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The Standard Model
and Beyond

Have precise measurements of the 5 fundamental
parameters of the Standard Model governing
electroweak unification:

[al,,
[GQr = (1.16632 + 0.00002) x 10~% GeV 2

[ My = (80.426 + 0.034) GeV
[ M0 = (91.1875 4+ 0.0021) GeV
[ sin’6yy = 0.23143 + 0.00015

In the Standard Model, ONLY 3 are independent.

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

EXAMPLE: My

In the Standard Model one can predict My
using lowest order perturbation theory:

o — TOlern, 1
S \/§ Siﬂ2 sz
M 2
sin? = 1 — sz
ZO

It also provides a window on physics beyond the
Standard Model
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Compare lowest order prediction of
My (em s Mzo, Gx) with measurement:

[ PREDICT My = 80.937 GeV
[ MBEASURE My = 80.426 & 0.034 GeV

| dwest order prediction is inconsistent with the

measurement
[__Nded to include higher order diagrams - radiative
corrections !
H ?
U vvvl_‘ '_lvvv
t W ?
2
(7
Mo In(m,,) .
T
M2 sin? = — (14 Ar)
V2G,,
where Ar = AMtzop + Bln(mg)

and where A and B are calculable constants.

By making precise measurements we are sensitive to
particles which are not being produced directly - thus
placing constraints on possible new particles/physics
beyond the Standard Model.

For example:

[ Inl1994 precise measurements gave a prediction of the
(then undiscovered) top-quark mass:

MESY = 175 + 20 Gev
[ Ldterin 1994 it was discovered:

Myop = 174.1 + 5.4 GeV
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‘ The Top Quark I

leptons
(e’) (u) (1;) The existence of the
Ve Vi v, TOP QUARK is pre-
dicted by the Standard
quarks €.g. proton (uud) Model and is required

u C t to explain a number of
d S b observations:

Example: absence of the decay K® — u"‘u‘

d > w > W In the Standard Model
0 the to uark cancels
K ucty I oA
N the contributions from
S < W ¢ u" the v and c quarks

Example: Electro-magnetic anomalies

This triangle diagram leads to in-

f Y finities in the theory unless
Y Yf > Qr=0
f
f Vvvy Y where the sum is over all

fermions (and colours)

Y Qs=[3 x (-1)]+[3 X 0]+[3 X 3 X 2]+[3 x 3 x (-1)]=0
I
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Dr M.A. Thomson

‘ The Top Quark I

Discovery of the Top Quark

The top quark was discovered in 1994 by CDF and
DO experiments at the world’s highest energy pp
collider, the Tevatron at FERMILAB, U.S.

_ b Final State -
q W  WTW-bb
q W

Mass reconstructed in a similar manner to
W-mass at LEP, i.e. measure jet/lepton
energies/momenta.

3

J_\Sfx .

-§35

E}t
o2 — :E’MB mtop — 174: GeV
= - : _
S s Open question: Why
2 PGV S Mgep SO much
it nE N larger than the other

fermions ?
Ilti):;{“: 15[)I I_:“:’l[r)_[) ““?-_;DI — I3t|)[)I —
Top Mass (GeV/c?)
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‘ The Standard Model ¢c. 1998 |

MATTER: Point-like spin—% Dirac fermions.

Fermion charge Mass
Electron e -1 0.511 MeV
Electron Neutrino | v, 0 07
Down quark d -1/3 0.35 GeV
Up quark u +2/3 0.35 GeV
Muon [T -1 0.106 GeV
Muon Neutrino vV 0 0°?
Strange quark S -1/3 0.5 GeV
Charm quark C +2/3 1.5 GeV
Tau T -1 1.8 GeV
Tau Neutrino UV, 0 07
Bottom quark b -1/3 4.5 GeV
Top quark t +2/3 174 GeV

and ANTI-PARTICLES
FORCES: Mediated by spin-1 bosons

Force Particle/s Mass
Electro-magnetic | Photon 0
Strong 8 Gluons 0
Weak (CC) W= 80.4 GeV
Weak (NC) 7° 91.2 GeV

[_AIL above particles observed (and no others)
[_AIL solid experimental observations well

described by the above particle and forces,
with the exception of one...

-Oscillations => neutrinos have mass
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‘ Atmospheric Neutrino Oscillations I

In 1998 the Super-Kamiokande experiment
announced convincing evidence for neutrino
oscillations implying that neutrinos have mass.

