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Precision Measurements
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LEP and LEP Data

W & Z discovery @ SppS

11 years of operation

LEP was an electron-positron collider ring with a circumference of approximately 27 km
four interaction regions with multipurpose detector: L3, ALEPH, OPAL and DELPHI

• In the summer of 1989 the first Z bosons were 
produced at LEP 

• At the end of LEP (~2000) approximately 1000 Z 
bosons were recorded every hour by each of the 
four experiments, 

LEP was a true Z factory.

Experiment Aleph Delphi L3 Opal
# Institutes 34 60 49 34

The LEP Collaborations:

Number of members/authors ~ 10/Institute
I was a DELPHI member!
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The Energy Points

Lep phase 1

LEP phase 1 : Study the Z
Precision measurement

• The position of energy points 
optimised to get the best possible 
determination of mZ

• Points away from the top are very 
important to determine the peak 
position →

• You have to run longer to collect 
enough statistics!

Lep phase 2 LEP phase 2 : Search of the Higgs

• Increase energy up to maximum 

Resonance, mZ
~unknown!!



To
ni

 B
ar

on
ce

lli
: P

re
ci

sio
n 

M
ea

su
re

m
en

ts

LEP Data Taking Periods

LEP Phase 1 → Z mass (& first quest for the 
Higgs)

LEP Phase 2 → W properties  (& quest for the Higgs)

• 1989 → first Z peak 
• 1990 and 1991 “energy scans” ~ one GeV apart. 
• In 1992 and 1994 high-statistics at the peak energy. 
• In 1993 and 1995 about 1.8 GeV below, above the peak and at the peak.

Energy Scans

About 17 million Z decays recorded by the four experiments.

Peak Energy
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LEP Experiments

• four large detectors: ALEPH, 
DELPHI, L3 and OPAL. 

• Cylindrical structure, with dimensions 
of at least 10m in diameter, 10m in 
length. 

• Typical collider experiment: a set of 
subdetectors, cylindrical structure 
concentric with the LEP beam. 

• The detectors were closed on each 
side by two end-caps. 

These multipurpose devices were able to detect, in any direction, any type of particle produced (except neutrinos) 
at the interaction point. Experiments of this type are sometimes called 4p detectors because they are able to detect 
particles emitted in almost the full solid angle. 

x-y view of a typical LEP detector

Need to rely on multiple measurements (~cost 
allowed)
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Cut-View of OPAL
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Detectors @ Aleph, DELPHI, L3, Opal

The main features of the four LEP detectors are summarized in the Table above
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Physics at LEP
Diagrams at LEP:
• Photon exchange (a); dominant below mZ, ~ 1/s
• Z exchange (b), dominant @cms = mZ

The example for 𝑒!𝑒" → 𝜇!𝜇" but the same diagrams works 
for all 𝑓 ̅𝑓 final states.

At the “Z peak”, “real” (on mass shell) Z are produced → the Z boson is produced such that 𝐸# − 𝑝# = 𝑚$
#.

J=1, s1=s2=1/2, 
the de Broglie wavelength 𝜆 = ℏ

&
(me~0. 𝑝 → 𝑠). → ℏ/( 𝑠/2)

𝜎'( 𝐸; 𝐽 → 𝜎(𝑠)
Γ# → Γ'' 6 Γ))

Γ))Γ''

Photon exchange 

Z 
ex

ch
an

ge
 

Γ'' Γ*!*"

𝑒!𝑒" → 𝑒!𝑒"

𝑒!𝑒" → 𝑞8𝑞



To
ni

 B
ar

on
ce

lli
: P

re
ci

sio
n 

M
ea

su
re

m
en

ts

Cross Section at the Z 

at 𝑠 = 𝑚$
#

Number of events collected by the 4 LEP experiments at 
LEP phase 1 in units 103

• 4 millions of Z hadronic decays per experiment
• ~ half million of Z leptonic decays

x 103
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The Z Width, Gff

GZ is determined by the number of species of kinematically accessible (with a mass < mZ/2 ) 
All species with weak interactions contribute to GZ.

Decay fractions of the Z to different pairs of fermions → predicted by the SM
• leptons do not have a color multiplicity 𝑁+

) = 1
• each quark has three degrees of freedom (one for each color quantum number) 𝑁+

) = 3
• SM: an axial and a vector part.

The partial width Gff represents the transition probability per time unit for the Z boson decay to a given final state 𝑓 ̅𝑓. 

