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q The line shape
q Forward-Backward asymmetry
q Tau polarization asymmetry and Left-Right asymmetry at SLC
q Radiative corrections
q Measurements: Z mass, Z total and partial widths, Z couplings
q Measurements: Forward-backward asymmetries for heavy quarks
q Measurements: sin2 𝛉W

q Number of neutrino families
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q Higgs boson discovery;
q Quark top discovery and measurement of the topponium energy levels;
q Supersymmetric particles discovery;
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LEP Physics goals (taken from my thesis in 1988) 

q Measurement of the Z mass with an error of 50 MeV;
Ø σ(MZ) about 340 MeV from UA2+CDF in 1989. 
Ø Hoped to reduce it to about 10 MeV (limited by beam energy precision).

q Precision measurement of the Standard Model parameters;
q Measurement of the number of light neutrino families. 

Ø 2.5 generations were known in 1989, top quark and 𝝼𝝉 not yet established.
Ø Number of light neutrinos limited by big bang nucleosynthesis to ≼ 4. Expected precision of 

about ± 0.2 on the number.

q Lep2: measurement of the W mass and check of the triple gauge boson coupling.
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Analysis experimental steps 

Select a sample of 
“pure” events (Nexp):
𝑒"𝑒#, 𝜇"𝜇#, 𝜏"𝜏#,
ℎ𝑎𝑑𝑟𝑜𝑛𝑠, 𝑏/𝑏

“Transform” Nexp into 
cross-sections (σ) by 
using the luminosity. 
𝜎(s) à line shape

“Transform”  
12!"#

13
→ 15

13
From this we get the 

forward-backward 
asymmetry (AFB)

We get the Z 
resonance parameters: 
peak, total width and

partial widths 

We get the Z 
couplings to the 
fermions (gV, gA)

Comparison with the 
SM predictions

This is just a“rough” scheme of
the analysis steps, since there
are many iterations to evaluate
backgrounds, efficiencies, etc …
Moreover, Z properties and couplings
are estracted with global fits.
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Cross-section as a function of √s

Dominant at low energy Dominant at Z-pole Equally important



q in the SM, at the lowest order (Born approximation, no radiative corrections), for 𝒇 ≠ 𝒆± and 𝒎 ≪ 𝒎𝒁 :
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𝒆'𝒆( → 𝒁 → 𝒇+𝒇 ∶ 𝝈𝑩𝒐𝒓𝒏𝑺𝑴

+
+ -G
e e

G f f

( )2 2 2 *2Reg g gs µ + = + + ×Z Z ZA A A A A A

The Z couplings intervene linearly in the interference term 
(and not quadratically as in the partial widths), so any 
parity violation effects, like the forward-backward asymmetry, 
will be due to this term.

In the e+e- final state we have to take into account
also the photon exchange in the t-channel 
(the Z contribution in the t-channel is negligeable)



q In the SM, at the lowest order, the partial width Γf (e.g. Γμ) has the following expression:
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𝒆!𝒆" → 𝒁 → 𝒇%𝒇 ∶ 𝒈𝑽
𝒇 𝐚𝐧𝐝 𝒈𝑨

𝒇

q= - 2
3 2 sinf f

V Wc I Q = 3   fAc I

q All partial widths can be summarised in this table:

q Then, at the loweste order (Born approximation) we have:

𝑅4 =
Γ4
Γ5

𝑅6 =
Γ6
Γ789

=
368
1675

≈ 22%

It was particularly important
to measure precisely the b-quark
B.R., since a deviation from
the SM prediction could have been
an indication of new physics.
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𝒆'𝒆( → 𝒁 → 𝒇+𝒇 ∶ predictions

The interference term is zero at the Z-poleThe interferference term is negative below mZ,
therefore here is plotted the module. quark pair thresholds
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𝒆'𝒆( → 𝒁 → 𝒇+𝒇: 𝐡𝐚𝐝𝐫𝐨𝐧𝐬 (𝟏)
Example (L3): 𝑒'𝑒' → ℎ𝑎𝑑𝑟𝑜𝑛𝑠 (𝑒'𝑒' → 𝑞>𝑞)

Event selection

𝐸7 /𝐸9:;𝐸∥ /𝐸9:;

• A lot of energy;
• No missing energy;
• Many particles in the final state;

(two photon physics)
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𝒆'𝒆( → 𝒁 → 𝒇+𝒇: 𝐡𝐚𝐝𝐫𝐨𝐧𝐬 (𝟐)

barrel endcap
A cluster is defined
as a continuous group
of crystals or hcal cells.

