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Introduction
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THE HIERARCHY PROBLEM

2 3y;
ome ~ 55Ny,

> Asy ~ TeV or excessive fine-tune
> Why veyw < Mp,?
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CoMPOSITE HicGs (CH)

EWSB 1IN CH

g
F [=> H € pNGBs
SU(2), x SU(2)gr € H

Higgs vev
Figure: EWSB by vacuum SU(Z)D W'j:v Zu
misalignment [Panico, 1506.01961] o’
! Higgs: a pseudo Nambu- pNGBs
Goldstone-Boson (pNGB) € G/H SU(2)? SIJ{?)D name
| Custodial symmetry SU(2), x SUQR)x € H A
> Minimal coset SU(4)/Sp(4) (1.1) ! "
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DARK MATTER (DM) AND NEUTRINO MASsS

> DM: ~ 85% of total matter content
> m, < 0.12eV

Scotogenic Models:

A discrete Z, symmetry
Majorana fermion N (1,1)_
Scalar bi-doublet ¢ (2,2)_

Loop suppression — reduced seesaw
/ N scale My ~ TeV

DM candidate: lightest Z,-odd particle

v N N L = DM and natrually small neutrino
mass simutaneously!

HO HY

Y Y Y VY
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DM Phenomenology within SU(6)/Sp(6) Coset
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PNGBs IN THE SU(6)/Sp(6) COSET

14 pNGBs in the SU(6)/Sp(6) coset:

EW vacuum (# = 0) | CHvacuum (6 # 0)
SU(2); x SU2)x SUQ2)p
H=(22), h=1,
Zy-even m=(1,1)+ m=14
n2=(1,1)4 ne =14
A=(3,1)_ AT A =3_
Zo-0dd ns = (1,1)_ n o=1_
o= (2,2)_ %, ¢° =3-
na =1_
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RELIC DENSITY: FREEZE-OUT
DM creation and annihilation: SM + SM « DM + DM

Boltzmann Eq.: ¥ 4+ 3Hn=— (ov) (P —nd)

001 T T
o001t T / '\1

E
10 1

- o <G mTy\3/2 o—m/T

| ; > g o (31)°/2e

é,ﬁ,‘i, ¢ ”””” 3 > Hn> (ov)n® = noc a3

Z o | S— ] freeze-out

5w ! . ¢ 77777777 1 > Q.h? =0.1200 in ACDM

° m:: 1 Image credit: A. Green
10 F EQ 1
A A

x=m/T (time -)
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RELIC DENSITY: FREEZE-OUT
DM creation and annihilation: SM + SM « DM + DM
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DM Phenomenology within SU(6)/Sp(6) Coset

[e]e] le]ele]

n3((1,1)- —1_) FREEZE-OUT RELIC DENSITY

Mpm

: DM mass, here mass of 73

v Effective Vector-pNGB-pNGB coupling
0: Misalignment angle
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(b) Q vs. Mpy, for different 6
@ MicrOMEGAs
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DM Phenomenology within SU(6)/Sp(6) Coset
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773 FREEZE-OUT RELIC DENSITY
Ay Mass difference between other pNGBs and DM candidate
My: Heavy vector mass
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Figure: Q vs. Ay for different My and Mpy

@ MicrOMEGAs
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DM Phenomenology within SU(6)/Sp(6) Coset
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WHAT THE RD CALCULATION TELLS US
For the case of 73 being the DM candidate:
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WHAT THE RD CALCULATION TELLS US

For A%((3,1)_ — 3_): No viable points in parameter space found
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WHAT THE RD CALCULATION TELLS US
For ¢°((2,2)_ — 3_) and m((2,2)_ — 1_):
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Conclusion and Outlook
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CONCLUSION

Observations:
» The unbroken Sp(6) subgroup contains a discrete Z, symmetry
> Four potential DM candidates among pNGBs in the SU(6)/Sp(6) coset

» A as a DM candidate does not work in the scaned region of
parameter space

> Relic Density calculation favors large pNGB masses and the
decoupling limit
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CONCLUSION

Observations:
» The unbroken Sp(6) subgroup contains a discrete Z, symmetry
> Four potential DM candidates among pNGBs in the SU(6)/Sp(6) coset

