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Why Strong EW Breaking?

• No fundamental scalar = no fine tuning problem.
Mass of other fields are protected from divergent corrections:

• Vector fields by gauge invariance
• Spinors by chiral symmetry

• Small scale (small pure numbers) easily/naturally generated without tuning:

• Nature already uses this: 
• Flavor symmetry  spontaneously broken by strong force: 

             SU(3) x SU(3) → SU(3)
• BCS theory: electron condensate breaks U(1)EM 
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• Two cases of strong EW symmetry breaking:
1. A strong interaction produces a light scalar (eg, a pseudo Godlstone boson) 

that acts as a higgs field
2. No light higgs-like particle

• First case was presented by Christophe Grojean

• Here we concentrate on second case

• The two talks parallel the two sections on strong EWSBof the Les Houches 
report (CG is a coauthor, but not me).
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If I had my choice I would tell you
everything you wanted to know (and more)
about indefinite metric quantization, 
its applications to SM physics and 
its fascinating phenomenology.

There is always coffee break.



Why not Strong EW Breaking

• Quark/lepton masses
• and top!

• Light spin-0 particles (pseudo-Goldstone bosons)
• FCNCs
• EW precision data
• No GUTs

. . . 

Some frameworks that address some of these problems
• Extended Technicolor
• Walking
• Conformal Technicolor
• Topcolor assisted TC, ...
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Minimal Technicolor
A beautiful idea that does not work

5

Recall: 2-flavor QCD breaks SU(2)L x SU(2)R → SU(2)V

Pions (π±,π0) are the associated pseudo-Goldstone Bosons

Their mass is due to the explicit symmetry breaking from mu ≠ 0 and md ≠ 0

Λχ ∼ 4πfπ

q =
(

u
d

)
〈q̄i

Lqj
R〉 = Λ3

χδij

Λ3
χ ∼ 4πf3

π(or sometimes                     )
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MW = MZ cos θW ρ =

M2
W

cos2 θW M2
Z

= 1that is

Minimal Technicolor is a copy of 2-flavor QCD with:
- “QCD” replaced by “TC,” “gluons” by “technigluons,”  “quarks” by “techniquarks”
- The condensate at EW scale:
- An  SU(2)L x U(1) subgroup of SU(2)L x SU(2)R is gauged, giving EW interactions

The would-be Goldstone Bosons become longitudinal components of W± and Z

In SU(2)L x SU(2)R → SU(2)V, the group SU(2)V is explicitly broken by the gauging 
of U(1). Up to hypercharge corrections,  the SU(2)V guarantees (“custodial” symmetry)

ΛTC ∼ 4πv = 4π(246 GeV)
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Masses: Extended Technicolor

6

Dual role of Higgs field in SM: 
- break EW symmetry (W and Z masses)
- quark and lepton masses: 

Minimal technicolor: massless quarks and leptons
- need coupling of techniquarks         to quarks/leptonsQ̄Q q̄LuR, q̄LdR, !̄LeR

YU H̃q̄LuR + YDHq̄LdR + YEH !̄LeR

C

M2
Q̄Q q̄q

Extended Technicolor (ETC): assume additional interactions of the form   

- M is the ETC scale
- C are constants that characterize the quark mass matrices (like YQ of the SM)
- Can arise from exchange of a heavier particle of mass M
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Dual role of Higgs field in SM: 
- break EW symmetry (W and Z masses)
- quark and lepton masses: 

Minimal technicolor: massless quarks and leptons
- need coupling of techniquarks         to quarks/leptonsQ̄Q q̄LuR, q̄LdR, !̄LeR

YU H̃q̄LuR + YDHq̄LdR + YEH !̄LeR

C

M2
Q̄Q q̄q

Extended Technicolor (ETC): assume additional interactions of the form   

- M is the ETC scale
- C are constants that characterize the quark mass matrices (like YQ of the SM)
- Can arise from exchange of a heavier particle of mass M

There are alternatives, like Partial Compositeness (Kaplan);
Minimal composite Higgs (Contino et al). See CG’s talk.
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Problem:
- FCNC’s: Must similarly have                   and in particular, e.g.,  

-  Neutral K mixing: 

- Quark masses:

  Even with extreme assumptions,                 , still only get 

... too small except for light ones

- Similar problem with technipions (additional pseudo goldstone bosons)
... too light

C′

M2
q̄q q̄q

C′

M2
s̄d s̄d

M/
√

|C′| ≥ 1000 TeV

mq ∼ C

M2
〈Q̄Q〉 ∼ C

M2
Λ3

Λ = 4πv (C ∼ C′)

mq ! 10 MeV
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Walking Technicolor
A fairy tale (but a good one, and an interesting one)

Dynamically replace          for          in quark mass formula, so that

The same extreme assumptions as before now give

Fine (except for top quark, needs to be dealt with separately, eg, with topcolor models;
Won’t do so here. Plenty else to discuss!)

 

mq ∼ C

M
Λ2Λ2

M

Λ3

M2

mq ! 10 GeV

What it is supposed to do:
nota bene: we do not know it does this... will return to this point



Walking Technicolor in Pictures
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First review QCD:
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WTC:

(ETC scale)
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The quark mass:

Lmass =
C(µ)
M2

〈Q̄Q〉(µ) q̄q =
C(M)
M2

〈Q̄Q〉(M) q̄q =
C(Λ)
M2

〈Q̄Q〉(Λ) q̄q

o(1)

hidden 
dependence 

on Λ/M o(Λ3)

Renormalization Group: C(Λ) =
(

M

Λ

)γ∗ The central observation: large coupling 
gives large anomalous dimension
It is argued that γ* ≅ 1

Lmass =
C(M)
MΛ

〈Q̄Q〉(Λ) q̄q ⇒ mq ∼ C(M)
Λ2

M

Hence

Bonus: in non-minimal TC this also raises the mass of pseudo-goldstone bosons:

If                                             then                        has dimension 4 (marginal operator).  (Q̄Q)(Q̄Q)γ(Q̄Q)(Q̄Q) ≈ 2γ(Q̄Q) ≈ 2



Speculation and conjecture

12

WTC is speculation on the nature of the universe based on a conjecture, namely, 
that a class of quantum field theories behave as wanted.
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Speculation and conjecture

12

WTC is speculation on the nature of the universe based on a conjecture, namely, 
that a class of quantum field theories behave as wanted.

We don’t have any examples of such a theory.

There is no no-go theorem

Answer may come from QFT on the Lattice

Or from LHC!

Future may be like learning about strong interactions from experiment, all over again!
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EW Precision data
• A little experiment (homework for non-hep-th’ers): 

1. Ask your hep-th’er  colleague at home whether they work on TC/ETC/WTC
2. Ask them why

(Answers: 1. No. 2. Theories are ruled out by EW precision data)

• Since the EW sector is strongly coupled there does not exist a reliable way to 
calculate radiative corrections (S and T parameters)

• The exception is Minimal TC: since this is scaled up QCD one can scale up 
measured quantities. Minimal TC is ruled out by EW precision data.

It is also ruled out by quark masses/FCNCs, light pGBs, etc, so who cares???

• The walking-ETC theory is probably very un-QCD like. There is no guidance 
form experiment as to how to calculate EW corrections. 

QCD-like lamppost



WTC @ LHC

• Two steps:
• Discovery --- focus on this now
• Learning --- like strong interactions all over again

• Dynamics not understood
• Requirements on dynamics roughly known
• Les Houches Reports 07 & 09: Focus on least dynamics specific & most 

model independent features

Spectrum: use SU(2)w as “isospin” anlogue:
                    gives large      mass, likely that (and assume)                       ,
Hence narrow states!

• Les Houches ’09 studies: pp, 10 TeV (Drell-Yan production)
•                                    (CMS)
•                                    (PGS)
•                                    QU+QD = 1 (CMS)

14

πT , ρT , aT , fT , π′
T , . . .

πT(Q̄Q)(Q̄Q) mρT < 2mπT mωT < 3mπT

ρ±T →W±Z0

ωT → γZ0 → γ#+#−

ωT , ρ0
T , a0

T → #+#−

“Low Scale TC”

“TC Straw Man”
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Note: we will present results only. See e-Print: arXiv:1005.1229 for: 

(i) Parameters used
(ii) Analysis strategy
(iii) Signal & Event selection
(iv) Background estimation

Cases studied, and gross results:

detector simulations and, where possible, more reliable estimates of backgrounds.6 Finally, two
of us have developed an effective Lagrangian for LSTC [274]. This can be interfaced with such
tools as MadGraph and CalcHEP to generate cross sections for particle production and decay
using PYTHIA or HERWIG. We present here a selection of first results comparing the parton-
level cross sections generated by our Lagrangian with the TCSM as implemented in PYTHIA.

