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Strong dynamics is a very plausible possibility for BSM
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Strong dynamics is a very plausible possibility for BSM

In origin it was technicolor :

G

Completely natural theory. No need for the Higgs scalar.

Already in trouble before LHC, now dead.

H
SM ∈ G/H

f = v
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Next it was the composite Higgs

G
SM ∈ H

Higgs could be an approximate GB

Georgi, Kaplan ‘80s

mρ = gρf

Ex: Agashe , Contino, 
Pomarol, ’04

SO(5)

SO(4) GB = 4
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Next it was the composite Higgs

G
SM ∈ H

Higgs could be an approximate GB

Georgi, Kaplan ‘80s

Electro-weak scale determined by vacuum alignment.

mρ = gρf

Ex: Agashe , Contino, 
Pomarol, ’04

SO(5)

SO(4) GB = 4
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Deviations from SM: O

�
v2

f2

�

Higgs is an angle,

0 < h < 2πf TUNING ∝ f2

v2

f < TeVSmall Tuning

- Natural models are constrained by flavor, precision tests 
and now LHC.

- Hard to construct UV theories. 
  Typically postulate effective theories with correct features. 
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Kilic, Okui, Sundrum ’09

g

y

Electro-weak preserving strong sector:

SM +H G SM ∈ H
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Kilic, Okui, Sundrum ’09

g

y
Gµ

ij

Higgs is elementary and couples to strong dynamics
with renormalizable couplings:

Electro-weak preserving strong sector:

SM +H

L = LSM − 1

4 g2TC

Ga
µνG

aµν + iQ̄γµ(∂µ − iAµ − iGµ)Q+ Q̄MQ

Qi
α
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Very weak bounds:

- Automatic MFV
- Precision tests ok

- Plausible at LHC13

- Automatic dark matter candidates 

- Can generate the electro-weak scale

 Interesting phenomenology:

- Simple UV models

- LHC: mρ > 1− 2TeV
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+q

q

Vector resonances with SM quantum numbers predicted

g2SM

gρ

Decay to hidden pions and back to SM gauge bosons,

Kilic, Okui, Sundrum ’09COLLIDER SIGNATURES

ρ

Pions can also be stable or long lived.
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• Models

SU(n) gauge theory with NF flavors.
Techni-quarks are vectorial with respect to SM.      

Fermions SM SU(n)TC

ΨL
�

i ri n
ΨR

�
i r̄i n̄

�

i

d[ri] = NF
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• Models

SU(n) gauge theory with NF flavors.
Techni-quarks are vectorial with respect to SM.      

Fermions SM SU(n)TC

ΨL
�

i ri n
ΨR

�
i r̄i n̄

�

i

d[ri] = NF

SU(NF )× SU(NF )

SU(NF )

Charged pions acquire positive mass from gauge interactions

m2
π ≈ 3 g22

(4π)2
J(J + 1)m2

ρ

Vacuum respects electro-weak symmetry.                    
Massless Goldstone bosons:

Adj[SU(NF )] = Adj[SM ] +R(π)
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These models have automatic dark matter candidates:

• Baryons

mB ∼ Nmρ

Lightest multiplet has minimum spin among reps.

n = 3 n = 4

DM candidate:
QTB = T3 + YTB = 0

YTB = 0
J=0,1,2,...

B = �i1i1...inQ{α1

i1
Qα2

i2
. . . Qαn}

in
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Baryons-anti-baryon annihilate mostly into pions

TB

SM
g2

g2

gTB

Tπ

�σANN
BB̄ v� ∼ 4π

m2
B

mB ∼ 50− 100TeV

THERMALABUNDANCE
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Pions can be stable due to G-parity:

Triplet is stable. Behaves as minimal dark matter.

Bai, Hill ’10

σSI = 0.12± 0.03× 10−46 cm2

ψ → S ψC

Aata → Aa(−ta)∗

S†JaS = −Ja∗

Strumia, Cirelli ’05

W a
µJ

a → W a
µJ

a

ΠJ → (−1)JΠJ

mJ=1 ∼ 2.5TeV

• Pions
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With reducible SM reps pions can also be stable due to 
species symmetry.

K-1 singlets do not acquire mass from gauge interactions.
Anomalous under the SM:

AdjSU(NF ) =
K�

i=1

ri ×
K�

i=1

r̄i − 1

e2

(4π)2f
ηFF̃

Singlets can be very light. 

Ψ̄IΨJ I �= J
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DM summary (M=0):

If  Yukawas are allowed pions are not stable.
Quark masses may change the lightest baryon.

