O
Elementary Particles II

2 — Electroweak Interaction

Universal Current-Current Interaction,
Intermediate Vector Bosons, Gauge Symmetry,
Spontaneous Symmetry Breaking, Electroweak
Unification, Neutral Currents, Discovery of W
& Z, Precision Measurements, Higgs
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Electroweak Interaction

Standard Model:

Electromagnetic and Weak Interaction unified into Electroweak
Energy scale where unification is evident:

E~My, M,~ 100 GeV

At lower energies:

Can still find tiny traces of the unification (Electroweak interference, Parity
violation in atomic processes,...)

Electroweak interaction split into two, almost not interfering, effective interactions:

f

Non fundamental, useful low energy approximations

Electromagnetic

Weak

Fall 2013

E.Menichetti - Universita' di Torino




V-A-1

After a long history of beta decay experiments: Current-Current (Fermi) Interaction
including Vector & Axial Vector terms in order to account for P & C violation
C
Y afr)

2 ¢F [14—?’7 w

Neutrino helicity = — I yields lepton current =V —A

Y, =(1-7")v, =—"(1-7")

i

Cy (D, ) (@ (1= 7)1, )+ Co (8, 7,758, ) (27" (1- 75)%)}

C'=-C — [1+i75
Cl

J A8 (1=77 )0, )= Cu (8,58, ) (" (1=7°) )
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V-A-1II

Therefore:
G = C —
Hint = T;CV wp,yu I_C_:,YS wn (we’)/ﬂ <1_75>¢y)

Many violations in weak processes :

Space Parity (large)

Charge Parity (large)

CP (very small)

T(very small)

Flavor conservation(Isospin, S,C, B, T)(larger + smaller)

Lepton numbers (Neutrino oscillations)
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V-A-III

Observe:
26, (- C _ (=7
H =—* 1-—4 s
int \/5 wpfyu, CV ’YS ’l?bn ’lvbefy 7 wy
2
A 1—~° A~
it} Projection operator — ( )‘ :1 27
2G C (1-°)]
_>Hin = . QZ /7 [1__A/7 wn Jevu - < w]/
t \/5 pu CV 5 2
— C —[14++° 1—~°
— H, =26, 9,7, [1- 27, |4, [we — Ly =L wy]
C, 2 2

Lepton current written as pure vector between chiral parts of v,e states

— The weak charged current is just the same as the e.m. current, except it operates
between chiral projections with different charge AQ = +/
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Universality: Leptons

pt—e +v, v, p—e +v,+v, p decay

Extend V-A to muon weak interactions:

p +p—n+v, p capture, involves nucleon current
L decay purely leptonic:

Guess: Current-Current, V-A for both electron and muon charged currents

Lagrangian density:
G, _
L= _TS[VY“ (l—fys)eHefy“ (l—fys)l/]+H.C.

Compute:

W Lifetime
Electron energy spectrum
Electron longitudinal polarization
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Universal Weak Coupling

Measure o lifetime, get Fermi constant:

1927°

5
7,m,

G = —=1.1638 107° GeV >

After careful (radiative) corrections:

G¥ =1.16637 10 GeV >

Measure 7 lifetime and BR to electron, get Fermi constant:

1“ 5 3
G(FT):\/ T2 @) 1927 6 10 Gev

5
Ptot 7—7' mT

Compare to Fermi constant from 3 decay:

G\ =1.163910° GeV 2

— Universal leptonic charged current!
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u Decay: C & P Violations

Polarized ;1= decay: j rest frame
dN* 2x—1
dxd cos 0 3—2x

x= plgnix , 9<I(s#,pe>

14+ cosé

=x° (3—2x)

cos 6@

0.3
0
05
:
02 04 0.6

coSs

' 0.5 I
‘ c . ‘
08 02 04 C'rS 08
X X
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Inverse Muon Decay - 1

Charged current:

v,tTe —u +v,

ZTT —Z\/— )7 (1= u (V)] [@(3), (15 )u(1)]
#(4)7, (1=75)u(2)] |7 (4)7" (1= )u (2)

SEP;_ ( ) ( )H a) < )] [Fl(,ﬁb+mb)r2(,ﬁa+ma)]
ZTfi =64G; (i p,)(Ps Ps)

2
1| M
2E

S|t =256G2E*
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Inverse Muon Decay - 11

2

1

*

d—OZG—IzE*le— m

aa 2F

2 2]’

L3 m *
—>0:4GFE21— 21|, E CM energy of e,v
T 2F
E'~.2mE,
8G§mﬂ .

— 0= E o E, athigh energy

T

o badly divergent
— Unphysical
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Neutrino — Lepton Scattering - I

Charged current v, /v, — e scattering:

NB Actually incomplete:
Missing neutral current amplitude leading to the same final states

Cross sections must be avaluated by adding all the relevant amplitudes
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Neutrino — Lepton Scattering - 11
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Neutrino — Lepton Scattering - I11

ve —ve

<‘T‘2> G22mE, (1— 9*)2
o, \'sl ] Gp2mE,(1—cos

A 64rs 167

Total cross section:
G;2mE,

31

~0.574 10°"E, (GeV) cm

0-17e =
ve —re

<‘T ] > G2 2mE,

dQ* 647%s 47?

Total cross section:
G.2mE,

™

~1.7210E, (GeV) cm

Ope =
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Neutrino — Lepton Scattering - IV

Total cross sections:

2
o, = Gp2mE, ~0.57410 "' E, (GeV) cm’
3r
2
o, = Gr2mE, 17 10" E, (GeV) cm’
7

as divergent at high energy as the inverse muon decay

NB Cross sections only crude approximations:

Neutral current contribute not included

Interesting factor x3 between re and ve
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Neutrino — Lepton Scattering - V

Origin of factor x3:

e (3
ft y
incoming ’ J, =0 outgoing, 2 = +1 # J, =0
v v
| allowed at all ang,lv;-s.
(4 €
ft Y
incoming A J: = +1 outgoing, 2 = +1 y J; = -1
v v

forbidden (angular momentum) at 2 = +1
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Unitarity Troubles - 1

Divergence at high energy : Unitarity bound violated around E, ~ 300 GeV
41

_F: E*z

Unitarity bound for S-Wave scattering

Reminder: (Simpler) Spinless potential scattering

Expand incident (plane) wave into angular momentum eigenstates
LI 21 +1D|(—1) e ™ —e" | P(cosf

, Zkr;( )|(=1) | P (cos )
Outgoing spherical wave phase shifted by potential:

\Ijtotal — \I[scattered + \I[ - 2_ Z (21 + 1) [( 1) e_lkr - 771 2151 eikr ] P[ (COS 0)

kr =5
lkr o) n 2151 1 eikr
\Ijscattered :\I[total kr Z(2l+1) l P(COS 0)_ r f(e)
=0
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Unitarity Troubles - I1

Outgoing elementary flux:

dq) = Vaut\llscat\:[lscat de = Vout F(9)|2 dQ
Incident flux:
@ - \Ilm\:[lmvm = Vin
o do =2 —|F@)f d©

q)in
o= [|FOf d

o2 _ 2i6,, 11"
:_Z(Zl—l—l) e 1‘(2m—|—1) 1‘
i
xf P (cos0)P, (cos0)dS2
ne*™ —1 i 47
Z(Zl—l—l) ’ } :k—22(2l+l)sin26
l

4 . 4 o .

— 0,y =—5sin’§, < Unitarity bound for S-Wave scattering

=k = E?
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Renormalization Troubles - 1

Suppose Fermi’s theory can be saved by radiative corrections:
Assume divergent cross-section as due to our limited, tree-level approximation
Maybe higher orders could fix it

Take QED as an example

These diagrams (and higher orders) divergent:

However, nice fix available by renormalization procedure

Very successful program, leading to extraordinary accuracy & agreement
between theory and experiment
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Renormalization Troubles - 11

Higher order diagrams in Fermi’s theory:

Cannot be fixed by renormalization: Fermi’s theory non-renormalizable

Indeed: Each vertex ~ G
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Renormalization Troubles - 111

Lagrangian density (x# decay etc)

Lo == 57,7 (17 )7, (1= 7).
Action dimension:

S = [ Lyppyd'x >[S]= ET = EE" =0
S[Ly,,]=F

(L] =[G ][ ¥ ]

Field dimension: [y]= E%

= [Lyoi] =[G, ] E° = E*

-[6,]=E"

Amplitude dimension: [A]=0

— Loop diagrams of higher orders include integrals of higher powers of k

— More and more divergent

E.Menichetti - Universita' di Torino
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Beyond Fermi’s Theory

Current-Current must be a low energy effective theory:
Low energy approximation of a more general theory

As anticipated:

Replace contact interaction (current-current) by boson exchange:
Modeled after the electromagnetic interaction
Exchanged particle must be

Charged (Charged current +)

Chiral  (Only coupled to left chiral parts: Parity violation)
Heavy (Fermi’s point-like interaction OK at low energy)

E.Menichetti - Universita' di Torino
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Intermediate Vector Boson - 1

A) (Quarks and) Leptons both interact through the exchange of vector particles

Some key points

AQ=+1 AQ=0
g e
I'g'
W z gl
I 4
. . o e
Yertice in corrente carica Yertice in corrente neutra Vertice elettromagnetico

E.Menichetti - Universita' di Torino
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Intermediate Vector Boson - 11

B) Exchanged vector bosons are (very) massive

Range of weak interaction quite small:
Compare B-decay of nuclei, R<R

nucleus

Cannot tell how large is boson mass, just raw estimate M > [ GeV

C) Exchanged vector bosons have undefined parity

Parity violation
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Intermediate Vector Boson - 111

_ M,
8w —4 Mqu/ w (Gauge dependent)

W propagator: —i

8., — 4,4, /My . 8,
qz_Mz Nle

w w

2
L] a0l : <1>]-8u[—<2>1 <z>]
T, = u, —~y"(1— A P 1— U,
" [2,—2]8w[f27( 7 )u | S (=)

w

g’ -independent

gv =q,, Charged current coupling constant

G _\/E[SW

2

Fermi constant

M

g

w
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Intermediate Vector Boson - IV

Showing how Standard Model diagrams collapse into current-current at low energy:

l.guy_q‘uqy/M‘i’/ Nl g/ﬂ/

2 2
< M: — — I~
7 v g —M} M
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Intermediate Vector Boson - V

Good fix for some problems:
Cross sections of several neutrino reactions

Inverse Muon Decay:

Vy I‘_

271.2 4 271.2
e Gt w OV o G;[l; , 4k < M, G;k , 4P < M,
_ F w ~ ~
dQ, _167:21(2(418—1\4;] “ae,, | ¢ium 777 G
16F—2W2’4k2 > M, 4F k;V’ 4k*> > M,
T I

No divergence!
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Intermediate Vector Boson - VI

Charged current (only), tree level elastic (anti) electronic neutrino-electron cross sections:

v,‘+e—e+v,

2 2 2
do_ ., 16G; My | 4k .
I ey
q> ~ -2k’ (1—0030)
s >~ 4k*
= ' 2 2 2272
Hazﬂ 4k - — G MW, no divergence!
7 4k* ¥>my
1+—
MW
. v,te—v,t+e
o~ G:M,, 4k’ _G:M,, 1
3r M?2 : 37 M?2 :
16k*|1— 2 ak? |1- 2
4k 4k
204
— GrMy no divergence!
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Intermediate Vector Boson - VII