» A as a DM candidate does not work in the scaned region of
parameter space

> Relic Density calculation favors large pNGB masses and the
decoupling limit

Next steps:
> Relevant signatures at LHC
> |dentifying ingredients for a scotogenic setup
» Constraints from neutrino masses and EW precision tests
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Conclusion and Outlook
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THE HIERARCHY PROBLEM

An open question in particle physics:

E \\
Ig - [ [— f'
Yt gw 9 L. _~_._/_’_ _H

A

Shsw_ dm?, oo dm?,
5m,2_1 == / dEi(E ptrue) / dEi(E ptrue)
0 <ASM dE

= dsmMz, + dpsmm?

3}’t

~ 82 ASM+
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CoMPOSITE HicGs (CH)
A lesson from QCD:

> Dimensional transmutation: QCD coupling runs logrithmically
between two vastly separated scales In(Mp/Agcp) ~ 100

> Below Agcp: condensation and pions as pNGB from chiral symmetry
breaking
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CoMPOSITE HicGs (CH)
A lesson from QCD:

> Dimensional transmutation: QCD coupling runs logrithmically
between two vastly separated scales In(Mp/Agcp) ~ 100

> Below Agcp: condensation and pions as pNGB from chiral symmetry
breaking

COMPOSITE SECTOR

g Eg. SU(4) ELEMENTARY
- Lint SECTOR
ssB m. | (G £0 [~ g e
H Sp(4) SU(2).xSU(2)r
Heg/H

> my < confinement scale m,
> my insensitive to physics above m, ~ TeV
» Natural hierarchy between m, and Ayy > TeV



Appendix

00@0000000000000

DARK MATTER (DM)

Velocity
(km s°1)

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

Distance (light years)

What we know about DM:
v/ interacting gravitationally
v ~ 85% of total matter content

v cold: non-relativistic in early
universe
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Image credit: NASA
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SCOTOGENIC MODELS

Weinberg operator: A~'HOHOu;u;

Three realizations of seesaw mechanism by adding:
@ Fermion singlets (Majorana neutrinos) x(LH)s
@ Scalar triplet x(LL);
© Fermion triplets x(LH);

Type | Seesaw:

v v . . .
N . > Majorana neutrino N with mass My
042
v > m, ~ ki
’ N N N
H° SN HO

, N > Typical seesaw scale My ~ O(10°)GeV
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SCOTOGENIC MODELS

Weinberg operator: A~ HOHOu;1;

Three realizations of seesaw mechanism by adding:
@ Fermion singlets (Majorana neutrinos) x(LH)g
@ Scalar triplet x(LL);
© Fermion triplets x(LH);

= Three types of scotogenic setups

HO o'
. . _ 1 _
L L3 YraaNottal{' + 5 My, NNy + X H? + h.c.

Av2
ml/ 32 2M2 y inOpy
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EMBEDDING EW SYMMETRY IN SU(6)

hyper -fermions | SU(2), x SUR)r | Z2
= (11 ¢2)7 21 +
2 = (Y3 ¥a)” (1,.2) +
wa = (v5 v6)” 2,1) -

> Three commuting SU(2) subgroups € Sp(6)
> SU(2), = SUR); + SU(2),

> SU(2)g = SU(2)»
> 7 symmetry present

o 0 0 o 0 0
SUR) :Ti=1/2(0 0 0]; SUR)p: Th=1/2|0 —o] 0
0 0 o 0 0 0
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VACUUM MISALIGNMENT

i0'2 0 0
(W) ~%g=1| 0 —ioca O

EW Vacuum: 0 0 ioo
SU(2), x SU(2)z € Sp(6)
14 pNGBs € SU(6)/Sp(6)
pause

explicit breakings
—_—

Higgs vev

ioo cos @ Io>sinf 0
Y9 =Q() Zo-Q7(#) = | —lasind —iopcosf O
0 0 i0'2

Q) = exp<\/§i9XH) : rotation induced by Higgs vev

CH Vacuum:

SUQR)y, W, Z,
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HEAVY SPIN-1 RESONANCES

HIDDEN SYMMETRY FORMULISM

Go G1
[Wo [7“ Tps Za — Ay
Ho Hq Tp, Ap
¢ v }(—$)@
SU2). x SUR2)g € Hy Tor A Viu
EWSB
SUR2)y m —3, WE, Z,, AV, )

