2. The Standard Model (SM) — Higgs Mechanism
Spontaneous broken gauge symmetry
e consider a complex scalar doublet ¢ = (¢1,¢2) ', S0 ¢ = (%, %)

e the corresponding SU(2) gauge field W Z ﬁéa“
— with the covariant derivative D, = 8M — ngM
— the field strength W, = é[Dw D,] = oWy — oW, — ig[W,,, W]
— or with [0%, 0% = 2ie%cc: W3, = 9 W — 8, W + ge®>WIW

o the gauge transformation with & = S0/

63 ¢ =% W, SW,=W,+ 1[Dy,a
or infinitesimal

Sap = ¢ — o = z’(%aa’qﬁ)aa 5QWE’ — W;ﬂ — Wﬁ = %@Laa + ea’bCWﬁaC

e the SU(2) invariant Lagrangian is like scalar QED:
L= (D'p)!(Dug) — FWaEWH — 2129t — IX(¢7¢)?
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2. The Standard Model (SM) — Higgs Mechanism

Spontaneous broken gauge symmetry

e [ he vacuum is the state of minimal energy

2
o for u2 < 0, this minimum is at [¢] := \/|¢1|2 + |¢o|2 = |/ == =1 v

e SO one of the 4 parameters of the scalar field is fixed at the vaccum:

— ¢ aquires a vacuum expectation value
— how the 4 degrees of freedom of ¢ are fixed is a gauge choice!

(oo = (3)
* we choose ¢ = = v + X
v+ (h+ix3)/V?2 1

e 50 we have ¢fp = v2 + v2uh + |x2 with |x[2 = 3(r% + x3) +xFx~,
Du¢ = D, x —igvW,(0,1) T, and the potential part

V() = ap?(w? 4+ vV2vuh + [x]|?) + 2202 + V20h + |x]%)?
= 14207 4+ 20% + 112 + 2D (V20h + X7 4+ IA(V20h + [x[2)?

= 14202 — 342n2 4+ 2awh|x|? + 2x*
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2. The Standard Model (SM) — Higgs Mechanism
Spontaneous broken gauge symmetry
e Note that the potential is no longer zero, when there is no field!
e the real part h got a mass term with a mass m% = —u2 >0
e the imaginary x3 and charged parts x~ have no mass: m>2< =
= they became Goldstone Bosons !
e The covariant derivative part (D,¢)T(D#¢) gives
= (Dux —igvWu(0,1) HI(DHx — igoWw#(0,1) 1)
= (D) (DFx) +igv(0, YWDy — igu(Dux)TWH(0,1)
+9%v2(0, )WW*(0,1) '

e the last term gives a mass term for the gauge field: g%QWﬁWW

this is the Higgs effect !
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2. The Standard Model (SM) — Higgs Mechanism

broken global symmetries

e for exact symmetries:
— there are Nambu-Goldstone bosons, which are massless

e For approximate symmetries:
— there are Pseudo-Goldstone bosons, which have a small mass

unbroken local symmetry or gauge symmetry
e gauge bosons are massless
e each gauge boson has only two degrees of freedom:
— transverse polarisations
spontaneous broken gauge symmetry
e gauge bosons along the broken directions aquire a mass

e each such gauge boson has now three degrees of freedom:
— transverse polarisations and a longitudinal polarisation
— the Goldstone bosons are " eaten up”
— and give the additional degree of freedom
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2. The Standard Model (SM) — Higgs Mechanism
The Standard Model gauge groups
e U(1)y = U(1)Hypercharge With the generator Y
o SU(2); = SU(2)wesk With the generators T¢ = 20
e SU(2);, xU(1)y is spontaneously broken to U(1)em = U(1)electro-magnetic
o SU(3) = SU(3)color With the generators Fi = S\
e SU(3)color IS unbroken

Particles of the Standard Model
e all particles except the gauge bosons are charged under U(1)y

e all left handed fermions, the higgs and the SU(2)-gauge bosons
are carged under SU(2)y,

e only quarks and gluons are charged under SU(3)

e only electrically charged particles transform under U(1)em
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2. The Standard Model (SM) — Higgs Mechanism
SU(Q)L X U(l)y —> U(l)em
e the higgs is charged under SU(2); and U(1)y

e its vacuum expectation value (vev) breaks both gauge groups
e the vev is electrically neutral, so it does not break U(1)em

e the mixing between the SU(2)- and U(1)-gauge bosons is described
by the weak mixing angle or Weinberg angle 6, with sin26, ~ 0.23