It could very roughly
identified with a particle,
or at least they are
proportional to the number
of particles.

So, requiring a large
number of clusters in the
event, is equivalent to
require a large number of
particles in the event,
as we should have in
the Z hadronic decay
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𝒆'𝒆( → 𝒁 → 𝒇+𝒇: 𝝁' 𝝁(
Example (L3): 𝑒'𝑒' → 𝜇'𝜇( 𝛾

𝛼

• Distance between 2
scintillator is (at least) 1.8 m

• A cosmic muon takes 6 ns
to cover 1.8 m

• A muon pair from Z decay
hit the two scintillators at
the same time.

Event selection 𝛾

Usually it is not possible
to identify the photon
emitted from the final legs,
therefore the finale state
is given as 𝑓 ̅𝑓 𝛾



92: peak only

lep
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𝒆'𝒆( → 𝒁 → 𝒇+𝒇: 𝐥𝐢𝐧𝐞𝐬𝐡𝐚𝐩𝐞

Ratio = data/SM93-94: only 3 points
These are data,

no interpretation yet

Notice:
𝜎=>1?@A ≫ 𝜎CDEF@A
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e+e- à Z à e+e-
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e+e- à Z à e+e- : 𝛔SM
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e+e- à Z à e+e- : results
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q Differential cross-section at the lowest order:
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𝒅𝝈 𝒆'𝒆( → 𝒇'𝒇 /𝒅𝛀

Definition

q= - 2
3 2 sinf f

V Wc I Q = 3   fAc I
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𝒅𝝈 𝒆'𝒆( → 𝒇'𝒇 /𝒅𝛀: comments

γγ

cos 𝛿L = 𝑚O
P − 𝑠
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aia

We will see later other asymmetries
related to the polarization states.
Here, no polarization is taken into
account

[the photon-Z interferference
terms vanish]
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𝒅𝝈 𝒆'𝒆( → 𝒇'𝒇 /𝒅𝛀: data

-
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Pay attention: in the plot is shown the differential cross-section, and not the
forward-backward asymmetry. Then, from this plot, we build the AFB.
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𝒅𝝈 𝒆'𝒆( → 𝒇'𝒇 /𝒅𝛀: 𝑨𝑭𝑩 𝝁'𝝁(
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q Z couplings
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dσ/d cosθ: another set of formulae

+

These are the same formulae we met before,
but written in a slightly different manner.
It could be usefull to see them, just in case.
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q Let’s consider the helicity of the initial and final states.
q Since they are connected by a propagator of spin 1 (Z), 

the total angular momentum of the initial and final 
states must be also 1, with JZ=+-1

q So, we can look only at the helicity state of the 
electron in the initial state and of the fermion in the 
final state. We have four combinations:
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Helicities in 𝒆,𝒆- → 𝒇'𝒇 at the Z pole

σRLσLR

σRRσLL

q electron left-handed and fermion left-handed: LL

q electron right-handed and  fermion left-handed: RL

q electron left-handed and  fermion right-handed: LR

q electron right-handed and  fermion right-handed: RR

q the final states are distinguishable due to the spin, so 
the cross sections can be calculated separately.

q To be noticed that we can not have the spin flip along Z 
(JZ must be conserved, either 1 or -1), therefore the 
differential cross-sections are 0 at theta=0o or at 
theta=180o.
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Helicities in 𝒆,𝒆- → 𝒇'𝒇 at the Z pole
q From the four helicity cross-sections (𝝈𝑳𝑳, 𝝈𝑳𝑹, 𝝈𝑹𝑹, 𝝈𝑹𝑳), 

we can get all the asymmetry cross-sections.

q Total cross-section (just the sum of the four):

