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Divergenze nelle d
interazioni deboli

v e % €
Figure 13.2

Quark level B decay process.

j o —
v, +e —e Vv,
€ v -
(a) do (7"
dq? i
o ) “~ 2 - 2:’
v J é (ve) G* 5 26°'mE G5
., v Ow(ve) = _~q“ — _— —
\g ) P max T o
Wi Le divergenze sono “sistemate” dalla
massa finita del W. Ce ne sono pero’ altre
per altri processi come per esempio
— -  w—=WW
oY
(b)
Figure 13.3

(a) Point-like elastic v.—€
scattering; (b) elastic v.—€ 50120013
scattering via W* exchange.
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Divergenze nelle interazioni deboli
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Figure 13.4

W-pair production in v—v
scattering (a) via electron
exchange in the t channel
and (b) via Z° exchange in
the s channel.
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(c)
Figure 13.5
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Divergenze nelle
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Divergence CURED by introducing Z°

Extra Diagram
ete” - WTW-—

W-pair production in e*—~

scattering via (a) photon

exchange in the s channel,

(b) Z° exchange in the t
channel and (c) Z° exchange

in the s channel.

Le divergenze sono risolte
SE gli accoppiamenti dei vy,
W+(e Z% sono collegati :
UNIFICAZIONE
ELETTRODEBOLE!
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Isospin e Ipercarica debole

Particle states

Antiparticle states

uy = 3(1 —9°)u
ug = 3(1 + y°)u
i, = uz(l +7°)
g = uz(l — 7°)

vy =3(1 + 9°)v
vg =3(1 — y°)v
U = 5‘21(1 —7°)
g = 03(1 + 7°)

* The subscripts L and R correspond to helicity

states — 1 and + 1 respectively.

Table 13.2

Weak isospin and weak
hypercharge assignments for
fermions

Maggio 2013

1 I, 0 Y

1 1
Vo Mg Mo 3 +3 0 —1
€L > ML » TL % _% =] = |
€ > MR > TR 0 0 —1 -2
up, Cp, I 3 +3 +3 +3
di.’ Si.’ bi. % _% _% +%
uR, CR’ tR O 0 +% +%
dg, Sk, br 0 0 -3 —3
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Le Interazioni Deboli : Riassunto

<> Nel settore dei leptoni abbiamo solo:

(Ve )L (\"u )L (Vt )L

A A

—  E’ naturale organizzare | leptoni in DOPPIETTI
di particelle levogire :

I, =+1/2: V, v, V.
_ _ _ I, =1/2
L=-12: e ) \u ) \7 )

ed in SINGOLETTI di particelle destrogire :
I; =0: (e_)R (.u_)R (T—)R I, =0
Abbiamo quindi Multipletti di Isospin Debole :

(7,.1%)

( nothing to do with ordinary spin or flavour isospin ...

Mz ... Just common SU(2) mathematics )
A.A.2012-2013



<> Analogamente per il settore dei quark avremo:

(d”), (s" ). ("),
u_ ; CL ; L ;
W+ W+ W+

(d", s’, b" are the CKM-rotated weak eigenstates)

Si formano DOPPIETTI di quark levogiri :

W

I3 =+1/2: U c t

4 4 4
I =-1/2: ,d_.r, s _b_L

I, =1/2

w

e SINGOLETTI di quark destrogiri :
(2) & (€)z (7)x
(d,)R (S,)R (b,)R
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< Turn this into a gauge theory by requiring
iInvariance under local SU(2) phase

transformations: W)

Wy =y ="y

where: 1=(t,.7,.7,) are the Pauli matrices

(O l) [O —i) [1 0 J
T, = T, = T =

1 0O B i 0 0 -1
and  W(x) = (7, (x), 7, (x),W;(x))

Corresponds to invariance under rotations in
“‘weak isospin” space about a direction varying
with position and time

<> Requires the introduction of 3 gauge fields
Wy

and the resulting gauge invariance leads to
conservation of weak isospin

1
W= (W +imy)
\/5 1 2
form a multiplet
W =W, ,© P
with I, =1
|
= i)
V2 )
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© Ww* and 7~ can be identified with the
charged W* bosons

eg. e
e e+ W' >v,

W+ I,: -+ 1 —>+=

¢ W, must mediate interactions like

e + W, —>e

L: -1+ 0 —»-.

