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Qpm/Qp ~ 5

What should the world made of?

Qp ~0.05

Baryons, but no
antibaryons

Baryonic matter is asymmetric - mass and stability arises from strong dynamics

Aoep Baryons
Dynamical No
antibaryons

ud)
Baryon

number

T> 103
yr
(dim-6
OK)

‘freeze-out’ from

thermal equilibrium

Asymmetry

Qg ~10-10
cf. observed
Qp~0.05

The mass density of dark matter is of the same order as baryonic matter!



Is the origin of mass dynamical?

Is DM asymmetric?
Q,/Qp =m,/mp X N, /Np

np —n
NB: B
Tlry

Is the origin of DM due to NSD?
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technicolor

I

.
Higgs everywhere short for Brout-Englert-Higgs
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Technicolor

EWSB from Technicolor: (Weinberg 78, Susskind 78)

O In the SM without a Higgs, QCD breaks the EW symmetry:
(Farhi & Susskind 81)

(GLug +didr) #0 — My = % :

@ Consider a new strongly interacting gauge theory with
Fr| = VEw = 246GeV .

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

o

Left-handed technifermions in weak doublets, At the weak scale, the technifermions condense
right-handed in weak singlets and break the weak symmetries correctly to EM:
a bl.a a 7a ay & _
i (Dﬂ)L‘Q’?:U’“’D“" (ULUg + D1 DR) # 0
a = 1,...d(Rtc)
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Technicolor

EWSB from Technicolor: (Weinberg 78, Susskind 78)

Q In the SM without a Higgs, QCD breaks the EW symmetry:
(Farhi & Susskind 81)

(OLur + didg) #0 — My = % :
Q Consider a new strongly interacting gauge theory with

Fn = VEw = 246GeV .

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

Example: Scaled-up QCD | J
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New Strong Sector

@ The SM gauge group is augmented:

GSM — 5U(3)C X SU(2)W X U(l)y X GSD 5

(SD=Strong Dynamics/Technicolor)

Q@ The Higgs sector of the SM is replaced:

1 . .
L iggs — —ZF:"FW + i QLY. D* QL + iQry, D" Qr + ...

_ _ F.
(ULUg + DrDg) ~ F3 — My = 227

SUL(2) X SUR(2) X UTB(l) — SUv(Q) X UTB(I) R

Minimal fermion content: Qr = ( %a ) , QR = (Ug,Dg).
2 Dirac technifermions in a weak doublet, L
TC charge but no QCD charges a = 1,...d(Rtc)
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Minimal Walking

N - 5
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Minimal Technicolor Theory Space

Minimal Technicolor: 2 EW charged Dirac Flavors
T
_ (UL+1/2> DL—1/2) ’ U;—l/2 , DI;I/2

Can group minimal models by representation R of technifermions under TC gauge group Grc

“Orthogonal TC'__ J'QCD TC i ‘Symplectic TC' )

@ R real @ R complex @ R pseudo-real
@ F of SO(N) @ F of SU(N) @ F of Sp(2N)

o SU(4)/SO(4) o SU(2) o SU(4)/Sp(4)

@ 3r®343 @ 3n e 3ndlel

n T7; n— ne n+ n 7.
T N’ n— no T N7

= (1 To*)\ / —(% o)

\/

3 pions absorbed by W/Z  Additional pNGB’s "7 carry TB number -/’ (light) DM candidate

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

All 3 breaking patterns contain
The minimal one: SUL(2) x SUR(2) x Uts(1) — SUv(2) x Uts(1) .
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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 GTC = 50(4) ] GTC = 5U(3) o GTC = 5U(2)

o R=F o R=2S o R =F,Ad

o iTIMP (Sannino and o TIMP )
(M.T.F and F.Sannino Tuominen 04) (Ryttov and Sannino

09) & Other TC Models (non-minimal/including Eo\gt)
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 M.T.F, Sarkar and Scmidt-Hoberg 11)
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Constraints on models of

technicolor

I

Why minimality and near conformality/walking?
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Fermion masses

Need new interactions to generate SM fermion masses

Low energy four-fermion operators:

A Te n p.Tb A Te A ;.LTb n Te n /J.Tb
Qb Qvu A2Q¢’Y Y + ,Ba,b QYu A%Q’Y Q + Yab VY A"é”‘/”)’ P
3 7
QL YR YR
Qr
ETC
ETC
QL
(0]} Qr b,
Classical example is Extended Technicolor (ETC):
TC gauge group embedded in Larger ETC group,
SM fermions also charged under ETC, ETC breaks to TC at : AETC
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Fermion masses