𝝈𝒕𝒐𝒕 = 𝝈𝑳𝑳 + 𝝈𝑳𝑹 + 𝝈𝑹𝑹 + 𝝈𝑹𝑳

q Left-Right asymmetry (initial state polarization);
we need to measure the initial state polarization:

𝝈𝑳𝑹 = 𝝈𝑳𝑳 + 𝝈𝑳𝑹 − 𝝈𝑹𝑹 + 𝝈𝑹𝑳

q Polarization asymmetry (final state polarization);
we need to measure the final state polarization:

𝝈𝒑𝒐𝒍 = 𝝈𝑳𝑳 + 𝝈𝑹𝑳 − 𝝈𝑳𝑹 + 𝝈𝑹𝑹

q Forward-Backward asymmetry; it can be built from 
the helicity cross-sections since the differential cross-
sections have a different theta behaviour

𝝈𝑭𝑩 = 𝝈𝑳𝑳 + 𝝈𝑹𝑹 − 𝝈𝑳𝑹 + 𝝈𝑹𝑳

q We get the asymmetry values at the Z pole by 
normalising the cross-sections with 𝝈𝒕𝒐𝒕.

σRLσLR

σRRσLL



q Helicity cross-sections are proportional to g couplings, for instance:
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Asymmetry parameter Af

𝜎WW = X
#Y

"Y 𝑑𝜎WW
𝑑 cos𝜃

𝑑 cos𝜃 ∝ 𝑔WD P 𝑔W
] P

X
#Y

"Y
1 + cos𝜃 P𝑑 cos𝜃 ∝

8
3
𝑔WD P 𝑔W

] P X
#Y

"Y
1 − cos𝜃 P𝑑 cos𝜃 =

8
3

To notice: we have also

q Let’s consider, for instance, the polarization asymmetry:

𝐴E@C ≡ 𝒫] =
𝜎E@C
𝜎F@F

=
𝜎WW + 𝜎LW − 𝜎WL + 𝜎LL
𝜎WW + 𝜎WL + 𝜎LL + 𝜎LW

=
𝑔WD P 𝑔W

] P
+ 𝑔LD P 𝑔W

] P
− 𝑔WD P 𝑔L

] P
− 𝑔LD P 𝑔L

] P

𝑔WD P 𝑔W
] P

+ 𝑔LD P 𝑔W
] P

+ 𝑔WD P 𝑔L
] P

+ 𝑔LD P 𝑔L
] P =

=
𝑔W
] P

− 𝑔L
] P

𝑔WD P + 𝑔LD P

𝑔W
] P

+ 𝑔L
] P

𝑔WD P + 𝑔LD P
=

𝑔W
] P

− 𝑔L
] P

𝑔W
] P

+ 𝑔L
] P

q We can define the fermion asymmetry parameter Af:

𝐴4 =
𝑔T
4 U

− 𝑔V
4 U

𝑔T
4 U

+ 𝑔V
4 U

We can also write it
as a function of

gV and gA
Parity violation is contained in Af



q By using Af we can define  all the asymmetries at the Z pole.

q Polarization asymmetry: 
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Asymmetries at the Z pole

Minus sign is due to  historical definition of the asymmetry as Right minus Left

q Left-Right asymmetry at the Z-pole:

In order to measure the asymmetry, we need to measure the polarization of the final state fermions.
It can not be done, except one case: tau lepton.

q Forward-backward asymmetry at the Z-pole; we got it in terms of gV and gA:

In order to measure this asymmetry, we need to have polarized electrons in the initial state. This was not possible
at LEP because any longitudinal polarization would have been destroyed while the electrons were going around
the ring, while it was possibile to achieve it at SLC since the electrons went around the circular part only once.



q σtot and AFB can be measured for all charged leptons, heavy quarks and, inclusively, for all five quarks flavours.
q The polarization of the final state fermion is observable only in the reaction 𝒆'𝒆( → 𝝉'𝝉( where 𝓟𝝉 is inferred from 

the energy spectra of the decay product of the tau.
q For the measurement of ALR all Z decays into hadrons and charged leptons can be used. However, it requires the 

longitudinal polarization of the incoming electrons in e+e- collisions which was achieved only at the SLC collider.
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Polarization Asymmetries at LEP/SLC 

q Thus the measurement of the tau polarization as a function of cos θ yields a measurement of the electron coupling. 