Another dark side of naive IVB model:
Take hypothetical reaction

v, +7, —W'4+W"

No question, not easy to realize in the lab...
Nevertheless, it should be possible to compute cross section

Anyway, similar issues for the (realistic) reaction

et +e -WH+WwW-

E.Menichetti - Universita' di Torino
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Intermediate Vector Boson - VIII

Central issue:

Massive W= bosons in the final state

— 3 polarization states for a massive vector particle

Rest frame:
e, =(0,1,0,0) .

e, Transverse polarizatiom
£, = (0, 0, 1,0)

e, =(0,0,0,1) ¢, Longitudinal polarization
After a z-boost, carrying the W to 4-momentum k' = (ko, 0,0, k)
&r (k) =& (O)
a M
e, (K)=| K 0.0, Ko | = KL | M
M M M k,

w w w

E.Menichetti - Universita' di Torino
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Intermediate Vector Boson - IX
Matrix el t(l=v,W",2=0,W ;p=v,k=W):

T," =g, (kz,Az)s;*(kl,Al)V(pz)v“(1—%)(51__5)1th2)7”(1 vs)u(p)

By:

Neglecting ;4 mass,

restricting to longitudinally polarized W's (A =0),

taking the high energy(>> M, ) limit for the polarization 4 — vectors,

commuting s :

7 = Trll, (=) (£~ KK B KB~ KK A

(p1 k1)

Summing over initial spins:

> g 84 do Gﬁ
e .k .k e 1 0%—: E 9
; B CRUCED M, B (1 —cos"0) i gl "

No simple solution for this problem :

Massive vector particles cannot make it without 3 polarization states
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Intermediate Vector Boson - X

Compare to well known QED process

» Space

No contribution from longitudinal photons:
Real photons always transverse, as a consequence of gauge invariance of QED

Hope the gauge invariance benefits can be extended to weak interactions..

E.Menichetti - Universita' di Torino Fall 2013



Intermediate Vector Boson - XI

Is that a single trouble, unrelated to the full IVB scheme?
Have a look at diagrams including virtual W:
Discover that a new divergence hits hard our naive IVB model..

Looking at virtual W propagator:

—g +kk /M
g“y2 a ”2/ A — const
KMl e

— Will make diagrams with virtual Ws divergent at high energy

Serious illness of IVB model, particularly relevant for neutral current processes

E.Menichetti - Universita' di Torino
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Intermediate Vector Boson - XII

Neutral current reactions like:

Io i
v u vy Vy —- - -,
W
W W
W
g~ —- - - & g —- = - g
Ve Ve

But we can’t compute loop diagrams including virtual W:

Divergent, IVB theory not renormalizable
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Intermediate Vector Boson - XIII
Then: Expect strong suppression

After first observations: Cross sections = to allowed processes

v,+e —e +v,

v,te —pu +v,

Suggestion:
Maybe neutral currents do exist at tree level, e.g.

e L - e

[Indeed, neutral currents are required in standard electroweak theory]

Basic requirement: Theory must be renormalizable, as is QED
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Universality: Quarks

Semileptonic and non leptonic processes understood in terms of quarks

Basically similar coupling to leptonic charged currents:

Obzerve: g.q different quarkz

Charged current

Picture is slightly more complicated, however
Fundamental question:

Is the quark coupling identical to the lepton one?
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Families - 1

Consider charged current of leptons:

Very natural to group charged and neutral leptons into doublets, or families

Within each doublet, charged current transitions can be thought as due to emission/absorption of
W=*bosons , similar to (neutral) e.m. current transitions

W — —Ww*
N
w — W

Similar for 2nd, 3rd family
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Families - I1

Natural to extend this scheme to quarks
u c t
d S b

W__>Tul_>W+
W «— d «—WT*

Similar for 2nd, 3rd family

Almost correct, but incomplete:
Does not account for strangeness (more generally, — flavour) violating processes

Cabibbo’s very ingenious idea:

Quark flavor eigenstates (i.e., quark model eigenstates) are not to be identified with

quark weak currents
—Weak currents are mixtures of different flavors

By universal convention, mixing is assumed between d , s, b quarks
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Families - IT1

In terms of mixed “d-like” quarks, with just 2 families:

\ .
s —sinf,. cosf,. || s

d' cost. sind,. |(d _
= ¢. Cabibbo's angle

This explain many things....
How to extract 6.7

Just one example: Get the angle from £ decay

G,(f ) = O.975G,(,’“‘ )(Remember that 2% difference ?)
— G =cos6,G"

— 0. ~13°
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Families - IV

Extend the 1dea to 3 families:

From Cabibbo’s angle to Cabibbo-Kobayashi-Maskawa matrix

Hnd H}.S LI;LEF |d} |d!}
Via Ve V| [18)| = |15}
‘L';d L:ts 1’::5 |b} |H}

From unitarity:
3 mixing angles
1 complex phase  This can account for CP violation

Experimental values:

0.9753 0.221 0.003
0.221 09747 0.040
0.009 0.039 0.9991

Almost diagonal
Heavy quarks even more diagonal
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v,V - Nucleon Cross Section - 1

Extend V-A to neutrino-nucleon scattering
V,+N->u +X

— +

V,+N->u +X

Somewhat similar to e-N, 1N deep inelastic scattering
Modeling similar to DIS: Parton elastic scattering

Deep ineastic neutrino scattering reveals the same structure as charged lepton DIS

More information: Charged current sensitive to parton charge sign

— Can separate quark/antiquark contribution

And: Yes, by looking at (anti)neutrino-nucleon DIS structure functions (probing the parton

structure by charged — and neutral — currents) one concludes that quarks couple to weak
currents exactly as leptons
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v,V - Nucleon Cross Section - 11

10 20 30 50 100 150 200 250 a00

]

0

0
I’O_J T T | T | Frfprrrerprrrrprrrrprrrtrprrreprert t 1‘0
e vN :
En 3 08
- - § }]}J—' 'EJ.I m ¥ B
- vN E
AF . 3 04
R Ll e LR S LI
= L -
= [1] m CCFR (%) [f] O BEBCWES [1I] v CES |
0.2 R x CCFR() [7] © GeMPsv  [12] ¢ axt |3 0.2
= B3] ~~ CCFRR [5] A GGM-PSv [13] x BNL-7&|3
- 4] o CDESW [9] v EEP-ITEP [14] @ CHARM|]
E '] ® GGM-SPS  [10] A SEAT .
001 1 l 1 I 1 I [ -0
0 10 20 30 50 100 150 200 250 00 aso

E, [GeV]

Linearly rising cross section confirmed...

E.Menichetti - Universita' di Torino Fall 2013



Gauge Symmetry - I

What makes QED so successful?

Renormalization program allows for computing observables with high accuracy,
comparable to experimental resolution

QED is a renormalizable field theory

Fermi’s theory is a non-renormalizable theory

And:

Naive IVB theory of weak interactions is a non-renormalizable theory

Try to discover what makes the difference
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Gauge Symmetry - 11

Back to QED for a while: Reconsider global and local gauge invariance

Free Dirac Lagrangian:
L,= J(x)(iq/“ﬁﬂ — m)w(x>
Invariant upon global gauge transformation:

Y(x) = ' (x) =eP(x)
_ _ ~_ ", « constant
) (x) = P'(x) =" (x)
Noether's theorem — Conserved current:
0,5 (x)=0. 5" (x) = (x)7"(x

— Conserved charge:

0= fso (x)d3r = const

E.Menichetti - Universita' di Torino
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Gauge Symmetry - 111

Non invariant under local gauge transformation:
Y(x) = ' (x) = e ()
b (x) = 9 (x) =" (x)

L, — L,"= L, +‘]1$(x)7u¢<x>aﬂf(x>

Define then a covariant derivative as:

D,(x)=[0, +igA, (1] (x)

where, upon the previous local gauge transformation:

A, ()= 4, (1) =4, (x) +0,f (4

Then the Lagrangian:
L= B (x){i7"D, —m) () = L, — b ()"0 (x) A, (3
1s invariant

L contains an interaction term (<— j“AM)

E.Menichetti - Universita' di Torino Fall 2013




Gauge Symmetry - IV

Consider a single family of massless leptons:
Ly =it (x)7"0, (x) +ith, (x)7"0,, (x)

Chiral spinors:
0 (x) = P () =5 1=7) 0 (x)
v (x) = B (x) = (1+79¢()

Ly (770,00 T (0 (5 (), (1) +

Observe: Do not require massless <<— L— only) neutrino at this stage

Charged current: Connecting two leptons with AQ = +1

To encode this into a symmetry scheme, define the doublet:

— Ly =10 " (x)7"0, 0 = (x)+ i * (x)7"D b ® (x)+ith, * (x)7"D 4,

E.Menichetti - Universita' di Torino
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Gauge Symmetry - V

Suppose the L-doublet realizes the fundamental representation of a SU (2) (gauge) symmetry

of the weak interaction , exactly as U (1) is the (gauge) symmetry of QED

Then L-spinors will transform
U (x) =08 (x)=U (a) " (x)= exp[ioijj/2]\IfL (x)
s (x) T '(x) =t ()C)UT (a) =t (x)exp[—ioijj/2]

o, 0,,0, 3 continuous, real parameters

T,,T,,T, Pauli matrices

[Reminder : [T,., T j] = 2ig, Tk]

Also take R-spinors as SU (2) singlets:
W (x) = ' (x) = O (x), )7 (x) = 07" (x) = 07 )
W (x) = W (x) = W5 (x), 07 (x) = W) (x) = U] (x)
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Gauge Symmetry - VI

Expect conserved current after L invariance under infinitesimal SU (2) transformations :
U (x)— 0 (x) = (l—i—ioijj/2)\IfL (x)

Uh (x)— U (x)=T" (x)(l—iajTj/2>

Identify 3 weak isospin, conserved currents / charges:

72 ()= 20 ()t )

1= [dxif(x)= [ %\IJ” (x) 7,0 (x)

Make 2 non — Hermitian, linear combinations :

T () = 2 (x) = idf (x)] = [T (x) 7y 0" (x) = 8" (x) 77,0 ()
T ()= 2| (x)+ iy (x)]| = | (x) "7 O (x) + 0 (x) "7, B (x)]

According to Noether’s theorem :

E.Menichetti - Universita' di Torino
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Gauge Symmetry - VII

Rememeber:

mL<x>=[1ZVLL <(;>) U (x)=(4,"(x) " (x))

Then

i (x) WﬂTl‘IfL (x> _ (12 L x) ,‘ZL ( )) G [(1) (1)][12;((;))] — <1Z L <X> IZL (X>) Y IZJL(())C))]
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Gauge Symmetry - VIII

7 :%@L (x) 4 7,0 ()

T (x) "m0 (x) = (3, (v) %me[(ﬂ _(’1][‘25(<f>>]=<w<x> vt ()

o 0 = [R5 ()= T (3 ()]

Neutral (as opposed to charged) current

Observe:

2nd term is actually a part of the electromagnetic current, up to a constant factor

J i =—e(x)7"¥(x)

Might be possible to unify EM and weak interactions.

