


=) Gauge invariant theories.

- 2 g Y
Y y=x2 oY EXE
A
—
y =y
X X ==X | X,_
N ° J N /

The equation y=x? is symmetric or invariant under the transformation A, i.e. it looks

the same before and after the transformation.

® Gauge invariant theories > the main equations do not change
when a gauge transformation is performed.

® Requiring gauge invariance —> deduce the various interactions.

V. Hedberg Weak Interactions 2



m) What is a gauge transformation ?

® Different gauge transformations <—> different interactions.

Example: Non-relativistic electromagnetism

® The equation of motion: for a free non-relativistic particle:

ia—\E = _1 V2\|] where W(r,T) is the wavefunction of the particle
ot 2m and m is its mass.

The free particle Schrédinger equation

@® Goal: modify this equation to describes particles that
interact electromagnetically.

V. Hedberg Weak I nteractions 3



® Assumption: the new equation should be invariant under a

U(1) phase transformation:
vy = %%

were Or,t) is an arbirary continous function and q is the charge of the particle.

: oy _ 1 SRR o o P
@® Result: I = [Zm(Vquc) 2mg J‘P

ot /,/,d_

hew terms

@® Conclusion: ' is not a solution to the Schrédinger equation.

V. Hedberg Weak Interactions



® Electromagnetism: A vector potential A and a scalar potential V
defined by

where E is the electrical field
and B the magnetic field.

E = _vW_9A
at
B = VXA

® Question: How to add A and V to the Shrédinger equation
while keeping it invariant under v — ' = e'qaw ?

® Introduce interaction: require that the Schrdodinger equation
is also invariant under a gauge transformation of type

A— A=A+ Vo
5[0/

VoVv=Vv-2
~ ot

V. Hedberg Weak I nteractions 5



@® Result: U(1) phase transformation of the wave function +
gauge transformations of A and V is fullfilled by

9 1 _
[—,> new equation l-a\—f = [%(V—qA) + CIVJ‘P

The equation for a non-relativistic particle with charge q
moving in an electromagnetic field.

The Gauge principle

® Gauge principle: to keep the invariance condition satisfied it is
necessary to add a minimal field to the Schroedinger equation

—> an interaction will have to be introduced.

V. Hedberg Weak Interactions



m) The electro weak theory by Glashow, Weinberg and Salam.

® The EW or GWS model is a quantum field theory for both weak
intferactions and electromagnetic interactions.

® Weak isospin charge — > I?’
Weak hypercharge —>YW Q= I\§V+ yW /o
Electric charge —> Q

® Gauge invariance —> massless gauge particles |:[>W*,W',W°, BO

® The gauge particles interact with massless fermions.

V. Hedberg Weak Interactions 7



® The Higgs field > generates mass to gauge bosons and fermions.

® W' and W~ —> weak radioactive decay

® WP and B —=> not observed experimentally

® Photon —> gauge boson for the electromagnetic interaction
Z° —> gauge boson for the weak neutral current interaction

_ 50 0.
Yy =B coseW+W smOW

0 0 . 0
/ = -B smOW+W cosGW

® Oy —> the weak mixing angle c—> a parameter (not predicted).

V. Hedberg Weak I nteractions 8



® Only W-exchange —> divergent processes —> infinities

Non-divergent integrals Divergent integrals

® The Z%-boson —> hew diagrams cancel out the divergencies

Non-divergent integrals Divergent integrals

V. Hedberg Weak Interactions



@® Coupling constants in EW —> e, gy and gz

® Strength par'ame'rer's"

QED: o = QCD: 0. 95 1 9w 1 9z 1

an =9 EW:Ow= 2 =355 077 27 =g55

4TC 137

® The coupling constants are not independent
(in order for all the infinities to cancel out)

The unification condition.

Alternative e = 0dsinb.., = Otoso
W W Z "\ _ .
9= JE_B gw g9 =ﬁ3 9z

Mw
M

® The weak mixing angle (Weinberg angle) —> cos6,; =
Z

V. Hedberg Weak I nteractions 10



® The strength parameters —> contribution of different
processes (diagrams) to the cross-section.

® Example: muon-scattering on electrons v, +e = +vg

Diagrams with increasing complexity can contribute:

Vu gw n H gW V}L
W- ? ; ?
. aw Ve Ve gw "o
Second order diagram $|xfh order dlagr'am

@® Second order diagram—> cross section is proportional to aw?

@ Sixth order diagram —> cross section is proportional to ay®

V. Hedberg Weak | nteractions 11



m Point-like interactions and low-energy measurements

® Fermi's theory of weak interactions —>
four-fermion point-like interactions (without W and Z exchange).

@® W bosons are heavy — > charged current interactions can
be approximated by a zero-range interaction at low energy

- \%
Vi 9w K : .

e — Gr
M\Nﬁoo

e 9w Ve e Ve

® Fermi coupling constant (6g) —>

next slid
The strength of the zero-range interactions emmm-- o
T T T T 2 _<‘/
G O&G, 1 4no
Relationship between gy, and Gg: |+ — = _V2\/ = 2W
N2 MGt M
V. Hedberg Weak I nteractions I\ _______ \_/V,' W 12



The unification condition

® A bit of algebra: /

_______ ~

/ 2
G gF | - o 2 G2 T%em
| ' and em _ ives MG, = —/— =
e M) / J2Ggsin O\
M T T
COSGW = —\N and |\/|2 = em gives M% — em
Mz W J2G s 2 J2G 00529 sin26
N Gpsin 6y £Cos By,Sn By,

Definition Weinberg angle

@® G, —> neutral current coupling constant in the low energy
Zero-range approximation

|/G 92 \ "
o G 2 o 2
::/_-Z - _ZE ' which gives  “Z _ ~20zMw _ 2c0s Weos?0, sino
W
2 Mg, F Mz

.2
2sn GW

V. Hedberg Weak I nteractions 13



® Measurements of weak interaction rates at low energy —>

Gz and G > G7/Gp=sin®(By) =>

. 2
sin OW = 0,2/7+0.014

® Measurement of the weak mixing angle —>
predict the masses of the W and Z:

= 78.3+ 2.4 GeV/c2
= 89.0+ 2.0 GeV/c2

M
M2

® Discovery at CERN of W and Z at predicted masses —>
confirmation that the electroweak theory is correct.

