
Experimental Foundations of the Standard Model III

Postgraduate Course, UC Louvain, 2009

Martin Pohl



LEP II

• LEP Energy upgrade, high energy running from 1995 to 2000

• Measurements at and above the threshold for e+e−→ W+W−

• W physics, triple gauge couplings, search for new particles
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The Mass of the W Boson

• Expect about 10000 W-
pairs/experiment

• Br(W → lν) = 32.5%, Br(W → qq) =
67.5%

• qqqq : qqlν : lνlν = 4/9 : 4/9 : 1/9

• Boson self-couping required by data,
regularizes WW production process
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QED Radiative Corrections for WW Final State
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W Mass from Threshold Scan

• Cross section at threshold sensi-
tive to W mass

• Result:

σWW = 3.69± 0.45pb

MW = 80.40± 0.22GeV

• Small rate, low sensitivity, little
other physics, frustrating...
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W Mass from Decay Products

• Limited by experimental resolution on variant mass, M (jet,jet),
M(l, ~Emiss)

• Can be improved by kinematic fit, finding measured angles and energies
best compatible with measured values and energy-momentum conserva-
tion.

• Effectively transfers good angular resolution towards less good energy res-
olution.

• Simultaneously determines unknow neutrino momentum vector.

• 4 constraints for qqqq, 5 if one imposes MW+ = MW−

• 1 constraints for qqlν, 2 for equal masses
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W Mass from Decay Products

• Prepare Monte Carlo sim-
ulation of all small detector
imperfections

• Generate Monte Carlo
events for a given MW

• Reweight these events to
emulate any possible value
of M ′

W:

wi(M
′
W) =

|M(M ′
W)|2

|M(MW)|2

• Compare data and Monte
Carlo to find the best-fitting
value of MW

• Tedious but straight for-
ward
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Hadronization Corrections

• Main systematics from hadronization corrections

• Bose-Einstein correlations: identical bosons influ-
ence each other’s phase-space

• Color reconnection: gluons can transfer energy-
momentum between quarks from different W’s

Salvatore Mele | From LEP to LHC | Troisième cycle 22

LEP Results

mW (LEP) = 80.376 ± 0.033 GeV/c2

weights : qqqq=22% , qqlv=76% , !=2%

(prob. fit. : 11.1%)

Difference between channels:
mW(4q-2q) = -11.7 ± 44.6 MeV/c2

Salvatore Mele | From LEP to LHC | Troisième cycle 24

Contributions to the total uncertainty
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Fermilab Tevatron

• Proton-antiproton collider

•√s = 1.96TeV

• 1 fb−1 of data per experiment, ∼ 500k W events, ∼ 19k Z events
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Fermilab Tevatron Detectors

CDF:

• Precision silicon vertexing

• Large radius drift chamber (r = 1.4m)

• 1.4 T solenoid

• EM+HAD Calorimetry

• Muon chambers |η| < 1.1

• Particle Identification

D0:

• Precision silicon vertexing

• Outer Fiber Tracker (r = 0.5m)

• 2.0 T solenoid

• EM+HAD Calorimetry

• Muon chambers |η| < 2.0
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W Signature at Hadron Colliders

Jan Stark Moriond EW, March 7-14, 2009 3

Signature in the detector

In a nutshell, measure two objects in the detector:
 - Lepton (e or !),  
   need energy measurement with 0.2 per-mil precision (!!)
 - Hadronic recoil, need  ~ 1% precision
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Transverse Variables

Jan Stark Moriond EW, March 7-14, 2009 4

Experimental observables

MT most affected by measurement 

of missing transverse momentum 
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pT(e) most affected by pT(W)

Ref. hep-ex/0011009

              No PT(W)
              PT(W) included

              Detector Effects added 

Need Monte Carlo simulation to predict shapes of these observables for given mass hypothesis.
DØ use ResBos [Balazs, Yuan; Phys Rev D56, 5558] + Photos [Barbiero, Was, Comp Phys 
Com 79, 291] for W/Z production and decay, plus parameterised detector model.Université de Genève 3.11 Martin Pohl