But:

Count 3 weak isospin 4 1 electromagnetic = 4 currents = 2 charged + 2 neutral

— Unified symmetry group must be larger that SU(2), which has only 3 parameters
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Gauge Symmetry - IX

Early models ( between ’50s and ’60s...):

Neutral current = 3rd weak isospin current

Symmetry group is SU(2);xU(1),

SU(2), (Non Abelian) symmetry group of weak interactions of L-fermions
U(1), (Abelian) symmetry group of QED

Then:

Neutral current has same V-A structure of charged current
(Wrong: When finally observed, neutral current was found # V-A)

Weak and Electromagnetic interactions stay independent
(Wrong: At high energy, proofs of unification easily found)
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Gauge Symmetry - X

Rather assume the symmetry group of (unified) Electroweak interaction is
SU2),xU(1)y

where Y is a new observable called weak hypercharge

T =Lt =8 == (07 (3) 2 [ (0)976, (1) (x) " (+)

s I =2 D) ()= B (5 () = B () ()

— Conserved charge:

Y, = [d's] <x):%_13w

Fermion EW quantum numbers: Defined by 1,1, Y

Different for different chiralities!

E.Menichetti - Universita' di Torino
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Gauge Symmetry - XI

Find the EW quantum numbers of (chiral) leptons :

AT L>=—1\1,L> Y, |l L>:—%‘l L)
L'|v,Ly=+=|v,L) Y, VZ,L>:—%|1/Z L)
L'|I".R)=0 Y, |l Ry=—|I".L)
L'|v,R)=0 Y, v, R)=0

Fall 2013
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Gauge Symmetry - XII

Extend to local SU (2) gauge transformations: Similar to QCD
L —doublet

I (x) — Ut '(x) =U (a)\IfL (x) = exp[igwj (x)Tj/Z]\IfL (x)
gt (x) — Ut '(x) =yt (x)UT (a) =t (x)exp[—i gw; (x)Tj/Z]

R —singlet

w; (x) : 3 real parameters, functions of (r,t)

As for QED: L, not invariant

Ly 1= Ly ol =L = g ()7, Ao, (1) ()
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Gauge Symmetry - XIII

— Define a covariant derivative for the doublet:

9" U (x) — D" (x) = " (x)

9" + %TJ.WJ.“ (x)

W :triplet of (charged, massless) ,photon / gluon —like vector fields

Requiring suitable transformation rules:

[Repeated indexes summed, w, infinitesimal]

W (x) = W) (x) =W/ (x) - 0"w, (x) - ge yw, (x) W/ (x)

— L invariant
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Gauge Symmetry - XIV

Now consider weak hypercharge U (1) gauge transformations: Similar to QED
Y(x) =0 (x) =0 ()

B(x) = B(x)= Blx)e

— Define a covariant derivative:

8“¢(x) — D“@b(x) = [3“ +ig'B" (x)]¢(x)

B" : Neutral, massless photon / gluon — like vector field

g': New coupling constant
B"(x)— B"'(x)=B"(x)-0"f ()

— L invariant
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Gauge Symmetry - XV
Collecting all pieces together:

L:i[\TJL (x)ﬁ\IJL (x)_|_1ZR (x)ﬁ¢R (x)—|—1Zf (x),D/ibf <X)]

v (x

DA (x)= |0 +i S (x)_i%'m (x)

Dyt () =|o7 18 B (3

v (x)
D“@bf (x) — 8“¢f (x)
Write it as:

L=L,+L
L =—gJ' (x)W,, — gJ5 (x)W,, — gJ§ (x)W,, — g} (x) B, (x)
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Gauge Symmetry - XVI

To understand the meaning of the interaction terms :

Re — write the interaction part

Define
W, ()=, ()i, (x]
W, (x) = —=[W, (x) +iW,, ()

V2

And get for the first 2 terms:

2 ()W, () 7% (x)W, ()

I

— L

I—ch — 2\/_

Charged current interaction of L — fermions
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Gauge Symmetry - XVII

Define:
W, (x)=cos 0wz, (x)+sin oA, (x)
B,(x)=—sin6,Z, (x)+cosf, A, (x)

I

Reminder:
1
Ty (%)== T (x)= I (x)

—g'Jy (x)B,(x)=—¢'

—

Ly ()= 72 (x)[| - sin6, 2, (x) + cos6, 4, (x)]
e

—gJ! (x)WM =—gJ} (x)[cos OwZ, (x)+sin Oy A, (x)]
— Remaining terms:

—Jh (x)g?'[_ sin6), Z, (x) +cos by, A, (x)] -

—J! (x){g [cos 0yZ,(x)+sinb, A, (x)] +g '[— sinf, Z, (x)-+cosb, A, (x)]}

E.Menichetti - Universita' di Torino
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Gauge Symmetry - XVIII

Most simple way of unifying the EM and weak interaction :

Require this condition on g’, 8, constants
gsing, = g'cosg, =e

and contemplate the miracle:

L=-J4 (x)A, —=2=J" ()W, +J* (X)W, ——2 {Jf(x)—sinzﬁwjﬂ(x)

ﬂ2\/§

Electromagnetic interaction
Charged current weak interaction

Neutral current weak interaction

E.Menichetti - Universita' di Torino
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Neutral Current - 1

As a result of the weak-electromagnetic unification, neutral currents are different from charged

5
(1 ) ) Charged

—l gW ,YM
Lorentz structure not V — A V2 ; 2 s
C, —Cyv
—ingy“< 4 5 A ) Neutral
Fermion C, C,
VUV, +1/2 +1/2
_ e,u, 7 —1/2+2sin@, —1/2
Coupling .
u,c,t  +1/2—4/3sin* 6, +1/2
d,s,b —1/2+2/3sin*6,  —1/2

6y new fundamental constant

What about interaction strength?

Fall 2013
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Neutral Current - 11

Tight relationship between weak and electromagnetic interactions
Coupling constants:

e

v = sin 6,

e

sin 6, cos 0,

Z

Charged, neutral and electromagnetic couplings fixed by 2 universal constants:

e : Elementary charge

6,,: Weinberg angle, new fundamental constant

sin’f,, = 0.231224-0.00015

E.Menichetti - Universita' di Torino
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Neutral Current - 111

Expect to observe typical processes like:

v ,_)—I—N—>(1/ 176)—|—hadr0n shower  New
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Gauge Boson Terms - 1

As for QED:

Additional terms required in order to account for:
Energy, Momentum, Angular Momentum
carried over by the fields

Weak Hypercharge field:

~ B () B (3)

B" (x)=0"B*(x)—0“B" (x)

Similar to QED: Abelian symmetry U (1)

Weak Isospin fields:
3 . .
_iszuv (x) G (x)
i=1

G (x)= VW # (x) —o*w W (x)+g Z gijkw(l)ﬂ (x)W(k)V (x)
h M ’ i,j=1

plilny (x)

Similar to QCD: Non-Abelian symmetry SU (2),

E.Menichetti - Universita' di Torino
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Gauge Boson Terms - 11

Gauge Boson Lagrangian:

1 v | : i i) uv
L' == B, (1) B (1) 2,6, ()6 (x)

i=1

1 y 1< Ny
I Z_ZBW (x) B (x)—ZZI:F( )W (x)F( Ju (x)
)
£8 3 W OWE (W ()L S e WO (W (W, (W,
i k=1 i, jklm=1

L; =Free term

L;, = Self-Interaction term

E.Menichetti - Universita' di Torino
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Gauge Boson Terms - 111

Free term: Rewrite using A* W* W™ Z":

= (3 P (2) =2 P (3 Y (1) =5 2,0 (1) 27 (3)

Field tensors:

Fo (x)=9,4,(x)=9,4,(x)

F*,. (x)=0,W,(x)=9,W,(x)

FYim (x)= W™ (x)—a"W“‘ (x)
)=0“Z" (x)—0"Z"(x)

Coupled to EM current
} Coupled to Charged current

Z" (x Coupled to Neutral current

Self-Interaction term: Similar to 3- and 4-gluons terms of QCD

w* wt Y“P w*

yor Z°

yor Z°

E.Menichetti - Universita' di Torino
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Mass - 1

Massless leptons & gauge bosons not physical: Mass must be there

But: Putting by hand' a mass term in L would spoil gauge invariance

Gauge bosons:

my W, W* +%m§ZﬂZ”

Take W as an example:

W > W —0"w (x)—g&, w, (x)W/ infinitesimal parameters

Then:

szVW,thﬂ — my, (VViW —0“@ (x)- 8€ @, (X)W ) (VVzﬂ —0“@ (x)- 8@, (x) W )
—# my, W, W*

E.Menichetti - Universita' di Torino
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Mass - 11

Leptons :
—my (x)y ()

Write in terms of chiral parts :

1

—mw(x)w(x>=—mr/7(x>[a+PL}a(x)

p =1+7/5’ PL=1—;/5

2 2
() 2 T w(x)=—mv7(x)((1+775j2+(1_7%')2JW(X)
o () P25 Ny ()=, (3 ()= (), (2

Not invariant under SU (2):
L, R chiral parts live in different SU (2) representations
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Mass - 111

Bottom line: Any mass term not invariant

Glashow model (1961): Put mass by hand
— Gauge invariance lost, back to naive IVB

Finally, discover a subtle mechanism to give mass to physical states,
without spoiling gauge invariance:

Spontaneous Symmetry Breaking

Broad phenomenology, also remotely rooted in classical physics
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Symmetries: Frequently approximate — Broken II

Breaking modes:

(a) Explicit breaking (b) Spontaneous breaking

H=H,+H, H symmetric, ground state non symmetric

H, invariant

H, non-invariant

Ex: Hydrogen atom in a magnetic field B Ex: Ferromagnetism

) ) T >T.:M =0 — Dipoles randomly oriented

e . o
H,= L _ze rotationally invariant — Rotational symmetry
2m r

H, =—p-B invariant wrt rotations around B

— H, degeneracies removed by H, T <T.: M # 0 — Dipoles pick some direction

— H degeneracies not removed

Ground state degenerate
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SSB - 11

High Temperature Low Temperature
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SSB - 111

Take a first year classical mechanics exercise:
Bead sliding frictionless along a spinning hoop
Find equilibrium angle

N Ny
l
9
Nx
tmg
Funny observation:
Critical frequency: cosf, =1= ‘g
Wy R

For w<a), : Different solution
6,=0

E.Menichetti - Universita' di Torino

N =mw’R
N, = N cosf = mw’Rcos = mg

8

—cosf, = —=2—
0
W’R
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SSB - 1V

T = lmv2 = lm(Rzé2 +w?R?sin® 9)
2 2

V=mgy= ng(l—cosG)

L=T-V= %mRZH.2 —O—%mszz sin® @ —mgR (1—cos )

1 202
L= E mR"0" — Veﬂ
Define effective potential,including centrifugal term :
’Rsin’ 6
V. = —lmsz2 sin” 6 + mgR (1—cos§) = mgR|(1—cos 0)—&
T 2g

Define reduced effective potential, 5 parameter :
w’R

%
=% :(1—0030)—l sin’ 6
mgR 2 g
W’R
8=
8

—U :(1—cos9)—lﬁsin20:2sin2Q—£<1—cos2 0): 2sin2g[
2 2 2 2

1—600s2§

)

