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Let's now return to the last terms in the standard model

Lagrangian we haven't studied yet
:
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Ag with the Abelian case
,
the wrong - sign mass term

will lead to

spontaneous symmetry breaking
.
First let's minimize the potential :
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First
,
let's look only at the terms without h ( i. e. set h=o for now)

H → ¥ (9) .
Since B is Abelian

,
rewrite non -derivative term as
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⇒ the three gauge bosons which become massive are

Wiard WI lnassmw : 9-2 ) , and 5- Bn - WI .

However, QFT tells us we
need to preserve the normalization

of

the gauge
kinetic terms

,
so we should perform a rotation of

the fields Bn and WL to define the mass eigenstate
. Specifically :
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⇒ we identify Zn with the 2 boson and An with the photon, and

their Lagrangian is L ) - ¥FwF
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with tPhotÉss ! We can express this as

SUCDIUCIY-gucnemf-i.pe electroweak symmetry is spontaneously
broken to electro-go.sn.

What about electric charge? We want to find the part of the

gauge kinetic term that couples to the photon, which is a linear

combination of W? and B- . We have previously identified t
'
+ Y as

the electric charge, so let's find its coefficient in the covariant derivative :
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From the coefficient of t
' + Y

,
we can extract the electric charge:[

e=g??g¥=gsin0==g'cos0w
Finally

,
we can treat W as a complex vector field , with

mass term riwwtnw
-

i where mw=9
The notation W± is appropriate, since W± have electric charges Ii

.

Let fit 4) act on WIN I W 1-±
.
Y acts as 0 since such and Uch,

Commute . W is in the adjoint of SUCH, so
I act as a commutator:

[ t ? t ± ] = It ± ( recall raising and lowering operators from am!)

so wt-haveelectriccharqet-lf.BY similar reasoning
,

2 is neutral
.

Predictions of the Higgs mechanism :

• The standard model contains a massless photon , a neutral

massive gauge boson 2
,

and a charged massive gauge boson W.

Their masses are related as mz = •?÷w , so
W is

lighter than the 2 .

• Electric charge is related to the gauge couplings g and
g
'

as e = go.inown
four parameters in the Lagrangian 9, g

'

,
m
,
and ✗

four physical parameters e
,
Ew
, mw, and mn = Jim .

Unfortunately
, mn independent from other three ! Can't predict the Higgs mass

.

• Standard Model fields couple to WE are 2 through covariant derivative
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|Qz=_T-sii0w#- is the "

change " under tie 2-boson. Different
for Rahl fields!
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Why do we need the Higgs boson in the first place ? Even if we

knew nothing about the Yukawa terms and the underlying gauge
invariance

,
the existence of a massive vector boson with self- interactions

is pathological without the Higgs .

To see this, consider
the process

Wtz → wtz
L L L L s

where the subscript

L means longitudinally polarized . This process o - ly exists for massive

( since massless vectors are transverse )
,
nonabeliar (since abelian vectors have

no self - interactions ) vectors.
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The component of the 2 which interacts with the W is W? so this

is very much like gluon -gluon interactions with some such group

theory factors instead of SUCH. ( see Schwartz see
. 29.1 For the full

set of Feynman rules. ) First let's carefully define polarization vectors :
recall tI= Cpu, 0,0, E) Fo- p? (E) 0,0, pal. For general p^ :

c-i-t~pii-f.I-ipic-i-m-s.PE + IzPi
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y
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& ,
with 1-= (pi -p}5= (poppet)
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- 0
,
not normalized but won't matter for argument to follow.

First matrix element :
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Plugging in polarization vectors ( since we have fixed our initial spin states):
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This looks like a problem : at large enough 5

, amplitude grows without
bound

,
eventually we will violate unitarily .

To understand this behavior
,
look at F-→mw,

where C-I = tmpm
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Things are actually not as bad as they seem !
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So there is a pw 1 cancellation (much like the Abelian case
,
where

3- and 4-point couplings are related) ?

Moot = - Inning e-cotton lstu ) told = ¥+0117
But this still grows with enemy ! Specifically , using partial-wave

unitarily ( Schwartz 24.1.5 )
,

we must have
F-"

7-
✗ ¥,

< I

⇒ F- <FI v - =L -9 Tev. Therefore
, song new physics must

appear at this enemy scale to restore nitwits .



In the standard Model, the Higgs rescues unitarily .

(Before £
2012 we did not know this to be true ! )

. Higgs interactions are

simple to determine ? just take ✓→ rth
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Importantly, this implies Higgs couples proportional to mass !
(will see this more next week) . Here

, we
have an additional diagram
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Exactly cancels the part of the amplitude which grows with enemy !

The Higgs is the last piece of the puzzle in the standard Model
which ensures its validity as a quantum field theory up to
the Planck scale of ~ 1019 Gev. (of course, this doesn't mean tree

⇐ t be
no physics at higher energies than I Ter, just that there doesn't hard to be

.)
To summarize :

n we started with a complex scalar doublet H
, with 2×2=4 real

scalar degrees of freedom .
3 were "

eaten
"

by the WI and2
,

leaving one physical massive scalar h, one massless boson A
,
and

three massive bosons .

• Higgs interactions determined by r→ rth in Lagrangian;
we will do this for Yukawa terms next time .