After Fierz rearrangement:

2% al) —Tb _Ta, _Tb —Ta, _Tb
aabQTAgi{}c L +:8abQ A%C Q +’Yab¢ A’gi}c ¥ + I
QL YR VR
Qr
ETC
ETC
QL
Uy, Qr by
(QQ)ETC
771¢ ~

2
AETC
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Problem: FCNC

The four-fermion interactions with only SM fermions are
dangerous:

YTITo |

2
AE'I‘C

YT'a ()aly T YT aOTb
arap FFE 4 By QTA%?(T %+ Yab

2
A2,

Example:

12— (37°d)(57°d) + 1z —(mr’e)(@r’e) + . ..

ETC

o The first term is a AS = 2 FCNC interaction affecting the
K, — Kg mass difference which is measured accurately.

@ The second term induces FCNC in the leptonic sector such
as | — e€e, ey which are not observed.

Note this is not a problem of the Technicolor sector per se
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Walking alleviates tension between FCNC’s and fermion mass generation in ETC

¢ (QQ)rTrc can be related to (QQ)rc by the renormalization
group equations:

(QQ)zrc = exp ([5° d(in p)y(a(k) ) (QRQ)rc

Running Walking
|
. .
» — \ : >
ATC ATC AETC
a(g) ~ 1/Log(q) alq) ~ a*
_ A _
(QQ)ETc ~ LOg(iETTCC )7 (QQ)1c (QQ)ETC ~ ( AETTCC)7<QQ>TC
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Walking - near conformal gauge dynamics

SU (N) A Energy

Adjoint Dirac Matter

Nf

A Energy

Temperature = 0

>
Matter Density (i.e. Chemical Potential(s)) =0 !

A Energy
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SUQMN)

Adjoint Dirac Matter

Nf

Temperature = O

Matter Density (i.e. Chemical Potential(s)) =0

Energy

QCD-like

A Energy
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Constraints from LEP

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

.
S= —167r|_|’W38(0) , T = 2 2 M2 (My11(0) — Mysps(0))

” |

u

AN ANV J
|

:wvv\m, B 0.2{Y=0

Q.L
o4 ———TFT——— 7T ———
[ Im=171.4 + 2.1 GeV
| my,= 114...1000 GeV

\ \
llllll
A RRAY
ALY
||||||

=== ff 68 9% CL |

-0.4 -0.2 0 0.2 0.4
s

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

But: technifermions are strongly interacting at LEP energies, would
large corrections to one-loop estimate: S = Snaive(l + 5)

In QCD
5~ O0(1)

Walking potentially reduces the S parameter
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SUMN)

Adjoint Dirac Matter

Nf

Temperature = O

Matter Density (i.e. Ch

Example

QED - like

Energy

QCD-like

ical Potential(s)) =0

"

A Energy

Walking potentially reduces the S parameter
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Conformal phase diagram - Model computations & lattice

18

16}

14}

12}

N

If Technifermions are in the fund representation of the TC gauge group a large number of
Techni-flavors required to be near-conformal -> large S at one-loop level
With different reps like the adjoint much less matter is needed to be near-conformal
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Ongoing lattice simulations of MWT and other models

Not Quite the

Current landscape

B asym. freedom lost
@ @ tanice sirmuoalation

@ oconfinoed. <jo=w0
@ conformal, «ifire=0

Appolguist Tarndng, Wijewasrdhanas '97
@ uvnknown, <giee? L analytie NS bound /' Hasentrotz ‘09
Bl o spontancous XSB | analytic N© sstimate /, Fodor ot al. '08
(lIpdsted 77/04/02) Appeulguist, Florming, Meil 'O7, 02 Appeiquist, Fleming, Nell 07, ‘09
Douzoman, Lombardo. Pallanto '08
Bl 0 (Columtstn Ph thenin) Depreaman, Lombards, |'sllante "Das
tHasceniratz ‘09 Fodur ot =i, ‘08 Jin and l"ﬁawhlﬂl-u-y 098 (unpublished)
Fadar »t ml 09 Jin and Mawhinney l;d (unplmhnh-f-o i
PNf-0 = :l
I Appolquict ot al. ‘08 (LSD) -"’ __,-'"_’ '__,4 / G
Ynmndn ol &l 08 Damgaard ot al. S7; Helier 98
t 3l - L
wanakl at sl 04 Fodor ot al. 0o B Haconfratz ‘08
= Fodor at al. 0%
Y h Appnlqam Cohon, Schmak> 'S99
ou a ere