q The cross section differences of left and right-handed fermions in the initial and final state σLR and σpol can be 
measured as a function of the scattering angle θ. This way we define: 

q As a consequence of helicity conservation at the Zff vertices, the measurement of the angular dependence of the final 
state polarization asymmetry provides information on the couplings of the initial state electrons and viceversa.

q Therefore, polarization asymmetry measurements at LEP and SLC are complementary. 



q Tau leptons decay close to the interaction point before the decay products reach the detector. 
q The energy spectrum of the final state particles in the two body decays depends on the tau polarization. 
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Tau polarization

Example: 𝜏 → 𝜈 + 𝜋

• pion preferentially escapes in the direction of the tau helicity

tau line of flight

• From the distribution one can fit the contribution from the two helicity states.

• Hence, when boosted into the Lab frame, the pion receives on average 
more energy from the decay of a right-handed tau than from a 
left-handed tau.



q Polarization as a function of the angle: 
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Tau polarization

𝜏(

𝜏'

From this distribution we get Aτ and Ae

From gV (contained in Af)
we get sin θW
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SLC: Initial state polarization
SLD experiment at the Stanford Linear Collider

» 500 000 Z decays observed
» 1/10 of typical LEP experiment

BUT
» 77% longitudinal electron polarisation

(with gV/gA= 1 – 4 sin2JW)

• Longitudinally polarized electrons were produced at the Polarized Electron
Source by illuminating a GaAs photocathode with circular-polarized light from
a laser of wavelength 715 nm.

• A system of bending magnets and a superconducting solenoid were used to
rotate the spins so that the polarization was preserved while the 1.21 GeV
electrons were stored in the damping ring.

• Another set of bending magnets and two superconducting solenoids oriented
the spin vectors so that longitudinal polarization of the electrons was achieved
at the collision point with the unpolarized positrons.



q The Left-Right asymmetry, taking into account the average beam polarization, is:
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SLD: Left-Right asymmetry

𝐴W = 𝑃W 𝐴TV

q Electron asymmetry: 𝐴W = 0.1516 ± 0.0021

sin2JW = 0.23098 ± 0.00026

Leptons

𝐴W = 0.1516 ± 0.0021
𝐴X = 0.142 ± 0.015

𝐴Y = 0.136 ± 0.015

Quarks

𝐴Z = 0.85 ± 0.09
𝐴[ = 0.922 ± 0.020
𝐴6 = 0.670 ± 0.026

Best single measure of the World

q By measuring the forward-backward asymmetry for a given final state, 
it was possible to measure the asymmetries for the different fermions:

s quarks were identified by tagging high-momentum K and Λ

𝐴D = 0.1498 ± 0.0049 (𝑎𝑡 𝐿𝐸𝑃)
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Standard Model relationships



q the mixing angle sW = sin θW can be extracted from the ratio of the coupling gV
f /gA

f that enters in the cross 
section measurements. From the observables with leptons in the final states, the latest LEP measurement of 
sW

2 from leptonic observables, which we will identify as s2 , gives an average value:
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The need for radiative corrections

q This angle also describes the ratio MW
2 /MZ

2 and therefore could be extracted from a combination of entirely 
different measurements (LEP1 and LEP2). The latest data give: 

q leading to:

q Not only do we get a much better precision on the effective mixing angle extracted from the Z observables, but 
more telling is that this value is about 14σ away from that extracted from the mass ratio, MW

2 /MZ
2 . The Born 

approximation is insufficient to explain the LEP measurements. Improving on the Born approximation 
necessitates the inclusion of radiative corrections which are contributions from the quantum fluctuations of the 
vacuum. 
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Radiative corrections
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Radiative corrections
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QED corrections

q The emission of the photon from the initial legs
modifies the effective 𝒔 of the Z interaction

q We have to take it into account by doing an integral 
over all the possible center of mass energies.

q As a consequence the lineshape is heavily modified
by the initial state radiation (ISR).

q Cross-section at the peak is reduced by about 26%
q The peak is slighlyt shifted at higher energies (112 MeV)
q The lineshape becomes more asymmetric
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Differential cross-section and asymmetries
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Cross-section and partial widths
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Measurement of the Z partial widths

γ
The emission of a photon from the inital state lower the 
effective center of mass energy. This effect is taken into
account in the fit by a “radiator” function (it is a pure QED 
effect and can be computed with great precision). 

