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Electroweak Radiative Corrections
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Effective Z couplings
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What we would like to have measured

4
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What we really measured
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What we really measured

5

Handled with a QED radiator 
function (3rd order):

Estimated error:  
0.3 MeV on mZ
0.2 MeV on ΓZ
0.02% on σhad

Behrends, van Neerven, Burgers; 
Montagna, Nicrosini, Piccinni; 
Jadach, Skryzpek, Pietrzyk,

0
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Ditto for forward-backward Asymmetries 

6
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Special care:  electron final states
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What was actually measured
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Number of neutrino generations
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Standard Model tests: leptonic couplings

lepton universality

Low mH favored
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Note: old mt!



Robert Clare  UC Riverside Loopfest VII May 14, 2008 11

Heavy Flavor Selection Techniques

Mass tags
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An Example Asymmetry
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Effective couplings for quarks
All heavy flavor results from LEP and 
SLD are averaged in a combined fit, 
taking into account interdependencies 
(e.g. mixing) and correlated errors (e.g. 
QCD)

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

!"had = 0.02761 ± 0.00036
10 2

0.09 0.1 0.11

A
FB

0,bb
_

m
H

 [G
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]

150 200mt [GeV]

 !b/!had

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 " exchange
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m
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]

Higher order QCD ~0.0004 Gluon splitting ~0.00023
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Quarks vs Leptons

A0,bFB prefers high mH; A! prefers low mH
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Standard model tests:sin2θ lepteff

Assuming lepton universality:

hadrons vs leptons 3.2σ
3.2σ between 2 most precise quantities
(A! and A0,bFB)

10 2

10 3

0.23 0.232 0.234

sin2!
lept
eff

m
H 

 [G
eV

]

"2/d.o.f.: 11.8 / 5

A0,l
fb 0.23099 ± 0.00053

Al(P#) 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

$%had= 0.02758 ± 0.00035$%(5)

mt= 172.7 ± 2.9 GeV
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Two types of events used:

qqqq

qqlν

Both have similar branching ratios, but 
currently qqqq contribute only 10% weight:

Bose-Einstein

Color reconnection
 dominant error in
 qqqq final state

Experimental cross-check: qqqq and qqlν 
differ by ΔmW = −12 ± 45 MeV

16

W mass from LEP
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OPAL [final] 80.415±0.052
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 Summer 2006 - LEP Preliminary
Results final; only combination is preliminary

(35 MeV)
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W mass from Tevatron + Combination

All Run I results FINAL

CDF/DØ fit transverse mass

Systematics are coming down with increased statistics:

Energy scale controlled by Z events

Hadronic recoil also constrained by Z events

CDF Run II:  with only 200 pb-1, already the best single 
measurement:
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For consistency, the LEP and Tevatron 
experiments use mW with a running 
width:

PDFs and QED account for 17 MeV 
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Top quark mass

Experiments use a combination of matrix element and 
template methods to fit for the top mass

lepton+jet

Examples

dileptons

18
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Top quark mass

Best Independent Measurements
of the Mass of the Top Quark   (*=Preliminary)

CDF-I   dilepton 167.4 ± 11.4

D -I     dilepton 168.4 ± 12.8

CDF-II  dilepton* 171.2 ±   3.9

D -II    dilepton* 173.7 ±  6.4

CDF-I   lepton+jets 176.1 ±   7.3

D -I     lepton+jets 180.1 ±   5.3

CDF-II  lepton+jets* 172.7 ±   2.1

D -II    lepton+jets* 172.2 ±   1.9

CDF-I   alljets 186.0 ± 11.5

χχ2/ dof = 6.9 / 11

Tevatron Run-I/II* 172.6 ±  1.4

150 170 190

Top Quark Mass [GeV]

CDF-II  alljets* 177.0 ±  4.1

CDF-II  b decay length 180.7 ± 16.8

March 2008

Dominant systematic errors 
in the combination:

JES:  0.9 GeV
“Signal” (ISR, FSR, PDF): 
0.5 GeV
Backgrounds: 0.4 GeV

CDF/D0 control/measure  
using data → all should 
decrease with more 
luminosity...
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What is mt?

