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Motivation

In the SM, all observed global symmetries arise
as accidental symmetries of the renormalizable Lagrangian.
This explains why the proton is stable. It also explains flavour.

We need at least one more stable particle for Dark Matter...
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New gauge theory + gap
DM is an accidentally stable “techni’-baryon




' Kilic, Okui, Sundrum '09
Vector-like confinement: lic, Okui, Sundrum

New confining sauge theory with fermions vectorial under SM



' Kilic, Okui, Sundrum '09
Vector-like confinement: lic, Okui, Sundrum

SM + H

New confining sauge theory with fermions vectorial under SM

SM Including Higgs couples to the strong sector with
renormalizable couplings:
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® Jechnicolor

® Composite Higgs

f>wv



Higgs 1s a pseudo-Goldstone boson. Electro-weak scale
determined by vacuum alisnment.
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DEVIATION SM = TUNING

® Electro-weak preserving dynamics:

SM + H

Higgs Is elementary.



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

- Relaxion



® Models

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

Fermions SM  SU(n)rc
v Zz i n Z dlril = Nr
vp Zz T n g

(UPW7) ~ A f365%

Goldstone bosons:

K K

Ad = i X 1—1
SU(Ny) JSU(NF) ;”’“ izl"“

Vacuum does not break electro-weak symmetry.



Accidental symmetries:

® Techni-Baryon number

U(1)rs Pl — P!
® Species number

U(1)p, Pl — i’

® G-parity
U — e ™2y

Broken by hypercharge.



Automatic dark matter candidates:

® Baryons

B — eilil...ianlalQO{Q o Qan}

’ig in

mp ~ Nm,

Lightest multiplet has minimum spin among reps.

n =3 n =4

Qre =135+ Yrg =0

DM candidate: # ]=0,1,2,...

Yrp =0



® Pions o
Bai, Hill ’10

Pions can be stable due to G-parity or species number:

Y — Syp°
WeT® — WeJe S =e™?

Aata _>Aa(_ta)>l<
' — (=1)71’
Triplet is stable. Behaves as minimal dark matter.  strumia, Cirelii ‘05

mj—=1 ~~ 2.5 TeV

ogr = 0.12 +0.03 x 10740 ¢m?



Baryon number can be broken by dimension 6 operators

S M4 M \* /100TeV\”
T ~ i NlO%Secx(_—> < © )
Mpy Mpwm

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.



Flavor multiplets are split by quark masses and gauge
interactions:

® quark masses

Smz ~ mm, omp ~ m

® gauge interactions

Charged pions acquire positive mass.

392
m?r — (47'()2 CQ (W)mi

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

mT —m® = 166 MeV



mMTCp’

2

T
mTCb ~ TCﬂ'

MTCb

Atc )
Am = asQ*myy sin? 7W
{ I ~ 100 MeV

MTCnx



We take branches of unified representations

R=(N,SM)

R=(N,SM)&

- SU(N) asymptotically free

(N,SM)

(N, SM)

SU(5) | SU(3). SU(2), U(1l)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 E
3 2 1/6 | —1/3,2/3 Q
15 3 2 1/6 | —1/3,2/3 | @
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 0 0 N

- No Landau poles below the Planck scale.

- Lightest techni-baryon with Q=Y=0

- No unwanted stable particles




Two classes of models:
® Golden

These models fulfil all requirements with renormalizable
lagrangian

Ex:
N =3 Q=V DM=VVV

® Silver

Higher dimensional operators needed

Ex;
N =3 Q=L+E DM=LLE



Renormalizable models:

SU(N) techni-color. Yukawa Allowed | Techni- Techni-
Techni-quarks couplings N pions baryons under
NTF =3 8 8,6,... for N=3,4,... SU(3)TF
U=V 0 3 3 VVV =3 SU(2)L
'=NaL 1 3,..,14 | unstable NN* =1 SU(2).
Ntr =4 15 20,20/,... SU(4)Tr
v=VeN 0 3 3x3 VVV,VNN=3, VVN=1| SU@2)L
V=NoeLoFE 2 3,4,5 unstable NN* =1 SU(2)L
Nrp =25 24 40, 50 SU(5)rr
v=VoL 1 3 unstable VVV =3 SU(2)1
V=NoLolL 2 3 | unstable NLL=1 SU(2)L
= 2 4 | unstable NNLL,LLLL =1 SU(2)L
Npp =6 35 70, 105 SU(6)rr
Y=VaL&eN 2 3 unstable VVV,VNN =3, VVN=1| SU(2).
V=VeLsE 2 3 unstable VVV =3 SU(2).
V=NeLeoLoE 3 3 unstable NLL,LLE=1 SU(2).,
= 3 4 unstable NNLL,LLLL NELL=1 | SU(2).
Npp =T 48 112 SU(7)1r
V=LoLoEGE®N 4 3 unstable LLE,LLE,LLN,EEN =1| SU(2).
V=NeLoEoV 3 3 unstable VVV,VNN =3, VVN=1| SU(2).
Nt =9 80 240 SU(9)rr
v=Qeb 1 3 unstable QQD =1 SU(2)L
Nrg =12 143 572 SU(12)TF
v=QoeDeU 2 3 unstable QQD, DDU SU(2)~




