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Strong dynamics is a plausible possibility for BSM

In origin It was technicolor:

Completely natural theory. No need for the Higgs scalar.

Already in trouble before LHC, now dead.



Next it was the composite Higgs Georg, Kaplan ‘80s

Higgs could be an approximate GB

My = gpf




Next it was the composite Higgs Georgi, Kaplan ‘80s

Higgs could be an approximate GB

mpy = g,of

Flectro-weak scale determined by vacuum alignment.

- Natural models are constrained by flavor, precision tests

and now L

C.

- Hard to construct UV theories.

ypically postulate effective theories with correct features.



Electro-weak preserving strong sector: Kilic, Okui, Sundrum "09

SM + H




Electro-weak preserving strong sector: Kilic, Okui, Sundrum "09

SM + H

Higgs Is elementary and couples to strong dynamics
with renormalizable couplings:

L 142> - - i T 0T, 0
4 2 gfw + W ny'u(a,u — ZA,LI, — ZGM)\IJ — mz\If Y
Ve

L= Lsn —



Very weak bounds:
- Automatic MFV

- Precision tests ok

- LHC m, >1—2TeV

Interesting phenomenology:

- Plausible at LHC | 3

- Automatic dark matter candidates

- Simple UV models



COLL'DER SIGNATU RES Kilic, Okui, Sundrum ’09

Frameworks predicts Goldstone bosons and vector bosons
with SM charges:

O[TAHT*W|p"%) = =5 m,, f,€"
(O[T W|m?) = —id™ f p*
Heavy vectors mix with SM gause bosons
Y gaug

q
0
>—Wg%j;‘w m, ~ g, f

q 7,

Unlike composite Higgs fermions are elementary.



Decay to hidden pions and back to SM gauge bosons,

Plons can also be stable or long lived.

Compositeness bounds:
- gsu 1
9p M

2 29
£4—Ferm7j — A—Z (QL’V'UJQL)z A > 6 TeV > mp > SM

TeV



® Models

SU(n) gauge theory with NF flavors.
Techni-quarks are vectorial with respect to SM.

Fermions SM  SU(n)rc
v Zz T n Z diri] = Nr
vp Zz T n g

(UPW7) ~ A f26%

Vacuum does not break electro-weak symmetry.
(Goldstone bosons:

SU(NF) Adjsune = 2_rix ) i =1

1=1 1=1




Accidental symmetries:

® TJechni-Baryon number

U rp Pl — P!
® Species number

U(1)p, Pl — i’

® G-parity
U — e ™2y

Broken by hypercharge.



Automatic dark matter candidates:
® Pions

Stable due to G-parity or species symmetry.

® Baryons
B _ Eil’il...’inQ;{lal QOAQ o Qan}

7:2 in

Lightest multiplet has minimum spin among reps.

n=3 n=4

Qre =15+ Yrg =0
DM candidate:

# J=0,1,2,...

Yrp =0



Flavor multiplets are split by quark masses and gauge
interactions:

® quark masses
dmz ~ g, mm,
omp ~m

® gauge interactions

Charged pions acquire positive mass.

397
m72r — (47'()2 CQ (W)mi

After electro-weak symmetry breaking multiplets further split.
Neutral component is the lightest. For triplets:

mtT —m® = 166 MeV



QmB

[ ~100MeV I



Baryons-anti-baryon annihilate mostly into pions

g2

grB I

g2

THERMAL ABUNDANCE

9 V)™ m2, mp ~ 50 — 100 TeV



Consider branches of unified representations

R

SU(5) | SU(3). SU(2), U(1)y charge | name
1 1 1 0 0 N
5 3 1 -1/3 -1/3 D
1 2 1/2 0,1 L
10 3 1 -2/3 —2/3 U
1 1 1 1 E
3 2 1/6 | —1/3,2/3 | @Q
15 3 2 1/6 | —1/3,2/3| Q
1 3 1 0,1,2 T
6 1 -2/3 —2/3 S
24 1 3 0 -1,0, 1 V
8 1 0 0 G
3 2 5/6 1/3,4/3 X
1 1 0 0 N
(N,SM) & (N,SM) or R =




