I STANDARD MODEL

31. Lagrange Formalism

Classical mechanics Field theory

d.o.f.: coordinates ¢(t) field amplitudes ¢(t,7) = ¢(x)
Action: S = [dt L(q,q) | S= ["dt [d37L[p(x),0up(w)]
Lagrange function = [d*x L(¢,0.0)

Lagrange density

: S 4 9(t)
Fields develop with time such

that action is minimalized:

~+V

59 = / e {—5¢+aa£¢58“¢}
1L

[ a fOL dL OL
= [dt { 0E o <6am5¢> <8Maau¢> M}

=0 on surface

= /d4 —9, % s =0
Ny

Euler—Lagrange equations: 8M8(Z£¢ — gg
v

=0
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Examples:

1.) Klein—Gordon field [spin O]

L = 0492 —m?|¢|?

— (82 -+ m2> ¢ = 0| [Klein—Gordon eq.]

2.) Dirac field [spin %]
L = P@EPd—m)yp

— (1, P — m) » = 0| [Dirac equation]

_ 1
o= vl ey = S5

0o _ I O i 0 o
= 0O —1 T —ot 0
0 I
I 0

Clifford algebra:

{7y =24"T {4,951 =0

75
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3.) Maxwell field [spin 1]

Vector potential A* = (b, A):
E = —grad¢ — 8;A, B = rotA

Field strength tensor:

1
I = oV Al hAY = | T,
\ —B3
L o= —Ltpw
= —F"F

— s | 92AF — GHH,AY = 0

[Maxwell eq.]
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§2. Gauge Theories

1. Abelian Gauge Theories [QED]

_ 1
L =GP —m) = F Fuy

minimal substitution: <9, — 1D, = 10y — eA;Q
[Q = charge operator: QY = ey1)]
invariant under |local gauge transformations:

W - e—ia(miQw QZ . eia(:v)Q?Z
A, — AM"'gaMC“ [Fuv — Fuu]

Lint = —ewe?z A @Z

A, —ieypeyH
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2. Non—Abelian Gauge Theories [e.g. QCD]

Lie group: S = ¢ T

generators: | [T%, T = ifp.T¢ [Lie algebra]

Tr(T°T") = 164 T = T7°

a

SU(2): T = % Pauli-matrices

a

A
SU(3): T = 5 Gell-Mann-matrices
vector potential: V,, = Vlj‘Ta
minimal substitution: 19, — 1D, = 10, — gV
field strength tensor:
1 .
V/u/ — ;[DM, Dy] — a]/V,u — aluvl/ — Zg[V,u, V]/]
1 - .
L= =STr(VI"Viw) + $GP —m)y
1 _ _
= —ZVQWV;?V + ;0P —m)Y; — g VO
invariant under |local gauge transformations
w N Sw — e—i()za(ZC)Taw
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V, — SVuS~141(8,9)s71
g

Ve —igT]@k'y”

Pk

self-interactions:
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33. Higgs Mechanism and Standard Model

Ly = MaTr(VFV,) destroys gauge invariance
— MV = 07

scalar isospin doublet:

[isospin I = 5, hypercharge ¥ = +1]

N —

potential: V(¢) = p2¢To + %((/5%)2

A A
Vig] p >0 Vig] p <0
9| \ / [
\ > /l >
Minimum: ¢ = 0 Minima: |¢|* = —%2 — %2

—= |spontaneous symmetry breaking
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Higgs field:

b 0O \_ 1/ e?2-e! e
- &ﬂ U;I/‘g _\/5 ’U+H+Z@3 |

SU(2)—Trafo
—— gauge trafo

— 3 components can be absorbed in SU(2) gauge

fields [longitudinal d.o.f.].

fermions:
Ve - l/lu ’u_ UVt
em ) " po) Th T )L
(0), a (5), = ()
d I dR S I SR b I
isospin: &3 0 +3 0 +3

hypercharge: Y = 2(Q — I3)
[Gell-Mann—Nishijima relation]

Y
gauge bosons: hypercharge B“E
a

. . o
isospin Wy =W,

— a
color Gy = G“E
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Lagrange density of Standard Model:
1 1