D0 Mass Fits (Preliminary

Jan Stark Moriond EW, March 7-14, 2009 11

Mass fits

m(W) = 80.401 ± 0.023 GeV  (stat)m(Z) = 91.185 ± 0.033 GeV  (stat)
(remember that Z mass value from LEP was 
an input to electron energy scale calibration,
PDG: m(Z) = 91.1876 ± 0.0021 GeV)

MZ = 91.185± 0.033 GeV (stat) MW = 80.401± 0.023 GeV (stat)

Jan Stark Moriond EW, March 7-14, 2009 12

Mass fits

m(W) = 80.402 ± 0.023 GeV  (stat)m(W) = 80.400 ± 0.027 GeV  (stat)
MW = 80.400± 0.027 GeV (stat) MW = 80.402± 0.023 GeV (stat)
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D0 Mass Uncertainties (Preliminary)

Jan Stark Moriond EW, March 7-14, 2009 13

Summary of uncertainties
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statistical                                                       23                       27                     23

total                                                                44                       48                     50
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CDF Mass Fits and Uncertainties

Jan Stark Moriond EW, March 7-14, 2009 16

CDF: Result and uncertainties

Combined result (electrons, muons;
three observables):

     m(W) = 80.413 ± 0.048 GeV 

Phys.Rev.Lett.99:151801 (2007)
Phys.Rev.D77:112001 (2008)
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Summary of Results on W Mass

J. Stark, Moriond 2009

Jan Stark Moriond EW, March 7-14, 2009 17

W mass: summary of results

The new result from DØ is the 
single most precise measurement 
of the W boson mass to date.

So far, we quote our m
T
 result as

the main result. Will combine results
from the three observables; expect
~ 10 % improvement in total error
over m

T
 alone.

The new result is in good agreement 
with previous measurements.

Attention: New D0 result not yet used in electroweak fits.
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W Couplings to Matter

• At q2 �M2
W, contract charged current coupling and W propagator:

GF√
2

=
g2

8M2
W

• Electron spectrum and total width given by V-A structure:
dΓ

dE′
=

G2
F

12π3
m2
µE
′2(3−

4E′

mµ

) ; Γ =
1

τµ
=
G2
Fm

5
µ

192π3

• Radiative corrections and W propagator effects:

Γ =
1

τµ
=
G2
Fm

5
µ

192π3
(1 + ∆q)

known to second order, Ritbergen and Stuart Phys.Rev.Lett. 82, 488
(1999), estimated precision 0.03ppm.
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FAST Collaboration

A.Barczyk(1), G. Barone(3), J.Berdugo(2), J.Casaus(2), C.Casella(3),
K.Deiters(4), S.de Laere(3), J.Kirkby(1), L.Malgeri(1), C.Mana(2), J.Marin(2),

G.Martinez(2), C.Petitjean(4), M.Pohl(3), E.Sanchez(2), C.Willmott(2)

Martin Pohl NIKHEF, Feb. 8, 2008 

THE FAST COLLABORATION 

A.Barczyk (1), J.Berdugo (2), J.Casaus (2), C.Casella (3), K.Deiters (4),  
J.Kirkby (1), L.Malgeri (1), C.Mana (2), J.Marin (2), G.Martinez (2),  

C.Petitjean (4), M.Pohl (3), E.Sanchez (2), C.Willmott (2)                        

CIEMAT 2 CERN 1  UNIGE 3 PSI 4 
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FAST Design Requirements

Martin Pohl NIKHEF, Feb. 8, 2008 

Size of the statistical sample =>  
achievable precision in the measurement 

New generation muon lifetime experiments (!"µ/"µ ~ ppm) ! 2 main requirements:  

1.! Achieve a large statistical sample (N_events ~ 1011 - 1012) 
2.! Control the systematic effects  

!  

! 

Signature: 

-! #+ & µ+ close in time & space    [high pulses] 

-! e+ track                                  [mip’s]    

DESIGN of the FAST EXPERIMENT 

#+ 

 p = 170 MeV/c 

PMT Readout &  
DAQ Chain 

muon source: 
DC #+ beam stopped  

in the target 

TARGET  

  [Active scintillator target]:  

-! stopping material for #+ and µ+ 

-! detector for e+  

SIGNATURE FOR AN EVENT: 

+++
!! eµ"

events

stat

N

1)(
=

!

