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PROBLEM WITH MASSES

The same symmetry that determines the interactions
requires all elementary particles to be massless

L. =-m, ff=-m(f f,+ f,f) Notgaugeinvariant ~ =mp  m; =0

C%K m =m;=0
[ M, = 80.38 GeV ?
@_@9 é@ M, = 91.19 GeV 4
&« m, = 173 GeV

Mass is the only difference among
the 3 families of quarks and leptons
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PROBLEM WITH MASSES

= If My, =M, =0 the weak force would not be suppressed

Stars (Sun) would consume much faster their nuclear fuel

The Universe would be different

= Massless electrons would travel at the speed of light

Atoms would not exist

= |f m,>my protons would decay

Many atomic nuclei would not be stable

Masses cannot be added by hand: the quantum theory
becomes ill-defined when gauge symmetry is broken
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» Scalar field (without spin) coupled to the gauge field
» O(x) + Gauge Field = Massive Gauge Field
= H(x) = Higgs Field ¢(X)=% e’ [v+H(X)]

Standard Theory SU(2), ® U(1)+:

M, cosé, = M, = %vg

v =246 GeV

SM ' Nobel Prize 1979 36




Masses generated through the
interaction with the Higgs field
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The discovery
of the
Higgs Boson

PREMIO PRINCIPE DE ASTURIAS DE INVESTIGACION $T% Fundacion
CIENTIFICA Y TECNICA 2013 gt Principe de Asturias

ﬂ@ The Nobel Prize in Physics 2013: Francois Englert, Peter Higgs

"for the theoretical discovery of a mechanism that contributes to our understanding of the origin of mass of subatomic particles,
and which recently was confirmed through the discovery of the predicted fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider”
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A Higgs field indeed

Interaction
proportional
to mass
H W

2 M, W
V
.I:
H
mf s
~ f

Ratio to SM

35.9-137 fb' (13 TeV)

15_ to’%
- CMS Wi
- m, = 125.38 GeV JPat
1L Lo’ _
10 = p-value = 44% R
b .-
10—25— T ‘a? -
Sl e ¢  Vector bosons
107 .- ¢ 3™ generation fermions 3
C ¥
r ¢ Muons
104 e SM Higgs boson _
Ell[ 1 1 1 IIIII| 1 1 1 IJIIII 1 1 IIIIlI 1 ]
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Particle mass (GeV)
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Flavour Structure of the Standard Model

u v, c v, t v o X0
)60 1) S
 Pattern of masses

- Flavour Mixing —

) c;ﬁ Scalar Sector (Higgs)

Related to SSB

e Kaon Factories: u,d, s e LHC: t,b,c
e tCF: C,1 e LC,FCC: t,b,c,t

 BF: b,c,x * VF I Ve, v, v,
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Universality: Family—Independent Couplings

y NEUTRAL Z
CURRENTS
f f f f
.0 Flavour Conserving ﬁ(vf—am{,)
CHARGED W
CURRENTS
of dy
Flavour Changing ;
W(l_%)

Left Handed
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7 YES 7) NO

A el ¢

NO 73 YES

ﬂ and ¢ In Weak Interactions

CP still agood symmetry (1 family)
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FERMION MASSES

Scalar - Fermion Couplings allowed by Gauge Symmetry

(+) (0)t _ (+)
[’Y - = (qu'qd)L |:C(d) (Z(O)j (qd)R +c (_¢¢(+)T) (qu)R:| - (VI’I)L ct) (Z(O)] IR + he.
1

¢(O)—)ﬁ(V+H) , ¢(+)—)0 1 SSB

H _ . —
Ly = —(1+7j {qu Og dg + Mg, Ty G, + M II}

Fermion Masses are [m . ,mJ i [c“’),c(“),c(')] v
New Free Parameters fot J2

m f
v - m,

H \ Couplings Fixed: Yusr =~
f

SM A. Pich — 2021 43




FERMION GENERATIONS

N; =3 lIdentical Copies Masses are the only difference
Q=0 Vi U Q=+2/3 (=1} WHY 2
Q=-1 I d Q=-Y3

A ¢(+) '
==, [of (5] oo
J

¢(0)T B 0 ¢(+)
(_¢(+)T} U|'<R - (VJ , I;)L Cix [¢(0)}IILR + h.c.
1 SSB
H

L, = —(1+—j Hd My -di + TMyeup + M-I+ he
Vv

Arbitrary Non-Diagonal Complex Mass Matrices

(Mg m iy = [ e e ]
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DIAGONALIZATION OF MASS MATRICES

My = Hy-Uy = Si-My-Sy-Uy H; = H; ﬂ
M, = H,-U, = S-M,-S,- U, U;-U; =U;- U, =1
M| = H,-U, = S|-M,-S,-U, S-S} = S|-8; =1

H — _ —
L, = - (1+7) (d-My-d+ T M,u+ T M-

M, = diag(m,,m,,m,)

M, =diag(m,,m.,mg) ; M, =diag(my,mg,m,)

Mass Eigenstates

d =S§,-d, ) u =S,-u. 5 =S —+
dR = Sd 'Ud diq , Ur = Su'Uu°u;? : IR = S|'U|.I'ge Weak Eigenstates
fifl =ff  fifi="T"1 mp Lo = Ly
ud =10 -V-d : VESU-SB ) Lo # Lec

QUARK MIXING
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Flavour Changing Charged Currents

Loo = —LW; Zﬁiy“(l—yf,)vijdj + Z\T, (=)l | + hc.
2\/§ i I

u t

Dad

d b

Flavour Conserving Neutral Currents (GIM)

S l’l+
LHCb, 2001.10354

NO Br(Ke = " u) < 21x107%
(90% CL)

o |
5
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Weak Decays

V v,
. T°
W e W e, u,d,
Ve VeV, U
o g2 qz << Mv%/ gz
T(I—>vllvl,)~MV2V_q2 SRR MVZV:MEGF
1 Gé mz 2 fan2 5 2
= Topq5 | (Mem,) Iy mm) G, =(1.1663787+0.0000006)x10"° GeV"
T
y2i
2
Moy = {1+a(m#) (E—n2j+cz a(mél) } = 0.9958 ; f(x) =1-8x+8x°—x* —12x* log X
2w 4 /4
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