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• 1957: Schwinger proposes unifying weak and em interactions
• 1961: Glashow proposes SU(2)xU(1) but no SSB
• 1964: Brout, Englert, Higgs, Guralnik, Hagen, Kibble propose relativistic 

Spontaneous Symmetry Breaking
• 1967-1968: Weinberg, Salam add SSB/Higgs Mechanism to SU(2)xU(1)
• 1971: ‘t Hooft proves renormalizability
• 1973: Neutral currents seen in Gargamelle
• 1977-1978: Observation of tree-level ew interference 
- divergent results from optical rotation in atomic Bi spectra
- polarized asymmetry in eD scattering here at SLAC (E122)

• 1983: Observation of W and Z at CERN SppS Collider
• 1987-1996: Tevatron Run I: CDF, D0
• 1989-1998: “Golden Era” of e+e- Z-pole EW measurements
- SLC: MkII (1989-1990), SLD (1991-1998), polarized  1992+
- LEP (1989-1995): Aleph, Delphi, L3, Opal

Electroweak Timeline
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• early 1989: MZ and MW known at 1-2 GeV level
- everything until now is known at “tree-level” accuracy
- define “Precise” to mean “loop-level” accuracy

• SSI 1989: first precise measurements of MZ

- ±0.36 GeV (CDF) and ±0.12 GeV (MkII)
- by late autumn, LEP ran and reduced this to ±0.02-0.03 GeV level 

(enroute to ±0.002 GeV level)
• 1995: observation of the top quark by CDF, D0
• 1996-1997: NuTeV at FNAL
• 1996-2001: LEP 2 
• 2001-2003: E158 (polarized e-e-) at SLAC
• 2001-2011: Tevatron Run II
• 2011-2012: LHC 
• summer 2012: observation of a Higgs candidate by Atlas, CMS
- we finally have everything we need to TEST the EW SM!

Electroweak Timeline

Precision
EW

Begins
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Electroweak Timeline
The field of Precision Electroweak Tests was born at SSI 1989 and now 
reaches full maturity (maybe?) at SSI 2012.  This is a long time but it’s 
also a familiar period to the parents of children:
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Stanford, CA Summer 1989

Electroweak Timeline
The field of Precision Electroweak Tests was born at SSI 1989 and now 
reaches full maturity (maybe?) at SSI 2012.  This is a long time but it’s 
also a familiar period to the parents of children:
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Pittsburgh, PA Summer 2012Stanford, CA Summer 1989

Electroweak Timeline
The field of Precision Electroweak Tests was born at SSI 1989 and now 
reaches full maturity (maybe?) at SSI 2012.  This is a long time but it’s 
also a familiar period to the parents of children:
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Three series of three lectures (9 hours!):
• SSI 1987: “Physics with Polarized Beams” (25 years ago!!!)
• SSI 1989: “Precision Experiments in Electroweak Interactions”
• SSI 1995: “Precise Electroweak Measurements: The View from Below”

MS and the SSI



L =� g

2
p
2
 f�µ (1� �5) {⌧+W+

µ + ⌧�W�} f

� gg0
p

g2 + (g0)2
Qf f�µ1 fAµ

�
p

g2 + (g0)2

4
 f

n

�

2IL3 � 4Qf sin
2 ✓W

�

| {z }

vf

�µ +
�

�2IL3
�

| {z }

af

�µ�5
o

 fZµ

sin ✓W =
g0

p

g2 + (g0)2
, MW =

gp
2
h�i, MZ =

r

g2 + (g0)2

2
h�i

6

depends entirely on 3 parameters:
• g - SU(2) coupling constant
• g’ - U(1) coupling constant
• <f> - Vacuum expectation value of the Higgs field

Precision Electroweak Physics
The interaction of the gauge bosons with fermions at tree-level in the MSM 
is described by
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• we can predict any quantity at tree-level
• a 4th accurately measured quantity TESTS the model?
- well, not really: higher order corrections involve all of the other 

parameters of the theory.
- in 1989, there were two important and unknown MSM states: the 

top quark and the Higgs boson
- in 2012, we’ve finally arrived at the ability to test the theory at 

the <10-3 level
‣ Higgs (?) discovered, top mass measured to < 1 GeV
‣ can look more sensitively for unknown physics

We can derive these parameters from 3 precisely measured quantities

Quantity EW Parameters Current Value Precision

a (gg’)2/{4p[g2+(g’)2]} [137.035999679(94)]-1 0.68 ppb

GF <f>-2(8)-1/2 1.16637(1)x10-5 GeV-2 9 ppm

MZ <f>{[g2+(g’)2]/2}1/2 91.1876(21) GeV 23 ppm
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• Z-A interference can make large 
corrections
- sensitive to energy scale
- not particularly sensitive to new 

physics
• External rad does affect observables
- not sensitive to new physics
- gluon radiation sensitive to as

• Vertex corrections can be sensitive 
to new physics
- (mundane) strong vertex 

corrections are sensitive to as

• VPol corrections can be sensitive to 
new physics
- strong corrs to A are not reliably 

calculable

Radiative Corrections
Radiative corrections affect all particle physics measurements.  They 
fall into less and more interesting categories:
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10. Electroweak model and constraints on new physics 5

Table 10.1: Recent evaluations of the on-shell ∆α
(5)
had(MZ). For better comparison

we adjusted central values and errors to correspond to a common and fixed value of
αs(MZ) = 0.120. References quoting results without the top quark decoupled are
converted to the five flavor definition. Ref. [33] uses ΛQCD = 380± 60 MeV; for the
conversion we assumed αs(MZ) = 0.118 ± 0.003.

