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Elementary or Composite:
The particle physics dilemma



Composite vs Elementary

Dilemma since the beginning of particle physics

Search for structure by probing states at 
shorter distances (high-energies)



At present, extra motivation in the SM:

(hierarchy problem)

Up to now, the only possible dynamical answer comes from
 “dimensional transmutation”:

Quantum running of a dimensionless coupling generates a new scale

An example:  YM theory ~ QCD:

Why ?  MW !MP

ΛQCD MP

αs

Explains why

ΛQCD << MP



(hierarchy problem)Why ?  MW !MP

V = λφ4
→ λ(φ)φ4

quantum level

φ

V

But if     has dim=1, exists a relevant operator: M2φ2

Another example:  Coleman-Weinberg mechanism:
Quantum running of a dimensionless coupling generates a new scale

φ0

φ0 !MP

Can generate

φ
Possible if              composite operator of dim=2 O ≡ φ2

Up to now, the only possible dynamical answer comes from
 “dimensional transmutation”:

At present, extra motivation in the SM:



The smallness of the EW scale suggests the existence of a new 
strong sector, giving an important motivation for searching for 

compositeness in the SM particles

e.g.  in the known examples
                                        Technicolor:  WL , ZL 
                                      Supersymmetry:  None (strong sector hidden from the SM)

Are there SM states coming 
(as composites) 

from this strong sector?

Question to address here:

Here I center in a strong sector at around the TeV-scale
such that is possible to be probed at the LHC

→ Similarly as in the old good days, 
when exploring physics below the GeV: 

muon, pions, kaons,...



Approach this question theoretically: 

Hard to get predictions from strongly-interacting theories

Impossible to answer today

New tools:

• Supersymmetry (e.g. Seiberg dualities)
• AdS/CFT correspondence:

Strongly-coupled 
systems   

  i.e.      Large  Nc 
            Large  λ≡g!Nc

Weakly-coupled 
Gravitational systems 
in higher-dimensions

Very useful to derive properties of composite states from 
studying weakly-coupled fields in extra-dimensional models 
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Easy in an ideal collider:

As we do it with pions in QCD:

Approach this question experimentally: 



Only access up to few TeV
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In a real collider:

If the composite scale
 is slightly above the 

electroweak scale

Approach this question experimentally: 



At least, this simplifies the approach since we can make use of 
effective field theories expanding in powers of Energy/Composite-
scale:  Deviations from elementary states parametrized by higher-

dimensional operators added to the SM:

e.g.

! all these operators lead to deviations from SM predictions

Leff = LSM +
1
Λ2

Od=6 + · · ·

Two types of operators:

= scale of the strong-sectora) Extra powers of

(∂ρFµν)2

b) Extra powers of

e.g. (q̄i
Lγµqj

L)2

f2

= coupling of the
      composite states

∂2

Λ2 Λ

gρ

since                               ,
  operators type (b) are dominant 

gρ ! 1→ f # Λ

g2
ρ ψ2

Λ2
≡ ψ2

f2



What past and present experiments tell us?

(what SM particles “smell” composite or elementary?)



How well the SM particles are tested?

First reaction,  one answers  “extremely well”

without lepton universality correlations

χ2/Ndf = 32.6/27 mZ ΓZ σ0
h R0

e R0
µ R0

τ A0, e
FB A0, µ

FB A0, τ
FB

mZ [GeV] 91.1876± 0.0021 1.00
ΓZ [GeV] 2.4952 ± 0.0023 −.024 1.00
σ0

h [nb] 41.541 ± 0.037 −.044−.297 1.00
R0

e 20.804 ± 0.050 .078−.011 .105 1.00
R0

µ 20.785 ± 0.033 .000 .008 .131 .069 1.00
R0

τ 20.764 ± 0.045 .002 .006 .092 .046 .069 1.00

A0, e
FB 0.0145 ± 0.0025 −.014 .007 .001−.371 .001 .003 1.00

A0, µ
FB 0.0169 ± 0.0013 .046 .002 .003 .020 .012 .001−.024 1.00

A0, τ
FB 0.0188 ± 0.0017 .035 .001 .002 .013−.003 .009−.020 .046 1.00

with lepton universality

χ2/Ndf = 36.5/31 mZ ΓZ σ0
h R0

" A0, "
FB

mZ [GeV] 91.1875± 0.0021 1.00
ΓZ [GeV] 2.4952 ± 0.0023 −.023 1.00
σ0

h [nb] 41.540 ± 0.037 −.045−.297 1.00
R0

" 20.767 ± 0.025 .033 .004 .183 1.00

A0, "
FB 0.0171 ± 0.0010 .055 .003 .006−.056 1.00

Table 2.3: Average line shape and asymmetry parameters from the data of the four LEP experiments,
without and with the assumption of lepton universality.

universality (the difference in χ2 over the difference in d.o.f. with and without the assumption of
lepton universality is 3/4, 6/4, 5/4 and 3/4 for ALEPH, DELPHI, L3 and OPAL, respectively). The
lower part of Table 2.3 gives the combined result and the corresponding correlation matrix. Figure 2.1
shows, for each lepton species and for the combination assuming lepton universality, the resulting 68%
probability contours in the R0

" -A
0, "
FB plane. Good agreement is observed.

For completeness the partial decay widths of the Z boson are listed in Table 2.4, although they
are more correlated than the ratios given in Table 2.3. The leptonic pole cross-section, σ0

" , defined as

σ0
" ≡ 12π

m2
Z

Γ2
""

Γ2
Z

, (2.5)

in analogy to σ0
h, is shown in the last line of the Table. Because QCD final state corrections appear

twice in the denominator via ΓZ, σ0
" has a higher sensitivity to αs than σ0

h or R0
" , where the dependence

on QCD corrections is only linear.

2.1 Number of Neutrino Species

An important aspect of our measurement concerns the information related to Z decays into invisible
channels. Using the results of Table 2.3, the ratio of the Z decay width into invisible particles and the
leptonic decay width is determined:

Γinv/Γ"" = 5.942 ± 0.016 . (2.6)

The Standard Model value for the ratio of the partial widths to neutrinos and charged leptons is:

(Γνν/Γ"")SM = 1.9912 ± 0.0012 . (2.7)
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without lepton universality correlations
Γhad Γee Γµµ Γττ

Γhad [MeV] 1745.8 ±2.7 1.00
Γee [MeV] 83.92±0.12 −0.29 1.00
Γµµ [MeV] 83.99±0.18 0.66−0.20 1.00
Γττ [MeV] 84.08±0.22 0.54−0.17 0.39 1.00

with lepton universality correlations
Γinv Γhad Γ""

Γinv [MeV] 499.0 ±1.5 1.00
Γhad [MeV] 1744.4 ±2.0 −0.29 1.00
Γ"" [MeV] 83.984±0.086 0.49 0.39 1.00
Γinv/Γ"" 5.942 ±0.016
σ0

" [nb] 2.0003±0.0027

Table 2.4: Partial decay widths of the Z boson, derived from the results of the 9-parameter averages
in Table 2.3. In the case of lepton universality, Γ"" refers to the partial Z width for the decay into a
pair of massless charged leptons.

The central value is evaluated for mZ = 91.1875 GeV and the error quoted accounts for a variation of
mt in the range mt = 178.0±4.3 GeV and a variation of mH in the range 100 GeV ≤ mH ≤ 1000 GeV.
The number of light neutrino species is given by the ratio of the two expressions listed above:

Nν = 2.9841 ± 0.0083, (2.8)

which is two standard deviations below the value of 3 expected from 3 observed fermion families.

Alternatively, one can assume 3 neutrino species and determine the width from additional invisible
decays of the Z. This yields

∆Γinv = −2.7 ± 1.6 MeV. (2.9)

The measured total width is below the Standard Model expectation. If a conservative approach is
taken to limit the result to only positive values of ∆Γinv and normalising the probability for ∆Γinv ≥ 0
to be unity, then the resulting 95% CL upper limit on additional invisible decays of the Z is

∆Γinv < 2.0 MeV. (2.10)

The theoretical error on the luminosity [14] constitutes a large part of the uncertainties on Nν and
∆Γinv.
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√
s Average

(GeV) Quantity value SM ∆

130 σ(qq) 82.1±2.2 82.8 -0.3
130 σ(µ+µ−) 8.62±0.68 8.44 -0.33
130 σ(τ+τ−) 9.02±0.93 8.44 -0.11
130 AFB(µ+µ−) 0.694±0.060 0.705 0.012
130 AFB(τ+τ−) 0.663±0.076 0.704 0.012
136 σ(qq) 66.7±2.0 66.6 -0.2
136 σ(µ+µ−) 8.27±0.67 7.28 -0.28
136 σ(τ+τ−) 7.078±0.820 7.279 -0.091
136 AFB(µ+µ−) 0.708±0.060 0.684 0.013
136 AFB(τ+τ−) 0.753±0.088 0.683 0.014
161 σ(qq) 37.0±1.1 35.2 -0.1
161 σ(µ+µ−) 4.61±0.36 4.61 -0.18
161 σ(τ+τ−) 5.67±0.54 4.61 -0.06
161 AFB(µ+µ−) 0.538±0.067 0.609 0.017
161 AFB(τ+τ−) 0.646±0.077 0.609 0.016
172 σ(qq) 29.23±0.99 28.74 -0.12
172 σ(µ+µ−) 3.57±0.32 3.95 -0.16
172 σ(τ+τ−) 4.01±0.45 3.95 -0.05
172 AFB(µ+µ−) 0.675±0.077 0.591 0.018
172 AFB(τ+τ−) 0.342±0.094 0.591 0.017
183 σ(qq) 24.59±0.42 24.20 -0.11
183 σ(µ+µ−) 3.49±0.15 3.45 -0.14
183 σ(τ+τ−) 3.37±0.17 3.45 -0.05
183 AFB(µ+µ−) 0.559±0.035 0.576 0.018
183 AFB(τ+τ−) 0.608±0.045 0.576 0.018
189 σ(qq) 22.47±0.24 22.156 -0.101
189 σ(µ+µ−) 3.123±0.076 3.207 -0.131
189 σ(τ+τ−) 3.20±0.10 3.20 -0.048
189 AFB(µ+µ−) 0.569±0.021 0.569 0.019
189 AFB(τ+τ−) 0.596±0.026 0.569 0.018

