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Thinking Slow

® Gauge bosons ® Fermions

® Graviton Spin 2

® Dark matter sector ? ® Inflationary sector ?



Lorentz Group basics

® Lorentz group is SL(2, C)
® Spin 1/2 is the fund. representation
@ All other spins are derived

@® No need for fund. scalars

What about Supersymmetry?

Supersymmetry is an emergent theory

See for example Antipin, Mojaza, Pica and Sannino arXiv:1105.1510



SM - Geometry
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Fermi Scale

v =1/\/V2GF ~ 246 GeV

Mz = 2\ v°



Natural SM mass spectrum

=1/ \/ V2Gr ~ 246 GeV

U

MW292%9123G6V

M =XV2 v~ 345 GeV

mf:

U
Ar—= =~ A¢ 174 GeV
f NG f
Top has the right energy scale!

Light quarks and leptons are odd!



O’ Higgs, where art thou!



Light Higgs Anatomy
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Light Higgs Anatomy cont.

pp — vy 4871 my =125 GeV R = 16515

pp — WW* — 0Tt~/ 4.6/b™1 no excess R = ().4418:(;5@126(}6\/

op = ZZ% s ete 00t 47

My = 125 4




What if Higgs-like state is there!

“Higgs” @ 125 GeV vs unitarity scale:

Mg

~ 0.1
1.2 TeV U

® Mass of the “Higgs” versus EW ChPT convergence radius scale:

H0.04)

Conformal Goldstone
ATV -

® Compare with mass of the pion versus ChPT convergence radius:

Goldstone




Conformal Goldstone

® Spontaneous breaking of scale (conformal) symmetry

oL
0, D" = Ot = Zﬁ(gi)@g-

@ Dilaton mass and decay constant

(D|0,,D"|0) = — fpm7,

® In near-conformal technicolor like models

fp="v mp = Mg



LHC Higgs “potential” discovery

Jp=v mp=DMpg
® Would imply

mp < 4 fp , mp < fp

® For comparison in QCD

M, < 47k . M.~ F_

® What kind of models can do this?



Near Conformal Models

® Conformal technicolor models (Light Composite Higgs)
Mg

T~ ( NC . Nf)l/ Dietrich, Sannino, Tuominen hep-ph/0510217
(V) / Dietrich, Sannino hep-ph /0611341

IV critical exponent

N ; critical number of techniflavors for conformality

® Other examples?
Calculable perturbative examples

Grinstein, Uttayarat 1105.2370
Antipin, Mojaza, Sannino 1107.2932



Technicolor - Geometry
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Dynamical EWV Breaking

1 _
. auv ra -
L(H) — 5 F*" Fj, +iQy"DuQ + -+
Dots are partially fixed by Anomalies as well as other principles

— L(New SM Fermions)



@ Minimal Technicolor passing precision tests
@ ETC for Fermion masses generation

® Non QCD dynamics/Walking

@ Large mass anomalous dimensions ?

@ Dark matter candidates
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No seriously, Walking?

Dietrich Sannino 06
Fukano & Sannino 10

How can one tune an integer number?

Anomalous dimensions may be small

© Francesco Sannino



ideal Walking = iVWalk

Fukano & Sannino 10

L(H) — 4FGWF§V +iQYD,Q + - -

3 QT QrUrT™r VLT VrYRT Yy
Mab = Yab

QT QAT Q

5
AE {5 6

Yab

2 2
AE 1cC AE TC

Appelquist, Soldate, Takeuchi and Wijewardhana, 88
Miranky and Yamawaki 88

Kondo, Mino, Yamawaki 89

Takeuchi 96

Yamawaki, Kurachi and Shrock 08
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Gauged Nambu Jona-Lasinio

: . . Fukano & Sannino 10
O Asif the number of flavors is continuous

O Anomalous dimensions increase

20 — . —
/ /// e
Sy~ 1.73
15 7/ Fukano & Sannino 10
=107 P
5 |
- R ——— Qoo I
0 , .
2 3 4 5 6 7 8 9 10
N

O Phenomenologically viable

O Being tested!