Reference Result Comment

Martin, Zeppenfeld [23] 0.02744 ± 0.00036 PQCD for
√

s > 3 GeV

Eidelman, Jegerlehner [24] 0.02803 ± 0.00065 PQCD for
√

s > 40 GeV

Geshkenbein, Morgunov [25] 0.02780 ± 0.00006 O(αs) resonance model

Burkhardt, Pietrzyk [26] 0.0280 ± 0.0007 PQCD for
√

s > 40 GeV

Swartz [27] 0.02754 ± 0.00046 use of fitting function

Alemany et al. [28] 0.02816 ± 0.00062 incl. τ decay data

Krasnikov, Rodenberg [29] 0.02737 ± 0.00039 PQCD for
√

s > 2.3 GeV

Davier & Höcker [30] 0.02784 ± 0.00022 PQCD for
√

s > 1.8 GeV

Kühn & Steinhauser [31] 0.02778 ± 0.00016 complete O(α2
s)

Erler [19] 0.02779 ± 0.00020 conv. from MS scheme

Davier & Höcker [32] 0.02770 ± 0.00015 use of QCD sum rules

Groote et al. [33] 0.02787 ± 0.00032 use of QCD sum rules

Martin et al. [34] 0.02741 ± 0.00019 incl. new BES data

Burkhardt, Pietrzyk [35] 0.02763 ± 0.00036 PQCD for
√

s > 12 GeV

de Troconiz, Yndurain [36] 0.02754 ± 0.00010 PQCD for s > 2 GeV2

Jegerlehner [37] 0.02765 ± 0.00013 conv. from MOM scheme

Hagiwara et al. [38] 0.02757 ± 0.00023 PQCD for
√

s > 11.09 GeV

Burkhardt, Pietrzyk [39] 0.02760 ± 0.00035 incl. KLOE data

Hagiwara et al. [40] 0.02770 ± 0.00022 incl. selected KLOE data

Jegerlehner [41] 0.02755 ± 0.00013 Adler function approach

Davier et al. [20] 0.02750 ± 0.00010 e+e− data

Davier et al. [20] 0.02762 ± 0.00011 incl. τ decay data

Hagiwara et al. [42] 0.02764 ± 0.00014 e+e− data

is, however, some discrepancy between analyses based on e+e− → hadrons cross-section
data and those based on τ decay spectral functions [20]. The latter utilize data from
OPAL [43], CLEO [44], ALEPH [45], and Belle [46] and imply lower central values

June 18, 2012 16:19
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Rhad(s)=s(e+e-->hadrons)/s(e+e-->m+m-)
• Integral is dominated by low energy 

(1-5 GeV e+e- cross section)
- multiple data and theory-based 

evaluations
- Dahad(MZ) = 2.75-2.80x10-2

- take Dahad(MZ) = (2.752±0.010)x10-2

• Total correction is ~6%

They can be reliably calculated for lepton-loops [Dalep(MZ) = 3.1498x10-2] 
but not for quark loops.  The quark contributions are extracted from a 
dispersion integral

Vacuum polarization corrections to the photon propagator modify the em 
coupling constant at larger mass scales,

from
RPP 2012
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• Use a full EW + detector 
simulation to model data
- assume MSM is correct
- adjust input parameters to 

achieve good model
• Use same simulation to 

calculate a closely-related 
“Pseudo-Observable”
- remove experimental 

effects
- remove “uninteresting” 

radiative effects

Observables
Experiments measure quantities that are not simple electroweak 
parameters: they include experimental acceptance, efficiency, + resolution 
effects in addition to all of the classes of radiative corrections.

- try to avoid “disturbing” the vpol and vtx effects or biasing answer
‣ scheme mostly succeeds except in the case of neutrino x-section 

ratios where quoted parameter has nothing to do with observable

ZFITTER 6.43
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1989 88.2 – 94.2 1.7

1990 88.2 – 94.2 8.6
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1992 91.3 28.6

1993 89.4, 91.2, 93.0 40.0

1994 91.2 64.5

1995 89.4, 91.3, 93.0 39.8
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• The electron structure functions 
represent the probabilities that the 
primary electron and positron retain a 
fraction x of their momenta after 
radiation of 1-x in photons

• The LEP/SLC experiments were 
operated near the Z-pole energy
- interference terms formally vanish on 

the Z-pole energy but initial state 
radiation smears energies

Z-Pole Results (1989-1998)
The cross section for e+e-->ff near the Z-Pole has significant corrections 
from photon x-change and initial state radiation,

LEP Z-pole operations
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• Lineshape is sensitive to mass + widths
- total width includes “invisible” partial 

width from neutrino final states
• Angular distribution is sensitive to the 

Af parameters
• Vertex corrections to partial widths
- all: dvtx = 3Qf2a(MZ)/(4p) + ...
- quarks: Dvtx = as(MZ)/p + ...

