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ELECTROWEAK
UNIFICATION

| WEAK Charged Current interactions explained by W=
exchange.
[ whosons are charged .". couple to photon.

Considerete™ — WTW~—

e+\W\IWW+ e A
2 Diagrams y y
(+interference) €
B
2  fFo(Without 2°)
220 g
=
[_crbss section di- © 15 -
verges at high en- 0|
ergy )

o E
150 160 170 180 190 200 210

Vs [GeV]
Divergence CURED by introducing Z°
e wt
Extra Diagram Z
ete” - WHTW-—
e Z

[__odiy works if 4, W=, 70 couplings related !
| FIIECTRO-WEAK UNIFICATION
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\ Electroweak Unification |

Glashow (1961), Weinberg (1967) and Salam (1968) model
treats EM and WEAK interactions as different

manifestations of a UNIFIED force.
[ 1t ik somewhat ad hoc
[ Bk gives concrete predictions - i.e. a testable theory
|_—pr_(|>vides perfect description of precise data

“Basic idea” - start with 4 massless bosons,

{WT, W2 W~} and B°. The neutral bosons mix to
give physical BOSONSs, (the particles we see), i.e. the Wi,
Z° and ~.

W+ W+
wo|,B—| Z° | ,~
|4 |4
Physical Fields : W, W™ Z° A (photon)
7° = WVYcos0Oy — BsinOy
A = WPYsin6yy + Bcos Oy

tv : weak mixing angle
W= and Z° ‘acquire’ mass via the HIGGS MECHANISM

The beauty of the model is that it makes exact predictions:

[ wdak coupling constant: € = g sin 0,,
[__Thk mass of the Z° boson

— My
MZO ~ cosOw

[ ThE couplings of the Z° boson
[ ONLY 3free parameters !

IF we know { ey s G, sin Oy } everything else is
FIXED, i.e. predict M~y , Mo, couplings, etc.

Dr M.A. Thomson Lent 2004



‘ 7.0 Neutral Current I

| WEAK Neutral Current (NC) interactions are mediated
by the Z° boson.

e V, d u
e'—»—{ Ve—b—{ d—»—{ u—»—{
Z° Z° Z° Z°
' v, S C
w VM—)—{ s—»—{ C—)—{
Z° Z° Z° Z°
T V. b t
’c'—;—{ vt—y—{ b—»—{ t—»—{
Z° Z° Z° Z°
[ wEAK NC NEVER changes flavour
A couplings are a“MIXTURE"” of weak and

electro-magnetic couplings
[ wEAK NC couplings therefore depend on sin? Qv

YA couplings are a mixture of EM (VECTOR) and WEAK
(VECTOR—AXIAL-VECTOR) couplings

g 1
——— —y*(Cy — Ca"®)
cos Ow 2

Form of neutral current couplings are determined by the
WEAK MIXING ANGLE Ow
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ELECTROWEAK CHARGES : NON-EXAMINABLE

EM ~v: Charge (Je — (Jgsin Oy

Fermion Q| 2Cy 2C4
Ve, Uy, Ut 0 0 0
e ,pu , 7 | -1 -1 0
u,c,t +2 +2 0
d, s, b -1 -1 0
WEAK cC W=: Charge : g/+/2
Fermion Is | 2Cy 2C4
Ve, By, Br | *3 1 1
e, u , T | -3 1 1
u,c,t +2 1 1
d, s, b -1 1 1

WEAK NC Z": Charge g /cos Oy

Cy = (I3 — 2sin20WQ)

CA p— I3
Fermion Q I 2Cy 2C4
Ve, [y, b+ 0 +% +1 +1
e .n- 7 | -1 -1 |-1+4sin®’6w -1
u,c,t +2  +2 | +1-3sin?6w +1
d, s, b -1 -2 J1+4sin0w -1

Dr M.A. Thomson
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‘ Summary of Standard Model Vertices I

At his point have discussed all fundamental fermions
and their interactions with the force carrying bosons.