V. Hedberg Weak Interactions



® Modern estimation of the Weinberg angle (from many experiments)

Sin26W = 0.2255+ 0.0021

® This value and the previous formulas give:
M... = 785 GeV/c2 MW = 80.4 GeV/c?

while direct measurements give
M

W
- 890 GeV/c2 M = 91.2 GeV/c?

Z

® The difference is caused by higher-order diagrams
(not taken into account in the low-energy formulas)

V. Hedberg Weak I nteractions 15



@ Higher-order corrections with top-quarks —>
measurement of electroweak processes —>
predict the top-quark mass

m, = 170+ 30 GeV/c2

@® The directly measured mass of the top quark at Fermilab by
the CDF experiment gave a value

m = 176+5 GeV/c2

Perfect agreement with the low-energy prediction |

V. Hedberg Weak Interactions
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The W and Z bosons

ATLAS

z? EXPERIMENT :

Run 166466 Event 26227945
Time 2010-10-07 22:16:39 UTC

WZ->evpup Candidate

V. Hedberg Weak Interactions

17



=) The force carriers in weak interactions are spin-1 bosons
(as in QED and QCD) that couple to quarks and leptons.

® W', W and Z° —> Intermediate vector bosons
The force carriers of weak interactions

® W*, W~ and Z° bosons are very massive particles
my=80.4 GeV and mz=91.2 GeV —>

Weak interactions have a very short range (2 x 1073 fm).

@ All observed low-energy weak processes (e.g. f-decay) —>
charged current reactions —> mediated by W* or W~ bosons.

® Electroweak prediction —> neutral current reactions
caused by the Z° boson should exist.

V. Hedberg Weak I nteractions 18



m) Accelerator: The Proton Synchrotron (PS) at CERN

The PS accelerator: Length = 628 m, Number of magnets = 277,

Proton beam energy = 28 GeV
Neutrino beams:

Step 1. Intense proton beam hits a target
Step 2. Charged pions and kaons decay 7*-u*+v € +vgty +v

V. Hedberg Weak I nteractions 19



m) Neutral current events was first observed by
the Gargamelle experiment at CERN in 1973.

Film
cameras

@

'-,‘

"*-.__.."H .
/quuid i
j} propane

/ Magnet coils

Compressor -
decompressor

I%

NN

Step 1. The liquid propane is at a temperature below its boiling point.

Step 2. When the V enters the propane, its pressure is lowered to make it superheated.
Step 3. Charged tracks ionize the propane and these ions create bubbles in the liquid.
Step 4. The bubble tracks are photographed by film cameras.

V. Hedberg
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m) Elastic and inelastic neutral current reactions possible.

h
a
d
r
o)
n
S

nucleon

@® Main background —> neutron - nucleon interactions.
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.,
L J
. -
- -—
2 e
e

n I8 e,
M“"ﬂ«n_
\./‘e.‘“-.Y/'_, |

Bremsstrahlung ;.

One of the first neutral current reactions seen by the Gargamelle experiment.
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=) The accelerator: The Super Proton Synchrotron

® The W and Z were discovered by the UA1 and UA2 experiments.

The SPS accelerator: Length = 6.9 km, Number of magnets = 960,
Fixed target = 400 — 450 GeV
pp-collider = 540—630— 900 GeV

V. Hedberg Weak I nteractions 23



7 SPS hadrons I
(CERN)
q

g g %

qO o —_—

P g 9 P
g q
hadrons J

450 GeV 450 GeV
Length: 7 km (960 magnets)
N Experiments. UAL, UA2 y

g LEP hadrons h
(CERN)
e‘ 9 ZO e+
@ — ®
46 GeV q 46 GeV
104 GeV 104 GeV
hadrons
Length: 27 km (4184 magnets)
9 Experiments. DELPHI, OPAL, ALEPH, LBJ

@ The energy of the quarks and gluons carry only a fraction of the proton

energy.

@ To produce W- and Z-bosons with a mass of 80-90 GeV —>
a collider with a beam energy of 270 GeV was needed.

® The beam energy was later increased to 450 GeV.

V. Hedberg

Weak Interactions
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e ¥
LEP/LHC
North Area
® DELPHI
—)

b
ATLAS =
West Area . (O «cd Al EhGs Vers

AD i Grand Sasso

Est Area

IO |Gargamelle
PS >

Linac—‘\

BOOSTER ISOLDE bns. Y = T
., Y
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=) The experiment: UAL

Muon chambers Hadronic  Electromagnetic

\ calorimeter calorimeter .
_ / __ Dipole

~ magnet

—
—

]

" i |||||||||||;|)|I|ii|i|‘|tur||||_|_|_u ]
L1 chambler T
1 OO OO OO0 l"——;:l_
( A
T8 & ] ]
- — e T T B N E]E ]T ﬁ ﬁ W E] I

Tracking detector: Central wire chamber with 0.7 T dipole magnet.
Electromagnetic calorimeter: Lead/scintillator sandwich
Hadronic calorimeter: Iron/Scintillator sandwich

Muon detector: 8 planes of drift chambers.
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m) Production of W and Z bosons

® The W and Z bosons are in proton colliders produced by
quark-antiquark annihilations:

u+d—Ww" d+u—W

wt, z0

u+u— 20 d+d— 70

7

® The lifetime of both the W and the Z is about 3 x 107%° s
—> they cannot be seen directly in the experiments.