Cosmic
Ra TT—uvV
Y “ w DOWN

UP

EXPECT 2~ 2
N

Super-Kamiokande results indicate a deficit of v,

from the upwards direction.
[_Inferpreted as v,, — v, OSCILLATIONS
[_Indplies neutrino MIXING and that neutrinos

have mass.
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‘ Detecting Neutrinos I

Neutrinos are detected by observing the lepton produced in
CHARGED CURRENT interactions with nuclei.

eg. Ve+ N — e 4+ X
vV,+ N — pt+X

Size Matters:
[__Néutrino mean free path in water ~ light-years.
[__Td detect atmospheric neutrinos - require very large
mass detectors
[ Ré&quire them to be “cheap” therefore simple
[Whter Cerenkov detection
Cerenkov radiation
[__When a charged particle traverses a dielectric medium,
light is emitted by excited atoms

[ Alcoherent wavefront forms (Cerenkov Radiation)
whenever the velocity of a charged particle exceeds
c/n (n=refractive index).

[ Cérenkov Radiation is emitted in a cone i.e. at a fixed
angle with respect to the particle.

Cerenkov

/ ring

ct

n

Partlcli 0.\ Pet
=
‘_.c"' e
Veu

C 1
cosl, = — = —

nuv npA
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‘ SuperKamiokande I

SUPERKAMIOKANDE  mstirute For coswe may RESEARCH UNIVERSITY OF TOYE PNEN SEMNE

SuperKamiokande

Water Cerenkov
Detector

[ 5d,000 tons of
water

[__Sdrrounded by
11,146 50 cm
diameter photo-
multiplier tubes
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v.+ N —- e + X Vpy+ N — p~ +X

220  e-like | DOWN

000 - P>0.4GeVic Ve -

—
60 -

oL | I [ ! _ UP

300

- w-like . Expect
o40 - p>0.4GeV/ic VH' | : T _

[__Isbtropic (flat) distributions in

180 e cos 6.

_ _,_1:’217_._ [N (v,) ~ 2N (ve)

——

120 L " Observe

[_Deficit of v, from BELOW
Interpretation

|_—ML — U+ OSCILLATIONS
[__Né&utrinos have MASS

0 L | | I | -
-1 06 02 02 06 1
cos®
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‘ Neutrino Mixing I

Neutrinos with Mass
The quark states which take part in the WEAK interaction

(d’, s’) are related to the states with unique mass (d,s).

d’ . cosO,. sin@, d

s’ — —sin0,. cos0, S
Assume the same thing happens for neutrinos:

Ve . cosf sinf 2

v, - —sinf@ cos6 V2

Consider only the first two generations. The WEAK
interaction states (WEAK EIGENSTATES) are Ve, V,. These
are related to the MASS EIGENSTATES vq1, V3.

[ eDb.in w7 -decay produce the u™ and v/, i.e. the state
that couples to the weak interaction

[_eDb. v, corresponds to alinear combination of the
states with definite mass, 7 and v».
Ve = —+cosOr; + sinfOv,

v, = —sinfv; + cosOv,

or expressing the mass eigenstates in terms of the weak
eigenstates

vy, = +cosOr,—sinfy,
vy, = +sinfv. + cosfOy,

Suppose a muon neutrino with momentum p is produced in
a WEAK decay, e.g. Tt — p,"'u,,,,

At t = 0 the wave-function ¥ (p, t=0):
Y (p,t=0) = Vu(f))
= cosOvs(p) —sinBOv (p)
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The time dependent parts wave-function are given by

vi(D.t) = ar(t)ra(p)  with  ay(t) = e *F*
vo(Pyt) = azs(t)v2(p)  with  aq(t) = e *F2t
After time t
Y(p,t) = az(t)cosOry(p) — aq(t)sinbOr(p)
= az(t)cosO[cosOv, (D) + sinOv.(p)]
—a;(t) sin @ [cos Ov.(p) — sinOv,,(D)]
= [al (t) sin® 0 + a- (t) cos? 9} vu(P)
+ sin 0 cos B[az(t) — a1 (t)]ve(p)
= cuVu(P) + ceve(D)
Probability of oscillating into v, is given by |(:e|2

IF neutrinos are massless E; = FEo = |p| at all times the
state remains /,,(p). However if 1 and v have different
masses a phase difference arises and the neutrino (which
was initially v,,) can be observed as the V¢

Probability of oscillating into Ve:
P(v.) |ce|? = | sin @ cos Olaz(t) — a1 (t)]|?

— isinz 20(6—’&E2t _ e—’l:Elt)(e?:Ezt _ e’l:Elt)

2 [(Ez — El)t]

= sin? 20 sin

2\ 2
but E? = p2—|—m2=p<1—|——>
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2
therefore FE = p-+4 2— form KL F
D
m2 — m? m2 — m?
E — F ~ 2 L 2 1
2(p) 1(p) 25 oF
Am?2t
P(v, = v.) = sin?20sin’ ( )
4F

Equivalent expression for v,, — V7!