[_intdractions characterized by SM vertices
ELECTROMAGNETIC (QED)
€ q Couplesto CHARGE

e —>—/ g _,_/ Does NOT change
% FLAVOUR
v Y

STRONG (QCD)

«

q Couplesto COLOUR

FLAVOUR

g _,_L/L:’ Does NOT change

WEAK Charged Current
A Changes FLAVOUR

A e '
<) —>—% u _,_/ For QUARKS: coupling
} BETWEEN generations
W LLLL 0

WEAK Neutr_al Current

% g _,_/ Does NOT change
FLAVOUR
Z° LLLL 0
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‘ Drawing Feynman Diagrams I

If all are particles (or all anti-particles) e.g.

a+b—c+d

[_Firdt write down initial/final state particles/anti-particles.

my scattering diagrams involved
[ wokk out which bosons can be exchanged

A~ —C a C
v, 0, Wi, ZO

b—" >~d b d

Initial State Final State Initial State Final State

If particles and anti-particles e.qg.
a + b—c -+ d

[_Firdt write down initial/final state particles/anti-particles.

[_cah have scattering and/or annihilation diagrams

|jgliin work out which bosons can be exchanged
a

b

[_in dIl cases only Standard Model vertices allowed.
|_'[—u|to keep things as simple as possible.
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‘ Does it go ? I

or “How to Determine if a process is allowed”

[ Drdw SIMPLEST Feynman diagram using
Standard Model vertices. Bearing in mind:

[_Silmilar diagrams for particles/anti-particles

[__NEVER have a vertex connecting a LEPTON to

a QUARK
conservation of lepton number

conservation of baryon number

[ Ohly the WEAK CC vertex changes FLAVOUR
within generations for leptons
within/between generations for quarks

| _cohservation of

[_Edergy - is it kinematically allowed

[__Charge

[_Adgular Momentum

@ity

[ Cdnserved in EM/STRONG interactions

[ CAN be violated in CC and NC WEAK
Interactions

[ chkck SYMMETRY for IDENTICAL particles in
the final state

[ BOSONS: 9 (1,2) = 4+ (2,1)
[ FERMIONS : ¥ (1,2) = —1(2,1)

(see Questions 14 and 15 on the problem sheet)
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‘ Experimental Tests of the Standard Model I

[_Thle idea of electroweak unification under-pins the
modern view of particle physics

[ Frdm 1989-2000 experimental measurements at CERN
provided precise tests of the Standard Model

Large Electron Positron Collider I

France

[ Highest energy et e~ collider ever built

V5 = 90 — 200 GeV

[ Ldrge = 26 km circumference
[ Désigned as a Z° and W= Boson Factory

+ = +

e f e
\\ Z° / Z
VAN
e f e Z
[ Edur experiments combined: 16,000,000 Z° and 30,000

WHTW ™ events

[Pidecise measurements of the properties of Z° and W
bosons provide the most stringent test of our current
understanding of particle physics

W+

Dr M.A. Thomson Lent 2004
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‘ A LEP Detector : OPAL |

Electromagnetic Muon
calorimters detectors

Hadron calorimeters

i\

)

Jet
chamber

Vertex
chamber

uvVertex
detector

Solenoid and
Pressure vessel
Forward

detector SIW luminometer

Muon Chambers > \\Hadron Calorimeter

Dr M.A. Thomson Lent 2004
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| Particle Detection I

TRACKING

[ - 2harged
Pade 7T |

enace

node

Wires

Ionization//\/

e 0.437 T Axial Magnetic Field
e Track curvature o< 1/p |

e (0p. /pJ—)2 = 0-022-|—0.00152.(1?J_/G6V)2

ELECTRO-MAGNETIC CALORIMETRY

VCD,

ecal

e ECAL =11705 Lead-Glass blocks
e ECAL coverage ~ 98 % 47
e ECAL Energy Resolution ~ 3 % at 45 GeV

Dr M.A. Thomson Lent 2004
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| Particle Identification I

[ PHOTONS energy in ECAL,
no track

[ ELECTRONS energy in
ECAL and track

[ MIUONS track, little energy
deposit and penetrate to
outer muon chambers

[__TAUS decay - observe de-
cay products

[ QUARKS seen as jets

[ NEUTRINOS not detected

Different particles leave different signals in the
various detector components allowing almost
unambiguous identification.

FEE

ELECTRON PHOTON MUON PION NEUTRINO

— Track
------------------------- [] EM Cluster
. Had Cluster
| Quarks, which appear as jets of hadrons,
look very different to leptons which (usu-

ally) appear as a single track

Dr M.A. Thomson Lent 2004
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‘ Typical eTe~ — Z° Events I

eTe™— Z° — eTe™ etTe— 7% = ptpu~

IneTe™ — Z° — 777~ event, the tau leptons decay
within the detector (lifetime ~ 10713 s), here
T — € VeglV, and Tt > /,l,_l_l/uv.,-.