√
s Average

(GeV) Quantity value SM ∆

192 σ(qq) 22.05±0.53 21.24 -0.10
192 σ(µ+µ−) 2.92±0.18 3.10 -0.13
192 σ(τ+τ−) 2.81±0.23 3.10 -0.05
192 AFB(µ+µ−) 0.553±0.051 0.566 0.019
192 AFB(τ+τ−) 0.615±0.069 0.566 0.019
196 σ(qq) 20.53±0.34 20.13 -0.09
196 σ(µ+µ−) 2.94±0.11 2.96 -0.12
196 σ(τ+τ−) 2.94±0.14 2.96 -0.05
196 AFB(µ+µ−) 0.581±0.031 0.562 0.019
196 AFB(τ+τ−) 0.505±0.044 0.562 0.019
200 σ(qq) 19.25±0.32 19.09 -0.09
200 σ(µ+µ−) 3.02±0.11 2.83 -0.12
200 σ(τ+τ−) 2.90±0.14 2.83 -0.04
200 AFB(µ+µ−) 0.524±0.031 0.558 0.019
200 AFB(τ+τ−) 0.539±0.042 0.558 0.019
202 σ(qq) 19.07±0.44 18.57 -0.09
202 σ(µ+µ−) 2.58±0.14 2.77 -0.12
202 σ(τ+τ−) 2.79±0.20 2.77 -0.04
202 AFB(µ+µ−) 0.547±0.047 0.556 0.020
202 AFB(τ+τ−) 0.589±0.059 0.556 0.019
205 σ(qq) 18.17±0.31 17.81 -0.09
205 σ(µ+µ−) 2.45±0.10 2.67 -0.11
205 σ(τ+τ−) 2.78±0.14 2.67 -0.042
205 AFB(µ+µ−) 0.565±0.035 0.553 0.020
205 AFB(τ+τ−) 0.571±0.042 0.553 0.019
207 σ(qq) 17.49±0.26 17.42 -0.08
207 σ(µ+µ−) 2.595±0.088 2.623 -0.111
207 σ(τ+τ−) 2.53±0.11 2.62 -0.04
207 AFB(µ+µ−) 0.542±0.027 0.552 0.020
207 AFB(τ+τ−) 0.564±0.037 0.551 0.019
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Extensive LEP, SLAC LC,  Tevatron,...  legacy:

10.2 W-pair production cross-section

ALEPH, DELPHI and L3 have presented final results on the W-pair (CC03 [124]) production cross-
section and W branching ratios for all LEP2 centre–of–mass energies [125–129]. OPAL has final results
from 161 to 189 GeV [125,126,130] and preliminary measurements at

√
s = 192–207 GeV [131].

With respect to the Summer 2003 Conferences, new final results from ALEPH and L3 are now
included in the LEP averages. The same grouping of the systematic errors consolidated in previous
combinations [123] was used.

The detailed inputs used for the combinations are given in Appendix C.

The measured statistical errors are used for the combination; after building the full 32×32 co-
variance matrix for the measurements, the χ2 minimisation fit is performed by matrix algebra, as
described in Ref. [132], and is cross-checked using Minuit [133].

The results from each experiment for the W-pair production cross-section are shown in Table 10.1,
together with the LEP combination at each energy. All measurements assume Standard Model values
for the W decay branching fractions. The results for centre–of–mass energies between 183 and 207
GeV, for which new LEP averages have been computed, supersede the ones presented in [123]. For
completeness, the measurements at 161 and 172 GeV are also listed in the table.

√
s WW cross-section (pb) χ2/d.o.f.

(GeV) ALEPH DELPHI L3 OPAL LEP

161.3 4.23 ± 0.75∗ 3.67 + 0.99 ∗
− 0.87 2.89 + 0.82 ∗

− 0.71 3.62 + 0.94 ∗
− 0.84 3.69 ± 0.45 ∗ } 1.3 / 3

172.1 11.7 ± 1.3 ∗ 11.6 ± 1.4 ∗ 12.3 ± 1.4 ∗ 12.3 ± 1.3 ∗ 12.0 ± 0.7 ∗ } 0.22/ 3

182.7 15.90 ± 0.63∗ 16.07 ± 0.70∗ 16.53 ± 0.72∗ 15.43 ± 0.66∗ 15.89 ± 0.35 ∗






























































26.4/24

188.6 15.76 ± 0.36∗ 16.09 ± 0.42∗ 16.17 ± 0.41∗ 16.30 ± 0.39∗ 16.03 ± 0.21 ∗

191.6 17.10 ± 0.90 ∗ 16.64 ± 1.00∗ 16.11 ± 0.92 ∗ 16.60 ± 0.99 16.56 ± 0.48

195.5 16.61 ± 0.54 ∗ 17.04 ± 0.60∗ 16.22 ± 0.57 ∗ 18.59 ± 0.75 16.90 ± 0.31

199.5 16.90 ± 0.52 ∗ 17.39 ± 0.57∗ 16.49 ± 0.58 ∗ 16.32 ± 0.67 16.75 ± 0.30

201.6 16.65 ± 0.71 ∗ 17.37 ± 0.82∗ 16.01 ± 0.84 ∗ 18.48 ± 0.92 17.00 ± 0.41

204.9 16.79 ± 0.54 ∗ 17.56 ± 0.59∗ 17.00 ± 0.60 ∗ 15.97 ± 0.64 16.78 ± 0.31

206.6 17.36 ± 0.43 ∗ 16.35 ± 0.47∗ 17.33 ± 0.47 ∗ 17.77 ± 0.57 17.13 ± 0.25

Table 10.1: W-pair production cross-section from the four LEP experiments and combined values at
all recorded centre–of–mass energies. All results are preliminary, with the exception of those indicated
by ∗. The measurements between 183 and 207 GeV have been combined in one global fit, taking
into account inter-experiment as well as inter-energy correlations of systematic errors. The results
for the combined LEP W-pair production cross-section at 161 and 172 GeV are taken from [134,135]
respectively.

Figure 10.1 shows the combined LEP W-pair cross-section measured as a function of the centre–of–
mass energy. The experimental points are compared with the theoretical calculations from YFSWW [136]
and RACOONWW [137] between 155 and 215 GeV for mW = 80.35 GeV. The two codes have been
extensively compared and agree at a level better than 0.5% at the LEP2 energies [124]. The calcula-
tions above 170 GeV, based for the two programs on the so-called leading pole (LPA) or double pole
approximations (DPA) [138], have theoretical uncertainties decreasing from 0.7% at 170 GeV to about
0.4% at centre–of–mass energies larger than 200 GeV, while in the threshold region, where the codes
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Lepton Lepton

non–universality universality

Experiment B(W → eνe) B(W → µνµ) B(W → τντ ) B(W → hadrons)

[%] [%] [%] [%]

ALEPH 10.81 ± 0.29∗ 10.91 ± 0.26∗ 11.15 ± 0.38∗ 67.15 ± 0.40∗

DELPHI 10.55 ± 0.34∗ 10.65 ± 0.27∗ 11.46 ± 0.43∗ 67.45 ± 0.48∗

L3 10.78 ± 0.32∗ 10.03 ± 0.31∗ 11.89 ± 0.45∗ 67.50 ± 0.52∗

OPAL 10.40 ± 0.35 10.61 ± 0.35 11.18 ± 0.48 67.91 ± 0.61

LEP 10.66 ± 0.17 10.60 ± 0.15 11.41 ± 0.22 67.49 ± 0.28

χ2/d.o.f. 6.8/9 15.0/11

Table 10.3: Summary of W branching fractions derived from W-pair production cross sections mea-
surements up to 207 GeV centre–of–mass energy. All results are preliminary with the exception of
those indicated by ∗.

The results of the fit which does not make use of the lepton universality assumption show a
negative correlation of 19.1% (13.2%) between the W → τντ and W → eνe (W → µνµ) branching
fractions, while between the electron and muon decay channels there is a positive correlation of 10.9%.

From the results on the leptonic branching ratios an excess of the branching ratio W → τντ with
respect to the other leptons is evident. The excess can be quantified with the two-by-two comparison
of these branching fractions, which represents a test of lepton universality in the decay of on–shell W
bosons at the level of 2.9%:

B(W → µνµ) /B(W → eνe) = 0.994 ± 0.020 ,

B(W → τντ ) /B(W → eνe) = 1.070 ± 0.029 ,

B(W → τντ ) /B(W → µνµ) = 1.076 ± 0.028 .

The branching fractions in taus with respect to electrons and muons differ by more than two standard
deviations, where the correlations have been taken into account. The branching fractions of W into
electrons and into muons perfectly agree.

Assuming only partial lepton universality the ratio between the tau fractions and the average of
electrons and muons can also be computed:

2B(W → τντ ) / (B(W → eνe) + B(W → µνµ)) = 1.073 ± 0.026

resulting in a poor agreement at the level of 2.8 standard deviations, with all correlations included.

If complete lepton universality is assumed, the measured hadronic branching fraction can be deter-
mined, yielding 67.49±0.19(stat.)±0.21(syst.)%, whereas for the leptonic one gets 10.84±0.06(stat.)±
0.07(syst.)%. These results are consistent with their Standard Model expectations, of 67.51% and
10.83% respectively. The systematic error receives equal contributions from the correlated and uncor-
related sources.

Within the Standard Model, the branching fractions of the W boson depend on the six matrix
elements |Vqq′ | of the Cabibbo–Kobayashi–Maskawa (CKM) quark mixing matrix not involving the top
quark. In terms of these matrix elements, the leptonic branching fraction of the W boson B(W → $ν")
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misreconstructed as electrons. Events with such can-
didates provide a p/T

distribution characteristic of
hadronic jet production. We apply a small correc-
tion to this distribution to account for the expected
contribution from W → eν decay electrons with low
NN values.

This method relies on the assumption that the
hadronic jet background has a p/T

distribution that is
independent of the electron identification variables.
As a test of this assumption, we perform the same fit
for the jet background normalization, using only the
isolation variable (Section IVA) instead of the NN to
select a hadronic jet subsample. We take a weighted
average of the two fitted background normalizations,
and assign an uncertainty that covers the range of
the two results. The resulting background estimate
is (0.25 ± 0.15)% of the W → eν sample.

The mT , pT , and p/T
distributions are obtained

from the geant-based simulation for W and Z boson
backgrounds, and from events in the W → eν sam-
ple with low-NN electron candidates for the hadronic
jet background. We fit these distributions (Fig. 46)
and include their shapes and relative normalizations
in the mW template fits. The uncertainties on the
background estimates result in uncertainties of 8, 9,
and 7 MeV on mW from the mT , pT , and p/T

fits,
respectively (Table VI).

% of δmW (MeV)

Background W → eν data mT fit pT fit p/T
fit

W → τν 0.93 ± 0.03 2 2 2

Hadronic jets 0.25 ± 0.15 8 9 7

Z/γ∗ → ee 0.24 ± 0.01 1 1 0

Total 1.42 ± 0.15 8 9 7

TABLE VI: The percentages of the various backgrounds
in the W → eν data set, and the corresponding uncer-
tainties on the mT , pT and p/T

fits for mW .

B. W → µν Backgrounds

The W → τν and Z/γ∗ → µµ backgrounds are
modeled using events generated with pythia [59] and
simulated with the geant [40]-based detector simu-
lation. We use the data to estimate backgrounds from
cosmic rays, multijets, and hadrons decaying in flight
to µνX .

Backgrounds from W → τν and Z/γ∗ → µµ to
the W → µν sample are modeled in the same man-
ner as for the W → eν sample (Section VIII A). We
determine the ratio of the acceptance for W → τν
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FIG. 46: The parametrizations of the backgrounds to the
W → eν data sample. The backgrounds to the mT (top),
pT (middle), and p/T

(bottom) distributions are included
in the mW fits.

42

for the cosmic ray background, and from events in
the W → µν sample with high-χ2 (isolation) muons
for the decay-in-flight (hadronic jet) background. In-
cluding uncertainties on the shapes of the distribu-
tions, the total uncertainties on the background es-
timates result in uncertainties of 9, 19, and 11 MeV
on mW from the mT , pT , and p/T

fits, respectively
(Table VII).