The Z-pole cross section can be expressed in a relatively model-ind way,

• Electron polarization (P) modulates the symmetric angular dist (total x-
section) and increases the cos(theta)-odd term
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• The LEP beam energy calibration was 
based upon resonant depolarization of 
S-T transverse pol (20-30%) that could 
be developed from special tunes:
- single beam energy scale ±0.2 MeV
- transfer to collision tunes + tracking 

in time worsens Ecm scale to 2 MeV
‣ ground deformation, tides, and 

electric trains caused drift
- physics running w/ unpolarized beams

• The SLC operated with large (73-77%) 
average longitudinal beam polarization 
from GaAs photoemission gun
- Ecm scale is ±29 MeV from precisely 

calibrated spectrometers
‣ checked with 3-point resonance 

scan at end of last run

LEP and SLC
LEP was the last high energy circular e+e- collider.  SLC was the first (and 
hopefully not last) linear e+e- collider. Polarized beams played a role at both:
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Number of Events
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Year A D L O LEP A D L O LEP

1990/91 433 357 416 454 1660 53 36 39 58 186
1992 633 697 678 733 2741 77 70 59 88 294
1993 630 682 646 649 2607 78 75 64 79 296
1994 1640 1310 1359 1601 5910 202 137 127 191 657
1995 735 659 526 659 2579 90 66 54 81 291
Total 4071 3705 3625 4096 15497 500 384 343 497 1724
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The LEP experiments (Aleph, Delphi, L3, Opal) acquired a total Z-peak sample 
of more than 16M events. 

Z-Resonance Parameters

They simultaneously fit 
angle-integrated hadronic 
and angle-dep leptonic final 
states to the smeared 

The leptonic FB 
asymmetries are 
sensitive to very 
energy dependent 
interference 
corrections and are 
included in the MZ 
analysis to reduce 
systematics.

lineshape fcn to extract MZ, GZ, shad, Rl= Ghad/Gll, AFB(l) with and without 
lepton universality assumptions (electron final states have t-channel A and 
need special handling).
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• GZ - has interesting sensitivity to the vpol corrections
• shad, GZ, Rl determine Ginvis + the num of light neutrinos Nn [2.984±0.008]
• shad and Rl accurately and cleanly determine as(MZ) from vtx corrections
• AFB(l) is an important ingredient in the determination of Al
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The systematic uncertainties on these measurements are small but from 
several sources:
• Event Selection: ±0.04-0.1% (qq) and ±0.1-0.7% (ll)
• Luminosity: 
- ±0.033-0.09% experimental
- ±0.054-0.06% Bhabha xsection [B. Ward et al., PL B450, 262 (1999)]

• QED Corrections: ±0.02% on shad and ±0.5 MeV on MZ, GZ

• Beam Energy Calibration: approx ±1.8 MeV on MZ, and ±1.15 MeV on GZ
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is a particularly interesting quantity: 
• it is nearly linear in the accidentally small |vl|~0.07
- relative size of |vl| vpol corrections are magnified by an order of 

magnitude wrt |al| or |vq|
• The leptonic FB asymmetry is quadratic in Al: AFB(l) = 0.75(Al)2
- experimentally quite small
- measured asymmetry is insensitive to Al near the quadratic minimum

• Final state t-lepton polarization is sensitive to Al

• Initial state beam polarization asymmetry is sensitive to Al: ALR(P) = PAl

• The hadronic FB asymmetries are linear in Al: AFB(q) = 0.75AqAl

Measurement of Al
The coupling constant combination
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can extract both simultaneously from the angular dist of Pt. The t-pol is 
determined from 5 decay modes: t±->p±n, r±n, a1±n, enn, mnn. Since the t 
decays via a pure V-A current, each mode has a polarization-dependent 
decay distribution in lab variables. For example, the center-of-mass angular 
distribution of p- from the decay of a spin-polarized t- is very asymmetric,

Tau Polarization
The polarization of final state t-leptons depends upon both Ae and At

or in terms of scaled lab energy x=Ep/Eb

The general case is where N = 1 (pn, lnn ), 3 (rn), 6 (a1n )
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The statistical uncertainty dPt expected for Ndec decays can be 
parameterized by dPt =ap[Ndec ]-1/2.  Most power comes from pn and rn
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• beam helicity was flipped pseudorandomly pulse to pulse
- same luminosities in both helicity states

