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New Strong Interactions
at higher scale  

[Weinberg, Susskind]

Technicolor
QCD lesson:

SU(2)L × SU(2)RChiral Symmetry: SU(2)V
�ūLuR + d̄LuR� = Λ3

QCD

Gauge Symmetry: SU(2)L × U(1)Y U(1)Q
MW =

gFπ

2
∼ 29MeV

MW =
gFTC

π

2
∼ 80GeV

SU(N)L × SU(N)RGlobal Symmetry: SU(N)V

QL, QR Techniquarks

�Q̄Q� = Λ3
TC = (246GeV)3
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PNG
Masses

SM-Fermion
Masses

FCNC
Operators

Extended Technicolor

L̄ · HeR → L̄
Q̄Q

Λ2
ETC

eRFermion Masses:
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Gamma - Terms

ΛETC ≥ 103ΛTC

< Q̄Q >ETC ≈< Q̄Q >TC ∼ Λ3
TC

mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC � mTop

QCD like dynamics:

Is it possible to enhance < Q̄Q >ETC ?
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New type of dynamics

mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC=
g2

ETC

Λ2
ETC

�
ΛETC

ΛTC

�γm(α∗)

< Q̄Q >TC

[Holdom]

Need large anomalous dimension
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Minimal models of  WT

U
D

Minimal WT Next to MWT

SU(2)TC
SU(3)TC

N
E

Dietrich,
Sannino, Tuominen

U
D

Guidelines for model building:
Walking dynamics

Minimising the contribution to S  

Snaive =
d(r)Nf

12π

Gauge Group, i.e. SU, SO, SP

Matter Representation

# of  Flavors

SU(4)

Dietrich,
Sannino, Tuominen

Global Symmetry:

SO(4)

3+6 NGB

Global Symmetry:

SU(2)L × SU(2)R SU(2)V

3 NGB
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Walking/Higher dim. rep. can allow for:

         Light Composite Higgs      Sannino 08
                                   Hong, Hsu, Sannino, 04
                               Dietrich, F.S., Tuominen 05
                                   Doff, Natale, Rodrigues da Silva 08
                                   Doff, Natale, 09.

         Light Composite Axial       Foadi, Frandsen, Ryttov, Sannino 07
                                                                         Eichten, Lane 07

pp → HVWT Effective Lagrangian
L(Composites) + L(Mixing with SM) + L(New Leptons) + L(SM−Higgs)

In the initial investigation we include: 
 Composite Higgs
 Composite Axial - Vector States           
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NMWT Effective Lagrangian
The low energy description of this model can again be encoded in a chiral La-

grangian including spin one and spin-zero resonances. Following Ref. [I] and [45]
we write:

Lboson = −1

2
Tr

[
W̃µνW̃

µν
]
− 1

4
B̃µνB̃

µν − 1

2
Tr [FLµνF

µν
L + FRµνF

µν
R ]

+ m2 Tr
[
C2

Lµ + C2
Rµ

]
+

1

2
Tr

[
DµMDµM †] − g̃2 r2 Tr

[
CLµMCµ

RM †]

− i g̃ r3

4
Tr

[
CLµ

(
MDµM † − DµMM †) + CRµ

(
M †DµM − DµM †M

)]

+
g̃2s

4
Tr

[
C2

Lµ + C2
Rµ

]
Tr

[
MM †] +

µ2

2
Tr

[
MM †] − λ

4
Tr

[
MM †]2

(3.47)

where W̃µν and B̃µν are the ordinary EW field strength tensors, FL/Rµν are the field
strength tensors associated to the vector meson fields AL/Rµ

3, and the CLµ and CRµ

fields are

CLµ ≡ ALµ − g

g̃
W̃µ , CRµ ≡ ARµ − g′

g̃
B̃µ . (3.48)

The 2×2 matrix M is

M =
1√
2

[v + H + 2 i Πa T a] , a = 1, 2, 3 (3.49)

where Πa are the Goldstone bosons produced in the chiral symmetry breaking,
v = µ/

√
λ is the corresponding VEV, H is the composite Higgs, and T a = σa/2,

where σa are the Pauli matrices. The covariant derivative is

DµM = ∂µM − i g W̃ a
µ T aM + i g′ M B̃µ T 3 . (3.50)

