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Bright and Dark connection?

® Viyeak = 246GeV
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Bright and Dark connection?

@ Vyeak = 246GeV @ (TannVrel) ~ W

QDI\/I/QB ~ 5 J
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Bright and Dark connection?

® Vieak == 246GeV @ (TannVrel) ~ 1TeV2

QDI\/I/QB ~ 5 J

@ The baryonic mass is due to
strong interactions, not the

Higgs!
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Bright and Dark connection?

® Vieak ~ 246GeV ® (TapnVrel) ~ 17n
Qpm /s ~ 5 )
@ The baryonic mass is due to @ The baryonic relic
strong interactions, not the density is due to an
Higgs! asymmetry not a

thermal relic density!
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Bright and Dark connection?

® Vieak ~ 246GeV ® (TapnVrel) ~ 17n
Qpm /s ~ 5 )
@ The baryonic mass is due to @ The baryonic relic
strong interactions, not the density is due to an
Higgs! asymmetry not a

thermal relic density!

A dynamical origin of mass ? |
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Bright and dark mass from Technicolor

Technicolor (weinberg 78, Susskind 78)

© The SM gauge group is augmented:
GSM — 5U(3)C X 5U(2)w X U(l)y X GTC .
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Bright and dark mass from Technicolor

Technicolor (weinberg 78, Susskind 78)

© The SM gauge group is augmented:
GSM — 5U(3)C X 5U(2)w X U(l)y X GTC .

© The Higgs sector of the SM is replaced:

1 = -
EHiggs - _ZijFaMV + /QL'Y;LDMQL + IQR'YHDMQR + ...
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Bright and dark mass from Technicolor

Technicolor (weinberg 78, Susskind 78)

© The SM gauge group is augmented:
GSM — 5U(3)C X 5U(2)w X U(l)y X GTC .

© The Higgs sector of the SM is replaced:
1 = _
Lriggs — —7Fi F*" +1Quy,D" Qu + iQryu D" Qr + .

© The techniquark condensate breaks EW symmetry:

_&fn

(UUg + DLDRY #0  — My 5
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Bright and dark mass from Technicolor

Technicolor (weinberg 78, Susskind 78)

© The SM gauge group is augmented:
GSM — 5U(3)C X 5U(2)w X U(l)y X GTC .

© The Higgs sector of the SM is replaced:

1 = -
EHiggs - _ZijFaMV + /QL'Y;LDMQL + IQR'YHDMQR + ...

© The techniquark condensate breaks EW symmetry:

_&fn

(UUg + DLDRY #0  — My 5

Minimal chiral symmetries — 3 GB's + custodial + relic.

SUL(Q) X SUR(Q) X UTB(]-) — SUV(2) X UTB(]-) .




Bright and dark mass from Technicolor

Technicolor dark matter

Technocosmology (Nussinov 85)

Lightest Technibaryon as asymmetric DM
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Bright and dark mass from Technicolor

Technicolor dark matter

Technocosmology (Nussinov 85)

Lightest Technibaryon as asymmetric DM

o Q7p related to asymmetries.

Q7g/Q28 = nTgmT/Npmg

(Nussinov 85; Chivukula and Walker 90; Bahr, Chivukula and Farhi 90;
Harvey and Turner 90; Sarkar 95)
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Bright and dark mass from Technicolor

Technicolor dark matter

Technocosmology (Nussinov 85)

Lightest Technibaryon as asymmetric DM

o Q7p related to asymmetries.

Q7g/Q28 = nTgmT/Npmg

(Nussinov 85; Chivukula and Walker 90; Bahr, Chivukula and Farhi 90;
Harvey and Turner 90; Sarkar 95)

Techni-Interacting Massive Particles

TIMPs from extended chiral symmetries

(Gudnason, Kouvaris and Sannino 05; Sannino and Ryttov 08; Foadi, M.T.F
and Sannino 08; M.T.F and Sannino 09)
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Bright and dark mass from Technicolor

Extended Chiral symmetries and (i) TIMPs

(M.T.F and Sannino 09)

@ Minimal TC matter content in representation R of Gr¢

" <DL—1/2>’ U, D &
L

Mads Toudal Frandsen Walking in Monte-Carlo



Bright and dark mass from Technicolor

Extended Chiral symmetries and (i) TIMPs

(M.T.F and Sannino 09)

@ Minimal TC matter content in representation R of Gr¢

" <DL—1/2>’ U, D &
L

@ If Ris real: SU(4) — SO(4). 3+6 GB’s.
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Bright and dark mass from Technicolor

Extended Chiral symmetries and (i) TIMPs

(M.T.F and Sannino 09)

@ Minimal TC matter content in representation R of Gr¢

" <DL—1/2>’ U, D &
L

@ If Ris real: SU(4) — SO(4). 3+6 GB’s.
@ If R is pseudo-real: SU(4) — Sp(4). 3+2 GB'’s.
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Bright and dark mass from Technicolor

Extended Chiral symmetries and (i) TIMPs

(M.T.F and Sannino 09)

@ Minimal TC matter content in representation R of Gr¢

" < D, ) C U D &
L
@ If R is real: SU(4) — SO(4). 34+6 GB'’s.

