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♠Top

Mystery of Mass

Standard Model 
is incomplete! 
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Riddles

Atoms
4%

Dark Matter
22%

Dark Energy
74%
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Low Energy Effective Theory

SM

Standard Model
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TeV Scale
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S-wave amplitude:

Unitarity:

WW Scattering
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Theorem: 

 Unitarity requires the existence of a weakly coupled Higgs 
particle or New Physics around the Terascale!  

WW Scattering
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Origin of mass

Francesco Sannino



The Higgs
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Custodial symmetries
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SUL(2)× UY (1)

Custodial symmetries
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|H|

m2 < 0

�σ2� ≡ v2 = |m2|
λ

σ = v + h

Custodial symmetries
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−λd Q̄L · HdR

Gauge Boson-Masses

Quark-Masses

Custodial symmetries
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Higgs mechanism in Nature
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|H|2 =
v
2

2

Macroscopic-Screening
Non-Relativistic

SM-Screening
Relativistic

Superconductivity
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Meissner-Mass
Static Vector Potential

Weak-GB-Mass

Hidden structure ????

Superconductivity
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M2
H

= 2λ v2

Fermi Scale
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SM - Geometry
SU(3)

SU(2)
L

U(1)⊂SU(2)
R

U (1)
Q

SU(3)

<H>

Higgs

L-Leptons

R-Quarks

Weak GB
Gluons

R-Leptons

L-Quarks

Hyper - GB

Branish

Higgs Sector
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Low Energy Effective TheoryMany Models

(?)MSSM XLMS D

AdS/?Unparticle

Branes

......Technicolor
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Technicolor - Geometry

U (1)
Q

SU(3)SU(3)

SU(2)
L

U(1)⊂SU(2)
R

TC

< Q Q>
_

R-TQuarks

L-TQuarks

Technicolor
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Dots are partially fixed by Anomalies as well as other principles

L(H)→ −1
4
F

aµν
F

a
µν + i Q̄γ

µ
DµQ + · · ·

· · · → L(New SM Fermions)

Dynamical EW Breaking

Francesco Sannino



New Strong Interactions at  ~ 250 GeV  
[Weinberg, Susskind]

Natural  to use QCD-like dynamics.

QCD-like TC

ΛTC � 1 TeV
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S & T

Ax Ay Ax Ay

q

Kennedy-Lynn, Peskin-Takeuchi, Altarelli-Barbieri, Bertolini- Sirlin, Marciano-Rosner



S & T

T-measures deviations from  

S-measures the left - right type current correlator
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SU(3) + 1 Fund. Doublet 
Weinberg, Susskind1 TeV

Large & Positive S from QCD-like Technicolor

Need novel dynamics



SM Fermion Masses
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L̄ · HeR → L̄
Q̄Q

Λ2
ETC

eR

Extending Technicolor
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Scalar-less New Gauge Interactions (Extended TC)

Marry SUSY and Technicolor 

Add New Scalars in the Flavor Sector

.....

Different Approaches
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PNG
Masses

SM-Fermion
Masses

FCNC
Operators

Extended Technicolor

Modifies TC dynamics

Eichten & Lane 80

Recent investigations
Ryttov & Shrock 10
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mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC
ΛETC

ΛTC

mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC � mTop

Electroweak breaks

< Q̄Q >ETC ≈< Q̄Q >TC ∼ Λ3
TC
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Need to go beyond QCD
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Near Conformal

UVIR

IR Conformal behavior
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QCD-Like

Near the conformal window

~

~

Why walking helps?
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mf ≈
g2

ETC

Λ2
ETC

< Q̄Q >ETC=
g2

ETC

Λ2
ETC

�
ΛETC

ΛTC

�γm(α∗)

< Q̄Q >TC

If  large anomalous dimension, around γm(α∗) ∼ 1.7

Fermion Mass Enhancement & FCNC decoupling
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Low Energy Effective Theory

Observations

New theoretical
ideas/constraints

Theory S
pace

Supercomputers
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Selecting Nature’s Next Force



Theory space
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Gauge Group

SUSY Non SUSY

Matter 

N=1

N=2

N=4

Fermions

Fermions + Bosons

Bosons

Vector Chiral 

Gauge Theories
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Xtreme-conditions
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Phases
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α(r)→ 1
log(r)

UVIR UVIR

β =
d g

d lnµα =
g2

4π

V (r) ∝ 1
r log(r)

Free Electric
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UVUV IRIR

IR Conformal Phase

IR conformal behavior

V (r) ∝ 1
r

Coulomb
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UV

UV

IR

IR

V ∝ σ r

QCD - Like
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UV

UV

IR

IR

Asymptotic safety
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α

α

Energy



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

Matter Representation

# of  Flavors  per Representation

Knobs

Nf
QCD IR Conformal NA-QED
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?