When M acquires its VEV, the Lagrangian of Eq. (3.47) contains mixing matrices
for the spin one fields. The mass eigenstates are the ordinary SM bosons, and two
triplets of heavy mesons, of which the lighter (heavier) ones are denoted by R±

1

(R±
2 ) and R0

1 (R0
2). These heavy mesons are the only new particles, at low energy,

relative to the SM.
Some remarks should be made about the Lagrangian of Eq. (3.47). First, the

new strong interaction preserves parity, which implies invariance under the trans-
formation

M ↔ M † , CL ↔ CR . (3.51)

Second Eq. (3.47) contains all O(p2) operators of dimension two and four.
Now we must couple the SM fermions. The interactions with the Higgs and the

spin one mesons are mediated by an unknown ETC sector, and can be parametrized

3In Eq. (3.32), where the chiral symmetry is SU(4), there is an additional term whose coefficient
is labeled r1. With an SU(N)×SU(N) chiral symmetry this term is just identical to the s term.
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Next to MWT SU(3)TC
U
D SU(2)L × SU(2)R SU(2)V

New particles - two triplets of  heavy vectors: 

Link to the underlying TC theory via Modified Weinberg Sum Rules

Relevant parameters: g̃, MA, MH

Different underlying theories can have the same chiral symmetry breaking

R±
1 , R

0
1 R±

2 , R
0
2and
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Underlying Theory:
(N)MWT

arXiv: hep-ph/0405209

Effective Lagrangian
arXiv:0706.1696 [hep-ph]

FeynRules
arXiv:0806.4194 [hep-ph]

MadGraph, 
 CalcHep, ....
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Model Implementation

BSM

http://cp3-origins.dk/research/tc-tools
http://feynrules.phys.ucl.ac.be/wiki/TechniColor
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Spin one at LHC

6.1.4 pp → R → ll

q

q̄

R1, R2
l−

l+

Figure 21: Feynman diagram of the signal processes for the dilepton production. The Back-

ground is taken to be the corresponding SM contribution from the Z-boson and photon.

Dilepton production was discussed also in [356], with
√
s = 14 TeV and 100 fb

−1
integrated

luminosity. The Feynman diagram of this Drell-Yan process is shown in the Fig.21. We updated

that analysis for the near future LHC using the parameters
√
s = 7 TeV and 1 fb

−1
. The

signal and the background are obviously reduced compared to the earlier studies, but in the

optimal region of the parameter space signals are still clearly visible. Increasing the effective

Technicolor coupling g̃ hides the signal very early. In the Fig.22 we plotted the number of events

with respect to the invariant mass of the lepton pair, using g̃ = 2, 3, 4 and MA = 0.5, 1, 1.5 TeV,

where MA is the mass of axial gauge eigenstate. We have applied cuts of |ηl| < 2.5 and plT > 15
GeV on the rapidity and transverse momentum of the leptons. The peaks from the R1 and R2

clearly stand out with signal-to-background ratio S/B > 10 for several bins over the parameter

space under consideration. The background is considered to be the contribution coming from

the SM gauge bosons Z and γ. In the Tables 2, 3 and 4 the signal and background cross sections

are reported, applying the cut

Table 2: Signal and background cross sections for g̃ = 2.

g̃ = 2 σS (fb) σB (fb) MA

R1 194.0420 3.4270 500

R2 118.0600 1.3394 500

R1 4.5662 9.1734 · 10−2
1000

R2 16.3813 5.5997 · 10−2
1000

R1 0.1334 5.9092 · 10−3
1500

R2 0.7756 2.8139 · 10−3
1500

|Mll −MR| < 5 GeV (6.159)

separately for the R1 and R2 peaks. The choice of the value 5 GeV is dictated by the dilepton

invariant mass resolution [357]. Even though the invariant mass resolution drops when the mass

of the resonance increases, we use the same cut for all of the different mass values coming from
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Drell-Yan Production 

Table 4: Signal and background cross sections for g̃ = 4.

g̃ = 4 σS (fb) σB (fb) MA

R1 34.6292 3.8535 500

R2 0.0 0.6492 500

R1 0.2341 8.9764 · 10−2
1000

R2 0.0 5.1495 · 10−2
1000

R1 1.3117 · 10−3 3.9395 · 10−3
1500

R2 1.4310 · 10−2 3.9395 · 10−3
1500

the one with worst resolution. The dilepton final state should be clearly visible at the LHC in

this particular region of the parameter space already with 1 fb−1
integrated luminosity.

