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Short recap

[ast time we discussed

» Examples and characteristics of non-Abelian symmetries (global and local) and how they give rise to

vector boson self-interactions

* Mechanism of spontaneous symmetry breaking, generating masses of scalar, vector, and fermions
fields



Today’s learning targets

Today you will ...

* learn about the Standard Model of particle physics
* obtain the spectrum of physically observable particles and the possible interactions
* mass generation mechanism through Spontaneous Symmetry Breaking (SBB)

« origin of flavour changing interactions in the SM



The Standard Model (SM)

* The Standard Model of particle physics accounts for the strong, weak, and electromagnetic interactions
« We will obtain its spectrum, interactions, accidental symmetries, and parameters
1. The symmetry is local
SUB3) e X SU2), x Uy
2. There are three fermion generations, each consisting of five different representations
QLi(3.2)11760  Uri(3,1) 423, Dgi(3,1)_1/3, L1i(1,2)_1 /2, Egi(1,1)_,4, i =123

3. Thereis a single scalar multiplet

$(1,2) 112

4. The pattern of spontaneous symmetry breaking (SBB) is

SU@B)¢ x SUR), x ULy » SUB)¢ X U(Dgm



The Standard Model (SM)

quarks

QLi(3,2)+1/6 Uri(3,1) 423, Dgri(3,1)_1/3, L1i(1,2)_1 2, Egi(1,1)_4,

Higgs field

Quarks: triplets under SU(3).

$(1,2) 412

singlets under SU(3).

Higgs field: singlet under SU(3)¢

The most general renormalizable Lagrangian with scalar and fermion fields is

L = Lkin + £¢ + L¢ + LYuk

No fermion terms are allowed £, = 0. Why?

i =1,2,3



Lkin

* The SM group has 12 generators Ag
Ly, Lyl = ifupel L, = — (Gell-Mann matrices)
* 8 Lys that form the SU(3) algebra L~ar™b abc™c 2
T, T, = ie,,.T _ b N
* 3 Tps that form the SU(2) algebra [ La,1p abclc Tb = 7 (Paull matrlces)
* single Y that form the U(1) algebra :Lar Tb] — [La» Y] — [Tb: Y] =0

* The 12 generators correspond to 12 gauge boson degrees of freedom

Gy (81,  W,7(1,3),  BH(1,1),
« With the corresponding field strengths and covariant derivative
GIY = 9HGY — 0V Gl — gfuncGLGY
W," = 0rWy — 0YW," — gean Wy WY
B"' = 9By — 0VB
DH = 9H +igsGyLy + igW!T, +ig'YBH 6



Lyin
 Explicitly the covariant derivatives acting of the various scalar and fermion fields are:
. [ U i
Dhp = (9 + - gWla, +-g'B*) ¢

DHQ, = (0" +2 g,Glg + - gWioy += g'B*) Q,

DFUR = (9 + 2 g,Glid +2 g'B*) U

| -
DDy = (0" +- 9,62, — 5 g'B*) Dy
i i,
DFL, = (9* + 2 gW)'a, — - g'B") Ly
DuER — (aﬂ — ig,B”)ER
1 1 1 R T -
Liin = —7 Go Gy — : WS Wy 3 B*'B,, +iQv,D*Qy; + iUg;y,D*Ug; + Dgiy,D*Dp; +

+ iLy;y,D*L,; + iEg;y,D*Eg; + (D*¢)T(D,9) ;



L¢ and SSB
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* SSBypattern: SU(3)c X SU(2), x U(1)y = SU@3)¢ X U(1) gy
* ¢ is a singlet under SU(3). subgroup, which remains unbroken

* The unbroken subgroup U(1) gy has a generator Q which is identified as Q =Y + T;

« Useful to define ¢, = €,5,¢},, which transforms as (1,2)_4 /2

@0 =(,pz) @ =("17

@

1 - 1
@ ==(,400)  B)= (1)



LYuk

* The Yukawa part of the Lagrangian is given by
— ~ J— —
—Lyuk = Y;jQLiUgjP +YjQLiDrjp + V5L iErjd + h.c