( )
2 22 22
2

12ps + -G G
=

G
- +

qqe e
qq

ZZ
Z

Z

s
sM s M
M

0
2 2

12ps + -G G
=

G
qqe e

qq
Z ZM

s=MZ
2

• To measure the partial widths of the Z decays in the
various fermionic channels, we need to measure the 
cross-section at the peak: 
• We select the following channels: 

µ µ

t t

+ -

+ -

+ -

®

®

®

®

Z qq
Z
Z
Z e e

1. Peak cross-section;

2. Partial width;

3. Z couplings

• N.B. The total width ΓZ is the same in all channels; from a channel to the other does not change the resonance shape but only the 
peak value; 

• N.B. the electron channel is more complicated because there is also the photon exchange in the t channel; 
• N.B. in the hadron channel it is possible to distinguish the b quark from its impact paramenter (B0 mesons live long enough); therefore

we can measure the partial width also in the bb channel.
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L1 SM Fit
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Fits are done using Model Independent programs
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Z Mass

MZ   [MeV]

Mass of the Z Boson
Experiment MZ   [MeV]

ALEPH 91189.3 ± 3.1

DELPHI 91186.3 ± 2.8

L3 91189.4 ± 3.0

OPAL 91185.3 ± 2.9

χ2 / dof  =  2.2 / 3

LEP 91187.5 ± 2.1

common error 1.7

91182 91187 91192

MZ history

91.1875 0.0021 GeV= ±ZM

52.3 10-D
= ± ×Z

Z

M
M

N.B. there is no SM prediction for the Z Mass because
it is an INPUT parameter of the Model

The γ-Z interference term is taken from the SM. If it is left as a free parameter
in the fit, it would add an additional 9 MeV error on the Z mass
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Z total width and Hadronic Pole Cross Section

σ0
 had   [nb]

M
H
   
[G

eV
]

Hadronic Pole Cross Section

Mt = 178.0±4.3 GeV

linearly added to
αS = 0.118±0.003

Experiment σ0
 had   [nb]

ALEPH 41.559 ± 0.057

DELPHI 41.578 ± 0.069

L3 41.536 ± 0.055

OPAL 41.502 ± 0.055

χ2 / dof  =  1.2 / 3

LEP 41.540 ± 0.037

common error 0.028

10

10 2

10 3

41.45 41.55 41.65

0
2 2

12ps + -G G
=

G
qqe e

qq
Z ZM

ΓZ   [GeV]

M
H
   
[G

eV
]

Total Z Width

Mt = 178.0±4.3 GeV

linearly added to
αS = 0.118±0.003

Experiment ΓZ   [MeV]

ALEPH 2495.9 ± 4.3

DELPHI 2487.6 ± 4.1

L3 2502.5 ± 4.1

OPAL 2494.7 ± 4.1

χ2 / dof  =  7.3 / 3

LEP 2495.2 ± 2.3

common error 1.2

10

10 2

10 3

2.483 2.495 2.507
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Rlepton and Forward-Backward Asymmetry

Rl

M
H
   
[G

eV
]

Ratio of Hadronic to Leptonic Width

Mt = 178.0±4.3 GeV

linearly added to
αS = 0.118±0.003

Experiment Rl = Γhad / Γl

ALEPH 20.729 ± 0.039

DELPHI 20.730 ± 0.060

L3 20.809 ± 0.060

OPAL 20.822 ± 0.044

χ2 / dof  =  3.5 / 3

LEP 20.767 ± 0.025

common error 0.007

10

10 2

10 3

20.65 20.75 20.85

A0,l
FB

M
H
   
[G

eV
]

Forward-Backward Pole Asymmetry

Mt = 178.0±4.3 GeV

linearly added to
  0.02758±0.00035
∆α(5)∆αhad=

Experiment A0,l
FB

ALEPH 0.0173 ± 0.0016

DELPHI 0.0187 ± 0.0019

L3 0.0192 ± 0.0024

OPAL 0.0145 ± 0.0017

χ2 / dof  =  3.9 / 3

LEP 0.0171 ± 0.0010

common error 0.0003

10

10 2

10 3

0.013 0.017 0.021
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Measurement of gV and gA

The measurement of the Z couplings
before LEP did not have enough precision
to make stringent tests of the Standard 
Model, for instance they could not
disantangle the sign of the couplings, we
need the asymmetries to do it.

gV=-0.03783(41)
gA=-0.50123(26)

Lepton universality is verified at
the per mill level.  

