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Measurement Fit |Omeas!Ofit|/"meas

0 1 2 3

0 1 2 3

#$had(mZ)#$(5) 0.02758 ± 0.00035 0.02766
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
%Z [GeV]%Z [GeV] 2.4952 ± 0.0023 2.4957
"had [nb]"0 41.540 ± 0.037 41.477
RlRl 20.767 ± 0.025 20.744
AfbA0,l 0.01714 ± 0.00095 0.01640
Al(P&)Al(P&) 0.1465 ± 0.0032 0.1479
RbRb 0.21629 ± 0.00066 0.21585
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1037
AfbA0,c 0.0707 ± 0.0035 0.0741
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1479
sin2'effsin2'lept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.392 ± 0.029 80.371
%W [GeV]%W [GeV] 2.147 ± 0.060 2.091
mt [GeV]mt [GeV] 171.4 ± 2.1 171.7 LEP Electroweak 

Working Group 
Summer ‘06

Standard Model 
agrees with the 
data better than 

we hoped it would.

Two discrepancies 
larger than 2 sigma  
are F-B asymmetry 

in b production 
and NuTeV result 

for the weak angle.



The NuTeV result for the weak mixing angle can be 
translated into a determination of the W mass and the 
resulting  value is lower than other measurements.

W mass is known with  
an error of 30 MeV!
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30 10. Electroweak model and constraints on new physics
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Figure 10.2: One-standard-deviation (39.35%) uncertainties in MH as a function of
mt for various inputs, and the 90% CL region (∆χ2 = 4.605) allowed by all data.
αs(MZ) = 0.120 is assumed except for the fits including the Z-lineshape data. The
95% direct lower limit from LEP 2 is also shown. See full-color version on color pages
at end of book.

dependent width definition, as well, and can be directly compared with the results from the
Tevatron and LEP 2 which have been obtained using the same definition. The difference
to a constant width definition is formally only of O(α2), but is strongly enhanced since the
decay channels add up coherently. It is about 34 MeV for MZ and 27 MeV for MW . The
residual difference between working consistently with one or the other definition is about
3 MeV, i.e., of typical size for non-enhanced O(α2) corrections [60–62].

Most of the parameters relevant to ν-hadron, ν-e, e-hadron, and e+e− processes are
determined uniquely and precisely from the data in “model-independent” fits (i.e., fits
which allow for an arbitrary electroweak gauge theory). The values for the parameters
defined in Eqs. (10.12)–(10.14) are given in Table 10.8 along with the predictions of the
SM. The agreement is reasonable, except for the values of g2

L and εL(u, d), which reflect
the discrepancy in the NuTeV results. (The ν-hadron results without the new NuTeV data
can be found in the 1998 edition of this Review.). The off Z-pole e+e− results are difficult
to present in a model-independent way because Z-propagator effects are non-negligible at
TRISTAN, PETRA, PEP, and LEP 2 energies. However, assuming e-µ-τ universality, the
low-energy lepton asymmetries imply [123] 4(ge

A)2 = 0.99 ± 0.05, in good agreement with
the SM prediction ! 1.

July 14, 2006 10:37
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1) Light SM Higgs from Z line shape and cross sections alone
2) The NuTeV result pulls the fit towards larger Higgs mass
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32 10. Electroweak model and constraints on new physics

the data currently favor T < 0, thus strengthening the exclusion limits. A more detailed
analysis is required if the extra neutrino (or the extra down-type quark) is close to
its direct mass limit [167]. This can drive S to small or even negative values but at
the expense of too-large contributions to T . These results are in agreement with a fit
to the number of light neutrinos, Nν = 2.986 ± 0.007 (which favors a larger value for
αs(MZ) = 0.1228 ± 0.0021 mainly from R" and ττ ). However, the S parameter fits are
valid even for a very heavy fourth family neutrino.

Figure 10.3: 1 σ constraints (39.35%) on S and T from various inputs. S and T
represent the contributions of new physics only. (Uncertainties from mt are included
in the errors.) The contours assume MH = 117 GeV except for the central and
upper 90% CL contours allowed by all data, which are for MH = 340 GeV and
1000 GeV, respectively. Data sets not involving MW are insensitive to U . Due to
higher order effects, however, U = 0 has to be assumed in all fits. αs is constrained
using the τ lifetime as additional input in all fits. See full-color version on color
pages at end of book.

