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Recap: lecture |

QED as a role model

m QED as quantized gauge field theory of dynamical fields A* and %
~» minimal coupling photon field with charged fermions (matter)

1

2%

1
Lqep = —ZFWFNV -

m QED is a renormalizable QFT
~ all UV divergences absorbed into field/parameter renormalizations
the road ahead
m lift gauge symmetry to construction principle for weak & strong forces
~ SU(2) and SU(3) symmetries
m however, while QED is parity conserving, the weak force is not

(0, A")? + (i + qed —m)y

~> charged weak interaction maximally parity violating

[Wu experiment 1956; Nobel price Lee, Yang 1957]

~~ need to consider chiral fermions
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Towards EW SM: chiral fermions

m consider massless Dirac fermion 1) satisfying i@ = 0
~ based on {vs5,7*} = 0 it then also holds i@y51) = 0
u define superpositions 1,1, of definite chirality (vs5¢r/L = £¥r/L)

1

wL:%(1_75)w:PL1/) and | ¢p =5

(L+7) ¢ = Pry

m Lagrangian for chiral fermions (using P, Pr = PrPr, =0, P122/L = Pr/1)
L =ipdp = ipdr + irPYr

~~ exhibits invariance under global phase trafo 1,/ r — exp (iop/r) V1R

=0 with J¥

8NJH L/R :&L/Rvqu/R

L/R
m however, mass term breaks chiral symmetry

mp = mprYr + mPrYL

~ breaks SU(2), gauge invariance, need different source for mass term
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Towards EW SM: non-abelian gauge symmetry |

m consider doublet of fermions and a unitary transformation U

_ Y1 ’ O‘B Uy —
() (3 ()

_(a B o oyt L
UUT—(’y 5)<ﬂ* 5*>—12><2

~~ 4 constraints for 4 complex elements: leaves 4 real parameters «;

with

~ employ traceless, hermitian Pauli matrices 7; with: [7;, 7;] = 2¢;5 7k

U = exp(iaglaxe + i + i + iagTs)

= exp (iag)exp (ia1T1 + iaaTe + iasTs)
m define unit-determinant matrices V' = exp (—iag) U

det(V) = exp(iTr(@-7)) =exp(0) =1

V =exp (id - 7) ~ loxo +id - 7+ O(@%) € SU(2)

~ note, V1V #£ Vo Vp, SU(2) is non-abelian
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Towards EW SM: non-abelian gauge symmetry |l

m consider small Jocal SU(2) transformation, i.e. o; = a;(z) = Swi(x)

‘I’:<z;>—>\1’/=<12x2+zg *)\If

m as for QED minimal coupling to vector fields W', W§', Wi

D' = ' i W7

m for covariant derivative it has to hold

DFU — DY — (]lgxz +ids. T*) DHU

[\

~ dictates gauge transformation of fields W/

Wt = WH—9tG — g& x WH
m gauge invariant kinetic terms for the vector fields
gauge _ 1 Yy oy,
‘CSU(2) - _ZGi wa
1%
GH = 8"Wi” — 3”Wi'u - geijkWJ”W,é’

Steffen Schumann The Electroweak Standard Model 4/16



Towards EW SM: non-abelian gauge symmetry Il

] Egsa[;%;) contributes to W/* propagator and gives rise to self interactions

1
Vw.w,w, = — 5 Y€k (O"WY — O"WI) W Wi,

Wy

W3

1
_ 2 1
VWjWleWm — _Zg eijkeilij WkVVVl,;LWm,U

Wl

W, Wi

Wi
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Towards EW SM: weak interactions

m represent two charge states of |h lepton/quark species as SU(2) doublet

m describe weak interaction by SU(2) gauge theory: weak isospin I,, = %

v u N
v, = p ol = ( QZ}: ) , Ui = < ﬁd> , Up — exp <192w~7 Uy
L L

m right-handed fermions have I, = 0, invariant under isospin trafo
T)Z)e,R — exp(O)i/)&R = we,R
® interaction via minimal coupling (fermion mass term forbidden)