% of δmW (MeV)

Background W → µν data mT fit pT fit p/T
fit

Z/γ∗ → µµ 6.6 ± 0.3 6 11 5

W → τν 0.89 ± 0.02 1 7 8

Decays in flight 0.3 ± 0.2 5 13 3

Hadronic jets 0.1 ± 0.1 2 3 4

Cosmic rays 0.05 ± 0.05 2 2 1

Total 7.9 ± 0.4 9 19 11

TABLE VII: The percentages of the various backgrounds
in the W → µν data set, and the corresponding uncer-
tainties on the mT , pT and p/T

fits for mW .

IX. PRODUCTION AND DECAY MODELS

The measurement of the W boson mass relies on
a complete model of W and Z boson production
and decay. The production process is described by
perturbative QCD and a parametrization of non-
perturbative QCD effects, with parameters deter-
mined from global fits to hadron-hadron and lepton-
hadron collision data. W and Z boson decay are
modeled using a next-to-leading-order electroweak
calculation and includes QCD corrections for the lep-
ton angular distributions, as a function of boson pT .
The most important process in the decay is photon
radiation off the final-state charged lepton, which has
been calculated at next-to-leading order [62].

A. Parton Distribution Functions

The longitudinal momentum of the produced W
or Z boson depends on the momenta of the inter-
acting partons. These momenta, generally expressed
in terms of the fractions xi of the colliding (anti-
)proton energies, are not known on an event-by-event
basis. The xi parton distribution functions (PDFs)
are however well constrained by hadron-hadron and
lepton-hadron collision data. The distributions have
been parametrized as simple functional forms for the
quarks, antiquarks, and gluons inside a proton. Two
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FIG. 48: The parametrizations of the backgrounds to the
W → µν data sample. The backgrounds to the mT (top),
pT (middle), and p/T

(bottom) distributions are included
in the mW fits. Not shown are the small hadronic-jet and
cosmic-ray background distributions.



How well the SM particles are tested?

First reaction,  one answers  “extremely well”

without lepton universality correlations

χ2/Ndf = 32.6/27 mZ ΓZ σ0
h R0

e R0
µ R0

τ A0, e
FB A0, µ

FB A0, τ
FB

mZ [GeV] 91.1876± 0.0021 1.00
ΓZ [GeV] 2.4952 ± 0.0023 −.024 1.00
σ0

h [nb] 41.541 ± 0.037 −.044−.297 1.00
R0

e 20.804 ± 0.050 .078−.011 .105 1.00
R0

µ 20.785 ± 0.033 .000 .008 .131 .069 1.00
R0

τ 20.764 ± 0.045 .002 .006 .092 .046 .069 1.00

A0, e
FB 0.0145 ± 0.0025 −.014 .007 .001−.371 .001 .003 1.00

A0, µ
FB 0.0169 ± 0.0013 .046 .002 .003 .020 .012 .001−.024 1.00

A0, τ
FB 0.0188 ± 0.0017 .035 .001 .002 .013−.003 .009−.020 .046 1.00

with lepton universality

χ2/Ndf = 36.5/31 mZ ΓZ σ0
h R0

" A0, "
FB

mZ [GeV] 91.1875± 0.0021 1.00
ΓZ [GeV] 2.4952 ± 0.0023 −.023 1.00
σ0

h [nb] 41.540 ± 0.037 −.045−.297 1.00
R0

" 20.767 ± 0.025 .033 .004 .183 1.00

A0, "
FB 0.0171 ± 0.0010 .055 .003 .006−.056 1.00

Table 2.3: Average line shape and asymmetry parameters from the data of the four LEP experiments,
without and with the assumption of lepton universality.

universality (the difference in χ2 over the difference in d.o.f. with and without the assumption of
lepton universality is 3/4, 6/4, 5/4 and 3/4 for ALEPH, DELPHI, L3 and OPAL, respectively). The
lower part of Table 2.3 gives the combined result and the corresponding correlation matrix. Figure 2.1
shows, for each lepton species and for the combination assuming lepton universality, the resulting 68%
probability contours in the R0

" -A
0, "
FB plane. Good agreement is observed.

For completeness the partial decay widths of the Z boson are listed in Table 2.4, although they
are more correlated than the ratios given in Table 2.3. The leptonic pole cross-section, σ0

" , defined as

σ0
" ≡ 12π

m2
Z

Γ2
""

Γ2
Z

, (2.5)

in analogy to σ0
h, is shown in the last line of the Table. Because QCD final state corrections appear

twice in the denominator via ΓZ, σ0
" has a higher sensitivity to αs than σ0

h or R0
" , where the dependence

on QCD corrections is only linear.

2.1 Number of Neutrino Species

An important aspect of our measurement concerns the information related to Z decays into invisible
channels. Using the results of Table 2.3, the ratio of the Z decay width into invisible particles and the
leptonic decay width is determined:

Γinv/Γ"" = 5.942 ± 0.016 . (2.6)

The Standard Model value for the ratio of the partial widths to neutrinos and charged leptons is:

(Γνν/Γ"")SM = 1.9912 ± 0.0012 . (2.7)
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without lepton universality correlations
Γhad Γee Γµµ Γττ

Γhad [MeV] 1745.8 ±2.7 1.00
Γee [MeV] 83.92±0.12 −0.29 1.00
Γµµ [MeV] 83.99±0.18 0.66−0.20 1.00
Γττ [MeV] 84.08±0.22 0.54−0.17 0.39 1.00

with lepton universality correlations
Γinv Γhad Γ""

Γinv [MeV] 499.0 ±1.5 1.00
Γhad [MeV] 1744.4 ±2.0 −0.29 1.00
Γ"" [MeV] 83.984±0.086 0.49 0.39 1.00
Γinv/Γ"" 5.942 ±0.016
σ0

" [nb] 2.0003±0.0027

Table 2.4: Partial decay widths of the Z boson, derived from the results of the 9-parameter averages
in Table 2.3. In the case of lepton universality, Γ"" refers to the partial Z width for the decay into a
pair of massless charged leptons.

The central value is evaluated for mZ = 91.1875 GeV and the error quoted accounts for a variation of
mt in the range mt = 178.0±4.3 GeV and a variation of mH in the range 100 GeV ≤ mH ≤ 1000 GeV.
The number of light neutrino species is given by the ratio of the two expressions listed above:

Nν = 2.9841 ± 0.0083, (2.8)

which is two standard deviations below the value of 3 expected from 3 observed fermion families.

Alternatively, one can assume 3 neutrino species and determine the width from additional invisible
decays of the Z. This yields

∆Γinv = −2.7 ± 1.6 MeV. (2.9)

The measured total width is below the Standard Model expectation. If a conservative approach is
taken to limit the result to only positive values of ∆Γinv and normalising the probability for ∆Γinv ≥ 0
to be unity, then the resulting 95% CL upper limit on additional invisible decays of the Z is

∆Γinv < 2.0 MeV. (2.10)

The theoretical error on the luminosity [14] constitutes a large part of the uncertainties on Nν and
∆Γinv.
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√
s Average

(GeV) Quantity value SM ∆

130 σ(qq) 82.1±2.2 82.8 -0.3
130 σ(µ+µ−) 8.62±0.68 8.44 -0.33
130 σ(τ+τ−) 9.02±0.93 8.44 -0.11
130 AFB(µ+µ−) 0.694±0.060 0.705 0.012
130 AFB(τ+τ−) 0.663±0.076 0.704 0.012
136 σ(qq) 66.7±2.0 66.6 -0.2
136 σ(µ+µ−) 8.27±0.67 7.28 -0.28
136 σ(τ+τ−) 7.078±0.820 7.279 -0.091
136 AFB(µ+µ−) 0.708±0.060 0.684 0.013
136 AFB(τ+τ−) 0.753±0.088 0.683 0.014
161 σ(qq) 37.0±1.1 35.2 -0.1
161 σ(µ+µ−) 4.61±0.36 4.61 -0.18
161 σ(τ+τ−) 5.67±0.54 4.61 -0.06
161 AFB(µ+µ−) 0.538±0.067 0.609 0.017
161 AFB(τ+τ−) 0.646±0.077 0.609 0.016
172 σ(qq) 29.23±0.99 28.74 -0.12
172 σ(µ+µ−) 3.57±0.32 3.95 -0.16
172 σ(τ+τ−) 4.01±0.45 3.95 -0.05
172 AFB(µ+µ−) 0.675±0.077 0.591 0.018
172 AFB(τ+τ−) 0.342±0.094 0.591 0.017
183 σ(qq) 24.59±0.42 24.20 -0.11
183 σ(µ+µ−) 3.49±0.15 3.45 -0.14
183 σ(τ+τ−) 3.37±0.17 3.45 -0.05
183 AFB(µ+µ−) 0.559±0.035 0.576 0.018
183 AFB(τ+τ−) 0.608±0.045 0.576 0.018
189 σ(qq) 22.47±0.24 22.156 -0.101
189 σ(µ+µ−) 3.123±0.076 3.207 -0.131
189 σ(τ+τ−) 3.20±0.10 3.20 -0.048
189 AFB(µ+µ−) 0.569±0.021 0.569 0.019
189 AFB(τ+τ−) 0.596±0.026 0.569 0.018

√
s Average

(GeV) Quantity value SM ∆

192 σ(qq) 22.05±0.53 21.24 -0.10
192 σ(µ+µ−) 2.92±0.18 3.10 -0.13
192 σ(τ+τ−) 2.81±0.23 3.10 -0.05
192 AFB(µ+µ−) 0.553±0.051 0.566 0.019
192 AFB(τ+τ−) 0.615±0.069 0.566 0.019
196 σ(qq) 20.53±0.34 20.13 -0.09
196 σ(µ+µ−) 2.94±0.11 2.96 -0.12
196 σ(τ+τ−) 2.94±0.14 2.96 -0.05
196 AFB(µ+µ−) 0.581±0.031 0.562 0.019
196 AFB(τ+τ−) 0.505±0.044 0.562 0.019
200 σ(qq) 19.25±0.32 19.09 -0.09
200 σ(µ+µ−) 3.02±0.11 2.83 -0.12
200 σ(τ+τ−) 2.90±0.14 2.83 -0.04
200 AFB(µ+µ−) 0.524±0.031 0.558 0.019
200 AFB(τ+τ−) 0.539±0.042 0.558 0.019
202 σ(qq) 19.07±0.44 18.57 -0.09
202 σ(µ+µ−) 2.58±0.14 2.77 -0.12
202 σ(τ+τ−) 2.79±0.20 2.77 -0.04
202 AFB(µ+µ−) 0.547±0.047 0.556 0.020
202 AFB(τ+τ−) 0.589±0.059 0.556 0.019
205 σ(qq) 18.17±0.31 17.81 -0.09
205 σ(µ+µ−) 2.45±0.10 2.67 -0.11
205 σ(τ+τ−) 2.78±0.14 2.67 -0.042
205 AFB(µ+µ−) 0.565±0.035 0.553 0.020
205 AFB(τ+τ−) 0.571±0.042 0.553 0.019
207 σ(qq) 17.49±0.26 17.42 -0.08
207 σ(µ+µ−) 2.595±0.088 2.623 -0.111
207 σ(τ+τ−) 2.53±0.11 2.62 -0.04
207 AFB(µ+µ−) 0.542±0.027 0.552 0.020
207 AFB(τ+τ−) 0.564±0.037 0.551 0.019

T
ab

le
8.2:

P
relim

in
ary

com
b
in

ed
L
E

P
resu

lts
for

e
+
e −

→
ff,

w
ith

cross
section

qu
oted

in
u
n
its

of
p
icob

arn
.

