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* Brief intro to Quantum Field Theory
 The Higgs Mechanism
* Properties of the Higgs boson
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Plan for this week

Last week got electroweak model based on SU(2), x U(1) local
gauge symmetry, but only worked for massless particles.

But we know SM particles have masses!

This week: show how to included masses while retaining gauge
symmetry with the Higgs mechanism.

First, introduce some ideas of Quantum Field Theory.

Then look at a “toy” model with a U(1) gauge symmetry to see
how the Higgs mechanism works.

Then apply to the full Standard Model:
— masses for W, Z and also fermions in a renormalisable theory,
plus a new scalar boson (the Higgs),

plus other testable predictions (predict M,,).
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Lagrangian formalism

Consider system with N generalised coordinates and velocities

q = (q1,---,qn)

q=(41,---,4n)

Evolves from t, to t, such that the action S is minimised,

(%)
S = / L(q,q)dt Lagrangian L=T-V
¢

1

This leads to the Euler-Lagrange equations:

oL d (3L

— :0 .:]_...N
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Lagrangian for a string of masses

Consider a system of a large number of masses ém separated by distances 6x
connected by springs of spring constant k.

Equilibrium positions

Displaced positions

N

dx | [ dm q q 2 al
_ 2 +1 7 Y — ) L;
ZQ (5:}3)% kd:c( oz ) ;ac
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From system of masses to a field

Consider the limit where the number of masses N becomes very large and
ém and éx go to zero, such that &m/éx — p and k&x — T approach constants.

The index i measures the x coordinate of the ith mass and the displacement
= ¢p(x) becomes a function of the continuous variable x, i.e., it is a field.

The Lagrangian becomes Lagrangian

L—>/da:— lqu (:c)—r(gi) ] /d.ccﬁ(a:)

The Euler —Lagrange equations become 82@) — % ( E.M ) =0

which for the string of masses give a wave equation:

o2 02
(B v
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From fields in 1-D to 4-D space-time

Suppose now system in 3-D space, Lagrangian is

S = ft N dt / d°x L($,0,0)

To be consistent with relativity, Lagrangian density (usually just called the

Lagrangian) is allowed to depend on the field and on its derivatives with
respect to space and time.

The Euler-Lagrange equations become

oL oL
o 9= =0
dp  "9(0up)
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The Higgs Potential (single complex scalar)

¢ = (1 + iga)/V2
V() = p?d*¢ + A(¢*¢)?

L V(g) o)

p>0

Foru’<0, Vv
minimum at

2
2 2 M
¢1+¢2_ A

,02

%
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Prediction for M,

M
Higgs mechanism leads to —W — cos Ow

Mz

from which we can predict: Mw = 80.3545 £ 0.0057 GeV

I LEP Combination
Phys. Fep. 532 (2013) 119
= 80376 + 33 MeV

DO (Run 2)
F’hy Rev. Lett. 108 (2012) 151804
80375 23 MeV

CDF (Run 2)
S e 376 (2022) 6589
80434

LHCb 2021
JHEP 01 (2022) 036
m,, = 80354 = 32 MeV

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110
m,, = 80370 = 19 MeV

ATLAS 2024

\\\\\\
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ol 10
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The mass of the Higgs boson

2
In the Lagrangian multiply out the terms —%(v + h)* — :(v + h)*
L : 1,5 2\ 1 9 1 5.5
This gives a quadratic term —3 (1° + 3 %) h* = _imHh

from which we identify the Higgs mass mu = V2 v = v/—2u2 .
Before the discovery of the Higgs in 2012, v = 2My /g = 246 GeV
was known from G, but A and therefore also m, were not known.
After Higgs discovery find m, = 125 GeV — A =0.129.