, 1 O 1 > 0O —2 3 1 O ,
e With o = o aal— o — . We can write
1 O 1 O 0 -1

0
= ( Y ) , Where y is the Hypercharge of the corresponding particle.
0 vy

— that is y = 5 in the case of the Higgs.
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2. The Standard Model (SM) — Higgs Mechanism
SU(Q)L X U(l)y — U(l)em
e writing the U(1)y gauge field as By

e the covariant derivative of the complex scalar doublet becomes

gl w3 Wi —iWg b1
\whi4aw2  —w3 bo

e parameterizing the complex scalar doublet as ¢ = (XJF,fu—l—%(h—l—ixo))T
— this will give the canonical normalisation of the real scalar field h

O NI

D¢ = {aﬂ —ig'By, (

NIk O

o Wi —f( L F WD), Zy= LW~ gBM, and A, —9W3+§%BM
/
e g2=yg —|—g’,ge=%—f, andsinew:g—zz:sw

e gives the covariant derivative

| 9eAu+9:(5 — 52) 2 —%Wul xt
Dug = |0y —1 1 . 0
9 _ 9z
_ ol 52u )|\ v bt ixt)
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2. The Standard Model (SM) — Higgs Mechanism
SU(Q)L X U(l)y —> U(l)em
e and (D*¢)T(D,¢)

2
= |t — ilgeAn + 9:G — 522X — i HWF o+ L+ ixO)

2
+ G5 (h+ix°) — i WX T +i%Zulv + J5(h + ixo)]'
gives the bilinear terms
2
1 .. 0 gz
@Lx \g/v—W/j_‘ 5 ‘@M(h +ix") + z%Zu'

= 1(0"h)(8uh) + (0*x ) (BuxT) 4+ 2(0"Xx%) (9:x®)

(CRY Vo + _ v+ — | g2V 0 4 9%+ — gzv?
+ Ve 0T = EW0XT + 5200 + S W W 2,20

2,2 2,2
Y%

e W and Z bosons have different masses: m%/ =27 and m% — 92

— their ratio is (on tree level) cos @, = ”ﬂ”ﬁL—VZV
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2. The Standard Model (SM) — Higgs Mechanism
SU(Q)L X U(l)y — U(l)em

e the higgs field h has it's canonical kinetic term
— the higgs mass comes from the potential; with

076 = x"xT + v+ J5(h+ix®)? = v? + V2oh+ 5(h* +x°2) +xx T

FL(02 4 D202 + L(p2 4 22) (V2vh + 2x02 + xx )
2 4 332)h2 4 3, )\.4

+5Gu? + 32)h? + 5250h> + fgh

+7 (2\/_vh-|-h2)(1 02+X_X+)‘|‘4(1 P2+ xTx)?

_ 4M202_§M2h2+2x\vrh3_|_&h4

+2(2vV20h + h2) (X% + xxT) + 232 + xxT)?

V(h,x)

—m%z—,u = A2 >0

2 2
=m =0
x° X+

e the Goldstone bosons still have masses m
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2. The Standard Model (SM) — Higgs Mechanism
Gauge fixing SU(2);, xU(1)y — U(1)em

a convenient and often used gauge choice is the R,-gauge with
G = "W, — &emwx ™ and G° =07, — &.mzx°
and
»Cgaugefixing =~ 5%|Gi‘2 + Q%Z(GO)Q
e the first part of the squares, g(auwj)(avw,;) or %((‘%Zu)2

allows to calculate the propagator:

VRV (=) = ——— (gw/ S £V)‘“W) Swith vV, = Wi, Z,

2 2

e the second part adds with bilinear terms of (D*¢)T(D,¢) to form total derivatives:
o [%(WJXJF ~ WX+ %Zuxo]
e the third part gives mass terms for the Goldstone bosons:
Eomipxtx” and  L&mZ(x°)?
— these masses, &,m3, and &.m?%, are gauge dependent
= they cannot describe physical particles
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2. The Standard Model (SM) — Higgs Mechanism
Gauge fixing SU(2);, x U(1)y — U(1)em

another possible gauge is the unitary gauge (& — oo)
e the higgs is parameterized as ¢ = U(0,v + %h)T with U € SU(2)
e U has then the gauge transformation U — U’ = UgaugeU

e the gauge choice Ugauge = U~ ! gets rid of the Goldstone bosons.

e but the vector boson propagator

(V(K)V(—k)) = kQ:jn% (gW - ﬁi’é) ,with V=W, Z,

does not fall off for k2 — oo

= Problems in the high energy limit
= Problems with loops !