A
ll

th
e

resu
lts

corresp
on

d
to

th
e

fi
rst

sign
al

d
efi

n
ition

.
T

h
e

S
tan

d
ard

M
od

el
p
red

iction
s

are
from

Z
F
IT

T
E

R
[80].

T
h
e

d
iff

eren
ce,

∆
,
in

th
e

p
red

iction
s

of
Z
F
IT

T
E

R
for

secon
d

d
efi

n
ition

relative
to

th
e

fi
rst

are
given

in
th

e
fi
n
al

colu
m

n
.

T
h
e

qu
oted

u
n
certainties

d
o

n
ot

in
clu

d
e

th
e

th
eoretical

u
n
certainties

on
th

e
correction

s
d
iscu

ssed
in

th
e

text.

41

Extensive LEP, SLAC LC,  Tevatron,...  legacy:

10.2 W-pair production cross-section

ALEPH, DELPHI and L3 have presented final results on the W-pair (CC03 [124]) production cross-
section and W branching ratios for all LEP2 centre–of–mass energies [125–129]. OPAL has final results
from 161 to 189 GeV [125,126,130] and preliminary measurements at

√
s = 192–207 GeV [131].

With respect to the Summer 2003 Conferences, new final results from ALEPH and L3 are now
included in the LEP averages. The same grouping of the systematic errors consolidated in previous
combinations [123] was used.

The detailed inputs used for the combinations are given in Appendix C.

The measured statistical errors are used for the combination; after building the full 32×32 co-
variance matrix for the measurements, the χ2 minimisation fit is performed by matrix algebra, as
described in Ref. [132], and is cross-checked using Minuit [133].

The results from each experiment for the W-pair production cross-section are shown in Table 10.1,
together with the LEP combination at each energy. All measurements assume Standard Model values
for the W decay branching fractions. The results for centre–of–mass energies between 183 and 207
GeV, for which new LEP averages have been computed, supersede the ones presented in [123]. For
completeness, the measurements at 161 and 172 GeV are also listed in the table.

√
s WW cross-section (pb) χ2/d.o.f.

(GeV) ALEPH DELPHI L3 OPAL LEP

161.3 4.23 ± 0.75∗ 3.67 + 0.99 ∗
− 0.87 2.89 + 0.82 ∗

− 0.71 3.62 + 0.94 ∗
− 0.84 3.69 ± 0.45 ∗ } 1.3 / 3

172.1 11.7 ± 1.3 ∗ 11.6 ± 1.4 ∗ 12.3 ± 1.4 ∗ 12.3 ± 1.3 ∗ 12.0 ± 0.7 ∗ } 0.22/ 3

182.7 15.90 ± 0.63∗ 16.07 ± 0.70∗ 16.53 ± 0.72∗ 15.43 ± 0.66∗ 15.89 ± 0.35 ∗






























































26.4/24

188.6 15.76 ± 0.36∗ 16.09 ± 0.42∗ 16.17 ± 0.41∗ 16.30 ± 0.39∗ 16.03 ± 0.21 ∗

191.6 17.10 ± 0.90 ∗ 16.64 ± 1.00∗ 16.11 ± 0.92 ∗ 16.60 ± 0.99 16.56 ± 0.48

195.5 16.61 ± 0.54 ∗ 17.04 ± 0.60∗ 16.22 ± 0.57 ∗ 18.59 ± 0.75 16.90 ± 0.31

199.5 16.90 ± 0.52 ∗ 17.39 ± 0.57∗ 16.49 ± 0.58 ∗ 16.32 ± 0.67 16.75 ± 0.30

201.6 16.65 ± 0.71 ∗ 17.37 ± 0.82∗ 16.01 ± 0.84 ∗ 18.48 ± 0.92 17.00 ± 0.41

204.9 16.79 ± 0.54 ∗ 17.56 ± 0.59∗ 17.00 ± 0.60 ∗ 15.97 ± 0.64 16.78 ± 0.31

206.6 17.36 ± 0.43 ∗ 16.35 ± 0.47∗ 17.33 ± 0.47 ∗ 17.77 ± 0.57 17.13 ± 0.25

Table 10.1: W-pair production cross-section from the four LEP experiments and combined values at
all recorded centre–of–mass energies. All results are preliminary, with the exception of those indicated
by ∗. The measurements between 183 and 207 GeV have been combined in one global fit, taking
into account inter-experiment as well as inter-energy correlations of systematic errors. The results
for the combined LEP W-pair production cross-section at 161 and 172 GeV are taken from [134,135]
respectively.

Figure 10.1 shows the combined LEP W-pair cross-section measured as a function of the centre–of–
mass energy. The experimental points are compared with the theoretical calculations from YFSWW [136]
and RACOONWW [137] between 155 and 215 GeV for mW = 80.35 GeV. The two codes have been
extensively compared and agree at a level better than 0.5% at the LEP2 energies [124]. The calcula-
tions above 170 GeV, based for the two programs on the so-called leading pole (LPA) or double pole
approximations (DPA) [138], have theoretical uncertainties decreasing from 0.7% at 170 GeV to about
0.4% at centre–of–mass energies larger than 200 GeV, while in the threshold region, where the codes

72

Lepton Lepton

non–universality universality

Experiment B(W → eνe) B(W → µνµ) B(W → τντ ) B(W → hadrons)

[%] [%] [%] [%]

ALEPH 10.81 ± 0.29∗ 10.91 ± 0.26∗ 11.15 ± 0.38∗ 67.15 ± 0.40∗

DELPHI 10.55 ± 0.34∗ 10.65 ± 0.27∗ 11.46 ± 0.43∗ 67.45 ± 0.48∗

L3 10.78 ± 0.32∗ 10.03 ± 0.31∗ 11.89 ± 0.45∗ 67.50 ± 0.52∗

OPAL 10.40 ± 0.35 10.61 ± 0.35 11.18 ± 0.48 67.91 ± 0.61

LEP 10.66 ± 0.17 10.60 ± 0.15 11.41 ± 0.22 67.49 ± 0.28

χ2/d.o.f. 6.8/9 15.0/11

Table 10.3: Summary of W branching fractions derived from W-pair production cross sections mea-
surements up to 207 GeV centre–of–mass energy. All results are preliminary with the exception of
those indicated by ∗.

The results of the fit which does not make use of the lepton universality assumption show a
negative correlation of 19.1% (13.2%) between the W → τντ and W → eνe (W → µνµ) branching
fractions, while between the electron and muon decay channels there is a positive correlation of 10.9%.

From the results on the leptonic branching ratios an excess of the branching ratio W → τντ with
respect to the other leptons is evident. The excess can be quantified with the two-by-two comparison
of these branching fractions, which represents a test of lepton universality in the decay of on–shell W
bosons at the level of 2.9%:

B(W → µνµ) /B(W → eνe) = 0.994 ± 0.020 ,

B(W → τντ ) /B(W → eνe) = 1.070 ± 0.029 ,

B(W → τντ ) /B(W → µνµ) = 1.076 ± 0.028 .

The branching fractions in taus with respect to electrons and muons differ by more than two standard
deviations, where the correlations have been taken into account. The branching fractions of W into
electrons and into muons perfectly agree.

Assuming only partial lepton universality the ratio between the tau fractions and the average of
electrons and muons can also be computed:

2B(W → τντ ) / (B(W → eνe) + B(W → µνµ)) = 1.073 ± 0.026

resulting in a poor agreement at the level of 2.8 standard deviations, with all correlations included.

If complete lepton universality is assumed, the measured hadronic branching fraction can be deter-
mined, yielding 67.49±0.19(stat.)±0.21(syst.)%, whereas for the leptonic one gets 10.84±0.06(stat.)±
0.07(syst.)%. These results are consistent with their Standard Model expectations, of 67.51% and
10.83% respectively. The systematic error receives equal contributions from the correlated and uncor-
related sources.

Within the Standard Model, the branching fractions of the W boson depend on the six matrix
elements |Vqq′ | of the Cabibbo–Kobayashi–Maskawa (CKM) quark mixing matrix not involving the top
quark. In terms of these matrix elements, the leptonic branching fraction of the W boson B(W → $ν")
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misreconstructed as electrons. Events with such can-
didates provide a p/T

distribution characteristic of
hadronic jet production. We apply a small correc-
tion to this distribution to account for the expected
contribution from W → eν decay electrons with low
NN values.

This method relies on the assumption that the
hadronic jet background has a p/T

distribution that is
independent of the electron identification variables.
As a test of this assumption, we perform the same fit
for the jet background normalization, using only the
isolation variable (Section IVA) instead of the NN to
select a hadronic jet subsample. We take a weighted
average of the two fitted background normalizations,
and assign an uncertainty that covers the range of
the two results. The resulting background estimate
is (0.25 ± 0.15)% of the W → eν sample.

The mT , pT , and p/T
distributions are obtained

from the geant-based simulation for W and Z boson
backgrounds, and from events in the W → eν sam-
ple with low-NN electron candidates for the hadronic
jet background. We fit these distributions (Fig. 46)
and include their shapes and relative normalizations
in the mW template fits. The uncertainties on the
background estimates result in uncertainties of 8, 9,
and 7 MeV on mW from the mT , pT , and p/T

fits,
respectively (Table VI).

% of δmW (MeV)

Background W → eν data mT fit pT fit p/T
fit

W → τν 0.93 ± 0.03 2 2 2

Hadronic jets 0.25 ± 0.15 8 9 7

Z/γ∗ → ee 0.24 ± 0.01 1 1 0

Total 1.42 ± 0.15 8 9 7

TABLE VI: The percentages of the various backgrounds
in the W → eν data set, and the corresponding uncer-
tainties on the mT , pT and p/T

fits for mW .

B. W → µν Backgrounds

The W → τν and Z/γ∗ → µµ backgrounds are
modeled using events generated with pythia [59] and
simulated with the geant [40]-based detector simu-
lation. We use the data to estimate backgrounds from
cosmic rays, multijets, and hadrons decaying in flight
to µνX .

Backgrounds from W → τν and Z/γ∗ → µµ to
the W → µν sample are modeled in the same man-
ner as for the W → eν sample (Section VIII A). We
determine the ratio of the acceptance for W → τν
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FIG. 46: The parametrizations of the backgrounds to the
W → eν data sample. The backgrounds to the mT (top),
pT (middle), and p/T

(bottom) distributions are included
in the mW fits.
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for the cosmic ray background, and from events in
the W → µν sample with high-χ2 (isolation) muons
for the decay-in-flight (hadronic jet) background. In-
cluding uncertainties on the shapes of the distribu-
tions, the total uncertainties on the background es-
timates result in uncertainties of 9, 19, and 11 MeV
on mW from the mT , pT , and p/T

fits, respectively
(Table VII).