In this paper we report on several more-in-depth studies for some of the classic LSTC
discovery channels at the LHC, and we add some new ones. The LSTC processes investigated
in this report and the principal results are the following:

1. A CMS study of ρ±T → W±Z (Bose, Carrera, Maravin).
2. A PGS-based study of ωT → γZγ$+$− (Black, Smith).
3. A CMS-based study of ωT , ρ0T , a

0
T → e+e− (Harper).

4. Comparisons of an effective Lagrangian, Leff , for LSTC with the TCSM in PYTHIA, in-
cluding an investigation of the accuracy of the longitudinal gauge boson approximation
for technivector decays (Martin and Lane). The effective Lagrangian implies some strik-
ing differences with the TCSM defined in Refs. [263–265] and implemented in PYTHIA.
In particular, the value of gρT πT πT is predicted by Leff and it is considerably smaller
than the value

√
4π(2.16)(3/NTC) obtained by scaling from QCD. Thus, the rate for

ρT → WZ predicted by Leff is much smaller than in the TCSM, while the rate for
ρT → γW can be much larger. This is a new result. It is unclear whether it is more
or less credible than the TCSM, but experiment can decide.

The mass points and signal cross sections at
√
s = 10TeV (computed from the TCSM in

PYTHIA) are listed in Table 2. Note that ρT → WπT is forbidden in Case 1a, enhancing the
ρ±T → WZ branching ratio.

Case MρT ,ωT MaT MπT MV1,...,A2 σ(W±Z0) σ(γW±) σ(γZ0) σ(e+e−)

1a 225 250 150 225 230 330 60 1655 (980)
1b 225 250 140 225 205 285 45 1485 (980)
2a 300 330 200 300 75 105 11 425 (290)
2b 300 330 180 300 45 85 7 380 (290)
3a 400 440 275 400 22 40 4 130 (90)
3b 400 440 250 400 14 35 3 120 (90)

Table 2: Technihadron masses, LSTC mass parameters (in GeV) and approximate signal cross sec-
tions for pp collisions at

√
s = 10TeV (in fb) for the 2009 Les Houches study. Isospin symme-

try is assumed. Other TCSM parameters are sinχ = 1/3, NTC = 4, QU = QD + 1 = 1,
gρT πT πT =

√
4π(2.16)(3/NTC) = 4.512, and CTEQ5L parton distribution functions were used.

Branching ratios of W and Z to electrons and muons are included. σ(e+e−) includes signal plus
standard-model production integrated over approximately MρT ,ωT − 25GeV to MaT + 25GeV; the
standard model cross section for this range is in parentheses.

6This motivation was thwarted to some extent by the collaborations’ requirements for publishing analyses made
with their software and simulation tools.

79

ρT → aT → ωT → ρT , aT , ωT →
SM 

background

integrated over
25GeV around 3 resonances

(so it is more like a picture show)
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ρ±T →W±Z0
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Figure 2: WZ invariant mass distributions for the Case 1a signal (MρT = 225GeV) and background
samples (left). WZ invariant mass distributions for signal (MρT in the range 300–500 GeV) and back-
ground samples (right). The distributions are normalized to an integrated luminosity of 1 fb−1.

misidentified jets. Muons are reconstructed using information from the muon detectors and the
silicon tracker. Those assigned to a Z-boson must have pT > 10GeV, with no track or isolation
requirement due to the low misidentification rate. Tighter selection criteria (pT > 20GeV
and isolation) are applied to muons from W candidates since a higher misidentification rate
is expected. In addition, a quality cut on the impact parameter significance of the muons is
applied.

To enhance the signal to background ratio, two sets of further requirements are used in
this study. The first one optimized for early conditions (or for MρT = 225GeV), and another
one optimized for higher luminosity scenarios (or for MρT > 300GeV. These requirements
for early (late) conditions are: pT (Z) > 50 (90)GeV, pT (W ) > 50 (90)GeV, and HT >
130 (160)GeV, where HT is the scalar sum of the transverse momentum of the three charged
leptons in the final state.