20

The error on mt is now getting close to the 
width of the top quark…
What exactly is mt?

PMAS(6,1) in Pythia!
Pole mass?
Something else?

What are effects of Γt?
Need to know that what we measure and 
what we compare to SM makes sense.
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The electroweak fit: cross-checks

Excellent 
agreement 
between direct 
and indirect

Both prefer low             mH 80.3
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LEP1 and SLD
LEP2 and Tevatron (prel.)

March 2008
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The electroweak fit: cross-checks

Including      , still 
excellent agreement

Note strong correlation 
between       and     : 
thank you Tevatron for 
d   !

mH mt

mt

mW
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mt (Tevatron)

March 2008
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The global EW fit

The 5 primary fit results:

The largest correlations are between

The fit is good:
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The global fit: limits on the Higgs mass

Blue band width is estimate of 
theoretical uncertainties coming 
from higher order effects.

Complete two-loop calculations 
exist for 

Fermionic two-loop for

mW

sin2θ lepteff

0

1
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3

4
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6

10030 300
mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty
March 2008 mLimit = 160 GeV

Freitas, Hollik, Walter, Weiglein;
Awramik, Czakon, Freitas, Weiglein

Awramik, Czakon, Freitas, Weiglein

The theory uncertainty is estimated by using Zfitter flags 
DMWW=±1 (ΔmW=±4 MeV) and 
DSWW=±1 (Δsinθeff=±5X10-5).  
The dominant error is in DSWW.  
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The global electroweak fit

Largest contributions to χ2 from
A0,bFB
A! (from SLD)
NuTeV

A0,bFB and A! pull in opposite
directions (concerning effects on
mH)

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02767
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.743
AfbA0,l 0.01714 ± 0.00095 0.01643
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480
RbRb 0.21629 ± 0.00066 0.21581
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.398 ± 0.025 80.377
ΓW [GeV]ΓW [GeV] 2.097 ± 0.048 2.092
mt [GeV]mt [GeV] 172.6 ± 1.4 172.8

March 2008
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Higgs mass and individual measurements

26
MH   [GeV]

March 2008

*preliminary
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24

10 10 2 10 3

The two “bad” boys:

This plot has correlated 
constraints (Δαhad, αs, mZ, mt).  
DONʼT try to get mH from it!
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Beyond the SM – the MSSM

In the SM, the Higgs mass is 
a free parameter, and     and     
can be related to it.

In the MSSM, the Higgs 
mass is no longer free. 
                          depend on 
the SUSY parameters.

Unfortunately, they are free!

MSSM seems somewhat 
more compatible with the 
data, at least for Heavy 
SUSY...

mt mW

mH, mt, and mW

160 165 170 175 180 185
mt [GeV]

80.20

80.30

80.40

80.50

80.60

80.70

M
W

 [G
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]

SM

MSSM

MH
 = 114 GeV

MH
 = 400 GeV

light SUSY

heavy SUSY

SM
MSSM

both models
Heinemeyer, Hollik, Stockinger, Weber, Weiglein ’08

experimental errors 68% CL:

LEP2/Tevatron (today)
Tevatron/LHC
ILC/GigaZ
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Conclusions

The Standard Model describes with unprecedented precision a 
huge amount of data
Theory errors (with the exception of sin2 θeff  ) under control.
The largest discrepancies are due to       and to       ;  interpreted 
as statistical fluctuations they are ≤ 3 σ
Global fit:

Future inputs:
Final results from LEP-II: mW 
Improved measurements of mW, mt from Tevatron Run II and 
LHC

Far far far far future
Linear Collider and GigaZ?

A0,bFBA!

lept


