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The origin of bright and dark mass
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Composite vs 'SM-like' Higgs sector

o Natural, vew ~ Fn @ Fine-tuning, triviality etc.
dynamical.
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Composite vs 'SM-like' Higgs sector

o Natural, vew ~ Fn @ Fine-tuning, triviality etc.
dynamical. @ No known fundamental scalars

@ Known realizations QCD
and Superconductivity
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Composite vs 'SM-like' Higgs sector

o Natural, vew ~ Fn @ Fine-tuning, triviality etc.
dynamical. @ No known fundamental scalars
@ Known realizations QCD o Hand-made stability.

and Superconductivity

@ Naturally stable DM.
Qpm, Qg of same origin?
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Composite vs 'SM-like' Higgs

o Natural, vew ~ Fn
dynamical.

Fine-tuning, triviality etc.
No known fundamental scalars

@ Known realizations QCD Hand-made stability.
and Superconductivity
@ Naturally stable DM.

Qpm, Qg of same origin?

Flavor sector simply parametrized

@ Dynamical flavor sector
complicated
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EWSB and DM from Technicolor

Technicolor

EWSB from Technicolor: (Weinberg 78, Susskind 78)
© In the SM without a Higgs, QCD breaks the EW symmetry:

- fr
(l_JLUR TF deR> 20 — My= % .

© Consider a new strongly interacting gauge theory with
F|'| = VEw = 246GeV .

© Let the electroweak gauge group be a subgroup of the chiral
symmetry group.
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EWSB and DM from Technicolor

Technicolor

EWSB from Technicolor: (Weinberg 78, Susskind 78)
© In the SM without a Higgs, QCD breaks the EW symmetry:

- fr
(l_JLUR TF deR> 20 — My= % .

© Consider a new strongly interacting gauge theory with
F|'| = VEw = 246GeV .

© Let the electroweak gauge group be a subgroup of the chiral
symmetry group.

Example: Scaled-up QCD ! |
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EWSB and DM from Technicolor

New Strong Sector

© The SM gauge group is augmented:

GSI\/I — 5U(3)C X 5U(2)W X U(].)Y X GTC .
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EWSB and DM from Technicolor

New Strong Sector

© The SM gauge group is augmented:

GSI\/I — 5U(3)C X 5U(2)W X U(].)Y X GTC .

© The Higgs sector of the SM is replaced:

1 .= =
L Higgs — —ZFEVF""“” +iQuY, D" Qu + iQry, D' Qr + ...
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EWSB and DM from Technicolor

New Strong Sector

© The SM gauge group is augmented:

GSI\/I — 5U(3)C X 5U(2)W X U(].)Y X GTC .

© The Higgs sector of the SM is replaced:

1 .= =
L Higgs — —ZFEVF""“” +iQuY, D" Qu + iQry, D' Qr + ...

Minimal chiral symmetries: 3 GB's + Custodial + DM.

SUL(2) X SUR(2) X UTB(]-) — SUV(Q) X UTB(l) .
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EWSB and DM from Technicolor

Technicolor dark matter

Technocosmology (Nussinov 85)

Lightest Technibaryon as Asymmetric Dark Matter
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EWSB and DM from Technicolor

Technicolor dark matter

Technocosmology (Nussinov 85)

Lightest Technibaryon as Asymmetric Dark Matter

@ The LTB abundance:

Q7e/2g = mre/mp X nT/np
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EWSB and DM from Technicolor

Technicolor dark matter

Technocosmology (Nussinov 85)

Lightest Technibaryon as Asymmetric Dark Matter

@ The LTB abundance:
Qrg/Qs = mr/mg X ntg/np
@ From initial ng ~ ntg:
Qre/Qp ~ mrg/mp x (mTB/Tspha/eron)3/2e_mTB/Tsphaleron

Tsphaleron ~ VEwW ,

(Chivukula and Walker 90; Bahr, Chivukula and Farhi 90; Harvey and
Turner 90; Ellis et al 95; Sarkar 95; Gudnason, Kouvaris and Sannino 05)
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EWSB and DM from Technicolor

Technicolor dark matter

Technocosmology (Nussinov 85)

Lightest Technibaryon as Asymmetric Dark Matter

@ The LTB abundance:
Qrg/Qs = mr/mg X ntg/np
@ From initial ng ~ ntg:
Qre/Qp ~ mrg/mp x (mTB/Tspha/eron)3/2e_mTB/Tsphaleron