Sample models for N=3

SU(3) techni-color. Yukawa | Techni- Techni-
Techni-quarks couplings | pions barvons under
Nrp =3 8 8 SU(3)rr
U=V 0 3 VVV = 3 SU(2)y,
=N&L 1 unstable NNN* SU(2)y,
Nypp = ¢ 15 20 SU(4) g
vV=Va&aN 0 3x3 |VVV,VNN =3, VVN:I SU(2)L
V=NgLaE 2 unstable NNN* SU(2),,
Nyp =5 24 40 SU(5) g
vV=Val 1 unstable VVV =3 SU(2)L
V=NalalL 2 unstable NLL =1 SU(2),,
Nypp = 35 70 SU(6) g
v=V&L&N 2 unstable | VVV, VNN =3,VVN =1 | SU(2),
V=ValakFk 2 unstable VVV =3 SU(2)L
V=Ng¢LaoLoF 3 unstable NLL,LLE =1 SU(2),,
Nop = 7 48 112 SU(7)rr
V=LalLasEaoEaN 4 unstable | LLE, LLE.LLN,EEN =1 SU(2)L
V=NgLpEaV 3 unstable | VVV, VNN =3, VVN =1| SU(2),
Npp =9 30 240 SU(9) g
V=Qa&D 1 unstable QQD =1 SU(2),,
4'\"'1'1.' = 12 143 972 SU(12)TF
V=QaDaU 2 unstable QQD,DDU =1 SU(2),,




TL:NF:3

Pions and lightest baryons are adjoint of SU(3).

Rescale QCD:
Mp 7 B ~ 1.3
T m, mp

Technibaryon thermal abundance:

2P 100 GeV . el
QDM

~(

%%0.1\/J(J—|—1)

Mg

200 TeV



o SU(Q)L C SU(g)F
Q=V 8=3+5

Scalar triplet is stable and 1s dominant dark matter.

o SU(Q)LXU(l)yCSU(B)F

Q=L+E

Dark matter is a the singlet technibaryon with mass
200 TeV.
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Dipole interactions:
1
4mB

Bo-,uz/(gM +ZgE75)B F,UJ/

do 6222 9 g% 9 7 9 mB 3
15~ Tt (%) > gh + 10765 < (570 )




® Magnetic Dipoles

gnm ~ O(1)

® FElectric dipoles

Needs CP violation. Naturally generated by @park

0 1 m2_ m%
~ log
10 1672 f~2

9E —s
mﬂ'

Interesting ball park for experiments. In QCD:

gEN10_2 X 0



® Unification

Incomplete SU(5) reps modity SM running

- SU(5) SU(3)®SU(2) ® U(1) |

ny N3 ne 2z | name | Aby Abs Ab;
585 3 1 Y510 1 0 0| D |2/3 0 4/15
585 1 2 b 0 0 1 0| L 0 / 2/5
10210 3 1 -2 0 1 0 1| U |2/3 0 16/15
1010 1 1 -1 0 0 0 1| E 0 0 4/5
1010 3 2 % 1 0 1 0| Q | 4/3 2 2/15
15 = E 3 2 l/ﬁ = = = = Q = = =
15015 1 3 1 0 0 2 o T 0 /3 12/5
15015 6 1 -2 2 0 0 0| S |10/3 0 32/15
24 1 3 0 0 0 2 1} V | 0 438 0 Giudice, Rattazzi, Strumia,’ 12
24 8 1 0 1 1 0 O G 2 0 0
24 3 2 S 0 1 1 0| X |43 2 10/3
M A B
1 R b? mp b; m1 b; mG
ag(ma) a;(myz) 27 mz 27 mp 27 m1
1
b3 §(4N — 33) + Abs
1 1
T3 2
b1 ! (4N, + & — )+ Ab
— 5 1
3 10



TC multiplicity typically requires intermediate treshold to
achieve unification:

T _
50

40 |

| Jar

30 b

:l,v"n‘_x
l()/ T T

3(Q+D) .- U+L+E)

10* 10° 108 10 102 10 10'°
Energy in GeV

G — 0.075
Ex: NTC=3

Q+DcC5+10 ﬁ my ~ 10" GeV

mag ~~ 1017 GeV



® SO(N) models

With NF fundamental flavors:

a a SU(Np)
0lg%q?|0) ~ 4m f369° .