Figure 2 shows, the WZ invariant mass distributions for the various mass points for 1 fb−1

of integrated luminosity. Table 3 lists the number of signal events expected with 200 pb−1 of
data within a mass window of 1.4 Gaussian standard deviations around the ρT mass peak.

2.3 Background Estimation
The physics backgrounds, WZ and ZZ, are estimated from Monte Carlo simulation. The
instrumental backgrounds fall into two groups, one that includes a genuine Z-boson and one
that does not. The Z + jets background dominates the first group, which also includes Zγ
production (found to be negligible), and Zbb production. In the second group tt̄ production
dominates, followed by W + jets, and QCD multi-jet production (found to be negligible).

The Z + jets background (including V QQ) is estimated using a data-driven technique,
the “matrix method”, used successfully in previous experiments. This method makes use of two
samples, a “tight-cut” sample with events passing all the signal selection criteria, and a “loose-
cut” sample where events pass all the signal selection requirements except the isolation cuts on
the W ’s charged lepton. Hence, the number of events in each sample are given by Nloose =

81

 (GeV)
WZ

M
100 200 300 400 500 600 700

E
v
e
n
ts

/1
0
 G

e
V

0

5

10

15

20

25

 (GeV)
WZ

M
100 200 300 400 500 600 700

E
v
e
n
ts

/1
0
 G

e
V

0

5

10

15

20

25

(M = 225 GeV)
T
!

" 3l#WZ

tt

Z+jets

VQQ

 4l#ZZ

W+jets

CMS Preliminary

 (GeV)
WZ

M
100 200 300 400 500 600 700

E
v
e
n
ts

/1
0
 G

e
V

0

1

2

3

4

5

6

7

 (GeV)
WZ

M
100 200 300 400 500 600 700

E
v
e
n
ts

/1
0
 G

e
V

0

1

2

3

4

5

6

7

100 200 300 400 500 600 700
0

1

2

3

4

5

6

7

100 200 300 400 500 600 700
0

1

2

3

4

5

6

7
(M = 300 GeV)

T
!

(M = 400 GeV)
T
!

(M = 500 GeV)
T
!

" 3l#WZ

tt

Z+jets

VQQ

 4l#ZZ

W+jets

CMS Preliminary

Figure 2: WZ invariant mass distributions for the Case 1a signal (MρT = 225GeV) and background
samples (left). WZ invariant mass distributions for signal (MρT in the range 300–500 GeV) and back-
ground samples (right). The distributions are normalized to an integrated luminosity of 1 fb−1.

misidentified jets. Muons are reconstructed using information from the muon detectors and the
silicon tracker. Those assigned to a Z-boson must have pT > 10GeV, with no track or isolation
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and isolation) are applied to muons from W candidates since a higher misidentification rate
is expected. In addition, a quality cut on the impact parameter significance of the muons is
applied.
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the “matrix method”, used successfully in previous experiments. This method makes use of two
samples, a “tight-cut” sample with events passing all the signal selection criteria, and a “loose-
cut” sample where events pass all the signal selection requirements except the isolation cuts on
the W ’s charged lepton. Hence, the number of events in each sample are given by Nloose =
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Optimized for low luminosity
(low mass), early running.

Optimized for high luminosity
(higher mass), later running.
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Figure 3: 95% C.L. limits for σ(ρT → WZ) as a function of integrated luminosity for pp collisions at√
s = 10GeV. The cross sections include the branching ratio to electrons and muons. The horizontal

bands, which indicate the theoretical cross sections (and their associated 27% uncertainty), intersect the
limit curves at approximately the values given in Table 5.