® Unification

Incomplete SU(5) reps modify SM running

M
—X+—lg

Giudice, Rattazzi, Strumia,’ |2

Ab . Mgyt

27 MX

35.3Absy1 — 49.2Ab39

SU(5) SU@B)®SUR)®U() | ns 73 ny =z |name | Abs Aby Ab
585 3 1 s 70 1 0 0| D [2/3 0 4/15
505 1 2 Yy 0 0 1 0| L 0 2/3 2/5
10& 10 3 1 =243 0 1 0 1| U |2/3 0 16/15
10510 1 1 -1 0 0 0 1| E 0 0 4/5
105 10 3 2 1 0 1 0| Q |4/3 2 2/15
15815 3 2 s | = = = =| Q = = -
155 15 ] 3 10 o 2 ol T 0 8/3 12/5
155 15 6 1 -2 2 0 0 0| S [10/3 0 32/15
24 1 3 0 0 0 2 1| V 0 4/3 0
24 8 1 0 1 1 0 0| G 2 0 0
24 3 2 S 0 1 1 0| X | 4/3 2 10/3
SM
8% (Mz) aGuT 27T MZ 27’(‘
| M 68 | MauTt
1Nl — — 11 —

Abgl —1 .9Ab32



Q+ D DM = QQD

: acur ~ 0.06

a : — : Meaur ~ 2 x 1017 GeV

/oy o : A
10/ I T

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

Oﬁ-—l-—l-—!’l | | | | ! | | | | |

102 10* 10 10% 109 10!'2 10'% 10!°

Energy in GeV

Aprc =100TeV My ~2x 10 GeV



Relic abundance of TB:

100 TeV 1if DM i1s a thermal relic,
Mov S0 g ey 4

if DM 1s a complex state with a TCb asymmetry

&>
Thermal abundance ors I 2
determined by annihilation
into technipions - 9> -
<« —

THERMAL ABUNDANCE
ANN Y Am

(0BB "V mZ mp ~ 50 — 100 TeV




T charged TB dark matter interacts as usual WIMPS

DM DM DM DM=* DM DM DM
W
. W W
- h
‘I /\ q q / ‘I \ q q q
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Even it TB s SM singlet can have dipole interactions

€

\Tj/y,ul/(gM T Z9E75)\Ij F,uy-

2mp
® Magnetic
gm = O(1)
® Electric
Need CP violation: Orc G0 G

3272

-
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Dipole interactions:
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N =Nprp =3

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

Rescale QCD:
m
Mo 7 — ~1.3 AImZ =~ apJ (J +1)m,
f Mp
by ~ —2b) ~ —0.3m5p' D = 0.6 F =04

Technibaryon thermal abundance:

2
o ~ 100 GeV 2 > lom (M
0%, \200TeV



Q=L+E

Amy ~ 4mp(b1mL + meE) Am= ~ 4mp(b2mL + blmE)
4
Amsy = 4m,(by + bo)my Amp = §mp(b1 +b2)(mr +2mpg)

Triplet is never lightest. Singlet can be DM
mpr ~MNEg

Dipole interactions:

1 .
By* (gm +ig9E7s) B ek,

4mB

m2 m3

gu ~ O(1) gt ~ —0.15 f—glogm—g X 01



® SO(N) models

With NF fundamental flavors:

. . SU(Np)
OqiqfO N47Tf35b >
ol 0 SO(Np)

Fermions are In a real 1C representation:

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

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

NN VvV GG



After electro-weak symmetry breaking neutral baryons
with hyper charge mix with Majorana ones. Mass
eigenstates are real. Similar to neutralinos.