There is no simple parametrization that is powerful enough to describe the effects
of every type of new physics on every possible observable. The S, T , and U formalism
describes many types of heavy physics which affect only the gauge self-energies, and it
can be applied to all precision observables. However, new physics which couples directly
to ordinary fermions, such as heavy Z′ bosons [152] or mixing with exotic fermions [168]
cannot be fully parametrized in the S, T , and U framework. It is convenient to treat
these types of new physics by parameterizations that are specialized to that particular
class of theories (e.g., extra Z′ bosons), or to consider specific models (which might
contain, e.g., Z ′ bosons and exotic fermions with correlated parameters). Constraints on

June 16, 2004 11:57

Heavier Higgs boson can be consistent with the data if 
there are (positive) contributions to the T parameter

 Erler, Langacker
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Heavier Higgs boson can be consistent with the data if 
there are (positive) contributions to the T parameter

v′

v
≈ 0.04

Contributions to T are 
a dime a dozen

500 GeV Higgs boson OK 
e.g. if there is a triplet with 
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Effective operator approach
- well known for oblique corrections (S and T parameters) 
- correlations between different operators crucial
- no need to compute cross sections, asymmetries, etc. 
- all relevant data is distilled into the bounds on S and T



Leff = LSM +
∑

i

aiOi

- The coefficients     encode the dependence on the masses        
  and couplings of the heavy fields.
-The operators     contain SM field only and are consistent 
  with SM gauge symmetries and some global symmetries.

ai

Oi

Buchmuller & Wyler, Nucl. Phys. B268 (1986) 621:
all operators of dimension 6 that preserve B, L

(80 such operators) 



Impose flavor symmetry (U(3))^5
Consider only well-bounded operators

[Reduced flavor symmetry, (U(2)xU(1))^5, later on.]
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Impose flavor symmetry (U(3))^5
Consider only well-bounded operators

[Reduced flavor symmetry, (U(2)xU(1))^5, later on.]

80 operators

52

34

28

21  (our basis)

CP + flavor symmetry

some leptons or electroweak gauge fields

not observable

poorly constrained

(
h†hFµνFµν , (h†h)3, . . .

)

OfF ≡ i (fγµDνf)Fµν



a) Higgs and gauge fields                                       (2)

b) 4 fermions                                                  (11+10)

c) 2 fermions, Higgs, and gauge fields                    (7+6)

d) gauge fields only                                                 (1)

c

OWB = (h†σah)W a
µνBµν Oh = |h†Dµh|2

OW = εabc W aν
µ W bλ

ν W cµ
λ

S =
4scv2

α
aWB T = − v2

2α
ah

Off = (fγµf) (fγµf)

Os
lq = (lγµl) (qγµq) Ot

lq = (lγµσal) (qγµσaq)e.g.

Ohq = i(h†Dµh)(fγµf) + h.c.
Ot

hl = i(h†σaDµh)(fγµσaf) + h.c.e.g.



Standard Notation Measurement Reference
Atomic parity QW (Cs) Weak charge in Cs [21]

violation QW (T l) Weak charge in Tl [22]
DIS g2

L, g2
R νµ-nucleon scattering from NuTeV [23]

Rν νµ-nucleon scattering from CDHS and CHARM [24, 25]
κ νµ-nucleon scattering from CCFR [26]

gνe
V , gνe

A ν-e scattering from CHARM II [27]
Z-pole ΓZ Total Z width [20]

σ0
h e+e− hadronic cross section at Z pole [20]

R0
f (f = e, µ, τ, b, c) Ratios of decay rates [20]

A0,f
FB(f = e, µ, τ, b, c) Forward-backward asymmetries [20]
sin2 θlept

eff (QFB) Hadronic charge asymmetry [20]
Af (f = e, µ, τ, b, c) Polarized asymmetries [20]

Fermion pair σf (f = q, µ, τ) Total cross sections for e+e− → ff [20]
production at Af

FB(f = µ, τ) Forward-backward asymmetries for e+e− → ff [20]
LEP2 dσe/d cos θ Differential cross section for e+e− → e+e− [28]
W pair dσW /d cos θ Differential cross section for e+e− → W+W− [29]

MW W mass [20, 30]

TABLE I: Relevant measurements

inferred. Predictions for experiments are computed in terms of the inputs and the coefficients
of the new operators. The experimental quantities we use to constrain the coefficients of op-
erators are listed in Table I. Detailed descriptions and references for individual experiments
can be found in many reviews, for example in Refs. [19] and [20].