• All hadronic Z events (loose cuts) in both subsamples are counted
- doesn’t need to use leptonic final states (4% visible BR per species)
- exclude e+e- final states (t-channel subprocess)

• A polarization measurement Pi is assoicated with each event, the average 
includes small corrs (j=0.001-0.002) for chromatic + transport effects

• Correct for residual background+asymmetries in lum, pol, energy,etc
- DALR/ALR ~ 10-3

• Correct for EW interference (DALR/ALR ~2%) to extract final result

Measurement of ALR
The left-right asymmetry was a particularly simple and powerful 
measurement performed at the SLC during 1992-1998

Pe = (1 + ⇠)
1

NZ

NZX

i

Pi
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1992 - 1998 SLD Polarized Beam Running
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SSI 1987: Physics with Polarized 
Beams 

• we learned many things in 11 years 
- strained lattice cathodes
- load lock guns
- spin transport in resonant arcs
- scanning polarimetry
- Moller target effects
- .....
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for 1993 SLD Run

Source
Laser
Wavelenght
Optimized

Strained Lattice Cathode
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Year NZ Pavg A0
LR

1992 10k 0.22460.006 0.09760.044(stat)60.004(sys)

1993 47k 0.62660.012 0.165660.0073(stat)60.0032(sys)

1994/5 94k 0.77260.005 0.151260.0042(stat)60.0011(sys)

1996 52k 0.76260.004 0.159360.0057(stat)60.0010(sys)

1997/8 332k 0.72960.004  0.149160.0024(stat)60.0010(sys)

total 535k 0.72160.004 0.1513060.00207*

*Includes leptonic final states

• Largest systematics are: 
- pol uncertainty:               

DA/A=0.5%
- beam energy calibration: 

DA/A=0.4%
• Final result is still statistics 

dominated 
• Final result also includes 

leptonic final states



Proposed 1986:
• Luminosity: 6x1030 cm-2s-1

• Z events: >106

• Polarization: 40-50%
• DP/P: 3-5%
• DALR: 0.005

Achieved 1998:
• Luminosity: 4x1030 cm-2s-1

• Z events: 0.5x106

• Polarization: 72%
• DP/P: 0.5%
• DALR: 0.002
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SLC Polarization Proposal: Propaganda+Reality

achieved
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Hadronic FB Asymmetries

• Flavor tag the jets
- high P,PT lepton tags
- lifetime tags + jet mass
‣ topological vtxing and enhanced 

mass from SLD

The quark FB asymmetries are also linear in Al: AFB(q) = 0.75AqAl 
This usually involves three steps:

- reconstruct final state particles: B, D, ...
- many techniques self-calibrate if samples are pure
‣ number of single vs double tags

• Reconstruct thrust axis

- find axis which maximizes T (thrust axis)
- divides event into two hemispheres
- determines the cos(q) direction modulo a sign
- interacts with final state radiative correction

T =

P
i |~pi · T̂ |P

i |~pi|



Qf
F =

P~pi·T̂>0
i |~pi · T̂ |qi

P~pi·T̂>0
i |~pi · T̂ |

, Qf
B =

P~pi·T̂<0
i |~pi · T̂ |qi

P~pi·T̂<0
i |~pi · T̂ |

Qf
FB = Qf

F �Qf
B = �fA

f
FB

hQFBi =
X

q

RqA
q
FB�qCq, �q = sq hQ� �Q+i
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• Sign the thrust hemispheres to determine fermion (vs anti-fermion) dir
- sign of large P,PT lepton
- topological vtx charge (self calibrates)
- K± Sum: use sum of K± charges from b->c->s (or c->s) cascade: 

needs particle ID
- jet charge: reconstruct momentum-weighted hemisphere 

charges and form the FB charge asymmetry,

‣ self-calibrating from sums and differences (except for 
hemisphere correlation effects)

• Inclusive Hadronic Charge Asymmetry - apply jet charge 
technique to an unseparated sample of qq final states: Rq is 
fraction of sample and Cq is acceptance of quark species

- lots of systematics to consider



ALEPH

DELPHI

L3

OPAL

 0.2322 ± 0.0008 ± 0.0011

 0.2345 ± 0.0030 ± 0.0027

 0.2327 ± 0.0012 ± 0.0013

 0.2321 ± 0.0017 ± 0.0029

(90-94)

(90-91)

(91-95)

(90-91)

LEP 0.2324 ± 0.0012

0.225 0.23 0.235 0.24
sin2e

eff

lept

LEP 0.0992 ± 0.0016

OPAL
inclusive 1991-2000

0.0994 ± 0.0034 ± 0.0018

L3
jet-chg 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

0.08 0.09 0.1
A

FB

0,b

LEP 0.0707 ± 0.0035

OPAL
D* 1991-95

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
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0.0725 ± 0.0084 ± 0.0062

ALEPH
leptons 1991-95

0.0734 ± 0.0053 ± 0.0036

0.06 0.08 0.1
A

FB

0,c26

The QFB measurements are not easily interpreted by 
similar pseudo-observables and are converted to 
sin2qWeff .  The FB symmetries for b- and c-quarks 
are quoted as relevant observables. 