"!
proper decay time : t_e – t_µ$

N 
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PSI Beam

Martin Pohl NIKHEF, Feb. 8, 2008 

MUON SOURCE (i.e. DC !+ BEAM) 

µ! source = ! decay at rest in the target 

! isotropic & unpolarized µ source 

DC !+ BEAM @ Paul Scherrer Institute (PSI) 

!+"
µ+"#µ"

S!= 0 

S#" Sµ"

PSI, Villigen AG  

(Switzerland) 

- !M1 area  

-! momentum 

- RF frequency 

- size  

- intensity 

- purity 

: !+ DC beam 

: 170 MeV/c (±3%) 

: 50.633 MHz  (T=19.75 ns)  

: variable (~ 10 x 10 cm2)  

: variable (~ 500 kHz)  

: ~ 50% 

PSI : 

proton 

cyclotron 

(590 MeV) 

(2mA p curr)  

 several 

secondary 

beamlines  

!"

µ"

e"
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FAST Setup

Martin Pohl NIKHEF, Feb. 8, 2008 

FAST: GLOBAL SETUP OVERVIEW 

top view 

side view 

Magnet planes 

Horizontal hodoscope 

Beam counter 

Target 

Pion beam 

Wedge beam absorber 
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FAST Setup

Martin Pohl NIKHEF, Feb. 8, 2008 

TARGET: FINAL CONFIGURATION 

dipolar magnetic field: 
-! permanent magnet  

 (2 planes of magnetized ferrite blocks) 
-! B = 80 G 
-! homogeneous & transverse magnetic field 

-! assess systematics related to µSR effects 

z-counter hodoscope: 

-!16 horizontal counters      (10x10x200mm3) 

-! register vertical entry position of the beam pcls  

-! range requirements on beam pions 

wedge shaped beam degrader 
-! vertical gradient in the thickness of the 
absorber 

-! achieve a uniform distribution of the pion 

stopping points   

    (combined with large beam profiles) 
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FAST Occupancy and Range Requirements

Martin Pohl NIKHEF, Feb. 8, 2008 

  achieved uniform occupancy of pion stopping point  

       Strong range separation (20 pixel ~ 8 cm) 

                  between beam !’s and µ’s :  

              Wedge + hodoscope z-cnt tags  
       efficient suppression of residual beam muons 

TARGET: OCCUPANCY & RANGE REQUIREMENTS 

transverse plane (x,y) 
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vertical plane (x,z) 

MUON BEAM 
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FAST Raw Muon Decay Time Distribution

Martin Pohl NIKHEF, Feb. 8, 2008 

ANALYSIS OUTPUT: LIFETIME DISTRIBUTION 

1 bin = 1 TDC tick 

•! te distribution i.e. te-t!"

•! total stat : 1010 µ decay events 

“THE” PLOT  

•! negative times (pure bkg events) & 
description of the background (totally decoupled from  

 the signal) from the negative times region 

  positive times (signal+bkg) 
use the background description also for the positive  

times region 

•! background: flat component         
                no time dependent   

           +  RF periodicity structure (TRF) 
       beam induced background 

•! te distribution i.e. te-t!"

•! total stat : 1010 µ decay events 

“THE” PLOT 

Finest time resolution: 

1 TDC tickmark = 1.0416667 ns 

t=0 :  

! in the target 

t_e distribution  

i.e. t_e – t_! 

TDC Window 
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FAST Smart Rebin Method

Martin Pohl NIKHEF, Feb. 8, 2008 

STEPS FOR THE FIT: rebin the histogram 

new bin separator 

original bin 

1 new bin = 18.960051 original bins 

“SMART REBIN”  
      i. e. rebin + bin sharing procedure : 

!! different algorithms tried (uniform, linear, 

quadratic, exp) for the sharing of evts inside 

the original bin 
!! no appreciable differences found  

(see systematics) 

!! default: uniform distribution inside the bin 

TRF 

Rebin the histogram using the measured beam period TRF 

-! to minimize the influence of the periodic background on !µ measurement 
-! information loss – but only on the details of the background, not the lifetime 
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FAST Fit Quality