© Francesco Sannino



Discovering Working Technicolor




Consistency of the theory

CMS Data [1]
51,3

51,50

13 TeV,100 fb~ 1,3 o
13 TeV,100 b~ 1,5 o

Tevatron

I [ I I I [ Ty T I [ I I I [ I I I [ I I I

Much unexplored !

Andersen, Hapola, Sannino 11

Belyaev, Foad, Frandsen, Jarvinen, Pukhov, Sannino 08




Need to go beyond QCD



Gauge Group, 1.e. SU, 50, 5P

Matter Representation

# of Flavors per Representation

IR Conformal Infrared free

Energy’

be

o o 7
&

Energy



A novel phase @ large Nf

Interesting structure at large Nf

Pica & Sannino 10

First coetficients at large Nf are known

Ciuchini, Derkachov, Gracey, Manashov ‘99

CD IR Conf | A . Saf
Q onforma | symp. Safe N




A novel phase @ large Nf

37
TrNy

Pica & Sannino 10

ayy =

Ciuchini, Derkachov, Gracey, Manashov ‘99
B. Holdom, 2010




Perturbation theory



Perturbative region




Four loops

a4 = @ — 9 Van Ritbergen, Vermaseren, Larin 97

Vermaseren, Larin, Van Ritbergen, 97

da
d1n 2 = fla) = —BOCLQ - 516L3 — 52&4 — 536L5 O(Cb6) ;
dlnm a
d1n 11?2 — 7(2 ) 270a+71a2 ‘|‘72a3 —I—W36L4 ‘|‘O(a5) ;

Generalized 4th order Casimirs for SU(N), SO(N) and SP(IN)

Mojaza, Pica, Sannino 10



Zero’s - Dynamics
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4 - loop Zerology
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FP Y is physical

& = » h,a”, with hy=1,
n=1
m = mzmy(a)= mZZna” , with /o =1
n=0
fla) =
(a) =

YO 50 and 61 are universal



Y — Fundamental
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Y — Minimal Walking
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Universal Picture



18 . .
Very interesitng
16|/ SU(N)
s Fund Pica & Sannino
Energy
14} ol Rytto hrock 10
oppitz & Unsal 9, 10
L2 “ / Ryttov & Sannino 07
10} Dietrich & Sannino 07
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O. Antipin, M. Mojaza, F. Sannino - hep-ph/1107.2932

'QCD I :: Adjoint fermion |

0 Ny 0
1 — o S i

| = —STF? o+ ) i DY, (X o DA :
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i

nggs sector ~ Mesons

----------------------------------- 4

Spectrum extremely close to the wanted one!

H ~ 1y



Infrared physics

L= Lx(Fu A\, H; g) + ygbHp — uy (TeH H)™ — upTr (HTH)

Perturbative IR stable fixed point (a la Banks-Zaks)

Ni/Ne=z=x,.(1—¢€) <z

AF

x2 k2 * *
{g s YH 7“17“2}N€

IR conformal or?




Qg -+ 21 2 Z9 2
_ y H; —ZH TrH™H Tr (H'H
L »CK(F,LL 7)\7wv 7g)+ wa @D NJ%( I ) Nf I'( )

Coleman-Weinberg mechanism
H.Yamagishi, 1980

dVRG %, %, 0\ . ne
€ — — i l c V — O

Hf = ¢e0i



The Light Dilaton

¢ arbitrarily light by tuning: 425 —xay =6 small



oL
0, D! = Ol = Zﬁ(g’i)ag-

(D|0,,D*|0) = — fpm1,

O < (81 + B2)¢ + - since B(g), B(ym) = 0 at uo

5(,“0) S €



The Complete Picture

Walking Dynamics

™ Super-
? Yang Mills




Mass eigenstates of quarks and mesons

Hij =~ (¢ + ¢+ im°) 05 + hOTE + in Ty, a=1,...Nf —1

~ DM | Higgs EW
—
2 2 —1/€ 2 5 m2Nm2N€IJ
MNGB = Mgym ™~ € Mg ~ 0¢€ (0 h

N7 4(N? — 1) | AN¢N. + (N7 — 1)



Minimal Working TC

e Minimal WT

U Sannino & Tuominen 04

S U ( 2) TC Dietrich, Sannino, Tuominen 05
D

Frandsen, Masina, Sannino 09

e Next to MWT
S U (3) & C U Sannino, Tuominen 04

D Dietrich, Sannino, Tuominen 05

» Orthogonal Vanilla TC
S O (4) TC U Frandsen, Sannino 09
D

o Ultra MT
SU(2)rc

U  Ryttov & Sannino 08




Minimal Walking Technicolor



'I‘he standard model
~ Elementary particles
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S beyond TC...

