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1. Motivation:

» Cosmological data favours additional relativistic degrees of
freedom beyond the three active neutrinos and photons
(known as dark radiation).
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Z' motivated by Eg Models

7' motivated by Eg Models

> Extra U(1)’ through Es models:
Ee — SO(10) x U(1)y — SU(5) x U(1)y x U(1)y —

= SU3)e x SU2)r x U(1)y x U(1)
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7' motivated by Eg Models

> Extra U(1)’ through Es models:
Ee — SO(10) x U(1)y — SU(5) x U(1)y x U(1)y —

— SUB)e x SU(2) x U(1)y x U(1)
> parametrized by 8 mixing angle:
» Y3 = cosfY, + sinBYy

> Line = gy, YI* fLy* fL.Z0 + g, YT fry* frZ),
8 B M B 5
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Z' motivated by Eg Models

7' motivated by Eg Models

> Extra U(1)’ through Es models:
Ee — SO(10) x U(1)y — SU(5) x U(1)y x U(1)y —

— SUB)e x SU(2) x U(1)y x U(1)
> parametrized by 8 mixing angle:
» Y3 = cosfY, + sinBYy

> Lot = gy, VA" v fLZ), + 9., Y]" fry" frZ,,

» 7 — Z' mixing angle § set to 0
(for Mz < 1TeV § ~ O(10~3), and decreases with higher masses.)
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Z' motivated by Eg Models

Right-handed neutrino carry a non-zero U(1)’ charge

VA0Y, | V24Y
a=(4)] - 1
UR 1 —1
dr -3 —1
L=(%)| 3 1
ER 1 —1
VR 5 —1

RH neutrino decoupling for 8 = 0.4197
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RH neutrino decoupling for 8 = 0.4197
(a) vr with low Majorana masses = See-Saw Mechanism forbidden:

> Massless RH neutrinos
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Right-handed neutrino carry a non-zero U(1)’ charge
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dr -3 —1
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RH neutrino decoupling for 8 = 0.4197

(a) vr with low Majorana masses = See-Saw Mechanism forbidden:
> Massless RH neutrinos
> Light LH neutrinos

(b) Combination of RH and LH neutrinos form three Dirac neutrinos.
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Z' motivated by Eg Models

Right-handed neutrino carry a non-zero U(1)’ charge

VY, | V24Y,
Qr = ( Yr ) 1 1
UR 1 —1
dr -3 —1
L=(%)| 3 1
ER 1 —1
VR 5 —1

RH neutrino decoupling for 8 = 0.4197

(a) vr with low Majorana masses = See-Saw Mechanism forbidden:
> Massless RH neutrinos
> Light LH neutrinos

(b) Combination of RH and LH neutrinos form three Dirac neutrinos.

= These light or massless RH neutrinos may be a new form
of Dark Radiation.
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Relating Particles and Cosmology

> New light states contribute to the effective number of
neutrinos as:

4 4
_ 8 T, T
ANe = 7297}3 (TBgN) + ZgTF (TB]};N>
B F

B[F]= new boson [fermion]
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Relating Particles and Cosmology

> New light states contribute to the effective number of
neutrinos as:

_ 8 T, T
ANe = 7297}3 (TBgN) ZgF (TB]};N>
B

B[F]= new boson [fermlon]

» The three superweakly Right-handed neutrino contribute as:

4
_ Top\* _ (g(T;@)%.
ANeH—3X(TVL) =3 (4745
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Relating Particles and Cosmology

Relating Particles and Cosmology

> New light states contribute to the effective number of
neutrinos as:

_ 8 T, T
ANe = 7297}3 (TBgN) + ZgF (TB]};N>
B

B[F]= new boson [fermlon]

» The three superweakly Right-handed neutrino contribute as:

4
_ Tvp (Tgfc))g.
AN = 3 x (TVL) =3 <g<T;;§) ’

» Right-handed neutrino decoupling T defined by condition:
Ly (Tiee) = H(T3)
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Relating Particles and Cosmology

» Hubble expansion parameter:
47r3GN(g(T)+%)

H(T) = /DS ) e ¢
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» Hubble expansion parameter:
H(T) _ 47r3GN(f5(T)+%)T2 T

» g(T) calculated using statistical physics taking into account:
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» Hubble expansion parameter:
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» g(T) calculated using statistical physics taking into account:
» QCD Phase Transition from Lattice QCD including finite mass
effects (A. Bazavov et al., [arXiv:0903.4379[hep-lat]])
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» At very high T all SM particles included
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Relating Particles and Cosmology

» Hubble expansion parameter:
H(T) _ 47r3GN(f5(T)+%)T2 T
» g(T) calculated using statistical physics taking into account:
» QCD Phase Transition from Lattice QCD including finite mass

effects (A. Bazavov et al., [arXiv:0903.4379[hep-lat]])

» At very high T all SM particles included
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Relating Particles and Cosmology

> Interaction Rate right-handed neutrino pair collision:

To(T) = S TH(T) =Y 22 (vo(vp(p)vr(a) — Ff)) =
f

TL,/R

!
_ v 0o 9 oo 9 1 (1—cos@)os(s)
_ZBTIAT]:,R o P dp fo q de,1 mdcow.
f
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Relating Particles and Cosmology

> Interaction Rate right-handed neutrino pair collision:

To(T) = S TH(T) =Y 22 (vo(vp(p)vr(a) — Ff)) =
f

TL,/R

!
_ v 0o 9 oo 9 1 (1—cos@)os(s)
_ZBTIAT]:,R o P dp fo q de,1 mdcow.
f

» T7% and My related through o(s) ~ Ml4 inside T

VR
Z/
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Relating Particles and Cosmology

> Interaction Rate right handed neutrino pair collision:

fo Wi (vo (Tr(p)vr(a) = FF)) =

9v 1 (1—cos @) ¢(s)
_ZB RR 0 p dpf QQde,lmdcose.

