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IX. Electroweak unification

* A theory of weak interactions only by
means of W= bosons leads to infinities

+ -

Divergent
integrals

Figure 108: Examples of divergent processes.

—  Introduction of the Z° boson fixes the problem

because the addition of new diagrams cancel out
the divergencies:

Divergent integrals

Figure 109: Additional processes which cancel the
divergence.
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REMINDER:
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Figure 110: The basic W lepton and quark vertices (if the
third generation is not taken into account).
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Vi \% I I q q

Figure 111: The basic Z° lepton and quark vertices.
**  Basic vertices with W bosons have:

— Conserved lepton numbers

— Not conserved quark flavour (quark mixing)

*%*  Basic vertices with Z° bosons have:
— Conserved lepton numbers
— Conserved flavour (no quark mixing)

u u d d C C S S
9z gz gz 0z
ZO ZO ZO ZO
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Flavour is conserved at a Z° vertex (in contrast to a
W vertex).This can be verified by experiments.

Consider the following two possible processes that
change strangeness:

K+—)TCO+M++VM (@)
and
K+—)7I++V| +;| (b)

Figure 112: Decay (a) is allowed; decay (b) — forbidden

The measured upper limit on the ratio of the decay
rates (b) to (a) was until recently:

;F(K+ -V +V))

7
N T <10
['(KT" > 7"+ +VM)
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Calorimeter
to veto on photons
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Figure 113: Side and front views of one half of the E787
experiment.
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%*  TheBNL experiment E787 is a fixed target

experiment that uses a K™ beam created by
24 GeV protons from the AGS accelerator.

- The Kaons are stopped in a target made of

scintillating fibers and the decay of the K" at rest is
then studied.

-  The momentum, energy and range of the
particle from the decay is measured.

- Two candidate events for K* — r* + v+ V)
have been found after many years of running.

Drift chamber hits %& Scintillators
e A\

Scintillating fibers

Target

Figure 114: One of the two rare Kaon decay events found
by the E787 experiment.
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9 The result of the measurement was:

ZF(K+—)TC++VI+\_/I) B
| _ 1,6 x10 10
F(K+ —> TCO + M+ + VH) 0,033

= 5><10_9

—  The two events could be explained by
second-order charged current interactions:

u u u u u u
K+ _ ot K+ _ ot K+ _ it
5 u d 5 ¢ d 5 t d
W \\ W W W W
| \ | \ | \
vV oV vV oV VooV

Figure 115: Feynman diagrams of higher-order charged
currect interactions resulting in K™ — n*t + v, + v,

—  Due to the t-d vertex in the third diagram
above it was also possible to set limits on the Vi

element in the Cabibbo-Kobayashi-Maskawa
matrix:

0,007 < ‘th‘ < 0,030
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The coupling constants at y—, W*— and z%vertices
are not independent from each other. In order for all
Infinities to cancel In electroweak theory, the
unification relation and the anomaly condition have to
be fulfilled.

9 The unification condition establishes a relation
between the electroweak coupling constants:

TC'OLem

2

= gy Sin0,, = g,Cos6,, (114)

Oyy IS the weak mixing angle, or Weinberg angle:

M
~ My
cos0,y, = _MZ (115)

- The anomaly condition relates electric
charges: ;Q, + B%Qq =0

where the factor 3 comes from the number of colors.
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Historically, the W and Z masses were predicted
from low energy interactions.

Vi Ow H "
MW—)OO
e 9w Ve e Ve

Figure 116: The low energy zero range approximation.

In the zero-range approximation ie. in the
low-energy limit, the charged current reactions are
characterized by the Fermi constant (Gg):

2
°F _ 9w
2
2 mg
From this expression, the unification condition and
the definition of 6,,, one then obtains:

92 _ T
CF  J2Gsin‘0,,

2 -
M =

TCOLem

M2 =
fZGFcos 2€)Wsin2€)W
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Introducing the neutral current coupling constant
(G;) (@lso In the low energy zero-range

approximation) one gets

2
°z _ 9
2. M2
and the weak mixing angle can be expressed as
o
2 .2
GZ ﬁgz My 2c0529W 2 . 2
= = cos 0,,= SIn 0
G 2 2 T W W
F o J2gyw Mz |
2sin 6,

From the measurements at low energy of rates of
charged and neutral currents reactions (Gz and Gg)

It is therefore possible to determine that:
sin“0,, = 0,277 +0,014

from this measurement at low energies (below the W
and Z masses) it was possible to predict the masses
of W and Z:

My, = 78,3+24 GeV/c?; M, = 89,0+ 2,0 GeV/c?