* i,j = 1,2,3 represent flavour indexes

» Y}, Y%, and Y are general complex 3 X 3 matrices of dimensionless couplings

* Note that the coupling of Uy involve ¢

» Fermions in the SM are chiral and charged under SU(2); x U(1)y and fermion masses can arise from the Yukawa

interactions only as a result of SSB



Spectrum

* Scalars: one real scalar field, h, which is electromagnetically neutral (q = 0)
« my =2

* Experimentally: m; = 125.25 + 0.17 GeV

* Vector bosons: three out of four generators spontaneously broken — three out of the four bosons acquire masses

Ly, = (DMPNT (D))

i_V<g(Wl” - in”)>

V8 \—gW/) + g'B*

l

5 (owlioa+ g8 () =

D¥(¢) =

UZ

. g(Wy - in“)>
My \/'g

W, + iW. ,—agW., + g'B
(g( 1 2),u g 3U 9 M)(_gwgﬂ_l_g/By



Spectrum

* Vector bosons: three out of four generators spontaneously broken — three out of the four bosons acquire masses

* We define the angle 6y, via tanfy, = g'/g

* Four gauge boson fields .
real fields

complex field /\

1 _
Wt =—W, Fiw,),, Z, = cos Oy, W3, —sin6y, B, Aj) = sin 6y, W3, + cos 6y, B,

NG u u

1 1
Ly, = ZgZVZW“‘WH_ +3 (9% + g'*v2Z+Z,
1 2

1
my =79°v%,  mz=-2(g"+g"v:  mp=0

* Charges under the unbroken U(1)gy symmetry

qW)=+1,  qW)=-1  q(z2)=q(4)) =0 i



Spectrum

* Points worth emphasizing:

* three vector bosons acquire masses
« mj = 0 provides a consistency check

* when a symmetry is partially broken, mass eigenstates can be a linear combination of states from different representations as

long as they transform in the same way under the unbroken symmetry

* the angle 6y, represents a rotation angle from the interaction basis to the mass basis

+ S5B leads to relations between observables that would have been independent in the absence of symmetry

my g’ m,, = 80.377 + 0.012 GeV

2 42 12
mz g t+g m, = 91.1876 + 0.0021 GeV

 This relation is testable by measuring the masses of the bosons and their couplings and can be expressed as

My

=1

P 2
2
m7 cos= Oy,



Spectrum

 Fermions: the terms that lead to the quark and lepton masses can arise only from the Yukawa part of £

—Lm, = YilfQ_LiURj(@ + YiC}Q_LiDRj<¢> + Y5LErj{$) + h.c

. Ut . Ni . . .
i L [ L [ [ l
= L], = L), U DL, E
QL (Di> L (Ei) R R R

* The quark and lepton eigenstates are in a generic basis

* The various states have well-defined charges under the unbroken U(1)gyv symmetry
e UlhaveT; = +1/2and Y = +1/6, while U, have T; = 0and Y = +2/3 leading to: q(ULi) = q(U}}) =+4+2/3
* D} haveT; = —1/2 and Y = +1/6, while D} have T; = 0 and Y = —1/3 leading to: q(ULi) = q(U,é) =—-1/3
« ElhaveT; = —1/2and Y = —1/2, while U} have T; = 0 and Y = —1 leading to: q(E}) = q(EL) = —1

« NihaveT; = +1/2 and Y = —1/2, hence they are neutral under the unbroken symmetry: g(N}) = 0

« If SU(2) x U(1)y was exact: no way of distinguishing particles members of the same multiplet (we can after SSB)
13



Spectrum

Let’s focus on the quarks

Without loss of generality we can use a bi-unitary transformation to diagonalize the Yukawa matrices
u pu — uy T
Y Y =V, YV,

and transform the basis into one where Y% is diagonal and real

vy 0 O
Ye=(0 y. 0
0 0 vy,

This is the mass basis for up-type quarks y,, < y. < y¢

Qru = (;:L); Qe = (dC:L); Qe = (CZL): UR, CR, LR



Spectrum

Let’s focus on the quarks

}175 LR"‘yC_C_L R+thLtR+hC

V2 V2

We conclude that the up-type quarks u, ¢, and t are Dirac fermions with masses
N 7 - AN 1
— T = — T = t —  —