Mass values Int. luminosity Int. luminosity Int. luminosity
for 95% C.L limit for 95% C.L limit for 95% C.L limit

(pb−1) (+ theoretical (- theoretical
uncertainty) (pb−1) uncertainty) (pb−1)

MρT = 225GeV, MπT = 150GeV 400 240 790
MρT = 300GeV, MπT = 200GeV 440 290 790
MρT = 400GeV, MπT = 275GeV 1040 710 1800
MρT = 500GeV, MπT = 350GeV 2050 1450 3310
MρT = 225GeV, MπT = 140GeV 540 300 1060
MρT = 300GeV, MπT = 180GeV 1300 800 2550

Table 5: Integrated luminosity at
√
s = 10GeV needed for exclusion at 95% C.L. The last two columns

indicate the values of integrated luminosity (in fb−1) needed if the theoretical uncertainty in the signal
is taken into account. The last two rows show results for different parameter sets for the mass points
ρT = 225 GeV and ρT = 300 GeV.

use lower values for MπT from cases 1b and 2b in Table 2. These limits use the results for
200 pb−1 given in Table 4. The statistical uncertainty in the total background is scaled with
luminosity while the relative systematic uncertainty is kept constant throughout.
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Normalized to 1 fb-1

Theory cross section 
with 27% error bands
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ωT → γZ0 → γ#+#− Note: for QU+QD = 1                       is forbiddenωT → "+"−

Case Z-boson selection photon selection ∆φ(γµ) > 1 ∆φ(γZ) > 2

1a 0.45 ± 0.01 0.43 ± 0.01 0.33 ± 0.02 0.31 ± 0.02
1b 0.45 ± 0.01 0.43 ± 0.01 0.32 ± 0.02 0.31 ± 0.02
2a 0.49 ± 0.01 0.48 ± 0.01 0.39 ± 0.02 0.37 ± 0.02
2b 0.49 ± 0.01 0.47 ± 0.01 0.39 ± 0.02 0.36 ± 0.02
3a 0.55 ± 0.01 0.55 ± 0.01 0.47 ± 0.01 0.45 ± 0.01
3b 0.54 ± 0.01 0.53 ± 0.01 0.47 ± 0.01 0.44 ± 0.01

Table 6: Cumulative efficiencies for signal event selection in pp → ωT +X , ωT → γZ → γµ+µ− at√
s = 10TeV.

Background Z-boson election photon selection ∆φ(γµ) > 1 ∆φ(γZ) > 2

Zγ 0.074 ± 0.01 0.043 ± 0.029 0.005 ± 0.001 0.028 ± 0.005
Z + jets 0.003 ± 0.001 0.00011 ± 0.00005 (7± 1)× 10−5 (5.5± 1)× 10−5

Table 7: Cumulative efficiencies for background event selection in pp → ωT +X , ωT → γZ → γµ+µ−

at
√
s = 10TeV.
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Figure 4: Left: Integrated luminosity of pp collisions at
√
s = 10TeV required for 3σ evidence (dashed)

and 5σ observation (solid) of ωT → γZ0 → γµ+µ− as a function of MωT for LSTC Cases a (blue) and b
(black). Right: Integrated luminosity required for 95% C.L. exclusion of Cases a (blue) and b (black).

The low branching ratio for ωT → γZ makes this analysis channel significantly more
challenging than the other LSTC processes considered in this report. To evaluate the channel’s
discovery potential we computed two quantities by counting the events within a 20GeV window
of the assumed signal mass window: (1) the discovery potential by evaluating the 3 and 5σ
luminosity contours by a simple event counting method; (2) the luminosity required for 95%
C.L. exclusion of the signal if none is found. The results are shown in Fig. 4. Depending on the
masses the luminosity for 5σ discovery ranges from a few to 100 fb−1. The exclusion contours
are approximate because the rate of Z + jets passing the selection cuts is only approximately
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ωT → γZ0 → γµ+µ− ωT → γZ0 → γµ+µ−

blue:   case “a” (heavier πT)
black: case “b” (lighter πT)

95% CL exclusion

dashed: 3σ evidence
solid: 5σ observation
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ρT , a0
T , ωT → e+e− (assume QU + QD = 1; for QU + QD = 0  rate vanishes for  ωT)
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Figure 5: A comparison of the LSTC signal at generator level and after detector resolution (left) and
a pseudo-experiment for Case 2a together with the standard model backgrounds (right); ET (e±) >
50GeV. The standard model backgrounds are taken from Fig. 2a of [277], scaled by a factor of six to
account for the luminosity difference [279].

background and its uncertainty. This is done in 1 GeV steps for masses between 200 and
1000 GeV. This process is repeated for 2 × 108 pseudo-experiments per luminosity point and
the two smallest p-values in each pseudo-experiment are recorded. The mass windows used to
calculate the p-values are not allowed to overlap to ensure that they do not share any events.
Then the process is repeated in the presence of the technicolor signal and the median p-value
is obtained for the signal bins. The fraction of standard-model-only pseudo-experiments which
observe this p-value or greater is then obtained to determine how often a similar sized signal
can be produced from chance alone.