When the W and Z boson were discovered at CERN
with the masses predicted from low energy
experiments it was a strong confirmation that the
electroweak theory was correct.
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Today the most precise estimation of the Weinberg
angle using many measurements give:

sin“0,, = 0,2255 + 0,0021

Putting this value into the previous formulas give
Myy = 78.5 GeV and M, = 89.3 GeV

while the direct measurements of the masses give
Myy = 80.4 GeV and M, = 91.2 GeV

(b)

Figure 117. Examples of higher order contributions to
iInverse muon decay

The difference is due to higher-order diagrams which
were not included in the previous low-energy
formulas.
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Since the top-quark is involved in higher order
corrections, the measurement of electroweak
processes could be used to predict the top-quark
mass before it was discovered:

m, = 170+ 30 GeV/c2

The directly measured mass of the top quark at
Fermilab by CDF is today

me = 176 +5 GeV/c2

In perfect agreement with the prediction !
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% In any process in which a photon can be
exchanged, a Z° boson can be exchanged as
well:

Y Yy

7,2° 7,20

Figure 118: 79 and vy couplings to leptons and quarks

Example: The reaction e'e"—pu~ has two
dominant contributions:

e’ woooe’ uo
>/\/\/;A< >\/\/;6\<
e Ty e Ty
Figure 119: Dominant contributions to the e*e™ annihilation
Into muons
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With simple dimensional arguments one can
estimate the cross section for the photon- and
Z-exchange process at low energy:

N

2 _2
GZzGZE

-
ITllQ
N

Where E is the energy of the colliding electron and
positron beams.

From these expressions, the ratio of 6z and o, Is:

4

© E

GZ ~ = (116)
Y My

One can conclude that at low energies the photon
exchange process dominates. However, at energies
Ecpy=Mz, this low-energy approximation fails

The Z° peak is described by the Breit-Wigner
formula:
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Figure 120: The cross sections of e*e” annihilation into pp

. ]
127M5| T(Z° = ee)T(Z° = up)

2 2 2.2 2.2
Eem L (Egy—Mz) +M3I7
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7 . .
%*  The Z boson can decay in the following
way:

e’ e~ uw T" \Y q
- Z°

€ e+ l”l+ ,C+ v a
Branching ratio (B ): 0.10 0.20 0.70

Decay width (I"):  0.25GeV  0.50 GeV 1.74 GeV

The lifetime (t) , the branching ratio (B) and
the partial decay width (T") are related to

each other by B
s
_ Bz _ Bhad*Bu*Byy
T = F_ —

z  Thagatln*lyy

_ Bhad _ B _ Byy

—25
- — = 3x10 “7s
Phag I 1

T
\"A%

Note: 1GeV "= 6, 582x10 s
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Figure 121: The leptonic decay of the Z% into muons.

The peak can be fitted with the Breit-Wigner formula:
. _ .
12aM5| 1(2° - eTeyrz° - x)

£2 2

s(e e —X) =
2.2 2 2

Here I'; is the total Z° decay rate, and I'»(Z° — X) is

the decay rates to the final state X. The height of the
peak (at Ecp\j=My) Is proportional to the product of

the branching ratios:
rz’ et e)r’ - x

B(Z" e e)B(Z° - X) =
I'7 I'7
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The fitted parameters of the Z0 peak In the leptonic

and hadronic decay modes give:
M, = 91,187 + 0,007 GeV/c?

I, = 2,490 % 0,007 GeV
1“(ZO — hadrons) = 1,741 + 0,006 GeV
rz® > 1717y = 0,0838 +0,0003 GeV

= The decays Z° — I'I"and Z° — hadrons
account for only about 80% of all Z° decays

- The remaining decays are those containing
only neutrinos in the final state since

I, = T(2° = hadrons) + 30(Z° — 1" 1)+
: (117)

+N I'(Z° = vpv)
From the measurement of all other partial widths one

can therefore estimate the partial decay to neutrinos
which cannot be measured directly:

N, T(Z° = v,v;) = 0,498 +0,009 GeV
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The decay rate to neutrino pairs can also be
calculated from the diagrams shown previously and

this gives F(Zo—wlv_l) = 0,166 GeV which
together with N_ (2 - v,v,) = 0,498 GeV gives

N, = 2,994 + 0,011

0 35?

DELPHI

g, n

30

20 -
15

10-

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
8 89 90 91 92 93 94 95

Energy, GeV

Figure 122: The decay of the Z° to hadrons and theoretical
predictions based on different assumptions for the number of
neutrino families (N)
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- There are no explicit restrictions on the
number of generations in the Standard Model.

—  However, the analysis of the Z° line shape at

LEP shows that there are 3 and only 3 kinds of
light neutrinos.

**  If neutrinos are assumed having negligible
masses as compared with the Z° mass, there
must be only THREE generations of leptons and
guarks within the Standard Model.
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Reminder:

4 ) 4 ’ )
y .
}f y:x2 ~ Y =X 2
A
——-
y =y
X X=X 0 X,x
NS ° / N /

The equation y=x* is symmetric or invariant under
the transformation A I.e. it looks the same before and
after the transformation.