α

Energy

Interesting structure at large Nf

A novel phase @ large Nf

Nf
QCD IR Conformal Asymp. Safe
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Entire series at large Nf  is known

Pica & Sannino 10

αUV =
3π

TFNf



Universal Picture
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Fund

2A

2S

Adj

Ladder

Ryttov & Sannino 07

SU(N) Phase Diagram

Dietrich & Sannino 07

Sannino & Tuominen 04

Pica & Sannino 10
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Very interesitng



What is the use?

Technicolor

(?)MSSM

๏ Dynamical SUSY breaking

๏ Viable models of TC

Unparticle

๏ Natural models of unparticle

Composite DM

๏ Dark matter candidates

Strong Int. Lattice BSM

๏ Better understanding ๏ Testable



Ideal Walking
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Ideal?
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Walking is highly fine tuned

Anomalous dimensions are small



Ideal walking

Francesco Sannino

Fukano & Sannino 10

L(H)→ −1
4
F

aµν
F

a
µν + i Q̄γ

µ
DµQ + · · ·



Gauged Nambu Jona-Lasinio
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As if  the number of  flavors is continuous

Anomalous dimensions increase

2 3 4 5 6 7 8 9 100

5

10

15

20

N

N
f

Fukano & Sannino 10
γ � 1.73

Phenomenologically viable

Being tested! 



S in Gauge Theories

iΠa,b
µν (q) ≡

�
d4x e−iqx

�
< Ja

µ,V (x)J
b
ν,V (0) > − < Ja

µ,A(x)J
b
ν,A(0) >

�

S[q2] = −16π
Π(q2)−Π(0)

q2

Πa,b
µν (q) =

�
qµqν − gµνq

2
�
δabΠ(q2)

๏ This is not automatically the phenomenological S-parameter

๏ Unambiguous

๏ It is the definition to use in lattice simulations



๏ Does S vanish as we approach the conformal window ? 

๏ What happens at the lower boundary ? 

๏ What is its value inside the conformal window ?

Nf

ElectricOpen Questions

Snorm � 2 (QCD)

? ?
N3

2

lim
q2

m2 →0

6π S

NDd[r]
= Snorm

ND =
Nf

2



ElectricPerturbative Conformal S

Nf

Snorm � 2 (QCD)

N3
2

๏ Calculable nontrivial conformal theory

๏ Mass term to probe conformality.

m

α∗ � 1

Sannino 1006.0207  



ElectricOne - loop

๏ S at zero momentum does not vanish!!! 

๏ A nonzero imaginary part develops

lim
q2

m2 →0

S =
�

6π

�
1 +

1

10x
+

1

70x2
+O(x−3)

�

x =
m2

q2

1 2 3 4 5 60

1

2

3

q2

m2

6
Π
S
�

� = ND d[r]



ElectricConformal limit

๏ Real and Imaginary part vanish

x =
m2

q2
� = ND d[r]

0 0.1 0.2 0.3

0

1

2

3

m2

q2

6
Π
S
�

lim
m2

q2
→0

�[S] = x
�

π
[2 + log(x)] +O(x2)

lim
m2

q2
→0

�[S] = x �+O(x2)

Sannino 1006.0207  



Nf

N

ElectricOne - loop S-ummary

Snorm � 2 (QCD)

Snorm = 1 +
q2

10m2
+ · · ·

?