@ If R is pseudo-real: SU(4) — Sp(4). 3+2 GB'’s.
® The ()TIMP is T° ~ U.D;.
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Bright and dark mass from Technicolor

Extended Technicolor and fermion masses

© Four fermion operators:

QQQQ+ﬁQQ¢¢ ywwww

/\ETC ETC /\ETC

@ Fermion masses:

QQ /\3— A7
My ~ ( /\2>ETC ~ d(Rre) ETC
ETC ETC

(Holdom 81, 85; Yamawaki, Bando and Matumoto 86; Appelquist, Karabali
and Wijewardhana 86)
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Minimal Walking Technicolor and (i) TIMPs

Constraints from LEP

© A minimal matter content in the TC sector is favored:

iy

S=16mM,,:,(0), T= 5T
T W3B( )7 Sa/ca/M%

(Mwrwa(0) = Myysw3(0))

0.1

T T

Im=171.4+2.1 Gev
¢

m,,= 114...1000 GeV

= O
d(Rrc) 0.2 [P
Snaive = Np 61 o2
0.4 T
0.4 0.2 0 0.2 0.4

(Kennedy and Lynn 89; Peskin and Takeuchi 90; Altarelli and Barbieri 91)
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Minimal Walking Technicolor and (i) TIMPs

Walking Technicolor

non-conformal o \ near-conformal

\ Age=100-1000 A,

\;\

! S
T Cd

IAIC:AETC q 'ATC A’ 9

v
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Minimal Walking Technicolor and (i) TIMPs

Which gauge theories display walking?

A
N,
&

30 =0 J
Weakly Coupled fe 5

. &}

£ =0

Strongly Coupled o=cle
CL
Go . b5 N
3(g) = *Wgs - Wy + Og")

(Sannino, cp3-origins 09)
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Minimal Walking Technicolor and (i) TIMPs

Minimal models of Walking Technicolor

MWT model: (Sannino and Tuominen 05)

SU(2) ¢ gauge group. 2 Dirac Flavors in the adjoint rep. of
SU(2)7¢. Additional lepton family: (N E)/ , (Ngr, Eg).
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Minimal Walking Technicolor and (i) TIMPs

Minimal models of Walking Technicolor

MWT model: (Sannino and Tuominen 05)

SU(2) ¢ gauge group. 2 Dirac Flavors in the adjoint rep. of
SU(2)7¢. Additional lepton family: (N E)/ , (Ngr, Eg).

UMT model: ( Ryttov and Sannino 08)

SU(2) ¢ gauge group. 2 Dirac flavors in the fundamental, 2 Weyl
flavors in the adjoint rep. of SU(2)71¢. TIMP.
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Minimal Walking Technicolor and (i) TIMPs

Minimal models of Walking Technicolor

MWT model: (Sannino and Tuominen 05)

SU(2) ¢ gauge group. 2 Dirac Flavors in the adjoint rep. of
SU(2)7¢. Additional lepton family: (N E)/ , (Ngr, Eg).

UMT model: ( Ryttov and Sannino 08)

SU(2) ¢ gauge group. 2 Dirac flavors in the fundamental, 2 Weyl
flavors in the adjoint rep. of SU(2)71¢. TIMP.

A\

OMT model: (M.T.F and Sannino 09)

SO(4)1¢ gauge group. 2 Dirac flavors in the vector rep. of
SO(4)1c. iTIMP.

\
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Minimal Walking Technicolor and (i) TIMPs

Lattice efforts

Not Quite the Current Iandscape

@ confined. <Pw==0 B asym. freedom lost
@ conformal, <Fg>=0 @ @ ratlice simulation Appelquist. Terning, Wijemsardhans '87
]

kiaven; <-rna>c7 "L analytic NF bound / Hassntratz 09
i analytic N estimate I
Appaiquist, Flaming, Na

furt‘sirf‘ Tilol/rrj
Sui 071 (Celumisa PHO thesis)
Haseniratz 99

—1 ]

=0
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vamada et ai. 09

Twasaki at 2l 04 Foder et 2. 100

Pamgaord =t o,
Hasenfratz
Fodoreiar. 08
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Tovanat ot Al

Cattersll,
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Sinclair and Ko

——TTIT
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P. Vranas, LILNL {(Ethan Neil, Yale U.)