Tsphateron ~ Vew , Mg~ TeV

(Chivukula and Walker 90; Bahr, Chivukula and Farhi 90; Harvey and
Turner 90; Ellis et al 95; Sarkar 95; Gudnason, Kouvaris and Sannino 05)
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EWSB and DM from Technicolor

Technicolor dark matter

Technocosmology (Nussinov 85)

Lightest Technibaryon as Asymmetric Dark Matter

@ The LTB abundance:
Qrg/Qs = mr/mg X ntg/np
@ From initial ng ~ ntg:
Qre/Qp ~ mrg/mp x (mTB/Tspha/eron)3/2e_mTB/Tsphaleron

Tsphateron ~ Vew , Mg~ TeV

(Chivukula and Walker 90; Bahr, Chivukula and Farhi 90; Harvey and

Turner 90; Ellis et al 95; Sarkar 95; Gudnason, Kouvaris and Sannino 05)
@ Or 'Dark Baryon' with mpg ~5 — 10GeV 7?7

(D.B.Kaplan 92; An, Chen, Mohapatra and Zhang 09; D.E.Kaplan, Luty

and Zurek 09; Fitzpatrick, Zurek and Hooper 10; M.T.F and Sarkar 10)
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Minimal Walking Technicolor and TIMPs

Constraints from LEP

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

S = —167T|_|/VV3B(0) y T = (nwlwl(O) — nw3w3(0))

0.1

T T

Im=171.4+2.1 Gev
¢

m,,= 114...1000 GeV

— o
d(Rtc
Snaive = Np (67r ) o2
0.4 — . ‘ |
04 02 ) 02 0.4

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

Constraints from LEP

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

T (Mwiwi(0) — Myyays(0))

S=-16nM,,:5(0), T= 5o
7TW3B() sa/ca/M%

Q.L

0.4 T T
Im=171.4 + 2.1 GeV
m,,= 114...1000 GeV

d RTC - S
Snaive = Np (67r ) -2

S 68 % CL
-0.4 -0.2 (o] 0.2 0.4

(Kennedy and Lynn 89; Peskin and Takeuchi 90; Altarselli and Barbieri 91)

Q S ~ Shaive in Walking (near-conformal) Technicolor (?)
(Sundrum and Hsu 92; Appelquist and Sannino 98; Harada, Kurachi and
Yamawaki 03; Kurachi and Shrock 06; Sannino 10)
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Minimal Walking Technicolor and TIMPs

Minimal Technicolor Theory Space

Minimal Technicolor: 2 EW charged Dirac Flavors
QL= (UL“/2 D[1/2>T USY? | DM A
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Minimal Walking Technicolor and TIMPs

Minimal Technicolor Theory Space

Minimal Technicolor: 2 EW charged Dirac Flavors
QL= (UL“/2 D[1/2>T USY? | DM A

'Orthogonal TC' '‘QCD TC 'Symplectic TC’
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Minimal Walking Technicolor and TIMPs

Minimal Technicolor Theory Space

Minimal Technicolor: 2 EW charged Dirac Flavors
QL= (UL“/2 D[1/2>T USY? | DM A

'Orthogonal TC' '‘QCD TC 'Symplectic TC’

@ R real @ R complex @ R pseudo-real
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Minimal Walking Technicolor and TIMPs

Minimal Technicolor Theory Space

Minimal Technicolor: 2 EW charged Dirac Flavors
QL= (UL“/2 D[1/2>T USY? | DM A

'Orthogonal TC' '‘QCD TC 'Symplectic TC’

@ R real @ R complex @ R pseudo-real
@ F of SO(N) @ F of SU(N) @ F of Sp(2N)
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Minimal Walking Technicolor and TIMPs

Minimal Technicolor Theory Space

Minimal Technicolor: 2 EW charged Dirac Flavors
QL= (UL“/2 D[1/2>T USY? | DM A

'Orthogonal TC' '‘QCD TC 'Symplectic TC’

@ R real @ R complex @ R pseudo-real
@ F of SO(N) @ F of SU(N) @ F of Sp(2N)
e SU(4)/S0(4) e SU(2) e SU(4)/Sp(4)
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Minimal Walking Technicolor and TIMPs

Minimal Technicolor Theory Space

Minimal Technicolor: 2 EW charged Dirac Flavors
QL= (UL“/2 D[1/2>T USY? | DM A

'Orthogonal TC' '‘QCD TC 'Symplectic TC’