(see Question 16 on the problem sheet)
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‘The 79 Resonance I

Consider the process of ete™ — qq

[Pieviously, v/s < 50 GeV only considered an

intermediate photon.
[Al higher energies also have the Z° exchange diagram

(plu

+

e

e
[ The

s Z%~ interference).
g € q
Y Z”
q € q

Z° is a decaying intermediate massive state

(lifetime ~ 1072° s)

[
o
]

102

Multi-Hadronic Cross-Section (pbarn)

. BREIT-WIGNER resonance

ZO

e"e —hadrons

CESR
" DORIS
- PEP

PETRA

LEP |

|
SLC

TRISTAN

LEP II

0 20 40 60 80 100 120 140 160 180
Center-of-Mass Energy (GeV)

[CAtly/s ~ Mo the Z° diagram dominates.

Dr M.A. Thomson
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BREIT-WIGNER formula for eTe™ — Z% — ff (where ff
Is any fermion-antifermion pair)

centre-of-mass energy /s = Ecym = E .+ + E_-

yo Feer f
o(ete =ZOfF) = g— ff
E2 (Ecy - Mz)2+T% /4
. 2Jz +1
with =
(2Se+ + 1)(2Se— + 1)
giving 9 I..T,

o(ete™ =Z°—ff)
AE? (v/5-My)? +T% /4

37 I‘eeI‘f?

V5 (\/3-Mz)? +T%/4

[ T'l, is the TOTAL DECAY WIDTH, i.e. the sum over the
partial widths for the different decay modes.

‘FZ:F86+FMM+FTT+an+FVF I

At peak of the resonance /s = Mz

127 Fee I‘f?
Mz T7%

olete” =Z0—ff) =

NOTE: There are a number of equivalent forms sometimes
qguoted in the textbooks, e.g.

12w M2 Ceeles
Vs (s-M32)2+M2T%
In the limit that I" << M 7 these are all equivalent.

(see Question 12 on the problem sheet)
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‘ Measurement of Mz and I' I

[__Rilin accelerator at various centre-of-mass energies
(\/5) close to the peak of the 7.9 resonance and
measure o(eTe™ — qq)

[__Détermine the parameters of the resonance.

Mass of the Z°%, M »
Total decay width, I'
Peak cross section, og

— T T T T T T T T T T T T T T T T T T

l®)] - 0
40

ALEPH
DELPHI
L3

30 -_ OPAL

c

e
3
=

©

| ¢ measurements, error bars
increased by factor 10

10 [~ —— o from fit

[ ..... QED unfolded

86 88 90 o2 94
E.. [GeV]

One subtle feature : the measurements

have to be corrected for well-known QED e q
effects due to radiation from the eTe™ ZO

beams. This radiation has the effect of

reducing the centre-of-mass energy of the

eTe™ collision which smears out the res- € q

onance.
(see Question 11 on the problem sheet)
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M 7 measured with precision 2

parts in 10°

17

[_To hchieve this required a detailed understanding of the
accelerator and astrophysics ! Tidal distortions of the earth
by the moon cause the rock surrounding the accelerated to
be distorted. The nominal radius of LEP changes by

0.15 mm compared to radius of 4.3 km. This is enough to

change the centre-of-mass energy !

[_Aldo need atrain timetable ! Leakage currents from the
TGV rail via lake Geneva follow the path of least
resistance... using LEP as a conductor.

Correlation versus IP

Accounting for these effects (an

000000

i LEP beam pipe
|

628 |-
LEP NMR

d many others):

Mz = 91.1875 -

- 0.0021 GeV

[_Anlincredible achievement and powerful test of our

understanding of the Standard Model of particle physics.

Shape of measured Breit-Wigner distribution also gives:

', = 2.4952 4+ 0.0023 GeV
aga — 41.540 + 0.037 nb

Dr M.A. Thomson
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‘ Number of Generations |

[_Sd far only discussed 3 generations of fermions, e.g.
{em,p= 77}
[ What about a possible fourth generation ?