Effective Weak Mixing Angle

50

CMS: First measurement at the LHC

sin2 θeff = 0.2287 ± 0.0020 (stat) ± 0.0025 (syst)

11

FIG. 6: Comparison of measured sin2 θ!

eff with results from
other experiments. The average is a combination of A0,!

F B,
Al(Pτ ), Alr(SLD), A0,b

F B, A0,c
F B, and Qhad

F B measurements from
the LEP and SLD Collaborations.

for zgrad2.
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FIG. 7: Comparison between the unfolded AF B (points) and
the pythia (solid curve) and zgrad2 (dashed line) predic-
tions. The boxes and vertical lines show the statistical and
total uncertainties, respectively.

MEASUREMENT OF gu(d)
V

AND gu(d)
A

FROM THE

UNFOLDED DISTRIBUTION

We extract the individual quark couplings by compar-
ing the unfolded AFB distribution to templates generated
with resbos for different values of the Z-light quark cou-

plings. To determine gu(d)
V and gu(d)

A , the couplings of
electrons to Z bosons are fixed to their SM values and
sin2 θ!

eff is fixed to the global fit value 0.23153 [15]. A two-
dimensional χ2 fit [38] is used to constraint the couplings,
and a four-dimensional fit is presented as reference. The
two-dimensional fit is performed by fixing the u quark
(d quark) couplings to their SM values when fitting d
quark (u quark) couplings, while the four-dimensional fit
is performed by letting the u quark and d quark cou-
plings vary simultaneously. The best fit values, together
with results from other experiments, are shown in Ta-
ble VIII. Figure 8 depicts the 68% C.L. contours of the
χ2 fit and the contours of the theoretical uncertainty from
the PDF uncertainties determined using the CTEQ pre-
scription [5]. The correlation coefficients between gu

V , gu
A,

gd
V , and gd

A are shown in Table IX, without the PDF un-
certainty included. The comparisons between different
measurements from LEP [15], H1 [37], CDF [21], and
D0 are shown in Fig. 9. Because of the high statistics
of our data sample, and the reduced ambiguity in the
quark content of the initial state, these are the world’s
most precise direct measurements of gu

V , gu
A, gd

V , and gd
A

to date.

CONCLUSIONS

We have measured the forward-backward charge asym-
metry in pp̄ → Z/γ∗ → e+e− events and extracted

sin2 θ!

eff, gu(d)
V and gu(d)

A using 5.0 fb−1 of integrated lumi-
nosity collected by the D0 experiment at

√
s = 1.96 TeV.

The measured forward-backward charge asymmetry in
the range 50 < Mee < 1000 GeV agrees with the theo-
retical predictions. The measured sin2 θ!

eff value can be
directly compared with the LEP and SLD results, and the
overall sin2 θ!

eff uncertainty for light quarks obtained is
smaller than the combined uncertainty in the LEP mea-
surements of the inclusive hadronic charge asymmetry.
We also present the most precise direct measurement to
date of gu

V , gu
A, gd

V , and gd
A.

Although the uncertainty of our sin2 θ!

eff measurement
is still larger than that of the current world average, with
about 10 fb−1 of integrated luminosity expected by the
end of Tevatron Run II, a combined result of CDF and
D0 AFB measurements in both dielectron and dimuon

CMS
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sin2qWeff Summary
Observations:
• The two most precise measurements 

AFBb and ALR are 3.15s apart
• All of the measurements involving 

lepton couplings are self-consistent 
- sin2qWeff =0.23113±0.00020
- x2/dof=1.66/2

• All of the measurements involving 
hadron couplings are self-consistent 
- sin2qWeff =0.23222±0.00027
- x2/dof=0.02/2

• The two groups are 3.25s apart
Is there physics here?

• M. Chanowitz, Phys. Rev. D66, 073002 (2002)
• this paper was the basis of workshop ELECTROWEAK PRECISION 

DATA AND THE HIGGS MASS, Zeuthen Germany, February 2003

J. Guimarães da Costa, ICHEP 2012
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W-Mass Measurements: LEP 2

• Unlike the measurement of MZ, this is not a scanning measurement
- most sensitive energy is near threshold where the cross section is 

small: would seriously limit other W measurements and other physics
• MW is measured by direct reconstruction of qqqq, qqln, (and l+l-nn )
- (E,p)1 = (E,p)2 and M1=M2 constraints are applied to improve resolution 
- 35k events by the four experiments (~700 pb-1/experiment)
- lots of simulation/fitting to achieve best result with smallest biases

Along with sin2qWeff, the other “most important” electroweak observable is 
the mass of the W boson MW. It was measured by the 4 LEP experiments 
during operation between Ecm = 161-209 GeV (above W-pair threshold)
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• Systematics dominated measurement
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- LEP WW workshops