Mads Toudal Frandse




Implementations and collider studies

EFT for MWT models @ LHC

common sector:

SUL(Q) X SUR(Q) X UTB(]-) — SUV(2) X UTB(]-) o

© New states:
R, RFJ°, H. TIMPs
© Input parameters and constraints:
e, Gr, Mz; S, Sum Rules.
© Important free parameters:
Ma, &, My.

(Foadi, M.T.F, Ryttov and Sannino 07; Belyaev, Foadi, M.T.F, Jarvinen,
Pukhov, Sannino 08)
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Implementations and collider studies

Collider signatures for MWT

@ Phenomenology controlled by g/g and masses.
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Collider signatures for MWT

@ Phenomenology controlled by g/g and masses.
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Collider signatures for MWT

@ Phenomenology controlled by g/g and masses.

@ Different channels probe Ri, R, and H independently
@ Production
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Implementations and collider studies

Collider signatures for MWT

@ Phenomenology controlled by g/g and masses.

(]

Different channels probe Ry, R> and H independently

@ Production
o pp— R
o pp— R /H jj

Decays
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Implementations and collider studies

Collider signatures for MWT

@ Phenomenology controlled by g/g and masses.

(]

Different channels probe Ry, R> and H independently

@ Production
o pp— R
o pp— R /H jj

Decays
° ng — (T~
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Implementations and collider studies

Collider signatures for MWT

@ Phenomenology controlled by g/g and masses.

(]

Different channels probe Ry, R> and H independently

@ Production
o pp— R
o pp— R /H jj

Decays
° R?Q — 0T
o R, —th
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Implementations and collider studies

Collider signatures for MWT

@ Phenomenology controlled by g/g and masses.

(]

Different channels probe Ry, R> and H independently

@ Production
o pp— R
o pp— R /H jj

Decays
° R?Q — 0T
o RE, — tb
o R, — ZW*
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Implementations and collider studies

Collider signatures for MWT

@ Phenomenology controlled by g/g and masses.

(]

Different channels probe Ry, R> and H independently

@ Production
o pp— R
o pp— R /H jj

Decays
° R?Q — 0T
o RE, — tb
o R, — ZW*
o Rip— HZ — ZWW
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Implementations and collider studies

Implementation status

@ Lagrangians of (N)MWT, UMT and OMT models in LanHEP.
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Implementations and collider studies

Implementation status

@ Lagrangians of (N)MWT, UMT and OMT models in LanHEP.
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Implementations and collider studies

Implementation status

@ Lagrangians of (N)MWT, UMT and OMT models in LanHEP.

s CalcHEP/CompHEP
o HERWIG/PYTHIA
o DELPHES/GEANT

@ FeynRules (In progress)
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Implementations and collider studies

Implementation status

@ Lagrangians of (N)MWT, UMT and OMT models in LanHEP.

s CalcHEP/CompHEP
o HERWIG/PYTHIA
o DELPHES/GEANT

@ FeynRules (In progress)

o ...
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Implementations and collider studies

(¢~ signature @ LHC using CalcHEP

500 1000 1500 2000
M, (GeV)

Number of events/20 GeV @ 100 fb™*

Figure: Dilepton invariant mass distribution My, for pp — R{)Q — 0T

(Belyaev, Foadi, M.T.F, Jarvinen, Pukhov, Sannino 08)
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Implementations and collider studies

(¢~ signature @ LHC using HERWIG/DELPHES

— PP~ W (TC, 3=20)
=P W (SM)
PP -t X (SM]

=

0 750 800 80 900 950 1000 1050 1100 1150 1200 00 750 800 850 00 960 1000 1050 1100 11501200
Wy, GeV W, GeV

Figure: Dilepton invariant mass distribution M,,,, for pp — Rﬁz — 0T,
Ma=1TeV,g=2,5=03.

Additional Cuts: M, > 500GeV and R; = 1.
(A. Belyaev, M.T.F and A.Sherstnev in preparation)
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Implementations and collider studies

(¢~ signature @ LHC using HERWIG/DELPHES

: F Pe
glg“b.s F — pp W (TC, §=35) I
b [ | 5
<= - (M) |
05 PP - (=X (M
E 08
04
o3 06
02 04
04 02
L ! . . L el N
%00 750 800 850 900 950 1000 1050 1100 11501200 00750 800 850 900 950 1000 1050 1100 11501200
My, Ge) My, Ge

Figure: Dilepton invariant mass distribution M,,,, for pp — Rﬁz — 0T,
Ma=1TeV, g=35 5=03.