(5 2. (25 2 (2, 2o

[ The Z° boson couples to ALL fermions, including
neutrinos. Therefore the total decay width, I'  has
contributions from all fermions my < Mz /2

I'z = Tee+ I‘”M +I'rr + qu +I'uo
with FVF Fueﬁe + I‘V“U“ + FVTUT

[_If there were an additional generation, it seems likely
that the fourth generation neutrino would be light and,
if so, would be produced at LEP,eTe™ — Z° — vw

[ Wbuldn’t observe the neutrinos directly, but could infer
their presence from the effect on the 7.9 resonance
curve

At the peak of the Z° resonance v/s = My
0

127T I‘eeI‘f?
O-ff — M2 F2
Z Z

A fourth generation neutrino would INCREASE the 70
decay rate and thus increase I' z. As aresult one would
observe a DECREASE the measured peak cross sections
for the visible final states.

18
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[ Mbkasure the ete™ — Z°% — ff cross-sections for all
visible decay modes (i.e. all fermions apart from vv)

EXAMPLES:
~ 187 ~ 18
g2 | g2 1
= 16 . = 16 .
'§ 14 f '§ 14 f
12 f 12
§ 12 § 12
S 1f S 1f
08 | 08 f
06 f 06 f
04 f 04 f
02 F 02 f
0L 0L
005 005
% 0 % 0
8] 3 I [
005 L 005 L

89.4 895 91.2 913 929 93 931 e 89.4 895 91.2 913 929 93 931

[__Have already measured Mz and I' z from the shape of
the Breit-Wigner resonance. Therefore obtain I‘ﬁ from
the peak cross-sections in each decay mode using

o-ff T M2 T2
Z Z
Note, obtain I'ze from
2
S0 _ 127 I'C
ee 2 2
Mz I'y,

[__Cén relate the partial widths to the measured TOTAL
width (from the resonance curve)

I'z = Tee+ Fu,p, + L + qu + NIy

where /N, is the number of neutrinos species and I, is
the partial width for a single neutrino species.
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The difference between the measured value of I' z and the
sum of the partial widths for all visible final states gives the
“invisible” width.

In addition:

N U

', 2494.8 + 4.1 MeV
Iee 83.7 £+ 0.2 MeV
| R 84.0 = 0.3 MeV
- 83.9 4+ 0.4 MeV
| 1745.3 = 3.5 MeV
NI, 497.3 £+ 3.5 MeV
In the Standard Model calculate
I',, = 167 MeV
497.3 + 3.5
therefore NN, =
167
= 2.98 4+ 0.02
3 generations of light neutrinos (M, < MZZO)
—> Probably only 3 GENERATIONS !
- 40: I I i I ] ]
o | 35F 2vs - :
\EW : 3v's ! \\ ¢ ALEPH ?
'D 30 - 4v's ¥ DELPHI -
25 - e E
m OPAL ]

N PN I IR, A e

87 88 &9

g0 91 92 - 93 94 95 g6
5 =E.p (GeV)

ENERGY VS (Zw)

[ T'te. I'y, I's 7+ are consistent = universality of the
lepton couplings to the Z°

Dr M.A. Thomson

[ T'l,q is consistent with the expected value which
assumes 3 COLOURS - yet more evidence for colour
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‘ Parity Violation in Z°Decays I

EXAMPLE: ete™ — putp™

[__Pdrity is conserved in the strong and EM
Interactions

[__Pdrity is maximally violated in the WEAK
charged current interaction.

W -bosons mainly couple to LH particles

What about the WEAK neutral current ?

[_Pdrity IS violated in the WEAK neutral current

[ THe Z° is a ‘mixture’ of a parity conserving
VECTOR field and a parity violating ‘W-like’
field.

Perform a ‘parity’ violation experiment analogous
to that of Handout VI page 13 :
FORWARD-BACKWARD asymmetry

> - < +
U U
. + - +
e e e e
+ -
TR us
uw in FORWARD uw in BACKWARD

hemisphere hemisphere
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If parity is conserved the number of ;4= observed
In FORWARD hemisphere will be equal to number
observed in BACKWARD hemisphere

O — OB

Arp =
OrF + 0B
— 0 |IF parity conserved

OPALeTe™ — puTp~ data

=
N

e OPAL

—=
o

dcs/dcoseu- (nb)

o
IN

o
N

0.0:uuuuluuuuluuuuluuuu
1 05 0 05 1

coseu_

For data recorded at 4/s = Mzo:
AFB = 0.0171 - 0.0010

I.e. a small but statistically significant non-zero
asymmetry = PARITY VIOLATED

Dr M.A. Thomson Lent 2004
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EXPLANATION

ZOff coupling is a mixture of VECTOR and
VECTOR—AXIAL-VECTOR couplings.

