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Introduction
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Motivation
Three open questions in particle physics:

e the Hierarchy problem
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Asm: scale at which New Physics emerges

= Agy ~ TeV
= Composite Higgs (CH) models
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Introduction > VI Phenomenology 1sion and Outlook
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Motivation

Three open questions in particle physics:
e Dark Matter (DM)

Velocity
(km s°1)

10,000 20,000 30,000 40,000

Distance (light years)

What we know about DM:
v ~ 85% of total matter content
v/ interacting gravitationally
v cold: non-relatvistic in eraly universe
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Motivation

Three open questions in particle physics:
e Small neutrino masses (m, < 0.2eV)
Canonical Seesaw:

v v

N N ¢ |ntroducing Majorana neutrino N
Y Y

A "N e Typical seesaw scale My ~ O(10%)GeV

H® /7 N HO
Loop:IeveI mass generation:
e Adiscrete Z, symmetry
e | oop-level neutrino mass generation

® Loop suppression — reduced seesaw
v o scale My ~ TeV

e DM candidate protected by the Z,
. . symmetry
= Scotogenic Models

HY HO
N .
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What is a Composite Higgs?

Goldstone’s Theorem: A massless particle from each SB global symmetry
nNGe = dim[g] — dim[?—t]

Chiral Symmetry CH
g SU(3),. x SU3)r Eg. SU(4)
l SSB /\QCDl<E’LiQRj> #0 m*l (Yp) #0
H SUB)y Sp(4)
Explicit SB: mg, Electromagnetism my, gauge couplings, ...

pNGBs

SU(2)? SU(2)p name
(2.2) 3
1

(1,1) 1

PNGBs:

= e
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Electroweak Symmetry Breaking in CH

Figure: EWSB by vacuum
misalignment

Yu Chen (JMU)

EWSB in CH
g
SSB [:> Higgs
SU(2), x SU(2)r € H
J Higgs vev
SUR@)y

6: misalignment angle
|F|: scale of CH symmetry breaking
SM Higgs vev: vew = |F| - sin(0)
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Heavy Spin-1 Resonances in CH

fermion + fermion —  scalar + vector
2®2 — 193

Chiral Symmetry

SU@B), x SUB) — SUB), CH
Eg. SU(4)—Sp(4)

\ \
K« K> S=+1
4 A, Vi

SU2)2  SU@)p name | SU@)?  SU@2)p name

(2.2) 3 a (2.2) 3 u

1 J1p 1 iy
(1,1) 1 Jou | (3,1)+(1,3) 3 o
3 2y

v

Nax = dim[G] — dim[#]
Nyec = dim[g] — Nax
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Recap

e the Hierarchy problem

= Composite Higgs models
e Dark Matter (DM)
e Small neutrino masses

= Scotogenic model

Composite Higgs Models: Higgs emerges as a pNGB of SSB of an
approximate symmetry

Scotogenic Models: DM and neutrino masses simutaneously

My goal: realising Scotogenic Models within Composite Higgs scenario
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The SU(6)/Sp(6) Coset
@000

Embedding EW Symmetry in SU(6)

hyper-fermions | SU(2), x SU(2)g SU@2), SUQR)g | Zo
Wy = (11 ¥2)" 2,1 +
W = (43 1a)7 (1,2) SU)s +SU)s | SUR), | +
W3 = (15 v6)" (2,1) -

SU(2), generatgors: T} = 1/2 (0

0 O
SU(2)s generatgors: Th=1/2 (0 —a] 0)
0
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The SU(6)/Sp(6) Coset
0e00

Vacuum Misalignment

i0'2 0 0
W)y ~So=| 0 —iop 0

EW Vacuum: 0 0 oo

preserves the EW symmetry:
UL . ):o . ULT = Zo
UR . Zo . U,; = ):0

explicit breaking
pNGB vev

ioo cos 8 I>sin @ 0
CH Vacuum:

Yo=Q() Zo-Q7(0) = | —Ipsind —icacosf® O
0 0 iO’g

Q(0) = exp (\/éiHXH) : rotation induced by Higgs
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The SU(6)/Sp(6) Coset
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PNGBs
14 pNGBS in the SU(6)/Sp(6) coset:
EW vacuum CH vacuum
(0 =0) (0 #0)
H= (22 h=1
m=(1,1)4 n =14
A=(3,1)_ | A+, A =3
Zg—odd 7]3 = (1,1)_ T’3 = 1_
+ 40 _
o=(22_ | * ¢ =3
na =1-
Zp-even | nmp=(1,1)+ =14
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The SU(6)/Sp(6) Coset
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Heavy Spin-1 Resonances

]:N = Ap, + VM
35su(6) = 14sp(e) + 21sp(e)
vﬂ Ay.
name SU(2)° SU(2), | name SU(2)* SU(2),
v (3,1)@®(1,3) 3 .
al;n i
G{]KH(] Vay (3 1} @ (1, 3) 3 Yip {2,2) 1
Tip 3 Yo (L1) 1
. (2,2) | Yo (L1)
rag (3,1) 3 as, (3,1) 3
Lo odd Tap (131) 1 Yap (111) 1
T‘:‘f’- 3 a':‘.p 3
Tap (2:2} 1 Ysp {2,2) 1
Zy-even Vap {331) 3 Yap (1,1) 1
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DM Phenomenology
@00

Relic Density: Freeze-Out
DM creation and annihilation:

SM + SM <« DM + DM
Boltzmann Eq.:

dn
_ 2 2
o +3Hn=— {(ov) (" — neq)
= 1 B TR o
= Freeze-out _
~ —3
210 l |
> ; 076 (o V= 10% cm¥s
1079 - (o, vy =10 % cm¥s
L (o,,v) = 10%° cm/s
107"
1 0—15 B
1 1 10°
0 0 X=mpy,/T
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DM Phenomenology
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Dominant nz Annihilation Channels
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DM Phenomenology
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ns Freeze-Out Abundance

Parameters of the model: mpym, Ay, My, 9, Qvan 0
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(a) Q vs. g for difference mpy and My, (b) Q vs. g for difference Ay and gy rr
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Conclusion and Outlook
[ 1o}

Conclusion

Observations:

e In CH models, Higgs appears as a pNGB of SSB of an approximate
symmetry

e Dynamic EWSB due to the Higgs vev
e DM candidates among pNGBs in the SU(6)/Sp(6) coset
e Relic Density calculation favors large pNGB masses and decoupling
limit
Next steps:
e Other bounds from DM aspects?
e |dentifying Majorana neutrinos among the spin-1/2 bound states
e Constraints from neutrino masses and EW precision tests
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The Hierarchy Problem

An open question in particle physics:

Shsm am? > am?
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Electroweak Symmetry Breaking

Higgs Mechanism: SSB of a gauge symmetry — no Goldstone boson but
mass of the gauge field.

Before Misalignment: SU(2), x SU(2)g € H
6: misalignment angle
Vew = |F] - sin(6)

After Misalignment: SU(2), € H’

Figure: EWSB by vacuum
misalignment[Panico’'2016]
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Scotogenic Models

Field | Generations || SU(3). SU(2). U(1l)y | Z»
0 3 1 2 —1/2 ]+
€n 3 1 1 -1 +
H 1 1 2 12 |+

7 n, 1 2 1/2 | -
N Ny 1 1 0 -

vL

_ 1
L D YnaaNnnall* + EMNnNCnNn + )\772H2 +h.c.
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Heavy Spin-1 Resonances

Hidden Symmetry Formulism

Introducing low energy spin-1 resonances:

Go g1
[770 [m Tpy g — Ay
Ho H+ Tpr Ay
hS v K— Vi
SU(2), x SU(2)g € Hv Tpo A Vi
EWSB
SUR)v

o — 3 W, Z,, AV,
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Mixing with the EW Bosons
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Interactions
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ns Freeze-Out Abundance
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n4 Freeze-Out Abundance
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