Martin Pohl NIKHEF, Feb. 8, 2008 

FIT QUALITY 

!=[1.003 +/- 0.022] 

X=[-0.0005 +/- 0.0314] 

FFT of the residuals 

residuals 
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FAST Systematics

Martin Pohl NIKHEF, Feb. 8, 2008 

SYSTEMATIC UNCERTAINTIES 

•! Different classes of systematic errors identified: 

•! DETECTOR UNIFORMITY (!µ VS: x"; y"; position inside PSPM; PSPM; chip; TDC) 

•! FIT METHOD 

•! !µ ESTIMATOR (te – t" VS te – tµ) 

•! µSR EFFECTS 

•! STABILITY OF THE MEASUREMENT (time stability, clock, rate dependence)  

•! Evaluated using several dedicated histograms (produced online) 

•! General recipe (when several lifetime measurements are available)  

- Any deviation inconsistent with the statistical fluctuations is considered to be of systematic origin 

-! A PRIORI consistency criteria = 3 sigma’s  

1. Fit histograms corresponding to the subsamples & compute the average 

2. Look if there are statistically incompatible points (i.e. deviation from the average #!µ > 3$)   

3. How much the average changes when those points are excluded 

4. Quote this variation as (signed) systematic shift%
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FAST Current Result on Muon LIfetime

Martin Pohl NIKHEF, Feb. 8, 2008 

•! first precise measurement of the positive muon lifetime with the FAST experiment:  

•! run 2006 [3 weeks data taking, Nov-Dec06] 

•! data sample : 1.073 1010 µ+ decay events 
•! precision comparable to PDG, value compatible with PDG 

•! uncertainty dominated by the statistics 

RESULTS (run2006) 

•! FAST measurement of the Fermi coupling constant GF 

arXiv: 0707.3904 [hep-ex] 

(July 2007) 
&  

submitted to PLB  
FAST Collaboration (A. Barczyk et al.), Phys.Lett. B663 172-180, 2008
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Current Muon LIfetime Results

Martin Pohl NIKHEF, Feb. 8, 2008 

RESULTS 

OUR MEASUREMENT IN THE WORLD SCENARIO OF MUON LIFETIME EXPERIMENTS 

! after more than 20 years two new experiments (MuLan & FAST) are taking the lead  

18 ppm 
8.2 ppm 

GF accuracy: 
9 ppm ! 4 ppm 

ppm accuracy on GF 
expected soon! 
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FAST Progress in 2008
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Fig. 4: Lifetime histogram for the 2008 data sample. The solid line corresponds to the fit described in the text in
the range 680-20000 TDC ticks. A statistical precision of ∼ 3 ppm is achieved on the muon lifetime.
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Fig. 5: Distribution of the pull for the fit described in the text in the range 680-20000 TDC ticks. It is compatible
with a Gaussian distribution of unit width.
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Current Tau Lifetime Results

A.Lusiani arXiv:0709.1599 [hep-ex]

Lepton Universality and Lepton Flavour Violation tests at the B-factories Alberto Lusiani

285 290 295285 290 295
 (fs)ττ

CLEO 1996   4.0   fs±  2.8   ± 289.0   

OPAL 1996   1.2   fs±  1.7   ± 289.2   

ALEPH 1997   1.1   fs±  1.5   ± 290.1   

L3 2000   1.5   fs±  2.0   ± 293.2   

DELPHI 2004   1.0   fs±  1.4   ± 290.9   

PDG 2006   1.0 fs± 290.6   

BABAR  2004, prelim.   0.90 fs±  0.91 ± 289.40 
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Figure 2: Selected tau lifetime measurements (left) and check of the Standard model (SM) prediction of
universal leptonic couplings to the W (right) combining the present tau lifetime world average with the
BABAR preliminary result. The thickness of the oblique line represents the uncertainty of the SM constraint,
and is dominated by the uncertainty on the tau mass.