Fermions are In a real representation:

- No difference between baryons and anti-baryons.
Iwo baryons can annihilate into N pions

EiliQ'"iN 6j1j2"°jN — (5’i1j1 (57;2]'2 e 5iNjN T permutations)
- Majorana masses are possible for real SM reps.

NN VvV GG



Majorana DM ("Higgsino dark matter”):

L=M,LgLg+ MNyNgNg+ N, LgHNg + N,LgH Ny

My Mo Ao
M = /1?} 0 ML
)\IQU ML 0
Mip < My
1 ~
2)\22 2)\22
MleL—AJ\Z M, = M, Ms ~ My + MZ

Lightest state has suppressed couplings to Z.
Direct detection bouna:

2\20?
AM

My — M = > O(100 keV)




In SO(N) theories baryons in real reps have Majorana
masses. Higgs couplings then realize Majorana DM.

SO(Ng) Yukawa TCxw N=3 N=4
Q=L&L&N=(1,2)1,®(1, 1) | Yes 341,09 2412 @ 1 B3 B3

Np =17 27 105 168
Q=L&LBV =(1,2)310®(1,3)0 | Yes |50B4412P3410B24120®10| B3 B7

® NF=5

Bg — Bé =39 = 4ﬂ:1/2 D 3+1,0D 213/2 D 2 X 2:|:1/2 ® 1110
MLHN Mo LHTN

Spectrum almost degenerate.

AM = O(TeV) > A > 1079




CONCLUSIONS

* A strongly coupled sector that does not break electro-

weak symmetry is a plausible

hossibility for new physics

compatible with what we know and perhaps observable.

* Explicit models can be realised in term of well known
gauge dynamics. Dark matter is very naturally a
technibaryon (or techni-pion) stable due to accidental

symmetries.

* Jechnibaryons should be heavy for thermal production.

New EDM signature. Techni-

minimal dark matter:

pion dark matter similar to



n:NF:?)

Pions and lightest baryons are adjoint of SU(3).

Lp ~ B(iv"D,, — mp)B — 201 Tr[BXB| — 2b;Tr[BBX] + . . .
D F

—ﬁTr[Bv“vE’{DuH, B}] - ﬁTr[BW“VS (DI B]| + ...
Rescale QCD:
Mp mB ~ 1.3 Agm?T%OzQJ(JnLl)mi
f Mp
by ~ —2b) ~ —0.3m5p' D =0.6 F=04

Technibaryon thermal abundance:

2
o ~ 100 GeV 2 > ow (M
Q% 200 TeV



2(bapz, cos ¢, + by pug cos o)

Amy = 2(bip3 cosdr + baps; cos o), Am= =
Amys; =  2(by + by)u7 cos ¢y, Amp, = 2/3(u7 cos ¢, + 2u% cos o) (b + by)

Triplet is never lightest. Singlet can be DM

v,
mr ~ Mg > ¢L2¢E2§

Dipole interactions:

1 ,
Lmp By* (g ‘|‘@9EV5)B€F/W

0 1 m? m?

g ~ O(1) JE = 1 =

1016 20 m2



Crewther et al.’79
, Pich, de Rafael ‘91
Baryons action depends on ¢

Lp ~ B(iv"D,, —mp)B —bTrBxB + %DMH B~*~°B
X = vo&TME U= ¢?

CP violating interactions from mass terms.
As for the neutron EDM Is generated:

EQNZ—HbBT('B dDM

v

e abc - ma
% dprg ~ 01 B
DM 1672 N f?2 52




Heavier baryons

heav: - heav:

3
S — — p— p—
5 s =1 s = 2

J(J +1 1
MBNNmO—I_m1| (N )m2—|—0<m>

Baryons with species number can also be stable

Ex;

O~ (sss) — E%(uss) + K~ (us)

Forbidden by phase space in QCD.



Baryon number can be broken by dimension 6 operators

8 M* ( M ) y <1O5G6V

B 5 1016 GeV

) x 101 years
mp

mp

Species symmetry and G-parity can be broken by Yukawa
couplings or dim 5 operators

1 = 1~ .
MQQHH? MQO-M QB,LU/

Within EFT baryons more likely cosmologically stable.