@ R real @ R complex @ R pseudo-real
@ F of SO(N) @ F of SU(N) @ F of Sp(2N)
e SU(4)/S0(4) e SU(2) e SU(4)/Sp(4)
°3n®3®3 ° 3n °3nadlal
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Minimal Walking Technicolor and TIMPs

Minimal Technicolor Theory Space

Minimal Technicolor: 2 EW charged Dirac Flavors
QL= (UL“/2 D[l/z)T USY? | DM A

'Orthogonal TC' '‘QCD TC 'Symplectic TC’

@ R real @ R complex @ R pseudo-real
@ F of SO(N) @ F of SU(N) @ F of Sp(2N)
e SU(4)/S0(4) e SU(2) e SU(4)/Sp(4)
°3n®3®3 ° 3n °3nadlal

n T;
Ti* M T

n v
T: n7
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Minimal Walking Technicolor and TIMPs

Minimal Technicolor Theory Space

Minimal Technicolor: 2 EW charged Dirac Flavors
QL= (UL“/2 D[l/z)T USY? | DM A

'Orthogonal TC' '‘QCD TC 'Symplectic TC’

@ R real @ R complex @ R pseudo-real
@ F of SO(N) @ F of SU(N) @ F of Sp(2N)
e SU(4)/S0(4) e SU(2) e SU(4)/Sp(4)
°3n®3®3 ° 3n °3nadlal

n T;
Ti* M T

TO T-I—
Ti= <T— TO*)
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n v
T: n7

T 0
n=(o )




Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

— T —
Q, = (Uf1/27DL 1/2) ’ U;1/2 ’ DR1/2 ; A
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Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

U+1/2 —1/2 ’ U+1/2 D—1/2 N
(M.T.F and F.Sannino (Bahr, Chivukula and (Ryttov and Sannino
09) Farhi 90; Nussinov 92) 08; Foadi, M.T.F and
Sannino 09)
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Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

U+1/2 —1/2 ’ U+1/2 D—1/2 S
@ R real @ R pseudo-real
(M.T.F and F.Sannino (Bahr, Chivukula and (Ryttov and Sannino
09) Farhi 90; Nussinov 92) 08; Foadi, M.T.F and
Sannino 09)
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Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

— T —
Q, = (Uf1/27DL 1/2) ’ U;1/2 ’ DR1/2 ; A

@ R real @ R pseudo-real

o TO~ UD o T~ UD
(M.T.F and F.Sannino (Bahr, Chivukula and (Ryttov and Sannino
09) Farhi 90; Nussinov 92) 08; Foadi, M.T.F and

Sannino 09)
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Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

— T —
Q, = (Uf1/27DL 1/2) ’ U;1/2 ’ DR1/2 ; A

@ R real @ R pseudo-real

o TO~ UD o TO~ UD

o Iso-singlet GB @ SM singlet GB
(M.T.F and F.Sannino (Bahr, Chivukula and (Ryttov and Sannino
09) Farhi 90; Nussinov 92) 08; Foadi, M.T.F and

Sannino 09)
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Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

— T —
Q, = (Uf1/27DL 1/2) ’ U;1/2 ’ DR1/2 ; A

@ R real @ R pseudo-real

o TO~ UD o T~ UD

o Iso-singlet GB @ SM singlet GB

© Mro~gFn o M7, ~ —g? Fj
(M.T.F and F.Sannino (Bahr, Chivukula and (Ryttov and Sannino
09) Farhi 90; Nussinov 92) 08; Foadi, M.T.F and

Sannino 09)
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Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

— T —
Q, = (Uf1/27DL 1/2) ’ U;1/2 ’ DR1/2 ; A

o R real o 4 of SU(4) @ R pseudo-real

o T°~ UD o T~ UD

o Iso-singlet GB @ SM singlet GB

© Mro~gFn o M7, ~ —g? Fj
(M.T.F and F.Sannino (Bahr, Chivukula and (Ryttov and Sannino
09) Farhi 90; Nussinov 92) 08; Foadi, M.T.F and

Sannino 09)
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Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

— T —
Q, = (Uf1/27DL 1/2) ’ U;1/2 ’ DR1/2 ; A

o R real o 4 of SU(4) @ R pseudo-real

o T°~ UD e UDUD o T°~ UD

o Iso-singlet GB @ SM singlet GB

© Mro~gFn o M7, ~ —g? Fj
(M.T.F and F.Sannino (Bahr, Chivukula and (Ryttov and Sannino
09) Farhi 90; Nussinov 92) 08; Foadi, M.T.F and

Sannino 09)
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Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