(]|

—> corresponds to a neutral gauge boson W?°

l.e. SU(2) gauge invariance requires the
existence of weak neutral currents

e V

¢ Tempting to identify 7, = Z°
But: W* and Z° have different masses
—» can't belong to same SU(2) multiplet



¢ But: there is another neutral gauge boson,

the photon, with the same quantum
numbers as the Z°

—> W, could be a mixture of Z° and vy

—_— unification of EM and weak forces

<> In the Standard Model:
Wl =cosOy.Z" +sn 6. 4"

where 6, Is the Weinberg angle

T

has to be determined from experiment :
sin” @y, = 0.23

<> The combination orthogonal to W, 1S
BY =—=sm@,.Z" +cosb,.4"

In the Standard Model, B" is the gauge boson
associated with a local U(1) phase invariance

e
where U(1) = group of all 1x1 unitary matrices:

U=*) U'U=1



O Hence, overall, the electroweak sector of
the SM is invariant under two independent

symmetries:
SUZ2) ® U(1)
L, B
““““ T~ mix to form
Z0% and vy

¢ Interactions of W%, Z0% and y are completely
specified, and find

gwsinfy =g, cosby smby =e
N

\ photon

coupling
Hence W*, Z° and vy interaction strengths are
all of similar size

2 2

in fact Wz, Z0 [ 1 g, |1 e 1

P — —

— —

are stronger:  4r 29  Ar 22 Am 137

“Weak” interactions only appear weak at low
energies because of large W, Z mass
| -1
—» propagator ———==—5 (small)
q —My My

InVYaWAVEVAVAVE R




¢ Left- and right-handed components interact
with Z° with strengths ¢, and ¢ :

(e7)L (e7)r
L Cr

(€))L (€7)r
70 70

For a particle of charge Q, weak isospin I, :

73 _ ein?
¢, =1, —0sm" 0

cg = —Osin’ 8y
Weak bit of Z (i.e. W9) EM bitof Z (i.e. B¥)
couples to |eft-handed couples equally to left-
particles only and right-handed
(with strength prop to (with strength prop to
weak isospin ]3,) electric charge Q)

<> Overall interaction contains factor

CL(I—'yS)"'cR(l"'yS): (CL +CR)_(CL _CR)y

_ 5
=Cy — 7

5



¢ Vertex factor for Z0 is:

_i%}/ﬂ (cv _CA'}/S)
70

where Cy =€ tCx } vector and axial vector

C,=¢C.—Cy coupling constants

¢ Forsin20, =023

fermion | Q /v%/ CL Cr Cy Ca
VeV Ve |0 | 42 > 0 S 3
e u .t | -1 | -3 [-027] 023]-0.04| —5
wet | +3 | +5 | 035(-015[+019|
d.s'b | =5 | =3 |—042| 0.08|-035| 3

<> Note that, for neutrinos:

o] =

c, = cg =0 Cy =Cy =

t|

—> coupling to Z° is V-A, just as for W=

— still only left-handed neutrinos




NC

3
o)
IS
¥ y

Fermion f I5 of ', el
Ves Vs V +3 0 2 p

-— -— -— 1 .
L > ML » Ty =0 =1 —3 —3 + 2sin® Oy,
U, Cp, tI, +% +':2§ ‘% ‘% = %Sinz 9w

’ / ’ 1 1 .
dp, sp, by -2 — —3 —3 + §sin® Oy,
CR ) }J.R-, tR_ 0 _1 0 Slnz Hw
| R 0 +2 0 —4%sin? Oy
) A 1 0 -1 0 £sin? Oy,

Accoppiamenti vettoriali e assiali dei fermioni allo Z come
predetti dal Modello Standard.
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Le coppie WW e ZZ
a LEP fase ll
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Sezioni d’ urto e Luminosita’ integrate a

Year | Energy | Integrated
(GeV) |Lumi (pb')|] Sebbene la statistica sia molto inferiore
1995 130 3] aquelladiLEP I, le sezione d’ urto sono
000 12? 18 tipicamente 3 ordini di grandezza piu’
179 10 piccole, lo spettro di argomenti di fisica
1997 130 ,| € molto ricco. Affrontiamo tra questi la
136 o] produzione di coppie W e la ricerca del
183 50] bosone di Higgs.
1998 189 170
1999 192 30 preliminary
196 80
200 80 L 3
202 40 104
2000 205 80 :
207 140 o o' e’ g
3 * e'e —qq(y)
107 * e'e —u'u(y)
Q ]
& ]
- .
510>
O
5}
7p]
%
e 10 3
O B
| ® ete WW™
1T 9 . eenzz |.
1 e'eWWwy I/ | 94—
41 ® e+e——>W | |
10 < - e'eoHZ
. m, —11SGeV
Maggio 2013 80 100 120 140 160 180 200

