi, Wi, ) (W W),
where

B,, =90,B, —0,B,,
Fg;u/ - 8MWEV - 8VWEM - gLeabCW?JuWICA/?
Fyon = 0uZpy — 0y Zry. 49 /51



Kinetic terms of gauge fields

SU(Q)L X U(l)y —» U(l)em

1 Opv 1 Opv 1
Egauge = _ZFg/U/FZM — ZFE’/U/FZ/’L - ZFMVFW/
1

(DHWgV _ Dngu) (DW= -
1 —
— 5 (Wi, = DWE,) (DW= W)
g2
+ L (W W) Wi W) = (W W) )
+ 28 (W - W)W - Wig) = (Wg - WE)*)
+ {gL cos By cos OF Y + g1, cos By sin OF 1 + eFW} (WL_MW[JL)
+ Z{ (gr cosOr sin @ + e tan Oy cos 0) F'” + (gr cosOr cos @ — e tan By sin ) ol + eF‘“’} (W}QMW;{» |

where

Fguv - auZV - az/Zua DMWEI/ = (DemMW}J{V) — i(e tan QWZLM — gR COS HRZR;L)W;:,,,
44

F1, = 0,2, — 0,7, D Wi = (Dem, W) + gy, cos 0w Zp, Wi,

F. =0,A, — 9,4, DempGy = (0u +ieA,)Gy, 50/ 51



Higgs and Z bosons FCNCs
Recall the FCNCs couplings:

z cos® ¢, — 8in ¢, oS o1y z cos? Bry, — 8in Sy, cos Bry
i — sin ¢y, cos oy sin” ¢, fn — sin Sy, cos fry, sin” Br,
z cos® dp, —sing¢p, cos ¢, z cos? B, — 8in BBy €os BBy
B —sin¢p, cos B, sin? OB, Br —sin Bp,, cos BB, sin? BB
* The mixing angles in the approximation forms:
2
. Moy, MT . muL muRMT
sin ~ — , COS ~ 1, sin a , COS ~ 1
¢y, M% T m2 o1y, ¢TR (M% + miR)g Py
2
: mq : Mg, Mdg
smgbBL:—MBf, cos pp, ~ 1, Sln¢BR2W7 cos pp, ~ 1
. mgq
sin B, ~ , COS [, ~ sin Bp, ~ MR’ cos Bp, ~ 1
\/M% + m2 \/M2 +m2 B
where v v v v
’ _v3 YR _v3 YL _v3 YR _ v3 YL
Mup = Yoy B M= Yo, B Mae =Y ma=Ya, o
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