» T8 and My related through o¢(s) ~

M4 IIR;

MeV]

Va
dec

T

M, [GeV]

Beascoa Negre

Confronting LHC in Z' Models



Relating Particles and Cosmology

> Interaction Rate right handed neutrino pair collision:

fo Wi (vo (Tr(p)vr(a) = FF)) =

9v 1 (1—cos @) ¢(s)
_ZB RR 0 p dpf QQde,lmdcose.

» T8 and My related through o¢(s) ~

M4 IIR;

MeV]

Va
dec

T

M, [GeV]

Beascoa Negre

Confronting LHC in Z' Models



Relating Particles and Cosmology

» Cosmological data contraints on My through the extra effective
number of neutrino and its dependence on g(T) when imposing
entropy conservation.
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Relating Particles and Cosmology

» Cosmological data contraints on My through the extra effective
number of neutrino and its dependence on g(T) when imposing
entropy conservation.

4
T 9(Tyee)
AN, :3><< R) :3><< ‘?ﬁc)
eff TVL Q(Tdéi)
and Mz :

» Then use the relation between dec
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Relating Particles and Cosmology

» Cosmological data contraints on My through the extra effective

number of neutrino and its dependence on g(T) when imposing
entropy conservation.

= ()" = (S2)°

9(Tyl)
» Then use the relation between

dec

dec and Mz :

—p=041x
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\ B=03x
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ol LR --p=071
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15}
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Cosmological constraints on Eg models
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Cosmological constraints on Eg models

» BBN, using D and 4He @ Steigman et al. [arXiv:1208.0032[hep-ph]] .

Njp =3.71709T = —0.214 < AN.;; < 1.134 (1o)
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Constraints on Eg models

Cosmological constraints on Eg models
» BBN, using D and 4He @ Steigman et al. [arXiv:1208.0032[hep-ph]] .
Njp =3.71709T = —0.214 < AN.;; < 1.134 (1o)
» Combining CMB experiments, HO measurament, high redshift Type-l supernovae

and SDSS halo power spectrum M. C. Gonzalez-Garcia et al. [arXiv:1006.3795 [hep-ph]]

Ny =4.35T03, = —0.764 < AN.pp < 2.704 (1o)
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Constraints on Eg models

Cosmological constraints on Eg models

» BBN, using D and 4He @ Steigman et al. [arXiv:1208.0032[hep-ph]] .
— +0.47
Nepp =3.7170,5 = —0.214 < AN.sr < 1.134 (10)

» Combining CMB experiments, HO measurament, high redshift Type-l supernovae

and SDSS halo power spectrum M. C. Gonzalez-Garcia et al. [arXiv:1006.3795 [hep-ph]]

Ny =4.35T03, = —0.764 < AN.pp < 2.704 (1o)

1
0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1
B [rad/xn] B [rad/x]
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Constraints on Eg models

LHC constraints on Eg models

» Using CMS data and calculating theoretical expectations
o(pp — Z') x BR(Z' — 1) with MADEVENT, a lower
bound on Mz for each Eg model is extracted:

CMS Collaboration: arXiv:1206.1849 [hep-ex]; ATLAS Collaboration: arXiv:1209.2535 [hep-ex]
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» Using CMS data and calculating theoretical expectations
o(pp — Z') x BR(Z' — 1) with MADEVENT, a lower
bound on Mz for each Eg model is extracted:

CMS Collaboration: arXiv:1206.1849 [hep-ex]; ATLAS Collaboration: arXiv:1209.2535 [hep-ex]
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Constraints on Eg models

Cosmological and LHC constraints on Eg models
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Constraints on Eg models

Cosmological and LHC constraints on Eg models
Finally, putting cosmological and LHC results together:

LHC7 allowed 95% CL

M, [GeV]

0 02 04 06 08 10 .
B [rad/n] B [rad/n]
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Constraints on Eg models

Cosmological and LHC constraints on Eg models
Finally, putting cosmological and LHC results together:

LHC7 allowed 95% CL

0 02 04 06 08 10 .
B [rad/n] B [rad/n]

ANZF*™ |1.16 [0.48 |0.37 [0.30 |0.22 0 0.27 |0.36 |0.43 |0.98 |1.18
for% 0.00 |0.10 |0.20 |0.30 |0.40 |0.419 |0.50 [0.60 |0.70 [0.80 |0.90

= Most of M values require a lower amount of dark radiation
(for right panel).
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» We have studied the evidence of dark radiation in the form of
3 generations of RH neutrinos.
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Conclusions

» We have studied the evidence of dark radiation in the form of
3 generations of RH neutrinos.

» The additional radiation depends on the time of decoupling of
the RH neutrinos with the other SM particles (i.e. My).
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Conclusions

Conclusions

» We have studied the evidence of dark radiation in the form of
3 generations of RH neutrinos.
» The additional radiation depends on the time of decoupling of
the RH neutrinos with the other SM particles (i.e. My).
» With 95% CL:
» ANcsr > 1.25 excluded for all 8
> AN,js ~ 0.5 excluded for all 0.1 < £ < 0.75

Further constraints on dark radiation are forseeable for higher LHC
energies and new cosmological data.
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