Measurements

Γ =
ℏ
𝜏

𝐵𝑅(→ 𝑥𝑦) =
Γ,-
Γ
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Topologies at LEP

OPAL DELPHI L3 ALEPHqq

e+e−

μ+μ−

τ+τ−

At LEP the kinematics is completely determined by the fact electrons and positrons are point-like particles: no PDF!
→ 4 conservation laws can be used: px, py, pz, Etot

Pairs of 𝑓 ̅𝑓 are back to back in all views

Reaction 𝑞8𝑞 𝑒!𝑒" 𝜇!𝜇" 𝜏!𝜏"

Topology 2 jets Two em
showers

Two 
penetrating 

particles
Two narrow 

jets
If you have a species on one side 
→ anti-species on the opposite
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Topologies in ALEPH

Example: final states distinguished with two variables 

• the sum of the track momenta, Ech
• and the track multiplicity, Nch, (ALEPH experiment)

Reaction 𝑞8𝑞 𝑒!𝑒" 𝜇!𝜇" 𝜏!𝜏"

Ech

2 jets →
medium to 

large 
energy

Two em
showers 
→ large 
energy

~2 6 𝐸.'/0

Two 
penetrating 

particles 
~2 6 𝐸.'/0

Two 
narrow jets 

→
medium to 

large 
energy

Nch ~large 2 2 ~few
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The Z Scan and Gff

One sees that the cross section falls to half of its peak value at
𝑠 = 𝑚$ +

Γ$
2

→ Γ$ total decay rate of the Z boson and also the full-width half-
maximum (FWHM) of the cross section vs Ecms

→ The mass and Γ$ of the Z boson can be determined from a ’scan’ 
of the cross-section 

𝑒!𝑒" → 𝑍 → 𝑓 ̅𝑓

→ Once mZ and GZ are known, the measured value of the peak cross-
section for a particular final-state 𝜎) ̅)

2 is given by the formula

𝜎2peak cross − section

Solid line = measurement (see later)

ΓO = 𝑡𝑜𝑡𝑎𝑙 𝑍 𝑤𝑖𝑑𝑡ℎ
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Initial State Radiation ISR
LEP: the mass and width of the Z boson measured with a ‘scan’ of the cross section → Breit–Wigner resonance 

𝑒!𝑒" → 𝑍 → 𝑓 ̅𝑓

ISR photon with energy 𝐸3 is radiated → at the Z production vertex 

𝑝4 = 𝐸.'/0− 𝐸3 , 0,0, 𝐸.'/0− 𝐸3 , 𝑝# = 𝐸.'/0, 0,0, −𝐸.'/0

→ The effective centre-of-mass energy squared at vertex s’ = q2Z, given by the square of the sum of four-momenta 
of the e+ and e− after ISR

In practice, this is more complicated. Two 
higher-order QED diagrams where a photon is 
radiated from either the initial-state electron or 
positron, distort the shape of the Z resonance 

curve
ISR

ISR

𝐸3

𝐸3

𝐸.'/0

𝐸.'/0

𝐸.'/0
𝐸.'/0 𝐸 .

'/
0

- 𝐸
3

𝐸
.'/0 - 𝐸

3

𝑠5 = 𝑞$# = (𝑝4 + 𝑝#)# = (2 6 𝐸.'/0- 𝐸3)# − 𝐸3# = 4 6 𝐸.'/0# 6 1 − ⁄𝐸3 𝐸.'/0 = 𝑠 6 1 − ⁄𝐸3 𝐸.'/0
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𝑓(𝑠, 𝑠5) probability that 𝑠 → 𝑠5 .The measured cross section

Distorsion of the Z-Line-Shape

• 𝑒!𝑒" → 𝑍 → 𝑞8𝑞
• Solid line Breit–Wigner distribution with ISR.
• Dotted line Breit–Wigner distribution with no ISR 

ISR is a QED process → 𝑓(𝑠, 𝑠5) can be calculated to 
high precision. 𝜎0'/678'9 𝑠 can be corrected back to 

the Breit–Wigner distribution with ‘no ISR’. 

before

after correcting for ISR 

errors x 10 

→ISR reduces 
𝑠 𝑡𝑜 𝑠5

if the accelerator runs at 𝑠 = 𝑚$ a fraction of the Z bosons 
are produced 𝑞$# < 𝑚$

#

𝜎0'/678'9 𝑠 = X𝜎 𝑠5 𝑓 𝑠, 𝑠5 𝑑𝑠′

ISR < peak:
𝜎 𝑠5 decreases ISR > peak:

𝜎 𝑠5 increases
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The Invisible Width (neutrino families!)

Measurements

What discussed already

The hadronic width Γ: = sum of partial widths of 𝑞8𝑞 pairs kinematically accessible (top quark too heavy!)

The leptonic widths (Γ'' , Γ** , Γ;; 𝑎𝑛𝑑 Γ<<) include also the ‘invisible width Γ=>?=6 carried by all 𝑁< neutrinos (we 
expect 𝑁< = 3). Assuming lepton universality (all neutrinos behave the same!)