V. Hedberg Weak Interactions



m) The decay of W and Z bosons

- hadronic decays Branching leptonic decays Br'anching\
ratio ratio
p+rpoW+X p+p—>W+X
q+9 68% t+v 32%
e&pu
p+p—o>W+X B p+p—->W+X_
qd+d 68% | ¥V 32%
e&pu
p+p—o2%Xx p+p—o>2%+X
g+q 70% "+ | 6.7%
e &
. J \- J

Cannot be found among

all other hadrons produced.

V. Hedberg

The decays to leptons

Weak Interactions

are easy to identify

28



EVENT 2958, 1279, » Ah(]lYSiS Of W-events in UA1

The analysis searched for events with a charged lepton + neutrino

.
. M:..

'o.: | .‘.. ae - #. -
o | | ey s - o “\w-—m?
|l g e et R
[} e y -
* -

‘e, “ee

wmm .
. o, ., 3 a-_-:;-::.‘:uﬁ.- .‘,__.'.'.ﬁ..:..
" * * % :-

*s
L .:-.... ag
%ed G, Y
.?.'.. by te, .
ﬁ.' 'C.°‘.‘-,.. . ."g.
!f{ ."".“h..

e

X 68576

A high momentum electron is indicated by the arrow.
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m) Transverse momentum

® The transverse momentum | P+ = P sin(0)
and energy of a particle: | E; = E sin(0)
v

/
The angle to the beam

® E; = Py if the mass of the particle is
small since E?=P%+m?

¢y @ The total momentum is zero of all
the particles in a collision.

® Neutrinos are not detectable —>
if the total momentum ¥ 0 —>
the event has missing momentum
(or missing energy).
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=) Analysis of W-events in UAI

® The main selection criteria in the UA1 W-analysis was:

i) A charged electron or muon with a large momentum (>10 GeV/c)

ii) This lepton should be emitted at a wide angle to the beam (>5°)
iii) There should be large missing transverse momentum in the event

Measured
Distribution

The expected distribution of the
transverse energy of the selected

electrons was compared with the
measured distribution. —

Background
Subtracted
Distribution

Simulated

Distribution
| My=83.5 GeV

From the first 148 electron and 47
muon events it was estimated that:

Myy = 83,56 £28 Gev T}y <6,5GeV

W

s

20 30 40

50
Transverse Energy (GeV
V. Hedberg Weak | nteractions E 9y ( ) 31




mp Analysis of Z-events in UAL

® The analysis was looking for a pair of charged leptons.

V. Hedberg Weak Interactions
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=) Invariant mass

® The invariant mass of a particle that
decays to two other particles:

m
m, " &
Z Nf: L
meEZ

m% = (-51 +-52 )2 ( 4-vectors )

If m=0
m% :'/2 Eq E5 (1- cosp)
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m) Analysis of Z-events in UAL

® Main search criteria —> require pair of electrons or muons
with a large transverse energy.

[74)

o . o +-
The mass distribution S 8f
of pairs of electrons v
where each electron % ,L

has E1+>8 GeV.

\ Z0 candidates

Jet-jet
. background

[~ — — L

2 20 60 80 100
Mass (GeV)

. . M- = 930 £14 GeV
The first 18 electron pairs z

and 10 muon pairs in UA1 I';<81 GeV
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Precision studies of the W and Z bosons

=) The accelerator: The Large Electron Positron Collider

@® Electrons-positrons collisions in four experiments.
@® Collision energy: 91 GeV = 209 GeV

Z mass T maximum
288 superconducting cavities.

Weak Interactions



Main
coupler

Cold | ‘ ITamii(

‘shield I : ]

T

if

| E Vacuum Helium S.C. Cavity
tank ﬂgas

|

I

|

Slope 1.5%

High order
mode coupler

rJTCryostat
vacuum

i: jﬂf—?
Cavity
vacuum
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" LEP A

hadrons
(CERN)
e q Zo e+
® — ®

46 GeV q 46 GeV
104 GeV 104 GeV

hadrons

Length: 27 km (4184 magnets)

\_ Experiments: DELPHI,OPAL,ALEPH,LS/

. TEVATRON hadrons N
(FERMILAB)
q
g g %
q @ @ —
P g 9 P
q q
hadrons g
980 GeV 980 GeV
Length: 6 km (990 magnets)
N Experiments. CDF, DO )
V. Hedberg

4 N
HERA N 920 GeV
(DESY)

@
et [V 8
®
30 GeV %f/ g p
q
hadrons g
Length: 6 km (1650 magnets)
\_ Experiments. H1, ZEUS Y
7 LHC hadrons I
(CERN)
9
g g g
q ® ®
P, gl P
q q
hadrons J
7000 GeV 7000 GeV
Length: 27 km (1232 + 386 magnets)

\_ Experiments: ATLAS, CMS, LHCb, ALICE )
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=) Differences between proton and electron colliders.