Vs (GeV)



Ritorno radiativo allo Z

'NSN I
013
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Effective C.M. Energy
OPAL 189 - 209 GeV

g LI DL B BB LA B .2
@ 4 (a) hadrons 4
= 107 =
103
10 2
0.2 0.4 0.6 0.8 1
Vs'/INs
=z T T T | 133
S S
= £

Dove /s e' dato dalla massa combinata

delle coppie de1 fermioni.
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Esempio: le correzioni radiative e My,

Confrontiamo il valore di M, (a; M,;G, )all 'ordine

piu' basso con le misure sperimentali.
* PREDICT My = 80.937 GeV

* MEASURE M-~y = 80.426 4+ 0.034 GeV

-» Lowest order prediction is inconsistent with the

measurement
-» Need to include higher order diagrams - radiative

corrections !

b H ?
U VAN v

t W b

2
M, In(my,) ?
Mw?sin® 0y, = 71U{ﬂ(l + Ar)
W V26,

where Ar = AMtzop + Bln(mpg)

and where A and I3 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.

Maggio 2013 Carlo Dionisi FNSN I 19
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For example:

% In 1994 precise measurements gave a prediction of the
(then undiscovered) top-quark mass:

MY = 175 4 20 Gev

% Later in 1994 it was discovered:

T T T T T
200 7 =
— 150
= - ® Tevatron
) B SM constraint -
" 68% CL
100 - -
: The LEP EWWG, E
Phys. Rep. 427,257 (2006) 1
Direct search lower limit (95% CL)
50 =Tt 0T =% % 5 rF ¢ 7 x 1
1990 1995 2000 2005
Year

La figura mostra I’evoluzione delle misure dirette e indirette,
dal fit elettrodebole , della massa del quark top all’aumentare
negli anni della precisione delle misure dei dati.

Maggio 2013 Carlo Dionisi FNSN Il 20
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‘ The Top Quark I

leptons Charge

e o T 1 The existence of the
(\,.e) (v“) (vt) ) TOP QUARK is pre-
dicted by the Standard

quarks e.g. proton (uud) Model and is required

u c t +3 to explain a number of
( d ) ( S ) ( b ) -1 observations:

+ anti-particles

Example: absence of the decay K° — ;ﬁ'u‘

d W W In the Standard Model

0 the top quark cancels

K the contributions from
S < i the w and ¢ quarks

Example: Electro-magnetic anomalies

This triangle diagram leads to in-

f Y finities in the theory unless
Y f ZQf =0
7
f Y where the sum is over all

fermions (and colours)

ZQJ-‘=[3 X (-1)]+[3 X 0]+[3 X 3 X §]+[3 X 3 %X (-%)]=O
f

Maggio 2013 Carlo Dionisi FNSN Il 21
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\ W+TW ™ at LEP |

* ete™ collisions Ws produced in pairs.
% In Standard Model 3 possible diagrams for

ete W+W_
I:w >’W{ >WW<
'325 SRR RN RN T
= - o(Without ZO)
gz" 3 G(With Z°)
e |
0 | -
5 | E
E L1l | L1l I L1l I Ll 1l | L1l I Ll l:

O150 160 170 180 190 200 210
Vs [GeV]
Cross section sensitive to pres-
ence of the Triple Gauge Boson

vertex ZO°W T W —
1996-2000, LEP operated above
the threshold for W W ~ pro-

Maggio 2 yuction Vs > 2Mw




LEP Preliminary

ol RacoonWW / YESWW 1.14
I é
o oo tty
0 B ’ O
2 15
%b _ :
10
i 18 |
i —— YFSWW 1.14
B —— RacoonWW +
I 17 b -
5 _— ®
R
i 16 |
0_||I||||I||||I [T N A TR SR S N N SR SR N
160 170 180 190 200 210
E.. [GeV]
Cross section agrees
with Standard Model
prediction. Confirma-
tion of the existence of
the Z°W T W — vertex
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‘ W W ~ Decay at LEP I

In Standard Model: W*£v and W+qq
couplings are equal.

