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Motivation
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Precision Cosmology     

Planck 2018, 1807.06209

Pisanti et al. 2011.11537BBN

Planck+BAO

NBBN
eff = 2.86 ± 0.28

NCMB
eff = 2.99 ± 0.17

Yeh et al. 2207.13133 Today:

circa 2010
BBN

WMAP+H0++

NBBN
eff ≃ 3 ± 1

NCMB
eff ≃ 4 ± 1

Next years:

Simons Observatory:

~2029σ(Neff) = 0.05
under construction and fully funded

CMB-S4:

~2035?σ(Neff) = 0.03
main recommendation of the US P5 report
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Outline/Motivation
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1) The Physics of Neutrino Decoupling (Tools)
a) Simplified approach to solve neutrino decoupling

b) Comparison with traditional SM evaluations

M.E.A. 1812.05605 
& 2001.04466

2) Applications:
a) SM : Neff at NLO
b) Constraints on MeV-scale thermal dark matter
c) Constraints on a light  gauge bosonLμ − Lτ

with Cielo, Mangano & Pisanti 2306.05460 

with Hooper, Krnjaic & 
Pierre 1901.02010

with Sabti, Alvey, 
Fairbairn & Blas 1910.01649

3) Conclusions
Please, feel free to stop me at any time! !

Understand how to maximize the BSM potential of these measurements

Understand novel physical aspects of Neff in the SM and explore 
the cosmological implications of well motivated scenarios

https://arxiv.org/abs/1812.05605
https://arxiv.org/abs/2001.04466
https://arxiv.org/abs/1901.02010
https://arxiv.org/abs/1910.01649
https://arxiv.org/abs/2306.05460
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The Process of Neutrino Decoupling
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T > 2 MeV
Highly Efficient Processes

e+e� $ ��

e±� $ e±�

e+e� $ ⌫̄i⌫i

e±⌫i $ e±⌫i

ElectronsNeutrinos Z-W (off-shell)Photons
In comoving coordinates

t ~ 0.1s

The origin of the Cosmic Neutrino Background
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The Process of Neutrino Decoupling
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Highly Efficient Processes

e+e� $ ��

e±� $ e±�

me < T < 2 MeV

ElectronsNeutrinos Z-W (off-shell)Photons
In comoving coordinates
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The Process of Neutrino Decoupling
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Tγ < me/10

Only Neutrinos and Photons

T�/T⌫ = 1.4

Black Body Photon Radiation

ElectronsNeutrinos Z-W (off-shell)Photons
In comoving coordinates

⇢�/(⇢⌫ + ⇢�) = 0.6 γ ν
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Cosmic Neutrino Background
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Ne↵ ⌘ 8
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◆4/3 ✓⇢rad � ⇢�
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◆

Ne↵ = 3

✓
1.4T⌫
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Mangano et al. hep-ph/0506164 
de Salas & Pastor 1606.06986
Bennett, Buldgen, Drewes & Wong 1911.04504
Escudero Abenza 2001.04466

NSM
e↵ = 3.044(1)

<latexit sha1_base64="4TJ0cudvNpfZ5GgeSgCnDF1wGnA="></latexit>

Akita & Yamaguchi 2005.07047   
Froustey, Pitrou & Volpe 2008.01074
Gariazzo, de Salas, Pastor et al. 2012.02726
Hansen, Shalgar & Tamborra 2012.03948 
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Why is it not exactly 3?
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Recently reviewed by Akita & Yamaguchi, 2210.10307, see also the nice review by Dolgov hep-ph/0202122 

3) Finite Temperature QED corrections �m2
e(T ), �m

2
�(T )

2) Weak Interactions freeze out at T = 2-3 MeV  
    hence, some heating from e+e- annihilation n h�vi ' G