— T —
Q, = (Uf1/27DL 1/2) ’ U;1/2 ’ DR1/2 ; A

o R real o 4 of SU(4) @ R pseudo-real

o TO~ UD e UDUD o T~ UD

@ lso-singlet GB @ SM singlet @ SM singlet GB

© Mro~gFn o M7, ~ —g? Fj
(M.T.F and F.Sannino (Bahr, Chivukula and (Ryttov and Sannino
09) Farhi 90; Nussinov 92) 08; Foadi, M.T.F and

Sannino 09)
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Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

— T —
Q, = (Uf1/27DL 1/2) ’ U;1/2 ’ DR1/2 ; A

o R real o 4 of SU(4) @ R pseudo-real

o TO~ UD e UDUD o T~ UD

@ lso-singlet GB @ SM singlet @ SM singlet GB

© Mro~gFn QMTNN3T/C2Fﬂ oMzTON_gQFﬁ
(M.T.F and F.Sannino (Bahr, Chivukula and (Ryttov and Sannino
09) Farhi 90; Nussinov 92) 08; Foadi, M.T.F and

Sannino 09)
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Minimal Walking Technicolor and TIMPs

Dark Matter from Minimal Technicolor

TIMP: Complex scalar, charged under the U(1) g symmetry

— T —
Q, = (Uf1/27DL 1/2) ’ U;1/2 ’ DR1/2 ; A

o R real o 4 of SU(4) @ R pseudo-real

o TO~ UD e UDUD o T~ UD

@ lso-singlet GB @ SM singlet @ SM singlet GB

© Mro~gFn QMTNN3T/C2Fﬂ oMzTON_gQFﬁ
(M.T.F and F.Sannino (Bahr, Chivukula and (Ryttov and Sannino
09) Farhi 90; Nussinov 92) 08; Foadi, M.T.F and

Sannino 09)
(Other candidates in MWT: Gudnason, Kouvaris and Sannino 05; Kainulainen,

Virkajarvi and Tuominen 06, 09, 10; Kouvaris 07; Khlopov and Kouvaris. 08)



Minimal Walking Technicolor and TIMPs

Minimal Models of Walking Technicolor

_ T _
Q, = (Uz-1/2’ D; 1/2) 7 U;—l/2 7 DR1/2 : A
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Minimal Walking Technicolor and TIMPs

Minimal Models of Walking Technicolor

MWT model: (Sannino and Tuominen 04)
Grc = SU(2). R = Adj. Leptons.

(Dietrich, Sannino and Tuominen 05)
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Minimal Walking Technicolor and TIMPs

Minimal Models of Walking Technicolor

MWT model: (Sannino and Tuominen 04)
Grc = SU(2). R = Adj. Leptons.

(Dietrich, Sannino and Tuominen 05)

OMT model

o Grc = SO(4) o Grc = SU(3) ° Grc =5U(2)

(Sannino and
(M.T.F and F.Sannino Tuominen 04) (Ryttov and Sannino
09) 08)
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Minimal Walking Technicolor and TIMPs

Minimal Models of Walking Technicolor

MWT model: (Sannino and Tuominen 04)
Grc = SU(2). R = Adj. Leptons.

(Dietrich, Sannino and Tuominen 05)

OMT model

@ Grc = SO(4) o Grc =SU(3) ® Grc = SU(2)
o R=F o R=2S o R =F,Adj
(Sannino and
(M.T.F and F.Sannino Tuominen 04) (Ryttov and Sannino
09) 08)
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Minimal Walking Technicolor and TIMPs

Minimal Models of Walking Technicolor

MWT model: (Sannino and Tuominen 04)
Grc = SU(2). R = Adj. Leptons.

(Dietrich, Sannino and Tuominen 05)

OMT model

o Grc = SO(4) o Grc = SU(3) ° Grc =5U(2)
o R=F o R=2S o R =F,Adj
o iTIMP (Sannino and ® TIMP, ¢ ~ A

(M.T.F and F.Sannino Tuominen 04) (Ryttov and Sannino

09) 08)
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Minimal Walking Technicolor and TIMPs

Minimal Models of Walking Technicolor

MWT model: (Sannino and Tuominen 04)
Grc = SU(2). R = Adj. Leptons.