No=2. fund. IIJ lilll HEEER REER
.
(et 12 1€

/ lvemmmict ot =l 'D4
Muraya. Nakamura Nonaka '03
Sikalierud ot ol 04
Iwacakl ot al. '04

Appelquist, Taming, Wiewardhena 97 Hiotanen, Aummukainen. Tuvominen 08

“nttern \  Catterall. Gudi. Sannino., Schneibis '09
Shamir, Svelitsky, U.Grnnd 08 DeGrand 0% <At N, Giadt, Eannino, Sahneaibic 08
Sinclair and Koma 00

Dl Dubtio. Patalls. Fics 08, Del Debbic ot al 09\ SRR el Seson, Sgm, Ficki. 0

—— 1L TR

Nt=0

P Vranas. LLNL (Ethan Ned, Yale U,)

Dedicated international collaborations include the
LSD collaboration (US) & StrongBSM collaboration (Europe)
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From Strong Dynamics to LHC

MWT/OMT, NMWT, UMT

Dynamics (Walking?)
Couplings, Masses
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From Strong Dynamics to LHC

MWT/OMT, NMWT, UMT

Dynamics (Walking?)
Couplings, Masses
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Summary -

Minimal Walking Technicolor

Minimality (few technifermions) reduces the S parameter at the
perturbative level

Walking potentially reduces the full S parameter reduced non-
perturbative contributions)

Walking reduces tension with FCNC’s when constructing complete
ETC models

Lattice simulations of MWT models are ongoing to determine if
candidate models are near-conformal/walking
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LHC phenomenology of Minimal
Walking

technicolor

&

(A. Belyaev, R. Foadi, MTF, M. Jarvinen,
F. Sannino & A. Pukhov 08; Work in progress)
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EFT for strong dynamics @ LHC

common sector:

SUL(2) x SUR(2) x Ure(1) =(SUy(2) x Urs(1) .
~ S—

Classify composite states according to the unbroken chiral symmetries
Organize in effective Lagrangian

Triplets and singlets of vector mesons, compared to QCD:
Ry9 ~ p,a Ry, ~w Mg, > Mg,

Scalar mesons:
H ~ o(600) 1~ K,..
Note that pions in MWT models can carry techni-baryon number and be DM candidates

Compare with experimental ‘benchmark’ states:

0 4
Ry 5 ~ 12»R 1.2 H~h

Mads Toudal Frandsen - University of Oxford



EFT for strong dynamics @ LHC

common sector:

SUL(2) x SUR(2) x Ut(1) — SUy(2) x Urs(1) .

Effective coupling and masses of composite states:

g ~ gpﬂ'ﬂ' MR1,2 ~ MA,V MRW ~ MV

(MA,V Are the vector meson masses before including the EW corrections)

Coupling structure to SM fields :
f W)z R
Ry 2 R1,2 R2

f ~ ~2
~ g W/z g W/Z
g/ /

(Assuming couplings to SM fermions only from vector meson mass mixing —
Can have additional contribution from ETC

Mads Toudal Frandsen - University of Oxford



LHC Phenomenology

Example production and decay amplitudes:

q Wz
Ry 2 f R 5 / W)z

q f ",

W/Z

A~ (9/9)° g’ 72

Different production modes and decay channels probe different regions in the

parameter space ¢, MA(MV>

Mads Toudal Frandsen - University of Oxford



LHC Phenomenology

Ry

g W/Z

R 9 R 9 ]
g W/Z % W)z

The axial-vector R mainly couples mainly via H while the vector state couples to 2 vectors

Note that symmetries of the strong dynamics alone, determine important aspects of
phenomenology

(A. Belyaev, R. Foadi, M.T.F, M. Jarvinen, F. Sannino & A. Pukhov 08)
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Model implementation

NMWT Lagrangian model files for CalcHEP & MadGraph

. . A. Belyaev, R. Foadi, M.T.F, M. Jarvinen,
available at: (A Bely
F. Sannino & A. Pukhov 08)

http://cp3-origins.dk/research/tc-tools

Both LanHEP and FeynRules models have been
implemented to generate model files.