E.Menichetti - Universita' di Torino
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SSB -V

Find equilibrium angles,identify stable and unstable :
ou
——=sinf(1—(Gcosf)=0
v (1= Beos0)
1 A } fi=0
cosf, =—
H
P
6,=0 uee
2 2 1
8012]:0059—&:0529 "
o°U r |
> =1—(3 stable for <1 o3
90~ |,_, 0 , ; '
1 -3 i -3 0 0 : § i
2
0 12] :ﬁ—l stable for 3 >1 g2/ |
00 0=, 15
-2 1
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SSB - VI

Showing how shape of potential curve, equilibrium angle change with

Wi

estubll

a) <l — 1 eq. angle
p>1 — 2 eq. angles: Cannot tell which one will be found
Reflection symmetry of V lost («— spontaneously broken) in the solution of eq. of motion

b) Small oscillations around equilibrium angle:
p<1 — OK Symmetrical wrt origin
p>1 — KO Non symmetrical wrt origin

E.Menichetti - Universita' di Torino
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SSB - VII

Quantum Mechanics: Simple system with 1 degree of freedom:
|

1 2

L 2 2( .2 2
L—me —5)\ (x —n )

1 2
V(ix)==X\(x"—-n’

(1) =2 (¢ =)
Potential: Parity symmetric v
V(x)=V(=x)

Expand around =+ 7 to quadratic terms only: Harmonic oscillator

|—|-> solution, centered on + 7

|—> solution centered on —n

Naively:

Expect two degenerate ground states, both with undefined parity
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SSB - VIII

But:

H not diagonal in this basis
(A1) = (A | = a2 = () =

Physical reason : Tunneling through central barrier

— Diagonalize, find:

Eigenstates Energies
S)=[+)+|-)  a+b
Ay=l+)-|-)  a-b

S > , | A> : Parity eigenstates
— Degeneracy removed: Just 1 ground state

E za—|b|

ground

E.Menichetti - Universita' di Torino
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SSB - IX

Field theory: Real scalar field

1 2
L=§(aﬂ¢) —V({D) R W>01>0 _ wW<0r>0
1 2 42 1 2 44 g =

V(go):E,u ¢ +Z/1 ¢*,A>0
Reflection symmetric: V (¢) =V (-¢)
V Minima:

>0:0=0 I I
#>0:9 NP I

2
2c0:p=v =1 |-
U Y \/ 1

V Minima: Defining vacuum state (< Cannot have less energy )

4° >0: Vacuum (non degenerate) = Zero field

1° <0:Vacuum (degenerate!) = v # Zero field !!
v = Vacuum Expectation Value (VEV) of ¢

E.Menichetti - Universita' di Torino
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SSB - X

<¢(x)>0 =V Spontaneous Symmetry Breakdown
Define: ¢(x)=v+7(x)

— L= %(aﬂn)z —/l(vzrf —v’ —%n‘j = B(aﬂn)2 —/11/2772}—/11/773 —%/1774

L= %(aﬂry)2 — Av’n’ +higherpewersof 71

— Free Klein-Gordon equation — Scalar quantum field

Choose vacuum state:

m* =2Av> s m=+-24" >0

[Observe: 1> <0 — Imaginary mass in original L!]

KO: L(n)# L(-n)

Reflection symmetry spontaneously broken
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SSB - X1

What makes the difference between a single degree of freedom system and a field?

1 degree of freedom: Vacuum not degenerate

«— Tunneling

oo degrees of freedom: Vacuum degenerate

«— Tunneling not effective

Indeed, it can be shown that:

—aV
A, oxe

funne , V system volume
~ 0 for a (infinite) field

— A

tunnel

E.Menichetti - Universita' di Torino
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SSB - X11

Field theory: Complex scalar field
1 . . 1 :
¢:$(¢1 +ig, ), ¢ =ﬁ(¢1 —ig,)

L=(9,0)(2"9) -V (9)

V(9)= ¢ 9+A(9'9) ,A> 0,47 <0
U (1) symmetric: ¢ — ¢'=e"
Observe: U (1) continuous symmetry

V Minima:

2

R

— Vacuum infinitely degenerate

Choose vacuum = (v,0)

— U (1) symmetry spontaneously broken
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SSB - XIII

Define:

0(x)= [V +£ () +in ()]
L=-{(8,¢) +(2,1)' |+ wn* Thigherpowersar

Free Klein-Gordon equations for (£,7)
But: "Kinetic energy" terms for both ¢£,77; Mass term only for 77
n field excitations: massive scalar particles

¢ field excitations: massless scalar particles, aka Goldstone Bosons
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SSB - XIV

Goldstone Theorem:
SSB of a continuous, global (<— non local) symmetry

Symmetry generators transform any vacuum state into another one

n generators not annihilating the vacuum — Appearance of n massless scalars = Goldstone bosons
Example form condensed matter physics:

Ferromagnet — Rotational symmetry lost — Spin waves = Goldstones

Would seem to definitely destroy our hint of a Standard Model:

341 massless gauge bosons, only one observed

4 massless scalar bosons, none observed
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Higgs Mechanism - I

Local gauge invariance + SSB: Higgs mechanism, evading Goldstone's theorem

Simple, yet subtle way of giving mass to gauge bosons

without spoiling gauge invariance (and renormalizability)

Higgs example:

U (1) gauge group, require local symmetry:
Gauge vector boson A, to be introduced, coupling to some current as usual

Now: Add "sombrero" potential for a complex, scalar field ¢ = ¢, +i¢,
. * 1 v * * 2
L=|(0,—ieA,)¢'] ——FF" — 2’ 6= A6'0) + s
4 Current-field
1nteraction etc

(8“ + ieA“)(b

As found before:

Degenerate vacuum state — SSB picks as vacuum state (v,0)
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Higgs Mechanism - I1

—¢=v+n +in,

L written in terms of 7,7, :

Upon quantization, 2 scalar particles — m, =~/2\v*,m, =0
Plugging ¢ =v+mn, +in, into L:

2
m

L= ;(aunl)<5“771>__2>‘v h ;(8M772)<5“772>

1 1

+—(e ) A"A, ——F, F" +evA"0 n, +
;2 4 —,ﬂ_z

7

Masstve vector!

Attempting to understand L:
Massive vector field A"+ Massive scalar field 7,+ Massless scalar field 7,

Troubling term coupling A" and 7,
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Higgs Mechanism - I1I

Use gauge invariance:
b—o'=e "
A — A" =A"+0 0
Choose 6 to make ¢ real: Then n, =0 (<— Unitary gauge)

My
1 | ‘ |

1 2 v
—>L:§<8Mn1>(8“771>—52)\v2n12+§(ev) AMA“J_ZF“”FM +...

v
Massive vector!

Massive vector field A*+ Massive scalar field 7,

Counting degrees of freedom:
2+]1+1=3+1 OK
& —— ¥ -

A, ¢ A, m
Standard picture:

By effect of a smart gauge transformation, the massless vector field A,

has eaten the Goldstone boson 7, to become massive

E.Menichetti - Universita' di Torino
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Higgs Mechanism - IV

Attempting to dissipate some misunderstandings likely to sneak in:

Mostly related to our naive perception of what is really a 'particle’

1) Where is the mass?

To identify mass terms in L: Not necessarily a trivial task

Key point: Particle content only meaningful in perturbative expansion
L=(0,0)(0"0) ~(~1'¢'8)=A(¢'0) N> 0.7 >0

—u” — Imaginary mass — Nonsense — 777

But: To use this form of L to extract Feynman rules, should expand around |qb| =0

Unstable extremum — Can't make it

Lz%(@un)z —\in? 4

Expand around n =0

Stable extremum — OK — Particle content should be identified in this form

E.Menichetti - Universita' di Torino
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Higgs Mechanism - V

Nothing: L invariant under local gauge transformations, including the one to unitary gauge:

2)What's so special in unitary gauge?

— L describe the same physics before and after the gauge transofrmation

But: Particle content much easier to extract in the unitary gauge

3) Disappearing Goldstones !?

Indeed: And re-appearing as extra degrees of freedom for massive gauge bosons

See comment above on the tricky business of defining what is a particle...

4)What decides which vacuum is selected among the many?

Not really relevant

5) Could we make it with the SM without SSB and all that complicated swapping of degrees of freedom?

Actually no: SSB is an intrinsic feature of certain quantum systems
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SM -1

Higgs mechanism exploited to fix troublesome massless
gauge bosons in the unified electroweak interaction

Boson counting:

Local gauge symmetry SU(2), ® U (1), — 4 vector bosons
Will need 3 symmetries spontaneously broken

to give mass to 3 weak bosons: Photon is massless

Extend Abelian Higgs model to non-Abelian gauge symmetry:

Introduce a doublet of complex, scalar fields:

WO

Q[qzb+ (x)] =+1
0[6" ()] = 0

Assumingy =1—
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SM - 11

O,

SU(2), ®U (1) Gauge transformation of doublet:

Jo

%a(x)-‘r—l—g?'ye(x)l

¢—>¢':exp{—i

SU(2), ®U (1) Covariant derivative:
Erwr il yB"
2 2

— Additional term to EW lagrangian:

—D D" 24 )
L, =D,¢'D"¢—’¢'¢—\(¢'¢)
Take p*> <0, A>0:

D' = 8" +i

o v [
o 22 2 A
Pick ground state (= vacuum) as
0
(¢),=| v |— SSB of Electroweak gauge symmetry
J2

E.Menichetti - Universita' di Torino
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SM - 111

Associated with each generator of the gauge group not leaving invariant the vacuum

(¢), Invariant under G — € (@) == (1+iaG){¢), =(p), <~ G(¢), =0
Take generators of SU (2), ®U (1), :

ol Sl

Goldstone boson:

ol 1l
ol 514l

But: Q(0), = (¥ +7.)(2), =0

—(¢),: U(1) , Invariant — U (I)Q symmetry unbroken — Photon stays massless

E.Menichetti - Universita' di Torino
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SM - IV

As before for the Higgs model, rewrite:
1| ot 0,

¢_\/§[V+771+i772

4
A 2
—>V:—Z—>\—|—)\v27712+)\v771 (0124—022—|—7712—|—?722)—|—Z(012+0§+7712+7722>

3 massless scalars: o, ,0,,1, < The Goldstones

1 massive scalar: i, ,m =m, =+2\v" « The Higgs

Ui

Gauge transformation suitable to get rid of 3 Goldstones:

Y
T T 24y +in,] 2 lv+n,

SU(2), rotation of doublet to make it 'down’
<<— Unitary gauge)

U (I)Y re-phasing of doublet to make it real

E.Menichetti - Universita' di Torino
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SM -V

Re-write gauge terms of L in the unitary gauge, in terms of the physical fields:

L,+L,

_ —iFW (x) F* () Photon

—%FWW (x)F" T (x)—l—%m,f,WJW“ W= boson

—%ZW (x)z" (x)—i—%méZMZ“ Z° boson

+(8N0)(8“0)—%m§az H Higgs boson

+Ly, + Ly + Ly Gauge-Higgs, Higgs self-, Gauge self-interactions

E.Menichetti - Universita' di Torino
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SM - VI

Finding the acquired mass of gauge bosons in terms of couplings
and VEV of the Higgs field:

2
8 %
m ., =—=,|——
w 2 )\ gvz
2 12 2 >_)mZO :mWi 1+?
gt t+e?) [
2 2 A
m, =
m,, =—2u> =777

Model parameters v, A and 0, :

2

=]t

A
A=

gsinf, = g'cosf, =e
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SM - VII

Lepton masses: Different mechanism required

— Yukawa (scalar) coupling

Describing interaction between Dirac and scalar fields:
V ~ gU¢V |, Static limit:

__8e”
4 r
L, =—g [\TIIL(leR +%Rq>hpf]— g, [\Tffi)zpj +QZ£§>T\IJZL] b= ¢;]

=0 for massless neutrino

In the unitary gauge:

I - I —
LHL - _;mlwl wl O_;mulwl/,wulo-

Lepton masses in terms of model parameters:

Vg, V8.,
RERCRNG
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SM - VIII

Model parameters:
8,8 "_Mz’)\’gl’gyl
Quite remarkably, get m,,,m, by measured constants:

o= !
137.04
1G, =1.166 10°GeV ™

sin® 6, = 0.23122

L

—my, =715 GeV,m, =884 GeV
Experimental values:

my, = 80.40 GeV,m, =90.19 GeV

Difference originating from radiative corrections

Higgs:
m,, =~—2p° =\2A7 — 272
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SM - IX

Relating model parameters to measured constants e,G,.,sin 0,

e . e

§ sinf),, § cos b,
2 2

o _Y2[ e ) 86 (s | M, |2

F=—|—1 — = — =

8 (M, 2o (M, g 8G,

2 2

o, = V2g? ﬁez _313 Gy

8G, 8G,sin" 0, sinf,,
M, M, 373 GeV

 cos 0, ~ sin 0,, cos 0,

e

0
v_ 111 N
- 2 JN26G, J2 JV8G, 7

No clues on A — No (direct )prediction of M, =/2v’\

~174 GeV — (¢), =

0

2 VEV of the Higgs field
174 GeV
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SM - X

Lepton-Gauge Boson vertexes:

e

A,

E.Menichetti - Universita' di Torino

EM -iQ, 27" e,

. g _ .
o Toos0, ey .:]Zsm2 Oy (1+75)
+(2sin29W—l)(1—y5)]eZ”.
Neutral Current - NC e
—i—=—yy*(l1-y. v Z .
4cos 6, 7 75) =

. & — +
—zmvy”(l—}’s)eWy
Charged Current - CC
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SM - XI

igsinf, Lg“’e (k, -k )" +g™(p-k, )ﬁ

+g™ (k_ —p)a]W;Wﬁ_A

u

Gauge bosons self-interaction vertexes:
W,

igcosty | g (k, —k.)" +g™ (p—k,)"

+g™ (k_ —p)a}W;WgZ”.

E
3
g
E

_igl sin2 GW |:2g,uvgaﬁ . guagvﬁ _guﬂgav:l
x W;W;A,A4,,

ha VB

—ig”sinB, cos b, [2g‘"’g“ﬂ -g%g
g g™ -| W W, AZ

B TuTve

>
>
<
>
N

W Wi W Wi —ig2 C082 9W [2guvga,ﬂ _g}tagvﬁ

upg __av -
_g g :IPK:Wﬁ ZyZv >

_ig.'l [2gpvgaﬁ . g,uagvﬁ
_gﬂﬁgav ]WW‘;W:PK—
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SM - XII

Higgs vertexes:

2AMEAN2G g W W' 2iMiN2G, g Z] Z}h

C 3 zi’*ﬂ;ﬂ
%’Ss raY
’ N P \‘
’ . - ~
” Y ’ N
&, - #, LY
S ~ .’ -
’ .
’ h “h h h

2iMy2G, g hh W} W, 2iM22G,g* hhZ] Z]
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SM - XIII

Extension to 2nd, 3rd lepton family: Straightforward

Will need 2+2 = 4 new parameters (Yukawa couplings)

'Minimal' Standard Model:

Massless neutrinos — gfj’;) =0

'Non Minimal' Standard Model:
Neutrino mixing (<— Require massive neutrinos, mixing matrix) :
Account for observed neutrino oscillations

May indicate physics beyond Standard Model

Extension to 3 quark families: Similar to leptons
Will need 6 more parameters
Will require CKM 'flavor rotation' (see later)

Strong interaction effects

- Flavor physics

E.Menichetti - Universita' di Torino
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SM - XIV

Fermion electroweak quantum numbers:

Generations Quantum Numbers

helicity 1. 2. 3. Q 15 Y

v, vy Vs 0 1/2 -1

e ), "), T ), -1 -1/2 -1

L

( u.) ((- ) ( t ) 2/3 1/2 1/3

d ), s ), L S Ve B 1/3

Cp Hi r -1 () -2
R [y Cr f” 2/3 0 1/3
(IH SR bh’ —1/3 0 —2/3
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Neutral Currents Discovery - I

Predicted by Glashow-Salam-Weinberg model ('60s)

Not really accepted for a long time:

Mostly because of strong suppression of strangeness changing decays like:
K> u‘uy~ BR <107

not accounted for. Compare:

K" —u'v, BR 634 %

Also because it was not clearly demonstrated that GSW was renormalizable

Two breakthroughs:

GIM prediction of charm to solve the K’ — u*u~ puzzle ('70)
GSW model shown to be renormalizable by 't Hooft (71)

— Sudden wave of interest in gauge theories

E.Menichetti - Universita' di Torino Fall 2013




Neutral Currents Discovery - II

Most shocking prediction of GSW: neutral currents, never seen before

Main interest = Prediction of new phenomena

— Try to find neutral currents to validate GSW

Best opportunity :

High energy neutrino interactions

Larger cross sections
No EM background

Drawback:

Neutrino experiments difficult

E.Menichetti - Universita' di Torino Fall 2013




Neutral Currents Discovery - II1

Take 2 body decays of 7, K obtained from a high energy proton machine

Neutrino beams

Kinematics:

=)
KT S+ vy

,89 %M, p
P E*,0,* u CM
pﬂ,Eﬂ,Hﬂ 1 LAB

2
P, =EV:#={ MeV

CM : Isotropic decay
P 1 4dp  dp d(cosé’)

d(cosd’) 2 dE d(cosd’) dE

E.Menichetti - Universita' di Torino
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Neutral Currents Discovery - IV

Lorentz transform to LAB:

E=V(E*+,Bp*cosé’*)—>dE:yﬁp*d(cose*)%d(cose*):%
p
dP 1
- = .
dE 2yBp
2 _m2
y(1+B)E =y(1+8) ;1\1; £ max
Flat distribution over wide interval: < i .K i
—m
y(1-B)E"= y(1- B)—=5“—~ min
2M
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Neutral Currents Discovery -V

— Broad LAB v, energy distribution

Energy spectrum

NE) B

> Ev/ExK

043 0.95
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Neutral Currents Discovery - VI

a) Narrow Band Beam: v energy known, low intensity
Magnetic selection of a narrow /K momentum window

Magnetic Analysis & Selection: Absorber
Dipoles, Quads, Momentum Slits Muon Monitor
Protons
— g
External Target
Decay Tunnel v Target
Hadron Monitor 8
Detector

77K momentum well defined

Beam/Detector geometry: r<<L

E.Menichetti - Universita' di Torino Fall 2013




Neutral Currents Discovery - VI

Measure v energy by direction:

Exploit hadron beam ~ monocromaticity

Zona decadimento
dizeK Rivelatore

2 2
p.=p,+p,—p,=r.—p,—(p.) =(p.— 1)
mi :mfr—2p7r-py —>m§—mi :2(E7TEV—p7T-pV)

2 2 2 2
e m’—m. _ m;—m;
" 2(E ¢ —p,gcos0,) 2E  (1—pBcos,)
sin —
. * — 1 1
tanf = it 0: —tanf = = —~—=—"r<1
v (cos 6, + ) 7[COS7T N 5] By v ol
m , —m, m: , —m.

E = ~
2E_, (1—Bcosb) 2k

E.Menichetti - Universita' di Torino
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Neutral Currents Discovery

L meem wew
V_2E 1—5+592 _2E 1= 52+692
T, K 2 T, K 1—|—6
2 2
E o~ T B~1
- -3 e2)"
2E +—
’ 2 2
2
2 [
m- |1 E
E m;,K . mi m,K [ mi,K m,K
Y 1 2 2 1 2
E7rK ’}’2+9 E7r,K 72—’_9
2 2
m
m72rK 1_m2u E 1_m2u ]
E _ 17r,K :E’ T, K

ENERGY (Gev)

TOTAL

120 Gev

140 Gev

150t

168 Gev

RADIUS

[inches)

E.Menichetti - Universita' di Torino
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Neutral Currents Discovery - VIII

b) Wide Band Beam: v energy unknown, high intensity

Replace magnetic selection by a special focussing device, suitable to make a low divergence
hadron beam out of an uncollimated, divergent source: Van der Meer Horn

(@]
i

Collect a wide momentum window, focus into a narrow, intense beam

Fall 2013
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Neutral Currents Discovery - IX

2 conical (high) current sheets:

Equivalent to many trapezoidal current loops symmetrically placed around the axis
— Circular magnetic field (red circumference)

Deflection should compensate ( PT>
of hadrons coming out of the target:

Trajectory in the B field: ~ Circular arc <p > ~ pAO ~0.2 GeV at PS energies
; :

GeV

pe 0.2 GeV ~|p| A0 = 0.3BAI
p|=03BR {B T S

R m mp GIgUCSS. .
Deflection after a path length / in the field: B = SL — 0.2 GeV ~ |p| Al ~ 0.35#Al

wr wr
Ap=21_g3p2t p|AO27r
R p| — I~ ——~ 10 A!
0.3, Al
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Neutral Currents Discovery - X

Narrow/Wideband beam spectra
SPS beam

“” I ¥ T T ¥

vivl spectra
wBB for COHS detector

Pp =400 GeV/e i
Pax = 200 GeV/c

v

The Gargamelle horn

v [v)/GeV./10% incident protons

0 50 100 150 200 50 300
E, [GeV

E.Menichetti - Universita' di Torino
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Neutral Currents Discovery - XI

Length: 4.8 m
Diameter: 2m
Liquid Freon: 12 m3

E.Menichetti - Universita' di Torino
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Neutral Currents Discovery - XII

V-e Processes > _
VM# VM#

A Pure NC VA
e/'\e: e/\ﬁ_
2 2 2 2
o (E)= Gr's —l—l— sin’ HW] —|—lsin4 0, o (E)= G s\l —l—l— sin®@,, | +sin*g,
v,e T 2 3 Yue T |3 2
0.16x104! E(GeV) cm? 0.13x104! E(GeV) cm?