L © WYy, 70, = S0 (1 = ) W, - 7

with " i "
—— WE W W
Wi -7 = ( WL W

defining WH+ = \%(W{‘ F Wl

€l €R
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The Glashow, Weinberg, Salam theory (1961-1968)

= unifying electro-magnetic and weak interactions
m electroweak symmetry given by SU(2);, ® U(1)y, weak hypercharge Y

Yw = 2<qf - I’w,3)

particle | 9 Iusz Yo
Ve,L Vu,L Vr L 0 % -1 } \I/l
L
er, 125 TL -1 —% -1
discard right-handed
YerR VpR VTR 0 0 0 neutrinos in SM
€R HR TR -1 0 —2
U c t +2 3 3
L L L 3 2 3 \11%
I
UR CR tr +§ 0 %
dR SR bR —% 0 —%

m weak isospin singlets of three fermion generations

’l/)R S {eRv MR, TR, UR,CR, th dR7 SR, bR}
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The Glashow, Weinberg, Salam theory (1961-1968)

The Electroweak Standard Model Lagrangian
m kinetic terms for the gauge fields

1
~B"B,,

1
ngge _ [gauee + [eauge —ZGQMJGZEW’ — 4

SU@2)r Uy —

m kinetic terms for leptons and quarks & minimal coupling to gauge fields

LEN = 0DV + Y dpilPin
vy YR

with the covariant derivatives for left-/right-chiral fermions

Dur = (6ﬂ+i%YwBﬂ)¢R
92

DU = (Laxa (9 +i5YuB,) +i%

QWH-F)\I/L

m GWS Lagrangian exhibits exact SU(2)r, ® U(1)y symmetry

however, fermion & boson mass terms would break gauge invariance
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Interlude: the fate of symmetries |

the various ways of symmetry breaking

m explicit breaking by (small) terms that are not invariant
~ for example proton/neutron isospin broken by finite quark masses

m symmetry of classical theory might have an anomaly at quantum level
~ global axial U(1) symmetry broken, 7% — v+ decay

m symmetry might be hidden: Lagrangian invariant, but ground state not
~~ symmetry not manifest in the spectrum of physical states
~- e.g. via vacuum expectation value of scalar field(s): Higgs-mechanism

mp —mp = 1.51(16)(23) MeV

physical point
X

3

rego"
eV erse [ decdy

(MM mgm, )y

°
w2l
<

1
gy,

[Borsanyi et al. Science 347 (2015) 1452]
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Interlude: the fate of symmetries |l

hidden symmetry
m let Q be symmetry charge from Noether theorem, global vacuum state trafo

|0) — €*Q|0) ,invariance, i.e. ¢**?|0) = |0) V a, implies Q[0) = 0

~~ vacuum is unique, symmetry manifest
® assume new state |« is reached, i.e. Q|0) # 0, however, Q@ = i[H,Q] = 0

Hl|a) = He*?|0) = ¢"*QH|0) = ¢ *QE|0) = Egla) ¥ a

~~ continuous symmetry results in family of degenerate ground states
= what's the meaning of states obtained from continuous symmetry trafo?
m excitations about ground state get quantized, interpreted as particles
® minimal excitation given by particle’s mass
~~ Z€ro energy excitations correspond to massless particles

Goldstone's theorem (1961): for a continuous symmetry of the Lagrangian,
that is not a symmetry of the vacuum, there must exist one or more
massless bosons, called Goldstone bosons
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The Higgs mechanism

® add minimal scalar sector to the GWS theory to arrange for mass terms
~» complex SU(2) doublet of weak hypercharge Y,, = +1

v=(2)

m kinetic terms, potential and couplings to the SU(2)r ® U(1)y gauge fields

Luc = (D"®)' (D, ®) — V()

S
T
Ll
|

(bxz (a“ + i%YwBM> + i%m -F) o

V(@) = —p*did+A(18)? with p2 A€ R >0
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The Higgs mechanism