Mads Toudal Frandsen - University of Oxford



Parameter space

Limits from EWPT & dilepton searches:

_ imaginary
1 1 /"’ F,and F,
10 1. - | 87
| g | v
8 S
I ALLOWED A
T A ]
_—— 4 [ 1
CDF direct 1 Y | ,
BRESISS / 0.5 1.0 1.5 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)

Composite Higgs mass and S parameter fixed:

My =02TeV,S = 0.3
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Update

12

10

and projections for di-lepton

channel:

T T T T T T T T T T T T T T T T

Consistency of the theory

CMS Data [1]
5,30
5,50

13 TeV,100 b~ 1,3 o
13 TeV,100 b~ 1,50

-05-

(Andersen, Hapola & Sannino 11
Belyaev, Jarvinen, MTF in progress)
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Vector BRs

g small: main coupling to fermions g large: main coupllngto WH/WZ
) 3 an 1E
3 g |
0o o [
m P @ A
10 | 10 b.
4 7 4
10} ; 10 }
q: q
10 F 10
4 4
10 10 |
4 -
10 10 F -
L =2 :_' g=5
1o'q,lu.1 NP | T P P 10-q_'l“‘1‘“[‘ P EPETETE SRR B | PR
06 08 1 A2 14 16 18 2 22 06 08 1 12 14 1.6 8 2 22
Mass (TeV) 44333 (TeV)

R mainly axial-vector A [{1 Mainly vector V
Figure: BR's of R;.

/7

A-V inversion point — ‘accidental A-V symmetry’, compare with D-BESS or ‘Custodial TC’
(R. Foadi, M.T.F & F. Sannino 07)
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¢+¢~ signature @ LHC using CalcHEP

4 Different colors corresponds to 4 different choices of mass parameter MA

Rl,g Peaks both visible
Narrow and mixed
‘Standard’ Z’ like
regime

For larger coupling the
height of resonance bumps
Is quickly reduced

500 1000 1500 2000
M, (GeV)

Number of events/20 GeV @ 100Hfb"

Figure: Dilepton invariant mass distribution My, for pp — Rf’2 A

My (GeV) =: 500 1000 1500 2000
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Di-boson vs Higgs-strahlung

d A% 9 H
Za R2 '\!\‘\'\. Z, Rl L
’, -
q Z g W/Z
Ao} S=03s=0 M= 700 GeV, M, =200
':e S='0. 0 - 9_-5 pp -+ WH - WZ2Z
o 10 § A —Ppp~ZH--2ZZ
=) E ,OSE. - --_ pp-» W2Z background|
‘@; w t-. - --- pp -+ ZZZ background
e, e,
> 10 | P
Q 10F .
)
oS
‘E 1 ¥ el 1
E i
g ]1" ...vf"r' h{
" L .
S 10 .,
E L L | L 1 ]
g 500 1000 1500 2000 400 600 800 1000 1200
T M (GeV)
E M; (GeV) w2zizzz)

Ma(GeV) =: 500 1000 1500 2000
(Belyaev, Foadi, M.T.F, Jarvinen, Pukhov, Sannino 08)
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Summary |

Technicolor provides a natural origin of EWSB and of asymmetric
dark matter.

Candidate MWT models:  MWT/OMT, NMWT,

- constructed to be viable (pass EWPT, and FCNCs in complete
ETC model)

- and in some cases provide DM .

Simple phenomenological Lagrangians implemented to study the
basic LHC signals

- a lot of interesting collider phenomenology to consider
- Experimental groups interested in setting model specific limits

Extensive on-going lattice simulations to investigate underlying
gauge theories and map it to LHC physics

Mads Toudal Frandsen - University of Oxford



ASYMMETRIC DARK MATTER

Qg ~ 0.05 Qpar/Qp ~ 5

Baryons, but no
antibaryons

Agcp Baryons u(l) T> 10% ‘freeze-out’ from Qg ~10-10
Dynamical No Baryon yr thermal equilibrium | ./ 5bserved
antibaryons number (dlm—6 Asymmetry QB ~0.05
OK)
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Baryon disaster (WIMP miracle)

Chemical and thermal equilibrium when annihilation rate exceeds

the Hubble expansion rate: o — |
- 2 _ 2 o
n+ 3Hn = —(ov)(n® —ny)
.'%’ 10-75 Increasing <o,v> !
‘Freeze-out’ occurs when annihilation rate: 5 10 -
3/2 _ ]. Elo-l ‘__—_—__—__—___—_ji
anovmm]\,{ T3/2¢—mN/T _—_ £ 1o
2 Z o ]
ma w 1
becomes comparable to the expansion rate § iz
T? el |\ T
H ~ V9 where g = # relativistic species 10~ F
MP 10- g
i.e. freeze-out occurs at T ~ m; /45, with: iz
np Ng _ 10 S P