Additional Cuts: M, > 500GeV and R; = 1.
(A. Belyaev, M.T.F and A.Sherstnev in preparation)
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Implementations and collider studies

tb signature @ LHC using CompHEP

g 4
2T
2 14r & 13l
& E §=3.5,pp - tb, LHC 0 14 Te!
B _ 12
123 g=20,pp- th, LHC O 14 TeV E = Standard Model
EN\N [ Standard Model - — TC($=0.00)
E —— TC (S =0.00) T TC (S=0.25)
- TC(S=0.25) £ — TC(S=050)
E —— TC(S=0.50) 10 —— TC(s=0.75)
10— —— TC(S$=075) = TC (S =1.00)
E C (S = 1.00) E
C 9|
o £
o 8f
E g B v e
7l o8 L 15 T o6 08 1 12 14
M, M,

Figure: tb cross-section

(A. Belyaev, M.T.F and A.Sherstnev in preparation)
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Implementations and collider studies

30 + F ; signature

=
o
ISy

N
o

10

500 1000 1500 2000
My, (GeV)

Number of events/20 GeV @ 100 fb™

Figure: M3Z mass distribution for pp — sz — ZW* = 30

(Belyaev, Foadi, M.T.F, Jarvinen, Pukhov, Sannino 08)

Mads Toudal Frandsen Walking in Monte-Carlo



Implementations and collider studies

associate higgs production: pp — Ry, — HV

g M,=200 GeV, $=0.3, §=2 g M,=200 GeV, $=0.3, §=5
T T
2 _ s=+1 2 s=+1
il — T —
o s=0 a $=0
= s=-1 = s=-1
o o
1r 1r
Lo __>= ———
\\
101 I I I I I I I I 101 I I I I I I I I
400 600 800 1000 1200 1400 1600 1800 2000 2200 400 600 800 1000 1200 1400 1600 1800 2000 2200
M, (GeV) M4 (GeV)

(Zerwekh 05; Belyaev, Foadi, M.T.F, Jarvinen, Pukhov, Sannino 08)
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Implementations and collider studies

40jj signature:

2 104 S=03s=0 M,= 700 GeV, M,=200

M - 2 503
9 95 _ pp-WH-WzzZ 10 >%0.

3 M-z =5

5 1% ____ pp -~ WZZbackground MH=200
o - ____ Pp - ZZZ background

10 Vs=14 TeV

10

0
400 600 800 1000 1200

My (Gev)

400 600 800 1000 1200
Muzzz22) (GeV)

Number of events/20 GeV @ 100 fb™*

(Zerwekh 05; Belyaev, Foadi, M.T.F, Jarvinen, Pukhov, Sannino 08)
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Implementations and collider studies

(i) TIMP missing energy signals

o 103 M,=160 o 1w0% M,,=160
g M,=200 = 22 M} =300
S N300 s se08 =1 M,=750,gt=5,5=0.3
,=500,g1=5,5=0.
@ 2 @ 2|
> 10 > 10
[ [
(O] (O]
o 0
2 2
$ 10 $ 10
> >
) )
k) k)
2 1 | b dnfl I 2 1
5 100 200 300 400 5 100 200 300 400
= - = .
Missing p; (GeV) Missing p; (GeV)

(Godbole, Guchait, Mazumdar, Moretti and Roy 03; Foadi, M.T.F and Sannino
08).
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Implementations and collider studies

Summary

@ MWT models provide viable dynamical models of EWSB and
natural Dark Matter.
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@ MWTs with (i) TIMPs provide in addition (light) viable dark
matter.
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Implementations and collider studies

Summary
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Implementations and collider studies

Summary

@ MWT models provide viable dynamical models of EWSB and
natural Dark Matter.

@ MWTs with (i) TIMPs provide in addition (light) viable dark
matter.

@ Compilation of MWT signals for LHC/LCs in progress:
@ LanHEP/FeynRules implementations completed/in progress.
s CalcHEP/CompHEP implementations completed.
o Detector level simulations in progress

@ Much more to be done

o Lattice input.
o EXPERIMENTAL ANALYSIS
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Implementations and collider studies

vector-axial spectrum

250

=250
—-500 «
=750
—1000
—1250

Ma-My (GeV)

0 1000 2000 3000 4000 0 1000 2000 3000 4000
Maj (GeV) M, (GeV)

@ My — My is a function of § and M, after imposing a fixed S.
@ Inversion point sensitive to S

@ a monitors walking

(Foadi, M.T.F, Ryttov, and Sannino 07)
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Implementations and collider studies

LCH @ LHC ?

© The QCD o is lighter than the QCD p meson.

© Large-Nr7¢ scaling suggest the same in two-index
representation theories, 2AS vs 2S:

1 1
[RIAN . LN
v\
(R NN LN
0.7 ) h 2.7 ™
\\ - AN
0.6 N . 2.6 N
0. . . 0.5} ~
0.4 9.4
0. R 2.3 —
370 TS e T e e 10 30 s 6 7 e e o

© Near-conformal phase transition can further reduce the o7¢
wrt Fn

(Hong, Hsu and Sannino 04; Dietrich, Sannino and Tuominen 05; Sannino 08;
Kurachi and Shrock 06; Doff, Natale and Rodrigues da Silva 08 )
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