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Standard Model

The SM provides a general
description of the physics
physics currently accessible
with modern particle acce-
lerators. The minimal SM
postulates that matter is
composed of fundamental
spin- quarks and spin-1
leptons interacting via spin
one gauge bosons.

Electroweak Lagrangian:

L = L(weak CC) + L(weak NC) + L(em NC)
g , .- _
L(weak CC) = 7 (Jo WHE + Jr wh™)
9 - em
L(weak NC) = p—— (J, — sin® Oy J5™) Z*
L(em NC) = eJ, A"

QCD: The gluon couples to the color charge of the
quark. The strong potential for short interquark distances
(7‘ S Rhadron ~ 1/AQCD ~ 1 fm) Is:

4 og

3r "’

where a5 is the strong coupling constants between quarks
and gluons. At large distances (r > 1 fm), a confining

VQCD ~ —

term must be added to confine quarks inside hadrons.
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Chiral Fermion States

Unification of the E&M and weak interactions: the
former has a purely vectorial coupling [vy,] while the
latter as a V' — A character [y,(1 — ~5)]. Let’s
absorb the (1 — ~5) in the definition of the spinors:

(1—1s) (1—5)

ur(p) = ——5—ulp) and vr(p) = —F5—v(p)
un(p) = ST u(p) and vy p) = L2 o)

Here L =left-handed and R =right-handed. Thus:

R O - (=)
jM :V'V,u( 5 )E and jM :q'yu 5 q/

Ju =yl and 7 =drvuar

Vy q
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Pure vectorial weak vertex

Consegences:
1 — 1
2 2
and
1 1 —
a:ﬂwm% B+ R

Plus, ~ ~
ULYuUR — URY UL — 0

Thus the electromagntic current can be written as:

'em J— J— J—
Ju — —€Yu€ = —€LYu€L — ERVuER

Define: jf = )‘(Lq/ﬂaiXL with o& =

— 1_ S cem .
Ju = 5)(,;7“0)@ and JEL/ =27, —2j
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SU2),QU(1)y

Unified electro-weak vertex:

NCAM” I
Ju - WH = jlwrl 4 j2we2 4 jSyes
JuWH = éij“‘L + %jQW“_ + WS
such that

The neutral underlying SU(2)r, ® U(1)y allow the
W3 and the B to mix to the physical states called
photon and the Z:

A, = B, cosl, + WEZ sin 60,
Z,, = —DB,sintd, + WEZ cos 6,

and with ¢, sinf,, = ¢’ cosf,, = g. then

/
—i |gw i - W + T IY B"

= —igej " A" —ig.(j) — sin® 0,55") Z*
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Weak Neutral Current

Knowing that 5™ = jfj + %j}: and gz = sin@ngosew'

—1g, (]2 — sin? Owi, ) 2" [Z° weak current]

where within a particle doublet:

2

JE" = QiUiryuuir + UirVuuir)
i=1

Then the Z° — f f vertex factor depends on the
particular quark and lepton (i.e. f) involved:

—igZ 'u(cf f )

5V ev —ears [Z° vertex factor]
with
/ v CA
1 1
Ve 2 2

(| —%+2sin0, | —

N =
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Weinberg Angle

r

Reaction like the pure neutral reaction
v, + e~ — v+ p~ were used to make the first
measurement in 1973 of ¢}, and ¢ and thus:

sin?6,, = 0.22 + 0.03

At SLC/LEP Z° bosons were produced copiously
and it allowed a very precise determination of the
properties Z. Using all experimental data:

sin? 6,, = 0.23147 + 0.00016

_ T N me1743+51Gev | 1
=174.3+5.1 GeV

0.233 1 2;: 114..1000 GeV

0.2325 A ]
8%
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PETRA: Data at /5 = 34 GeV

ﬂ real the reaction has a contribution from the ~y

and the Z: M = M, + Mzy.
M| = [M, ]+ [Mz[|® + 2Re(M,, Mz)
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Leptonic Events at LEP1

+ +

o 2

ECM ~ 91GeV

Run:event 4093: 1150 Date 930527 Time 20751Ctrk(N= 2 Sump= 92.4) Ecal(N= 9 SumE= 90.5) Hcal(N= 0 SumE= 0.0)

Ebeam 45.658 Evis 94.4 Emiss -3.1 Vtx ( -0.05, 0.08, 0.36) Muon(N= 0) Sec Vtx(N= 0) Fdet(N= 1 SumE= 0.0)
Bz=4.350 Thrust=0.9979 Aplan=0.0000 Oblat=0.0039 Spher=0.0001