Sannino 1006.0207  

Electric



ElectricFlavor Structure

Snorm = 1 +
17

72
γ (α∗) γ(α) =

3

2
C2 [r]

α

π

α∗

4π
= −β0

β1

Di Chiara, Pica, Sannino 10



Snorm = 1− 17

12

β0

β1
C2[r] = 1 +

17

72
γ

Nf

N

ElectricConformal S @ 2 loops

Snorm � 2 (QCD)

?
Di Chiara, Pica, Sannino 10

Electric



ElectricConformal S @ 2 loops
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Nf

N

ElectricMagnetic S

Snorm � 2 (QCD)

?
Sannino, PRL 10

Fields [SU(X)] SUL(Nf ) SUR(Nf ) UV(1) # of copies

q 1 y 1

�q 1 −y 1

A 1 1 3 �A
S 1 1 3 �S
C 1 1 3 �C
BA 1 3 �BA

BS 1 3 �BS

DA 1 3 �DA

DS 1 3 �DS

�A 1 1 −3 ��A
�S 1 1 −3 ��S
�C 1 1 −3 ��C

M
i

j
1 0 1

TABLE II: Massless spectrum of magnetic quarks and baryons

and their transformation properties under the global symmetry

group. The last column represents the multiplicity of each state

and each state is a Weyl fermion.

�s count the number of times the same baryonic matter

representation appears as part of the spectrum of the the-

ory. Invariance under parity and charge conjugation of

the underlying theory requires �J = ��J with J = A,S, ...,C
and �B = −�D.

The simplest mesonic operator is M
j

i
and transforms

simultaneously according to the antifundamental rep-

resentation of SUL(Nf ) and the fundamental represen-

tation of SUR(Nf ). These states are not constrained by

anomaly matching conditions and they mediate the in-

teractions between the magnetic quarks and the gauge

singlet fermions via Yukawa-type interactions.

To probe the chiral properties of the theory requires

adding a mass term for the fermions. Near the lower end

of the conformal window the dual theory is expected to

be weakly coupled yielding the following expression for

the magnetic S-parameter:

Sm = Sq + SB + SM , (5)

with

Sq =
ND

6π
X . (6)

We will, however, consider here the case in which we

gauge, with respect to the electroweak interactions, only

the SUL(2) × SUR(2) subgroup where the hypercharge is

the diagonal generator of SU(2)R. In this case only one

doublet contributes directly to the S parameter, i.e, we

can set ND = 1. This parameter is still sensitive to the

whole dynamics. The spectrum of the magnetic quarks,

baryons and mesons naturally splits into representations

of SUL(2)×SUL(Nf−2)×SUR(2)×SUR(Nf−2)×UV(1). The

magnetic quark q, with respect to this group, transforms

according to:

q→
�
( , 1, 1, 1)y ⊕ (1, , 1, 1)y

�
. (7)

The baryons have the following decomposition under

SUL(2) × SUL(Nf − 2) × SUR(2) × SUR(Nf − 2) ×UV(1):

A →
�
(1, , 1, 1)3 ⊕ ( , , 1, 1)3 ⊕ (1, , 1, 1)3

�
,

S → [( , 1, 1, 1)3 ⊕ ( , , 1, 1)3 ⊕ ( , , 1, 1)3⊕
, ⊕(1, , 1, 1)3]

C → [( , 1, 1, 1)3 ⊕ (1, , 1, 1)3 ⊕ ( , , 1, 1)3⊕
, ⊕( , , 1, 1)3 ⊕ (1, , 1, 1)3 ⊕ ( , , 1, 1)3

�

BA → [(1, 1, , 1)3 ⊕ (1, 1, 1, )3 ⊕ ( , , , 1)3⊕
, ⊕( , , 1, )3 ⊕ (1, , , 1)3 ⊕ (1, , 1, )3

�

BS → [( , 1, , 1)3 ⊕ ( , 1, 1, )3 ⊕ ( , , , 1)3⊕
, ⊕( , , 1, )3 ⊕ (1, , , 1)3 ⊕ (1, , 1, )3] .

(8)

The decomposition of the charged conjugated baryons

is obtained from the one above by exchanging left with

right.

Since we are gauging with respect to the elec-

troweak theory the first two flavors we provide a

mass term to them as done in [14], i.e. via the in-

troduction of a SM Higgs-type interaction. Since we

are operating within the conformal window this is

the direct way to provide a mass to the fermions.