Γ=>?=6 = 𝑁< 6 Γ<<

Γ:= Γ77 + Γ99 + Γ66 + Γ++ + Γ..
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The Number of (n) Families

Strategy:

• Identify Z decays topologies
• the largest cross section that can be measured at the peak of the Z (and the one statistically better defined) is 

the one into hadrons

𝜎:/92 =
12𝜋Γ''Γ:
𝑚$
#Γ$#

→ Γ$ =
12𝜋Γ''Γ:
𝑚$
#𝜎:/92

• One additional family with light members, would determine a larger Γ@. 
• → a larger Z width (a smaller lifetime) and a 𝜎2(𝑠) ∝ Γ$"#
• measure the number of families is based on the ratio (assuming 

lepton universality)
𝑅=>?=62 = ⁄Γ=>?=6 Γ((

3𝑅(2

Γ!/Γ"" =
#$%&!!&"
'#
$("%&

' &((
$= #$%)(

'

'#
$("%&

'

Cannot measure Γ=>?=6 → is derived by subtracting all visible widths from Γ@ (if there was a neutrino with 𝑚< >
0#
#
→

it would not contribute)

ΓABCAD = Γ@ − ΓE − ΓFF − ΓGG − ΓHH → ΓABCAD = Γ@ − ΓE − 3 ∗ ΓII

Define 𝑅(2 = ⁄Γ: Γ((

𝑎𝑠𝑠𝑢𝑚𝑖𝑛𝑔 ΓII = ΓFF = ΓGG= ΓHH

⁄Γ'' Γ(( = 1
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The Number of (n) Families

Γ!/Γ"" =
#$%&!!&"
'#
$("%&

' &((
$= #$%)(

'

'#
$("%&

'

𝑅=>?=62 = 4#JK$
%

0#
&L'()

% − 𝑅(2 − 3 measured to be 5.943±0.016

𝑅*+,*-. = 𝑁/(
Γ/0/
Γ""
)12

(&)*)
&((
)12 = 1.99125±0.00083 computed using (*)

→

𝑁< =
5.943 ± 0.016

1.99125 ± 0.00083 = 2.984 ± 0.0082

(*)

Combined analysis of 4 LEP experiments using all 
available statistics
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The Forward-Backward Asymmetry 𝐴!"
#

There are more complex observables at LEP than cross-sections and widths: forward-backward asymmetry (AFB) 
measures asymmetries in the polar angle predicted by SM

The asymmetry in the angular distribution of the process 
𝑒!𝑒" → 𝛾/𝑍 → 𝜇!𝜇"

is easy to measure:

→ AFB is an observable that establishes a relation 
between vf and af

• “F (B)” means “forward (backward)”, 
• 𝑁M

* (𝑁N
*) is the number of muons scattered in the 

forward (backward) hemisphere, with respect to the e 
beam. 

• The corresponding cross-sections 𝜎M
*(𝜎N

*) are the given 
by
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Asymmetries at the Peak of the Z

At the Z peak of the Z:
• The lepton FB asymmetry is easily measured (tracks well measured, flavour clear!)
• The hadrons FB asymmetry is more difficult: how to distinguish jets from d, u, s, c, b? Only c and b induced 

jets can be identified using secondary jets (heavy flavours decays)
• AFB has an energy dependence 

due to the different energy 
dependence of the 
• g component, 
• the Z component and 
• the interference between the 

two cross-sections

• AFB has a detector-related 
‘complication’: it depends on the 
efficiency and acceptance. These  
have a direct impact on the 
observable 
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Measurements at LEP

• mZ corresponds to maximum of Breit-Wigner curve
• the width GZ to FWHM
• The hadronic cross-section 𝜎:/92 corresponds to the 

maximum of the cross-section of the resonance of events 
with hadronic topologies. 

• As for the case of hadronic events, the cross-section of 
different leptonic species has been measured

• The partial widths have also been measured O**
O++

= 𝜎)/𝜎'

Also indirect measurement from higher order diagrams

Lep phase-2, see next slides

𝜒# =
𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑏𝑙𝑒0'/678'9 − 𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑏𝑙𝑒)=PP'9(RS)

𝜎0'/678'9

Compare all observables with SM. Agreement (𝜒#) given by the 
ratio above → large deviations indicate a deviation from the fit
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Statistics: Reminder

# std.deviations Two sides 
probability

0 1.00
0.5 0.62
1.0 0.31
1.5 0.13
2.0 0.045
2.5 0.012
3.0 0.0027

If you repeat the same measurement (characterised by a 
measurement error) many times, in a small number of cases you 
get large variations relative to measurement error.