SO(N) baryons are Majorana fermions or real scalars:

® production
Cannot be produced through an asymmetry.
Thermal abundance:

™M pp 100 TeV

® detection

There are no vector couplings with Z and no
dipole interactions. This avoids spin iIndependent bounds.



Renormalizable models:

SO(N) techni-color. Yukawa  Allowed | Techni- Techni-

Techni-quarks couplings N pions baryons under

Npp =3 5 3,1,... for N=3.4,... - SO3)rp
U=V 0 3.4,..,7 | unstable VN =3.1,.. SU(2)y,

NTp =4 9 4, 1, 80(4)'1‘?
v=NaV 0 3.4,..,7 3 VVN=1,V(VV 4+ NN) =3, SU(2)p,
VV(VV + NN) =1,... SU(2)p,

Nrp = 14 5, 1... . SO(5)rr
vV=L&aN 1 3.4,..,14 | unstable LLN =1, SU(2)y,
LL(LL+ NN)=1,... SU(2),.

Ntp =17 27 1 ... SO(7)rr
=LV 1 4 unstable (LL+VV)2 =1 SU(2) .,
V=L®E®N 2 4,5 unstable (EE + LL)?+ NN(LL+EE) =1 SU(2) 1.

Nrp =8 35 1 SO(8)rr
== 0 4 unstable GGGG =1 SU(2)L
v=LoNaV 2 4 unstable (LL+VV)2 4+ NN(LL+VV) =1 SU(2),

Nrp =9 44 1 ~ SO(9)rF
V=LoEaV 2 4 unstable (EE+LL+VV)?=1 SU(2)1

Nrp =10 54 1 ' SO(10)rF
v=LoEoVaeN 3 4 unstable as LG E®@V + NN(LL+EE+VV)=1 SU(2)L




Q=L+N

N=3 : () = (Hen)
SU(NtF) |

SO(NtF)

Lightest baryons are likely a quintuplet of SO(5);

“Higgsino" + “bino”

Lo 212 2_1,2

Lo /m10 Yyrv  YRY
21/2 yz?} 0 m21/2
212 | ygv M2, , 0

\

® Higgsino DM Mma, , < M1,
2,,2 U
~J y v QL v y—

Am =ma, ,, —mi,

(Am > * o 0.03 % mB>
4



Majorana techni-baryon DM

- spin-dependent x-sec
10~ i',l
\/ 5 % i I‘ .g"rc _
92 X,yu,y X MDM E: . |" ""‘*_
gAZM ’gA| < 1.2 ¥ 107k > V=12 3
cos 0 2 s | \ e L
W TeV 2 <
2 1009
2 9 5 : :
y-v = L 1
A (Am)? <1 ! 3
([l PR TT PRI T A T TR S 111111_\\~j~1-11 =
10° 10° 102 103 10* 10°
° ° Dark Matter mass in GeV
- inelastic dark matter
1
N g2Y T+ L= 7 Amyr > 100 KeV ., A 1
MY ¥ ML > y > 1077 X
cos Ow 100 TeV

- spin-independent x-sec

2 4 2
givma | OMp s
ogp = TN QN 4N gom < v/ Mpn /75 TeV gpM = 20~y
2mve My




OTHER PHENO

(O.Antipin, MR, arxiv:1508.01112)



COLLIDER SIGNATU RES Kilic, Okui, Sundrum ’09

Framework 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 gauge bosons
Y gaug

q
0
>’\f\/g)%j;‘\/\« m, ~ g, f

q 7,

Differently from composite Higgs fermions are elementary.



1000
Greco, Liu ’ 14
1001
10 4
g
- o(pp = pT 4+ X) ~ 20,4
= 1 9,
) g5
0.1 o(pp— p~ + X) ~ =504
0.01 4gp
g
0.001 | o(pp — p° + X) ~ g—%(aua + 04q)
0

500 1000 1500 2000 2500 3000 3500

M,[GeV]
Decay to hidden pions and back to SM gauge bosons
through anomalies or agbar