By symmetry arguments we can pair only the states

which do not transform with respect to SUL(Nf −
2) × SUR(Nf − 2) but still transform nontrivially un-

der SUL(2) × SUR(2). These states are ( , 1, 1, 1)3 for

the baryon S; ( , 1, 1, 1)3 for C; (1, 1, , 1)3 for BA and

for BS the state ( , 1, , 1)3. We need to consider the

charge conjugated states as well. In terms of the spino-

rial representations of SUL(2) ⊗ SUR(2) the states above

are �S (
3

2
, 0)3 ⊕ �C (

1

2
, 0)3 ⊕ �BA

(0, 1

2
)3 ⊕ �BS

(1, 1

2
)3 with the

� prefactor taking into account the multiplicity of each

state. They will pair with their charged conjugated

fermion via the mass term operator of the typeψH�ψwith

H the standard model Higgs field which transforms ac-

cording to the (
1

2
, 1

2
) representation. Note that we can

only pair states with j2 = j1 ± 1

2
.

Each pair of conjugated fermions transforming accord-

ing to ( j1, j2)λ under SUL(2)×SUR(2)×UV(1) leads to the

following contribution to the Sm parameter [14]:

Sb =
2 db

3π

�

JJ�
XJ,J�
�
2 f

�
m

2

J
,m2

J�

�
+ g

�
m

2

J
,m2

J�

��
+

+




�
j
−

( j
+ + 1)

�2

9π

�

J

2J + 1

J(J + 1)


 , (9)

3

Snorm � 1.53 (gauge − dual)
Magnetic



Magnetic S

with the index b indicating the specific baryon and db its
degeneracy. We also have j− = | j1 − j2|, j+ = j1 + j2 and
j− ≤ J ≤ j+ the total spin for each baryon contribution.
If more than one spinorial representation belongs to the
same baryon b the contributions of all the states must
be taken into account. The nonvanishing components of
the group theoretical factor XJ,J� are:

XJ,J =


1 −
�

j−( j+ + 1)
J(J + 1)

�2
J(J + 1)(2J + 1)

12
,

XJ,J−1 = XJ−1,J =
−1
12

�
( j+ + 1)2 − J2

� �
J2 − j−2

�
. (10)

The functions f and g read [14]:

f
�
m2

J ,m
2
J�
�
= −6

� 1

0
dx x(1 − x) log




xm2
J + (1 − x)m2

J�

µ2


 ,

g
�
m2

J ,m
2
J�
�
= 6
� 1

0
dx

x(1 − x)mJmJ�

xm2
J + (1 − x)m2

J�
. (11)

The mass of each fermion is directly proportional to the
electric fermion mass m and depends on the representa-

tion according to the formula mJ = −m J+ 1
2

j1( j1+ 1
2 ) . We have

chosen as a reference energy scale µ = m. The contribu-
tion of the baryon sector is then:

SB =
�

b

Sb . (12)

The complex scalar meson M decomposes as:

M→
�
( , 1, , 1) ⊕ ( , 1, 1, ) ⊕ (1, , , 1) ⊕ (1, , 1, 1, )

�
.

(13)
Only the first state, ( 1

2 ,
1
2 ), contributes to SM and leads to:

SM =
1

3π

�

JJ�
f
�
m2

J ,m
2
J�
�
. (14)

with J, J� = 1, 0, m2
J = m2

0(1 + J(J + 1)). This is a different
mass parameterization than the one given in [14]. We
also have m2

0 ∝ m2. All factors of order unity have been
set to unity and finally set the scaleµ = m0 in the function
f for the scalars. The contribution to SM vanishes unless
there is a mass splitting between the different multiplets
of the unbroken SU(2)V symmetry.

Putting together the various terms we have for the
normalized Sm:

6π
3

Sm =
X
3
+
�C + �BA

3
+

25
729
�BS

�
32 log 2 − 39

� − 0.14 .