(Dietrich, Sannino and Tuominen 05)

OMT model
o Grc = SO(4) o Grc = SU(3) ° Grc =5U(2)
o R=F o R=2S o R =F,Adj
o iTIMP (Sannino and ® TIMP, ¢ ~ A
(M.T.F and F.Sannino Tuominen 04) (Ryttov and Sannino
09)

@ Other TC Models (non-minimal/including EG?t)
Farhi and Susskind 79; Eichten and Lane 89; Appelquist and Terning 94;
Appelquist, Christensen, Pia and Shrock 04; Lane and Martin 06; Ryttov
and Shrock 10
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LHC Phenomenology and Dark Matter

EFT for strong dynamics @ LHC

common sector:

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

o New states: Lightest (axial)-vector triplets and scalar
R Ry° H. TIMPs
@ Input parameters and constraints:
e, Gr, Mz; S, Sum Rules.
@ Main free parameters:

MA7 g7 MH'
(Appelquist, Da Silva and Sannino 99; Foadi, M.T.F, Ryttov and Sannino
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LHC Phenomenology and Dark Matter

EFT for strong dynamics @ LHC

common sector:

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

o New states: Lightest (axial)-vector triplets and scalar
R Ry° H. TIMPs
@ Input parameters and constraints:
e, Gr, Mz; S, Sum Rules.
@ Main free parameters:

Ma, &, My.
(Appelquist, Da Silva and Sannino 99; Foadi, M.T.F, Ryttov and Sannino
@ EFTs for 'BESS’ models, '3-site/4-site’ models and LSTC
(Casalbuoni, Deandrea, De Curtis, Dominici, Gatto, Grazzini 95; He et al
08; Lane and Martin 09)
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LHC Phenomenology and Dark Matter

Parameter space

imaginary
12 _— F,and F,
10 - 31
9>\ <
8 P S
5 S
" gl ALLOWED #
-\ /
CDF direct " I
limit from 2 H‘\[“[h.,r o |
pp ->e'e 05 1.0 15 20 25
a<o,
EW Y and W defined by
parameters M, (TeV) the 2 WSR
@95% CL

Barbieri, Pomarol, Rattazzi,Strumia 04

(Foadi, M.T.F and Sannino 07 ; Belyaev, Foadi, M.T.F, Jarvinen, Pukhov,
Sannino 08)
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LHC Phenomenology and

Lattice simulations

Not Quite the Current Iandscape

B asym. freedom lost

@ @ rattice simulation Appalquist. Terning, Wijemardhans '57
L analytic NS bound J Hasentratz ‘09
i analytic N estimate ’-’ Fodor et al. '08

Appelauist, Fleming, Nek 107, 109 ,
Deuzeman, Lombardo, e
Fodor ot al.

(Lpdatad 11/m04/02)
Sul 07 (Columbia PHO thesie

fsriiepitcs i v Wi Eey
- L 2 . - -
H=0 8 o

Appelquist ot al. 08 (LSD)

/ Vamada ot al. 05 Damgaard ot al. '67; Heller 98
S Fodor ot a1 09 Rt
Twasaki et 2t 04 / Hasenfratz 03
Fodor =t al. G2

ADPE\qmst Cohen. Schmaltz '99
You afe here

s | Ik l!lll ENREN NNER
2 16

MNr=0
[
Muraya. Nakamura, Noraks '62
Skulierud ot al, G4 - i R—— Higtanen, Rummutkainen, Tuominen 09
SEuResudat el X Appelauist, Teming. n.., ardhana 97
Cameran, Gisat, Sennn, Schnsisis 09

Catters nino, Schneitie 08
Shamir, Svatitaley, DeGmnd 08: DeGrand 09 e il e anal
Sl P S Do, Patatia, Mo oot Det Detiie ot al. 03

—TTTY e eo. MEEE N
e

up 102

Buma Del Debbio, Keegan,

My=0 B
P Vranas, LLNL (Ethan Neil, Yale U.)

(Dedicated collaborations: Lattice Strong Dynamics (US) ; Strong BSM-(EU):)
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LHC Phenomenology and Dark Matter

Mass spectrum, imposing S and WSR1

22 22
3 3
2 2 - 2 2
E 18| E 18|
> F > F
5 16 [ 5 16 [
& 14l & 14l
o T R3® o T
@ 12 F o 12 ¢
[ L [ L
= 1E S 1F
08 [ 08 [
E R;° $=0.3 E R;° $=0.
06 | 5 06 b 52
0.4’uw\wu\wu\uw\uw\wu\wu\uw\wu 0.4 Ll b b b b b b by
04 06 08 1 12 14 16 1.8 2 22 04 06 08 1 12 14 16 1.8 2 22
M, (TeV) M, (TeV)

Figure: Ry spectrum.