e L T u
Vevuvrd S

EXPECT (assuming 3 COLOURS)
* Br(W* — qq) = 2
* Br(W* — fv)=

QCD corrections ~ (1 + a /) =»
Br(W* — qq) = 0.675

WW-=lvlv

%
WW-—-qqlv ‘\\Q

Wl o

Maggio. WW— qqqq 24
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| W W~ Events in OPAL |
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Transverse Imbalance : .3665 Longitudinal Imbalance : 3354
Thrust: .7432 Major : 4897 Minor : 3135
Event DAQ Time : 980824 53636

Maggio 2013
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i

d

i coppie

Produzione d

Z-Pair Production

Z-Pair Production

Un candidato ZZ di DELPHI

28

Carlo Dionisi FNSN I
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| W-Boson Mass and Width I

Unlike ete~™ — Z°, W boson production at LEP is

not a resonant process

M-~z measured differently.

Reconstruct invariant mass distribution.

Use measured lepton/jet momenta and energies to

estimate N5 on an event-by-event basis

* %% %

-’ﬁQ19ﬁ12?11_)’69 ﬁl/
= MW — E(Mqa —|— M]n)

OPAL 183-209 GeV JL at=677 pb™

'_2300 R B e e
2 r [ signal qqqq
. [ Combinatorial big ' 1

L [ Other b/g

" Cl M | 1 | i
60 65 70 75 80 85 920 95 100 105
m /GeV

| I'w = 2.12 2 0.11 GeV I
| M, = 80.423 4 0.038 GeV I

Maggio 2013 Carlo Dionisi FNSN Il
A.A.2012-2013

29



Risoluzione in massa per il W

E
1
E3
6 e12
34
E, E
$5000
‘d:) " | 2C Kinematic Fit
=
W 4000  — Hadronic Mass
o
Q
@ 3000
>
Ll
2000
1000
0 ™|

-30 -20 -10 O 10 20 30
qqlv Mg, -M;, .. (GeV)

Kinematic fit: £ and P conservation,
possibly Mijo> = May

‘ SMW/MW - 6Ebeam/Ebeam I
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| W-Boson Mass and Width |

* Unlike ete~ — Z%, W boson production at LEP is
not a resonant process

* M~x measured differently.

% Reconstruct invariant mass distribution.

* Use measured lepton/jet momenta and energies to

estimate N5, on an event-by-event basis

*ﬁql7ﬁ1291ﬁ’69 ﬁu
=) MW — E(Mqa —|- M]n)

OPAL 183-209 GeV JL at=677 pb™
:2300_.|.||.||||..|,...||.|..|.|..|..|.|.-|.||.._
- -3 Signal qqqq
=250 L

- [ Combinatorial b/g
200 — —
L I Other b/g
150
100
50
0 s,
60 6 70 7 80 85 90 9 100 105
m /Ge\
2 300 : —
E 250 —
200 —
150
100
50 —
O l A 1 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 |
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Risultati per la Massa e la Larghezza del W

W-Boson Mass [GeV]

pp-colliders —+e— 80.454 + 0.059
L= —— 80.412 + 0.042
Average 4~ 80.426+0.034
¥*/DoF: 0.3/ 1
NuTeV gy p— 80.136 £ 0.084
LEP1/SLD —A— 80.373 £ 0.033
LEP1/SLD/m, -A- 80.378 £ 0.023
80 80.2 80.4 80.6
m,, [GeV]

W-Boson Width [GeV]

pp-colliders . 2.115+0.105
LEP2 B 2.150 £ 0.091
Average — 2.139 £ 0.069

¥*/DoF: 0.1/ 1
pp indirect = 2.1771 £0.062
LEP1/SLD . 2.092 +0.003
LEP1/SLD/m, A 2.092 £ 0.002

2 2.2 2.4

Iy [GeV]
Maggio 2013 Carlo Dionisi FNSN Il 32
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‘ W-Boson Decay Width I

Nel Modello Standard I',, €' data da:

9o Mw
487

Gr Mw*®
627

From p-decay : Gr = 1.166 X 10~5 GeV 2,
From LEP measure : Mw = 80.423 + 0.038 GeV.