(15)

The explicit dependence on the quark masses disappear
for the Sm parameter in agreement with the expectation
from the leading contribution in q2/m2 to the Se param-
eter. The above is the general expression for Sm near

the lower end of the conformal window corresponding
to the nonperturbative regime in the electric variables.
From this expression is evident that the present defini-
tion of the normalized S-parameter counts the relevant
degrees of freedom as function of the number of flavors.
We estimate Sm using the possible dual provided in [2]
for which X = 2Nf − 15, �A = 2, �BA = −2 (we take +2
since we are simply counting the states) with the other
�s vanishing. Asymptotic freedom for the magnetic dual
requires at least Nf = 9 for which 6πSm/3 = 1.523 while
if the lower bound of the conformal window occurs for
Nf = 10 we obtain 6πSm/3 = 2.19. Of course, only one
of these two values should be considered as the actual
value of the normalized magnetic S parameter near the
lower end of the electric conformal window. Both values
are such that the normalized Sm is always larger than the
electrical one near the upper end of the conformal win-
dow and are close to the one for two flavors QCD which
is around two [15].

The central result (15) rely on the existence of a gauge
dual to QCD built extending the famous suggestion of
’t Hooft. The form of the dual is general and can be ex-
tended to other strongly coupled gauge theories also at
nonzero temperature and matter density. Furthermore
the existence of a gauge dual can now be finally estab-
lished by comparing (15) with lattice computations of
the same two-point function using the electric variables,
i.e. ordinary QCD.
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Fields [SU(X)] SUL(Nf ) SUR(Nf ) UV(1) # of copies

q 1 y 1

�q 1 −y 1

A 1 1 3 �A
S 1 1 3 �S
C 1 1 3 �C
BA 1 3 �BA

BS 1 3 �BS

DA 1 3 �DA

DS 1 3 �DS

�A 1 1 −3 ��A
�S 1 1 −3 ��S
�C 1 1 −3 ��C

M
i

j
1 0 1

TABLE II: Massless spectrum of magnetic quarks and baryons

and their transformation properties under the global symmetry

group. The last column represents the multiplicity of each state

and each state is a Weyl fermion.

�s count the number of times the same baryonic matter

representation appears as part of the spectrum of the the-

ory. Invariance under parity and charge conjugation of

the underlying theory requires �J = ��J with J = A,S, ...,C
and �B = −�D.

The simplest mesonic operator is M
j

i
and transforms

simultaneously according to the antifundamental rep-

resentation of SUL(Nf ) and the fundamental represen-

tation of SUR(Nf ). These states are not constrained by

anomaly matching conditions and they mediate the in-

teractions between the magnetic quarks and the gauge

singlet fermions via Yukawa-type interactions.

To probe the chiral properties of the theory requires

adding a mass term for the fermions. Near the lower end

of the conformal window the dual theory is expected to

be weakly coupled yielding the following expression for

the magnetic S-parameter:

Sm = Sq + SB + SM , (5)

with

Sq =
ND

6π
X . (6)

We will, however, consider here the case in which we

gauge, with respect to the electroweak interactions, only

the SUL(2) × SUR(2) subgroup where the hypercharge is

the diagonal generator of SU(2)R. In this case only one

doublet contributes directly to the S parameter, i.e, we

can set ND = 1. This parameter is still sensitive to the

whole dynamics. The spectrum of the magnetic quarks,

baryons and mesons naturally splits into representations

of SUL(2)×SUL(Nf−2)×SUR(2)×SUR(Nf−2)×UV(1). The

magnetic quark q, with respect to this group, transforms

according to:

q→
�
( , 1, 1, 1)y ⊕ (1, , 1, 1)y

�
. (7)

The baryons have the following decomposition under

SUL(2) × SUL(Nf − 2) × SUR(2) × SUR(Nf − 2) ×UV(1):

A →
�
(1, , 1, 1)3 ⊕ ( , , 1, 1)3 ⊕ (1, , 1, 1)3

�
,

S → [( , 1, 1, 1)3 ⊕ ( , , 1, 1)3 ⊕ ( , , 1, 1)3⊕
, ⊕(1, , 1, 1)3]

C → [( , 1, 1, 1)3 ⊕ (1, , 1, 1)3 ⊕ ( , , 1, 1)3⊕
, ⊕( , , 1, 1)3 ⊕ (1, , 1, 1)3 ⊕ ( , , 1, 1)3

�

BA → [(1, 1, , 1)3 ⊕ (1, 1, 1, )3 ⊕ ( , , , 1)3⊕
, ⊕( , , 1, )3 ⊕ (1, , , 1)3 ⊕ (1, , 1, )3

�

BS → [( , 1, , 1)3 ⊕ ( , 1, 1, )3 ⊕ ( , , , 1)3⊕
, ⊕( , , 1, )3 ⊕ (1, , , 1)3 ⊕ (1, , 1, )3] .