This preliminary measurement contributes the largest experimental improvement in recent
years for the coupling ratio expressions 2.1 and 2.2. Figure 2 reports the measurement compared
with the present world average and previous selected measurements [13]. Combining the BABAR
2004 result with the present world average assuming no systematic error correlations we obtain

ττ = 290.15±0.79 fs. (2.7)

Using the present world averages, we present an updated check of lepton universality in Figure 2
and updated determinations of the coupling ratios

gµ
gτ

= 0.9982±0.0020,
ge
gτ

= 0.9980±0.0020,
ge,µ
gτ

= 0.9981±0.0017, (2.8)

where ge,µ is determined assuming ge = gµ holds for the theory.
In the recent past, LEP experiments improved considerably the experimental precision on the

tau lifetime profiting from ideal conditions in most respects but statistics: there high momentum
tracks had small impact parameter errors due to multiple scattering, tau events had a distinctive
topology that permitted a pure and efficient selection against backgrounds, vertex detectors pro-
vided precise tracking close to the origin and systematic uncertainties from detector misalignment
were reduced thanks to the complete and uniform acceptance in the azimuthal angle [11]. B-
factories appear to be the only facilities where the tau lifetime measurement can be improved in the
near future and they can overcome with statistics the disadvantages related to increased multiple
scattering due to lower momenta and to less favourable physics conditions for an efficient and pure
selection.

2.3 Tau leptonic branching fractions

B-factories have not yet succeeded in matching LEP experiments regarding the measurement
of the tau leptonic branching fractions, because the systematic precision is limited by uncertainties

5

Lifetime of µ and τ equal up to phase space:

Γ(τ → eνν) =
BR(τ → eνν)

ττ
=
QPS(m5

τ)

τµ

Coupling strengths of weak charged current:
gµ

gτ
= 0.9982±0.0020 ;

ge

gτ
= 0.9980±0.0020 ;

ge,µ

gτ
= 0.9981±0.0017

Universality of weak charged current confirmed at the permille level.
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Transformation Properties of W Couplings

General amplitude: Michel (50), Fetscher, Gerber, Johnson (86)

M = 4
GF√

2

∑
gγεξ < ēε|Γγ|νe >< ν̄µ|Γγ|µξ >

Operators: γ = S, V, T , Chirality: ε, ξ = L,R, SM: gVLL = 1, all others 0.

Muon: PDG Tau: CLEO 98
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Precision today: pure V −A within few % for µ, some 10% for τ
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W Does Not Couple to Ordinary Quarks

The W does not interact with the eigenvalues of the mass operator (real
particles):



u
d




L

;



c
s




L

;



t
b




L

but with the rotated flavor eigenstates:


u
d′




L

;



c
s′




L

;



t
b′




L

This changes the invariant amplitude for a generic quark decay into:

M =
4GF√

2
Jνq J

†
µν

Jµq = (ū c̄ t̄) γµ
1

2
(1− γ5)V




d
s
b




with the Cabibbo-Kobayashi-Maskawa matrix V .
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Cabibbo-Kobayashi-Maskawa Matrix
14 11. CKM quark-mixing matrix
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Figure 11.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL. See
full-color version on color pages at end of book.

VCKM =




0.97383+0.00024
−0.00023 0.2272+0.0010

−0.0010 (3.96+0.09
−0.09)× 10−3

0.2271+0.0010
−0.0010 0.97296+0.00024

−0.00024 (42.21+0.10
−0.80)× 10−3

(8.14+0.32
−0.64)× 10−3 (41.61+0.12

−0.78)× 10−3 0.999100+0.000034
−0.000004


 , (11.26)

and the Jarlskog invariant is J = (3.08+0.16
−0.18)× 10−5.

Fig. 11.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements and
the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region, though the consistency of |Vub/Vcb| and sin 2β is not very good, as
mentioned previously.

August 30, 2006 10:12

V =

14 11. CKM quark-mixing matrix
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Figure 11.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL. See
full-color version on color pages at end of book.

VCKM =




0.97383+0.00024
−0.00023 0.2272+0.0010

−0.0010 (3.96+0.09
−0.09)× 10−3

0.2271+0.0010
−0.0010 0.97296+0.00024

−0.00024 (42.21+0.10
−0.80)× 10−3

(8.14+0.32
−0.64)× 10−3 (41.61+0.12

−0.78)× 10−3 0.999100+0.000034
−0.000004


 , (11.26)

and the Jarlskog invariant is J = (3.08+0.16
−0.18)× 10−5.