® add minimal scalar sector to the GWS theory to arrange for mass terms
~» complex SU(2) doublet of weak hypercharge Y,, = +1

v=(2)

m kinetic terms, potential and couplings to the SU(2)r ® U(1)y gauge fields

Luc = (D"®)' (D, ®) — V()

S
T

Ll
Il

g 92 =
(12X2 (aﬂ +151YwB#> +Z§W# . T) (0]
V(®) = —p20fo+ A (@T0)” with p2 AR >0

m Yukawa interactions with fermion fields (here for 1st generation)

Lug = — [V} dug — [4U]Ddp — [V Dep + hec,

with @ = irp®* (charge conjugate to @), fy.a,e arbitrary coupling constants
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The Higgs mechanism: fermion masses

m consider electron contribution for definiteness

fe\ileL(I)eR + h.c.= feDe,LsoleR - feéL<p26R + h.c.

: 0 , _
~- provides electron mass for (®)y = ( /3 ) with f.v/vV2 =m,

~ 9 neutral (Q = 0), ¢ carries positive charge (Q = +1)
m (®)o vacuum expectation value of Higgs field ®

~> non-trivial minimum of potential picked (SSB)

m SU(2)r @ U(1)y symmetry hidden by non-trivial vacuum state (@)

~ 71, T2 and 73 — 1Y), generators broken, i.e. €' (®)y # (P)g etc

~~ only linear combination Q = 73 + 3Y,, preserves vacuum state (cf. p7)

SUR2)LeU1)y 28 U(1)g + 3 Goldstone bosons
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The Higgs mechanism: gauge boson masses

m vector field masses from minimal coupling terms (9, (®)o = 0)

Lac((@)) = (") wrwon

02 g2 —g19 Wk
— (Ws,, B 2 172 ( 3
+ 8 (Wsur By) ( —9g192 g3 Bt

® 2nd term diagonalizes for basis states rotated by Weinberg angle 6y

Z, = cosbwW? —sinbwB, o
A,u = sin 9WW3 + cos QWB;J, with tan 9W = s

m can read-off masses for the U(1)g photon (A,,), the Z° and W+

v v
My=0, Mw =392, Mz=§\/g%+9§

m note, the W*-to-Z° mass ratio fixed by

My = cosf
My, W

Steffen Schumann The Electroweak Standard Model 13/16



The Higgs mechanism: gauge boson fermion interactions

m the interactions of the gauge bosons with fermionic matter become

Lpaster — wazawf - 2\/_(J+W 4 hee) + mﬂz*‘ +eJm AN

with the currents given by

~ - ta
TE o= ) (= 150+ (Vs s )y (L = 75) Verm | s
lef{e,p, 7} wb
Vud Vus Vub
with Vekm = Vea Ves Ve Cabibbo—Kobayashi—-Maskawa matrix
Via Vis Vo
Jf = Z@f'y#(vf —asys)p with vp =I5 —2qssin® Oy, ay = I3

f
T = bty
f
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The Higgs mechanism: ... and finally the Higgs boson

m consider excitations of the Higgs field above the ground state

® in unitary gauge, i.e. ® — exp(icy7;)P, the Higgs doublet reads

0
®(x) =< vth() )
V2

~~ note, ¥, and W* transform accordingly
m mass for the Higgs boson from potential V' (®)

My, = \/§u = uV2X
B Ly and Lgg induce kinetic and interaction terms for Higgs boson h
' Lwwn = LW rW;(20h+h%) |’
”””” " Lzzn @Z“Zﬂ(%h + h?) ok
; Linn = A(wh3+ht) VAR
| Eapn = R My pa—

Steffen Schumann The Electroweak Standard Model 15/16



Summary lecture |l

m EW Standard Model gauge group SU(2), @ U(1)y
~> non-trivial ground state for SU(2) scalar field doublet (SSB)
~~ gauge symmetry hidden in the spectrum of the theory
~ finite masses for matter fermions and W=, Z° bosons
m strong interaction modelled by SU(3). color symmetry
~~ parity conserving, massless gauge bosons — the gluons

Generation
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Just Quarks

Charged Particles

All Particles