The line is the SM expectation as a  function of mtop and mH
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gV versus gA  and gR versus gL

-0.041

-0.038

-0.035

-0.032

-0.503 -0.502 -0.501 -0.5
gAl

g Vl

68% CL

l+l−
e+e−

µ+µ−

τ+τ−

mt

mH

mt= 178.0 ± 4.3 GeV
mH= 114...1000 GeV

∆α

0.23

0.231

0.232

0.233

0.234

-0.271 -0.27 -0.269 -0.268 -0.267
gLl

   
  g

R
l

68% CL

l+l−
e+e−

µ+µ−

τ+τ−

mt

mH

mt= 178.0 ± 4.3 GeV
mH= 114...1000 GeV

∆α

SM no
rad. cor.



Claudio Luci – Collider  Particle Physics – Chapter 7 50

Final result for tau polarization

Aτ

M
H
   
[G

eV
]

Average Tau Polarisation

Mt = 178.0±4.3 GeV

linearly added to
  0.02758±0.00035
∆α(5)∆αhad=

Experiment Aτ

ALEPH 0.1451 ± 0.0060

DELPHI 0.1359 ± 0.0096

L3 0.1476 ± 0.0108

OPAL 0.1456 ± 0.0095

χ2 / dof  =  0.9 / 3

LEP 0.1439 ± 0.0043
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10 3
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Ae

M
H
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eV
]

Forward-backward Tau Polarisation

Mt = 178.0±4.3 GeV

linearly added to
  0.02758±0.00035
∆α(5)∆αhad=

Experiment Ae

ALEPH 0.1504 ± 0.0068

DELPHI 0.1382 ± 0.0116

L3 0.1678 ± 0.0130

OPAL 0.1454 ± 0.0114

χ2 / dof  =  3.1 / 3

LEP 0.1498 ± 0.0049

10

10 2

10 3
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Lepton Universality

Lepton universality
tested to 10-3 in gA

Ratios of couplings:
gAµ/gAe = 1.0002 ± 0.0014

gAt/gAe = 1.0019 ± 0.0015

gVµ/gVe = 0.962 ± 0.063

gVt/gVe = 0.958 ± 0.029
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bb and cc Forward-Backward Asymmetry
A

FB

0,bb
_

LEP
Winter 2005

<A
FB

0,bb
_

> = 0.0992 ± 0.0016

OPAL inclusive
   1991-2000

0.0994 ± 0.0034 ± 0.0018

L3 jet-ch
   1994-95

0.0948 ± 0.0101 ± 0.0056

DELPHI inclusive
   1992-2000

0.0978 ± 0.0030 ± 0.0015

ALEPH inclusive
   1991-95

0.1010 ± 0.0025 ± 0.0012

OPAL leptons
   1990-2000

0.0977 ± 0.0038 ± 0.0018

L3 leptons
   1990-95

0.1001 ± 0.0060 ± 0.0035

DELPHI leptons
   1991-95

0.1025 ± 0.0051 ± 0.0024

ALEPH leptons
   1991-95

0.1003 ± 0.0038 ± 0.0017

Include Total   Sys     0.0007
With Common Sys     0.0004

mt = 178.0 ± 4.3 GeV

∆αhad = 0.02761 ± 0.00036
10 2

0.09 0.1 0.11

A
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0,bb
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m
H
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]

150 200mt [GeV]

