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Main Highlights

BSM Interactions: Between SM fermions and Light mediators (ALP,
light gauge boson, etc.).
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Note: The BBN constraint is also applicable here.
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Introduction Neutrino and cosmology

• Around BBN (after e+e− annihilation):
neutrinos are the 2nd most abundant particles in
the Universe.

• Neff associated with relativistic DOF.

At T << me : Neff ∝
(
ρνL(Tν)

ργ(Tγ)

)
It is a crucial parameter in cosmology describing the dynamics of the
thermal history of the Universe.

• CMB : Planck 2018 data estimates NCMB
eff = 2.99+0.33

−0.34 at 95% CL

assuming ΛCDM cosmology.

• BBN : Neff = 2.89+0.63
−0.57 at 2σ (Varying Neff and Yp ).

Pisanti et al. 2011.11537

NUL
eff (BBN) = 3.51 and NUL

eff (CMB) = 3.33.
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SM Contributions to Neff Neutrino Decoupling within SM

EFT SM Ints. : LSM
ν−e ⊃ GF√

2

[
νγµν

][
e+γµ(gV − gAγ5)e−

]
At Tγ ∼ few MeV : νL, νL

Weak Int.←−−−−−→ e−, e+ EM Int.←−−−→ γ ⇒ Tγ = Tν

At Tγ . me : νL, νL e−, e+ −→ γ ⇒ Tγ 6= Tν

• At T < me: Neff = 8
7

(
11
4

)4/3
(
ρνL (Tν)

ργ(Tγ)

)
= 3× 8

7

(
11
4

)4/3
(
Tν
Tγ

)4
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∆Neff Neff with BSM

Planck 2018 data: NCMB
eff = 2.99+0.33

−0.34 at 95% CL.

SM contribution: NCMB
eff ' 3.043. Escudero, et al. arXiv:2306.05460

∆NCMB
eff |UL = NCMB

eff (Planck)−NCMB
eff (SM) ' 0.28 with 95% CL.

The additional contribution to Neff → Scope of new physics.

Solution: Non statndard neutrino interactions with the light dark
mediator (ALP, light gauge boson, etc.).
U(1)Lµ−Lτ : JHEP 03 (2019) 071, PLB 834 (2022) 137463 ; U(1)B−L : arXiv:2308.07955 .

Our Contributions: We considered a generic U(1)X model with
arbitrary charge assignments.

Specific anomaly-free charge assignments →
X : B − L, Li − Lj(i 6= j), B − 3Li, Bi − Lj etc..
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∆Neff Neff with U(1)X

• SM+ light Z ′ originated from generic
U(1)X model with T ∼ O(MeV)

LZ′int ⊃ gX (X3ν̄τγ
αPLντ +X2ν̄µγ

αPLνµ)Z ′α

+gX (X1ν̄eγ
αPLνe +X1ēγ

αe)Z ′α

Parameters: Light gauge boson: {MZ′ , gX}
U(1)X Lepton Charges : {X1, X2, X3}

e± νi

Z ′

e+e− → νν̄

Z ′→
e +

e − Z
′ →

νν̄

W±/Z

ν ↔ e
Z ′

Temperature evolution for the SM (e±, γ, νL) and BSM (Z ′) specices:

dTνL

dt
= −

(
4HρνL −

δρ
νL→e±

δt
+
δρZ′→νL

δt

)(
∂ρνL

∂TνL

)−1

; (Tνe = Tνµ = Tντ )

dTZ′

dt
= −

(
3H

(
ρZ′ + PZ′

)
−
δρZ′→νL

δt
−
δρ
Z′→e±

δt

)(
∂ρZ′

∂TZ′

)−1

; (Z
′

: in thermal bath)

dTγ

dt
= −

(
4Hργ + 3H (ρe + pe) +

δρ
νL→e±

δt
+
δρ
Z′→e±

δt

)(
∂ργ

∂Tγ
+
∂ρe

∂Tγ

)−1

,
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∆Neff Impact of light gauge boson on Neff

LZ′int ⊃ gX
(
X2(3)ν̄µ(τ)γ

αPLνµ(τ)