—_— = —B ~J 10 19 1 10_ /T (t. 1;)0 1000

n’}‘ nﬁf X=m ime

The observed ratio is 10° times bigger for baryons, ng —ng .

so we must invoke an initial asymmetry: Np = iy ~ 10

Mads Toudal Frandsen - University of Oxford



Sakharov conditions for baryogenesis:
1. Baryon number violation
2. Cand CP violation
3. Departure from thermal equilibrium

Classically baryon number can be violated by dim-6 operators in SM

When 1" > My baryon number is also violated in the SM via sphaleron processes
that preserve B— L, but violate B+ L ...

E

AN
Ny = f s i g2 i7auv 11’a
d, f=6,4(w11"w)=g” WL __:
0 1 — 2

..CP-violation is too weak, electroweak phase transition is a ‘cross-over’

The observed matter-antimatter asymmetry requires BSM physics

The same or similar mechanism could generate ADM density

Mads Toudal Frandsen - University of Oxford



ADM model frameworks

Asymmetry transfer/sharing:
B or L asymmetry generated at a high scale, e.g. Leptogenesis.
Asymmetry transferred to DM
Transfer operator decouples, asymmetry fixed
Symmetric component is annihilated away

Transfer operator could be the sphalerons of the SM:

(e.g. Barr, Chivukula & Farhi 90)

Or transfer via effective operators inducing L or B number for DM:

O 0 (e.g. Farrar & Zaharijas ‘05; Cosme, Lopez
B-LVX Honorez & Tytgat 05; March-Russell & West

05; Kaplan, Luty & Zurek ‘09)
Asymmetry co-generation:

B and DM asymmetries generated from the same microphysics

(e.g Kaplan 92; Enqvist & McDonald '98; Hall, March-Russell & West 10; Hook 11;
Cheung & Zurek 11; March-Russell & McCullough "11;Graesser, Shoemaker & Vecchi ‘11)



ADM from

N - 5

...and NSD

Mads Toudal Frandsen - University of Oxford



ADM from TeChnICO|Or (Nussinov 85)

@ The SM gauge group is augmented:

GSM — 5U(3)c X 5U(2)W X U(l)y X GTC .

©Q The Higgs sector of the SM is replaced:

1 .= .=
L Higgs — —ZF:VF"“” + QLY. D" QL + iQry,. D" Qr + ...

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

SU((2) x SUR(2) x Urs(1) — SUy(2) x Urg(1) .

The Lightest Technibaryon, stable due to global symmetry UTB(l)
(eg TB ~ QQQ inaQCD-like or a pNGB state from MWT models T ~ QQ )

Mads Toudal Frandsen - University of Oxford



ADM from Technicolor - Technibaryon

(Nussinov 85)
The asymmetric part of DM relic density is simply

related to the baryon relic density O = (myNx/mpNe)Qs

Nussinov assumed asymmetries of same order Nx ~ Np
And a TeV mass TB state, as from scaled up QCD-TC My ™~ O(TeV)

The predicted ratio of relic densities would then be ~ §2/Q2p ~ O(1000)

The symmetric relic density effectively annihilated away

by the TC dynamics — In general this is a constraint on ADM models but automatic in many
models W|th NSD. See however (Belyaev, Frandsen, Sannino & Sarkar 10)

To get the observed relic density, asymmetries of same order today implies:

m, ~ 5 GeV

This is close to the mass region seemingly favoured by DM detection "hints’ and has
generated a lot of recent model building activity

Mads Toudal Frandsen - University of Oxford



ADM from Technicolor - sphalerons

(Barr, Chivukula and Farhi 90)

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

SUL(2) X SUR(2) X UTB(I) — SUv(Z) X UTB(I) R

With technifermions in SUw (2) doublets:

a Ua a a a
QL = (Du ) y Wp = (UR=DR)=
L

1, e d(RTC)

a

The global Urp (1) is violated via the electroweak anomaly
just as the baryon number:

O, Jhn = 1 g € oo WHWF? and Ji, = 1 (U’}"‘U+D7“D)
LY TRH 2\/53271.2 Hvpo ) TR 2\/5
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ADM and Sphalerons (Barr, Chivukula and Farhi 90)

This means there are 2 distinct ‘mass solutions’ for the correct relic density of ADM:

-
A
At a high scale, lepton number violation e.g. A N ~ N
via Leptogenesis
Asymmetry transferred to DM via sphalerons Ny~ Np ~N
My 41
The final asymmetry Boltzmann suppressed N ~ Np X o~ mx/T
below the DM if Sphalerons are still active: X
T —m /T
Tsph > 1T > m,, Sph v Ny ~ N x e7mx/Tson
So the TeV mass ADM envisaged by Nussinov

remains an interesting possibility!