→ expect some ~significant 
variations in a large sample of 
measurements
→ if too many of your 
measurements are ‘too’ close to 
the expected value you are not 
lucky, you are probably 
underestimating your errors
→ the probability distribution of 
your measurements has to be flat 
between 0 and 1 if your model is 
correct (&& and if your errors are 
correctly computed)

All is quantified by the ratio 𝜒#/𝑛𝑑𝑜𝑓
where ndof = # measurements – #degrees of freedom
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From Combination Paper of Four LEP Experiments

Unlikely region

Unlikely region

Particle Data Group: http://pdg.lbl.gov/2015/reviews/rpp2015-rev-statistics.pdf

Likely region
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Precision of mZ→ Impact of Beam Energy

Precision on mZ

• Stat ± 2 MeV
• ∆𝐸.'/0 had to be known to 

2MeV

Consider very small effects: 

• tidal effects: the Moon distort the rocks around LEP by  ±0.15mm in the 
accelerator. Induced ∆𝐸.'/0 ±10MeV. Moon movements are known → 
effect corrected. 

• Ununderstood effect for some time: jumps in the beam energies at 
specific times of the day. After much investigation (and a box of bottles 
of champagne!), the origin → leakage currents from the local high-speed 
railway. Once understood, the affected data could be corrected for this 
effect.

𝐸"# 𝐸!#
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Accurate Measurement of Beam Energy

The needed ∆𝐸.'/0 in LEP achieved with the technique of 

resonant spin depolarisation (*)
precession of the average spin vector of the polarised bunches. 

→ The beam energy is therefore proportional to the number of spin 
precessions per turn (“spin tune”, ν). It is measured with the help of a 
weak oscillating radial magnetic field, by observing the depolarisation 
which occurs when an artificial spin resonance is excited. 

momentum of particles circulating in a ring is proportional to the magnetic bending field

This method offers a very high precision, as good as ±0.2 
MeV, on the beam energy at the time of the measurement.

(*) available in 1991, when a small transverse polarisation of the electron beam in LEP was observed.
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Energy Calibration of the Beams at LEP

Typical variations of the beam energy around 
the LEP ring due to energy losses from 

synchrotron radiation in the arcs: compensated 
by radio frequency cavities

Ene
rgy

 los
ses

 due
 to

 sy
nc

hro
tro

n r
ad

iati
on Energy losses due to synchrotron radiation

→ Effects on the centre-of mass energy.
The last two columns give the approximate 
contribution of each effect to the error on 
mZ and on GZ. (specific to each year and 
energy)
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Luminosity Measurement at LEP

The small-angle Bhabha scattering was used to measure the 
luminosity at LEP.

𝑒! 𝑒! 𝑒" → 𝑚𝑜𝑠𝑡𝑙𝑦 𝛾 𝑎𝑡 𝑠𝑚𝑎𝑙𝑙 𝑎𝑛𝑔𝑙𝑒𝑠 → 𝑒! 𝑒"

It can be described by two contributions: 
• at small angles, the cross section has a dependence on the polar 

angle of the type 1/𝜃U ≈ 1/𝑞U due to the EM terms → very rapid 
variation with q; 

• at large angles, the exchange of the Z has also to be included.

ℒ =
𝑁-3"34536

𝜎-*7+8" * 𝐴𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒 * 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

The large cross-section at small angles is only due to the EM interaction and 
is calculated with a precision better than 1% (compared to 3% achievable at 

LHC using Van der Mer scan). 
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Luminosity Measurement at LEP
• Events with forward going electrons are recorded at the same time of all other processes → reflect any data-

taking inefficiencies (readout deadtimes and detector downtimes). 
• The cross-section is high → many events produced → the statistical precision of this process is high, matching 

well even the high statistics of hadronic events at the Z resonance. 

The topology of these events is extremely clear:
• back-to-back electrons and positrons close to the beam direction. 

Their positions and energies (EL and ER) are measured by 
calorimeters placed at small angles with respect to the beam line, 
polar angle range: 25 to 60 mrad. 

• The energy of electrons and positrons is equal to the energy of the 
beams → EL/R / Ebeam =1.