)
Z ′α + gX (X1ν̄eγ

αPLνe +X1ēγ
αe)Z ′α

Light gauge boson: {MZ′ , gX} :: Lepton Charges : {X1, X2, X3}

Planck	2018	(2σ)

gx=10
-7,	MZ'=10	MeV

Xi=-1,	Neff=3.38
X1=-1,	X2,3=0,	Neff=3.38
X1=-3,	X2,3=0,	Neff=3.47
X3=-1,	X1,2=0,	Neff=3.34
X1=0,	X2,3=-1,	Neff=3.34
X2=-3,	X1,3=0,	Neff=3.34
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Any increase in the effective coupling (X1gX) leading to an increment
in Neff .
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∆Neff Impact of light gauge boson on Neff

LZ′int ⊃ gX
(
X2(3)ν̄µ(τ)γ

αPLνµ(τ)

)
Z ′α + gX (X1ν̄eγ

αPLνe +X1ēγ
αe)Z ′α

Planck	2018	(2σ)

MZ'=10	MeV	
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X1=0,X2,3=1
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	Induced	coupling	with	e±Tree	level	coupling	with	e±

Z'	from	U(1)X	Models		
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∆Neff U(1)X models (anomaly free)

Models XQi(Xui = Xdi) X1 X2 X3

B− L (1/3, 1/3, 1/3) −1 −1 −1

B− 3Le (1/3, 1/3, 1/3) −3 0 0
B − 3Lµ (1/3, 1/3, 1/3) 0 −3 0
B − 3Lτ (1/3, 1/3, 1/3) 0 0 −3

Le − Lµ (0, 0, 0) 1 −1 0
Le − Lτ (0, 0, 0) 1 0 −1
Lµ − Lτ (0, 0, 0) 0 1 −1

B1 − 3Le (1, 0, 0) −3 0 0
B2 − 3Le (0, 1, 0) −3 0 0
B3 − 3Le (0, 1, 0) −3 0 0

B1 − 3Lµ (1, 0, 0) 0 −3 0
B2 − 3Lµ (0, 1, 0) 0 −3 0
B3 − 3Lµ (0, 1, 0) 0 −3 0

B1 − 3Lτ (1, 0, 0) 0 0 −3
B2 − 3Lτ (0, 1, 0) 0 0 −3
B3 − 3Lτ (0, 1, 0) 0 0 −3
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∆Neff U(1)X models (anomaly free)

Planck	2018	(2σ)
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∆Neff Specific U(1)X models with X1 6= 0
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∆Neff Specific U(1)X models with X1 = 0
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conclusions

The new interaction of Z ′ with both e± and νi, can potentially
impact the neutrino decoupling consequently altering Neff .

In some MZ′ region, the Neff bound from Planck 2018 is more
stringent than the low energy experimental constraints.

These U(1)X models are widely used used in particle physics as
well as cosmology. The bound from Neff derived by us will be
extreamly relevant for the community.
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H0 Tension: Discrepancy between the values of expansion rate H0

obtained from CMB and local measurement.

CMB measurement (PLANCK 2018) :
H0 = 67.36± 0.54 Km s−1 Mpc−1

Distance measurement (SHOES) :
H0 = 73.04± 1.04 Km s−1 Mpc−1

Riess et al. (arXiv:2112.04510)

Discrepancy of around 6σ between
two measurements.

-gX/70ε=X1=0,	X2,3=1	with	
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Additional ∆Neff : reduce the
H0 tension from 6σ to 4.6σ

Riess et al. JCAP10(2016)019



SM Neff with NLO QED correction

Physical Scenario NSM
eff − 3

Instantaneous ν decoupling 0

residual e+e− → ν̄ν 0.03

QED corrections to ρe+e− and ργ 0.01

NO 0.0007

NLO QED coorections (e+e− ↔ ν̄ν rates)
Escudero, M., et al. (2023). arXiv:2306.05460

−0.0007

Contributions to Neff in the SM. NSM
eff = 3.0432(2) ' 3.043 (arXiv:2306.05460).
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NLO QED Contributions to Neff in the SM. (Escudero, M., et al. arXiv:2306.05460).
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CMB and Pm(k)

Impact of Neff on CMB and Pm(k) : Increase Neff and rescal ωm and
ωΛ to fix zeq and zΛ.

Ref.: Taken From Julien Lesgourgues’s Presentation.
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Constraints
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Constraints
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