6.1.5 pp → R → WZ → lllν

q

q̄

R±
1,2

Z

l−

l+

W± l+(ν̄)

ν(l−)

Figure 23: Feynman diagram for the process pp → R± → WZ± → lllν. The background is

taken to come from the corresponding SM processes.

The final state signature with three leptons and missing energy arises from the process pp →
R → WZ → lllν (see Fig.23), where l denotes a muon or an electron and ν denotes the

corresponding neutrino. This was also studied in [356], with
√
s = 14 TeV and 100 fb

−1
,

where it was shown to be a promising signature for higher values of g̃ and MA. The technivector-

fermion couplings are suppressed for large g̃, which makes the dilepton final state not interesting

in that region of the parameter space. In contrast, the technivector coupling to SM vector bosons

is enhanced for large values g̃, balancing the suppression coming from the quark couplings. This

can be seen from Fig.24, where the second peak begins to go down slowly with increasing g̃.

Following [356], we have used the transverse mass variable
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Table 5: Number of signal and background events with 1 fb−1. Cuts are applied to take into
account only the region of the visible peak.

g̃ NB NS MA

2 1.7539 1.1205 500
2 7.3437 · 10−2 0.5453 1000
3 1.1252 0.3401 500
3 0.1174 1.0978 1000
4 0.6586 2.1518 · 10−2 500
4 8.9254 · 10−2 0.2970 1000

q

q̄

R±
1

, R±
2

ν(l−)

l+(ν̄)

Figure 25: Feynman diagram for the process pp → R± → lν. The background is taken to be
the corresponding SM process with W±.

6.1.6 pp → R → νl

This is the third signature, with leptons in the final state, studied in [356]. The essential
complication compared to the l+l− final state is that the longitudinal component of the neutrino
momenta cannot be measured. The cuts applied for the charged lepton and on the missing
energy are |ηl| < 2.5, plT > 15 GeV and /ET > 15 GeV. In Fig.26, the number of events is
plotted with respect to the transverse mass variable

(MT
l )

2 = [
�
M2(l) + p2T (l) + |/pT |]

2 − |�pT (l) + �/pT |
2, (6.161)

using the parameter space points g̃ = 2, 3, 4 and MA = 0.5, 1, 1.5 TeV. Also in this case the
background is taken to be the pure SM contribution. This final state signature behaves like the
dilepton final state. Due to the suppression of the fermion couplings, the signal is reduced when
g̃ is increased.
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Technicolor at the LHC

100 fb−1; 14 TeV

pp → R1,2; Dilepton

vs. diboson decay
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[arXiv:0809.0793 A. Belyaev, R. Foadi, M. T. Frandsen, MJ, A. Pukhov, F. Sannino]

Matti Järvinen June 2 5/7

pp → R0
1,2 → l+l− pp → R±

1,2 → l±ν pp → R±
1,2 → ZW± → 3lν

[0809.0793, Belyaev, etal.]
[CP3 Report, Antola etal, to appear soon ]
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[arXiv:0809.0793 A. Belyaev, R. Foadi, M. T. Frandsen, MJ, A. Pukhov, F. Sannino]

Matti Järvinen June 2 5/7

(MT
! )2 = [

√
M2(!) + p2

T (!) + |/pT |]
2 − |"pT (!) + /"pT |

2 (23)

(MT
3!)

2 = [
√

M2(!!!) + p2
T (!!!) + |/pT |]

2 − |"pT (!!!) + /"pT |
2 (24)

We also add a cut on the transverse missing energy /ET > 15 GeV. We consider the

representative parameter space points g̃ = 2, 5 and MA = 0.5, 1, 1.5, 2 TeV for our plots and

discussion.