(8)

The decomposition of the charged conjugated baryons

is obtained from the one above by exchanging left with

right.

Since we are gauging with respect to the elec-

troweak theory the first two flavors we provide a

mass term to them as done in [14], i.e. via the in-

troduction of a SM Higgs-type interaction. Since we

are operating within the conformal window this is

the direct way to provide a mass to the fermions.

By symmetry arguments we can pair only the states

which do not transform with respect to SUL(Nf −
2) × SUR(Nf − 2) but still transform nontrivially un-

der SUL(2) × SUR(2). These states are ( , 1, 1, 1)3 for

the baryon S; ( , 1, 1, 1)3 for C; (1, 1, , 1)3 for BA and

for BS the state ( , 1, , 1)3. We need to consider the
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fermion via the mass term operator of the typeψH�ψwith
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cording to the (
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2
) representation. Note that we can

only pair states with j2 = j1 ± 1

2
.
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3

Fields [SU(X)] SUL(Nf ) SUR(Nf ) UV(1) # of copies

q 1 y 1

�q 1 −y 1

A 1 1 3 �A
S 1 1 3 �S
C 1 1 3 �C
BA 1 3 �BA

BS 1 3 �BS

DA 1 3 �DA

DS 1 3 �DS

�A 1 1 −3 ��A
�S 1 1 −3 ��S
�C 1 1 −3 ��C

M
i

j
1 0 1

TABLE II: Massless spectrum of magnetic quarks and baryons

and their transformation properties under the global symmetry

group. The last column represents the multiplicity of each state

and each state is a Weyl fermion.

�s count the number of times the same baryonic matter

representation appears as part of the spectrum of the the-

ory. Invariance under parity and charge conjugation of

the underlying theory requires �J = ��J with J = A,S, ...,C
and �B = −�D.

The simplest mesonic operator is M
j

i
and transforms

simultaneously according to the antifundamental rep-

resentation of SUL(Nf ) and the fundamental represen-
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Sm = Sq + SB + SM , (5)
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Sq =
ND
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X . (6)

We will, however, consider here the case in which we
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is obtained from the one above by exchanging left with

right.
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troweak theory the first two flavors we provide a

mass term to them as done in [14], i.e. via the in-

troduction of a SM Higgs-type interaction. Since we

are operating within the conformal window this is

the direct way to provide a mass to the fermions.

By symmetry arguments we can pair only the states

which do not transform with respect to SUL(Nf −
2) × SUR(Nf − 2) but still transform nontrivially un-

der SUL(2) × SUR(2). These states are ( , 1, 1, 1)3 for

the baryon S; ( , 1, 1, 1)3 for C; (1, 1, , 1)3 for BA and

for BS the state ( , 1, , 1)3. We need to consider the

charge conjugated states as well. In terms of the spino-

rial representations of SUL(2) ⊗ SUR(2) the states above
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1
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(0, 1
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(1, 1
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)3 with the

� prefactor taking into account the multiplicity of each

state. They will pair with their charged conjugated

fermion via the mass term operator of the typeψH�ψwith

H the standard model Higgs field which transforms ac-

cording to the (
1

2
, 1

2
) representation. Note that we can

only pair states with j2 = j1 ± 1

2
.

Each pair of conjugated fermions transforming accord-

ing to ( j1, j2)λ under SUL(2)×SUR(2)×UV(1) leads to the

following contribution to the Sm parameter [14]:
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Sannino PRL, 10

Magnetic



Nf

N

ElectricBelow the window

Snorm � 2 (QCD)
Sannino, PRL 10

S is smoothm

m+mdyn



ElectricS - conjecture

lim
q2

m2 →0

6π S

NDd[r]
= Snorm ≥ 1Sannino 1006.0207 

Strong constraints for old models!