• The cross-section is twice the hadronic peak cross-section →
small statistical errors arising due to luminosity. 

typical experimental signature 
of luminosity events 
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Problems of Luminosity Measurements at LEP

angular distribution falls like 1/𝜃U
→ a precise knowledge of the inner radius of the 
calorimeter needed

The Bhabha cross-section at small scattering angles is 
dominated by the well-known QED t–channel scattering 
process known to ~ 0.05 %

Beam + residual gas

Be
am

 +
 re

sid
ua

l g
as

Random 
coincidences

𝜎-*7+8" =
𝑁5958"
-*7+8"

ℒ
=

𝑁-3"34536 − 𝑁:84;7<9=+6
ℒ * 𝜀5<*773< * 𝜀-3"345*9+ * 𝐴𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒

ℒ =
𝑁-3"34536

𝜎-*7+8" * 𝐴𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒

Very small background, very large sample of Nselected
BUT

the main systematic error from the definition of the 
geometrical acceptance for this process. 
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LEP at High Energy: Phase-2

Lowest order Feynman diagrams (a), (b), (c), and (d) for the 
process 𝑒!𝑒" →𝑊!𝑊", (e) the ZZ production and (f) the 
annihilation in two photons

Pair production of Ws

Pair production of Zs
Pair production of gs
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W LEP Measurements & its Mass

𝑒!𝑒" →𝑊!𝑊" → 𝑞%𝑞′𝑞′′𝑞′′′
𝑒!𝑒" →𝑊!𝑊" → 𝑞%𝑞′𝑙𝜈#
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W Mass at Colliders & Other Observables
Standard Model: precise relations among many observables, → well 
defined ratios and/or relations.
• The mass of the W, of the Higgs, of the top quark are some of these 

observables.
• mW is important because it is the best measured observable → check 

the consistency of the SM predictions with data.

Inconsistencies 
could give possible 
indications of new 

physics

All these 
measurements 

must have an area 
of superposition

±1 s

±2 s
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Methods to Measure the W Mass

Machine Method Present 
precision

e!e" 1-cross-section at threshold, 
2-direct reconstruction

±33 MeV

p9p High pT charged lepton from its decay. 
Due to the presence of ns the mass is 

determined by comparison of the 
transverse mass mT with MC predictions

±16 MeV 
(CDF and 

D0) (±9 MeV?)

pp
±19 MeV 
(ATLAS 

only)

W mass and its width Gwis are the parameters that appear in a Breit-Wigner 
expression for the cross-section vs centre-of-mass-energy

Decay W!W"

→ qwq′q′′q′′′
W!W" → qwq5𝑙𝜈( W!W" → 𝑙𝜈(𝑙𝜈(

Fraction 46% 44% 10%
Topology 4 jets, no missing 

energy
2 jets + missing 
energy + lepton

No jet + missing 
energy
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34

W mass measurement at Colliders

Tevatron (𝑝w𝑝, 2 𝑇𝑒𝑉)

LEP (𝑒!𝑒", < 200 𝐺𝑒𝑉)

LHC, 𝑝𝑝, < 13 𝑇𝑒𝑉
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MW at LEP
Lowest order Feynman diagrams for the production 
of pairs of Ws and of Zs at LEP phase-2: 

Centre-of-mass energy has to be larger than
𝑚V 𝑚$ 6 2

• Fully hadronic: 44%, four jets whose energy sum 
is consistent with centre-of-mass-energy

• Semileptonic: ~46%
• Fully leptonic: 10%, topology two acoplanar

energetic leptons with significant missing energy in 
detectors.

WW

ZZ

‘CC03 diagrams’

LEP Phase 2 → W properties  (& quest for the Higgs)

Typical situation at LEP for the WW selection (Aleph)

← gluon radiation, additional jet
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W+W- Decay Topologies

Missing energy 

carried by 2 n
Missing energy 
carried by 1 n

muon

electron

electron

jet

jet

jet

jet

jet

jet

At LEP two point-like objects collide and this allowed the use of constraints:
• Total energy = √s (= 2 x beam energy); 
• Total momentum in 3 directions = 0;

→ adjust directions and pT and E of objects to satisfy these constraints (fit) → improvement of mW resolution

• If both Ws are reconstructed than also impose 𝑚V
4 = 𝑚V

# (however in full hadronic topology 4 jets and 3 
combinations; use pairing that gives best masses)

At LEP rate is ~ low, events are clean, no pile-up!
→ n energy known
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mW Reconstruction at Threshold
Close to the W+W− threshold (161 GeV), the dependence of the W-pair 
production cross section rises as

𝜎VV ∝ 𝛽 = 1 − 4𝑚V
# /𝑠

→ The measurement of 𝜎VV at √s gives mW (see plot on the right). 
The most sensitive √s to mW was determined to be √s = 161 GeV, but data 
at 172-183 GeV were also analysed to extract mW. 

The potential precision is similar to the direct reconstruction method, 
described below. However, LEP (mostly) operated at higher centre-of-mass 
energies (NP + precise EW) and only 3% of the full data set was taken at 
161 GeV.

√s (GeV)12.1 pb-1 at 161 GeV

Measured cross section

Larger opening

The combination gives

DmW~200 MeV, energy knowledge plays no role!
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Direct Reconstruction of mW

The direct mass reconstruction method was used at 172, 183 and 189 GeV centre-of-mass energies. 