Different gauge choices for solving different problems !
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2. The Standard Model (SM) — Higgs Mechanism
gauge transformations on fermions

SU(3)color gauge transformations only affect the color of quarks and gluons:
e the gauge transformation can be written as a matrix in color space:
Us i= Uy = (¢4779)
e quarks transform like a normal vector in color space:
¢ —q"=U(;y¢®  orsimply g¢—q¢ =Usyq
e antiquarks transform with the inverse transformation: ¢ — ¢’ = qU; !
e gluons transform with both: G4T* — GI¢T* = U,G4T*U; * + gi's(c’?MUs)U;l
— that gives for the change of the gluon field 5GZ = G’; — GZ

6GY = —0upt + gs f**GhS = — DI

— from from the gauge fixing function F¢ = aﬂGZ one obtains the Faddeev-Popov determinant

SF
Ay[G] = Det [5@6] = Det [—G“DZC] = / Db Dc (0"6") [D}c’] = / Db De (0"6*)[0,6% — gs f** G ]

— ghosts n are in th; adjoint representation: nT% — n/*T% = Un*T*U; 1 = 0% = fenbys
e the QCD Lagrangian is invariant under these gauge transformations
L— L =GP —m)d =qu (UPU —m)Usqg = q(il) —m)q = L
= because left-handed and right-handed quarks transform in the same way
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2. The Standard Model (SM) — Higgs Mechanism

SU(2);, x U(1)y gauge transformations on fermions

SU(2)r, gauge transformations affect only left-handed fermions and the Higgs doublet

% __ [ ur Y
e=(2) =) o= (%)
the gauge transformation can be written as a 2 x 2-matrix

Up = ng‘ , = (eigT“soaL)jk? — 399°%
@L

e the doublets 2, =/, q, ¢ transform like a normal vectors: 2;, — 2, =U;2

antidoublets transform with the inverse transformation: 2;, — 2; = 2, UL_1
SU(2) 1 gauge bosons transform with both: WaT® — W/eT® = ULWﬁTaUL_l—I—é(@MUL)UL_l
— that gives 6Wi = W — Wi = =007 + geabCWﬁgoCL = —Dj‘p]

U(1)y gauge transformation affects all fermions and the Higgs doublet

67 €R ) q , ur dR ) ¢

e but left-handed and right-handed fermions differently

e the gauge transformation can be written as a simple phase transformation Uy = e'9v¢r
— yy is the Hypercharge of the field f on which the U(1)y transformation acts:

f — f/ — eiglnyDYf and f_> f'_/ — e_ig/yf(PYf‘_
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2. The Standard Model (SM) — Higgs Mechanism

SU(2);, x U(1)y gauge transformations on fermions

e the Lagrangian has to be invariant under SU(2); x U(1)y

e tO

but we cannot even construct an invariant mass term!
* as the mass term mixes left-handed and right-handed fermions

The Standard Model is a mass-less chiral theory

build a Lagrangian invariant under SU(2); x U(1)y
we first combine doublets in an invariant way:

(g, L) - ¢ = Dyp1 + Lo (ap,dp) - ¢ =urep1 +droo

and _
uy, @3

dr, ¢35

+* these products of fields are fermionic and transform under U(1)y

det [(ag,dp) ", ¢*| = det = ur ¢y — dré]

the right-handed singlets have to guarantee U(1)y conservation:
(Dpp1 + LrP2)eR (a1 + drd2)dR (ur¢s — drei)ur

* this restricts the possible values of y; for the right-handed singlets
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2. The Standard Model (SM) — Higgs Mechanism
SU(2);, x U(1)y gauge transformations on fermions

e the three gauge invariant terms
(Dpp1 + L)l (ur¢1 +dpd2)dr (Ur¢s — droi)ur
describe couplings of the mass less fermions to the Higgs doublet

— they can have arbitrary coupling constants

— considering that the fermions come in three generations
— coupling constants can be 3 x 3 matrices: Yukawa matrices

e the matrices for up and dgr are independent

— diagonalization (singular value decomposition) of Y, and Yy differs
— |eads to mixing between generations and allows for C P-violation

e introducing the vev ¢;1 — 0, ¢o — v and "masses”
my =vYy mg =vYy , and my = vYu
we get the fermion mass terms:

Lmass — ’ITL@ZLER —|— deLdR —|— muﬁLuR
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