2
FT

5 ' H

1) Neutrino Decoupling is not instantaneous � ⇠ G2
FE

2
⌫

4) Neutrino oscillations are active at T < 10 MeV 

t
os
⌫ ⇠ 12T

�m2
texp =

1

2H
⇠ mPl

3.44
p
10.75T 2

t
scat
⌫ ⇠ 1

G
2
F T 5

ΔNeff ≃ + 0.03 Kolb et al. ’82
Dolgov et al. ‘97

ΔNeff ≃ + 0.01 Heckler ’94
Bennet et al. ‘21

ΔNeff ≃ + 0.0007 Mangano et al. ’05
de Salas & Pastor ‘16

Standard Model 
prediction as of 2021: NSM

eff = 3.0440(2) Akita & Yamaguchi 2005.07047   
Froustey, Pitrou & Volpe 2008.01074
Bennett, Buldgen, de Salas, Drewes, Gariazzo, Pastor & Wong 2012.02726

δNeff ≃ 0.03CMB-S4
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Solving for Neutrino Decoupling
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1) Traditional SM approach
Work in terms of the Liouville equation:

Accounts for: QED corrections + non thermal effects + neutrino oscillations

Dodelson & Turner, Hannestad & Madsen, 
Dolgov et al. ’90, de Salas and Pastor, 1606.06986  
Mangano et al. hep-ph/0506164 

2) Traditional BSM approach

Assume neutrinos decouple instantaneously and use entropy conservation

Does not account for the neutrino interactions

Fast and good as a first approximation

Boehm, Dolan and McCabe 1207.0497, 1303.6270
Serpico and Raffelt astro-ph/0403417
Kolb, Turner and Walker PRD 34 (1986) 2197 

∂fν
∂t

− Hp
∂fν
∂p

= C[ fν]

System of ~200 STIFF coupled diff equations: computationally very expensive
see nice code: FortEPiaNO Gariazzo, Pastor & de Salas

https://bitbucket.org/ahep_cosmo/fortepiano_public


Neff: SM prediction & BSM constraints 3rd CAGE  21-05-24Miguel Escudero (CERN)

Neutrino Decoupling
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Simplified approach: Escudero ’18-‘21

Taking advantage of the fact that neutrinos were in thermal equilibrium
Assume that neutrinos follow Fermi-Dirac distributions parametrized by a 
dynamical temperature  and simply write down simple ODEs for themTν

2-3 simple coupled differential equations for T� , T⌫

dT⌫

dt
= �H T⌫ +

�⇢⌫e
�t + 2

�⇢⌫µ

�t

3 @⇢⌫

@T⌫

dT�

dt
= �

4H⇢� + 3H (⇢e + pe) +
�⇢⌫e
�t + 2

�⇢⌫µ

�t
@⇢�

@T�
+ @⇢e

@T�

Results in:

check code at 
https://github.com/MiguelEA/nudec_BSM/

Analytical expressions for the SM energy transfer rates: As a result of a
12 dimensional integral!

δρν

δt

MB

SM
= G2

F

π5 [4 (g2
eL + g2

eR)] [32 (T9
γ − T9

ν ) + 56 T4
γ T4

ν (Tγ − Tν)]
One can account for the effect of a non-zero electron mass and Pauli blocking with tabulated rates

Limit
me = 0
f = fMB

∂fν
∂t

− Hp
∂fν
∂p

= C[ fν]

If scattering/annihilation/decay processes are not fully e�cient, the distribution func-
tion of a given species may not exactly be described by a Fermi-Dirac or Bose-Einstein
formula. However, in this work, in order to hugely simplify the Liouville equation (2.1) we
shall assume that any species is described by a thermal equilibrium distribution, namely by
a Fermi-Dirac or Bose-Einstein function. Thanks to this approximation, we can find sim-
ple di↵erential equations for the time evolution of the temperature and chemical potential
that fully describe the thermodynamics of a given system. As we shall see, this approach –
although only rendering an approximate solution to the Liouville equation – allows one to
track very accurately the relevant thermodynamic quantities.

2.3 Temperature and chemical potential evolution for a generic species

Upon integrating Equation (2.1) with the measures gd
3
p/(2⇡)3 and gEd

3
p/(2⇡)3, for a par-

ticle with g internal degrees of freedom, we find:

dn

dt
+ 3Hn =

�n

�t
=

Z
g

d
3
p

(2⇡)3
C[f ] , (2.4)

d⇢

dt
+ 3H(⇢ + p) =

�⇢

�t
=

Z
g E

d
3
p

(2⇡)3
C[f ] , (2.5)

where n, ⇢ and p are the number, energy and pressure densities the species, respectively.
�n/�t and �⇢/�t represent the number and energy transfer rate between a given particle and
the rest of the plasma.

