How do we describe the SM interactions?

Standard Model —  SU(3)¢c x SU(2). x U(1)y

local gauge interactions
In the modern language of elementary particles, interactions correspond to
invariances of the Lagrangian under some local symmetry.

Interaction <— invariance under a local gauge symmetry

Q>



Interaction <+ invariance under a local gauge symmetry

Symmetries of the Lagrangian correspond to conserved currents
: : _1 2,2

consider a free scalar field = 50,00" ¢ — §m 1)

It is invariant under the discrete symmetry ¢ — —¢

consider two free scalar fields with equal mass m

L= % [0,010" P1 + 0, p20H o] — %m2(¢% +¢3) (1)

with the transformations

<¢1> cosa  sina <¢1>
— :
®2 —sina cosa) \¢2
where « is a global constant.
The Lagrangian in eq. (1) is invariant under the rotations in the ¢1, ¢» plane.

« is a continuous parameter — global continuous symmetry, o # a(x).
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Consider the complex field

1
¢ = — + i
\/§(¢1 I¢2)
1
o = —(d1—1i
\/§(¢1 ¢2)
The lagrangian in terms of ¢, with ®*¢ = %(qﬁ% + gzb%)
L =(9,0)*(0"d) — m*d*d (2)
In terms of ¢ the rotation becomes
o = — [(cos a1 + sin apz) + i(—sin apy + cos )]
V2
o = % [(cosa — isina)py + i(cos v — isina)po]

= e Y0
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= ¢ - e

oF eia(b*

The continuous symmetry in terms of ® is a symmetry under a phase
transformation. The symmetry is a global U(1) symmetry.

— arbitrary choice of the phase — continuous global symmetry

What happens if @ = a(x)?
d(x) = B(x) = e Mo(x)

0u® = (—idua(x)P(x) + 0, P(x))e —ia(x)
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L g a“(e—"a(x)cb)]* [ay(e—’amcb)} + m? (e—"a<x)q>)* (e—"a(X>q>)

1 [0,0(x) — i(,0()) ()] [0,9(x) — i(B,a(x))O()] + mPd*®

if o # a(x) the derivative term da(x) drops out.
We have to fix the Lagrangian to get a Lagrangian which is invariant under

local phase transformaions o = «(x).

We redefine the derivative as 0, — 0, + au(x)
where a,(x) is a function of x.

Under local phase transformations
au(x) — a,(x) = au(x) + idua(x)

where a(x) is a scalar function of x.
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Then (9 + au())®(x) — (3 + 2, (x))(e "M (x))
e 10D, + 3,(x) + iBu0(x) — i0,0(x))D(x)
= 0, + 2,(x))(x)

We now get that the Lagrangian is invariant under the local phase

transformations.
d(x) = &'(x) = e Md(x)

requiring local phase invariance — introduce a,(x)

— local gauge field

— the electromagnetic field
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All interactions in the Standard Model are gauge interactions
— invariance under local phase transformations + internal symmetries

electromagnetic interactions <> continuous local symmetry

Maxwell's equations (eg = g = ¢ = 1)
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Define

Il = (Pem; Jem)
In tems of scalar and vector potential V' and A

S S A
E=-VV-—
v ot

A (B,' = e,-jk(‘)J-Ak)

B=Vx
SO

(V x V x A); = €0 (exmOAm)k

EUkek/maja/Am = (5i15jm — 6,-,,,6J-,)6j8,Am

Bi0;A; — 90;A; = (V(V - A)); — V2A;
o = = = =R INe
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—

oo o - 0’A 0 -

: - - em — a.5 T AL vV
= V(V-A) = VA = Jon— 55— 5V
- . 9 - -
E=-VV— VA = pen
v v 5V P
PA i) vlvivw A - ]
o t2 ot = Jem
2V oo\ 09 D - -
<—8t2 -V V)‘aa‘/‘a(v*‘) = Pem

we can write this in four vector notation

defining 4 — vector potential A" = (V, A) ; A= (V,-A)

D, " A — OMD,AY) = B,(0V A — O AY)
= O,F =t
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where we defined the electromagnetic field strength tensor

Fu = (0,A, — 0LAL) = —Fuu

Foi = 00Ai—8iAy = (=VV —8,A); = (E),
F;j = 8,-Aj — ajA,' = —(ﬁ X /Z)k = —E,jka,'Aj = —(é)k

0 E; E; =
-5 0 —-B3 B
—-E, Bs 0 —-B
—-E5 —-B, B 0

hence F,, =
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