(Foadi, M.T.F, Ryttov and Sannion 08)
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LHC Phenomenology and Dark Matter

LHC Phenomenology

@ Basic phenomenology controlled by g, M, My.

5 R
g/g Ry g —— 12
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LHC Phenomenology and Dark Matter

LHC Phenomenology

@ Basic phenomenology controlled by g, M, My.

Ri2

g/g > Ri2 g ——

@ Different decay channels probe Ry, R> and H.
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LHC Phenomenology and Dark Matter

LHC Phenomenology

@ Basic phenomenology controlled by g, M, My.

g/g > Ri2 g ——

@ Different decay channels probe Ry, R> and H.
o Di-lepton: RY, — (*(~. Single top: R{", — tb
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LHC Phenomenology

@ Basic phenomenology controlled by g, M, My.

5 R
g/g Ry g —— 12

@ Different decay channels probe Ry, R> and H.
o Di-lepton: RY, — (*(~. Single top: R{", — tb
o Di-boson: Ry — ZW/WW.
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LHC Phenomenology

@ Basic phenomenology controlled by g, M, My.

5 R
g/g Ry g —— 12

@ Different decay channels probe Ry, R> and H.
o Di-lepton: R?, — (*¢~. Single top: Rf5, — tb
o Di-boson: Ry — ZW/WW. ’
o Higgs-Strahlung: Ry — HZ/HW.
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LHC Phenomenology

@ Basic phenomenology controlled by g, M, My.

5 R
g/g Ry g —— 12

@ Different decay channels probe Ry, R> and H.
Di-lepton: R, — ¢~ Single top: R, — tb
Di-boson: Ry — ZW /WW. ’
Higgs-Strahlung: Ry — HZ/HW.
Higgs-Decays: H — ZZ/WW (bb?).

(<]

¢ © @

Mads Toudal Frandsen Minimal Walking Technicolor



LHC Phenomenology and Dark Matter

LHC Phenomenology

@ Basic phenomenology controlled by g, M, My.

5 R
g/g Ry g —— 12

@ Different decay channels probe Ry, R> and H.

o Di-lepton: R?, — (*¢~. Single top: Rf5, — tb
Di-boson: Ry — ZW /WW. ’
Higgs-Strahlung: Ry — HZ/HW.
Higgs-Decays: H — ZZ/WW (bb?).
boosted tops, W, Z and H
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LHC Phenomenology

@ Basic phenomenology controlled by g, M, My.

5 R
g/g Ry g —— 12

@ Different decay channels probe Ry, R> and H.
o Di-lepton: R?, — (*¢~. Single top: Rf5, — tb
o Di-boson: Ry — ZW /WW. ’
o Higgs-Strahlung: Ry — HZ/HW.
o Higgs-Decays: H — ZZ/WW (bb?).
@ boosted tops, W, Z and H
@ Lattice can (in principle) narrow down parameter space for
each model
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LHC Phenomenology

@ Basic phenomenology controlled by g, M, My.

_ R
g/g — > Ry g — 1.2

@ Different decay channels probe Ry, R> and H.
o Di-lepton: R?, — (*¢~. Single top: Rf5, — tb
o Di-boson: Ry — ZW /WW. ’
o Higgs-Strahlung: Ry — HZ/HW.
o Higgs-Decays: H — ZZ/WW (bb?).
@ boosted tops, W, Z and H
@ Lattice can (in principle) narrow down parameter space for
each model

o MWT/OMT, NMWT, etc...
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Model Implementation

e (N)MWT, UMT and OMT models in:

o LanHEP (A.Semenov) FeynRules (C.Duhr et al)

@ CalcHEP (A.Pukhov) and CompHEP (E.BOOS et al)

@ LHE output/model files is/will be available for
HERWIG/PYTHIA/SHERPA/. ..
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Model Implementation

e (N)MWT, UMT and OMT models in:
o LanHEP (A.Semenov) FeynRules (C.Duhr et al)
@ CalcHEP (A.Pukhov) and CompHEP (E.BOOS et al)
@ LHE output/model files is/will be available for
HERWIG/PYTHIA/SHERPA/. ..
o Dark matter sector in MicrOMEGAs (Belanger et al) w/
asymmetry courtesy of A. Pukhov
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Model Implementation

e (N)MWT, UMT and OMT models in:

o LanHEP (A.Semenov) FeynRules (C.Duhr et al)

@ CalcHEP (A.Pukhov) and CompHEP (E.BOOS et al)