By summing Equation (2.5) over all species in the Universe, one finds the usual conti-
nuity equation:

d⇢T

dt
= �3H(⇢T + pT) . (2.6)

From a microphysics perspective, this continuity equation arises as a result of energy conser-
vation in each process in the plasma; while from the fluid perspective, it simply results from
the conservation of the total stress-energy tensor rµT

µ⌫ = 0.
By applying the chain rule to (2.4) and (2.5), we find:

dT

dt
= �

✓
dn

dt

@⇢

@µ
�

d⇢

dt

@n

@µ

◆�✓
@n

@µ

@⇢

@T
�

@n

@T

@⇢

@µ

◆
, (2.7a)

dµ

dt
= �

✓
d⇢

dt

@n

@T
�

dn

dt

@⇢

@T

◆�✓
@n

@µ

@⇢

@T
�

@n

@T

@⇢

@µ

◆
. (2.7b)

This set of equations can be considerably simplified if chemical potentials are neglected. This
typically occurs as a result of some e�cient interactions. In the Standard Model, for example,
e�cient e

+
e
�

$ �� and e
+
e
�

$ ��� interactions allow one to set µe(t) = µ�(t) = 0. If,

dµ/dt = 0 then dn

dt
= d⇢

dt

@n

@T
/
@⇢

@T
and the previous equations (2.7) are simplified to:

dT

dt
=

d⇢

dt

�
@⇢

@T
=


�3H(⇢ + p) +

�⇢

�t

��
@⇢

@T
. (2.8)

Therefore, Equation (2.8) can be used to track the thermodynamics of a species when chemical
potentials are negligible (which occurs in many scenarios).

– 5 –

∫ []p3dp

https://github.com/MiguelEA/nudec_BSM/
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Neutrino Decoupling

11

Results:
Neutrino Decoupling in the SM T⌫e = T⌫µ T⌫e 6= T⌫µ, ⌫⌧

Scenario T�/T⌫ Ne↵ T�/T⌫e T�/T⌫µ Ne↵

Instantaneous decoupling 1.4010 3 1.4010 1.4010 3
Instantaneous decoupling + QED 1.3998 3.011 1.3998 1.3998 3.011
MB collision term + QED 1.3949 3.053 1.3935 1.3958 3.052
FD collision term + QED 1.3954 3.049 1.3940 1.3962 3.048
FD+me collision term + QED 1.3957 3.046 1.3946 1.3965 3.045

Neutrino Decoupling in the Standard Model: Key Parameters and Observables
Parameter Ne↵ YP D/H|P g?s

P
m⌫/⌦⌫h

2

This work 3.045 - - 3.931 93.05 eV
Di↵erence w.r.t. instantaneous ⌫-dec 1.5 % 0.1 % 0.4 % 0.6 % 1.2 %
Di↵erence w.r.t. [28, 29, 58, 59] 0.03 % 0.008 % 0.08 % 0.05 % 0.09 %
Current precision [3, 10] 5-6 % 1.2 % 1.1 % - -
Future precision [5, 6, 11, 12] 1-2 % < 1 % 0.1? % - -

Table 2. Standard Model results as obtained in this work (NUDEC BSM) for relevant cosmological
parameters by solving for the time evolution of T⌫ and T� neglecting chemical potentials. The values of
YP and D/HP have been calculated using a modified version of PArthENoPE [58, 59]. We compare our
results in terms of Ne↵ , g?s and

P
m⌫/⌦⌫h

2 against state-of-the-art calculations in the SM [28, 29].
We compare the results in terms of YP and D/H|P against the default mode of PArthENoPE [58, 59]
that includes non-instantaneous neutrino decoupling as obtained in [29]. Current precision on Ne↵ is
from Planck [3] and on YP and D/H|P is from the PDG [10]. Expected future precision on Ne↵ is from
the Simons Observatory [5] and CMB-S4 [6]. Expected precision on YP and D/H|P is from [11, 12].