Mads Toudal Frandsen - University of Oxford



ADM and sphalerons

1 10 100 1000
my
Figure schematic: QX/QBdepends on L/B & other new quantum numbers!

The line is rea”y a (WIdE) band (Barr, Chivukula and Farhi 90; Gudnason, Kouvaris & Sannino ‘05)

Framework generalizes: Asymmetry transfer/sharing mechanism
. Asymmetry generated at a high scale
e  Asymmetry transferred to DM
 Transfer operator decouples and asymmetry is fixed
*  Symmetric component is annihilated away

Mads Toudal Frandsen - University of Oxford



Light ADM from strong dynamics

Additionally motivated by current direct detection "hints’.
In principle testable also via production at colliders, capture in stars, ...

1 10 100
my

1000

DM is a pNGB from high (weak) scale strong interactions

(Gudnason, Kouvaris & Sannino ’'05; Foadi, MTF & Sannino
08; Ryttov & Sannino 08; Belyaev, MTF, Sarkar & Sannino 10;
Del Nobile, Kouvars & Sannino ‘11)

Low scale strong interactions

(MTF, Sarkar and Schmidt-
Hoberg 11)
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Light ADM from strong dynamics

—

I'B— xrg+X

Sy~ GeV E < | |

S; ~ TeV Sy ~ few GeV GeV
S 1 States (constituents) carry weak charges and are connected to sphalerons
S2 States are SM singlets (Could be a Hidden sector/Hidden Valleys (Cline, Zurek,..)

but could be directly connected to an S7;  sector with scale separation)

T'B — xr + X Preserves 'TB number’ and is in equilibrium until T 5 TSph

Decay mode could be from strong dynamics itself (MTF, Sarkar and Schmidt-Hoberg 11)




PNGB ADM from Technicolor

(Sannino & collaborators 05;...)

‘Minimal Dark Matter’ scenarios for ADM

e Y TIvP Tivp

@ R real o 4 of SU(4) ® R pseudo-real
o TO~ U,D, o UDUD, o TO~ U.D,
@ Iso-singlet GB @ SM singlet @ SM singlet GB
3/2 2 2 2
@ Mo~ gFpn ) OMTNNT/CFI—IJ °A”‘rﬁ""_g Fﬂ)
(Gudnason, Kouvaris. & Sannino 05; MTF (Barr, chivukula & Farhi 90) (Ryttov and Sannino 09)
& Sannino 09)

A candidate is the pNGB T° ~ X7B in models with pseudo-real representation

- General analysis of signals and the
annihilation cross-section:

Or models with two intrinsic scales

. (Foadi, MTF & Sannino 08; Belyaev, MTF, Sarkar & Sannino
(MTF, Sarkar and Schmidt-Hoberg 11) 10, Del Nobile, Kouvars & Sannino ‘11)



Minimal Technicolor Theory Space

Minimal Technicolor: 2 EW charged Dirac Flavors
T
_ (UL+1/2> DL—1/2) ’ U;—l/2 , DI;I/2

Can group minimal models by representation R of technifermions under TC gauge group Grc

“Orthogonal TC'__ J'QCD TC i ‘Symplectic TC' )

@ R real @ R complex @ R pseudo-real
@ F of SO(N) @ F of SU(N) @ F of Sp(2N)

o SU(4)/SO(4) o SU(2) o SU(4)/Sp(4)

@ 3r®343 @ 3n e 3ndlel

n T7; n— ne n+ n 7.
T N’ n— no T N7

= (1 To*)\ / —(% o)

\/

3 pions absorbed by W/Z  Additional pNGB’s "7 carry TB number -/’ (light) DM candidate

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

All 3 breaking patterns contain
The minimal one: SUL(2) x SUR(2) x Uts(1) — SUv(2) x Uts(1) .

Mads Toudal Frandsen - University of Oxford



ADM signatures

Bi\l;lect detection - no generic difference between ADM and symmetric

Collider signatures - not generic but

-for ADM from NSD expect resonance patterns in met signals.
-ADM with baryon number, B-violating processes at LHC

Indirect detection - generic difference:

-No annihilation signals in Galaxy, possibly decays
-No annihilation signals from stars,

-larger DM build-up and different effects on e.g. heat transport in
stars.