Oftset the first term



New Leptons & Precision Data

04

03

e 0.2

0.1
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Conclusions

@ DEWSB can naturally occur at the LHC
@ Phase Diagram of strongly interacting theories
® Minimal models of technicolor

@ Composite Dark Matter and Inflation (... another time)



MWT Features

® The most economical WT theory

@ Compatible with precision measurements
@ Possible DM candidates

@® Light Composite Higgs

® Under investigation on the Lattice



MWT Effective Lagrangian

= = =

"L(Composites) + £(Mixing with SM)}+/Z(New

~ = =

\

Composite Higgs H ?

Composite Axial - Vector States

Heavy Electron

2 Heavy Majoranas

Frandsen, Masina, Sannino 09

Hapola, Masina, Sannino 11 Foadi, Frandsen, Ryttov & ES. 07



Constraining MWT

- Consistency of the theory !
10 - -
g ] === CMS Data )
N, == 5fh 1,30 |
evatron 1
'S i == S5fb,50 ]
6 | T~_ —- 13TeV,100fb 1,3 o _
- NN, Y~ 7 13Tev,100fb7,50 :
4+ _
2+ S -
ﬁé_k| | | |

05 1.0 1.5 2.0

Andersen, Hapola, Sannino 11
Belyaev, Foad, Frandsen, Jarvinen, Pukhov, Sannino 08 M A (TEV)




Conclusions

@ DEWSB can naturally occur at the LHC

@ Phase Diagram of strongly interacting theories

@® Minimal models of technicolor

@ Composite Dark Matter

@ Composite inflation.
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Dark Matter

Dark Matter
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DM asymmetry

A particle similar to the nucleon

% Electrically neutral

% At most EW-type cross sections

a  Great if connected to EW (Observable at LHC)



10—39

- DAMA  _
C\IE - §
o S T~ TN N emmmmmm
o - W ______ _
Y i CDMS.-
> 41
107" E .
10—42 . | . . | | | | | . . |
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Quantum Mechanics

Del Nobile, Kouvaris, Sannino




Interfering Composite ADM

CoGeNT and DAMA Del Nobile, Kouvaris, Sannino | |

Chang et al. 2010, Feng et al, 201 I, Frandsen et al. 201 |



What makes DM?

N\

Dark Matter
22%

Francesco Sannino



(Un)TC Interact. Massive Particle

~ TIMPs ~ Masses Annih. Asymm Symm Models

Complex-Rep
TC- B&I"YO A -3) eV ) ) Traditional TC
T (Pseudo)-Real
C-PGB 5Gev-5Tev X X X (UMT. MWT. OT)
Unbaryon = (1 -10) Gev X X X Techni-unparticle
Nussinov, 86 U b D.B. Kaplan 92
Barr - Chivukula - Farhi 90 NDATYON o ino, Zwicky 09
Sarkar 96
TC—B ar YOﬁ Gudnason - Kouvaris - ES. 06 Frandsen, Sarkar, 10
Foadi, Frandsen, Sannino 09
Nardi, Sannino., Strumia, 08. Related

Sannino, 10

Gudnason - Kouvaris - Sannino. 06

TC_P GB Ryttov - Sannino 08

Frandsen & Sannino. 09

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

Mixed TIMP DM

Belyaev, Frandsen, Sannino, Sarkar 10




DM and GUTs

Light Heavy
mrp ~~ 5 GeV mrp ~ (1 — 3) TeV
TB TB mrTpg
5 ~ o0 bl
GUTs
4 M4
T ~ MC;UT ~ 3 x 10 sec T ~ G5UT ~ 10%%sec
Mg Mrp

Gudnason, Ryttov, FS 06
Nardi, FS, Strumia, 08.

Francesco Sannino



New life in Technicolor

7 i e

Not the Coldplay album




The model

L = —§T1rF2 ‘|‘Zi@j¢¢j

+y; Hijv; + h.c.