@ LHE output/model files is/will be available for
HERWIG/PYTHIA/SHERPA/. ..

o Dark matter sector in MicrOMEGAs (Belanger et al) w/
asymmetry courtesy of A. Pukhov

@ Used ThePEG/HERWIG++ for showering/hadronization
(Lonnblad/Bahr et al)

@ Used DELPHES for Fast Detector Simulation (Ovyn and
Rouby)
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Vector BRs

— 1F —
I3 ff 3
4 4
o o
-5
10 ¢
S$=0.3 S$=0.3
§=2 §=5
10 Ll 1 1 1 1 1 1 10 Ll 1 1 1 1 1 1 1
06 08 1 12 14 16 18 2 22 06 08 1 12 14 16 18 2 22
Mass (TeV) Mass (TeV)

Figure: BR's of Ry.
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Vector Production

a(pb)
a(pb)

10 Led L L L L L L 10 Lt L L L L L L L
06 08 1 12 14 16 18 2 22 06 08 1 12 14 16 18 2 22

Mass (TeV) Mass (TeV)

Figure: DY production of R .
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(¢~ 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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(¢~ 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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(¢~ 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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Parton leveltb signature @ LHC using CompHEP

g 4
2T
2 14 & 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 o5 L 15 T o6 08 1 12 14
M, M,

Figure: tb cross-section
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Results for tb

I

€0 70 &0 %0 100 10
(), GeV

Figure: Reconstructed (left plot) and partonic (right plot) invariant mass
of top and b-quarks after final cuts. Distributions normalized to 30 fb~!.
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Di-boson vs Higgs-strahlung

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

H‘_D il 95  pp - WH-wzz

o 10 @  pp-zZH-ZZZ

8 S 10% ____ pp — WzZ background
‘_‘ @ - ____ pp - ZZZbackground
®

> 10

[

[}

o

o

D 1

<

o)

>

2 10

kS

o

@

‘g 500 1000 1500 2000 400 600 800 1000 1200
= T M (GeV)
z Mg (GeV) wz2(zz2)

(Belyaev, Foadi, M.T.F, Jarvinen, Pukhov, Sannino 08)
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Higgs Strahlung in the SM and TC

© Enhanced HZ/HW cross-section from a resonance
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Higgs Strahlung in the SM and TC

© Enhanced HZ/HW cross-section from a resonance

@ U(1) techni-omega, U(1) Z', axial techni-vector (R;)
resonance
(Zerwekh 05; Barger, Langacker and Lee 05; Belyaev, Foadi, M.T.F,
Jarvinen, Pukhov, Sannino 08)

= - e -
2 M,;=200 GeV, S=0.3, §=2 o M,;=200 GeV, S=0.3, §=5
T T
B s=+1 2 s=+1
1 - 1 -
& s=0 & s=0
= s=-1 = s=-1
o o

1 1

L L L L L L L L 10 B L L L L L L L L
400 600 800 1000 1200 1400 1600 1800 2000 2200 400 600 800 1000 1200 1400 1600 1800 2000 2200
M, (GeV) M, (GeV)
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Higgs Strahlung in the SM and TC

© Resonance peaks from axial-vector Ry

104 S=035=0 M,= 700 GeV, M,=200
o5

PP~ WH - WzzZ

S$=0.3
pp - ZH - 222 10 §=5
L - pp ~ WzZbackground|
0} op ackgroun MH=200

Events/15 GeV

- pp - 22Zbackground
Vs=14 TeV

400 600 800 000 1200
Mwzz22z) (GeV)

400 600 800 1000 1200
My GeV)

(Belyaev, Foadi, M.T.F, Jarvinen, Pukhov, Sannino 08 ; M.T.F and
Sannino 09)

Number of events/20 GeV @ 100 bt
-
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Boosted WH final states: Preliminary analysis

pp ~ WH — jibb  M,=120, gt=5, $=0.3 PP~ WH — i ZZ — jieepu  M,=200, gt=5, S=0.3

i M,=1.0 Tev M,=15 TeV

X M=10Tey  weeeeees M,=15TeV
> 10 >
] o
o o
=) o 1F
= =
3 ki b
c c f
E ¢ !
& 10% ? '
S K
o3 3 3 4
o a 070
£ A i3 £
2 ! i 2
“ R
101 - [}
‘.‘1 1]‘- : ]
Y ~J
(YN fal ] H
S i | 4 ] i
o 1 10 b |
T 1 - I
FELTTRT TR PRI N TP N T BT |
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
My, > 700 Gev & nomy, cut P (GeV) By, > 700 Gev B 0o my,,,, cut P12 (GeV)

