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Dark Matter Leptogenesis

= Potential with scale invariance at the tree-level
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= Needs generalization of Coleman-Weinberg mechanism to multiple

scalar states [Gildener Weinberg 1976]
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= Standard Model + SU(2)py + Y™ o NN
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Dark Matter Leptogenesis

Potential with scale invariance at the tree-level

Aj, Ao Ao AL Ao Ao
V_Z}h +ZCD4+IU4_ zh@ — 4 ra + {;/'02.

Needs generalization of Coleman-Weinberg mechanism to multiple
scalar states [Gildener Weinberg 1976]

All the scales will be generated radiatively, once the GW conditions are
satisfied:

2)\hn% — Ah¢7z2 )\hgng,

» 2A¢57l% = Ahgbn% =+ )\qbanga

2NN = A(;bo-(n)? AhoTl?

oV
——| =0,

Where ny = sina N, =COSa COSYy Nn3= cosa Ssiny



Vector Dark Matter

= Extend the Standard Model with non-Abelian gauge group (hidden
sector), e.g. SU(2),,, gauge bosons take the role of cold Dark
Matter
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Vector Dark Matter

= Extend the Standard Model with non-Abelian gauge group (hidden

sector), e.g. SU(2),,, gauge bosons take the role of cold Dark
Matter

= After SSB by ® in fundamental representation

ZN = —a

Remnant global SO(3) > All Z’, stable and M., — gbM <¢>>
have the same mass 2

= |f the hidden sector had been U(1) = kinetic mixing among the
hidden sector and the hypercharge would have made our dark

matter candidate unstable
FMV Already gauge-invariant in Abelian theory

FWF'“’”
= SU(2) first introduced in (Hambye 2009)

= Can be generalised to SU(N) , symmetry breaking patterns become
more involved (Gross, et al 2015) (Di Chiara, et al 2015)
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Vector Dark Matter

= Semi-annihilations (dark matter in the final state)

= Can be dominant for My M

= Total annihilation of Z’, needs to give correct relic abundance Q h? < 0.12

= Careful calculation, taking into account resonances and thresholds we use
micrOMEGAs 4.1.5 (G. Bélanger, F. Boudjema, A. Pukhov, A. Semenoy, ...)



One scale to rule them all

Aha yMO'NN

My = 0(GeV)




Vector Dark Matter

= Random scan on the free parameters of the model

= Blue dots: Vector dark matter is a significant portion of the measured
value 10% - 100%

= Red dots: Overproduce dark matter — Ruled out
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Vector Dark Matter
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= <¢p> =~ few TeV, not to overclose the universe

" < g > can be almost anywhere, but due to common origin <o >
cannot be too large comparedto < ¢ > 11



Direct Detection
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orenesis via oscillations

= Akhmedov-Rubakov-Smirnov mechanism. Lepton flavour asymmetry
produced CP-violating oscillations N; <& N j
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= Akhmedov-Rubakov-Smirnov mechanism. Lepton flavour asymmetry
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= One of the flavours comes into thermal equilibrium with plasma
after the universe cools down to Tgy, I'. < H(Tgw)
(when electroweak sphaleron processes freeze out)

Lepton flavour asymmetry is translated to baryon asymmetry via
sphaleron processes above the electroweak scale
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Leptogenesis via oscillations

= Akhmedov-Rubakov-Smirnov mechanism. Lepton flavour asymmetry
produced CP-violating oscillations N; <& N j

= One of the flavours comes into thermal equilibrium with plasma
after the universe cools down to Tgy, I'. < H(Tgw)
(when electroweak sphaleron processes freeze out)

= |Lepton flavour asymmetry is translated to baryon asymmetry via
sphaleron processes above the electroweak scale

" |n order to parametrize the Dirac Yukawa couplings we use the
Casas-lbarra parametrization:
V2
v

YPT = U, .- v/m, - R-VM x

The matrix R is parametrized by three complex angles w;;




Leptogenesis via oscillations

= Ifweset AMy > My, /10 ) <g> > 2.5TeV
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Connection among the scales