A
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0,cc
_

LEP
Winter 2005

<A
FB

0,cc
_

> = 0.0707 ± 0.0035

OPAL D*

   1990-95
0.0761 ± 0.0109 ± 0.0057

DELPHI D*

   1992-95
0.0695 ± 0.0087 ± 0.0027

ALEPH D*

   1991-95
0.0698 ± 0.0085 ± 0.0033

OPAL leptons
   1990-2000

0.0643 ± 0.0051 ± 0.0037

L3 leptons
   1990-91

0.0834 ± 0.0301 ± 0.0197

DELPHI leptons
   1991-95

0.0725 ± 0.0084 ± 0.0062

ALEPH leptons
   1991-95

0.0734 ± 0.0053 ± 0.0036

Include Total   Sys     0.0017
With Common Sys     0.0009

mt = 178.0 ± 4.3 GeV

∆αhad = 0.02761 ± 0.00036
10 2
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RB and RC

 Γb/Γhad

LEP+SLC 0.21629 ± 0.00066

SLD vtx mass
    1993-98

0.21576 ± 0.00094 ± 0.00076

OPAL mult
    1992-95

0.2176 ± 0.0011 ± 0.0012

L3 mult
    1994-95

0.2166 ± 0.0013 ± 0.0025

DELPHI mult
    1992-95

0.21643 ± 0.00067 ± 0.00056

ALEPH mult
    1992-95

0.2158 ± 0.0009 ± 0.0009

corrected for γ exchange

100

150

200

250

0.2125 0.215 0.2175 0.22

Γb/Γhad

m
t [

G
eV
]

 Γc/Γhad

LEP+SLD 0.1721 ± 0.0030

OPAL
charm count. 1991-93

0.164 ± 0.012 ± 0.016

DELPHI
charm count. 1991-95

0.1693 ± 0.0050 ± 0.0092

ALEPH
charm count. 1991-95

0.1735 ± 0.0051 ± 0.0110

SLD
mass+lifetime 1993-98

0.1741 ± 0.0031 ± 0.0020

OPAL
D-meson 1990-95

0.177 ± 0.010 ± 0.012

DELPHI
D-meson 1991-95

0.161 ± 0.010 ± 0.009

ALEPH
D-meson 1991-95

0.1682 ± 0.0082 ± 0.0082

ALEPH
lepton 1992-95

0.1685 ± 0.0062 ± 0.0080

0.16 0.18

Γc/Γhad

RC
had

cb,
cb,
Γ

Γ
R =
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The partial widths Z à bb and Z à cc

had

cb,
cb,
Γ

Γ
R =
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Neutral current coupling of quarks
c-quark:b-quark:

bl
b
FB AA
4

3
A =

SLD

LEP &
SLD

LEP

SLD:
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Measurement of sin2ϑ eff

§ Asymmetries at Z pole
- forward-backward
- left-right (SLD)
- tau polarisation

From the measured values of various asymmetries
we can get the value of the Weinberg angle. 
The radiative corrections depend of the top mass 
and Higgs mass, therefore with a comparison with 
the measured value we can make a prediction on 
these two parameters. 

From this kind of measurements it has been possible
to predict the value of the top mass and to put 
constraints on the Higgs mass. 

( )2
3

3

2 sinr q

r

= -

=

f f f f
V eff

f f f
A

C I Q

C I

sin2ϑeff is a renormalized value of sin2ϑW . The tree
level prediction of the SM is not sufficient to have an 
agreement with real data.

10 2

10 3

0.23 0.232 0.234

sin2θ
lept
eff

m
H
  [

G
eV

]

χ2/d.o.f.: 11.8 / 5

A0,l
fb 0.23099 ± 0.00053

Al(Pτ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A0,b
fb 0.23221 ± 0.00029

A0,c
fb 0.23220 ± 0.00081

Qhad
fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆αhad= 0.02758 ± 0.00035∆α(5)

mt= 178.0 ± 4.3 GeV



Claudio Luci – Collider  Particle Physics – Chapter 7 57

Lep combined results

91.1875 0.0021 GeV= ±ZM

52.3 10-D
= ± ×Z

Z

M
M
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Measurement of the number of light neutrinos
qThe number of lepton families is not foreseen in the Standard Model but it has to be 

determined experimentally. 
qBefore LEP operations a fourth family of leptons was not excluded by the available data. 
q In every family is present a neutrino, massless or in any case with a negligeable mass; 

therefore the LEP strategy was to look for the presence of a fourth light neutrino (where light 
means of mass less than half of mZ). 