W_.'O\ri y g
P’ p,,\,\,< Blr(,0—>qq_)o<—fl
~~~% gp

q
Plons can also be collider stable or long lived.



o (tb)

Pions can also be produced through SM interactions

100

.
g T
10 s 5
E ~~ 60’ — 32y
: S ,
1; ) L
b (o L
f M 40| — 7r(3) — Ly
O.l; :
001" )
‘ ‘ ‘ ‘ ‘ ‘ 0 P A
100 200 300 400 500 600 700 800 200 300

pp = WE = aind =3y + W

Only search from CDF

My, > 230 GeV

400 500 600 700



New features arise with Yukawa couplings

HQ;(y;;Pr + y;: Pr)Q); >  ymyfHm+ ...
m™m
MIXING : €~y ";f
mm

- Plons with species number decay through Higgs:
7T21/2—>H7T10, 7T11%HH7T10

- Small effects in precision tests, Higgs couplings etc...

2 2 2
- v 5 My o hww v
0T ~ — e 05 ~ —-¢ i ~ € —
f my hiyrw f



Electro-weak VEV

mg — 62m72T2 ~
o <1 Elementary Higgs
o c>1 Composite Higgs

Flementary Higgs generates vacuum misalignment of
composite Higgs!

)‘HQLQR > ySM

Q

| >

Viable UV completion of composite Higgs.
Not natural... supersymmetry? relaxion?



EDM for SM particles generated with complex Yukawas:

Q=L+V  m,LLA mQV VV 4+ yr HI'VL + yLHVL + hec.

B STRONG

4
de ~ 10~ 27e cm X Im[yLyR] X % X (Tﬂ‘fﬂv) % (;ZK/)Q

d, < 87 %1072 ecm @90% C.L.



CONCLUSIONS

* Stability of DM suggests the existence of accidental
symmetries beyond the SM. DM can be naturally realised
within “Vector-like confinement™ models as techni-baryons.

* SU(N) models generate complex DM with sizeable
electric and magnetic dipoles. SO(N) models give
Majorana DM giving rise for example to inelastic DM.

* [he models automatically realize MFV and predict very
small deviations from SM, yet they could be discovered at
colliders If the dynamical scale Is around TeV. Interesting
effects include: resonances production, electron EDMs,
oravitational waves, unification...







Gravitational waves (GWV)

SU(N) confining theories with Np massless flavours give rise to a 1st order P.T. for

3< Np <4N and N >3

Pl.occursat: T ~ Apc ~ O(10 TeV)

Peak frequency T B
. = 3.3 1073 Hzx( )X(_)
of the GWV signal : Ipeat 10 TeV 10H

0001

Yy v

Amplitude of
the GWV signal :

W2 Qaw ~ 1077

P. Schwaller |5’



Electron EDM

Ly =mpLL +myNN¢+yHLNC + §H'LCN + h.c.

Anomalies:
m2 m; Alm(y3)g> f3 1
LEDM . __ T3 (7_‘_0,)2 . _77772 + pJ T (HTO_CLHT‘_CL . nHTH)
2 0 2 m. ERNVE
g192N ~ N )~
4+ aWa BV |: W'L,LWWZ i B,LLI/B,LLV:|
64m2f, 3 NG RGE S
Integrate out GBs:
2 2 ~ 2 2 2
EDM My ref N Im(yy)(3m; — 2m; )ms _ - 0t 0 _ CH 01 1.0
LFPM = — =2 Ll © s e, FERTH = =5 FEROTH
€M C A2
> d, ~ — o

42 \2 h



Orc S
_ . O*O?* 4 1
Zijng Q' + 55 5 GG
Vacuum:
2
V(U) = (Tr[MU + MUt
U=UV Uy = Diagle?*,e??,.
Dashen equations:
) a
u?smgbi:N(Q—Z@) 1 =1,.
4
(m%,wgﬁa M?N\/—mei




Crewther et al.’79
, Pich, de Rafael ‘91
Baryons action depends on 6

Lp ~ B(iv"D,, —mp)B —bTrBxB + %DMH B~*~°B
- g 2
X =vo§'ME 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




Baryons in SO(N) models

Start from the SU(NF) HB and decompose under SO(NF)

N=3 ( ') _ ( 'f?ﬁ]])
_ SU ( Ntr) T SO(NTg)
N=4 : ( ) =( +1I|%1)
SU ( ;\Y.I, P ) SO ( A‘\r'l*p )
N=5 : ( ') = ( B '+D:D~D)
SU(Ntg) — SO(Nrr)

Example: QCD “eightfold way” splits spin-1/2 HB

8—( ) _ ( & ) — 5@ 3
SU(3) SO(3)

similarly for the heavier spin-3/2 HB :

0= (mm) =(o;en) =763
SU(3) SO(3)




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.