• W mass is reconstructed using the pairs of jets from each W decay. 
• A constrained fit, mentioned before, is used
• fully hadronic and semileptonic channels are used 
• In the fully hadronic channel ‘pairing problem’: (12+34, 13+24, 14+23) → combinatorial background. 

Example: L3

qqen: almost no 
background, no pairing 
problem

qqqq: some background, 
significant pairing 
contribution

→ similar precision to the 
semi-leptonic case even if 
statistics is larger

Full leptonic topology limited 
statistics (10% decays)
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Getting the Mass and the Width

These Monte-Carlo samples are of large statistics, typically 106 events. Since the generation of event samples for all 
possible parameter values is very computing time intensive, different methods are used to perform the mW and GW
extraction in a more efficient, but still precise way (typically re-weight events).

The individual results of the four experiments are combined 
taking into account correlations

C2/dof is ~good

1

2

In the direct reconstruction method, the mass of the W boson is obtained by comparing data to simulated 
e+e− → W+W− 

event samples generated with known values of mW and GW, in order to obtain those values which describe the 
data best. 
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Higher Order Diagrams
Higher order diagrams include loops with known
and (at the time of LEP) yet unknown particles: 
the top quark and the Higgs boson.

The effect of these higher order diagrams is to 
modify slightly axial and vector couplings gVf, gAf

+ smaller 
terms→ one has some sensitivity on mt and mH:

• Dependence is quadratic on mt → more visible
• Logarithmic on mH → weak
At ~ low energy you open a small window on kinematically 
inaccessible regions
Global fits of all observables give some indication on mt

and mH even before their direct discovery and 
measurement
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mt and mH

mH (GeV)

~ light 
Higgs

Direct search limit: 
mH > 114 GeV

Points: direct
measurement

Blue band: “fit”
measurement

Δ𝜒
}
=
𝜒}
−
𝜒 ~

��
}
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How Precisely one has to Measure mW? 

The current Particle Data Group gives the world average of mW (dominated by the CDF and D0 measurements): 
world average of mW = 80385 ± 15 MeV 

Given the precisely measured values of , GF and mZ , and using mt and mH we can use the above relation to derive 
SM prediction of mW = 80358 ± 8 MeV and mW = 80362 ± 8 MeV (different calculations). 

The SM prediction uncertainty of 8 MeV represents therefore a target for the precision of future measurements of mW.

One could ask: down to which level do we need to know mW?

the effect of higher order diagrams:

Dr:
• Dependence is quadratic on mt → more visible
• Logarithmic on mH → weak
In extended theories, Dr receives contributions from physics beyond the SM.

𝑚V
# 1 −

𝑚V
#

𝑚$
# =

𝜋𝛼
2𝐺M

1 + Δ𝑟
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W Mass Reconstruction at Colliders
We have seen that at LEP mW could be reconstructed using ALL decays of the W. This is possible because 

• Electrons and positrons are point-like objects
• The centre-of-mass energy is defined
• The background: both hadronic and leptonic decays
• Conservation of energy and momentum allows to calculate the momentum and direction of one undetected 

particle (like neutrinos in the decay 𝑊 → 𝜈𝑙)

At hadronic collider machines there are difficulties in the use of hadronic decays:

• the QCD background is >>>>>>> the EW production of W’s
• High energy W → the two jets 𝑊 → 𝑞𝑞′ are ~merged. Sophisticated techniques look for internal structures in ‘fat 

jets’.

In practice all mW measurements 
at hadron colliders are based on 
the study of W’s leptonic decays
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The Event Structure in W (and Z) Leptonic Decays

Hadronic recoil

Hadronic recoil

Hadronic recoil

Hadronic recoil

One lepton and one 
undetected neutrino

Two same flavour 
opposite charge leptons

𝑝W0=66 = −(𝑝W( + 𝑢W)

Neutrino is not 
measured

measured

Difficulty: pT of the neutrino can be calculated only 
in the x-y plane. 

→ how to compute the mass of the W using 
measurements in the transverse plane? → mT

pT(W)
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W Mass Measurements at Hadron Colliders

Invisible particle (like ns in W decays)

Visible particle (like leptons in W decays)

The mass of the parent particle 
can be constrained with the 
observable MT defined by

where

𝑝W 1 = 𝐸W0=66

Important characteristic: the end point of this distribution is 
𝑀W
0/, = 𝑀

For m1~m2~0→

f12

Breit-Wigner+ 
Resolution effect 
→ sharp fall →

smooth fallAlso the distribution of the pT of the lepton has memory of 
mW: the end-point is mW/2
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Effect on MT of Resolution & Breit-Wigner Shape

Also the distribution of the pT of the lepton has memory of mW: the end-point is mW/2

The figure ← shows the Jacobian peak of the pT
distribution when

• no Breit-Wigner distribution, ideal detector with 
perfect acceptance and resolution

• the W is produced according to a Breit-Wigner 
distribution, ideal detector with perfect 
acceptance and resolution

• Breit-Wigner distribution, detector with realistic 
acceptance and resolution

→ the distribution becomes broader and broader

mW/2
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mW and MT (and 𝑝$% )

Strategy:

→ Generate MANY samples of simulated events including physics and detector effects with slightly different 
values of mW and GW and find which one fits best the experimental MT distribution.