% of δmW (MeV)

Background W → µν data mT fit pT fit p/T
fit

Z/γ∗ → µµ 6.6 ± 0.3 6 11 5

W → τν 0.89 ± 0.02 1 7 8

Decays in flight 0.3 ± 0.2 5 13 3

Hadronic jets 0.1 ± 0.1 2 3 4

Cosmic rays 0.05 ± 0.05 2 2 1

Total 7.9 ± 0.4 9 19 11

TABLE VII: The percentages of the various backgrounds
in the W → µν data set, and the corresponding uncer-
tainties on the mT , pT and p/T

fits for mW .

IX. PRODUCTION AND DECAY MODELS

The measurement of the W boson mass relies on
a complete model of W and Z boson production
and decay. The production process is described by
perturbative QCD and a parametrization of non-
perturbative QCD effects, with parameters deter-
mined from global fits to hadron-hadron and lepton-
hadron collision data. W and Z boson decay are
modeled using a next-to-leading-order electroweak
calculation and includes QCD corrections for the lep-
ton angular distributions, as a function of boson pT .
The most important process in the decay is photon
radiation off the final-state charged lepton, which has
been calculated at next-to-leading order [62].

A. Parton Distribution Functions

The longitudinal momentum of the produced W
or Z boson depends on the momenta of the inter-
acting partons. These momenta, generally expressed
in terms of the fractions xi of the colliding (anti-
)proton energies, are not known on an event-by-event
basis. The xi parton distribution functions (PDFs)
are however well constrained by hadron-hadron and
lepton-hadron collision data. The distributions have
been parametrized as simple functional forms for the
quarks, antiquarks, and gluons inside a proton. Two
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FIG. 48: The parametrizations of the backgrounds to the
W → µν data sample. The backgrounds to the mT (top),
pT (middle), and p/T

(bottom) distributions are included
in the mW fits. Not shown are the small hadronic-jet and
cosmic-ray background distributions.

However,  a lot of the data is redundant (measure 
the same SM sector),  so we have some parts of the 

SM very well-tested and others not at all  



Main lessons from experiments

1) Flavor universality: 

" Dimension-6 operators must be 
flavor diagonal (i=j)

f

f

f

f

 only exception,  could be the top, 
whose properties not yet well-measured

(q̄i
Lγµqj

L)2

f2



2) No sign of compositeness for leptons: 
                     Properties very-well measured (per mille level)

-0.041

-0.038

-0.035

-0.032

-0.503 -0.502 -0.501 -0.5
gAl

g Vl

68% CL

l+l!
e+e!
µ+µ!

"+"!

mt

mH

#$

Figure 15.2: Contours of 68% probability in the (gV!,gA!) plane from LEP and SLD measurements. The
solid contour results from a fit to the LEP and SLD results assuming lepton universality. The shaded
region corresponds to the Standard Model prediction for mt = 178.0±4.3 GeV and mH = 300+700

−186 GeV.
The arrows point in the direction of increasing values of mt and mH. Varying the hadronic vacuum

polarisation by ∆α(5)
had(m2

Z) = 0.02761 ± 0.00036 yields an additional uncertainty on the Standard
Model prediction indicated by the corresponding arrow.

150

•
gV,A

W,Z

lepton

lepton



3) Similarly for qL = left-handed quarks:

– 7–

where the first error is the uncertainty from |Vud|2 and the

second error is the uncertainty from |Vus|2.

CKM Unitarity Constraints

The current good experimental agreement with unitarity,

|Vud|2+ |Vus|2+ |Vub|2 = 0.9999(6), provides strong confirmation

of Standard Model radiative corrections (which range between

3-4% depending on the nucleus used) at better than the 50 sigma

level [48]. In addition, it implies constraints on “New Physics”

effects at both the tree and quantum loop levels. Those effects

could be in the form of contributions to nuclear beta decays,

K decays and/or muon decays, with the last of these providing

normalization via the muon lifetime [49], which is used to

obtain the Fermi constant, Gµ = 1.166371(6)× 10−5GeV−2.

In the following sections, we illustrate the implications of

CKM unitarity for (1) exotic muon decays [50]( beyond ordinary

muon decay µ+ → e+νeν̄µ) and (2) new heavy quark mixing

VuD [51]. Other examples in the literature [52,53] include

Zχ boson quantum loop effects, supersymmetry, leptoquarks,

compositeness etc.

Exotic Muon Decays

If additional lepton flavor violating decays such as µ+ →
e+ν̄eνµ (wrong neutrinos) occur, they would cause confusion in

searches for neutrino oscillations at, for example, muon storage

rings/neutrino factories or other neutrino sources from muon

decays. Calling the rate for all such decays Γ(exotic µ decays),

they should be subtracted before the extraction of Gµ and

normalization of the CKM matrix. Since that is not done and

unitarity works, one has (at one-sided 95% CL)

|Vud|2 + |Vus|2 + |Vub|2 = 1 − BR(exotic µ decays) ≥ 0.9989

(19)

or

BR(exotic µ decays) < 0.001 . (20)

This bound is a factor of 10 better than the direct experimental

bound on µ+ → e+ν̄eνµ.

New Heavy Quark Mixing

July 30, 2010 14:34

GF |quarks

GF |leptons
− 1 < 10−3

LEP gave already good bounds, but recent KLOE 
results put a very stringent bound on quark-lepton 

universality of the W interactions



4)  dR = right-handed down-quarks:  
                      

•Z

dR

Best measurement for bR  that gives a ~3 sigma 
discrepancy with the SM value: 

δgR

gR
∼ 0.2Needed:

dR

Not well-measurement of couplings, 
due to their small values

gR = Qd sin2 θW ∼ 0.08

similarly for uR = right-handed up-quarks 



But important indirect bound on their coupling to W:

5.1.1 Subleading anomalous coupligs

The operators of section 3 are the dominant ones in a p2/f2 expansion. Nevertheless, there are

other operators that, although subleading, can have an important impact in future experiments.

For a composite tR one of these subleading operators is

icRR

f 2

yb

yt
H†DµH̃b̄RγµtR . (49)

where, due to the presence of the bR, the coefficient of the operator is suppressed by the Yukawa

coupling of the bottom yb/yt ! 0.02. The coupling cRR is constrained by b → sγ to be cRRξ ! 0.2

[19]. At the LHC this coupling will be able to be tested in top decays. Ref. [20] gives a precision

−3.2 ! cRRξ ! 6.8 for an integrated luminosity of L = 10 fb−1.

Another subleading operator is

cMyt

16π2f 2
q̄LW µνH̃σµνtR , (50)

where W µν is the field-strenght of the SM W boson. Ref. [20] gives a precision for this coupling

at the LHC of order −3.6 ! cMξ ! 3.6 for L = 10 fb−1. Similar coupling for the gluon could be

measured at the LHC with an accuracy cMξ ! 0.4 for L = 100 fb−1 [17].

5.2 Four-top interactions and pp→ tt̄tt̄(bb̄)

The most genuine effect of a composite top comes from the four-top interaction of Eqs. (11) and

(15). For a composite tR the operator O4t = (t̄RγµtR)(t̄RγµtR) induces a top-scattering amplitude

that grows with the energy:

|A(tRt̄R → tRt̄R)|2 = 64
c2
4t

f 4
(u− 2m2

t )
2 . (51)

Similar expression holds for a composite tL, induced in this case by the operatorO4q = (q̄LγµqL)(q̄LγµqL).

The growth with the energy of the four-top interaction will lead at the LHC to an enhancement

of the cross-section for pp → tt̄tt̄ as shown in Fig. 7. We have calculated the total cross-section

for the process pp → tt̄tt̄ using the MadGraph/MadEvent generator [21]. For the computation we

have used the CTEQ6M parton distribution functions and Q = 1 TeV as a reference value of the

QCD renormalization and factorization scales. The result as a function of c4t is shown in Fig. 8

for f = 500 GeV. When the operator O4t is generated by a heavy color resonance, Eq. (17), the

total cross-section for pp → tt̄tt̄ is smaller than the SM one. Nevertheless, this cross-section can

be substantially larger for larger values of c4t. Similar results have been presented previously in

Ref. [22].
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•W

tR

bR
Affects  b →sγ:FIGURES

b s

W W
!

u,c,t W

!

b s

FIG. 1. One loop diagrams which give rise to the radiative decay b → sγ.

W

!

f f

b s
W(a)

u,c,t(e)

b s
qu(c)

qd(b)

W(d)

(a) (b)

FIG. 2. (a) An example of vacuum polarization renormalization of α by the fermion loops. (b)

Fermionic loop corrections to b → sγ. Letters in parentheses label distinct lines from which the
photon can be emitted. There is also a contribution from leptons in the W propagator loop.

b s

!

!

u,c,t

W

W

W

!
!

b s

FIG. 3. Examples of the two-loop diagrams where a virtual photon exchange gives a
short-distance logarithmic contribution.

b
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e

"

W

!

W
f1

f2

b
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e

"

FIG. 4. Examples of electroweak corrections to the decay b → ceν.

8

•
Chirality flip by the top:

mt/mb-enhancement 
with respect the SM loop

gWuRdR

gWuRdR < 4 · 10−3

Avoidable if the strong sector has a 
custodial global SU(2) symmetry under which

Wμ ∈ 3 ,  uR dR ∈ 1
that implies gWuRdR = 0



5) Gauge bosons:

Effects on the propagators nicely parametrized 
in terms of 4 quantities: 

In theories with a Higgs H, one to one correspon-

dence with Dim 6 operators

Grinstein , Wise

Form factors Operator

T̂ = g2

M2
W

[
ΠW3

(0) − ΠW+(0)
]

|H†DµH|2

Ŝ = g2 Π′
W3B

(0) (H†τaH)Wa
µνBµν

W =
g2M2

W
2 Π′′

W3
(0) (∂ρBµν)2

Y =
g′2M2

W
2 Π′′

B(0) (DρWa
µν)

2

Barbieri, AP, Rattazzi, Strumia
Peskin, Takeushi

Important to separate longitudinal part from transverse:

Wµ → ΣWµΣ† − iΣ∂µΣ†

Stueckelberg formalism (EW symmetry non-linearly realized):

Σ = eiσaGa

Goldstone bosons



5a) Transverse part of gauge bosons:

Y ↔ (∂ρBµν)2

W ↔ (DρWµν)2

bounds at the per mille level:
gauge bosons look like elementary!

R. Barbieri et al. / Nuclear Physics B 703 (2004) 127–146 137

Fig. 2. Constraints on the form factors Y and W in models where these are the only new physics effects. We
separately show the impact of EWPT and of LEP2.

need to accurately diagonalize the full mass matrix and find all the eigenvectors, be this a
finite or an infinite-dimensional (Kaluza–Klein) problem. Instead it is often more efficient
to find a convenient set of interpolating fields for the light states and integrate out all the
others. It should be stressed that the fields we integrate out are also not exact mass eigen-
states in general, as they mix with the chosen interpolating fields. But this does not matter
as long as the mass matrix reduced to the fields we integrate out is nonsingular. When
fermions couple to vector bosons like in Eq. (2), taking W̄ , B̄ as the low-energy fields is
the most convenient choice. With this choice, new physics effects are fully parametrized by
vector boson vacuum polarizations. Using the freedom of choosing the appropriate fields
one can drastically simplify the computations and focus directly on the relevant quantities.
For example one immediately sees the equivalence of the 4-fermion interactions mediated
by heavy gauge bosons with a suitable “universal” effect.