Fig. 11.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements and
the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region, though the consistency of |Vub/Vcb| and sin 2β is not very good, as
mentioned previously.

August 30, 2006 10:12

Université de Genève 3.33 Martin Pohl



Maki-Nakagawa-Sakata Matrix
13. Neutrino mixing 11

Figure 13.2: The regions of squared-mass splitting and mixing angle favored or
excluded by various experiments. This figure was contributed by H. Murayama
(University of California, Berkeley). References to the data used in the figure can be
found at http://hitoshi.berkeley.edu/neutrino/ref2006.html. See full-color version
on color pages at end of book.

December 20, 2005 11:24

Relates mass eigenstate νi, i = 1, 2, 3 with
flavor eigenstate να, α = e, µ, τ :

νi =
∑

α
Uαiνα

10.05.09 12:15Neutrino oscillation - Wikipedia, the free encyclopedia

Page 3 of 11http://en.wikipedia.org/wiki/Neutrino_oscillation

,

where

 is a neutrino with definite flavor. ! = e (electron), " (muon) or # (tauon).

 is a neutrino with definite mass. i = 1, 2, 3.
* represents a complex conjugate (for antineutrinos, the complex conjugate should be dropped from
the first equation, and added to the second).

U!i represents the Maki-Nakagawa-Sakata matrix (also called the "MNS matrix", "neutrino mixing

matrix", or sometimes "PMNS matrix" to include Pontecorvo). It is the analogue of the CKM matrix for

quarks. If this matrix were the identity matrix, then the flavor eigenstates would be the same as the mass

eigenstates. However, experiment shows that it is not.

When the standard three neutrino theory is considered, the matrix is 3$3. If only two neutrinos are

considered, a 2$2 matrix is used. If one or more sterile neutrinos are added (see later) it is 4$4 or larger. In

the 3$3 form, it is given by: [4]

where cij = cos%ij and sij = sin%ij. The phase factors !1 and !2 are non-zero only if neutrinos are Majorana

particles (whether or not they are is unknown), and do not enter into oscillation phenomena regardless. If

neutrinoless double beta decay occurs, these factors influence its rate. The phase factor " is non-zero only if

neutrino oscillation violates CP symmetry. This is expected, but not yet observed experimentally. If

experiment shows this 3x3 matrix to be not unitary, a sterile neutrino or some other new physics is

required.

Propagation and interference

Since  are mass eigenstates, their propagation can be described by plane wave solutions of the form

,

where

quantities are expressed in natural units 

Ei is the energy of the mass-eigenstate i,

t is the time from the start of the propagation,
 is the 3-dimensional momentum,

 is the current position of the particle relative to its starting position

In the ultrarelativistic limit, , we can approximate the energy as

,

Weak decay produces flavor eigenstate, mass
eigenstates travel at different speed depend-
ing on their mass. → Neutrino flavor oscilla-
tions
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W Couplings to Gauge Bosons

General Lagrangian for VWW-coupling (V = γ, Z, with C- and P-invariance):
iLeff
gVWW

= gV1 V
µ(W−

µνW
+ν −W+

µνW
−ν)

κVW
+
µW

−
ν V

µν +
λV

M2
W

V µνW+ρ
ν W−

ρµ

Normalization: gγWW = −e ; gZWW = −e cot θW

Multipole expansion of γW term→ static properties of W:

• Electric charge: qW = egγ1

• Magnetic dipole moment: µW = e
2MW

(gγ1 + κγ + λγ)

• Electric quadrupole moment: QW = − e
M2

W
(κγ − λγ)

E.m. gauge invariance: SU(2)⊗ U(1) gauge invariance:
gγ1 = 1 ∆κZ = ∆gZ1 −∆κγ tan2 θW

λZ = λγ
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W Pair Production Angle

Distribution of W-pair production angle carries information about coupling
structure:
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W Pair Decay Angles
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W Couplings to Gauge Bosons

Compared to other couplings: qualitative result, accuracy O(10%).
Université de Genève 3.38 Martin Pohl



Precision Tests of the Standard Model

• At tree level, three gauge cou-
plings, but only two independent
ones:

e = g sin θW = g′ cos θW

Partial unification of electroweak
forces.