50 Gev

Centre of screen is ( 0.0000, 0.0000,  0.0000) | [ 1T
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Hadronic Events at LEP1

+ —

2 9
Z

= e
ECM ~ 91GeV

Run:event 4093 1000 Date 930527 Time 20716Ctrk(N= 39 Sump= 73.3) Ecal(N= 25 SumE= 32.6) Hcal (N=22 SumE= 22.6)

Ebeam 45.658 Evis 99.9 Emi -8.6 Vtx ( -0.07, 0.06, -0.80) Muon(N= 0) Sec Vtx(N= 3) Fdet(N= 0 SumE= 0.0)

Bz=4.350 Thrust=0.9873 Aplan=0.0017 Oblat=0.0248 Spher=0.0073

| 200. cm | 510 20 50 Gev

Centre of screen is ( 0.0000, 0.0000,  0.0000) I [ T
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Mass & Width of the Z Boson

Mass of the Z Boson

Experiment M, [MeV]
ALEPH v 91189.3+3.1
L3 — 91189.4 + 3.0
OPAL ¢—— 911853+ 2.9

x*/dof = 2.2/3
LEP ¢ 91187.5+ 2.1
common error . 1.7

1 ' 1 1
91182 91187 91192
M, [MeV]

Total Width (final LEP average June 2001)
'y =T(Z - X) = 2.4952 + 0.0023 GeV

Hadronic Width
I'(Z — qq) = 1.7442 + 0.0020 GeV

Leptonic Width
[(Z — £7¢7) = 0.083991 + 0.000087 GeV

Such that
I'y =T(Z — qq) +3T(Z — £T¢~) + invisible
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Number of Neutrino Types

Invisible Width (calculated)
['(Z — vy7,) = 0.1666 GeV

Thus
I'y=T'@g+3Ly+N,Tp

Implies
N, = 2.9841 4+ 0.0083

Consistent N, = 3 Il

40 :I T T 1 | ' T T1 | T T T 1 | ' T T1 | ' T T1 | ' T T1 | ' T T1 | T T T 1 | T T I:
35 2V's -~ —]
- , 2N ¢ ALEPH :
30 - 3V's / v DELPHI =
- 4V's / .
- ® |3 .
25 L

® OPAL

0 : | .| | | | | L 111 | | .| | | | | | | .| | 1111 | | :
87 88 89 90 91 92 93 94 95 96
Vs = Egm (GeV)
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Higgs Field
rPhysicists have theorized the existence of the so-called
Higgs field, which in theory interacts with other particles

to give them mass. The Higgs field requires a particle,
the Higgs boson. The Higgs boson has not been
observed, but physicists are looking for it with great
enthusiasm.

Limit on the SM Higgs mass with data collected at LEP2
Vs = 161 — 210 GeV:

‘ my > 113.5 GeV (95% CL) I

Spontaneous symmetry breaking:

The form of the Lagrangian that couples the Higgs field and the quarks
is constrained by SU(2), gauge invariance:

i N R S ot N\ k
L= Z[ij(uL’dL) ( _¢+ ) UR"'ij:(ULa dL) ( ¢0 ) dr]
ik

where 7 and k run over quarks generations, L and R denotes left- and
right-handed component, and Y and Yj'k are the Yukawa couplings.

The complex Higgs doublet undergoes spontaneous symmetry breaking:

(f; >%%(U+%(w)>

where v is the Higgs vacuum expectation and H (x) is the Higgs field
corresponding to the Higgs boson.

. _. 1
L=73 [Yjpajup + Yj,dydpl—=[v + H(z)]

Jk V2
The term proportional to v generate the quark mass m, = _—\/ngk
/ - —v /
and mjk p— ﬁyt]k?
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Higgs Mass

Present limit on the Higgs Mass from direct and
indirect measurements of my,, and Myy:

‘ mpy < 188 GeV (95% CL) I

80.6 ————————————
: — LEP1, SLD, vN, APV Data
80.5—- 68% CL
>
(D) d
© 804 -
= :
E -
80.3 - .
m, [Ge |
30 2' 1143007 1000 Preliminary |
130 150 170 190 210
m, [GeV]

Standard Model parameter relations confirmed at quantum
level that small Higgs masses are preferred.
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LHC: Large Hadron Collider

The LHC, in construction at CERN, is a
proton-proton collider with /s = 14 TeV. The SPS
collider which discovered the W — Z bosons had
v/ = 0.45 TeV and the Tevatron collider at
FermilLab has /s = 1.8 TeV.