The advantage of this search technique is that it uses very few assumptions and is generic
to all new physics types. As there are two peaks, the p-values for both peaks are calculated.
Then the fraction of pseudo-experiments generated with standard-model-only templates that
have a p-value < pωT and another p-value < pa0T is determined, where pωT and pa0T are the
p-values of the two peaks. This offers some increase in sensitivity compared to using only the
leading peak.

Limits are then set via a simple Bayesian likelihood method using Poisson statistics. The
±1.5 mass resolution region around each peak correspond to the two bins of the likelihood. The
background uncertainty is assumed to be modeled by a truncated Gaussian and that background
uncertainty is 100% correlated between the two bins.

4.2 Results and Conclusion
Tables 8 and 9 show the fraction of standard-model-only pseudo-experiments that have have
two p-values somewhere in the mass spectrum larger than the median p-value of each peak in
the presence of technicolor for Cases 1a,b and 2a,b respectively. An ωT with mass 225GeV
and MπT = 150GeV (Case 1a) is discoverable at the 5σ-level with 200 pb−1, while Case 1b
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Figure 5: A comparison of the LSTC signal at generator level and after detector resolution (left) and
a pseudo-experiment for Case 2a together with the standard model backgrounds (right); ET (e±) >
50GeV. The standard model backgrounds are taken from Fig. 2a of [277], scaled by a factor of six to
account for the luminosity difference [279].

background and its uncertainty. This is done in 1 GeV steps for masses between 200 and
1000 GeV. This process is repeated for 2 × 108 pseudo-experiments per luminosity point and
the two smallest p-values in each pseudo-experiment are recorded. The mass windows used to
calculate the p-values are not allowed to overlap to ensure that they do not share any events.
Then the process is repeated in the presence of the technicolor signal and the median p-value
is obtained for the signal bins. The fraction of standard-model-only pseudo-experiments which
observe this p-value or greater is then obtained to determine how often a similar sized signal
can be produced from chance alone.

The advantage of this search technique is that it uses very few assumptions and is generic
to all new physics types. As there are two peaks, the p-values for both peaks are calculated.
Then the fraction of pseudo-experiments generated with standard-model-only templates that
have a p-value < pωT and another p-value < pa0T is determined, where pωT and pa0T are the
p-values of the two peaks. This offers some increase in sensitivity compared to using only the
leading peak.

Limits are then set via a simple Bayesian likelihood method using Poisson statistics. The
±1.5 mass resolution region around each peak correspond to the two bins of the likelihood. The
background uncertainty is assumed to be modeled by a truncated Gaussian and that background
uncertainty is 100% correlated between the two bins.

4.2 Results and Conclusion
Tables 8 and 9 show the fraction of standard-model-only pseudo-experiments that have have
two p-values somewhere in the mass spectrum larger than the median p-value of each peak in
the presence of technicolor for Cases 1a,b and 2a,b respectively. An ωT with mass 225GeV
and MπT = 150GeV (Case 1a) is discoverable at the 5σ-level with 200 pb−1, while Case 1b
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case 2a: 
ET(e±) > 50 GeV,
full η kinematic acceptance of CMS 

pseudo experiment

MρT ,ωT = 300 GeV, Ma0
T

= 330 GeV

10 TeV, 1 fb-1: discovery in cases 1a-b, 
strong evidence for 2a-b. 

Model nominal syst. improved syst.
1a 20 20
1b 31 31
2a 170 150
2b 360 320
3a 610 560
3b 1120 930

Table 10: Luminosities (in pb−1) needed at
√
s = 10TeV to exclude ωT → e+e− in the LSTC models

in Table 1 at 95% C.L. Nominal systematics are on the left. Improved systematics on the right correspond
to a reduction of background uncertainty by 50% which is a level comparable to that in a similar CDF
analysis [279].

also allow us to assess the transverse weak boson contribution to the angular distributions in
Eq. (3). Second, a Lagrangian makes available the versatility of such programs as MadGraph
and CalcHEP for generating amplitudes to be used in PYTHIA and HERWIG. Finally, the TCSM
describes a phenomenology of LSTC expected to be valid only in the limited energy

√
ŝ <∼ MρT ,

where the lightest technihadrons may be treated in isolation. An effective Lagrangian, Leff , is
well-suited for this description because it gives warning of its limitation.