• Higgs mechanism with doublets
only:

sin2 θW = 1−
M2

W

M2
Z

Relation between couplings and
gauge boson masses.

Elektroschwaches Standardmodell

Drei Kräfte, aber nur zwei Kopplungen:

f

f̄

ie

Z

f

f̄

ig
2 W

gfV gfA
5

W

f

f̄

ig

2 2
1 5

(Kleine) Vereinigung der Wechselwirkungen:

e g W g W

Higgs-Mechanismus (nur mit Dubletts):

2
W 1

M2
W

M2
Z

Beziehung zwischen Kopplungen und Massen

ETH Zürich M. Pohl

• Space-time structure of vertices given by electroweak multiplets:

gfV =
√
ρ0

(

T f3 − 2Qf sin2 θW
)

; gfA =
√
ρ0T

f
3

For Higgs doublets, ρ0 = M2
W/(M

2
Z cos2 θW ) = 1.
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Electroweak Propagator and Vertex Corrections

Salvatore Mele | From LEP to LHC | Troisième cycle 31

Radiative corrections

Electroweak processes “feel” bosons and fermions

Université de Genève 3.40 Martin Pohl



Radiative Corrections Formalism

Define weak mixing angle to all orders by:

ρ0 =
M2

W

M2
Z cos2 θW

= 1 ; sin2 θW = 1−
M2

W

M2
Z

Absorb all radiative corrections into two form factors, which depend on the
fermion species f :

sin2 θfeff ≡ κf sin2 θW

gfV ≡
√
ρf

(

T f3 − 2Qf sin2 θfeff

)

gfA ≡
√
ρfT

f
3

These definitions preserve the basic structure of electroweak coupling
relations:

gfV

gfA
= 1−

2Qf

T f3
sin2 θfeff = 1− 4|Qf | sin2 θfeff
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Asymmetry Parameters and Weak Mixing Angle

Attention: The values extracted from ALR and Ab
FB are the most precise and

differ by 3.2σ. The reason is not know:
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Standard Model Parameters

• Couplings for all forces (except gravity):

– Electromagnetic α, weak GF , strong αs
– Relation GF = πα/(

√
2M2

W sin2 θW ) reduces couplings to two: α and
αs

• Fermion masses:

– Lepton masses precise, light quark masses irrelevant at E 'MZ: mt

• Boson masses:

– Mγ = Mg = 0

– Replace MW by using GF = πα/(
√

2M2
W sin2 θW ) : leaves MZ

• And the Higgs boson mass MH...

Given this input, the Standard Model become highly predictive!
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The Standard Model Black Box (courtesy S. Mele)

Salvatore Mele | From LEP to LHC | Troisième cycle 32

The Standard Model black-box

!

!S

mZ

mt

mH 

GF

Standard
Model

mZ
"Z

#had

Rl

AFB

ALR

mW

mt

$2 fit

mZ "Z #had Rl AFB ALR

mW mt

mH

Use input parameters...
to predict values...

to compare to measurements...

...to check the Standard Model

...to predict mH
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Test Coupling Predictions

Attention: effective couplings→ gA 6= 1/2
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Top Mass from Radiative Correction

• Vertex corrections
∝ m2

t

• Propagator corrections
∝ log10MH
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Fever Curve of the Standard Model

• Choose one parameter, remove it
from the fit

• Predict its value from all other in-
puts and the SM black box

• Compare to measured values
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W Boson Mass and Top Mass
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W Boson Mass and Top Mass vs Standard Model
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Higgs Mass Limits from LEP/SLD

•MH < 154GeV @ 95%
CL with blue band included

•MH > 114.4GeV @ 95%
CL from LEP direct search

•MH < 185GeV @ 95%
CL combination of all data
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Higgs Mass Limit Sensitivity to Input

MH[GeV]

• ALR−Ab
FB discrepancy is

important

• W mass measurement has
high sensitivity
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Standard Model Health Bulletin

All in all, the patient survived the operation...
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