= Can we find a connection among:
< ¢ > the energy scale responsible for dark matter and
< 0> theenergyscale responsible for leptogenesis

= \We know from observation that:
Qpph?
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Connection among the scales

= Can we find a connection among:
< ¢ > the energy scale responsible for dark matter and
< 0> theenergyscale responsible for leptogenesis

= \We know from observation that:

Qpyh? :
O h?
B Baryon relic Qth ~ 2'045&,[1? A(Yé) <0>
My, & My < My, abundance A(AJJQ\I)

“= p=0 Dark Matter relic 9 7.76 x 101 <Cb>2 1
siny =0.9 QDMh ~ ]pr 5 GeV

9pm
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Connection among the scales
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Conclusions

=  We already know that in the Standard Model lepton number and

baryon number are accidental symmetries, the latter being responsible for the
stability of the proton. In our framework the hidden vector DM is stable due to
the accidental non-Abelian global symmetry SO(3).

= Classical Scale Invariance powerful principle for BSM model
building. All mass scales in the theory need to be generated
dynamically.

= Using classical scale invariance as an underlying symmetry, we have
constructed a minimal extension of the SM that addresses dark
matter, the baryon asymmetry of the universe and the origin of
the electroweak scale.

= Under some mild assumptions we found a connection among
the scales: < g > responsible for leptogenesis, and < ¢ >
responsible for dark matter.




Thank you.
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BP 1 BP 2 BP 3 BP 4
Qh? 0.122 0.12 0.12 0.118
os (cm?) | 1.90 x 1076 | 3.32 x 10746 | 1.06 x 10746 | 3.11 x 10=%7
(h) (GeV) 246 246 246 246
(6) (GeV) 2257.849 1263.2553 1020.7136 4590.6715
(o) (GeV) 3079.351 5932.04 2831.6871 | 11790.9245
Ahd 0.034788 0.405987 -0.334614 0.016657
Ajo 0.16362 0.1223 0.399783 0.14068
Ao 0.01853 0.017928 -0.0454175 | 0.0029151
A 0.13132 0.159153 0.146756 0.12958
Ao 0.04442 0.00298437 0.02671 0.010748
A 0.151647 1.35190 1.5272 0.46366
Iy 0.61 1.39 0.96 2.41
My, (GeV) 125.0 125.0 125.0 125.0
My, (GeV) 81.638 94.053 137.237 839.10
Mp, (GeV) 1543.81 2123.604 1900.892 4744.69
Mz (GeV) 689.502 880.418 489.5361 5526.742
sin o 0.06429 0.040523 0.081455 0.019438
sin /3 0.01010 0.02868 -0.0251 0.0009157
sin v 0.8065 0.9781 0.94075 0.93186
Acw (GeV) 828.55 1149.13 1110.52 4550.13
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(o) (GeV) 3079 5932 2832 11791
My, (GeV) 0.225 0.45 0.2 0.9
My, (GeV) 0.25 0.50 0.22 1.0
My, (GeV) 0.275 0.55 0.24 1.1

my (meV) 0.0 0.0 0.0 0.0
ma (meV) 8.7 8.7 8.7 8.7
mgy (meV) 49.0 49.0 49.0 49.0
sin Ay 0.55 0.55 0.55 0.55
sin fag 0.67 0.67 0.67 0.67
sin f13 0.15 0.15 0.15 0.15

] —f4 —7/4 —m/4 T

1 ] 0 0 -1

g -2 —7/2 —7/2 T

Wz 1+ 2.6 1+ 2.6i 1+ 2.6i 1+ 2.6
w3 09427 | 09+27 | 09+27 | 09+2.7i
wag 0.03=18 | 0.1=15 |0.05=1.85 —1.4i
nre/(s x 2.5 x 10-10) -4.71 -5.05 -5.51 -6.43
npuf(s x 2.5 x 10719) -1.66 6.77 0.72 -75.82
nr. /(s x 2.5 x 10719) 6.37 -1.71 4.79 82.25
Te/H(Tew) 0.90 0.75 0.91 0.98
Tu/H(Tew) 58.43 69.72 56.64 315.5