4 A Very Light and Weakly Coupled Neutrinophilic Boson

In this section we study the thermal history of the Universe in the presence of a very light
(1 eV < m� < 1 MeV) and weakly coupled (� < 10�9) neutrinophilic scalar: �. This is
prototypically the case of majorons [60–63] where the very small coupling strengths are
associated to the small neutrino masses, and where sub-MeV � masses are consistent with
the explicit breaking of global symmetries by gravity. We will assume that the neutrinophilic
scalar posses the same couplings to all neutrino flavors. Furthermore, we note that even if the
scalar does not couple with the same strength to each neutrino flavor, neutrino oscillations
in the early Universe [43, 44] will render T⌫e ' T⌫µ ' T⌫⌧ regardless.

We begin by explicitly defining the model we consider. We follow by posing and solving
the relevant system of di↵erential equations for the temperature and chemical potentials for
the neutrinos and the � scalar. We solve this system of equations and briefly comment on
the phenomenology in the region of parameter space where neutrino-scalar interactions are
highly e�cient in the early Universe. We finally write down the Liouville equation for the
neutrino-scalar system. We solve it and compare with the results as output by the method
proposed in this work (NUDEC BSM). We find an excellent agreement between the two
approaches.

4.1 The Model

The interaction Lagrangian that describes this model is

Lint =
�

2
�

X

i

⌫̄i�5⌫i , (4.1)

where � is a coupling constant, ⌫i corresponds to a neutrino mass eigenstate, we have assumed
that neutrinos are Majorana particles, and we will restrict ourselves to 1 eV < m� < 1 MeV.
In addition, for concreteness, we shall consider that there is no primordial abundance of �

particles and we shall focus on the regime in which the neutrino-� interaction strength is
very small � < 10�8. In this regime, 2 $ 2 interactions are completely negligible.

– 12 –

check code at 
https://github.com/MiguelEA/nudec_BSM/

Agreement at better than the per-mille level for any 
cosmological observable

https://github.com/MiguelEA/nudec_BSM/
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Comparison of the distribution function
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Agreement at better than the per-mille level even at the 
level of the energy density spectrum!
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BSM accuracy?
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The precision should be even higher in BSM scenarios with highly 
interacting particles

ΓSM/H = (T/2MeV)3SM:

BSM: ΓSM/H ≃ 1010 for mZ′ 
= 5 MeV for gSM = 10−5

Demonstrated high precision even in scenarios with siezable 
departures from thermal equilibrium
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Figure 7. Left panel: �Ne↵ as a function of �e↵ . In black (Fast) the results from solving (4.5)
and in red (Full) those by solving (4.14). The agreement is very good and the small di↵erences are
well below any expected CMB experiment sensitivity. Right panel: Relative di↵erence between the
Fast and Full solution for ⇢⌫ + ⇢�. The agreement between the two is better than 0.4% in all cases
considered in this study.

5 Discussion

In this work we have shown that thermal equilibrium distributions can accurately track the
thermal history of the Universe in various scenarios. We have explicitly demonstrated this
statement in two specific cases: i) neutrino decoupling in the Standard Model (see Section 3)
and ii) a SM extension featuring a very light and weakly coupled neutrinophilic scalar (see
Section 4). This poses the question of why this occurs given that out-of-equilibrium processes
are relevant in the two cases. We believe that the reason is twofold:

1. The evolution equations that dictate the temperature and chemical potential evolu-
tion (2.9) describing each species arise from conservation of energy and number density
– Equations (2.4) and (2.5) respectively. Given that they result from conservation
equations for ⇢ and n, the main thermodynamic quantities should be well described.

2. Departures from thermal equilibrium are not too severe in either of the two scenarios.

(a) Neutrino Decoupling in the Standard Model. The out-of-equilibrium injection of
neutrinos from e

+
e
� annihilations mainly occurs at T ⇠ me. The interaction

rate for this process is only mildly sub-Hubble: �/H ⇠ (me/T
dec
⌫ )3 ⇠ 0.02, and

the neutrinos produced from e
+
e
� annihilations have an energy E⌫ ⇠ 3 T� + me

which is similar to the mean neutrino energy hE⌫i ⇠ 3 T⌫ . Hence, a Fermi-
Dirac distribution function for the neutrinos describes well the thermodynamics
– provided that the temperature evolution accounts for the relevant interactions.