%

P Interference 0

1% ZO ......... : A

: * Y CcoeNe > L C
. p _ _

2 2 2
g TNYE) = G;’s [l—l—sin2 HW] —|—lsin4 0, oSN E) = Gi's [ +sin” 6 ] +sin* 6,
Vet T |2 3 vee I8
0.96x104 E(GeV) 0.40x104 E(GeV) cnm?
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Neutral Currents Discovery - XIII

Effective couplings for several reactions

Electroweak theory V-A theory
Reaction £ v £A 2v 2A
vete —vete +Hl 0 —3+2% ] 0 0
Vute — Vute -1 -11+er -% 0 0
Vete — vete +1 +1 42 1 1 |
Ve+e — Vo+e -1 +3+27 45 1 I
Vp+e = U+ Ve +1 | I I I
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Neutral Currents Discovery - XIV

Differential cross sections:

E,' E
~ ¢  Bijork
E : jorken y
dO'Ve G’m i 2 2 |
dyﬂ = gﬂ.e E, _(gV+gA)2+(gV_gA) (l_y) +Ev (gi_g‘%)y_
dO-Ve sz i |
dy“ = 57["EV_(gv—gA)2+(gV+gA)2(1—y)2+EV(gi—gé)y_
¢ 1
J=y)ay= Iydy—g
0
Total cross sections:
Gm, | 1 m, 1 ]
~0,, == *F, _(8v+gA)2+§(gv—gA)2+Evg(gi—gé)_
2m i m |
— 0y, =— *E, _(g 84) (gv+gA)2+E:§(8A—85)_
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Neutral Currents Discovery - XV

First Gargamelle
leptonic neutral current event

- a
Neutraler Strom S
. ‘ -~
= "schwaches Licht " [ » S
P e ea— i @ \._5
1) vV,
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Neutral Currents Discovery - XVI

V—q,q processes

VMﬂ
Z°
W
VMﬂ
Z°
‘7/.\‘?
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Neutral Currents Discovery - XVII

1 4 ., 1
gy =7 —5sin 6, 84=3 u,c,t
g'vz—%—k%sinzﬁw g'A—% d,s,b
gL—l—gsinzﬁw gR——§SIIl29W u,c,t
g'L——l—i—%sinzﬁw 8R:%Sin29w d,s,b

dy dy 27 V_ i
dO'Vﬂ dO',,ﬁ G;m i 2 2 |
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Neutral Currents Discovery - XVIII

do, do, do,,
u = ﬂ'l‘ - Vugq
dxdy Zq:q(x) dy Zq:q (x) dy
dO-VﬂN sz 0 2 2 _ 2 ) o B ~
T —— (2, +2, Ja+a(1-y)")+ (8’ + 80 ) (T +a(1-y) )
do, v Gim o ; B , 2 o -
ixdy — gﬂ-N xE, _(gR + 8r )(Q+Q(1—)’) )+(gL +g; )(6]+6](1—y) )_
R) = O (V) RY = O e (‘j) . o (V)
e (V) o (V) o (V)
RN_ 2RN . Rliv—Rév
g g = g e, ( ; )
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Neutral Currents Discovery - XIX

Gargamelle Gargamelle
charged current hadronic neutral current event

E.Menichetti - Universita' di Torino
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Neutral Currents Discovery - XX

w * 3o o % O
Ll L T L
.%
meo m
532
4 @

Background

Result

5k
- 2 10k @ CC Events
sm“ g, =03 =04 -
st
(e)
0.4
0.2 n 1 A L
)
: MEASURED NEUTRON STARS
-5 100 < E < 500 MeV
(@
o L L

Y unit:

Arbit

% MONTE CARLO CALCULATION FOR
; INDUCED BACKGROUND
s
g )
o a ik 1 4 I
.200 .100 [+ +100 +200cm
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Neutral Currents Discovery - XXI




Neutral Currents Discovery - XXII

| Experimental setup (CHARM II, 1987-1991) I

electronic tracking detector

CATHODE PICK-UP STRIPS INCLINED
SCINTILLATORS STREAMER TUBES

THE LAST § MODULES OF ONE RACK
CALORMETER MOOULES

~ 700t calorimeter, digital readout of energy and direction of produced particles

E.Menichetti - Universita' di Torino Fall 2013




Neutral Currents Discovery - XXIII

a}
. s ; =;| ': ; : - E -.:o' '
Y H T T R R El .
: SR E = L vty "= ectromagnetic shower
RN 2188 lglél é!?' | = g
-]
1 by
é:f :. ; ::.é. é'?-: -é . o . .
R R T - : : - Hadronic shower
[ . . - - = - .. -
r— .::'éél ; - - . =3
:' ?!éo‘ é : é
FAEREN Soi1
: HEN :
A

Fall 2013
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Neutral Currents Discovery- XXIV

| CHARM II data I

Problem: discrimination of the NC events (~ 2500 for vue~ and i,e~ each) from
the dominant background (CC scattering, inelastic scattering)

Solution: in processes of interest v,e — v e and v,e” — e~ the value E 62 is
kinematically restricted to small values

do'dy[a.u.] dovdyla.n.]
15 } s
h:+ | *'
_' ’ 7-.-“' L e
0.5 e osf o e +
09 0.3 L1 0% 05 y !
E¢? (GaV)
Phys.Lett. B335, 246 (1994) Phys.Lett. B302, 351 (1993)

sin? ®,, = 0.2324 + 0.0083

E.Menichetti - Universita' di Torino Fall 2013




W&Z-1

Some reminescences about photons...

Free photons (j* =0): [O*A" —09" <8VA”> = j"
Lorentz condition
9,A" =0—-["A" =0
— Al =gt (q)e_iqx — ¢ =0 massless quanta
4 components " ??
a) 9,A" =0—¢"(q)q, =0— 3 components
b) Gauge freedom:
A" — AP+ 0"A, PA=0
A=iae ™ (— O'A=g"A=0OK)
— O"A =iad"e
A — A"+ "N =¢"(q)e ™ +iad"e ™ = [s“ (q)+ ia(—iqu)]e_iqx = [8“ (q)+ aqu]e_""x
— EM field unchanged by ¢ (¢) — £" (¢) + aq"

Choose a to make £° =0

— e’ (q)qﬂ =0—&-q=0— 2 components

E.Menichetti - Universita' di Torino
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W&Z-11

2 components — 2 independent "

Take photon momentum along z

el =(0 1 0 0) x-linear polarization

ey :(O 0 1 O) y - linear polarization

or
1 : .

el = NG (0 1 —i 0) Leftcircular polarization: §, = —1
1

Ep = —(O I +i 0) Right circular polarization: §, = +1

)

E.Menichetti - Universita' di Torino Fall 2013



W& Z - 111

Original wave equation:

A" —0"(0,4" )= j"

For a massive vector boson:

(O +m*)B" 0" (0,B" )= j"

Free particle:

(3 +m*)B" —0"(0,B")=0

But:

0,(3+m*)B" —0,0"(0,B")=0—(0*+m*)d,B" ~7°(9,B") =0
—m°d,B"=0—09,B"=0

Bottom line: Not an extra condition...

— (D2+m2)B“ =0

B" =¢" ( p)e*"”x — ¢"p, =0 — 3 independent components

No gauge freedom...

E.Menichetti - Universita' di Torino Fall 2013



W&Z-1V

3 independent components — 3 independent &

Take photon momentum along z

1 : o
gl = —(O 1 —i O) Left circular polarization: §, = —1

NG

Eh = —L(O I +i O) Right circular polarization: §_ = +1

V2

To find 3rd polarization 4-vector:

852%((1 0 0 ﬁ)—>s“pu:0—>aE—ﬂpzzO, —— normalization
o —pf a —f0

— el = %( p. 0 0 E) Longitudinal polarization: S, =0

et = —(0,1,-i,0); & =—(p..0.0.E) & =—-——(0,1,i,0)
(0]

e I e——— I —c—=t—>7 |
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W&Z-V

Decay: W™ —e +7V,

Vv

P LV
W

P3 Ne™

o

W /"1(1’3)

E.Menichetti - Universita' di Torino

Matrix element:

M=o, (P (P37 (1900 (pi) = ()

i (p,): outgoing fermion, v(p,): outgoing antifermion
1 1 1

ﬁ(pg)v“g(l—%)V(m):ﬁ(m)gv’“‘ (1—75)57“ (1=75)v(p,)
_ 1 1 _

-7 (Ps)E(H‘%)’Y”5(1_75)"(174):eLV“VR

LR current :

Build from rotated L, R spinors

7 Zﬁl(pg)%v”vT (p,)=2E(0,—cosf,—i,sin6)

Fall 2013




W&Z-VI

W polarization states in the rest system:
1

s}fzﬁ(o 1 —i 0)
s;:—%(o 1 +i 0)
1

ef=—(0 0 0 m)=(0 0 0 1)

3

Matrix elements for different W polarization states in the rest system:

2 2
e %%(0 1 —i 0)2%(0,—0089,—i,sm0):—gMW(1+cos€)—>|ML|2:gMv"(lntcose)2
2 2
el % %(O 1 +i 0) %(O,—cos@,—i,sin@):—g];[w(1—0059) —|M, | _ 8 My =—W(1- cos@)
2 2
el %%(0 00 m)2%(0,—cos€,—i,sin0):gf‘/lzwsin0—>|M0|2:gf“’sian
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W&Z-VII

M, [ = £20 1+ cos)
2 2

|MR|2 =8 TW (1—cos)
2 2

|M0|2 _ &My sin” 6

2-body differential decay rate:

l(l—l—cose)2
4
dl’ 2
Lot Dl = —|uf =£ 2 | sing
d$2 32n°M,, 64n°M,, 64 2
l(l—cos@)2
|4
Total rates:
fl(lzl:COSQ)deOS@d —flsinZHdcosed _4_7r
4 LA L
2
g'M
HFL:FR:FOZTTFW

E.Menichetti - Universita' di Torino
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W& Z - VIII

2 2

ML|2=g TW (14 cos)
2 2

MR|2: 5 TW (1 0039)2
2 2

M0|2— g fw sin’ 0

Averaging over the initial spin states:

(r')=3
~(r)=3

Isotropic: OK for an unpolarized mother particle

g’M; i(l—kcos@)z —|—%(1—cos€)2

2M2

—>I’(W_ —>e‘—|—§e>:

}‘(] +c0s0)?

—|—lsin20
2

1 cos@ +1 : -1

Fall 2013

E.Menichetti - Universita' di Torino



W&Z-1X

Considering all the others decay modes: Large W mass — All fermions
Do not count Top: Too heavy, decay energetically forbidden

Color factor =3

Similar to e"e= — ¢qq : Take quarks as free, on shell particles

Taking into account CKM mixing:

2 2

W™ —ev, W~ —du x3\V, W~ —dc x3|V,
W —pv, W —su ><3Vus2 W~ — sc ><3Vcs2
W™ =77, W —ba x3V,] W —be x3v,[
CKM Unitarity:
eg. V| +Vi[ +V,[ =1 etc

2

M
1, =or,  =3Mv 507 Gey

67
Experiment :

2.14+£0.04 GeV

QCD corrections..

~
~Y

massless

E.Menichetti - Universita' di Torino
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W&Z-X

Z couplings:

c, =1,—Qsin’ 0,
c, =—Qsin’ 0,
1

1
CLE(l_%')_'_CRE(l“"%)

j‘f:gzu,y,u, u
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W& Z - XI

Therefore:

®

Fermion

Q

=

CL§CR§CV

ks
=

sin” By ~ 0.23

E.Menichetti - Universita' di Torino

Ve’vﬂsvt

3“7:

uct

dsb

X

.+,

K

"'2%0 +2

=—027 0.23 _004 g

.u(‘-.