• Detector Effects • Fragmentation

• FSI • EBeam

• O(α)
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C. Parkes XXXVIIth Recontres de Moriond, March 2002
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W-Mass Measurements: Tevatron

• The lepton PT distributions peak at MW/2 
- shape near peak is sensitive to GW, the W boson PT distribution, and 

detector resolution
• MT=[2 PT l PT 

n(1-cosf)]1/2 is less sensitive to the W boson PT distribution
• The new analyses use simultaneous template fits to all 3 distributions
• Detailed knowledge (simulations) of all three quantities are needed to 

extract precise values of MW

- the results are completely dominated by the systematics of technique
• There are new results from CDF (m and e) and D0 (e only)

The Tevatron expts have logged large numbers (1-2x106) of qq->W->ln 
events during the last decade.  They are distinguished by Jacobian peaks in 
the lepton and neutrino PT distributions,
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The CDF muon analysis is an example of the new work.  The momentum 
scale is derived from 3 resonances.



80200 80400 80600

Mass of the W Boson

 [MeV]WM March 2012

Measurement  [MeV]WM

CDF-0/I  79±80432 

-I�D  83±80478 

CDF-II )-1(2.2 fb  19±80387 

-II�D )-1(1.0 fb  43±80402 

-II�D )-1 (4.3 fb  26±80369 

Tevatron Run-0/I/II  16±80387 

LEP-2  33±80376 
World Average  15±80385 
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Source Uncertainty (MeV)

Lepton energy scale and resolution 7

Recoil energy scale and resolution 6

Lepton removal 2

Backgrounds 3

pT (W ) model 5

Parton distributions 10

QED radiation 4

W -boson statistics 12

Total 19

The new CDF result has a 19 MeV uncertainty which follows from years 
of work understanding the electron, muon, and neutrino energy scales.  
It is smallest of many analyses.  The world average uncertainty is now 
only 15 MeV!

CDF 2012



⇢ =

M2
W

M2
Z cos

2 ✓W
' 1 +

3GF

8⇡2
p
2

M2
t

WW
t

b

33

Top Quark

This should be compared with the logarithmic loop-level contributions of 
other heavy states.  An accurate knowledge of the top mass is necessary 
to constrain or determine other contributions.

q

q

t

t

t

tg

g t

tg

g
dominates at Tevatron dominates at LHC

The top quark plays a particularly important role in the study of precision 
electroweak physics.  The large t-b mass splitting breaks the custodial 
SU(2) symmetry that keeps the r parameter near unity and contributes 
a quadratic mass dependence at next-to-leading order,

The top quark was discovered at the Tevatron in 1995 and has been 
studied extensively there and now at the LHC

• Tevatron production dominated by qq: total of ~100K produced events
• LHC production dominated by gg: total of ~1.5M produced events (2011)
- present production rate is ~1.6 t-tbar pairs per expt per second
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Top Pair Production and Decay at the LHC

Top pair production happens via gluon fusion (mainly), and qq̄ anihilation
approx. NNLO: �tt̄(LHC@7TeV) = 163 pb, �tt̄(LHC@8TeV) = 225 pb

Top quark decays almost exclusively via the W decay

Measurements done according to the decay channel

Decay channel
R
dtL (fb�1)

dilepton (e, µ) @ 7 TeV 2.3
dilepton (⌧ , e/µ) @ 7 TeV 2.0-2.2
lepton (e/µ) + jets @ 7 TeV 0.8-1.1

⌧ + jets @ 7 TeV 3.9
all hadronic @ 7 TeV 1.1

dilepton (e, µ) @ 8 TeV 2.4
lepton (e/µ) + jets @ 8 TeV 2.7-2.8

A.Y. Rodŕıguez-Marrero (IFCA) Top production at CMS July 5th , 2012 2 / 13
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• 2 b-jets always present
- W boson masses can be used as constraints esp 

for the Jet Energy Scale (JES)
• Both Ws decay hadronically: 4 additional jets
- largest BR (46%)
- larger backgrounds from QCD
- intrinsically poorer resolution
- need to understand JES for light-quark + b-jets

• One leptonic, one hadronic W: 2 add jets, l, n
- still large BR (eff 30%)
- much smaller backgrounds
- charged lepton well measured, but neutrino 

resolved only through missing PT, longitudinal P 
creates 2-fold ambiguity even w/ mass constr

- JES issues smaller than all jets decay
• Two leptonic W: 2l, 2n

- small BR (4%)
- “good” backgrounds
- good lepton resolution, two missing neutrinos
‣ significant loss of statistical analyzing power

The t-tbar final state has 6 final state particles/jets:

A.Y. Rodrıguez-Marrero, 
ICHEP 2012



ICHEP2012 ,              Hyun Su Lee,       Ewha Womans University 

Use full dataset (8.7 fb-1) 

8 

Most Precise single measurement to data 
172.85 ±0.71(stat.) ±0.85(syst.)=172.85 ± 1.11  GeV/c2 