Therefore predict partial width
= IT'(W™ - e Ue) = 227MeV

(W™ e v,) =

Total width is the sum over all partial widths:
W~ — e Ve
wW— — u v,
W= — 717U,
W— — du
W— — sc

Di conseguenza, SE I’accoppiamneto del W ai leptoni e ai quark
e’ lo stesso e ci sono 3 colori. Ci aspettiamo:

r = ZI‘?;:(3+2X3)I‘(W_—>e_ﬁe)

2

2.1 GeV

Maggio 2013 Carlo Dionisi FNSN I 33
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Il valore misurato a LEP ¢’: I'y;, =2.150 = 0.091 GeV

* L’ intensita’ dell’accoppiamento del W e’ Universale;

* Un’altra evidenza dell’ esistenza del colore.

Maggio 2013 Carlo Dionisi FNSN Il 34
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Riassunto alla “Bignami” del Modello Standard

X Glashow (1961), Weinberg (1967) and Salam (1968) model
treats EM and WEAK interactions as different
manifestations of a UNIFIED force.

% It is somewhat ad hoc
% But gives concrete predictions - i.e. a testable theory
% provides perfect description of precise data

* “Basic idea” - start with 4 massless bosons,
{W, W% W~} and B°. The neutral bosons mix to
give physical BOSONS, (the particles we see), i.e. the W T,
Z° and ~.

% %
wo |, B— | Z° | .~
W= W~
Physical Fields : W, W T Z°, A (photon)
ZO . WO COS HH" — B sin HH
A = W"Ysinfy + BcosOy
. M,
e =gsin@,, Mzo = 5~

Gw : Angolo di mixing debole

Maggio 2013 Carlo Dionisi FNSN Il 35
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Weak Hypercharge

AV = Wl sinfw + BY cos

Weak Isospin
b s
W0

Bw

Weak Axis

Z0 = WY cos By — BY sin Oy

w W= and Z° ‘acquire’ mass via the HIGGS MECHANISM

The beauty of the model is that it makes exact predictions:
% Weak coupling constant: ¢ = ¢ sin 6,
X The mass of the Z° boson

— My
MZO T cosOw

% The couplings of the Z° boson
% ONLY 3 free parameters !

IF we know { e,y GF, sin Oy } everything else is

FIXED, i.e. predict My, Mo, couplings, etc.

Maggio 2013 Carlo Dionisi FNSN Il 36
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‘ 7.9 Neutral Current I

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

e vV, d u
e—b—{ Ve—b—{ d—b—{ u—b—{
YA YA 7" 7"
i vy, S C
I V“—b—{ S —P—{ c —P—{
7' 7' 7" 7"
T V. b t
_._{ _._{ b_._{ t_._{
7’ YA 7" 7’
WEAK NC NEVER changes flavour

Z° couplings are a “MIXTURE” of weak and
electro-magnetic couplings

WEAK NC couplings therefore depend on sin? Oy

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

g 1 5
= _y#(Cy — Ca®)
cos Oy 2
Maggio 2013 Carlo Dionisi FNSN I 37
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| Summary of Standard Model Vertices I

ELECTROMAGNETIC (QED)
- q Couples to CHARGE

Does NOT change
FLAVOUR

o

— ; |

STRONG (QCD)

q  Couples to COLOUR

Does NOT change
FLAVOUR

\
rQ

WEAK Charged Current
Ve @’ Changes FLAVOUR

[ oV
_ - w ckm . . .
€ _._/ For QUARKS: coupling

u
l777’ - BETWEEN generations
g W 1777, '

—

o = W
WEAK Neutral Current
e,V, q
q Does NOT change
FLAVOUR
ZO
Maggio 2013 Carlo Dionisi FNSN Il
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‘ Summary |

* Abbiamo ora 5 misure precise di alcuni dei
parametri fondamentali del Modello Standard.

X Qem
* Gr=(1.16632-+0.00002) X 10~° GeV 2

* My,= (80.423 4 0.038) GeV
* Myo= (91.1875 4 0.0021) GeV
* sin?6y, = 0.23143 + 0.00015

Nel Modello Standard, SOLO 3 sono INDIPENDENTTI !
La loro consistenza ¢’ un test di una potenza straordinaria per

IL MODELLO STANDARD
DELLE INTERAZIONI ELETTRODEBOLI !

ESEMPIO: M,,

Nel Modello standard si puo’ predire M,, usando la teoria
perdurbativa all’ordine piu’ basso:

G B T e, 1
P V/2sin? 0y Mw?
M2
sin?fy, = 1— W
M 702

I1 Modello Standard fornisce anche * una finestra * :
‘“ on physics Beyond the Standard Model “

Maggio 2013 Carlo Dionisi FNSN I 39
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