5.1. Gauge bosons in 5 dimensions

As a first example we will consider a model where the SM gauge bosons propagate in
a flat extra dimension assumed to be a S1/Z2 orbifold of length L = πR (0 ! y ! L).
The SM fermions and the Higgs are assumed to be confined on the same 4-dimensional
boundary, say, at y = 0.
Previous analyses obtained the following low-energy effective Lagrangian that de-

scribes how heavy KK excitations affect the low-energy interactions of the SM fields:

(14)Leff = LSM − R2
π2

6
(
J a

µJ a
µ + JB

µ JB
µ + JG

µ JG
µ

) +O
(
R4

)
,



5a) Longitudinal part of gauge bosons:  SM Goldstones

Measures deviation between the 
propagator of the charged and 

neutral G

•G G

Σ = eiσaGa

Goldstone bosons

!

Goldstone contributes to this operator 
 at the loop level, making the contributions
 log-sensitive to whatever unitarize G-cross 

sections

Ŝ ↔ Tr[WµνΣσ3Σ†]Bµν

T̂ ↔ Tr2[σ3ΣDµΣ†]

! • BµWµ



G+ G3

G- G3

grows with E!



G+

G-

G3

G3

G+G3

G- G3

M
+

grows with E! extra state M needed to unitarize



G+

G-

G3

G3

G+G3

G- G3

M
+

M = moderator of the G-cross section  

(M = Higgs in the SM) 

grows with E! extra state M needed to unitarize



G+

G-

G3

G3

G+G3

G- G3

M
+

M = moderator of the G-cross section  

(M = Higgs in the SM) 

Ŝ ! g2

192π2
ln

(
Λ2

m2
W

)

Λ=mass of M

grows with E! extra state M needed to unitarize



From experiments:

T̂

Ŝ

0.003 0.004 0.005 0.006 0.007 0.008

Ε3

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

Ε1

●

Λ~ 100 GeV

Λ~TeV

! Data tell us that the 3 Goldstone must form a triplet under 
some global symmetry (custodial) and the moderator 

of the SM cross-section must be light! 



From experiments:

T̂

Ŝ

0.003 0.004 0.005 0.006 0.007 0.008

Ε3

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

Ε1

●

Λ~ 100 GeV

If M=spin-one state (as in Higgsless), 
can be tree-level contribution to S:

ρ

BW

TC a la QCD
or from AdS/CFT

●

! Data tell us that the 3 Goldstone must form a triplet under 
some global symmetry (custodial) and the moderator 

of the SM cross-section must be light! 



Summing up:
Only right-handed quarks and WL , ZL  

can be considered composite states 
of a strong sector at ~TeV,  if:

     • Strong sector has a global SU(2)-symmetry
with the W,Z transforming as a triplet

              • Contain a light scalar playing the role of the Higgs
! Composite Higgs 



Implications



If right-handed quark are composite states...



If right-handed quark are composite states:
Best test at the LHC:

pp→ qq → jet+jet affected at high-energy by
(ūRγµuR)2

f2

→ f >1 TeV 

!"#$%&'()*(+,-./.++0!12&

! 

R" =

Dijets
" <0.7
#

Dijets
0.7<" <1.3
#

Centrality 
ratio 

QCD 

Contact interaction: excluded for !<4 TeV 
( higher than expected !2.9 TeV- due to 
fewer-than-expected events at high Dijet 
mass)  

Already testing it! New data (17-Nov):



Composite Higgs



The idea of composite Higgs has an extra motivation
! Elementary scalars not naturally light: 

                  Supersymmetry must be invoked   

But in the susy SM (MSSM) 
Higgs is predicted to be “too light” 

(below exp. bound ~114 GeV)  
unless certain tuning in the spectrum is required 

                             (usually tuning < 1-10%) 



Naturally Light Scalars from a Strong sector

Either from spontaneous breaking of...        
     

1) a global symmetry: G→H          
               Pseudo-Goldstone Boson (PGB) = G/H coset

2) dilatations → Dilaton 

of a (scale-invariant) strong sector (or a Warped Extra 
Dimensional  AdS5)



Spectrum:

inspired by QCD where one observes
 that the (pseudo) scalar are the lightest states

Mass protected by the 
global QCD symmetry!

Are Pseudo-Nambu-Goldstone
 bosons (PNGB)

π → π + α

π

First option:

π

ρ



From the strong sector (or AdS5):       V(h)=0        (h→h+α)

Explicit breaking from SM fields:           V(h/f)≠0    at the loop level

!〈h〉~  f  (PGB-decay constant)

Higgs arising as Pseudo-Goldstone Bosons (PGB)  from the 
breaking of global symmetry of a strong sector (or WED):          
            

G → H  
Higgs (h) and company = PGB = coset G/H

This is similar but not the little-Higgs approach!

As we will see,  f ~ 500 GeV   →  Higgs masses 100-300 GeV

First option:



a)   H must contain the SM gauge group
  b)   G must contain an  SU(2)xSU(2) ~ SO(4)  symmetry

          under which a PGB is a Higgs doublet is a (2,2) ~ 4 

 SO(3) unbroken subgroup:  “Custodial” symmetry 
H =





0
0
0
v



}
P.Sikivie, L.Susskind, M.B.Voloshin, V.I.Zakharov

Requirements for the group G and H:



a)   H must contain the SM gauge group
  b)   G must contain an  SU(2)xSU(2) ~ SO(4)  symmetry

          under which a PGB is a Higgs doublet is a (2,2) ~ 4 

H =





0
0
0
v



}
P.Sikivie, L.Susskind, M.B.Voloshin, V.I.Zakharov

Requirements for the group G and H:

We could know more on G and H if we know the elementary           
states of the strong sector

e.g.  For a strong SU(N) sector: 
 Minimal fund. fermion content:  4 (ΨL ,ΨR)       then  G=SU(4)xSU(4) # H=SU(4) 

But we are not yet able to know a strong sector that successfully 
explains all EWSB masses   

# We must a take a more modest approach and explore 
the different possibilities fulfilling (a) and (b)  

 SO(3) unbroken subgroup:  “Custodial” symmetry 



G H PGB

SO(5) O(4) 4=(2,2)

SO(6) SO(5) 5=(2,2)+(1,1)

O(4)xO(2) 8=(2,2)+(2,2)

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1)

G2 7=(1,3)+(2,2)

... ... ...

Possible symmetry patterns:

times  SU(3)c x U(1) of SM



G H PGB

SO(5) O(4) 4=(2,2)

SO(6) SO(5) 5=(2,2)+(1,1)

O(4)xO(2) 8=(2,2)+(2,2)

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1)

G2 7=(1,3)+(2,2)

... ... ...

one 
doublet

Agashe, Contino, AP

Possible symmetry patterns:

times  SU(3)c x U(1) of SM



G H PGB

SO(5) O(4) 4=(2,2)

SO(6) SO(5) 5=(2,2)+(1,1)

O(4)xO(2) 8=(2,2)+(2,2)

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1)

G2 7=(1,3)+(2,2)

... ... ...

One doublet
+ Singlet

 

Gripaios,  AP, Riva, Serra

Possible symmetry patterns:

times  SU(3)c x U(1) of SM



G H PGB

SO(5) O(4) 4=(2,2)

SO(6) SO(5) 5=(2,2)+(1,1)

O(4)xO(2) 8=(2,2)+(2,2)

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1)

G2 7=(1,3)+(2,2)

... ... ...

Two doublets
 

Possible symmetry patterns:

J.Mrazek, A. P., R. Rattazzi, 
M. Redi, J. Serra and A. 
Wulzer, in preparation

times  SU(3)c x U(1) of SM



Good:  Scalar (PGB) spectrum fixed by symmetries
Bad:  Not clear which G/H should be considered

 " Minimality is not a guide

G H PGB

SO(5) O(4) 4=(2,2)

SO(6) SO(5) 5=(2,2)+(1,1)

O(4)xO(2) 8=(2,2)+(2,2)

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1)

G2 7=(1,3)+(2,2)

... ... ...

Two doublets
 

Possible symmetry patterns:

J.Mrazek, A. P., R. Rattazzi, 
M. Redi, J. Serra and A. 
Wulzer, in preparation

times  SU(3)c x U(1) of SM



Bosonic Part:

Although the dynamics of the strong sector can be unknown, the 
low-energy effective lagrangian for  PGB Higgses can be determined 
by symmetries (as chiral lagrangian for pions physics).        

 Lowest dim operator:

Σ =





(
c + i ηs√

η2+h2

)
iσ2

s√
η2+h2

(H∗, Hc∗)

− s√
η2+h2

(H∗, Hc∗)T

(
c− i ηs√

η2+h2

)
iσ2



 (1)

where

s = sin
√

η2 + h2
√

2f
c = cos

√
η2 + h2
√

2f
(2)

By a suitable SU(2)L rotation, we can eliminate 3 of 4 components of the Higgs doublet. In this gauge,

the kinetic term for the PNGB gives

f2

8
Tr |DµΣ|2 =

f2

2
(∂µĥ)2 +

f2

2
(∂µη̂)2 +

1
2

(ĥ∂µĥ + η̂∂µη̂)2

1− ĥ2 − η̂2
+

g2f2

4
ĥ2

[
WµWµ +

1
2 cos2 θW

ZµZµ

]
(3)

where for convenience we have redefined the PGB fields:

ĥ2 =
h2s2

η2 + h2
, η̂2 =

η2s2

η2 + h2
ĥ2 + η̂2 = s2 (4)

General NMCHM6

Consider fermions in the 6 of SU(4). Elementary q and u fermions are embedded in

Ψq =
1
2

(
0 −Q

QT 0

)
, (5)

Ψu = aΨa
u + bΨb

u, Ψa,b
u =

1
2

(
±U 0
0 U

)
, |a|2 + |b|2 = 1, (6)

where Q = (0, q), U = −uiσ2. X charges are chosen so to write U(1)X -invariant Yukawa couplings,

Xq = +2/3 = −Xu.

The Lagrangian is written as 1

L = −i
∑

r=q,u

Πr
0 Tr[Ψ̄rσ̄ ·∂Ψr]−i

∑

r=q,u

Πr
1 Tr[Ψ̄rΣ]σ̄ ·∂ Tr[ΨrΣ∗]+Mu

1 Tr[ΨqΣ∗] Tr[ΨuΣ∗]+h.c.+LGauge (7)

where we have

Tr[Ψ̄qΣ]σ̄ · ∂ Tr[ΨqΣ∗] = q̄σ̄ · ∂q ĥ2, (8)

Tr[Ψ̄uΣ]σ̄ · ∂ Tr[ΨuΣ∗] = 4ūσ̄ · ∂u
[
|a|2

(
1− η̂2 − ĥ2

)
+ |b|2η̂2

]
, (9)

Tr[ΨqΣ∗] Tr[ΨuΣ∗] = 2uLu ĥ

[
a

√
1− η̂2 − ĥ2 + ibη̂

]
. (10)

1Notice that

Tr[ΨqΣ
∗ΨuΣ∗] =

1
2

Tr[ΨqΣ
∗] Tr[ΨuΣ∗],

1

G/H coseteiTaha

By expanding around the EWSB minimum, gives Higgs self-couplings 
and couplings to gauge bosons  



Lint = λψSMΨcompo

Assume that elementary SM fermions couple
 to fermionic resonances of the strong sector

Explicitly break G, generating a potential at one-loop level for h

More model dependent!