Often DM has two components.
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LUX
201
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� C

L bo
und

Ν background

�
techni�pion DM�MDM triplet�

techni�baryon DM

for g �
1 or g

E �
0.0003
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D
M
cr
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ss
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tio
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Σ
SI
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cm

2

dσ

dER
≈ e2Z2

16πm2
B ER

�
g2M +

g2E
v2

�
g2M + 107g2E <

� mB

5TeV

�3

Dipole interactions:
1

4mB
B̄σµν(gM + igEγ5)B Fµν

pion 
triplet
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• Magnetic Dipoles

Interesting ball park for experiments. In QCD:

gE ∼ θ

10

1

16π2

m2
π

f2
log

m2
B

m2
π

gM ∼ O(1)

• Electric dipoles

Needs CP violation. Naturally generated by θDARK

gE ∼ 10−2 × θ
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Spectrum is also modified:

V (U) = −f2
π

2

�
Tr[MU +M†U†]− a

N
(−i log detU − θ)2

�

U = U0V U0 = Diag[eφ1 , eφ2 , . . . , eiφNF ]

m2
i sinφi =

a

N
(θ −

�
φi) i = 1, ..., NF .

In QCD:

m2
K+ =

4v

f2
π

[mu cosφu +ms cosφs]

m2
K0 =

4v

f2
π

[md cosφd +ms cosφs]

m2
π+ = m2

π0 =
4v

f2
π

[mu cosφu +md cosφd]

m2
η0 =

4v

3f2
π

[mu cosφu +md cosφd + 4ms cosφs]
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Technibaryon thermal abundance: 

ΩDM

Ωc
DM

∼
�

MB

200TeV

�2

mB

mρ
≈ 1.3

mπ

mρ
≈ 0.1

�
J(J + 1)

Rescale QCD:

Pions and lightest baryons are adjoint of SU(3).

n = NF = 3

σQCD
pp̄ ∼ 100GeV−2

Wednesday, November 12, 2014



Scalar triplet is stable and is dominant dark matter.

SU(2)L ⊂ SU(3)F•  

8 = 3+ 5Q=3
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Scalar triplet is stable and is dominant dark matter.

SU(2)L ⊂ SU(3)F•  

8 = 3+ 5Q=3

Quantum numbers allow for Yukawa interactions.
Singlet GB acquires mass and triplet decays.

Dark matter is a technibaryon. 

8 = 2(K0,K+) + 3(π±,0) + 2(K−, K̄0) + 1(η)

SU(2)L × U(1)Y ⊂ SU(3)F

8 = 2(p, n) + 3(Σ±,0) + 2(Ξ0,Ξ−) + 1(Λ0)

Q=2+1

•  
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DYNAMICAL GENERATION OF THE WEAK SCALE

Practically discard uncalculable quadratic divergences. 
SM is natural (“finite naturalness”):

Assumption: the fundamental theory has no scales.

δm2
h ∼ − 3 y2t

(4π)2
m2

h log
m2

t

µ2

Farina, Pappadopulo, Strumia, ’14
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DYNAMICAL GENERATION OF THE WEAK SCALE

Practically discard uncalculable quadratic divergences. 
SM is natural (“finite naturalness”):

With no masses electro-weak scale determined by the 
confinement scale of strong sector.                          
Gauge (Yukawa) interactions trigger electro-weak 
symmetry breaking:

mh ∼ α2f

Assumption: the fundamental theory has no scales.

δm2
h ∼ − 3 y2t

(4π)2
m2

h log
m2

t

µ2

Farina, Pappadopulo, Strumia, ’14
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• Gauge Interactions

Weak coupling

H H

H

W W

Q

Q

Strong coupling at high energy�GΜΝa2�

H H

H

W W

Q

Strong coupling

H H

H

W W

Ρ

i

�
d4x eiq·x�0|TJa

µ(x)J
b
ν(0)|0� ≡ δab(q2gµν − qµqν)ΠV V (q

2)

Strong dynamics modifies SM propagators

∆m2 =
9g42

4(4π)2

�
dQ2ΠV V (−Q2)

Higgs mass:

GV V
µν (q) = −i

ηµν
q2

(1 + g22ΠV V (q
2)) + iξV

qµqν
q2
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Contributions is finite. OPE:

ΠV V (q
2)

q2�Λ2
TC� c1(q

2) + c2(q
2)�0|mQQLQR|0�+ c3(q

2)�0|αTC

4π
GA2

µν |0�+ · · ·

c1 = C
α2

3π
ln(−q2) + · · · c3 = −C � g

2
2

3q4

∆m2|UV � − 3C �g42
4(4π)2

�0|αTC

4π
GA2

µν |0�
� ∞

Q2
min

dQ2

Q4
�
inQCD �0|αs

4π
GA2

µν |0� = 0.03GeV4
�

Wednesday, November 12, 2014



Contributions is finite. OPE:

