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Introduction

1. Motivation:
I Cosmological data favours additional relativistic degrees of

freedom beyond the three active neutrinos and photons
(known as dark radiation).

I SM extensions involving TeV-scale Z′ gauge bosons include
light right-handed neutrinos which could consitute dark
radiation.

2. Our objective:
I Constrain the parameters of the E6 Z′ models through the

cosmological evicence of dark radiation and LHC searches of
new neutral gauge bosons.
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Z ′ motivated by E6 Models

I Extra U(1)′ through E6 models:

E6 → SO(10)× U(1)ψ → SU(5)× U(1)χ × U(1)ψ →

→ SU(3)C × SU(2)L × U(1)Y × U(1)′

I parametrized by β mixing angle:

I Yβ = cosβYχ + sinβYψ

I Lint = g
Yβ
Y fLβ f̄Lγ

µfLZ
′
µ + g

Yβ
Y fRβ f̄Rγ

µfRZ
′
µ

I Z − Z′ mixing angle δ set to 0

(for MZ′ . 1TeV δ ∼ O(10−3), and decreases with higher masses.)
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Right-handed neutrino carry a non-zero U(1)′ charge
√

40Yχ
√

24Yψ

QL =
(
uLdL

)
−1 1

uR 1 −1

dR −3 −1

LL =
(
νLeL

)
3 1

eR 1 −1

νR 5 −1

RH neutrino decoupling for β = 0.419π

(a) νR with low Majorana masses ⇒ See-Saw Mechanism forbidden:
I Massless RH neutrinos

I 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

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

∆Neff = 8
7

∑
B

gB
2

(
TB

TBBN

)4
+
∑
F

gF
2

(
TF

TBBN

)4

B[F]≡ new boson [fermion]

I The three superweakly Right-handed neutrino contribute as:

∆Neff = 3×
(
TνR
TνL

)4
= 3×

(
g(T

νL
dec)

g(T
νR
dec)

) 4
3

;

I Right-handed neutrino decoupling T defined by condition:

ΓνR(T νRdec) = H(T νRdec)
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I Hubble expansion parameter:

H(T ) =

√
4π3GN(g(T )+ 21

4 )
45 T 2 †

I g(T) calculated using statistical physics taking into account:
I QCD Phase Transition from Lattice QCD including finite mass

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

I At very high T all SM particles included

T  [GeV]
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(T
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 QCD transition

† 21
4

is the contribution of the massless right-handed neutrinos.
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I Interaction Rate right-handed neutrino pair collision:

ΓνR(T ) =
∑
f

Γf (T ) =
∑
f

gνR
nνR
〈vσ(ν̄R(p)νR(q)→ f̄f)〉 =

=
∑
f

gνR
8π4nνR

∫∞
0 p2 dp

∫∞
0 q2 dq

∫ 1
−1

(1−cos θ)σf (s)

(eq/T+1)(ep/T+1)
d cos θ .

I T νRdec and MZ′ related through σf (s) ∼ 1
M4
Z′

inside ΓνR ;

 [GeV]Z’M

3
10 410

 [
M

e
V

]
R

ν d
e

c
T

310

π = 0.42 β

π = 0.41 β

π = 0.5 β

π = 0.3 β

π = 0.7 β

π = 0.8 β

π = 0.1 β

 = 0β
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I Cosmological data contraints on MZ′ through the extra effective

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

entropy conservation.

∆Neff = 3×
(
TνR
TνL

)4
= 3×

(
g(T

νL
dec)

g(T
νR
dec)

) 4
3

I Then use the relation between T νRdec and MZ′ :
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Cosmological constraints on E6 models

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

Neff = 3.71+0.47
−0.45 ⇒ −0.214 < ∆Neff < 1.134 (1σ)

I Combining CMB experiments, H0 measurament, high redshift Type-I supernovae

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

Neff = 4.35+1.4
−0.54 ⇒ −0.764 < ∆Neff < 2.704 (1σ)
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LHC constraints on E6 models

I Using CMS data and calculating theoretical expectations
σ(pp→ Z ′)×BR(Z ′ → l+l) with MADEVENT, a lower
bound on MZ′ for each E6 model is extracted:
CMS Collaboration: arXiv:1206.1849 [hep-ex]; ATLAS Collaboration: arXiv:1209.2535 [hep-ex]
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Cosmological and LHC constraints on E6 models

Finally, putting cosmological and LHC results together:

]π  [rad/β

0 0.2 0.4 0.6 0.8 1

 [
G

e
V

]
Z

’
M

310

410

0.45
+0.47 = 3.71effN

LHC7 allowed 95% CL

]π  [rad/β

0 0.2 0.4 0.6 0.8 1

310

410

LHC7 allowed 95% CL

0.54
+1.4 = 4.35

eff
N

∆Nmax
eff 1.16 0.48 0.37 0.30 0.22 0 0.27 0.36 0.43 0.98 1.18

for β
π

0.00 0.10 0.20 0.30 0.40 0.419 0.50 0.60 0.70 0.80 0.90

⇒ Most of MZ′ values require a lower amount of dark radiation
(for right panel).
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Conclusions

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

I The additional radiation depends on the time of decoupling of
the RH neutrinos with the other SM particles (i.e. MZ′).

I With 95% CL:
I ∆Neff ≥ 1.25 excluded for all β
I ∆Neff ∼ 0.5 excluded for all 0.1 < β

π < 0.75

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