S increases as Nf  decreases 
S counts relevant degrees of  freedom
S tests weak-strong gauge dualitySannino 1007.0254 

Tested to higher loops: Di Chiara, Pica, Sannino 10



S = S(W )TC + SNS

Offset the first term

Rule:

Find WT minimizing the lower bound for S

In fact ...



Minimal Working TC

U
D

Minimal WT

Next to MWT

Orthogonal

SU(2)TC

SU(3)TC

SO(4)TC

Ultra MT

SU(2)TC

N
E

Frandsen, Sannino 09

Ryttov & Sannino 08

Sannino & Tuominen 04

Dietrich, Sannino, Tuominen 05

Dietrich, Sannino, Tuominen 05

Sannino, Tuominen 04U
D

U
D

U
D

Frandsen, Masina, Sannino 09

Francesco Sannino

Vanilla TC
&

Scooby -Doo



Minimal Walking Technicolor



Extra 
Electron SU(3)

SU(2)

U(1)

U

D

Gt-up

t-down

t-glue SU(2)

N
Extra
Neutrino

U and D: Adj of  SU(2)

F.S. + Tuominen 04
Dietrich, F.S., Tuominen 05

ζ



S = S(W )TC + SNS

Offset the first term

S beyond TC...



Fermions : ψL =

�
ψ1L

ψ2L

�
, ψ1R , ψ2R

Hypercharge : Y , Y +
1

2
, Y − 1

2

M2
1,2 � m2

Z

SLeptons =
1
6π

�
1− 2Y ln

�
M1

M2

�2

+
1 + 8Y

20

�
mZ

M1

�2

+
1− 8Y

20

�
mZ

M2

�2

+ O

�
m4

Z

M4
i

��

New Leptons



New Leptons & Precision Data

1 TeV

117 GeV

300 GeV

Exotic Leptonic hypercharge Y=-3/2 Standard Model Leptonic hypercharge



The most economical WT theory

Compatible with precision measurements

Possible DM candidates and Unification

Can support 1st order Electroweak Phase Transition

Features a light composite Higgs 
Dietrich, F.S., Tuominen 05.
Da Silva, Doff, Natale 08, 09. 

Lattice studies have begun

MWT Features



 Composite Higgs                                  H

 Composite Axial - Vector States           

L(Composites) + L(Mixing with SM) + L(New Leptons) + L(SM−Higgs)

R1,2

MWT Effective Lagrangian

Heavy Electron                                 

2 Heavy Majoranas N1 N2

ζ

Frandsen, Masina, Sannino 09Hapola, Masina, Sannino 11



Tevatron

Consistency of the theory

YW

CMS Data �1�
5 fb�1, 3 Σ
5 fb�1, 5 Σ
13 TeV, 100 fb�1, 3 Σ
13 TeV, 100 fb�1, 5 Σ
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MA �TeV�

g�

Walking

Ru
nn
in
g

Constraining MWT

Andersen, Hapola, Sannino 11
Belyaev, Foad, Frandsen, Jarvinen, Pukhov, Sannino 08



NEXT

๏ Implement technibaryon sector of MWT in CalCHEP - MadGraph

๏ Composite fermions in MWT

๏ Topological terms (in progress)

๏ Orthogonal technicolor

๏ Implement Ultra Minimal Walking Technicolor

๏ Supersymmetric extension of Minimal Walking Technicolor



Not the Coldplay album

New life in Technicolor



Atoms
4%

Dark Matter
22%

Dark Energy
74%

Dark Matter

ΩDM

ΩB
∼ 5

Francesco Sannino



First evidence for DM

1953 F. Zwicky found the first evidence 
for DM

Velocity dispersion of  the galaxies in the 
COMA cluster

Dark Matter was dubbed then! 



Cluster Evidence Today

From X-ray emission: Stronger evidences

Temperature of  the cluster gas too high! 

Factor 5 higher than the one from baryonic matter



Eugenio Del Nobile

Bullet Cluster



Self interactions

From bullet cluster one deduces: 

σ ≤ 1.7× 10−24cm2 ∼ 109pb

Stronger constraints requiring large cores of  clusters. 

Sphericity of  halos.