—  Modern guantum field theories are gauge

Invariant theories I.e. they are theories were the
main equations do not change when a gauge
transformation is performed.

- By requiring that the theories are gauge

Invariant one can In fact deduce the various
Interactions.
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*  Whatisa gauge transformation ?

There are several forms of gauge transformations
corresponding to different interactions.

Example from non-relativistic electromagnetism:

Assume that we know that the equation of motion for
a free non-relativistic particle is the free particle
Schrodinger equation:

1 2
WD = Vi)

2m

but we do not know the Schrodinger equation for
particles that interacts electromagnetically. We do
know, however, that it has to be invariant under a
so-called U(1) phase transformation:

. >
vy = e VyG oy (us)
Here o(%, t) is an arbitrary continuous function.

—>  The phase transformed wavefunction (%, t)

IS not a solution of the free particle Schrodinger
eguation above.
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- Gauge principle: to keep the invariance

condition satisfied, a minimal field should be
added to the Schrddinger equation, i.e., an
Interaction should be introduced

—  This can be done by requiring that the

Schrodinger equation should also be invariant
under a gauge transformation of the type:
A—>A=A+Va
ool

VoV =y_
~ ot

where A and V are the vector and scalar potentials of

the electromagnetic field in which a particle with
charge g Is moving.

—  In order for the free-particle Schrodinger
eguation to be invariant under both the U(1)
phase transformation and the gauge

transformation, the equation has to be changed
to:

Oy (X, t 1. =
2. = | —(p-qgA)+qV V(X t
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In QED, the transition from one electron state to
another with a different phase, e — e’ demands

emission (or absorption) of a photon: e — ey

More generallyy, one can define gauge
transformations that not only change the phase but
also transforms electrons and neutrinos:

e—>ve ve—>e e —>¢€ Ve—)Ve

these lead via the gauge principle to interactions
- - -t - -0 0
e >v W v,oeW e —->eW v,o>vW

where W, W~ and WP are the corresponding spin-1
gauge bosons.

While WT and W™ are the well-known bosons

responsible for charged currents, WY is not observed
experimentally.
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- This problem is solved by the unification of
electromagnetism with weak interactions since

this result in that both the Z° and the y are
mixtures of W and yet another neutral boson BY;

Y = BOCOSOW+WOsin9W
0 . 0
Z" = —Bsinb,, + W cos6,,
The gauge transformation which achieve this is

called a local gauge transformation of the type.
U(1) ® SU(2),

The requirement of gauge invariance under this
transformation leads to new vertices:

- -0 0
e >eB ve—>veB

For these vertices the electromagnetic charge (or
aem) Nas to be replaced with new couplings (g).
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One can show that the new couplings can be chosen
such that

_ 50 0 .
y = B cos6, + W sinb,,

has the coupling of the photon if the unification
condition is satisfied 1.e. if

TC'OLem

2

= gyySin6,,, = g,cosb,,

—  Conclusion: Electroweak theory can be made

gauge-invariant by introducing neutral bosons \W°

and BY. The Z° and v states that are observed in
experiments are linear combinations of these.
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X Generally, experimental data agree with

gauge invariant electroweak theory predictions.

- However, gauge invariance implies that the

gauge bosons have zero masses if they are the
only bosons in the theory. Photon in QED and
gluons in QCD comply with this but not the Z and
W bosons. U

a new field should be introduced !

%*  The scalar Higgs field solves the problem:

— The Higgs boson HYis a spin-0 particle
— The Higgs field has a non-zero value ¢ in vacuum
(the field is non-zero Iin the groundstate).
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Energy

0 B or E Field
Energy

Po

0 Higgs Field

Figure 123: Comparison of the electric and Higgs fields
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%*  The interactions of the Higgs field with the
gauge bosons is gauge invariant, however, the
vacuum value ¢q Is not gauge invariant = the
Interaction has hidden gauge invariance (or its
symmetry Is spontaneously broken).

Since the vacuum expectation value is not zero, the
vacuum is supposed to be populated with massive
Higgs bosons = when a gauge field interacts with
the Higgs field it acquires mass

The W and Z bosons reguire masses Iin the ratio
given by
Myy

Mz

Cos6, =
In the same way, fermions acquire masses by

Interacting with Higgs bosons and the coupling
constant is related to the fermion masses:

2 2
0 —
H - - - ———— - OHift OHfe = ﬁGFIIIf

_hl

Figure 124:. Basic vertex for Higgs-fermion interactions
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%*  The mass of the Higgs itself is not predicted

by the theory, only the couplings to other particles.

%*  The existence of the Higgs boson has not
been confirmed by experiments.