Total energy loss is proportional to 1/mass*

Total energy loss is proportional to Ejegm
Total energy loss is proportional to 1/Radius

@ Synchrotron radiation:

® Energy loss in an electron accelerator is 10'3 times larger.

® LEP: 344 cavities, accelerating voltage=3630 MV, energy=104 GeV
LHC: 16 cavities, accelerating voltage = 16 MV, energy =7000 GeV

Beam momentum
Length of bending field

® Magnetic bending field ~

® LEP: 0.12 Tesla bending field factor 70
LHC: 8.38 Tesla bending field [ 19€™°"
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=) The accelerator: The Large Electron Positron Collider
® Electron-positron collider: Precise measurement of s important |

® Problem: During 1993 the LEP energy was changing with time !

=) Geological shifts

s Horizontal Orbit (X,c)

AE (MeV)

— Lakelevd fit

f ® The water level in lake Geneva
_10 L

® Rainfalls and the water table.

T e olnF b

20

120 140 160 180 200 220 240

Days
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A E [MeV]

A E[MeV]

T N T T T N T T T N T T T
" November 11" 1992

i . | | @ Earth tides caused by the moon.

1 l 1 1 1 l 1 1 1 l 1 1 l

Il Il Il Il l
23:.00 3:00 7:00 11:00 15:00

i | @ The electron’s orbit changes.

T { T { T { T { T { T { T T { T { T { T { T { T { T

5;Augus:t29,1993 1 October 117, 1993 : ‘ 1 mm : energy Change Of 10 MeV

\ | 2N

O\/‘ ‘H 4

-5+ — -
AR T AR T B [ I R I B |
o o o o o o o o o o o o o o o
© & & 9 9 © & & & & & © © © ©
— ™ Lo N~ ()] i ™ [e0] o N < N < [(e] [ee]
— — — — — N N i N N N
Daytime
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=) Beampipe current

® Trains — > parasitic currents

® Currents —> the magnetic field
® Mag. field —> electron's orbit
® Orbit —> electron's energy

Lausanne

‘)0" . > . )

Wi ™
g
- I 4
Trains Zimeysa
,bsb‘?’ Cornavin
é\@ | —
2

G eneva Weak Interactions

Voltageon rals[V]

Voltage on beampipe [V]

Bending B field [Gauss]

-0.012

0016 |

-0.02

-0.024

746.36

746.34

746.32

746.30

746.28

17.11.1995
T T ‘ T T 1\
(<)) :
i g TGV
F O > P W%m\&
e ~ Vi
ﬁ?w% g-;%
Y ¥ “‘«ﬁ\ , =N
RAIL i o ¢

' LEPNMR

\ ! ! ! ! \
16:50 16:55

Time

41



=) The DELPHI Experiment

Forward Chamber A Barrel Muon Chambers

Forward RICH | Barrel Hadron Calorimeter Time pf'OjeC'riOﬂ
Forward Chamber B / Scintillators C hamb e rl

Forward EM Calorimeter Superconducting.Zoil

~orward Hadron Cal orimeter

it Density Prjecon Chanber
OurerDetectr Electromagnetic

. calorimeter:

smiaenieciomes | ead absorber

/ g Quadrupole
{ \ )

I Very Small Angle Tagger Magnef

Forward Hodoscope

N

Beam Pipe — Hadronic calorimeter
Vertex Detector
Iron absorber

Time Projection Chamber

AL, DELPHI

Muon detectors
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=) The DELPHI Experiment

7 N "W el
. . 3

The Time Projection chamber
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=) Studies of the Z-boson

| Hadronic € e
_ | calorimeter >~M<
| _ e
L 3 e et

2
of @ 1990
3 | Electrons * 1991
et 1.6_:— )
b 4t
Cross |
section '
8 b
6k
2 |
o -

88 89 90 ] 91 92 93 94 95 96
Collision energy vs (GeV)
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=) Studies of the Z-boson

ectrometer
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=) Studies of the Z-boson

HadrorN at -
caorimeter

1.8i @ o 1990
; Taus e 1991
16

g (nb)

14 [

1.2 b

Cross
section '}
0.8 f
0s |
04 -
Muon
spectrometer

02 |

PN TR T PRTCPUTEN O] RVRUUS | B Il i i MO0
87 88 89 90 91 9 93 94 95 96

o:lllllll

Collision energy v (¢&¥)
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+
10% e
G b
(pb)
109 - ZO
- e

100

Branching ratio ( B ): 0.1'0
Decay width (T"):

e uw T V q

e ut 1t v q
0.20 0.70

0.25 GeV 0.50 GeV 1.74 GeV

CESR
EDORIS |
E PEP
— l

PETRA
TRISTAN SLC

10
W

| KEKB
PEP-II
10 £ LEPI LEP2
E I 1 1 1 I 1 1 i t 1 1 1

220

Partial decay width:
B <«— Branching ratio

T~ Decay time

1 1 I 1 i 1 I 1 1 1 i 1 11 | 1 1 1 | 1 1 ] | L 1 ] I 1 i 1
160 180 200

0 20 40 60 80 100 120 140

Center of mass energy (GeV)
7. had _ 21 _ By _ o
— 1_,— = 1_,— = 1_,— = 3x10 S
. had | A%
T 5Bz _ Brag* BBy,
The total decay width =TI, ThagtTt Ty

v

The partial decay widths -
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® Breit-Wigner —> the muon partial decay widths of the Z°

X DELPHI
c
18 [
(Pb)16E Muons
o
A
Tr
1
0.8’:—
L
06
04 [
r
02 [ i 7
DFLIIQ!JIIJ :llJ_L:Ln|!ﬁl|4_llil4xi:4i.i;:ru

87 88 89 90 91 92 93 94 95 96

Collision energy - ECNI

2

127:MZ

I'Z—->ee)l'(Z-—- uu)

+ -
o(e e —uu) = —

ECI\/I

The decay rate to ee

121 T(Z — ee)T(Z - uu)

2 N2 2 2
(ECM_MZ) tMzl'7 |

— G at Ecm= Mz give 1“(ZO — uyu) because then

The decay rate to up

+ -
c(e e — uu) =

/

The mass of the Z°

2
Mz

2

o7 :

The total Z° decay rate

In reality the measurements are a bit more complicated because the measured peaks
have to be corrected for initial state radiation (photons radiated off incoming electrons).