Inspired by AdS/CFT:

Fermionic Part:  Couplings to SM fermions



Higgs potential induced by gauge loops + top loops

V (h) = −m
2
h

2 + ...

EWSB thanks to the heavy top!



Precise predictions from AdS/CFT:

!!" !#" !$" !%" !"" !&" !'" !("

)*"

!*)

!*"

#*)

#*"

+
,
,
- ./
0
1
2

+34556
-.7012

!#8$

#!8&

#'8&

Correlation between the masses of the Higgs
 and the resonances of the top



3

SO(4) ∼= SU(2)L × SU(2)R. The bi-doublet can be associated to the usual SM Higgs doublet H responsible for
EWSB, while the singlet, which we denote by η, corresponds to an extra pseudoscalar state. The breaking of SU(4)
down to Sp(4) can be achieved by a 4× 4 antisymmetric matrix

Σ0 =
(

iσ2 0
0 iσ2

)
, (2)

corresponding to the VEV of a field transforming as the 10 of SU(4):

Σ0 → UΣ0U
T . (3)

The unbroken generators T a satisfy

T aΣ0 + Σ0T
aT = 0 , (4)

and correspond to the generators of Sp(4) ∼= SO(5), while the broken ones, T â, satisfy

T âΣ0 − Σ0T
âT = 0. (5)

Among the unbroken generators we can identify the six corresponding to the subgroup SU(2)L × SU(2)R as

T a
L =

(
σa/2 0

0 0

)
, T a

R =
(

0 0
0 σa/2

)
, (6)

while the remaining four can be taken to be

1√
2

(
0 σa/2

σa/2 0

)
and

1
2
√

2

(
0 −i1

+i1 0

)
. (7)

The fluctuations along the broken generators correspond to the NGB that parametrize the SU(4)/Sp(4) coset

Σ = e
i√
2
Π/fΣ0 , (8)

where

Π =
(

η1 i(−Hc H)
−i(−Hc H)† −η1

)
, (9)

with H =
(

h3 + ih4

h1 + ih2

)
and Hc = iσ2H∗. This can be written as

Σ =





(
c + i ηs√

η2+h2

)
iσ2

s√
η2+h2

(H Hc)

− s√
η2+h2

(H Hc)T

(
c− i ηs√

η2+h2

)
iσ2



 , (10)

where

s = sin
√

η2 + h2

√
2f

, c = cos
√

η2 + h2

√
2f

, and h =
√

h2
i . (11)

By a suitable SU(2)L rotation, we can eliminate the 3 NGB to be eaten by the SM gauge bosons, and keep only the
physical Higgs h and η. In this gauge, the kinetic term for the PNGB is given by

f2

8
Tr|DµΣ|2 =

f2

2
(∂µh)2 +

f2

2
(∂µη)2 +

f2

2
(h∂µh + η∂µη)2

1− h2 − η2
+

g2f2

4
h2

[
Wµ+W−

µ +
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Since this latter is the symmetry under which the PNGB η shifts, gauge boson loops will only generate a potential
for h but not for η.

SO(5)/SO(4) model:  One Higgs = h
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1− h2

+ · · ·

Back to the Bosonic Part:
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Deviations from SM Higgs couplings

SM Higgs:

Composite Higgs:

L =
M2

V

2
V 2

µ

(
1 + 2a

h

v
+ b

h2

v2

)
−mf ψ̄LψR

(
1 + c

h

v

)
+ · · ·

a = b = c = 1

a =

√

1− v2

f2
b = 1− 2v2

f2
c =

√

1− v2

f2
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effective composite-scale

Since its couplings are different, it’s NOT a true Higgs 
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More precise:
HOW `STANDARD` THE HIGGS MUST BE ?

Large deviations from a=1 still allowed for a light Higgs

Presently no constraint on b,c
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Figure 7: The LHC Higgs boson production cross-sections as a function of the Higgs boson mass in the SM
(ξ = 0, upper left) and for MCHM5 with ξ = 0.2 (upper right), 0.5 (bottom left) and 0.8 (bottom right).

range MH = 80 ÷ 200 GeV for ξ = 0.2, 0.5 and 0.8. In the SM, the main production is given

by gluon fusion, followed by gauge boson fusion. The Higgs-strahlung processes HW,HZ and the

production in association with top quarks are less important. For ξ = 0.2 the processes involving

quarks, i.e., gluon fusion and tt̄H production, are reduced by a factor 0.45 and the gauge boson

processes, WW,ZZ fusion and Higgs-strahlung HW,HZ, are multiplied by a factor 0.8, according

to Eqs. (20) to (23). The inclusive Higgs production will hence shrink considerably and might

render the Higgs searches difficult. The situation gets worse for ξ = 0.5, where the gluon fusion

and tt̄H processes are completely absent and the gauge production processes are diminished by a

factor 2. For ξ = 0.8, on the other hand, the situation is reversed: while the gauge boson fusion and

Higgs-strahlung processes are only 20% of the corresponding SM production processes and might

eventually not be exploitable for Higgs boson searches, the gluon fusion and tt̄H production are

enhanced by a factor 1.8.

4.2 Statistical significances for different search channels

In order to obtain the significances for the most important Higgs boson search channels at the

LHC, we refer to the analyses presented in the CMS TDR [51]. Referring to the ATLAS TDR
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If the Higgs is composite,
 how it will change LHC predictions?

Bad news: Reduction of rates!

SM Higgs Compo. PGB Higgs a=0.9

Grojean,Espinosa,Muhlleitner 10
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Bad news: Reduction of rates!
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SO(4) ∼= SU(2)L × SU(2)R. The bi-doublet can be associated to the usual SM Higgs doublet H responsible for
EWSB, while the singlet, which we denote by η, corresponds to an extra pseudoscalar state. The breaking of SU(4)
down to Sp(4) can be achieved by a 4× 4 antisymmetric matrix

Σ0 =
(

iσ2 0
0 iσ2

)
, (2)

corresponding to the VEV of a field transforming as the 10 of SU(4):

Σ0 → UΣ0U
T . (3)

The unbroken generators T a satisfy

T aΣ0 + Σ0T
aT = 0 , (4)

and correspond to the generators of Sp(4) ∼= SO(5), while the broken ones, T â, satisfy

T âΣ0 − Σ0T
âT = 0. (5)

Among the unbroken generators we can identify the six corresponding to the subgroup SU(2)L × SU(2)R as

T a
L =

(
σa/2 0

0 0

)
, T a

R =
(

0 0
0 σa/2

)
, (6)

while the remaining four can be taken to be

1√
2

(
0 σa/2

σa/2 0

)
and

1
2
√

2

(
0 −i1

+i1 0

)
. (7)

The fluctuations along the broken generators correspond to the NGB that parametrize the SU(4)/Sp(4) coset

Σ = e
i√
2
Π/fΣ0 , (8)

where

Π =
(

η1 i(−Hc H)
−i(−Hc H)† −η1

)
, (9)

with H =
(

h3 + ih4

h1 + ih2

)
and Hc = iσ2H∗. This can be written as

Σ =





(
c + i ηs√

η2+h2

)
iσ2

s√
η2+h2

(H Hc)

− s√
η2+h2

(H Hc)T

(
c− i ηs√

η2+h2

)
iσ2



 , (10)

where

s = sin
√

η2 + h2

√
2f

, c = cos
√

η2 + h2

√
2f

, and h =
√

h2
i . (11)

By a suitable SU(2)L rotation, we can eliminate the 3 NGB to be eaten by the SM gauge bosons, and keep only the
physical Higgs h and η. In this gauge, the kinetic term for the PNGB is given by

f2

8
Tr|DµΣ|2 =

f2

2
(∂µh)2 +

f2

2
(∂µη)2 +

f2

2
(h∂µh + η∂µη)2

1− h2 − η2
+

g2f2

4
h2

[
Wµ+W−

µ +
1

2 cos2 θW
ZµZµ

]
, (12)

where we have performed the following redefinition of the PGB fields:

h2s2

η2 + h2
→ h2 ,

η2s2

η2 + h2
→ η2 . (13)

From now on, h and η will refer to the redefined fields. The gauging of the SM group breaks the global symmetry
SU(4) down to SU(2)L× U(1)Y×U(1)η where Y = T 3

R and the generator of U(1)η is

T η =
1

2
√

2
Diag(1, 1,−1,−1) . (14)

Since this latter is the symmetry under which the PNGB η shifts, gauge boson loops will only generate a potential
for h but not for η.
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T âΣ0 − Σ0T
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SO(6)/SO(5) model:   Doublet h + Singlet η
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7

determination of the CP-properties of the Higgs. A recent possibility is to use the top-strahlung pp → tt̄ + Higgs to
use the top pair distributions to measure CP violation.

Light-η scenario: In the limit in which εi → 0, the η mass goes to zero, and we are driven to a very different
scenario for Higgs physics. The mass of η can be below mh/2, implying that the Higgs h can decay to two η’s. From
Eq. (44) we find a hηη coupling:

−f2〈h〉
2

η2∂2
µh , (32)

that leads to a Higgs partial width

Γ(h → ηη) =
m3

hm2
W β

8πg2f4
, β =

√
1− 4m2

η/m2
h (33)

This decay channel can dominate over the bb̄ channel. In the limit of mη % mh < 2mW , we find

Γ(h → ηη)
Γ(h → bb̄)

& 8.5
( mh

120 GeV

)2(500 GeV
f

)4
. (34)

This opens up the possibility [11] that the Higgs could in fact be somewhat lighter than the LEP SM Higgs bound of
114 GeV, since h might have escaped detection at LEP due to the non-standard decay mode h → ηη. For example,
if mh ' mη ! 10 GeV, the dominant decay mode of η is η → bb̄ and the experimental lower bound on mh from
h → 4b searches is around 110 GeV. This bound can even go down to 86 GeV for 10 GeV ! mη ! 3.5 GeV, where the
dominant decay mode is η → τ τ̄ .

There is a priori no reason to assume that all εi are close but different from zero, and therefore one could think
that the light-η scenario is not very much motivated. Nevertheless, it is reasonable to consider that the values of εu

are different from εd, or even from εl. In these cases, as we will see, the η can be naturally light. It is also possible
that εi takes different value for the different families. These possibilities lead to a very different phenomenology for
η. Let us discuss them in turn.

Let us first consider the case of family symmetric values of εi. In order for the η to be light, we will assume εu = 0,
that corresponds to an embedding of the up-quarks into one of the singlets of the 6. If now we assume εb ∼ 1, we
have that η receives its mass mostly from bR one-loops. Assuming that bR and bL have equal couplings to the strong
sector, we have that this coupling must be ∼

√
mb/v. In this case,

m2
η &

hbΛ3

16π2f
& (30 GeV)2

(
Λ

2 TeV

)3 (
500 GeV

f

)
, (35)

that is light enough to allow the decay of h to two η. The η will mainly decay to bb̄, unless εb = 1. In this latter case,
we have bd = 0 and therefore η does not couple to bb̄ and decays to τ τ̄ . This decay channel can also be zero if εl = 1,
implying that η will mostly decay to cc̄. The decay to photons can become sizable in this latter case:

Γ(η → γγ)
Γ(η → cc̄)

& ...
( mh

120 GeV

)2(500 GeV
f

)4
. (36)

In this scenario we could be able to learn important information about the strong group, in the same way as π → γγ
told us about the numbers of colors in QCD.