Updated with full data (additional gain of 25% respect to luminosity increasing) 

Working on the publication  ICHEP2012 ,              Hyun Su Lee,       Ewha Womans University 

Systematic uncertainty 

9 

Most Precise single measurement to data 
172.85 ±0.71(stat.) ±0.85(syst.)=172.85 ± 1.11  GeV/c2 

Updated with full data (additional gain of 25% respect to luminosity increasing) 

Working on the publication  35

• The actual analyses differ in final state, control of energy scale issues, 
and approach to fitting for Mt

- template fitting makes use of full simulation to generate simplified 
1,2,3-d likelihood functions of mass sensitive variables

- “matrix-element” fitting uses full multidimensional cross section but 
it must be convolved with appropriate resolution functions in “real 
time”

Presently, the best single measurement comes from a ln +4jet CDF analysis

Mt = 172.85 ±0.71(stat.) ±0.85(syst.) = 172.85 ± 1.11 GeV/c2

Hyun Su Lee
ICHEP 2012
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The Tevatron combined 
result currently has less than 
1 GeV uncertainty

Mt = 173.18 ± 0.94 GeV/c2
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Higgs Boson

So, what mass should we assume?

This is the “Summer of the Higgs” and has been discussed at length at 
this SSI.  We don’t know that it’s the “one and only MSM Higgs”, but we 
do know that it couples to ZZ with more or less “standard” strength.  
Let’s assume that this state has all standard MSM couplings to Z, W and 
contributes to the VPol corrections as we expect 

• CMS: MH = 125.3 ± 0.5 ± 0.4 GeV/c2 = 125.3 ± 0.64 GeV/c2

• Atlas: “around 126 GeV”
• OK ... so how do we average them?
• Don’t try ... take CMS number (apologies to Atlas)
- ln(MH) isn’t very sensitive anyhow
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Observable Pull

Mw 1.05

sin2qs(Rn) 2.03

MZ 0.02

GZ -0.33

shad 1.75

Rl 1.16

AFB l 0.92

At -0.78

Ae 0.52

ALR 1.95

Rb 0.76

Rc -0.06

AFB b -2.57

AFB c -0.90

Ab -0.59

Ac 0.08

sin2qWeff (QFB) 0.76

as(MZ) -0.15

Dahad(MZ) 0.13

Mt -0.74

QW(Cs) 1.94

QW(Tl) 0.62

MH -1.44

OK, after waiting for 23 years (!), we are ready to go.  Let’s 
make a x2 fit to the MSM (ZFITTER)

• Choose 23 “precisely measured” quantities: MZ, MW, 
sin2qs(Rn), GZ, shad, Rl, AFB l, At, Ae, ALR, Rb, Rc, AFB b, AFB c, 
Ab, Ac, sin2qWeff (QFB), QW(Cs), QW(Tl), as(MZ), Dahad(MZ), 
Mt, MH.

- use published correlation matrices for Z-pole resonance 
and heavy flavor parameters

- fit for 5 parameters: MZ, as(MZ), Dahad(MZ), Mt, MH

• And the answer is: x2/dof = 26.95/18 (8%)
- the MSM is alive and well :))

• OK ... well what else?
- the pulls show that ALR and AFB b disagree!
‣ (MSM falls midway between them)

- the NuTeV result looks kind of strange too!
• I thought we already knew those things?

MSM Fit

After 23 years, is this all we get?



Model Independent Interpretation

There are several “equivalent” three-parameter schemes to describe
electroweak measurements. What follows the the S,T ,U scheme of
Peskin and Takeuchi [PRL 65, 964 (1990)]:

Begin by making a Taylor expansion of the four vacuum polarization
amplitudes,
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where ⇧QQ(0) = ⇧

3Q(0) = 0 is required by gauge invariance (this
expansion is valid of all new states are much heavier than the W and
Z).

Of the 6 nonzero coe�cients, 3 are absorbed into the definitions of
↵(M2

Z), GF , MZ and the remaining three can be used to defined
three finite parameters,

↵S = 4e2
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Z

[⇧

11

(0) � ⇧

33

(0)]

↵U = 4e2

⇧

0
11

(0) � ⇧

0
33

(0)

The requirement that the mass scale of new physics be much heavier
than MW ,MZ can be relaxed [see Bamert and Burgess Z.Phys. C66,
495 (1995)].