Higgs events at the LHC

LHC will take data in 2007 !!!
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95% CL Limit on p
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NLC: Next linear Collider

The Next Linear Collider (NLC) is proposed as the
future generation of accelerator to probe matter.
The design of the NLC is a 0.5 TeV eTe™ collider to
investigate the properties of the W — Z bosons, the
top quark, and their couplings; and search for
super-symmetric particles (SUSY).

Superconducting Acceleration Cavity
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Vud Vus Vub
V = Vea Ves Ve [CKM Matrix]
Via Vis Vi
such that
d, Vud Vus Vub d
s =1 Vea Ves Ve s
b’ Via Vis Vi b

The CKM matrix can be decomposed as:
1 0 0 c13 0 5138 c19 519 0
0 co3 593 0 1 0 —s519 c192 0
0 —s23 c23 —s137v O €13 0 0 1

where Cij = COS 9@']', Sij = sin Hij, and 1,7 denote the
quark generations. The middle matrix has incorporate the

complex phase § such that 8 = e~ % and v = €* to
describe a rotation between quarks that are two
generations apart. Multiplying these matrices:
c12¢13 . s12¢13 . spge 10
( —s12c03 — c1as23s13e%d c1pc23 — s12s23s13¢€"" $23¢€13 )
s12823 — c12¢23513€" —c12823 — s12¢23513€" c23c13
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Wolfenstein Parameterization

Based on hierarchical we can expand in powers of the
Cabibbo angle A = s12 = 0.22, with s23 = AN? and
size” 0 = AN} (p —in):

1— A2 A AN3(p —in)
V = —A 1— )2 AN?
AN (1 —p—in) —AN? 1

Complex phase allow CP violation in the
framework of Standard Model for a 3 x 3 CKM
matrix

Or be neglecting the CP phase and the small b —
and t — d transitions:

1— 2\ A 0
V ~ —A 1—1X7 AN
0 —AN? 1

By neglecting the so3 we have the simple Cabbibo
description 0o = A:

1 — %AQ A 0 cos O¢ sinfc O
V o~ Y 1 — %)\2 0 ~ —sinfc  cosfc O
1

0 0 1
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Unitary Triangle

Kl'o describe CP violation we use the p — 1 plane with
the condition:

VudViy + VeaVa, + ViaViy, = 0,

(A1)

Vid
‘ Vch cb ‘

Vib
‘ Vch cb ‘

(1,0)

1. [Vip|/ [Ven|
2. CP violation in Kaon System
3. B® — B° Mixing

1 . O I ! ! ! | ! ! ! ! ! kg ! ! ! | ! !
. K
. 5
. .
v O
’ R

Alain Bellerive The Standard Model Winter 2002



B Factories

Time evolution of the B system since the integration
over time gives simply the mass difference and NOT the
CP phase: Asymmetric B-factories [BaBar & Belle]
operating at the Y (45) with luminosity ~ 10**cm™?s
(PETRA in the 1980's had £ ~ 10*'cm™2s7'111).

—1

Measure the angles of the unitary triangle

t:ttag t
vas) g B

_ \\\‘k
By=0.56
Az=Lyc(At) \

lep

<

PEP-I1I
Rings ™

Positrons

Low Energy Ring
BABAR Detector
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Sudbury
Neutrino

Observatory
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Construction Phase
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Solar Neutrino Event

Cherenkov Light
When a particle travels through a medium such that
its velocity v is greater than the velocity of light in
the medium ¢/n, radiation is emitted. The radiation
Is confined to a cone around the direction of the
incident particle.

SNO = Heavy Water Cherenkov Detector
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Neutrinos from the Sun

r Solar Fusion Chain

and
Neutrino Flux

ptpte = Hiv,

99.77% L 0.23% | (E,=144)
2H+p—>3He+7
84.92% 15.08% ~10T% ¢
3 7
He+o~> Be+y
X 3"
He+ He-a+2p 15074 0.01%l
7 8
Be+p-> B+y
"‘Be+e > Li+y+v,
(£,=0.38,0.86)
BB—>2o<+e++7/e
7. £,<14.8
Li+p-a+a ( )
1012 T T T T T TTN T T T T T TTN %‘
11 F Solar Neutrino Spectrum ]
1010 ? Bahcall-Pinsonneault SSM é
— 10 E 7Be E
a 9 F ]
: 10 E -~ " _Fs>< 3
% .- IBN/"’:"/// \'\\pep 3
= 10t )
PR S S N L
\ 6 -7 TN B 3
g 0F -7 s E
O 5 B17 ! ]
- 10" £ F LT =
5 10t T :
= / : | i
Tw0'E |
s F ! 3
10" ¢ L E
1 F 1 1 ll 1 I 1 1 1 1 111 E
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Solar Neutrino Problem