q If the forth neutrino were identified it would have been the first hint of a fourth lepton family.

q Therefore the goal was to measure the Z partial width in the neutrino channel and from 
this deduce the number of light neutrinos. 

q Let’s recall the fact that neutrinos are not “seen” in the LEP detectors, so we need a 
“trick” to perform the measurement. 

q There were two kind of measurement of the so called invisible width (Γinv):  an indirect
measurement where Γinv is obtained as a difference by subtracting to ΓZ the “visible” partial
widths, and a direct measurement where it was detected the photon emitted from the initial
state; in this case the event  signature was a single photon with energy around 1 GeV. 
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Z partial widths



q The invisible width is obtained as a difference between 
the total width and the “visible” width. 
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Nν with the “indirect” method

q If the Z would decay in any new particles not interacting 
in the detector, their contribution would enter in the invisible width.  

q Using the average LEP results we obtain: 

q In order to get the number of neutrino families we have 
to use  the neutrino partial width predicted by the SM.

q To minimize systematic errors we use ratios:

Nν = 2.9841 ± 0.0083Latest EW group result: 1.9 σ away from 3

2020: new result after
an update of the Bhabha
cross section used in the
luminosity measurement

Nν = 2.9963 ± 0.0074



q N𝜈 is measured very precisely with the “indirect” method, so … why do we need another measurement,  with a 
bigger error?
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Nν with the “direct” method

q The direct method exploits the emission of a photon from the initial legs: 

q A direct measurement, with different systematic errors, is necessary to confirm the indirect measurement and, in 
case the result would have been different from 3, to understand the origin of the discrepancy.

q For instance, if the Z would decays in new ”visible” particles not taken properly into account in 𝚪hadr and/or in 
𝚪lept , they would appear in 𝚪inv with the indirect method, but maybe not in the direct measurement.

§ We have only a photon in the detector and nothing else,
so we have to be sure that no other particle is present.

§ The energy of the photon is very little (around 1 GeV) at the Z-pole
§ It is difficult to trigger on such a low energy photon.
§ The signal cross-section is very low (around 30 pb)



q The cross section falls rapidly as a function of the 
photon energy and depends on the theta angle of 
emission.
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Nν : cross-section and experimental issues
q Experimental background:

Radiative Bhabha scattering

with

q The amount of background depends on the ability to detect
particles at small angle and on the overall hermeticity of 
the electromagnetic calorimeter. 



q Photon selection
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Nν: selection cuts (L3 experiment)

q Veto cuts to make sure the detector is “empty”

There is a little “hole” between lumi monitor and ALR
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Nν:  trigger efficiency (L3 experiment)

1992 run

single electron data
simulation

tri
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 e

ffi
ci

en
cy

1994 run
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L3
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0.8

1

0.2

0.4

0.6

0.8

1q Given the rapidly falling photon spectrum, the L1 trigger should go 
down in energy as far as possible.

q The L1 trigger had 1 GeV threshold.

q The trigger efficiency was determined in two ways: from data 
and from a detailed simulation of the single photon trigger.

Ø The first method uses a sample of radiative Bhabha events with an 
isolated electron in the BGO barrel (the single electron control 
sample), which is triggered by requiring the coincidence of a charged 
track and an energy exceeding 30 GeV in one of the luminosity 
monitor.

Ø The second one uses unbiased triggers (the so called beam gate) as 
input of a dedicated simulation program.

q The agreement of the simulation with the single electron data at 
the level of 1%, justifies the uses of the simulated curve also for 
periods with limited statistics.
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Nν : event sample (L3 experiment)

Data 1992-94
ννγ signal
eeγ backgr.
γγγ+2γ backgr.
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Total efficiency and corrected cross-section

Selected data sample and expected number of events



q Invisible width:
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Nν: results (L3 experiment)

 √s (GeV)

σ
 (p

b)

L3

1991 data

1992 data

1993 data

1994 data
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Nν=3

Nν=2
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0

20

40

60

91.25 91.5

q Number of neutrino families:

q Breakdown of systematic errors:

q This result is compatible (and support) the one 
found with the indirect method.



End of chapter 7
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End