L 4G

+ > LiGD)Ly+ > frGD)fr
J f

2
> A o 2
+ [Dud| —§[|¢| )
— > 9/Li(0 4+ ¢)fRr+ h.c.
J

charge conjugation: ¢¢ = ioc2¢*

minimal substitution:

A4 o Y
D, = 0, — gsG%— — W“—— 'B—
Ly — W0u — gs Ko E o 9 Hs
ground state:
0 .
¢O:<L> [unitary gauge]
V2
gauge boson masses:
2
o Y O
|Dugol® = <29W5—+zg’3u5><%>
(Wi\[{g¢> 0 0 0 )
_ vt W2 0 ¢2 O 0
3 WS O O 92 —qqg’
\ Bu J\ 0 0 —gg' 42 )

__GCL GCL/JI/ . ZWGJ Wa,uz/ . ZB/LI/BMV




g 2
Mg, = =
0% a7
2 12
— M2 = 9°+9° 2
4
2
Mg = O
Lo Wi FiWg
W, =
V2
Zu\ _ [ cosOy —sinby w3
Ay )\ sinfy  cosfy By

[0y = Weinberg angle]

— W und Z bosons acquire mass by Higgs me-
chanism. Photon remains massless.

Yukawa interaction:

Ly == 9rLi(¢+¢°) frth.c. = — Z f(v+H)f
J

9f
V2

Higgs mechanism generates fermion masses

::}mf:
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H - - - s
v
f
gauge interactions:
Lint = \/5 JIWTHE 4+ he.
. g -3 elm| >u  _ -elm pp
Cos by [j,u sin? 6 Win |Z egu A

e = gsinOy = g’ cos Oy,

2
, - o- F 1o
j/jf = Lf'yMJiLf ot = >
.3 = 03
Ju = LijLf

i erFruf = ef {Fvufr + Frwufr}
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 Mw
W= —1 1 —
; W< o (1 —5)
I
f
M
Z#W/< —ZQ—UZ’Y (Uf —(If’}/g))
f
’Uf = 2[§L—4€f5iﬂ29W
_ /
ap = 2l3p
Myon decay:
9 Gr
2v/2 vy, V2 Vi
- > e 5 2: n > /6
W (k) A" < My \
9 / Ve
22 [Fermi theory]
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Gr g°

T

ﬁ:

2 pr—
8M2,

2M3, sin? Oy

1.1663788(7) - 107> GeV 2

Higgs: M7 = M\v?

Wiz,
x M3

W /Z,

v

1
~ 246 GeV
\/§GF
H- W/j/ZM
) x M3

H’ W, /2,

v
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electroweak observables:

H
W,ZW W. 2
Gp = i 1+ A7

V2M32,sin? 0y,

GrpM3, 11[ ‘ M%, 5]

Arfiggs = 8v/2m2 3 MVQV_E
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6 March 2012
[} .

Myt = 152 G?V

Aay), =
5 — 0.02750+0.00033
----0.02749+0.00010
4 - -« incl. low Q° data
3 |
2 |
1 |
|LEP LHC
0 excluded w . excluded
40 100 200
m, [GeV]
My = 94732 Gev
= My S 152 GeV (95% CL)

LEP/SLC
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e triviality and vacuum stability:

dA 3

— 2 2 4
o = 422+ Ag?g?
"2
v

)\"_J = tr1v1ahty M[%[ — )\,02
upper bound =

lower bound = = A1 TeV

log ﬁ—s log féﬂ

v
II|II|II|II|II|_

800

600 m; = 175 GeV

400

My [GeV]

|

200

O_|||||||||||||||:
103 10 109 101% 1015 1018

A [GeV]
A=1 TeV:55 GeVS My S700 GeV

A= Mgyt : 130 GeVS My 5190 GeV

= |light Higgs boson

Hambye
Riesselmann

Cabibbo

Sher

Lindner
Luscher, Weisz
Hasenfratz,. . .
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Higgs quartic coupling A

Top pole mass M, in GeV

0.10 - _ — ;
0.08 ; 30 bands in |
F M, =173.3 + 0.8 GeV (gray)
I a3(M,) = 0.1184 + 0.0007(red) ]
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0.04
0.02 |-
0.00 -
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i 10
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Higgs pole mass M), in GeV

Buttazzo, Degrassi,. ..
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