V. Hedberg
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® The fitted parameters:

> = 91.187 £ 0.007 Gev/c? 1“(ZO — hadrons) = 1.741 + 0.006 GeV
= 2.490 + 0.007 GeV F(ZO — I+I_) = 0.0838 £ 0.0003 GeV

M

I'7

® Neutrinos cannot be measured in the experiments.

®| [, = F(Zoahadrons) +3F(Zoal+l')+ NVF(Zoevlﬂ) .

® N F(Zoavl\ﬂ) = 0.498 + 0.009 GeV =

Vv
f \ Decay width to neutrinos

Number of neutrinos
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£ 35
30
25
20
15

10

Measurement:

Calculation:

er(zo N vl\TI) = 0.498 GeV

F(Zoevl J — 0.166 GeV

N

Vv

= 2994+ 0.011

DELPHI

Z° to
hadrons

® No restrictions on N, in SM.

® LEP—> three types of light neutrinos

V. Hedberg

93 94 95
Energy, GeV
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=) Studies of the W-boson

@ W bosons were produced in pairs.

€ \ —’—'W-l_
VI
€l
e-/. ..... W

@ The signature:

\\ Y ‘\\
\\ // N

qd qg qalv lviv
46% 449 11%
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=) Studies of the W-boson

@® Step 1. Select WW-pair events
Step 2. Calculate the W-mass The mass distribution of jet-pairs

/- qadg
46%
¢

> > 2 |
= ( P, + Pa) ( 4-vectors ) 150

DATA
250 -

WW
(Mw = 80.35)
200 -

events / 2 GeV/c?

Y4

il -

QCD

M
M

= Mz d

=2E E_.(1-cos o) 100
\ifﬁnqjo I

50

M =80.376 * 0.033 GeV (LEP)
M =835%28GeV (UAI) T T s tee
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Charged current reactions

Weak Interactions
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Leptonic reactions

Hadronic reactions

Charge ; ¥ ] q
current Sw Vg 9w
reactions
W Wi

Neutral Vi Vi * q q
current 9z 9z 9z
reactions

VA 20 20

V. Hedberg
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m) Charged current reactions are mediated by a W.

@® Purely leptonic processes:

LW —>€ +Vety,

@® Purely hadronic processes:

A—>1 +p

o
,1\//\,/<

> Ve

=

cCoOo

@ Semileptonic reactions: n \\
N—p+e +vg \\
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® All the electromagnetic interactions —> eight basic interactions:

e e ] i
e e
~ The basic vertex for
S T Y T electron-photon interactions.
v v .\
e

@ Leptonic weak interaction —> described by basic vertices:

V. Hedberg

The two basic vertices for W-lepton
interactions. .

W
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@® Eight basic charged current reactions from two basic W vertices:

- W ' — i M "+ v— W'
V|%|+WAJ’JJ\JW |+%W++V'|\j\lrvryw |
) ’ \\ I+ ‘ \ W+
+ — It
| V|
" V"L‘A et W_V\/\,L\ W=y W—=T+y
/ ! < Vi w
V| I+/ V)
V|'
vacuum — I+ v, + W* W’ I*+v+ W —vacuum W
V| +
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m) Weak interactions conserve lepton numbers: L, , L, L,

Feynman diagrams:

1) at each vertex, there is one arrow pointing in and one out
2) the lepton indices “I” are the same on both lines.

Ve e o .
: - + + ...
Allowed: - T< + NW/¥<
W v
Vi e e e
Forbidden: = _< = mﬂ< .
W Vi . W’
W V.

V. Hedberg Weak Interactions
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=) The weak strength parameter: oy

® Oy is the same at all leptonic vertices
(it does not depend on lepton type)

Example: The decay rate of W to e+v

Estimation from theory Measurement
I''W—>ev)= ocWMWz 0y 80 GeV I'(W—>ev)=0.2 GeV
oy =0.003

@® Compare with the electromagnetic strength parameter: o,,=0.007
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mp Why is the weak interaction so weak if oy and oy, is of
a similar size ?

® Compare the decay of charged and neutral pions:

Electromagnetic decay Weak decay
u ' e {dD\/W\-/<vu
) d
TC u s
T - .17
Y Lifetime = 3000000000 x 10 s

Lifetime=8x10"'s  (Lifetimeof areal W = 0.00000003 x 10-')

® CONCLUSION: Apparent weakness —>large W and Z masses
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Leptonic reactions

Hadronic reactions

Charge ; ¥ ] q
current Sw Vg 9w
reactions
W Wi

Neutral Vi Vi * q q
current 9z 9z 9z
reactions

VA 20 20

V. Hedberg

Weak Interactions
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» In weak hadronic interactions, constituent quarks emit or

absorb W or Z bosons.