The list of experiments in Table I does not include the anomalous magnetic moment of the
muon [31], one of the most precisely measured electroweak quantities. The operators that
contribute directly to (g−2) involve left and right-handed fields and are not U(3)5 invariant.
There are also loop contributions from operators like OWB, OW , and many four-fermion
operators. Such loop contributions are divergent and require introducing counterterms in
the form of operators excluded from our analysis due to their lack of U(3)5 invariance. An
operator analysis of contributions to the muon (g − 2) can be found in Ref. [32].

For a given observable X, our prediction can be written as:

Xth = XSM +
∑

i

aiXi, (17)

where Xth is the prediction in the presence of additional operators, XSM is the standard
model prediction and

∑
i aiXi are corrections from our new operators. In practice, the SM

predictions are computed to the required accuracy in perturbation theory and are well known
for all the measurements we use. Note that the corrections Xi arise in two different ways.
First, an operator can generate a new Feynman diagram contributing to a given physical
process. For example, a four-fermion operator Ole enters the e+e− → µ+µ− process as a new
diagram, in addition to the Z and γ exchange diagrams. We call this “direct” correction.
Second, some operators can shift the input parameters, because they add new diagrams
to the physical processes based on which α, GF , and MZ are measured. Thus, the input
parameters determined from these observables are different from their SM values. Since

6

Experiments



XFor a measured quantity 
X(ai) = X(SM) + aiXi + a2

i X̂i

1
Λ2

i

(
E/v

Λi

)2 (
E/v

Λi

)4

(neglect!)

χ2(ai) ≡
∑

observablesXk

(
Xth

k (ai) − Xexp
k

)2

σ2
k

Xth
k (ai) = XSM

k + aiX̂k;i + O(a2
i )



XFor a measured quantity 
X(ai) = X(SM) + aiXi + a2

i X̂i

1
Λ2

i

(
E/v

Λi

)2 (
E/v

Λi

)4

(neglect!)

χ2(ai) ≡
∑

observablesXk

(
Xth

k (ai) − Xexp
k

)2

σ2
k

Xth
k (ai) = XSM

k + aiX̂k;i + O(a2
i )

χ2(ai) = χ2
min + (ai − âi)Mij(aj − âj)

âi, Mij are constants determined from experiments 



aWB 9.1e4

ah 2.4e4 7.9e3

as
ll −78. −51. 5.8e2

at
ll −3.9e4 −1.2e4 6.7e2 2.2e4

as
lq −1.4e3 −1.6e2 0. 1.5e2 2.7e3

at
lq −5.5e2 −1.4e2 0. 5.9e2 4.6e2 2.9e3

ale −56. −9.7 2.8e2 3.0e2 0. 0. 1.3e3

aqe 1.3e3 72. 0. −1.4e2 −2.7e3 −7.4e2 0. 2.8e3

alu −4.0e2 3.8 0. −1.1e2 1.2e3 −2.5e2 0. −1.2e3 7.1e2

ald −6.9e2 −6.9 0. 66. 1.4e3 3.3e2 0. −1.4e3 5.8e2 7.8e2

aee −59. −42. 5.3e2 6.1e2 0. 0. 2.6e2 0. 0. 0. 4.8e2

aeu 7.8e2 1.1e2 0. −2.1e2 −1.3e3 −9.1e2 0. 1.4e3 −4.8e2 −7.3e2 0. 8.4e2

aed 4.2e2 −83. 0. 1.7e2 −1.3e3 5.5e2 0. 1.3e3 −7.3e2 −6.8e2 0. 4.7e2 8.8e2

as
hl −1.7e4 −4.1e3 1.5e2 9.7e3 −5.9e2 8.3e2 17. 3.7e2 −3.9e2 −1.6e2 1.3e2 66. 3.8e2 5.5e4

at
hl 5.9e4 1.7e4 −43. −3.0e4 −7.1e2 −6.6e2 −31. 6.6e2 −82. −3.4e2 −32. 4.9e2 47. 1.5e4 6.3e4