Markevitch et al. 03

Yoshida, Springer & White 00



Galactic Scales

Stars in the outer part of  galaxies rotate faster than expected! 

v2c ∝ GN
M(r)

r
∝ Mtot

r



Galactic Scales

We need something like: 

M(r) ∝ r =⇒ ρDM ∝ r−2

Density is uncertain in the internal regions of  galaxies

Data & numerical simulations: Isothermal, NFW, Moore, 
Kratsov, Einasto, etc... 

ρ(r) =
ρ0

�
r
R

�γ �
1 +

�
r
R

�α� β−γ
α



      Large structure formation

Eugenio Del Nobile
Eugenio Del Nobile

V. Springel, MPA Munich Yoshida et al. 03



DM Properties

Interacts gravitationally

Electrically neutral and decoupled from primordial plasma

Lead to correct density profile for galaxy rotation curves

Cold DM: Must cluster & lead to structure formation 

Either stable or very long lived



DM candidates in SM?

Charged
Decaying too soon/
Charged

Baryonic / Charged

Massless like graviton

LSS constrain also
mν ≤ 0.27− 1eV =⇒ Ων � ΩDM

For thermal neutrinos

Ωνh
2 ∼

�
i mν i

93eV
≤ 0.07

mν ≤ 2eV (Tritium β decay)

Need beyond SM!!



What makes DM?

Atoms
4%

Dark Matter
22%

?
Francesco Sannino

Composite

???

DM Particle

Elementary

Oversimplification 



DM candidates

Elementary Minimal Supersymmetric Standard Model

Axion

Just another particle with no links to SM

New strong force with new quarks (techni-
baryon, meson, ...)

Un-baryons 

Composite

Incomplete list



ΩB DM asymmetry

A particle similar to the nucleon

Electrically neutral

At most EW-type cross sections

Great if  connected to EW (Observable at LHC)



Composite Dark Matter

TIMPs Masses Annih. Asymm Symm Models

TC-Baryon (1 - 3) TeV - X -
Complex-Rep
Traditional TC

TC-PGB 5 GeV - .5 TeV X X X
(Pseudo)-Real 

(UMT, MWT, OT)

Unbaryon (1 - 10) GeV X X X Techni-unparticle

  (Un)TC Interact. Massive Particle 
 (u)TIMP

TC-PGB Ryttov - Sannino 08
Frandsen & Sannino. 09

Gudnason - Kouvaris - Sannino. 06

TC-Baryon

Nussinov, 86
Barr - Chivukula - Farhi 90
Sarkar 96
Gudnason - Kouvaris - F.S. 06

Nardi, Sannino., Strumia, 08.
Foadi, Frandsen, Sannino 09

Sannino, 10
Related 
Kouvaris 06,07,10
Kainulainen, Virkajarvi, Tuominen 06,09,10

Belyaev, Frandsen, Sannino, Sarkar 10

Mixed TIMP DM

Unbaryon Sannino, Zwicky 09
Frandsen, Sarkar, 10

D.B. Kaplan 92



ΩTB

ΩB
=

TB

B

mTB

mp
∼ O(1)

DM and GUTs

τ ∼ M4
GUT

m5
TB

∼ 1026sec

GUTs

τ ∼ M4
GUT

m5
TB

∼ 3× 1037sec

Nardi, FS, Strumia, 08.

Gudnason, Ryttov, FS 06

TB

B
≈ O(1)

Light

mTB ∼ 5 GeV

TB

B
≈ exp

�
−mTB

T ∗

�

Heavy

mTB ≈ (1− 3) TeV

Francesco Sannino



Puzzle
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Higgs

Del Nobile, Kouvaris, Sannino 11

Dark
Matter

Dark
Matter

+ γ

Quantum Mechanics



Interfering Composite ADM

CoGeNT and DAMA Del Nobile, Kouvaris, Sannino 11

7.5 8.0 8.5 9.0

10�38

10�37
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Σ
p
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Chang et al. 2010, Feng et al, 2011, Frandsen et al. 2011



๏ DEWSB can naturally occur at the LHC

๏ Phase Diagram of strongly interacting theories

๏ Minimal models of technicolor are near conformal

๏ Composite Dark Matter

๏ Composite inflation... to discuss another time.

Conclusions