(b) Light and Weakly Coupled Neutrinophilic Scalar. The interaction rate is a free
parameter in this scenario and we have found an excellent description of the
thermodynamics for all situations in which decays and inverse decays fulfilled
�e↵ ⇠ �/H > 10�3. In this case, �e↵ also controls the typical energy of the
neutrinos injected from � ! ⌫̄⌫ decays. For �e↵ & 1 the neutrinos that are
produced and decayed away from � $ ⌫̄⌫ interactions have a typical energy E⌫ ⇠

3 T⌫ and hence a thermal equilibrium distribution function characterizes very well
the system. For �e↵ ⌧ 1, E

�!⌫̄⌫
⌫ ⇠ 3 T⌫

p
0.03/�e↵ , and therefore for �e↵ & 10�3

the neutrinos injected have an energy su�ciently similar to hE⌫i ⇠ 3 T⌫ and
perfect thermal distribution functions can characterize the system accurately.

– 20 –
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Figure 2. Left: Ratio of the thermally averaged neutrino inverse decay rate (⌫̄⌫ ! �) to the Hubble
parameter as a function of temperature for di↵erent neutrino-� interaction strengths, �e↵ (4.4). Right:
� ! ⌫̄⌫ decay diagram.

Therefore, in this scenario, the only cosmologically relevant processes are decays of �

into neutrinos and neutrino inverse decays – as depicted in Figure 2. The decay width at
rest of � reads:

�� =
�
2

16⇡
m�

X

i

s

1 �
4m2

⌫i

m
2

�

'
3�

2

16⇡
m� , (4.2)

where in the last step we have neglected neutrino masses.
Given the decay width at rest, the number and energy density transfer rates as a result of

� $ ⌫̄⌫ interactions, in the Maxwell-Boltzmann approximation, are given by Equations (2.10)
and (2.11) respectively so that:

�n�

�t
=

��m
2

�

2⇡2


T⌫e

2µ⌫
T⌫ K1

✓
m�

T⌫

◆
� T�e

µ�
T� K1

✓
m�

T�

◆�
, (4.3a)

�⇢�

�t
=

��m
3

�

2⇡2


T⌫e

2µ⌫
T⌫ K2

✓
m�

T⌫

◆
� T�e

µ�
T� K2

✓
m�

T�

◆�
. (4.3b)

Since the relevant process is 1 $ 2, the collective neutrino fluid interaction rates fulfil:
�⇢⌫/�t = ��⇢�/�t and �n⌫/�t = �2�n�/�t.

In order to e�ciently explore the parameter space and to understand the extent to
which departures from thermal equilibrium occur, it is convenient to introduce the e↵ective
interaction strength rate:

�e↵ ⌘

✓
�

4 ⇥ 10�12

◆2✓keV

m�

◆
'

h�⌫̄⌫!�i

H
=

1

H(T⌫ = m�/3)

1

n⌫

�n⌫

�t

����
⌫̄⌫!�

. (4.4)

Figure 2 shows the temperature dependence of the thermally averaged interaction rate ⌫̄⌫ !

�, and we can clearly appreciate that if �e↵ > 1 then thermal equilibrium will have been
reached between � and ⌫ species.

– 13 –

Γ/H |T=mϕ
≳ 10−3

precision0.4 %
for



Neff: SM prediction & BSM constraints 3rd CAGE  21-05-24Miguel Escudero (CERN)

Summary & Applications
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It turns out that the Cosmic Neutrino Background follows a blackbody 
spectrum with at most  distortionsδρ/ρ ≲ 5 × 10−5

Advantages BSM:

1) Simple: it is easy to add light BSM states and their interactions

2) Fast: it takes < 10 seconds to run (but see Giovanetti, Lisanti, Liu & Ruderman 2109.03246)

Part 2 Applications:

a) SM : Neff at NLO

b) Constraints on MeV-scale thermal dark matter

c) Constraints on a light  gauge bosonLμ − Lτ

3) Accurate: reproduces all thermodynamic quantities with 0.1% acc

This means that we can solve the process of neutrino decoupling just by 
tracking the temperature of neutrinos and photons/electrons

(very similar to what we do for WIMPs freeze-out)
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Radiative Corrections to Interaction Rates
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The prediction of Neff in the Standard Model is so precise that one 
wonders about other effects: 

                Radiative corrections to neutrino interaction rates

Why?