ieep

@ Large Higgs transverse momenta peaked at pr(H) ~ Mg, /2
(Belyaev, M.T.F and Sherstnev in progress)
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Boosted WH final states: Preliminary analysis

pp - WH - jjbb  M,=120, gt=5, S=0.3 pp ~ WH  jibb  M,=120, gt=5,5=03
MELOTeY  seeeeess M,=15Tev . M=10TeV  seseees M,=15 Tev
- - 10
s e
2 2
c = c
] 5]
> . >
o w0% —F o
° 1 [ - S
o3 N g 10
2 1 © 2
£ 1 ) g
F] | ' E]
4 H - z
1 l
0% i
1 '
' - 1043
1 'y
'
-
1
10 | N
'
I I I 1 I I
0 05 1 15 2 25 3 0 05 1 15 2 25 3
W my,, >700 GeV W nomy,, cut ARy, W my,, > 700 GeV. W no m,, cut AR

® ARypp and ARj; accordingly small in the bb channel:
Peaked at ARpp ~ 4MH/MR1, AR_U ~ 4M2/MR1
(Belyaev, M.T.F and Sherstnev in progress)
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Boosted WH final states: Preliminary analysis

pp - WH - jjZZ - jjeepn  M,=200, gt=5, S=0.3 PP~ WH - jiZZ - jleen  M,=200, gt=5, S=0.3
MELOTeY  seeeeess M,=15Tev M=10TeV  seweees M,=15Tev

10

Number of events/0.1
Number of events/0.1

10

10"

0 05 1 15 2 25 3 0 05 1 15 2 25 3

B e, > 700 Gev o mj,,, cut AR; B My > 700 GeV " nom,,, cut AR

@ Boost analysis also relevant when My > 2Myy, for the W
associated with H and for the Z’s
(Belyaev, M.T.F and Sherstnev in progress)
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(i) TIMP missing energy signals (Invisible

o
15}
w

M,;=160

L M, =160
M,=200

2z M,=300

M,=750,gt=5,5=0.3
M,=500,9t=5,5=0.3

N
1)
I

10 10

i dtall

Number of events/5 GeV @ 100 fb™
Number of events/5 GeV @ 100 fb™

Missing p; (GeV) Missing p; (GeV)

(Foadi, M.T.F and Sannino 08; Shrock and Suzuki 88; Godbole, Guchait,
Mazumdar, Moretti and Roy 03).
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Summary

@ Minimal Walking Technicolor models constructed to be viable
realizations of DEWSB and DM
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Summary

@ Minimal Walking Technicolor models constructed to be viable
realizations of DEWSB and DM

¢ Lattice simulations are vigorously investigating
(near)-conformal dynamics
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Summary

@ Minimal Walking Technicolor models constructed to be viable
realizations of DEWSB and DM

¢ Lattice simulations are vigorously investigating
(near)-conformal dynamics

@ Models provide distinctive pattern of LHC signatures
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Summary

@ Minimal Walking Technicolor models constructed to be viable
realizations of DEWSB and DM

¢ Lattice simulations are vigorously investigating
(near)-conformal dynamics

@ Models provide distinctive pattern of LHC signatures
@ General EFT framework for LHC studies
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Summary

@ Minimal Walking Technicolor models constructed to be viable
realizations of DEWSB and DM

¢ Lattice simulations are vigorously investigating
(near)-conformal dynamics

@ Models provide distinctive pattern of LHC signatures
@ General EFT framework for LHC studies
@ First Fast-Detector analysis in progress.
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Summary

@ Minimal Walking Technicolor models constructed to be viable
realizations of DEWSB and DM

¢ Lattice simulations are vigorously investigating
(near)-conformal dynamics
@ Models provide distinctive pattern of LHC signatures
@ General EFT framework for LHC studies
@ First Fast-Detector analysis in progress.

@ Model implementations/LHE files available for detailed
analysis!
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Summary

@ Minimal Walking Technicolor models constructed to be viable
realizations of DEWSB and DM

¢ Lattice simulations are vigorously investigating
(near)-conformal dynamics
@ Models provide distinctive pattern of LHC signatures
@ General EFT framework for LHC studies
@ First Fast-Detector analysis in progress.

@ Model implementations/LHE files available for detailed
analysis!
¢ LanHEP /FeynRules and CalcHEP /CompHEP
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