Id
ea

l e
nd

-p
oi

nt

One needs to have 
excellent control of

• Physics effects (d(x), u(x) 
+ QCD…)

• Detector effects Also the distribution of the pT
of the lepton has memory of 
mW: the end-point is mW/2→ find ways to verify the 

quality of your simulation 
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mW Measurement Strategy
The templates are compared to the observed distribution by means of a C2 compatibility test. 

Te
st

 o
f c

om
pa

tib
ilit

y 
~ 
C

2

The C2 as a function of mW is interpolated (solid line)

Problem: very many large (*) simulated samples with 
different values of mW and GW are needed. 

Computer resources needed → affordable?
No!

Each point of this ~parabola is the result of a comparison 
between data and simulated templates

The minimum of this curve gives the most 
probable value of mW

D0 mW result

(*) you want your simulated sample to be much larger than 
your data sample not to have a statistical error due to 
limited number of MC events! 

𝑁 𝑒𝑣𝑒𝑛𝑡𝑠 → 𝜎6P/P =
1
𝑁

𝑁6=07(/P'9 ≫ 𝑁9/P/
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mW Measurement Strategy: Simulation

• Predictions for different values of mW from 
a single (.. a few) MC sample(s), by 
reweighting the W-boson Breit-Wigner 
distribution.

• In practice this is more complex but you 
manage to have many simulated samples 
starting from a few ones

• The templates in small steps of of mW:1 to 10 MeV around the reference value
• Systematic uncertainties due to physics-modelling corrections, detector-calibration corrections, and 

background subtraction, are studied. 

If you weight down E<ER and weight up E>ER you move to 
the right the peak of the Breit-Wigner

Simulated samples are called “templates”
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mW Measurement Strategy: Use Z Boson
• ~107 (106)  W± to ln (Z to ll ) → The sizes of these samples give a statistical error on mW smaller than 10 MeV
• mW is sensitive to the strange-quark and charm-quark distribution functions of the proton used in the of templates 

(less well known than u(x) and d(x)!)
• Use Z → ll events to calibrate the detector response: treat one of the reconstructed decay leptons as a neutrino.

The accuracy of this validation procedure is limited by Z-boson sample, ~ 10x smaller than the W sample.

Hadronic recoil

Hadronic recoil

Hadronic recoil

Hadronic recoil

The 
reconstructed 
lepton is 
cancelled via 
software
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CDF & D0

MT: electrons

MT: muons

pT: electrons

MT

CDF D0
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ATLAS: Uncertainty (Statistical and Systematic)

Systematic effects include knowledge of 
• background, 
• trigger efficiency, 
• energy resolution, 
• detector efficiency 
• …

systematic error.

Stat.Unc.
Error → Uncertainty, more correctResult Systematic Unc.

Strategy for handling systematic errors:

• All parameters of your analysis are known with 
some precision:

• You do your analysis with best values of your 
parameters; 

• you repeat it with one ‘detector’ or ‘theory’ 
parameter changed by your uncertainty
→ the variation on your result is a systematic 

uncertainty
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ATLAS Results
𝑊! → 𝑒𝜈 𝑊"→ 𝑒𝜈 𝑊! → 𝜇𝜈 𝑊"→ 𝜇𝜈

𝑝W( 𝑝W(

𝑀W 𝑀W

𝑝W0=66 𝑝W0=66
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for W+ and W-

W+ cross section is larger and flatter than the corresponding W- cross section. Why?

W production main 
contributions:

𝑢𝑑̅ → 𝑊!