035s—015 +019

-042 008 —035

+
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W & Z - XII

Z couplings: Both to L and R fermions

Nevertheless:
Only 2 vertexes, remaining 2 =0

To show that RR vertex is O (LL similar):
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W & Z - XIII

Decay: Z° — e +e”

<|M|2> = %gz cos” 6, M [cf -|-c§]
Z[CZ -I—c,i] = [c‘f -I—cj]
_ glcos’O,M,

—>F<Z—>e+e_)— 13 [Cé-l—ci]
™
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W& Z-XIV

Br(Z—ete )=Br(Z—-pu u)=Br(Z—1t"1t7)|~3.5%
Br(Z — v\v|)=Br(Z — v;V,) =Br(Z — v3V3) |~ 6.9%
Br(Z — dd) = Br(Z — s5) = Br(Z — bE)| ~ 15%
Br(Z — uu) = Br(Z — ¢¢)|~ 12%
Br(Z — hadrons) ~ 69%

—T,=>T,=25 GeV

Experiment: I', =2.4952+( GeV

\

Fall 2013
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W&Z-XV

Ultimate systematics....

Moon:

Trains:

- —y————--

+ As the moon orbits the Earth it distorts
area very slightly !

+ The nominal radius of the accelerator of 4.3 km varies by 0.15 mm
+ Changes beam energy by ~10 MeV : need to correct for tidal effects !

the rock in the Geneva

+ Leakage currents from the TGV
railway line return to Earth following
the path of least resistance.

+ Travelling via the Versoix river and
using the LEP ring as a conductor.

+ Each time a TGV train passed by, a small
current circulated LEP slightly changing
the magnetic field in the accelerator

* LEP beam energy changes by ~10 MeV

E.Menichetti - Universita' di Torino
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W & Z Discovery -1

>t
—-—

pp—->W —=(v,+ X
10nb 3 7 (@)
nb 1
0.1nb7
—
1 10 100 VM

Similar to Drell-Yan: (photon instead of W)

§=x 28 (Xq)~0.12
§=(x,) s~ 00145 =(65GeV)’

— Cross section is small |

Fall 2013
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W & Z Discovery - 11

SPS

P26 —270 GeVic

PS 26 GeV/c PROTON SYNCHROTRON
1SR INTCRSECTING STORAGE RINGS
PSB PS BCOSTER

SPS 450 CeV/c PROTON SYNCHROTRON
AA ANTIPROTON ACCUMULATOR

w TRANSFER TUNNELS

100 metres
———

E.Menichetti - Universita' di Torino
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W & Z Discovery - 111

SppS Collider main parameters

Vs = 540 GeV

3 bunches protons, 3 bunches antiprotons,

101! particles per bunch

Luminosity =5 x 10?7 cm~sec!

First collisions 1n December 1981

E.Menichetti - Universita' di Torino Fall 2013



W & Z Discovery -1V

Stochastical cooling system

Basic principle

% . mean position
in phase space

e 107 antiprotons with
p = 3.5 GeV/c gets in
outer part of toroidalc
vacuum chamber

@ Inductor measures
discrepancy of particles

e Correction signal is send
to opposite side

@ Magnet deflects particles

Fall 2013
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W & Z Discovery -V

UA1 Detector
Central Tracker
EM calorimeter

Hadron Calorimeter

Muon System

LR Ly

LT

e O G O o o0

E.Menichetti - Universita' di Torino
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W & Z Discovery - VI

Several conditions to select events

@ More than 10000 events/s, most of them selected by a trigger

@ [race in central detector must point into center of
electromagnetic shower

@ I[ransversal momentum in central detector > 7 GeV

@ Trace must be isolated (only other traces with transversal
momentum <2.5 GeV allowed)

e Missing energy >15 GeV, has to point contrary to trace of
electron
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W & Z Discovery - VII

UA1 W—ev candidate event




W & Z Discovery - VIII

Pl ™
Hadrons

/ Electron
e{

pi(v) = —pL(H) — pu(

Neutrino (invisible)
N\ Uy

20 40 60
p,(e) [GeV/c]

®  Calculate sum of all hadron momenta in the transverse plane (to avoid
leaks along the beam lines)

®  pr(v) not exactly antiparallel to pr(e)
¢ W boson not always produced at rest, finite detector resolution
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W & Z Discovery - IX

(a)

UA?2 Candidate Z event —

) ‘b) 1 10 &V]
| <
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W & Z Discovery - X

do
dcosf
do  do dcosf’
dp, dcost dp,

= const Just an approximation

*

k . k M . *
p, = p sinf :Twsme

2
sing’ =P
MW
2
" 2 2
cosO =1—sin?0" = |1 | 2P
MW
4pT
dcos&
2.]1— 2pT 2”T
—>—: ( dcos@ R Jacobian peak atﬂ
dp; dp; 2p 2 2
M, N1—|—F
MW

Fall 2013
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W & Z Discovery - XI

Events per GeV

E.Menichetti - Universita' di Torino

Events per & GaV/e?

T T T T T
TWO ELECTROMAGMETIC CLUSTERS
¥ Events
sf {a) -
QCD Background shape
1+ Be oo
3
n
20 L0 (1] 1] 100 120

mass |GeV/ed)

Events per 2 GeV

(b) UAZ: final selections
153 events

35 events

r (13 events background)

Nmn BT
&0

T L 90
Mee 1GEVI

wo

Fall 2013




W & Z Discovery - XII

DO Z — ete™ CDF W — uv
g -
= 300
[5) B
= -
e 250 |
<) [
— B 5
2 200F 8 1500 CpFRUN I
g B ¢ [ PRELIMINARY
S 150 I
A E +
i 10 7
100 | [
50 F 500:—
C L ¥’Idof = 64/ 58
%0 70 80 90 100 110 120 ee———
60 80

100
m. (i) (GeV)

m(ee) (GeV)

m“r: = 821 b= = 17 GGV
my =93.0 £ 1.7 GeV

Current values (Particle Data Group 2006):
My = 80.403 = 0.029 GeV
m,o = 91.1876 = 0.0021 GeV
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W & Z Discovery - XIII

p— 1 1 I LI 1 Ll Ll 1 1 LI 1 — 20
o ! " w rs)
ATLAS CMS
s © CMS, 2.9 pb’ 10 nb wt = 034pb" 29pb’
m 10 ® CDF Runll w = o ok z o W
X ~ O DORunl d x i i
© | 4 UA2 1 v 7F i
- v UA1 - PO —
0 3nb SE ! {w
= = o g
. PP 4 a
L — 2 L o
I PF (a) — humi. (b)
i Tevatron B =§%
10 = 3 ip—2
- Theory: NNLO, FEWZ and MSTWO08 PDFs ~ — 1
B 1 I L 111 | | 1 1 [ T I | | | ] 0 5 i
05 1 2 S5 7 10 20 ' 7 TeV

Collider Energy [TeV]

Source: arXiv:1012.2466

®  Z0 cross section ~10 times smaller than W* boson production
® W+ cross section ~43% larger than W- at LHC (pp collider!)
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SM Internal Consistency - I

Y

Reconsidering hypothetical, troublesome reaction
v —W, W,
at very high energy

e 9

Polarization 4-vectors of longitudinally polarized Ws: -

y q=r—I

A

7 K v
- vof] 2
p My
Divergent term of matrix element:
2
g _ 1 rp
M, ~—==v(l)1—~5)—/—(1— k)—
fi 3 v (1) %)/—m< vs)u( )mW m,

E.Menichetti - Universita' di Torino
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SM Internal Consistency - II

v w* v W
IR \YAYAYAYAYS
k p k e}
Z
e Y
q
| r | ’
I VAVAVAVA VAN
v W~ v W

(o) (B)

Standard Model: Neutral Current — Two diagrams instead of one
M : Z° matrix element:

vvZ ,WWZ vertexes, Z propagator

After quite intense calculations....
2

M~ ) (1)

b b
—>Mﬁ+Mﬁ—O

Divergence fixed in a gauge theory!

E.Menichetti - Universita' di Torino
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SM Internal Consistency - III

W e w e W~
—
. W\/\/\é ) o 0
¥ Z
v A\
Q q
| f - f - r
g
ea W- eo w‘ e; wo
(a) (b) (¢)

Another, similar reaction

ete - W' W,

Quite realistic!

E.Menichetti - Universita' di Torino
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SM Internal Consistency - IV

Reason of extra divergence: R chiral parts of massive fermions
Higgs diagram:

e W~
H
e '
1

Mﬁ ~ _%geeHgWWHV(l)u (k)
— Correct compensation with gauge theory & SSB
Strong support for the Standard Model:

Higgs must be there
(or something really new must happen at ~ 1 TeV to save unitarity)
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SM Internal Consistency -V

'LEP

| PRELIMINARY

no ZWW vertgx (Gentle)
only v, exchange (Gentle)

180 200
Vs (GeV)

E.Menichetti - Universita' di Torino
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Precision Tests - 1

LEP — Precision tests of SM 1989-2000

1989-1995

Js =91.2 GeV
17 10° Z° detected

1996 —-2000

Js =161-208 GeV
30 10° WW detected

26 km circumference
4 large experiments: ALEPH, DELPHI, L3, OPAL

E.Menichetti - Universita' di Torino Fall 2013



Precision Tests - 11

ALEPH 7

electrons
positrons
protons
antiprotons
Pbions
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I11

Tests -

1S10N

Prec

Time Projection Chamber
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Precision Tests - IV

3 1 | | I | | 1 E
= . w f
: |l
E; I R !
710* + - = ° f
: e e —hadrons : e*—'—vw<
a f
o p
- f — f
Y 103 i W
5 v i
f i
i 2
f
10° .
PEP - W f
PETRA :
AN E Z -
K":m TRISTAN LEP I i I
SLACB SIL(‘
10 . LEPII E WS
L L 1 I L 1 L I L L L I 1 1 L I 1 L L l L L L I L 1 1 l L L1 I L L L I 1 L 1 I L L I-

0 20 40 60 80 100 120 140 160 180 200 220
: fi

fio t
f f f
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Precision Tests - V

e'e” > u'u  atthe Z peak

Only consider (dominant) Z diagram

N\ 7 g
u V
e- /1'91 P3\ »

Electron vertex:

_ , |
v (pz)(—ngV”)E(CV _CA};)u(pl) Electron ¢, ,c,
Z propagator :

. gﬂl/ .
—i——— Approximate, see later

q —my,

Muon vertex:

”7(1%)(_1.827‘/)%(% _CAVS)v(p4) Muon ¢, c,
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Precision Tests- VI

— Use helicity eigenstates for electron, muon vertexes

Ultrarelativistic limit — Chirality = Helicity

¢, =¢,+C,,Cpr=C,—C,
—Cy :l(CL"'CR)’CA :l(cL_CR)
2 2

1 1 1
E(CV —cA75) _>ch (1_75)+ch (1+ }/5)
— Matrix element:

1

T (07 S0P Julp) et (p) 7 5 (147 )ul)|

8
% _q2 —Zmé gﬂvj

< (p)7 (1= ) (p)+ e (p)7 147 ) ()]