The Lab: Radiative corrections to  processes can be as large as 
5% for solar neutrinos (MeV energies)

νe → νe
Bahcall, Kamionkowski & Sirlin [astro-ph/9502003]

BBN: Radiative corrections for  interaction rates are crucial to 
predict accurately the primordial Helium abundance (1% error)

p ↔ n
Dicus et al. ‘82

Together with Gianpiero Mangano, Ofelia Pisanti and Mattia Cielo we have for the first time 
accounted for the correction to the energy transfer rates which is ~ -4% at T = 1 MeV

⌫

⌫̄

e+

e�

�

⌫

⌫̄

e+

e�

⌫

⌫̄

e+

e� �

⌫

⌫̄

e+

e�
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Neff at NLO
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1) Calculation performed following the real 
time formalism in thermal field theory

⌫

⌫̄

e+

e�

�

⌫

⌫̄

e+

e�

⌫

⌫̄

e+

e� �

⌫

⌫̄

e+

e�

See Esposito, Mangano, Miele, Picard & Pisanti astro-ph/0301438 & 
astro-ph/0112384 for the thermal corrections
and Passera for the radiative corrections in vacuum [hep-ph/0011190]

NSM
eff = 3.0432(2) = 3.043

Cielo, Escudero, Mangano & Pisanti 2306.05460 
ΔNeff ≃ − 0.00073) Result at NLO:

2) Solve for the process of neutrino decoupling:

But, Jackson and Laine [2312.07015] have recently calculated a related quantity at NLO and they 
find smaller corrections and with different sing to the one we use.
Also Drewes et al. [2402.18481] have performed a partial calculation.

NSM
eff = 3.043(1) Under 

investigation!
δNeff ≃ 0.03CMB-S4

dT⌫

dt
= �H T⌫ +

�⇢⌫e
�t + 2

�⇢⌫µ

�t

3 @⇢⌫

@T⌫

Add here the correction!
Solving the Liouville equation in 
the presence of an additional 
particle is simply unfeasible!
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Application N2: WIMPS
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Weakly Interacting Massive Particles
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Stable particle with                                             gives the observed abundanceh�vi ' 3⇥ 10�26 cm3/s

The WIMP Miracle:

Key: these particles should be in thermal equilibrium with the Standard Model 
plasma at least up to T = m /20
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Impact of WIMPs on neutrino decoupling

18

1) WIMPs will damp energy/entropy into the system — 
enhance the expansion history of the Universe and 
modify number densities

2) If WIMPs interact with electrons and neutrinos, they 
will delay the process of neutrino decoupling — 
typically leading to weaker constraints

f

f̄�

�

Effects on neutrino decoupling and BBN:

Boehm, Dolan and McCabe 1207.0497, 1303.6270
Serpico and Raffelt astro-ph/0403417
Kolb, Turner and Walker PRD 34 (1986) 2197 

For early studies see:

BBN and the CMB give a lower bound on the thermal dark matter mass!
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Standard Model
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Neutrinophilic Relic: Neff > 3.043
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�� ! ⌫̄⌫
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Neutrinophilic WIMP
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Electrophilic Relic: Neff < 3.043
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�� ! e+ e�
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SM, Neff = 3.045
m¬ = 15 MeV, Neff = 2.99
m¬ = 10 MeV, Neff = 2.857
m¬ = 5 MeV, Neff = 2.503

Electrophilic WIMP
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Generic Thermal Dark Matter
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Lower bound on thermal dark matter

23

By solving for the thermodynamics of light dark sectors and running the 
BBN code PRIMAT (Pitrou et al.) we were able to obtain strong 
cosmological constraints on MeV-scale thermal dark matter