ΠV V (q
2)

q2�Λ2
TC� c1(q

2) + c2(q
2)�0|mQQLQR|0�+ c3(q

2)�0|αTC

4π
GA2

µν |0�+ · · ·

c1 = C
α2

3π
ln(−q2) + · · · c3 = −C � g

2
2

3q4

∆m2|UV � − 3C �g42
4(4π)2

�0|αTC

4π
GA2

µν |0�
� ∞

Q2
min

dQ2

Q4
�
inQCD �0|αs

4π
GA2

µν |0� = 0.03GeV4
�

Sign is negative:

∂∆m2

∂Λ2
TC

=
9g42

4(4π)2

�
dQ2 ∂ΠV V

∂Λ2
TC

= − 9g42
4(4π)2

�
dQ2 Q2

Λ2
TC

∂ΠV V

∂Q2

=
9g42

4(4π)2

�
dQ2 1

π

Q2

Λ2
TC

� ∞

0
ds

ImΠV V (s)

(s+Q2)2
< 0
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Estimate:

We obtain the following scales

∆m2 ≈ − 9g42
4(4π)2

�
dQ2 f2

(Q2 +m2
ρ)

∼ −α2
2f

2

f ∼ mH

α2
∼ few × TeV

ΠV V (q
2) =

f2

(q2 −m2
ρ)

mπ ∼ 2TeV, mρ ∼ 20TeV, mB ∼ 50TeV
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• 3-loops

∆m2 = −64y2t g
4
3

(4π)4

�
dQ2ΠGG(−Q2) ∼ y2t g

4
3

(4π)4
f2

Positive Higgs mass:

Gravitational corrections can be related to 2-point 
function of energy momentum tensor

∆m2 ∼
y2tm

4
ρf

2

(4π)4M4
p

yt yt

g3

g3

g3

g3
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Weak coupling

H H�

Q

U

Strong coupling at high energy

H H�

QL QR

UR UL

Strong coupling

H H�
Π

• Yukawa Interactions

yHQLQR

Chiral lagrangian,

y
N

(4π)2
m

3
ρTr[HU ]
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2 Higgs doublets mix:

� π
∗

H
∗

π (O(g2)±O(y2))m2
ρ/(4π)

2 O(y)m2
ρ

√
N/(4π)

H O(y)m2
ρ

√
N/(4π) −O(y2))m2

ρN/(4π)2

�

Mixing induces negative Higgs mass

The singlet acquires a mass

∆m2 ≈ − y2 N

(4π)2
m4

ρ

m2
π

mη ∼ y
mρ

mπ
v
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CONCLUSIONS

• A strongly coupled sector that does not break electro-
weak symmetry is a plausible possibility for new physics 
compatible with what we know and perhaps observable.
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CONCLUSIONS

• A strongly coupled sector that does not break electro-
weak symmetry is a plausible possibility for new physics 
compatible with what we know and perhaps observable.

• Dark matter is very naturally a technibaryon or a 
technipion stable due to accidental symmetries.
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CONCLUSIONS

• A strongly coupled sector that does not break electro-
weak symmetry is a plausible possibility for new physics 
compatible with what we know and perhaps observable.

• Dark matter is very naturally a technibaryon or a 
technipion stable due to accidental symmetries.

• Within finite naturalness electro-weak symmetry 
breaking could be induced from the technicolor 
dynamical scale. Scales and signs roughly work out. 
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• SO(N) models

With NF fundamental flavors:   

SU(NF )

SO(NF )

Baryons are stable but two baryons can annihilate.
Pions are in the symmetric rep

SymSO(NF ) =

�
K�

i=1

ri ×
K�

i=1

r̄i

�

Sym

− 1
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• Unification

Assume that new fermions are in complete reps.

a)

d)b)

c) E + T ⊂ 10+ 15

L+ T ⊂ 5+ 15

L+ E ⊂ 5+ 10

V ⊂ 24

Giudice, Rattazzi, Strumia, ’12
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NTC=3

b3 =
1

3
(4Ng − 33) +∆b3

b2 =
1

3
(4Ng − 22 +

1

2
) +∆b2

b1 =
1

3
(4Ng +

3

10
) +∆b1

V = (1, 3)0 ⊂ 24

1

αG(mG)
− 1

αi(mZ)
= −bSM

i

2π
log

mρ

mZ
− bAi

2π
log

m1

mρ
− bBi

2π
log

mG

m1

αG ≈ 0.085

mG ≈ 3× 1014 GeV

m1 ≈ 4× 106 GeV

Ex:
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x

pion 
triplet

Dipole interactions:

g2M + 8× 106g2E <
� mB

5.8TeV

�3

1

4mB
B̄σµν(gM + igEγ5)B Fµν

dσ

dER
≈ e2Z2

16πm2
B ER

�
g2M +

g2E
v2

�
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