↵S = 4e2
⇥
⇧0

33(0)�⇧0
3Q(0)

⇤

↵T =
e2

s2c2M2
Z

[⇧11(0)�⇧33(0)]

↵U = 4e2 [⇧0
11(0)�⇧0

33(0)]

T ' const +

3

16⇡s2c2
M2

t

M2
Z

� 3

16⇡c2
lnM2

H

U ' const +

1

2⇡
lnM2

t
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Model Independent Interpretation 
There are several 3-parameter schemes.  Use S,T,U scheme of Peskin 
and Takeuchi [PRL 65, 964 (1990)].  Based upon Taylor expansion of 4 
VPol amplitudes: gauge invariance requires PQQ(0) and P3Q(0) to vanish,  
leaves 6 parameters.  Absorb 3 into 3 input parameters (a,GF,MZ) and 
define the 3 remaining ones as

• S is weak isospin symmetric

• T  characterizes global SU(2) breaking (rescaling of Dr)

• U is generally small and has no MH dependence in leading order,

S ' const +

1

12⇡
lnM2

H � 1

6⇡
lnM2

t



Oi = OMSM
i (M ref

t ,M ref
H ) + aiS + biT + ciU + [diW + eiX + fiY + giZ]

W = ↵s(M
2
Z)� ↵ref

s (M2
Z), X = �↵had(M

2
Z)��↵ref

had(M
2
Z)

Y = Mt �M ref
t , Z = MH �M ref

H
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Since S,T,U characterize very small (~10-3) corrections, the dependence 
of any observable can be represented by a linear expansion about a MSM 
reference value (from ZFITTER 6.43) at chosen Mt, MH reference values

• Assume that U=0 to simplify analysis (only affects MW)
- MSM contributions to U are small

• Each observable determines a band in S-T space after integration over 
the constrained variables
- Different S-T slopes, mi = −ai/bi provide different information about 

vacuum polarization corrections 

Where W, X, Y, Z represent “nuisance” parameters that are used to 
introduce uncertainties from constraints added to a global fit on all 
observables
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The x2 includes the measured values of: MW, Rn
-, QW(Cs), GZ, shad, Rl, AFB l, 

At, Ae, ALR, AFB b, AFB c, sin2qWeff (QFB), QW(Tl), Dahad(MZ), Mt, MH.
The best fit is x2/dof = 21.8/11 (2.6%) and yields the confidence regions

• Most precise measurements are MW, sin2qWeff (all Z pole asy), and GZ

• Ellipses are 2D 68% and 95% confidence regions
• MSM at S,T = 0,0
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Zoom and remove the Oi bands

• MSM is between the 68% and 95% 2D-bands
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Zoom and remove the Oi bands

• MSM is between the 68% and 95% 2D-bands
• MSSM from Pierce, Bagger, Matchev, Zhang, Nucl.Phys. B491 (1997) 3
- keep only models with lightest Higgs near 125 (disfavor a few)
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Zoom and remove the Oi bands

• MSM is between the 68% and 95% 2D-bands
• MSSM from Pierce, Bagger, Matchev, Zhang, Nucl.Phys. B491 (1997) 3
- keep only models with lightest Higgs near 125 (disfavor a few)

• Add heavy degenerate fermion doublet (Nc=3)
- doesn’t decouple at high mass (excl @ 90% in 1D, more in 2D)



45

You’ve come a long way baby!

Like my son, the field of Precision Electroweak Physics has finally matured:
• The MSM is alive and well
• We can put interesting limits on new particle content
• The field will improve only incrementally in the near term
• The best way to find new physics is with bumps in mass spectra :)
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We have measured the mass of the Z boson to be 91.14+ 0.12 GeV/ cand its width to be 2.42 —+II' i

GeV. If we constrain the visible width to its standard-model value, we find the partial width to invisible

decay modes to be 0.46+ 0.10 GeV, corresponding to 2.8 ~ 0.6 neutrino species, with a 95%-

confidence-level upper limit of 3.9.

PACS numbers: 14.80.Er, 13.38.+c, 13.65.+i

We present an improved measurement of the Z-boson

resonance parameters. The measurement is based on a

total of 19 nb
'

of data recorded at ten different

center-of-mass energies between 89.2 and 93.0 GeV by

the Mark II detector at the SLAC Linear Collider. This

data sample represents approximately 3 times the in-

tegrated luminosity presented in an earlier Letter.
'

The

statistical significance of the luminosity measurement is

further improved by including a detector component

—the mini-small-angle monitor (MiniSAM) —not used

in the previous analysis. The larger data sample and im-

proved luminosity measurement result in a significant

reduction in the resonance-parameter uncertainties. In

particular, our observations exclude the presence of a

fourth standard-model massless neutrino species at a

confidence level of 95%.

The Mark II drift chamber and calorimeters provide

the principal information used to identify Z decays.

Charged particles are detected and momentum analyzed

in a 72-layer cylindrical drift chamber in a 4.75-kG axial

magnetic field. The drift chamber tracks charged parti-

cles with
i
cosBi & 0.92, where 8 is the angle to the in-

cident beams. Photons are detected in electromagnetic

calorimeters that cover the region
i
cosB

i
& 0.96. The

calorimeters in the central region (barrel calorimeters)

are lead-liquid-argon ionization chambers, while the

end-cap calorimeters are lead-proportional-tube count-

ers.

There are two detectors for the small-angle e+e

(Bhabha) events used to measure the integrated luminos-

ity. The small-angle monitors (SAM's) cover the angu-

lar region of 50 (8 & 160 mrad. Each SAM consists of
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