Mixture determined by WEAK MIXING ANGLE
Oy, . For leptons

Cy = (1 — 4sin’0y)
Chp = 1
The measured asymmetry:
AFB — AeA“
2C C
where A v—a

T CE 40
Nz

/T \\
Small asymmetry implies (1 — 4sin”8y,) ~ 0.

By measuring the asymmetry measure Sin20W

ALL LEP Arp:
sin’0y,; = 0.23099 + 0.0053

LEP — M0 and sin?0yy

Dr M.A. Thomson Lent 2004
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\ WTW ™ at LEP |

| _eTe™ collisions Ws produced in pairs.
[ InlStandard Model 3 possible diagrams for

ete” - WTW~—

e wh e\ TYAR:=Y w*
0

e W e W e W~

SR
Fo(Without Z°)

Cross section sensitive to pres-
ence of the Triple Gauge Boson
vertex ZOWTW —

1996-2000, LEP operated above
the threshold for W W = pro-

duction v/s > 2My

0k\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\A
150 160 170 180 190 200 210

Vs [GeV]
LEP Preliminary
or RacoonWW / Y FSWW 1.14
¢ s ¢
¢ °
¢ ¢

15 |- )
- Cross section agrees

4 with Standard Model
prediction.  Confirma-
tion of the existence of

the ZOW T W ~ vertex

™" [pb]

10
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‘ WTW ™ Decay at LEP I

In Standard Model: W=£r and W= qq
couplings are equal.

e U T|lUu Cc \
v. v v.|d s

e w T

EXPECT (assuming 3 COLOURYS)
[ Brf(W* — q@ =3
[ Br(W* — fv)=1

QCD corrections ~ (1 + o, /m) [
Br(W* — qq) =0.675

WW—=Ivlv ’

WW—-qqlv %
N
WW—qqqq

MO
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26

‘ W TW ~ Events in OPAL I

WTW~™ — qqqq WTW~™ — qqqq

Dr M.A. Thomson Lent 2004



‘ W-Boson Mass and Width |

[ Uhlike ete™ — Z°%, W boson production at LEP is

not a resonant process
M5 measured differently.
[__Réconstruct invariant mass distribution.
[_U$e measured lepton/jet momenta and energies to

estimate M~y on an event-by-event basis

G B P P
= 1(Myq + M)

R OPAL 183-209 GeV fL dt = 677 pb—l
L L L L B L BN B B BN BLRLL
i [ [ Sod qqqaq
L I Combinatorial b/g
| EEE Other blg

G HU0
L%zso_—
200 [
150 |
100 |-

50 -

Q bomsssntoe

e TR | ] 1
60 65 70 75 80 85 90 95 100 105
m /GeV

I'w = 2.12 == 0.11 GeV

My = 80.423 = 0.038 GeV

27
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‘ W-Boson Decay Width I

In the Standard Model the W-boson decay width is given by:

g2 My
4871
Gy M3

627
From p-decay : Gy = 1.166 x 10~° GeV 2.
From LEP measure: Mw = 80.423 4+ 0.038 GeV.

Therefore predict partial width

I'(W™ - e ve) =

= TI'(W™ e ve) = 227MeV
Total width is the sum over all partial widths:
W~ — e ve
W= — u,
W— — 717U,
W— — du
W— — sc

Consequently, IF the W-coupling to leptons and quarks is
equal, and there are 3 colours

I' = Y Ii=3+2x3)I(W™ — e ve)

~ 2.1 GeV

Compare with measured value (LEP) 2.1 &= 0.1 GeV
[__Uhiversal coupling strength
[ Ydt more evidence for colour !

(see Question 13 on the problem sheet)
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‘Summary |

Now have 5 precise measurements of
fundamental parameters of the Standard Model

[ al

-

=(1.1663240.00002) X 10~° GeV 2

= (80.423 £+ 0.038) GeV
[ Mzo= (91.1875 £ 0.0021) GeV
[ sih?0y; = 0.23143 4+ 0.00015

In the Standard Model, ONLY 3 are independent.

Their consistency is an incredibly powerful test of
the Standard Model of Electroweak Interactions !

This (in)consistency is the subject of the first part
of the last lecture (HANDOUT VIII)

Dr M.A. Thomson Lent 2004