5
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FIG. 1. Cosmological impact of light BSM particles in thermal equilibrium with the SM plasma as a function of their mass m�.
The left/right panel corresponds to neutrinophilic/electrophilic particles. Upper panels: The number of e↵ective relativistic
neutrino species Ne↵ as relevant for CMB observations. Middle panels: Primordial helium abundance YP. Lower panels:
Primordial deuterium abundance D/H|P. The YP and D/H|P predictions are computed with ⌦bh

2 = 0.021875 and ⌧n = 879.5 s.
The grey contours correspond to the mean ± 2� measurements that enter our BBN and Planck data analyses, see Eqs. (13), (14)
and (15).

nuclear reaction rates and the time evolution of nuclei abundances. We have explicitly verified that the di↵erences in
the primordial element abundances between the default version of PRIMAT and with the SM evolution as calculated in
[103, 104] are below 0.1%, and hence one order of magnitude smaller than current observational errors. Our results
agree quantitatively and qualitatively with previous studies [94–98]3 modulo di↵erences we attribute to updated
nuclear reaction rates and the fact that we account for non-instantaneous neutrino decoupling, see Appendix B for
details.

3 We agree particularly well with [97, 98], see Appendix B.

with Sabti, Alvey, Fairbairn and Blas 1910.01649
see also Chu, Kuo & Pradler [2205.05714] BBN bounds depend upon the specific 

properties of the WIMP and used nuclear 
reaction rates but globally one finds that

m thermal
DM ≳ 10 MeV at 95% CL

Type
BSM Particle Current Constraints

Particle g-Spin BBN BBN+⌦bh
2 Planck Planck+H0 BBN+Planck

N
eu

tr
in
o
p
h
il
ic Majorana 2-F 2.2 3.5 3.0 3.0 2.9 8.4 4.9 08.4 08.4 07.1 06.8

Dirac 4-F 3.7 6.4 5.6 5.8 5.7 11.3 8.0 11.2 11.2 10.0 09.7

Scalar 1-B 1.3 1.7 1.5 1.5 1.4 5.6 1.6 05.6 05.5 04.3 04.0

Complex Scalar 2-B 2.3 3.7 3.2 3.2 3.1 8.5 5.1 08.5 08.4 07.2 06.9

Vector 3-B 3.1 5.3 4.6 4.7 4.6 10.1 6.8 10.1 10.1 08.9 08.6
E
le
ct
ro

p
h
il
ic

Majorana 2-F 0.5 0.7 0.7 2.9 3.3 4.4 9.2 05.0 04.7 07.1 07.7

Dirac 4-F 0.7 4.2 3.5 6.3 6.6 7.4 12.0 08.0 07.8 10.0 10.5

Scalar 1-B 0.4 0.4 0.4 0.5 0.6 2.4? 6.4 01.6 01.2 04.2 04.8

Complex Scalar 2-B 0.5 0.9 0.8 3.2 3.6 4.6 9.2 05.1 04.9 07.2 07.8

Vector 3-B 0.6 3.0 2.3 5.1 5.4 6.3 10.9 06.9 06.6 08.8 09.4

Table 1. Lower bounds at 95.4% CL on the masses of various thermal BSM particles in MeV.
The columns correspond to analyses across di↵erent data sets, and the colors indicate our resulting
constraints from taking the nuclear reaction rates used by Pisanti et al. ’21 [4], Yeh et al. ’21 [5],
Pitrou et al. ’21 [3] or Pitrou et al. ’18 [10]. The bounds for the BBN, Planck and Planck+H0

analyses are insensitive to the choice of nuclear reaction rates between these groups. In Ref. [9], we
used the rates from Pitrou et al. ’18 and refer the reader to this reference for a detailed description
of the data set used in each case. ?This bound is only at 86% CL.

Updated Bounds on Neutrinophilic and Electrophilic Particles. In Table 1, we
show the resulting constraints on the masses of electrophilic and neutrinophilic particles
coupled to the Standard Model bath. In particular, we show the resulting constraints that
arise from using the three di↵erent groups’ determinations of the nuclear reaction rates for
d+ p ! 3He + �, d+ d ! n+ 3He, and d+ d ! p+ 3H.