𝑑8𝑢 → 𝑊"

These processes need both quarks and anti-quarks 
𝑝𝑟𝑜𝑡𝑜𝑛 = 𝑢𝑢𝑑, 𝑝𝑟𝑜𝑡𝑜𝑛 = 8𝑢8𝑢𝑑̅

→ Tevatron (𝑝𝑝̅ collider) has both quarks and valence anti-quarks → ~high values of Bjorken x
→ LHC (𝑝𝑝 collider) has quarks and sea anti-quarks → low values of Bjorken x

Z production main 
contributions:

d𝑑̅ → 𝑍
u8𝑢 → 𝑍

• At LHC energies these processes take place at low 
values of Bjorken-x

𝑦 =
1
2
𝐸 + 𝑝X
𝐸 − 𝑝X

~𝜂 𝑓𝑜𝑟 𝑝 ≫ 𝑚

𝑊> → ℓ>𝜈 𝑊? → ℓ?𝜈
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for W+ and W-

Assuming 𝑑̅ ≈ 1𝑢 → ⁄�!" �!# ≈
� 8�
�w�
≈ �

�
→

�$%
$&(�

#)

�$%
$&(�")

≈ �(�)w�(�)
�(�) 8�(�)

≈ �(�)
�(�)

W production main contributions: 𝑢𝑑̅ → 𝑊! ; 𝑑8𝑢 → 𝑊"

→ at LHC 
𝜎(𝑊") ≈ 4

#
𝜎(𝑊!)

(𝑝𝑟𝑜𝑡𝑜𝑛 = 𝑢𝑢𝑑 → 1𝑑 + 2𝑢)

𝑊> → ℓ>𝜈 𝑊? → ℓ?𝜈
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W Physics at LHC

Assuming 𝑑̅ ≈ 1𝑢 → ⁄�!" �!# ≈
� 8�
�w� ≈

�
� →

�$%
$&(�

#)

�$%
$&(�") ≈

�(�)w�(�)
�(�) 8�(�) ≈

�(�)
�(�)

Proton-Proton Collider: 
→ u(x) > d(x) for large x (valence quarks) → more W+ at positive rapidity

always more W+ than W–

(𝑝𝑟𝑜𝑡𝑜𝑛 = 𝑢𝑢𝑑 → 1𝑑 + 2𝑢)
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Global EW fits – Input Parameters

Input values and fit results for the observables used 
in the global electroweak fit. 

1. the observables/parameters used in the fit
2. their experimental values or estimates 
3. indicates whether a parameter is floating in the 

fit. 
4. the results of the fit including all experimental 

data. 
5. fit results are given without using the 

corresponding experimental or 
phenomenological estimate in the given row 
(indirect determination). 

6. result using the same setup as in the fifth 
column, but ignoring all theoretical uncertainties.
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Global EW fits - 1

Comparison of the results with the indirect determination in units of the 
total uncertainty, defined as the uncertainty of the direct measurement 
and that of the indirect determination added in quadrature. 

The indirect determination of an observable corresponds to a fit 
without using the corresponding direct constraint from the 
measurement.

𝑅𝑒𝑠𝑢𝑙𝑡 − 𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡 𝐷𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝜎K'67(P# + 𝜎Y>9.['P.#

In the context of global fits to the SM parameters, constraints on 
physics beyond the SM are currently limited by the measurement of 

the W-boson mass. Therefore improving the precision of the 
measurements of mW is of high importance for testing the overall 

consistency of the SM.
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ATLAS paper

Need to improve:

• The modelling uncertainties, which currently dominate the overall uncertainty of the mW
• Better knowledge of the PDFs, as achievable with the inclusion in PDF fits of recent precise measurements of W-

and Z-boson rapidity cross sections 
• Improved QCD and electroweak predictions for Drell–Yan production

All these uncertainties are crucial for future measurements of the W-boson mass at the LHC.

The determination of mW from 
the global fit of the 

electroweak parameters has 
an uncertainty of 8 MeV →

natural target for the precision 
of the experimental 

measurement of mW. 
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Not only mW: EW Measurements at LHC: CMS

~9 orders of magnitude !

Measurements of many 
different EW processes 
have been performed:

Many different cross 
sections have been 
measured at different 
centre-of-mass energies, 
spanning over ~9 orders 
of magnitude.

The comparison with SM 
predictions is also 
shown.

Agreement is generally 
good.
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Not only mW: EW Measurements at LHC: ATLAS

Very similar situation in ATLAS →

As an example the inclusive cross-section for the production of Ws and Zs is also shown compared to theory. 

This is the end of the SM? Do we need to measure some observable to a better precision?
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EW cross-sections as Measured by ATLAS

Many orders of magnitude!
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Let’s consider the case of a W produced at rest. The cross section can be expressed as

where s is the center of mass energy of the colliding quarks and where q is the  polar angle of the electron with 
respect to the proton beamline. The function θ2( �s) is proportional to a Breit-Wigner distribution. 

We define the quantity E = �s and E\ = �s ∗ sin(θ)

This quantity is useful because it is invariant under 
longitudinal boosts. In the W rest frame we can write the 
differential cross section in ET as 
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For E\ = �s/2 we have a singularity! However s0 has the shape of a Breit-Wigner thus all these values are 
smeared and the discontinuity is recovered 
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The Properties of the W-Boson