T /H(Tew) 167.63 187.40 163.14 115.56
Tose (GeV) 443 x 106 | 4.78 x 106 | 3.71 x 10° | 4.84 x 10°
M 73%x107° | 76 x 107 | 7.1 x10"% | 7.6 x 10~°
yM 81x107° | 84x107% | 7.8 x107% | 85 x 10~°
Y M 89x107° | 93x107°% | 85x107% | 9.4 x 10~°
(YD) 1.26 x 103 | 1.78 x 10=% | 1.18 x 10=% | 2.5 x 10~*
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Higgs-like scalar particles

= Due to the SSB of scale symmetry we get a massless state associated to it

My, = 0 attree level

Quantum corrections explicitly break the scale symmetry, one-loop
effective mass:
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My, = 0 attree level
Quantum corrections explicitly break the scale symmetry, one-loop
effective mass:
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3
1
= a3 (Mhl + Mj, + 6Myy + 3My + 9Mz, — 12M —2) ~ My, )
i=1
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Higgs-like scalar particles

= Due to the SSB of scale symmetry we get a massless state associated to it

My, = 0 attree level
Quantum corrections explicitly break the scale symmetry, one-loop
effective mass:
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= a3 (Mhl + Mj, + 6Myy + 3My + 9Mz, — 12M —2) ~ My, )
i=1

Mh2<< le < Mh3

= New scalar states mix with the SM Higgs boson
= Colliders constraints translate as
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Higgs-like scalar particles

= Due to the SSB of scale symmetry we get a massless state associated to it

My, = 0 attree level

Quantum corrections explicitly break the scale symmetry, one-loop
effective mass:

3

1
— (Mhl + M, + 60y + 3ME + OME, — 120} — 2 M, )
1=1

Mh2<< le < Mh3

= New scalar states mix with the SM Higgs boson
= Colliders constraints translate as

0%V

72
M= 5,

(cosa cosB)* > 0.85 for My > 62.5 GeV

(cosa cosfB)? > 096 for 10 < Mj < 62.5 GeV




» The mass eigenstates h{, h,, h; are related to the scalar fields
in the Lagrangian via the rotation matrix O parameterized by
the mixing angles a, [, V.
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» The mass eigenstates h{, h,, h; are related to the scalar fields
in the Lagrangian via the rotation matrix O parameterized by
the mixing angles a, [, V.

cos ax cos 3 sin ov cos a sin 3
O = | —cosffcosysina +sinFsiny cosacosy —cos~ysinasin/ — cos /Jsin-y
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» The mass eigenstates h{, h,, h; are related to the scalar fields
in the Lagrangian via the rotation matrix O parameterized by
the mixing angles a, [, V.

cos ax cos 3 sin ov cos a sin 3
O = | —cosffcosysina +sinFsiny cosacosy —cos~ysinasin/ — cos /Jsin-y
—cosysin [ —cos fsinasiny cosasiny  cos/3cosy — sina sin [Jsiny

= The Gildener-Weinberg conditions will be satisfied at the RG scale
u = Agy , at this scale we can write the one-loop potential as

G S o 1 P} — 4
V = By (L::rg—2 — 5) V(p=v)=—Bv*/2
IL“
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» The mass eigenstates h{, h,, h; are related to the scalar fields
in the Lagrangian via the rotation matrix O parameterized by
the mixing angles a, [, V.

cos ax cos 3 sin ov cos a sin 3
O = | —cosffcosysina +sinFsiny cosacosy —cos~ysinasin/ — cos /Jsin-y
—cosysin [ —cos fsinasiny cosasiny  cos/3cosy — sina sin [Jsiny

= The Gildener-Weinberg conditions will be satisfied at the RG scale
u = Agy , at this scale we can write the one-loop potential as

G S o 1 P} — 4
V = By (L::rg—2 — 5) V(p=v)=—Bv*/2
IL“

= And hence for B> 0 this will be a lower minimum than the one at

the origin 1 ]
174 1 rd 1 rd 2 rd 4 -
B =g | D M, +6My +3Mj +9Mj, — 12M — 2y~ M},
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