Y2 © N2 V2

Let’s use another bi-unitary transformation

_LM

Yd - 74 =V, Y4Vl

Yd 0 0
Ye=(0 y, O
0 0 Vb

This is the mass basis for down-type quarks yg < ys < y3

Qra = (lzldLL): QLe = (CSdLL): Que = (leL)» dg,

L



Spectrum

YuV __ YcU _ ViU _
— Ly =—Uup+—=c;cp +—1t;tpr + h.c
My \/’i L%R \/'z L*R \/’Z L*R
I N V1
u /'2—’ C f—z; t ,-—2
YaVU — VsV _ YpV —
—Ly,. =—d;dp +—S;Sp, +—b; br + h.C
Mgy \/’2 L“R \/’2 L°R \/’2 LYR
_Yav YV YV
myg = —— me = —— my = —

V2 V2’
+ All charged fermions acquire Dirac masses as a result of the SSB!

« Key point: the charged fermions are in chiral representation of the full SU(3) x SU(2), X U(1)y gauge group but

they are in vector like representation of the broken SU(3), x U(1)gym group
16



Spectrum

» Key point: the charged fermions are in chiral representation of the full SU(3). x SU(2); X U(1)y gauge group but
they are in vector like representation of the broken SU(3)¢ X U(1)gm group

* left-handed and right-handed charged lepton fields e, y, T are in the (1) _; representation
* left-handed and right-handed up-type quark fields u, c, t are in the (3) ,,,3 representation

* left-handed and right-handed down-type quark fields d, s, b are in the (3)_, /3 representation

* neutrinos remain masslessm, =m, =m,_ =0
e u T

« Experimentally the values of the charged fermion masses are

m, = 0.51099895000(15) MeV,  m, = 105.6583755(23) MeV, = m, = 1776.86(12) MeV
m, = 22733 MeV, m,=1274+0.02GeV, m;=172.74+ 0.3 GeV

mg = 47105 MeV,  mg =933 MeV, m, =4.181303 GeVv

The issue of how quark masses are defined and extracted is complicated by the fact that QCD is confining
17



The CKM matrix

* Important ditference between the quark and lepton spectrum

* for the leptons there exist a basis that is simultaneously an interaction and a mass basis for both the charged and neutral

leptons

* for the quarks there is no interaction basis that is also a mass basis for both up- and down-type quarks

« We denote u' = (u,c,t) and d* = (d, s, b) and write the relation of the mass eigenstates to the interaction eigenstates
i J i _ J i J i _ J
up = (Vu)iUy, up = (Vyur)ijUgs d; = (Vgqr)i;D;, dr = (Var)ijDg

Vur # Var,

YuV YcU _ YtV ~ A
— +—=cCcg +—= ¢t tg + h.c yv =yu yd =yyd
L R \/Z L R \/E L*R

Mg

different bases

\ YaV

YpV
_LMd — 7

YsU _
deR \/ESLSR +ﬁ

b, bs + h.c yd=y4,  yv=ytyu



The CKM matrix

* The four matrices V,,;, Vyr, Va1, and V4 depend on the basis from which we start the diagonalization

* The combinationV = VuLVC;rL does not = indication that I/ is physical!

* The V matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix

up = Vu)iiUl,  ug = VrdijUs,  di = (Va)iDi,  di = (Var)i;Di

Vur # Var v yov Vv
u cV _ ~ ~
— = +~—cCicg +—=t;tgp + h.C yv =yu yd =yyd
/' M, — \/Z L Up \/Z LCR \/E L*R
different bases
\ _Yav 3’ v _ YpV — ~ ~
— Ly =—d,;dr +=—=5,So +>—b,bp + h.C yd =ya yv =ytyu
Md \/-z L R \/'z L°R \/’Z LYR