Searches for the Higgs at LEP.

a) If the H® was lighter than the Z° (M, <60 GeV),

then the Z° could decay by
Z0 S HO+ M+ 1 (119)
Z0 5 HO + v+ v (120)

But the branching ratio is very low:

& 12’ S HATT
3106(_) ) <107

F’[O’[

The measurements at LEP 1 has set a lower limit on
the Higgs mass which is M, > 58 GeV/c?
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b) If the HY is heavier than 60 GeV/c?, it could

have been produced in e*e” annihilations at
LEP 2. The most important process is:

et+e > HO+ 270 (121)
+ 0 =) _
e +H —|bb | Tt WW 099 cC
e 74% | 8% 8% 6% 4%

Y4

Z° »/ Q0 | vv €€ pup 17
710%) 20% 3% 3% 3%

Figure 125: “Higgsstrahlung” in e*e™ annihilation

Figure 126: Example of a Higgs candidate event (Delphi).
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X During the last year of operation of LEP 2,

the ALEPH experiment recorded a couple of

events which could be due to the decays of a

Higgs with a mass of about 115 GeV/c?. The other

LEP experiments could not confirm the ALEPH

results and the DELPHI experiment set a limit of:
M, > 114 GeV/c?

The measurement of many electroweak parameters
at LEP (and other places) makes it possible to make
a global fit with the Higgs mass as a free parameter

Particle Physics

6 -.
- \ AOLﬁa)dz H
i —0.02804+0.00065 [ :
' i+ 0.02755+0.00046/ |
4- ’ ..
_ Remaining
N, allowed
<] mass-region
27 ,
0 | Excluded / Preliminary |
2 3
10 10 10

m,, [GeV]
Figure 127: A prediction of the Higgs mass from a global fit
to electroweak measurements.

%*  The result of the fitis a prediction of a low

mass for the Higgs boson < 165 GeV.
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Searches for the Higgs at LHC.

c) Higgs with masses up to 1 TeV can be
observed at the future proton-proton collider
LHC at CERN:

p+p—>HY+X (122)

where H® is produced in electroweak interaction
between the quarks

Figure 128: An example of Higgs production process at LHC

At the LHC the background is huge and a good
signature have to be found.
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— If My < 2Myy, (160 GeV/c? the dominant decay
mode IS

HO > b+b (123)

but these events will be swamped by background. A
more promising decay mode is

HO >y +y (124)

Wt t

Figure 129: The dominant mechanisms for the decay to
photons

The branching ratio of this kind of processes Is,
however, only 1073
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—If My > 2M, the dominant decay modes are:
HO — 70+ 70 (125)
HO > w +wt (126)
The most clear signal is when both Z% decay into
electron or muon pairs:
HO S I1m+ 1 +1"+T (127)
These decays can be found if 200 <My <600 GeV,

but only 4% of all Higgs particles decay to four
electrons or muons.

H—> vy

| = ttH(H — bb)

s H - zz0 = a4
H - ww® S iy

B H - ZZ — llvy

- ® H - WW — Ivjj

— Total significance

Signal significance
S

Discovery
Limit
10 ¢

ATLAS

[Ldt=30fb"
(no K-factors)

1 ! ! ! | ! ! ! ! ! ! ! ! |

2 . 3
10 Higgs mass 0 (égv)
H

Figure 130: Higgs discovery potenial at the LHC.
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e The problem of divergence

a) By introducing the Z-bosons one can cancel
out divergent diagrams from the W-bosons.

b) There is no quark mixing in Z-vertices.
 Test of flavour conservation.

c) Kaon decay show that flavour is conserved at a
Z-vertex (but not a W-vertex).

 The unification condition and masses.

d) The unification condition establishes a relation
between the electromagnetic coupling
constants.

e) The ratio of the W- and Z-masses is given by
the weak mixing angle (the Weinberg angle).

e Electroweak reactions

f) Fitting the Z-peak gives the mass and width of
the Z-boson. From this, it can be determined
that the number of light neutrino families is 3.
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e Gauge invariance.

g) A gauge transformation is a symmetry
transformation.

h) Field theories which do not change under
gauge transformation are gauge invariant.

) Imposing gauge invariance on the weak
Interaction theory leads to the prediction of
three massless W-bosons.

]) The unification of electromagnetism with weak
Interactions leads to the introduction of the

BY-boson which is connected to the
electromagnetic field.

K) The neutral gauge bosons that are observed in
experiments (y and Z°) are mixtures of the B®
and WP states.

e The Higgs boson.

) The Higgs field and its gauge boson are
Introduced to explain the large masses of the
W- and Z-bosons.
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m) The Higgs field has the unusual feature of
having a non-zero expectation value in
vacuum.

* The search for the Higgs boson

n) The LEP experiments have been the main
place for the search for a Higgs up to now.

0) In the future the search will take place at the
Tevatron followed by the LHC.
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