as
hq −1.9e3 −1.4e3 0. 2.7e3 −2.6e3 −72. 0. 2.6e3 −1.2e3 −1.4e3 0. 1.2e3 1.4e3 −6.6e3 −8.7e3 6.0e3

at
hq −9.3e3 −4.5e3 0. 8.7e3 −49. 3.5e2 0. 56. −1.4e2 −36. 0. −64. 1.8e2 −2.4e4 −3.1e4 7.7e3 2.6e4

ahu −6.1e2 −6.6e2 0. 1.2e3 −1.2e3 −4. 0. 1.2e3 −5.1e2 −6.9e2 0. 5.7e2 6.7e2 −3.7e3 −4.4e3 2.2e3 4.1e3 1.4e3

ahd 1.2e3 4.3e2 0. −8.1e2 −1.4e3 −1.3e2 0. 1.4e3 −6.9e2 −7.2e2 0. 6.7e2 7.3e2 3.3e3 3.6e3 4.2e2 −2.9e3 1.6e2 1.1e3

ahe −2.8e4 −4.6e3 −1.1e2 9.0e3 4.6e2 −1.6e2 23. −4.5e2 2.5e2 2.4e2 −96. −1.7e2 −3.0e2 −2.5e4 −3.2e4 4.5e3 1.7e4 2.3e3 −2.1e3 3.2e4

aW 7.7 4.5 0. −4.2 0. 0. 0. 0. 0. 0. 0. 0. 0. 6.3 −1.7 0. 0.8 0. 0. 1.4 2.6

aWB ah as
ll at

ll as
lq at

lq ale aqe alu ald aee aeu aed as
hl at

hl as
hq at

hq ahu ahd ahe aW

TABLE IV: The elements of the matrix M. Since it is a symmetric matrix we do not list the redundant elements. The matrix is equal to

the numbers listed above times 1012(GeV)4. We abbreviate the powers 10n as en to save space.
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S,T parameters

(Times                      )1012 (GeV)4



χ2 = χ2
min + (ai − âi)Mij(aj − âj)

Mij

âi

only depends on the experimental 
errors, and would change if precision 
of the data improves

depend on the SM predictions, 
central values of observables, 
and experimental errors



g = g1s = g2c

M2
W ≡ F 2

s2c2

Leff = −g2c4

F 2
Ot

ff −
g2c2 c2

−s2

F 2
Ot

hf

0.3 0.4 0.5 0.6 0.7 0.8

1

2

3

4

5 F
[TeV]

c

g1

g2

W’ from SU(2)xSU(2)  broken to the diagonal SU(2)_L

W1
W1,2

g1,2 g1

h

h

f

f



L = −1
4
BµνBµν − 1

4
XµνXµν +

λ

2
BµνXµν

Leff =
λ2

M2
X

(∂µBµν)2

−(
0.7

1 TeV
)2 <

λ2

M2
X

< (
0.2

1 TeV
)2

B BX

Kinetic mixing between hypercharge B and Z’

(Related to the Y parameter 
introduced by Barbieri, 

Pomarol, Rattazzi, Strumia)



Generic Z’ boson

Z ′ Z ′h

h

f

f

gZzh gZzf

Leff = −g2
Zz2

H

2M2
Z′

Oh −
∑

ff ′

g2
Zzfzf ′

4M2
Z′

Off ′ −
∑

f

g2
ZzfzH

4M2
Z′

Ohf

Constraints from individual measurements:
T → MZ′ > 0.9 TeV, ΓZ → MZ′ > 1.2 TeV
Ae

LR → MZ′ > 1.0 TeV

Global analysis: MZ′ > 2.2 (2.4) TeV

(Assuming
                                                )gzzh = e, gzzf = ±e

3



Leff =
λ2

d

2M2
Ohd − λ2

u

2M2
Ohu

−0.093 <
λ2

d

2M2
< 0.036 − 0.083 <

λ2
u

2M2
< 0.032 [

1
TeV

2

]

L = −MQQ − λdQdh − λuQuh̃ + h.c.

An extra vector-like doublet of quarks

h h

u, d u, dQ

yields 95% CL bounds:

(Assuming universal 

family couplings) 
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FIG. 1: Lower bounds at 95% CL on MW ′ as a function of f1/f2 in the simplest little Higgs model.
Left: λd

1 ! λd
2; right: λd

2 ! λd
1.

heavy quark mixes with the top quark and we get as
hQ = −at

hQ similarly. According to
Eq. (10), this is a flat direction, so we simply set them to zero.