But even before discovery of  Renormalisable
Higgs, theory was widely * Prediction of M, confirmed
accepted because: e Solves unitarity bound of o( WW—WW)
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W W, — W W, scattering at high energy

Without Higgs, o(W W — W W,) ~ E_ 2.
Violates unitarity limitat £, ~ 1 TeV

W W W W W 4%
G 4
Z
%4 14 |14 W W W
With Higgs, extra diagrams interfere destructively,

w 44

W}<W R
WHW e

44 44

cancelling E_*> dependence and keeping cross section from
exceeding unitarity bound.
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Higgs self coupling

- A
Multiplying out —(A/4)(v+h)* gives

B3 4
Avh 4h

These correspond to triple and quartic H couplings, vertex factors

) ) ) ) 3im2 3iam2
Triple, N=3 identical particles: Gy = _2MMu _ 2Ty
() 2MW
. . . . 3im? 3ig’m?
Quartic, N=4 identical particles: —6i\ = ——5 1 = — J 1
v 4 My,
(oy A= =¥ (b) A —3igmE
=M H 4 mZ
-7 " N 7 "
L/lz /S N % -
H — - _ _H< N —~
\\ // - ~ ~ -
S H H = ~

/_7f
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Higgs couplings to gauge bosons

Multiplying out terms with (v+4)? and (vt+h)* in Lagrangian and
expressing W,, W,, W3, B in terms of W*, W~, A, Z gives
interactions between Higgs and gauge bosons, e.g.,

LW OW ik 4 LW W (Hep?

and analogous for Z, but no direct coupling to photon.

+ o M Y +
w/‘" Ly e 1’ w/'\ e H
/ 2 2
o = H /e f‘? My
— - \l\\ H‘g;
WY W_), ~H
e 1y M’ZGB/M) >
a s 7 H
/ ’ :
—_ = H //v&"'l._--"‘ ﬁ? @Hﬂ
'\\\ Z_Lasz@w
2. Z, <y
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Coupling of the Higgs to fermions

So far got masses for W,Z. But we also need fermion masses.
We cannot just add fermion mass terms to the Lagrangian.

Consider ¢ = ¢ + g where  ¢p = Py = (1 — ")

Yr = Pryp = (1 4 ~5)

50 5o %P, = Py and 7'Pr= Py’

Recall 7°v® = —
Also (¥)f=+" so PL=P] and Pr=P}

Therefore @, = (Pr)ty? = oiq%Pr = pPp and % = ¥Pp

For mass term —myw with ), + Ug, ¥ = 9PrPrip =0 Yrpp =0
The only terms that survive are —myy = —m(YYr + YrYrL)

But SU(2)L transforms ¢, and (; differently, so this term breaks
the gauge symmetry.
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Lepton masses

Consider transformation of scalar ¢ =Ur¢, Ur = expliga(z) - T

1%
and for left-chiral lepton doublet L = (;)
L

L' = UrL,
L' = (UrL)'y° = L}y'Ul = TU},
Right-chiral leptons R = ¥¢,r have T, =0 (do not change under SU(2),.

Under U(1), they transformas R =UyR, Uy =¢""?, 0=4B(z)
Hyperchargeis Y =2(Q—-Ts) so Yy=1,Y,=-1 Yr=-2 oo

L=L"" — I =(eL)14" =Le"
¢ — ¢ =e So the combination (L¢)R

R — R =e29R, is invariant under U(1),.
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Yukawa Lagrangian

R does not change under SU(2)L, so (L¢)R is invariant under

SU(2), x U(1),. So we can add to the Lagrangian

_ _ (v, = Yukawa coupling, include
Ly = —ye [L@’f’R T (L¢R)T] Hermitian conjugate to ensure L real.)

1 0
After transform to unitary gauge, ¢(z) = V2 ( h( ))
v+ h(x

Using this in the Lagrangian above, the terms involving neutrinos
disappear since they are in the upper row of L (T; = %).
Substituting the terms gives

Ye - = Yo , 5 -
Ly=—"vlilp+Llrl;)— ==h(lil Lpl
¢ \/§’U(LR reL) ﬁ(LRJrRL)
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Yukawa coupling

We identify the first term as a mass term —mgyy with mg =

ST
N <

Assign the Yukawa coupling y, so that it gives the experimentally
observed masses. No predicted relation between masses, need
an adjustable parameter in the model for each one.

Second term in Yukawa Lagrangian is an interaction between the
Higgs boson and a lepton pair with vertex factor

—iyp/V2 = —imy v

) Less obvious for up-type quarks but
same recipe holds.

anl
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