19



Particles (mass eigenstates)

particle spin color @ mass |v]
W 1 (1) 1 29
A 1 () 0 V@PZ+g?
v 1 (1) 0 0
g 1 (8) 0
h 0 (1) V2
cmt 12 (1) -1 g2
Ve,V Vr ~ 1/2 (1) 0 0
u, et 1/2 (3)  +2/3  yuei/V2
d,s,b 1/2 (3) _1/3 yd,s,b/\/§

» Mass eigenstates of the Standard Model, their SU(3) x U(1)gy quantum numbers, and their masses in units of the

VEV v

 All masses are proportional to the VEV of the scalar field, v — result of SSB
20



Electromagnetic (QED) and Strong (QCD) interactions

Photon-mediated electromagnetic interaction are described by Quantum Electro-Dynamics (QED), part of the SM

We get the following Lagrangian terms for the interaction of the photon field with the SM Dirac fermions

_ 2\ _ 1\ -
Lyer=eeyHA e; — (§> eu;y* A, u; + (§> ed;y"A,d;

The gluon-mediated strong interactions are described by QCD, which is part of the SM

We get the following Lagrangian terms for the interaction of the gluon field with the SM quarks

_ Ao
Leogg = =959V Gq - )4



The Higgs Boson interactions
Lle=Lp+Ly+ L]

2 2

_rh_Mho 3 Mp oy
L =—"h+—2h
2V 8v
h h
rd
// \\
7 ALY
h .
4
, 2
__________ mpy
<. — = Av
\ 217
A"
AN
N r
» /
\\ s



The Higgs Boson interactions

Lh =Lt + ot +L]'}

2h  h? 1
h _ 2 — 2
_LV —_ <_’U + _‘Uz) <vaV# Wﬂ'l' + Emzzﬂzﬂ>




The Higgs Boson interactions

Lh =Lt + ot +L]'}

h _ _ —
—L]'} = (mee_LeR + my g + myTp TR + MyUpug + meCrcg + metptg + myd;dg + mgSpsg + mpbypbg + h. c.)

f
h m_ v
__________ =



The Higgs Boson interactions f

h h h T m_ N
Lll’lt_Lh +LV +Lf v \/z
n_h _ _ _f
—Le=— (mee_LeR + mu:u_L.uR + m‘[ﬂ,TR + muu_LuR + mCC_LCR + mttLtR + mddeR + mSS_LSR + mbbLbR + h. C.)
f 1
h h h
2 2 ,'/ \\\ /I/
mh h ) \\ // mz /1
—Ly = —h3 —ht e < om? e
h 812 2—3 = Av 8vZ 4
h h
Lh 2h+h2 WW“++1 22,7V
— — m m
h w h 7 w Z
my  g° mz  g*+g'? h 2miy _ g°v h . 2ms _(gP+ g
w2 4 / 202 8 v 2 v 4
]:l w h 7 W 7

All Higgs couplings are proportional to the mass of the particle to which it couples



The Higgs Boson interactions o LAl
= 1_"| U R R = 2 DR R R Y] tl"%
£ = © my, =125.38 Ge Wz,

t : -~
< [
» Higgs decays are proportional to the mass of the particle to ) |
5 5
which it couples e : '
< I b >
« The Higgs decay is dominated by the heaviest particle that 102F ot E
can be pair-produced in the decay $ Vector bosons
i Third-generation fermions
. . 10°F 1 " . 3
 Decays to tt,yy, gg are not possible at tree level and can only E g $ Second-generation fermions
) [ --- SM Higgs boson
happen via loops
110_: l:_I II 1 1 1 11 11 II 1 1 1 1 1 11 Il 1 1 1 11 11 Il 1 _:
. . . e L L ' . N
* Not all Higgs decays are experimentally established = ob } 1.06F E
_ 2 T ETTTE T TR 1.00 ﬂ ------- =
 at present only (utu~,30 sofar),t¥t~,bb,ZZ*, WW"*, yy are established % (132 _ * + 0.95 ¢ _
with rates consistent with the SM predictions « 0.6 bl ] bl ] :
10" 1 10 102