Combining Eqs. (11) and (15) and substituting them to the χ2 distribution, we can obtain
the bounds on the scale F . For comparison with the bounds on model 1, given in Ref. [6],
we translate the bounds on F to the bounds on the mass of the W ′ gauge boson by the
relation

M2
W ′ = g2F 2/2. (16)

The 95% confidence level (CL) bounds on MW ′ as a function of f1/f2 are shown in Figure
1. One of the main motivations to consider the constraints is to estimate the associated
fine-tuning. The heavy gauge bosons are introduced to cancel the quadratically divergent
corrections to the Higgs boson mass-squared from the SM gauge boson loops. In order to
avoid more than 10% fine-tuning, the W ′ boson mass should be smaller than about 5 TeV
[11]. We see from Figure 1 that MW ′ < 5 TeV is allowed for a large portion of the parameter
space. It is interesting that for the λd

2 ! λd
1 case, the bounds even go down to less than 1.5

TeV on the f1 > f2 side.

B. An SU(2) × SU(2) × U(1) model [14]

The second model is an SU(2) × SU(2) × U(1) model discussed in Ref. [14]. The elec-
troweak gauge group is enlarged to SU(2)1×SU(2)2×U(1)Y . The U(1)Y coincides with the
SM U(1)Y group. The SM SU(2)L group is the diagonal subgroup of SU(2)1×SU(2)2. The
authors of Ref. [14] mainly focus on the instanton effects associated with the larger gauge
group, but electroweak constraints on the model are also given. Only the data of Z-pole
measurements and the W boson mass are used in their analysis. In this subsection, we show
that it is straightforward to obtain constraints from a much larger set of observables using
our approach.

As in the previous model, we first obtain the effective operators. The third generation
of fermion doublets are assigned different quantum numbers from the light two generations.

8

λd
1 ! λd

2 λd
2 ! λd

1
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SU(3) × U(1) → SU(2) × U(1)Simplest Little Higgs: 

ah, as
hf , as

ff

as
hf , at

hf

Contributions from 
gauge bosons:
and fermions:

(Two different ways of arranging down quark 
Yukawa couplings.)
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Figure 5: Exclusion contours in terms of the parameter R = λ1/λ2 and the symmetry
breaking scale f . The contribution of the T-odd fermions to the T parameter is neglected.
From lightest to darkest, the contours correspond to the 95, 99, and 99.9 confidence level
exclusion.

With the assumption of flavor-diagonal and flavor-independent Yukawa couplings κ
made in Section 3.2, the one-loop vertex corrections due to loops of T-odd fermions are
flavor-universal, and can therefore be absorbed in the redefinitions of gauge couplings. They
will not induce an observable shift in Zbb̄ couplings.

4 Constraints on the Littlest Higgs Parameter Space

To obtain constraints on the parameter space of the LH model with T parity, we have
performed a global fit to precision electroweak observables, including the LH contributions
evaluated in the previous section. The LH contributions are parametrized by two dimen-
sionless numbers, R = λ1/λ2 and δc, and the symmetry breaking scale f . In the fit, we
have used the values of the 21 Z pole and low-energy observables listed in Ref. [17]; the
equations expressing the shifts in these observables in terms of the oblique parameters and
δgbb̄

L are given in Ref. [21]. We take the top mass to be 176.9 GeV [17], and do not include
the uncertainty associated with the top mass. In each constraint plot, we draw the 95, 99,
and 99.9% confidence level contours in the context of a χ2 analysis with two degrees of
freedom6.

6It is important to note that changing the assumed number of degrees of freedom can strongly affect
the positions of the contours; this is equivalent to modifying the priors that enter into the fit [22]. A
complete Bayesian analysis taking into account a variety of different priors for the model parameters is
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Little Higgs Models with T parity (H.-C. Cheng+I. Low)

Loop contributions 
to S and T and to 
4-fermi operators



Summary

• Standard Model works extremely well placing 
constraints in several TeV range on new states

• No substantial improvement of EW data anytime 
soon

• Effective Lagrangian approach to “global” analysis 
is possible, easy, and useful

• Lots of interesting models within the LHC reach





the end 