The last possibility is to have εu = εb = 0 but εl )= 0. Then the mass of η comes from loops of τ (similar as Eq. (27)
but with hb → hτ ), leading to a little bit lighter η. In this case, it could be kinematically forbidden for η to decay
into bb̄, being then its main decay either into cc̄ or τ τ̄ respectively depending whether εl = 1 or not.

FCNC: Let us now consider the case in which the values of εi are not family symmetric. We expect FCNC effects
mediated at tree-level by η that couple linearly to f̄ i

Lf j
R with a strength (assuming 〈η〉 = 0 and 〈h〉 % 1)

Mij =
mi

f
UR ik

bk

ak
U†

R kj , (37)

where UR is the rotation in the right-handed sector needed to diagonalize the fermion mass matrices and i, j, k runs
over all right-handed fermions. Since UR is unitary, URU†

R = 1, we have that, as expected,M is diagonal for universal
values of bi/ai. We will assume that UR is of the same order as the CKM matrix V and study the implications of
non-universality of bi/ai on flavor observables.
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determination of the CP-properties of the Higgs. A recent possibility is to use the top-strahlung pp → tt̄ + Higgs to
use the top pair distributions to measure CP violation.

Light-η scenario: In the limit in which εi → 0, the η mass goes to zero, and we are driven to a very different
scenario for Higgs physics. The mass of η can be below mh/2, implying that the Higgs h can decay to two η’s. From
Eq. (44) we find a hηη coupling:

−f2〈h〉
2

η2∂2
µh , (32)

that leads to a Higgs partial width

Γ(h → ηη) =
m3

hm2
W β

8πg2f4
, β =

√
1− 4m2

η/m2
h (33)

This decay channel can dominate over the bb̄ channel. In the limit of mη % mh < 2mW , we find

Γ(h → ηη)
Γ(h → bb̄)

& 8.5
( mh

120 GeV

)2(500 GeV
f

)4
. (34)

This opens up the possibility [11] that the Higgs could in fact be somewhat lighter than the LEP SM Higgs bound of
114 GeV, since h might have escaped detection at LEP due to the non-standard decay mode h → ηη. For example,
if mh ' mη ! 10 GeV, the dominant decay mode of η is η → bb̄ and the experimental lower bound on mh from
h → 4b searches is around 110 GeV. This bound can even go down to 86 GeV for 10 GeV ! mη ! 3.5 GeV, where the
dominant decay mode is η → τ τ̄ .

There is a priori no reason to assume that all εi are close but different from zero, and therefore one could think
that the light-η scenario is not very much motivated. Nevertheless, it is reasonable to consider that the values of εu

are different from εd, or even from εl. In these cases, as we will see, the η can be naturally light. It is also possible
that εi takes different value for the different families. These possibilities lead to a very different phenomenology for
η. Let us discuss them in turn.

Let us first consider the case of family symmetric values of εi. In order for the η to be light, we will assume εu = 0,
that corresponds to an embedding of the up-quarks into one of the singlets of the 6. If now we assume εb ∼ 1, we
have that η receives its mass mostly from bR one-loops. Assuming that bR and bL have equal couplings to the strong
sector, we have that this coupling must be ∼

√
mb/v. In this case,

m2
η &

hbΛ3

16π2f
& (30 GeV)2

(
Λ

2 TeV

)3 (
500 GeV

f

)
, (35)

that is light enough to allow the decay of h to two η. The η will mainly decay to bb̄, unless εb = 1. In this latter case,
we have bd = 0 and therefore η does not couple to bb̄ and decays to τ τ̄ . This decay channel can also be zero if εl = 1,
implying that η will mostly decay to cc̄. The decay to photons can become sizable in this latter case:

Γ(η → γγ)
Γ(η → cc̄)

& ...
( mh

120 GeV

)2(500 GeV
f

)4
. (36)

In this scenario we could be able to learn important information about the strong group, in the same way as π → γγ
told us about the numbers of colors in QCD.

The last possibility is to have εu = εb = 0 but εl )= 0. Then the mass of η comes from loops of τ (similar as Eq. (27)
but with hb → hτ ), leading to a little bit lighter η. In this case, it could be kinematically forbidden for η to decay
into bb̄, being then its main decay either into cc̄ or τ τ̄ respectively depending whether εl = 1 or not.

FCNC: Let us now consider the case in which the values of εi are not family symmetric. We expect FCNC effects
mediated at tree-level by η that couple linearly to f̄ i

Lf j
R with a strength (assuming 〈η〉 = 0 and 〈h〉 % 1)

Mij =
mi

f
UR ik

bk

ak
U†

R kj , (37)

where UR is the rotation in the right-handed sector needed to diagonalize the fermion mass matrices and i, j, k runs
over all right-handed fermions. Since UR is unitary, URU†

R = 1, we have that, as expected,M is diagonal for universal
values of bi/ai. We will assume that UR is of the same order as the CKM matrix V and study the implications of
non-universality of bi/ai on flavor observables.

Fixed by symmetries !!

SO(6)/SO(5) model:   Doublet h + Singlet η

Gripaios,  AP, Riva, Serra

Possibility for a new Higgs decay:

h→ ηη → bb̄bb̄ τ τ̄τ τ̄or

(depending on the η-mass)

In all these cases, Higgs h can be lighter than LEP bound 114 GeV

Chang, Dermisek, Gunion,Weiner
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SO(6)/[SO(4)xSO(2)] model:   2 Doublets: H1,2 

(spectrum: h, H, A, H⁺)



SO(6)/[SO(4)xSO(2)] model:   2 Doublets: H1,2 

(spectrum: h, H, A, H⁺)
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Tr|DµΣ|2 = · · · − g2

24
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|Wµ|2 +

Z2
µ

2 cos2 θW

]
[(h2 + H2)2 + A4]−

g2Z2
µ

8 cos2 θW
h2A2

− gZµ

6 cos θW
h2H∂µA + · · ·

New couplings or deviations on 
renormalizable couplings of THDM

 of order (v/f)! ~ 0.2



Changes in the Higgs-coupling sum rules

In renormalizable THDM:

∑

i

g2
hiWW = g2m2

Whi

W

W

hi

Z

A

∑

i

g2
hiAZ =

g

cos θW



In PGB Higgs:

hi

W

W

hi

Z

A

(
1− 2

3
v2

f2

)∑

i

g2
hiWW = g2m2

W

∑

i

g2
hiAZ =

g

cos θW

(
1− 1

6
v2

f2

)

Possible 20% corrections!

Changes in the Higgs-coupling sum rules



Not, a priori, naturally light!

     x  →  λ x
Φ(x)  → λᵈ Φ(λ x)

Under dilations:

 potential for the dilaton allowed:   V=κφ⁴        κ=const
Minimum with φ = const≠0  only if  κ=0  (tuning!)

or   φ =e   → λ eπ π

Fubini 76

Dilaton:

Second option:

Light “Higgs” arising from the spontaneous breaking of dilations in 
a strong sector (or WED):  Dilaton         
            

π → π(λ x) + ln λ
Spontaneous breaking of dilations:     <Φ> ≡ Mᵈ≠ 0 

Allows a non-linear realization of scale-transformations 

Replace scales,  Λ , by  φΛ    :  Transforms as a field of dim=1

A cosmological constant κ → κφ⁴



Explicit breaking must be introduced to the CFT:  

Add   αΟd  that “runs”   β(α)≠0

Now we have:      V(φ)=κ(α(φ)) φ⁴    (Coleman-Weinberg potential)

Non-trivial minimum if  κ(α(φ))  crosses zero:

κ
φ
V(φ)

φφ0

Small dilaton mass → Flattish potential → slow running of κ →  slow running of α

Dim[α]=ε   →    mᵩ!~ β(α)~ε   (Not like in QCD)

α must be an almost marginal deformation of the CFT 

Rattazzi,Contino,A.P.



The AdS/CFT dictionary, tells us how to be realized 
in AdS spaces (RS-setup):

Dilaton  →  Radion

V(φ)  →  T(φ)  tension of the IR-brane 

Dim[α]=ε  →  Scalar with mass ~ ε 
PGB in 5D!!

CFT4 →   AdS5    



If the EW scale arises Mw/g arises from a scale-inv. sector, 
the dilaton couplings to the SM fields are fixed: 

L = M2
W WµWµ +

1
2
M2

ZZµZµ + mf ψ̄iψi

L =
ϕ2

f2
D

M2
W WµWµ +

1
2

ϕ2

f2
D

M2
ZZµZµ +

ϕ

fD
mf ψ̄iψi

Expanding around the vacuum: 
ϕ

fD
→ 1 +

ϕ

fD

we obtain the coupling of the dilaton to the SM fields



Parametrization of deviations 
from SM Higgs couplings

SM Higgs:

Dilaton:

L =
M2

V

2
V 2

µ

(
1 + 2a

h

v
+ b

h2

v2

)
−mf ψ̄LψR

(
1 + c

h

v

)
+ · · ·

a = b = c = 1

Scale related to the composite-scale

For  fD → v = 246 GeV, the dilaton behaves as a Higgs!

a =
√

b = c =
v

fD
∼ O(1)

Goldberger, Grinstein, Skiba 07

(Although has nothing to do with EWSB)
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universal behavior (SILH)

SO(5)/SO(4)

SM point
dilaton ( a2=b )
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Contino at Planck10
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Distinguishing a SM Higgs from PGB Higgs 
or a dilaton by Double-Higgs production
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In the best cases  “3σ signal significance with  300/fb collected at a 14 TeV LHC”
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l+l+l−l− "ET + 2j

l+l−l± "ET + 4j

l+(−)l+(−) "ET + 5j (6j)

In the best cases  “3σ signal significance with  300/fb collected at a 14 TeV LHC”



Composite Higgs implies Partly-Composite top
Since large top mass implies large coupling of the top 

to the Higgs (strong or KK-sector)   

Important to measure deviations 
from elementary top predictions 

In particular,  4-top production at the LHC:
tR

tR

tR

tR

pp → tRt̄RtRt̄R

~ grows with (E/f)



Conclusions

•  If the origin of the EW scale is due to a new strong 
sector, it is possible that the Higgs (and WL , ZL) arise from 
this sector 

•  Rich Higgs spectrum and pheno if more PGB are present: 
Fixed by G/H

•  Higgs will show properties of compositeness      
   → deviations from ordinary SM Higgs couplings 

• Possibility of a light dilaton mimicking the Higgs

Then if at the LHC a Higgs-like state is found, 
it will crucial to determine its role in EWSB... 



100 200 1000

ghWW

gSM
hWW

Mh

1

0.5

300

•

e.g.  where it sits in this plane!



A rough perspective of different theoretical scenarios:
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Dilaton

• Right-handed quarks could also be composite but   
   this we will know it soon...

... it will take some time!