...but indirect signals very challenging

Mads Toudal Frandsen - University of Oxford



Direct detection

DAMA sees annual modulation signal

2-6 keV
o O = DAMA/Nal (0,29 tonxyr)—-—> " <DAMA/LIBRA (0.53 tonxyr)>
% oW E (target mass*873kg) ‘ - (target mass = 2328kg) !
vy
=] E | i i . : i
B AN H;;%m /\ ﬂ%&a&é}x a«@%
L OO NN AR
soar TR T
& 008 : A » ‘
—o1 L b ; [ M I S B B I T L
500 1000 1500 2000 2500 3000 3500 4000 4500
Time (day)
dR pPOn ¢
= v CT(A Z)Fz(ER)Q('vmm) = f(v + vE( )) 3 v E m—NER
dER 2mx,u.;§x Q(vmm’t) v dv mm( R) 2ﬂ'2

Cogent sees more events than expected at low
energies and hints of annual modulation

Hl n

CRESST-Il sees more events than expected
at low energies

Mads Toudal Frandsen - University of Oxford



Hints of light DM from direct detection

(MTF et al 11; Farina et al 11; Fox et al 11; Schwetz & Zupan 11; Fornengo
et al 11; talks by Kolb and Schnee this conference)

Possible to reduce constraints from a specific target, e.g. XENON, by

choosing appropriate value of the DM-nucleon couplings fn/ fo

(Kurylov and Kamionkowski 04; Giuliani 05; Chang et al 10,
Feng et al 11, MTF et al 11, Cline and Frey 11)

T T T T T LML L B AL BN L B T T LUNNLENE RO A B BN L BN B B ol B 4
® flf=l ] 6 filf==01)
10_3 . E 10_3 ‘. 3
A% 5 6=0 keV 3
ENS ] .
AN ] ]
ll_ \ ~..~. 7\ : 5 7
\ v
10—40 E“ N et 3 10—37 a =
E (N 115994, E E 3
— £\ Sol T e = . -
~ . A ) -~ o~ - -
E LN g I -E -
) S ——————— 3 %
= 0E N, e (U N T o TP
b E N i b E
~ \~‘ -1 N, Tt —————
I CoGeNT 95% i i CoGeNT 95% T
10742 DAMA 95% ~——— - 10739 ¢ DAMA 95% E
© | =——  XENONI00 90% T - | == XENONI10090% 5
- | ==== XENON1090% - - | ==== XENONI1090% -
T | === CDMS 9% y " | === CDMS 9% .
1078 E | ==== CoGeNT unmod Ona=0.30 3 10790 | ==== CoGeNT unmod 3
(SRS Y ST SN S ST SR N ST S S W' PR SN R TR NS S S S :, PR TR SR S SN S ST SN S T T NN ST S S SN ST ST S S S S L .—
6 8 10 12 14 16 18 6 8 10 12 14 16 18
m, [GeV] m, [GeV]

(MTF, Kahlhoefer, March-Russell, McCabe, McCullough & Schmidt-Hoberg 11)

Mads Toudal Frandsen - University of Oxford



DM-nucleus interactions from general vector mediator R

Possible to suppress scattering on a specific target ,u2 N f 2
i iately! on="3\ZF+A-2Z) o,
By choosing fn,p appropriately! f
n

0.1 0.1
2 =
& 001 = 001
g 8
Q 0.001} & 0001
= =
w2 0]
0.0001 0.0001
~12 . . .
fn/fp buv/b(lv
NC _ p =p( .V A 5
Lr" =R.xv"(9y — 937°)x + Ruf1" (9] — 977°)f
Proton/neutron couplings and quark couplings after integrating out R:
v v v v gA VgA WV gA,VgA,V
f=W AN f= BB Yoy < SR S
R ZzZ

If vector mediator couples to isospin as
e.g. QCD rho-meson, then fn/fp — —1 (MTF, Kahlhoefer, Schmidt-Hoberg & Sarkar 11)

Mads Toudal Frandsen - University of Oxford




DM-nucleus couplings from vector mediator model

1 6,0 1 PN _
L=Lgyy — AIX# X#V 4 57;1%.()(#)(“ — My XX (Babu, Kolda, March-Russell 96, ...)
1 A ~ A A~ ~ —_ ~
—3 sine B, X" + dm*Z, X" — Zf}’X“ffy,,f — ¥ X XvuX S
A f
X, Z Interaction eigenstats fulfp = —0.7