First of all, we note that these nuclear reaction rates do not alter the predicted value of
the cosmological helium abundance YP. This means that our Planck and Planck+H0 analyses
are unaltered by these updates. Secondly, we note that the primordial deuterium abundance
is strongly sensitive to the baryon energy density, D/H|P / (⌦bh

2)�1.6, while the primordial
helium abundance is largely insensitive to it, YP / (⌦bh

2)0.04 [2]. This means that in the
BBN-only analysis, which solely includes data from YP|obs and D/H|obsP , the role of D/H|obsP
is to determine the value of ⌦bh

2, while the measured helium abundance is the driving power
behind constraints on the masses of light dark sector states (see also Figure 5 in [9]). As a
result, our constraints for the BBN-only analysis are insensitive to the updated deuterium
rates. This is the reason why there is only a single number in the corresponding columns for
BBN, Planck, and Planck+H0 in Table 1. Note that compared to Table II in [9], the BBN
numbers in Table 1 have changed by up to 0.1MeV for neutrinophilic particles as a result of
the updated value we use for the observed deuterium abundance.

In addition, we considered a separate analysis that included a very weak prior on the
baryon energy density from CMB observations (⌦bh

2 = 0.02225 ± 0.00066), together with
measurements of YP and D/H|P. For this data set combination, we find that the 2� con-
straints on neutrinophilic states do not depend appreciably on the nuclear reaction rates
used. On the other hand, the bounds on electrophilic states are sensitive to the choice of
nuclear reaction rates. In particular, we find that using the rates of Pisanti et al. ’21 [4] or
Yeh et al. ’21 [5] leads to constraints that are up to 2 � 3 MeV weaker than the ones that

– 2 –

2107.11232

but constraints for lower masses are very strong!
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Light Z’s
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A Light  gauge boson:U(1)Lμ−Lτ

Z 0

e�

e+

Z 0

⌫µ,⌧

⌫̄µ,⌧

New relevant processes:

Lint = gµ�⌧Z
0
↵(µ̄�

↵µ+ ⌫̄µ�
↵PL⌫µ � ⌧̄ �↵⌧ � ⌫̄⌧�

↵PL⌫⌧ )

These processes can be easily included

The code still takes < 1min to run!

Escudero, Hooper, Krnjaic, Pierre 1901.02010

see also Kamada & Yu [1504.00711]  
Kamada, Kaneta, Yanagi & Yu [1805.00651]

Potential connection between g-2 
and a large Neff

Excluded by BBN and the CMB!

https://arxiv.org/abs/1901.02010
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Conclusions

25

The Cosmic Neutrino Background appears to be a blackbody spectrum 
with distortions of at most δρ/ρ ≲ 4 × 10−5

Cosmological bounds on Neff from the CMB and BBN are very stringent 
for MeV-scale states:

Thermal dark matter should have m ≳ 10 MeV
Strong constraints on light bosons, e.g.  also Lμ − Lτ m ≳ 10 MeV

Simplified method to solve for neutrino decoupling:
Just solve for the neutrino and photon temperatures!
Key features: Simple (i.e. BSM friendly), Fast (< 10s), Open & Accurate!

The effect of NLO QED corrections is small: Neff = 3.043(1)
Results:
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Tools
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Simplified code to solve for neutrino decoupling
https://github.com/MiguelEA/nudec_BSM/

Full code to solve for neutrino decoupling (in the SM + sterile neutrinos)
https://bitbucket.org/ahep_cosmo/fortepiano_public

Public BBN codes: 

Parthenope

PRIMAT

AlterBBN

Fortran

Python 
or Mathematica

Fortran

Mathematica

C

https://parthenope.na.infn.it/

https://www2.iap.fr/users/pitrou/primat.htm

https://alterbbn.hepforge.org/

Gariazzo, Pastor & de Salas

Pisanti et al.

Pitrou et al.

Arbey et al.

https://github.com/vallima/PRyMordialPRyMordial

Combination of codes:
PythonBurns, Tait & Valli

https://github.com/stefanmarinus/CLASS_neutrinophilic

Including BSM thermodynamics in CLASS

CSandner

https://github.com/MiguelEA/nudec_BSM/
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Time for Questions and Comments
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Thank you for your attention!

⌫
miguel.escudero@cern.ch

mailto:miguel.escudero@cern.ch