Examples:
o
W 9w
d > Jdud Ve
n d >
u >

Neutron [3-decay.

V. Hedberg

Weak Interactions

4>_/%n
Ad_&
N
ST
"
Au
d%gp

The dominant quark diagrams
for A decay
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m) ASSUMPTION: Lepton-quark symmetry i.e. corresponding
generations of quarks and leptons have identical weak

interactions. Vv
Ve | | U Yul .| C T 1

e d . S T b

® Interactions will then only take place within a family |

u d u d C s C s V) Y N
WA WA W WA W W=

The W-quark vertices for the first two generations, The W-lepton vertices.

assuming lepton-quark symmetry.
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m) Experimental tests of the assumption of lepton-quark symmetry.

® Some weak reactions should be allowed and some should be
forbidden if lepton-quark symmetry is true:

_ d W V!~L
oWy, du—sp+v, o {UD\/\/< Allowed
-

Different families

_ — _ d W i
K—->uw+v, su-u+y, K~ { ED\/\,< Not Allowed
0"

® Measurements of these decays give:
T U +v, Branchingratio=0.9999 t=2.6x10°s

. Branchingratio=0.6343 1=12x10%s

® CONCLUSION: Quarks from different generations can
participate in charged current interactions !
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m) Cabibbo > quark mixing in order to explain kaon decays.

® Quark mixing scheme —>d- and s-quarks participate in weak
interactions via the linear combinations:

d = dcosOC+ssin6C . .
where O is called the Cabibbo angle.
S = —dsin6C+sc036C

® The quark-lepton symmetry applies to doublets like

d' S
u d’ u d u S
; g g g
® The ud'W vertex —> Y P >
interpreted as a sum of W W W

the udW and usW vertices:

I
+

Jud=9wC0Sbc  gus=9wsIinb¢
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m) The quark mixing hypothesis —> more W-quark vertices:

u d u d ¢C s C s
dud Yud Yes Ocs
Oy\/COSO - Oy\/COSO O\\/C0SO ~ Oy\/COSO
Wi Wi Wi‘ Wi
u s u s C d ¢ d
Jus us Jcd Jed
MWl 9SnB - —9ySinbe- =g\SNO-
+
W Wi Wi Wi

Within a generation:  9,q = Jos = GOS0
Between generations: g, = —-0.4 = 9ySNOc

V. Hedberg Weak Interactions
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m) Measurements of the Cabibbo angle.

® The Cabibbo angle has to be measured.

® Comparing the decay rates of © —u +v, with K -u +v,

- - 2

TR =V s _ 2 => | 8¢ = 127°£01°
_ - 2 C

L(n > uvy) 94y

® The coupling constants within and between generations:

gwCosO.- = 0, 989y

gwSin0: = 0, 229,

V. Hedberg Weak Interactions



m) Charmed particle decays.

® Particles with charm quarks almost always give a strange particle
in the final state because other decays are Cabibbo supressed:

2 ’// Oc = 12,6°
9%d _ . 2 1

® The suppression factor is: == = =
PP > tan GC 0

gCS

® | Neutrino scattering experiments —>
The charmed quark couplings g.4 and g

> | 6c = 1201
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» Two generation quark mixing can be written in matrix form:

(] { c0s0¢ S‘”GCJ[ o] with transitions withir [ Uj and[ Cj

S —sinG)C coseC S d S

® This means that the following weak transitions are favoured:

DIRNES

® And that the following weak transitions are surpressed:

<t

® Charge conservation forbids the following charged current

transitions: E J j:t C j Charge = 2/3
d S Charge = -1/3

V. Hedberg Weak Interactions
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® The c-quark was predicted from lepton-quark symmetry —>
Discovered in experiments in 1974,

® Discovery of the T lepton and the b-quark —>
The sixth quark was predicted to complete the symmetry —>
Top quark was discovered in 1994

® The third generation gives rise to the Cabibbo-Kobayashi-

Maskawa (CKM) matrix Vg:
d Vud Yus Vub d
S || Ved Ves Veb || s
o' b

® 9,5 = gwVop Vid Vis Vib
o=u,c,t =d,s.b
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® Weak transitions can now take place between:
U<sd = V,qd+V s+V b
C<>S = Vcdd+Vcss+VCbb
t «<=b' = vtdd"‘v-rss*v-rbb

® If the mixing between the b and t quarks with lighter quarks
can be neglected the CKM-matrix is reduced to:

Viud Vus Vub 0SB~ sin6- 0
Vcd VCS Vcb = —SihGC COSGC O
Vid Vis Vib 0 0 1

® If Vb, Vb, Viq and Vyg are not small —>
The two-generation mixing model would not work

V. Hedberg Weak Interactions



——————————————————————————————————————————————————————————

t-quark decay only to b-quarks

Vub=Veb=V1d=V4s=0

/N

b-quark is stable
(since it cannot decay to u- or c-quarks)

__________________________________________________________

® Semileptonic decays of b-quarks to u- and c-quarks observed !