P(v, — v,) = sin® 20 sin? (1-27(m§—m§)L)

E

here L is the distance traveled in km, Am? is the mass
difference in (€V')? and E,, is the neutrino energy in GeV.

Interpretation of Super-Kamiokande Results

For E,,“ = 1 eV (typical of atmospheric neutrinos)

> 1 E | | | |
1 08 FAM?=0.003 eV* |

10 100 1000 10000

L/km
UpP

AM®=0.003 eV*
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Results consistent with v,, — v+ oscillations:

[Jth2 — m3| ~ 2.5 X 10~ %eV?
[ Mhximal mixing i.e. sin? 0 ~ 1

Solar Neutrino Oscillations

Also compelling evidence for oscillations of ¢ neutrinos
produced in the sun (see Nuclear Course) Ve — v/, and
Ve — Vi ?

Neutrino Oscillations : Comments
[__Siliper-Kamiokande results are convincing !
[__Néutrinos almost certainly have mass
[__Né&utrino oscillation only sensitive to mass differences.
[__Ré&cent results (2002/2003)
SNO on solar neutrinos and
KamLand on reactor neutrinos:
suggest |m3 — m?| = 107° ev?
[_Ifinass states vg3 > v > V7, then it is tempting to
identify
My, ~ V2.5 X 103 eV ~ 0.05eV.

my, ~ 10—5 eV ~ 0.003 evV.

[__This is a very active area of research. New accelerator
based experiments coming online soon (e.g. MINOS
starts early 2005).

[__Olir understanding of neutrinos is evolving rapidly.

[ Db not understand why neutrino masses are so small !

(see Question 17 on the problem sheet)
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‘The Higgs Boson |

There is one final ingredient to the Standard
Model - the Higgs Boson.

The Standard Model requires the existence of a
new neutral SCALAR (i.e. spin-0) particle - the
HIGGS boson.

Higgs Boson and Mass

[__THe Higgs Boson (if it exists) is the particle
responsible for the MASS of ALL particles
(including the W= and Z9).

|_THe Higgs Field has a non-zero vacuum
expectation value, it is a property of the
vacuum.

[_Ad particles move through the vacuum they
Interact with the non-zero Higgs field

[ 1t Is this interaction that gives fermions mass

[__THe strength of the Higgs coupling to

fermions is proportional to mass

f

gurs = (V2Gr)zm;
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‘Sunday Times’, 10/9/2000
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Has the Higgs boson been seen at LEP ?
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Higgs Production at LEP

IFmg < v/s — Myo

e Z
\\ - IFH
e “H

In 2000 LEP operated with 4/s =~ 207 GeV,
therefore had the potential to discover the Higgs
Boson IFmy < 116 GeV

Higgs Decay

|__THe Higgs boson ‘couples’ to mass.

[__Cdnsequently partial widths proportional to
m? of the particle involved

[_THe Higgs Boson decays preferentially to the
most massive particle kinematically allowed
(i.e. energy conservation)

[ Fdr m g < 116 GeV this is the b-quark

At LEP search for ete—™ — H?Z? — bbff

f

4
K
/\\O
ol
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The Evidence....

4 Possible eTe™ — Z°HPO events observed in
the final year of LEP operation. e.g.

_ Sd'€2/T 0£8000 GG¥200 86995000 Buewd|!4
T4 17vA Yim Juesuoy Aq 20:72:LT 0002-Bnv-0g uo spe N

\\ z° : z° q‘ Mo = 115 GeV I

\YAVaV,
/ ~H b
e <
b

[__THe evidence is tantalizing BUT FAR FROM

conclusive
[ LHP operation ended in October 2000
[ WAIT another 37 years for LEP’s successor at

CERN - the Large Hadron Collider (LHC).
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' CONCLUSION I

The Standard Model WORKS !

[__THe Standard Model describes ALL experimental
observations

[_ALL particles of SM have been discovered with the
exception of the Higgs.

[__Highly predictive theory - tested to high precision at an
energy scale of 4/s = 100 GeV

BUT many many questions
[ Tdo many free parameters (over 20): Gg, Mzo0, tern,
ag, 12 fermion masses, quark and  mixing matrices,
the Higgs boson.
[__THe Standard Model is just that - a model rather than
anything more fundamental.

[ Db not understand the origin of fermion masses.
[ Why 3 generations ?
[__Ale leptons/quarks fundamental - substructure ?

[__The Higgs model has problems — huge cosmological
constant.

[__Néed to unify all forces : GRAND UNIFICATION
[__Ulkimately gravity needs to be included
[+ Ihany other fundamental questions......

Over the course of the last 30 years out understanding of
Particle Physics has changed beyond recognition.

Through precise measurements and powerful theoretical
ideas our understanding is still evolving.

In the next few years hope for yet more surprises!
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