Particle mass (GeV)

BRyp: BRyw+:BRyg: BR +-: BRzz+: BR.; = 0.58:0.21: 0.09: 0.06: 0.03: 0.03

WW™ and ZZ*are decays with one boson on-shell and the other off-shell y



Neutral current weak interactions

* Z boson couplings to fermions is proportional to

geywTs — g'syY = i(Tg — s¢,0), cy = cosBy, Sy =sinfy
Cw
« Using the T3 and Y assignments of the various fermion fields, we find the following types of Z couplings

1 2

Lyrr= i(— (E—Sﬁ/) e_i'y”ZﬂeLi + siekyhZ el + %V_Liy“Zﬂvi + (2 355.,) ulyhZ,ul —

Cw 2
2s2uiyhz ub — (2 =12 )diviz dt +1s2.diyHz, dL
3 SWURY T LyUp =\ T = 35w ) ALY 4 TS Sw ARy 4y AR
Important f I f neutral-current w interatcion WD

7?7



Neutral current weak interactions

* Z boson couplings to fermions is proportional to

geywTs — g'syY = Ci(Tg — s¢,0), cy = cosBy, Sy =sinfy
w

« Using the T3 and Y assignments of the various fermion fields, we find the following types of Z couplings

 Z boson couples to neutrinos

* Parity violation: Z boson couplings are chiral (LH and RH fields carry ditferent T3, Z couples to them differently)

* Diagonality: the Z boson couple for example to eTe™, u*u~, Vi vy, Vv, but not to etut, VL Vel pairs

* Universality: the couplings of the Z boson to the different generations are universal



Neutral current weak interactions

Predictions (omitting common
and phase space factors)

I'Z -»vw) «x1

[(Z - 1) < 1—4s3 — 8sy,
[(Z - ui) «3(1-2s% - L)

Iz - dd) « 3(1 —gsﬁ, —§Sf},,)

[0, Ty =1:0.51:1.74: 2.24

Experimental values

BR(Z - vv) = (6.67 +£ 0.02)%

BR(Z - 1) = (3.366 + 0.002)%
BR (Z - u) = (11.6 £ 0.6)%
BR (Z - dd) = (15.6 + 0.4)%

@

[,:1:0,:T; =1:0.505:1.74:2.34



Charged current weak interactions

« Charged W* boson couplings to fermions are simple

* the interaction basis is also mass basis — the W interactions are universal

Ly, = _\%(veLyMVVu-l-eL_ + VMLV“W;.UZ + v y*W, T, +h C-)

* More complicated in the quark sector

* no interaction basis that is also a mass basis

Ly, q = —%U£V”%+D£ +h.c. UL - ( L) uuu

iu_kal)/ﬂmjdi + h.c.

Lw,q = __uL(VuL) 4 W+( L)ildi +h.c= ~ 2

CKM matrix

Dll, = (VJL)Udi,



Charged current weak interactions

Ly, = \%( Ve VW, e, vy u YW +VTLV “Witp +h C)

9k 9k
Lyrg = =5 uf (Vur), VWit (V) 0 +hoc.= = ufVigy*Wid} +h.c.

Important features of charged-current weak interactions (CCWI):

272



Charged current weak interactions

Ly = =L (v v Witel + v YW pp + vy Wit + hic. )

9k 9k
Lyrg = =5 uf (Vur), VWit (V) 0 +hoc.= = ufVigy*Wid} +h.c.

Important features of charged-current weak interactions (CCWI):

* Parity violation: only left-handed particles participate in CCWI

* The W couplings to quark mass eigenstates are NOT universal the universality of gauge interactions is hidden in

the unitarity of the CKM matrix, V

« The W couplings to the quark eigenstates are NOT diagonal. This is a consequence of the fact that no pair of up

and down type mass eigenstates fits into an SU(2) doublet.



Summary of Lecture 4

Main learning outcomes

* The spectrum and interactions described by the Standard Model of particle physics
* Mass generation mechanism through Spontaneous Symmtery Breaking

« How flavour arises in the Standard Model
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