® The observed decay rate is Gy
proportional to the squared " 7
couplinQS' 2 2 2 ° 9 bVUbgW
. . u
0utf? = [Vurf 9% AN

V. Hedberg Weak | nteractions 12



m) b - quarks

® The most precise measurements at present
‘Vub‘ = (0,004 and ‘Vcb‘ = (0, 04

® The CKM-matrix becomes

- / \
Vud Vus Vub cosO sinB 0,004 0,98 0,22 0,004
Ved Ves Vep | =] —Sin8¢ cosd 0,04 =| =0,22 0,98 0,04
thV Vb ~0 ~0 ~1 . ~0 ~0 ~1 )

V. Hedberg Weak Interactions



m) The top quark

® The top quark is much heavier than even the W-bosons and it

can decay by W W -
t—@“‘ 0 t—%’“ 0 t \&S: 9w
d

S b

® gi4 and g5 are close to zero—> the only significant decay mode:

t->W+Db rate proportional to Oy = 9\%\// 4r =~ 0, 0042

® Estimation of the decay width of the top (I ~a,,m ~1GeV)
—> very short lifetime —> Ty = 4x10 *°s

V. Hedberg Weak | nteractions 74



m) The accelerator: The Tevatron

Type Bending field Length Collision energy
Tevatron: pp-collider 45T 6.3 km 1960 GeV
SPS: pp-collider 18T 6.9 km 900 GeV
LHC: pp-collider 84T 27 km 14000 GeV
Superconducting magnets

MAIN INJECTOR

/ = ;____f! L TEVATRON | :. \K ;50 GeV

\ TARGET HALL

‘ / ANTIPROTON
SOURCE
T Y- BOOSTER
e = ~ B 27— LINAC

™~
COCKCROFT-WALTON

Mq in R
~injector

Antiproton Proton
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The discovery of the top quark

m) The accelerator: The Tevatron

® The Tevatron accelerator was put under the old main ring which
was used as a pre-accelerator.

Dipole magnet

76
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m) The experiment: The Collider Detector at Fermilab
=0

n=1 Muon system

Solenoid

magnet
Silicon Vertex
Detector

i { ..-"'. _,.:":'
'::_

|

D chamb

_____,_,.'.-'-"' .

Electromagn.

Calorimeter Had. Calorimeter

Lead/Scintillator Iron/Scintillator
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. CDF

1.

imen

=) The exper

78

Weak Interactions
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m) Compare particles decay length

Particle

W, Z, top

0 E=7Y)

T

Charm: D9/D"/Dy
Bottom: BO/B*/B./
Ks (>7T)

K'.':

ot

K¢ (—TtrtT)

K (*evevu)

V. Hedberg

Lifetime Decay
Length
3-4x10713ps 0
0.0008 ps 0.025um
0.3 ps 90um
0.4-1 ps 150-350um
1.5 ps 450um

80 ps 2.7cm
10,000 ps 3.7m
30,000 ps 7.8m
50,000 ps 16 m

2,000,000 ps 659 m

Weak Interactions

Decay Decay
Place Measurement
Beampipe = Not possible
Beampipe = Not possible
Beampipe = Microvertex
Beampipe = Microvertex
Beampipe = Microvertex
Tracker Tracker
Tracker Not possible
No decay Not possible
No decay Not possible

No decay Not possible
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m) Production of top-quarks

@® In proton-antiproton colliders, pairs of top quarks are mostly
produced by quark-antiquark annihilation:

q+q—>g—ot+t

V. Hedberg Weak Interactions
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m) The decay of top-quarks

® The most likely decay
of a top quark is to a t
b quark and to a W.

® The W can decay
to leptons or hadrons

—> p+p—> t+t+X
The final s‘rafe. Lsw* +b
is a complex mix )
of jets and leptons. \_){l TV
q+q
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® After a selection of likely top event —>
plot mass distribution of the top-candidates.

@® A large background component

2rr ® Extract the top mass:
L

O * | M, = 176+5 GeV

< Expected Signal t

=10

|5 Expected ® Latest results:

i Background

Mt = 173+ 1GeV

th
I

oL | | + |

100 150 200 250 300 350

Reconstructed Mass (GeV/cz)
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Neutral current reactions

V. Hedberg Weak Interactions

83



Leptonic reactions

Hadronic reactions

Charge ; ¥ ] q
current Sw Vg 9w
reactions
W Wi

Neutral Vi Vi * q q
current 9z 9z 9z
reactions

VA 20 20

V. Hedberg

Weak Interactions
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® The basic vertices with W bosons:

- Conserved lepton numbers

- Not conserved quark flavour (quark mixing)

® The basic vertices with Z bosons:

- Conserved lepton numbers

- Conserved quark flavour (no quark mixing)

Jw

gz

ZO

gz

O

V. Hedberg

The basic W vertices

Weak Interactions

The basic Z vertices
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® In processes in which a photon can be exchanged, a Z° boson
can be exchanged as well:

Y Y

70 70
Y ’

® Example: e'e - u'u” has two dominant contributions
e woooet w
>/\A?/\<+ >\MZOA<+
e R e H
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® Estimation of the cross-section for the photon- and
Z-exchange process in e*e” collisions at low energy:

o — — — — — D e

| |

I 2 I [ J [ J [ J

- Oy= T °z~CzEcm where E_., is the collision energy.
| |

e e e e e e e o o e e e e e e e o e —

® The photon exchange process will dominate at low energies.

® At E.,=M, this low-energy approximation fails and
the Z° peak is described by the Breit-Wigner formula:

2 C
I\él > where M is the mass of the resonance
E _(Eé - M% N |\/|21“2_ and T its decay width.

G(ECM) =
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Q

A~
©
O
~—r
I | I I .
X
+
X
o
+

Total Cross Section [pb]

s N - )
107 12nMz F(Zoeee)l“(zoew)
—| 2 o(ee— MM) = > 2 . 5 -
B Eem | (EGy—-M3) + M55 |
10° &
107 &
10 I | | I O | | I | | I | | | II Zi | L™
O 20 40 60 20 100 120

Center of mass energy (GeY) |
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That flavour is conserved at a Z° vertex can be verified by
experiments.