Naxi = dim[G] — dim[#]
Nyec = dim[g] — Naxi
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HEAVY SPIN-1 RESONANCES

Y NoN=Ad.®1
35su(6) = 14sp(e) + 215p(6)

Vs A,
name SU2)®  SU@2), | name  SU2)”  SU(2),
v, (3,1)®(1,3) 3 "
Q1 B
Go/Ho | P (D@13 3 Yom (2,2) 1
"iu 3 You 1,1 1
i (2,2) 1 Y2 (L,1)
T2pu (311) 3 @2y (3,1) 3
Zy—odd T2p (1) 1 Yap (L,1) 1
Tap 3 azy 3
Tau (22) 1 Ysp (2.2) 1
Lyeven | uy, (3.1) 3 Y (1,1) 1
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MIXING WITH THE EW BOSONS

12 § g2 2 /g2 2
g“My(1+wsj) g9 My, wsy /rMA53 ’ MV /MV09 0
1922 2 2042 V2§ 2 g 2 g g 2 B
g9’ Mywsg g MV(2+W59) rMAsg B N MVCg My P
v2g g 97 g \/ég 9 9% w3
1 M3se I'MA59 M2 0 0 0 0
ME, = -9 %;29 977 2 A a})u
97 fg 7gfg 0 My 0 0 V10”
M2 M2 Vo
-9'%% Vce -9°% VC@ 0 0 M, 0 o
3p

0 —g¥ g 0 0 0 M2
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MIXING WITH THE EW BOSONS

M2t wsh) _ngf’ZEG g %ﬁg —QA\”%(Z —gM\ (Wi Wt

—gM M 0 0 0 al, AL,

Me=| _g yég 0 M2 0 o |.|v, |=¢]|v,
_g’%; 0 0 M2 0 Vi, Vi,

—g 0 0 0 M2 v, Vi,
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INTERACTIONS
Maurer-Cartan Forms:
iU} D, Uy = iUj (9, — igW! T] — ig’ B, T3) U
iU} D, Uz = iU} (9, — igV!,S" — ig/ Al X" Us
Building blocks:
iy — o, = h(gi, 7). h' (g, ), (1)
€y — e,’m = h(g,-, 77,-)(e,-,# + I'(‘)M)hT(g,', 7T,') (2)
CCWZ Lagrangian:

L=— %Tr]—'m,]-'“” - %TrW,WW’“’ - %TrBWB“”

f02 12 f12 I rf12 et fi% n t
+ 4 Trob, 0 + 4 Trdh, df' + —-Trdb, Ko KT + - TrD*K(D, K)'.
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INTERACTIONS

Moy e

V2, 1
f i

iU D, Uj ~i(lg — —— 2

)

N2)(9, — iF.) (I +
—iF,
+ %(i\@@ul‘l +V2F,N-V2nF,)

i

1. . .
+ f?(/]-'ul'lz + M2 F, — 2iNF,N)

i

1
O(—

= V, V#(— vector mixing) 4+ 7V, V* 4+ 70,7 V* + nn V,, V¥
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AN EXAMPLE: 13+1n3— W+ W~

R W Moo= — W+ T-------- —— W= MB-------- — Wt
A AT 3 5
s [EREEEEE R L w+ mo-------d L w- m-------d L w+ me------- W~
1,1 —1_
. wt o m Wt m-------- — W Mm-------- — Wt
SEN N 1 1
\::< »H< A Aar
[ i 1 1
w-oom W= M------- Wt M------- W

From the kinematic part:

At - maAy W+ Xz - nary " Wi
)3 - (OumsAF — 0,0 ng) Wi
+Xg ez W W

NS = f(g, 9varr, 03 MV7 MA)

From the scalar potential: ¢ vgw - n3nsH + ¢1 - nanzsHH
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73 FREEZE—OUT RELIC DENSITY
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73 FREEZE—OUT RELIC DENSITY

g: "gauge coupling” of the composite sector
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e »” P L s e o | S S S—1
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(a) Q vs. g for different mpy and My (b) Q vs. g for different Ay and gy r
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74 FREEZE—OUT ABUNDANCE
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