r The Solar Neutrino Problem
BP SSM Expt Expt/BPSSM
Homestake 9.3712  255+0.144+0.14 0.273 +0.021
a) a)
Kamiokande 2.80+£0.19 +£0.33 0.423 4+ 0.058
Super-Kamiokande 6.627993 2517944+ 0.18  0.379 + 0.029
Combined 2.586 £ 0.195 0.391 £ 0.029
b) b)
SAGE 69 + 1073 0.504 4 0.089
GALLEX 13778 69.7132 0.509 + 0.059
Combined 69.5 £ 6.7 0.507 £ 0.049

a) a)

Units a) SNU (10730/s/tgt atom)
b) 108/cm? /s

1.2 - | - |

1.0

HH
—
—

0.8 -

¢

0.4 4 sacE/cALLEX E B

Expt/BPSSM
(@]
(o))
|
[

E KAMIOKANDE
0.2 1 HOMESTAKE

From Hata and Langacker, preprint 1997.
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Neutrino Oscillations

Neutrino Oscillations

For simplicity consider only two neutrino flavours, v, v,

e Suppose the flavour eigenstates, |v.), |v,) are not the mass eigenstates,
|1), |vo) Then the flavour eigenstates can be represented as a superposi-
tion of the mass eigenstates,

Ve \ cosf sinf 1
vy ) \ —sinf cos6 vy
where 6 is the mixing angle between the mass states.

V.V
KR

|6y

The time evolution of the flavour states becomes,
ve) = cosBe B uy) 4 sin fe B2 |1y)
V) = —sin fe~ Bt |u)) + cos Be B2 |1y)
Writing the time evolution in terms of the mass matrix gives,
d [ v, 1 A;g cos 26 A;Ll sin? @ Ve
1— = -
dt \ v, 2 A;g sin” 6 A;g cos 20 Yy

where FE is the energy of the electron neutrino in MeV and

Am? = |m2 — m?|

e The survival probability of an electron neutrino after travelling a distance,
L, is

2
P, = 1 — sin? 26 sin? [il.27AEmL]

e Furthermore, you can get an enhancement of flavour conversion in the

sun due to the Mikheyev Smirnov Wofenstein (MSW) Effect
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Deuterium Reactions
r Detecting Neutrinos with Deuterium

Charged Current

Neutral Current
V.neutrino
i
\ neutrino .
/ V
4>
i\@ proton
Deuteron
_
-
Electron Scattering
neutrino
%
[ ]

neutrino
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SNO: First Results

d(v,) (relativeto BPBO1)

0.2 0.4 Oi6 Oi8 Ill. 1|.2

- —1.6
o 0= 0(v + 0154 o(v,) ||
] -1.4
. 6- 1.2 g
A
g -1
o 4] SK+SNO g ©
a 4— ¢X __—0.8 %
S e 06 £
Z ] X Y =
b 2] —04 2,1
] L <
: -0.2
0_:'| R e A E
0 1 2 3 4 5 6

o(v) (10° cm’®s™)

PP Sensitive to v, only!
<I> &1 Sensitive to v, v, and v,
Here P = D(ve) + 0.154D(v,,)

®(v,,) # 0 at the 3.3 standard deviation.

—— First evidence of solar neutrino oscillation !!!

Next: measure CC/NC will provide an unambiguous
statement on whether neutrinos oscillate on their
way to the earth from the core of the sun.
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Summary

The open questions of particle physics:

e Weak flavor mixing in the quark and neutrino
sectors.

e Search of the Higgs boson and new physics
beyond the SM.

Elementary Particles 75-462 & 562:

e Constituents of matter

e Fundamental forces

e Conservation Laws

e Invariance Principles and Symmetries
e Relativistic Kinematics

e Quark Model

e QED and QCD

e Feynman Rules

e Electroweak interactions

e Open questions!

URL: http://www.physics.carleton.ca/~alainb/
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