The hidden local symmetry (HLS) formalism of Bando, et al. [280, 281] was adopted
to construct an Leff describing the technivector mesons, electroweak bosons and technipions of
LSTC. Such an Leff guarantees that production of WL, ZL via annihilation of massless fermions
is well-behaved at all energies in tree approximation. Elastic WLWL scattering still behaves at
high energy as it does in the standard model without a Higgs boson, i.e., the amplitude ∼ ŝ/F 2

π

at ŝ $ M2
ρT

. Of course, this violation of perturbative unitarity signals the strong interactions of
the underlying technicolor theory. The HLS method also guarantees that the photon is massless
and the electromagnetic current conserved.

The gauge symmetry group of Leff is G = SU(2)W ⊗U(1)Y ⊗U(2)L ⊗U(2)R. The first
two groups are the standard electroweak gauge symmetries, with primordial couplings g and g′

and gauge bosons W = (W 1,W 2,W 3) and B. The latter two are the “hidden local symmetry”
groups. The underlying TC interactions are parity-invariant, so that their zeroth-order couplings
are equal, gL = gR = gT . The assumed equality of the SU(2)L,R and U(1)L,R couplings reflect
the isospin symmetry of TC interactions and the expectation that MρT

∼= MωT and MaT
∼= MfT .

This symmetry must be broken explicitly if Leff is to allow an appreciable ρT–ωT splitting. We
have not done that.8 The gauge bosons (L, L0) and (R, R0) contain the primordial technivector
mesons, V , V0,A, A0

∼= ρT ,ωT ,aT , fT .
To describe the lightest πT and to mock up the heavier TC states that contribute most to

electroweak symmetry breaking (see Sect. 1), and to break all the gauge symmetries down to
electromagnetic U(1), the nonlinear Σ-model fields in Leff are Σ2, ξL, ξR and ξM , transforming
under G as

Σ2 → UWΣ2U
†
Y , ξL → UWUY ξLU

†
L,

ξM → ULξMU †
R, ξR → URξRU

†
Y . (5)

8Mixing between ρ0T and ωT is limited by the smallness of the T -parameter.
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Other stuff

• Organizers: “Strong Dynamics and New Electroweak Models”
• Would like to present other models. But

• Even WTC/ETC  is not a model. 
• Argued:  generic features → experiment → theory
• Out of time

• Conformal TC
• Assume H ∼ QQ has dimension 1, H2 ∼ QQQQ has dimension 4
• Both Yukawa (eg Hqu, H*qd ) and mass H2 are marginal, that is,  depend on 

cutoff only logarithmically → no hierarchy problem!
• Some evidence against this arrangement of anomalous 

dimensions 

• 5D models. For example
• W/Z localized on IR brane, b.c.’s  break gauge symmetry explicitly
• 4D dual: composite W/Z, no higgs, KK modes (in lieu of techni-resonances)
• Top, a problem

[Cui et al JHEP 0911:080 (2009)]

[Luty & Okui, JHEP 0609:070,2006]

[Rattazzi, et al,  JHEP 0812:031 (2008)]

http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Luty%2C%20Markus%20A%2E%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Luty%2C%20Markus%20A%2E%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Okui%2C%20Takemichi%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Okui%2C%20Takemichi%22


Rehash

• Strong EW symmetry breaking is very appealing
• News of its demise are premature
• Incalculable and non-QCD like (un-xeroxable):

• Search & discover (or exclude)
• Study
• Build model and learn about strong dynamics
• In that order!

• Can strog EW be excluded? 
• No (no worse than SUSY)

• Can generic WTC be excluded
• Yes: to the extent you cannot expect WTC to give heavier than multi-TeV 

T-stuff
• No better than specific SUSY, eg, CMSSM

• 200 nb-1 down ... 999800 nb-1 to go! Looking forward to it!
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