Example: measurement of the decay rate of charged kaons

Vu Vi
W z0
K+ ljl l"l+ K+ ljl vl
u 0 d -+
~ N T

+ 0, t =
K = +u"+v, KF > +v+v

The measured upper limit on the ratio of the decay rate of

these two processes was L. )
SI(K" > +v|+v|)
|

—/
" 0+ <10
I'K"—>n-+u +VM)

until experiment E787 came along .....

V. Hedberg Weak Interactions
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® The BNL experiment E787 was a fixed target experiment.
® It used a K* beam created by 24 GeV protons from the AGS.

7

e ; T A

L) _—— - -

AR N &

; =3 e -
=k > e i
iy S F ‘ g, Hr

B i =t e
=T L i *
TR 2 ; R -
e =L s T 2 - - - T -  »
q I

AGS to RHIC
g-2 muon
storage ring

Experimental
Area

o

The 800 m long AGS
has 240 magnets.
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Calorimeter
to veto on photons

Scintillators ——= ‘ =

f Tracking “ :
Drift Target _
Chambersg Csl Caorimeter . | ‘ ~T

L to veto on photons T \
Scintillators P . -

Calorimeter Kt beam == J&ﬁ% S e — — — —
0.8 GeV /" Drift — Target

Material sintillatng fi
to Sow down Kaons Chaimper Scntllating fibers

® Kaons stopped in a target made of scintillating fibers
® The decay of the K+ at rest was then studied.

® The momentum, energy and range of the particle from the
decay was measured.
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® After many years of running two candidate events for

N 7
K'—>7m"+vi+Vv, were found.

Drift chamber hits %X%Su ntillators
™

Scintillating fibers

Target

® The result from these two events were:

sT(KY 5 ¥ +v +v)) B
| _ 1,6 x10

(Kt - 70 + ut Vu) 0,033

10 B
= 5x10

V. Hedberg Weak Interactions

9

92



® Explanation: second-order charged current reactions
and not neutral current processes:

u
+

K _
S

u

u u u u u
+ + + + +
_T K _ - _T K _ " _T
d s ¢ d s d
Y, Y ", W Y, W
|\ |\ |\
VY v ooV VooV

® The t-d vertex in the third diagram —>
set limits on the V,4 element in the CKM matrix

0,007 < ‘th‘ < 0,030

V. Hedberg Weak Interactions
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® Experimental data agrees extremely well with predictions of
the gauge invariant electroweak theory.

® Gauge invariance ——> the gauge bosons have zero mass.
True for photons in QED and gluons in QCD but not for W and Z.

® A new scalar field called the Higgs field is introduced to
generate mass to the W and Z bosons as well as fermion masses.

Leptons Quarks

® Associated with the field is a new Gl u, c, t
spin O particle called the Higgs boson.

® The theory predicts how the Higgs
boson couples to other particles but

do not predict its mass.

Photon Gluons
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® Unusual characteristic of the Higgs field —>
a non-zero value ¢g in vacuum

(i.e. the field is not zero in its groundstate).

Energy Energy
A N

o

0 B or E Field 0 Higgs Field

@® Non-zero vacuum expectation value —>
The vacuum is populated with massive Higgs bosons —>

When a gauge field interacts with the Higgs field it acquires mass.
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® The interaction with the Higgs field —>
W and Z bosons obtain masses with the ratio given by

W
Mz

® Fermions acquire mass by interacting with the Higgs boson:

® The coupling constant depends on the fermion mass.

2 2
Ohyfr = ~2GEy

® Photons and gluons do not interact with the Higgs boson.

V. Hedberg Weak Interactions
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® LEP 2: Higgs production by Higgs strahlung:

bb | Tt WW dg cC
74% [ 8% 8% 6% 4%

qa | vv €€ up 11
70%) 20% 3% 3% 3%
\__/

® Most of the Higgs events would
have 4 jets in the final state.

® Two of these should be coming
from b-quarks.
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® ALEPH reported a couple of Higgs candidates at 115 GeV

® DELPHI, L3 and OPAL had no signal.

® All data added together —> no discovery.

® LEP was turned off in 2000.

Events /3 GeV/e”

® The DELPHI experiment put
a limit on the Higgs mass of:

V. Hedberg

M

H

> 114 GeV/c2

Weak Interactions

e
=

30
-+ LEP S/B=0.3

T s =200-210 GeV

= [ [_] background

20 £ [ hZ Signal

[ cod=200 IT

L s=l= 1026 611

DELPHI, L3
ALEPH, OPAL

(m,=115 GeV)

all = 100 Ge¥V

bed=201.75 .41

WX

20 40 60 80 100 120
Reconstructed Mass my [GeV/c™]
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® The measurement of many electroweak parameters at LEP

global fit with the Higgs mass as a free parameter.

1 0 i | T T T T 1T T T | LI I”‘| [ | | L | T T -
9 W g i’ Sl il e 130
Y ] VoL S -
/ < IS —
5 -
7 ‘@ —
i = =
oo ; o —
Quantifies 6 3 =
& _
how good 5 = — Fit incl. theory errors —|
the fit is 1L --- Fit excl. theory errors =,
3 . ]
Direct Higgs searches -
2 [ ]x? interpretation —
1 CL, interpretation =
Perfect fit ' ¥ 1 48 =le
\ D =l | 11| | [ | ] | 11| | | | e | | L1 1 -

80 1 o0 120 140 160 180 200 220 240 260 280

\ M, [GeV]
my = 120t155 GeV
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