Introduce chirality = helicity projectors:
1

—(1—75)u=u¢,%(1+75)uZMT,%(I—}/S)VZVT,%(1+7S)V:V¢

2

E.Menichetti - Universita' di Torino
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Precision Tests- VII

— Matrix element:

[CLV(p2)7“¢(p1)+CR (p2)7/uT(p1)]( ngm gﬂV][cLu(p3)7va(p4)+cR (p3)7vv¢(p4)]

2

Z
v(p,)=v:(p,)+V, (p,).u(ps) =1ty (p;)+it, (ps)
Surviving terms in both e, £ currents: LR, RL only

- [CLVT (p2)¥u, (p)+epv, (P,) VU (pl)}[— 7 {Zmz gﬂ‘,][cLui (p3 ) VVVT (p4)+cRuT (ps) 7V, (P, )]

Mpp = —‘IL—z”lzc'ﬁc'ﬁgpv[FL(Pz)f‘uT(Pl (@ (p3)Y*v (pa))]
, 7

;-MRL= —q?'g_—7m(R(_Lgnv[Vl(p7 ruuT(p] )][ul p3)y "T(p‘" ]
_ 7

| g7

Mg = -7 cgcr@uy [Vt (p2) ¥ uy (p1)][ig (p3)Y v (po)]
: q - Z

s gz ,
M=~ £ il guv[Vr(p2) VP uy (p1)][a (pa)y vy (ps)]

q- —myz

E.Menichetti - Universita' di Torino
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Precision Tests- VIII

Almost ‘Cut & Paste’ from QED case:

2 2z
SZ__| (c§)*(ch)?(1+cos6)>

2
7

|MRR|2 = 5°

M| = 5|25 | () (c})? (1 cos )’

2 2

Mgl = 52| 52| ()P (ch)?(1 — cosB)?

2 2
Mip|? = 52| =82 | (c5)3(ck)3(1+cosB)?

E.Menichetti - Universita' di Torino
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Precision Tests- IX

Now take correct Z propagator: Z unstable

_i%:_i g,UV2 %—l’ zg,uy.
EL § =y s—m;, +im,I",
: | B 1
= = = —
s—m, +im,I", (S—mz) +mlT
2
do _ ‘M P
dQ  64rx°s
— Differential cross-section for the 4 combinations:
dow _ | 878 e\2( B2 2
— A - 1 9
dQ 647 (s —m3)? + m3T% (¢g)“(cg) (1 +cosB)
doy,, 1 ghs 512y a2 ,
— 4 e\2 21 9
dQ 6472 (s —m2)2 + mil3 (cp)™(cp) (1 +cos 8)
do-m I g‘}s e\2s M\2 2
— A e\2 1_ 6
dQ  64n? (S_m%)2+m%r%(‘L) (cg)7(1 —cos6)
doge I g5s g i )
— & 2 l _ 6
dQ 64712 (s—m%)Q +m%l"%(CL) (cg) (1 —cosB)

Fall 2013
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Precision Tests- X

Most interesting difference wrt QED case:
M, [+ Ml (M | M

Unpolarized cross section: Average & Sum over spins

- 10 AL Z(s—m§)2 - cy +cA)e(c5 +c/§)ﬂ(1+cos2 0)+2(CVCA)e(CVCA)ﬂ cos @

Sizeable forward-backward asymmetry!

A

|A’:IRL|2 + |Myz|?

1 |Mgr|* + M|

— [ —

— ——
-1 cosB +1
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Precision Tests - XI

Integrate over solid angle, get total cross section:

Ot 2wt = T o m;;’ﬁmzrz (e + ()2 + (4]

Recall partial Z widths:
2
my _ my
M(Z—e*e) = S22 (P 4+ ()] N(Z = ptum) = () + ()]
121 S + - 4. -
o= [N(Z—e e )[(Z—uu)

m% (s — m%:)2 - m%l_%

127 (BR) _37.7(3.510)
m,  (912)

(hc)” =~ 0.389GeV *mb

0, 255 107 GeV 20.389GeV *mb ~ 2.1410 °mb = 2.14nb

Y
- O-peak -

~551077GeV?

E.Menichetti - Universita' di Torino
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Precision Tests - XII

Z peak: Essentially 4 types of events
ete” — e+e_,,u+,u_,7‘+7‘_,q§(—> hadrons)
Different topologies in the detectors:

ete" —=Z—ete ete"—=Z—-utpu ¢Te” — Z — hadrons

Measuring cross sections:
Count events(!)
Subtract background
Correct for inefficiency
Get integrated luminosity (Most of the time from independent counting of Bhabha events)
— N—Ny, 1
e L,

HO’
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Precision Tests - XIII

Among other results at the peak: Z° lineshape

Meaning in practice:

m, Z mass

r, Z total width

I, Z partial width to fermion type f
N, Number of (SM) neutrino species

Obtained by 'scanning' the Z° peak:

Move E

beam

= %in steps through the peak

Measure relevant o at each step
Fit profile:

127 SFeeFﬁc

2 2
m 02 212
z (s mz) +m,I',

0(e+e_—>Z—>ﬁ7>=
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Precision Tests - XIV
Lineshape quite distorted by several effects
Main effect: Initial State Radiation (/SR)
& ;o 7 o 7o T
i i Z moves to Z
l oo ey N f
Result:
Collision CM energy = 2E,, E
§ oooooooooooooooooooooooooooooooooooo oué ? “
et et o~ 5=2E] g
T : b
moves to JT: 30
R Ey N ........................ E y., I
Vs =2E(1-3E) -
SR U AU, - I
lQJ
Imz =91.1875+0.0021 GeVI 2 10
©
T, = 2.4952+0.0023GeV
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Precision Tests - XV

Finding the number of Standard Model neutrinos + -
. _ _ e"e” — Z — hadrons
(Meanmg: With standard coupling to Z) = | ) ,
= 4
Total width: = i A
3| ALEPH / "\ :
F = Fee + F,uu + FTT + Fhad + Fl/lyl + FI/ZVz + FV3V3 + ? DELPHI ‘ _
=30, +0,,+NT, I(J)::,AL -
Measure partial widths from peak cross sections: 20
t average measurements, 1
o —12n Ll T nereted ;
my, 17 10 f |
Ny = 2.984(0) 1+ 0.0082
e
E_ [GeV]
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Precision Tests - XVI

.

Write differential cross section( e.g. forete” —pu* ,u_) as

do
d$2

A=

= k[A(1+COSZ 9)+Bcos€]

() +(en) || (er) +(eh)].

Forward/Backward cross sections:

B=|(ci) —{er) |(et) —(ex

f—dcos@ oy = f—dcos@
d cost dcost

FB Asymmetry:

e

oo —asda]o,afta-Ls

o s _alle ) )] 5
S48 el <ty +

i

E.Menichetti - Universita' di Torino
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Precision Tests - XVII

O

e
i

L e'eou'n OPAL

!"
=

ung
=

Ay, (peak £2 GeV) =0:
Interference with QED

dcldcoseu. (nb)
=

-
=

-
(¥

' 1 1 L 1 1 'l 'l 1 L Il 1 l 1 L 'l i
21 0.5 0 0.5 1
coseu.

-
=)

App=00145£0.0025 A, =0.1514+0.0019
Aph =0016940.0013 A, =0.1456+0.0091
App=0.0188+0.0017 Az =0.1449 £0.0040

sin? By = 0.23154 +0.00016

E.Menichetti - Universita' di Torino

=2

Ay, (peak) ~ 0 for leptons (sin’6,, ~0.25)

cy/ca

1+ (Cv/C‘A)2
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Precision Tests - XVIII
LEP2: Study of WW production

* + + + et w
e " w e A w e
- + ve
e W~ e W~ e W~

Br(W~ — hadrons) = 0.67 Br(W~ —e V) ~0.11
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Precision Tests - XIX

= 3071 T - ~ e
) LEP T
- PRELIMINARY R\
& Cozwrwe |
20-
e
101 / .
F m YFSWW/RacoonWwW
] ..o ZWW vertex (Gentle)
‘e" _...only v_ exchange (Gentle)
0 - L] - T L Ll
160 180 200
Vs (GeV)

Maybe one of the best results of the whole LEP saga
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Precision Tests -

XX

Measurement of m,, : Kinematical fit

Example:

W'W~™ - qge vV

Get vV 4-momentum from:
p,*p;tp_+p, = (\/E,O)

Make W bosons masses :
2

]uw+ :(pq+p6)

My =(p+p)

E.Menichetti - Universita' di Torino

events/ GeV

T I T L] Ll I Ll Ll ] I
c) qqlv BW
so0 |- (@94 E
400
300
200
100
" :
60 80 100
m, . (GeV)

my = 80.376 £0.033 GeV
I'w =2.196 £0.083 GeV
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Loopology - 1

Standard Model :
M, =M,coséb,

M, =91.1875£0.0021 GeV
Measure: { 7,

sin” 6, =0.23154+0.00016

— Predict M, =79.946%0.008 GeV

Measure
M, =80.376+0.033 GeV
Discrepancy: Virtual loops (including Higgs J) HO
'vvvx, = MW\ + '\/\Q\/\ ’\/WW\)W
Predict: m}°°" =173+ 11GeV
my = m +am’ +bln( ”) Il
i Observe: my" " =174.24+3.3GeV

E.Menichetti - Universita' di Torino
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Loopology - 11

H'
t 2T
/ : 0 2 My
VAN +M\©'VV + AWV mw=mw+am,+bln(m—
= w W

w
4

Applied loopology:

{ —LEP1 and SLD
80.5 -~ LEP2 and Tevatron (prel.)
68% CL

my < 200GeV

150 175 200

E.Menichetti - Universita' di Torino
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The Happy End

All 1s well that ends well:

And finally...

Events / 3 GeV

Ewents § 2 GeY

Events - Fitted bkg

CMS preliminary
—T T

wk «  Dala VeeTTebL= 511
| ] m, =128 GeV EeTew L=198m"
| = 2y 22
L B z+X

wk [ Segnale di Higgs a 6.7c ]

my, [GeV]

Seleced diphoon sample

*  Data 200142012
Sig+Bkg Fit im =126.8 Gev)

seasssass By (dth onder polyrcrnialy
ATLAS Prelminary
H—yy
000 —
» 15-?T-_-'l.r.ILn-4-.alh'
00—
T oYse8Ted, [Lot-207 i

-----Begnale di Higgsa 7.4c -

E.Menichetti - Universita' di Torino

g

ghted Eve
g

100

SHS+B) Wei

=]

0

=]

. ® Dala 2000+ 2012

ATLAS

HosZZ" 34|
E=7TeV |Ldt=4 68"
E5=8TeV [Ldt =207 b7

[ 5 Higos B

=245 G (T
[ Euschgrouina 2, Z2°
I Euschgrouss Z+ets. 1
I SysLUnG.

Segnale di Higgs|a

=

"
100 150 2
iy, [Gel]

e P
FGME Preliminary +— Daln 1
[ ise7ToV, Le50 i (vs)  ~ ::: ]
B _ H am il ST

s =8Tew L= 1060 (uuyy 0 T oy E
) 120 1

'Segnale di Higgs a 3.20 ]

i 1 M
130 140 150
{GeV)

i 1 i
e 120

... Mr. Higgs
and Mr. Englert
went to Stockholm
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