The invariant mass and transverse mass distributions for signatures (1)-(3) are shown in

Figs. 9-11. In the left frames of Figs. 9 and 10, corresponding to g̃ = 2, clear signals
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FIG. 9: Dilepton invariant mass distribution M!! for pp → R0
1,2 → !+!− signal and background

processes. We consider g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev
(red), MA = 1.5 Tev (green) and MA = 2 Tev (blue).

from the leptonic decays of R0
1,2 and R±

1,2 are seen even for 2 TeV resonances. Moreover

Fig. 9 demonstrates that for g̃ = 2 both peaks from R0
1 and R0

2 may be resolved. The lepton

energy resolution effects should not visibly affect the presented distributions. In the case

of signature (2) a double-resonance peak is also seen at low mass, but the transverse mass

distribution MT
! is not able to resolve the signal pattern as well as the M !! distribution for

signature (1), because of the presence of missing transverse momenta from the neutrino. This

analysis must be improved via a full-detector simulation. However, for larger masses only a

single resonance is visible because the R±
1 coupling to fermions is strongly suppressed. This

is a distinguishing footprint of the NMWT model at higher masses closer to the inversion
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FIG. 10: MT
! mass distribution for pp → R±

1,2 → !±ν signal and background processes. We consider
g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev (red), MA = 1.5 Tev (green)

and MA = 2 Tev (blue).
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FIG. 11: MT
3! mass distribution for pp → R±

1,2 → ZW± → 3!ν signal and background processes.

We consider g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev (red), MA = 1.5
Tev (green) and MA = 2 Tev (blue).

point: only a single peak from the R±
2 will appear in the single lepton channel while a double

peak should be visible in the di-lepton channel.

Let us now turn to the case of g̃ = 5 in the right frames of Figs. 9 and 10. For large g̃

the Rff couplings are suppressed, so observing signatures (1) and (2) could be problematic

(quantative results for the LHC reach for all signatures are presented below). However, for

large g̃, the triple-vector coupling is enchanced, so one can observe a clear signal in the MT
3!

19

1

10

10 2

10 3

10 4

10 5

500 1000 1500 2000

S=0.3
g̃=2

MT
l  (GeV)N

um
be

r o
f e

ve
nt

s/
20

 G
eV

 @
 1

00
 fb

-1

1

10

10 2

10 3

10 4

500 1000 1500 2000

S=0.3
g̃=5

MT
l  (GeV)N

um
be

r o
f e

ve
nt

s/
20

 G
eV

 @
 1

00
 fb

-1

FIG. 10: MT
! mass distribution for pp → R±

1,2 → !±ν signal and background processes. We consider
g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev (red), MA = 1.5 Tev (green)

and MA = 2 Tev (blue).

10
-1

1

10

10 2

500 1000 1500 2000

S=0.3
g̃=2

MT
3l (GeV)N

um
be

r o
f e

ve
nt

s/
20

 G
eV

 @
 1

00
 fb

-1

10
-1

1

10

10 2

500 1000 1500 2000

S=0.3
g̃=5

MT
3l (GeV)N

um
be

r o
f e

ve
nt

s/
20

 G
eV

 @
 1

00
 fb

-1

FIG. 11: MT
3! mass distribution for pp → R±

1,2 → ZW± → 3!ν signal and background processes.

We consider g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev (red), MA = 1.5
Tev (green) and MA = 2 Tev (blue).

point: only a single peak from the R±
2 will appear in the single lepton channel while a double

peak should be visible in the di-lepton channel.

Let us now turn to the case of g̃ = 5 in the right frames of Figs. 9 and 10. For large g̃

the Rff couplings are suppressed, so observing signatures (1) and (2) could be problematic

(quantative results for the LHC reach for all signatures are presented below). However, for

large g̃, the triple-vector coupling is enchanced, so one can observe a clear signal in the MT
3!
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Higgs Phenomenology

Higgs production in association with W/Z modified by composite spin-
one state
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Conclusions

๏ Dynamical EWSB can naturally occur at the LHC

๏ Simplest models of Walking Technicolor 

๏ A lot of work to be done: lattice simulations, discrimination 
among different strongly interacting scenarios, more 
phenomenological analysis,...
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Technicolor at linear colliders

Walking technicolor (WT) models can allow for a light composite
Higgs (a few hundred GeV)

! Scalar f0(660) in QCD lighter than vector states

! Large Nc scaling argument

! Higgs mass further reduced by walking dynamics?
[Hong, Hsu, Sannino 04]

[Dietrich, Sannino, Tuominen 05]
[Sannino 08]

! Solving truncated Schwinger-Dyson and Bethe-Salpeter
equations [Doff, Natale 08,09]

! Light Higgs can help to unitarize WW scattering
[Foadi, MJ, Sannino 08]

Matti Järvinen June 2 19/7
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