-2.0

X,Z - R,Z  After mass diagonalization

> -0.1

Simple relation: € v 5m2/m22
required for: fn/fp=—-0.7

Logl[e]

Vector could be a Z’ or
a techni-omega’ in NSD models

< =30

(MTF, Schmidt-Hoberg & S. Sarkar 11)

Cannot suppress CDMS constraints on
CoGeNT this way! Have to assume large
modulation fraction e.g. due to inelasticity

Log[6m’/m})

(MTF, Kahlhoefer, Schmidt-Hoberg & Sarkar 11)




Hints from direct detection -

o, lem?]
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CRESST-Il update

(Kopp, Schwetz & Zupan 11; Kelso, Hooper & Buckley 11;
MTF, Kahlhoefer, McCabe, Schmidt-Hoberg & Sarkar to appear]
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(Goodman et al 10; Fox et al 10;

DM at colliders vs direct detection rorin et al 11; Rajaraman et al 11)

ATLAS 7 TeV , 1 fb~", HighPt

If m.ediator mass M is heavy, q )—( . T s
can integrate it out and study | [ ATLASBG

mono-photon/mono-jet signals Z 3 DM signal
. P —
5 5 1
@t MS q |
o 17 ™~ 300 400 500 600 700
9 9 p% M > Br [GeV]
s Ix 9q 1% < DT ATLAS 7TeV, 1fb~! VeryHighPt
1037 Solid : Ot;served ' ' 90% C.L./
Dashed : Expected /

ATLAS limits for vector interactions do not
rule out "best fit regions’

10-38¢
107
10-40¢

However in principle they do for
fnlfp=—0.7 on ~ 10738

1074
1042}

) ) . 1074
Constraints from colliders much weaker if

mediator is light!

107%}

® bl
WIMP-nucleon cross section oy [em®|

(Fox et al 10) 1045
_~~ Spin-independent
107 : = :
107 10° 10! 10° 10°

WIMP mass m, [GeV]  (Foy et al 11)

Mads Toudal Frandsen - University of Oxford



DM from NSD at colliders

The mediator of DM-nucleus scattering
might couple dominantly to other states,
e.g. Invisible Higgs strahlung _

10 3 MH=160
74 MH=3QO

Mm=750,gt=5,s=0.3

|

100 200 300 400

10°%

NS
”
/

7/

Z7R1 X

10 ¢

Number of events/5 GeV @ 100 fb™’

Missing p; (GeV)
(Foadi, MTF & Sannino 08)

The resonance structure can discriminate against background (which dominate this process
in SM)

Channels more model-dependent, but also more realistic in NSD models

Mads Toudal Frandsen - University of Oxford



ADM limits from compact stars

Limits from White Dwarves Limits on fundamental bosonic ADM

 log(c/cm %) from neutron stars

log(o/cm 2

-85 |-

(Kouvaris and Tinyakov 11;
McDermott, Yu & Zurek 11)

(Kouvaris and Tinyakov 10)

Mads Toudal Frandsen - University of Oxford



d®/(dR/R,)

ADM reduction of solar neutrino fluxes — 'Neutrino spectroscopy’

(Spergel & Press 85; Faulkner & Gililand 85; MTF & Sarkar
10, Taoso et al 10, Cumberbatch et at 10, Silk & Lopes 10)

20 ' [ ' I ! [ ' [ ' [
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15 osn= 210" em? ————]
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£l

5 % reduction

%
1
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8

m, [GeV]

(Taoso et al 10)

The particle mass must be ~4-10 GeV to have an effect on energy transport
(too light and they ‘evaporate’, too heavy and their orbits do not extend out far enough)

Same range as natural for light ADM scenario and hinted at by direct detection results!



Self-interacting dark matter has been invoked to reduce excessive
substructure in simulations of collisionless dark matter (spergel & Steinhardt ‘99)

i lati
Slraulation<Dark Matior Observed satellite galaxies
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This may or may not still be a relevant problem to
address with DM properties




Summary |l

« ADM motivated by the asymmetry of baryonic matter and the
desire to explain Qpv /OB ~ 5

* New Strong Dynamics, e.g. Technicolor, natural framework
for ADM

« Recent hints in direct detection experiments point

to an interesting mass range for some classes of
ADM models

« ADM from NSD has implications for collider
searches, capture in stars, structure formation...

« ADM scenario much less investigated than standard
WIMP paradigm - much to do!

Mads Toudal Frandsen - University of Oxford



