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Introduction

Derive constraints on the neutron lifetime

- primordial abundances of light elements produced during Big Bang Nucleosynthesis
- direct astrophysical observations
- Cosmic Microwave Background anisotropies
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Big Bang Nucleosynthesis

Big Bang Nucleosynthesis (BBN):
formation of light nuclei in the first minutes after the Big Bang.
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Initial conditions t ~2s, F ~ 10? keV

decoupling of neutrinos neutron-to-proton ratio
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Initial conditions t ~2s, F ~ 10? keV

decoupling of neutrinos neutron-to-proton ratio

7/ 4\"? ENOQ
Pr:[1+8(11) Neff] P~ np -

Total energy density of radiation

Neg, sm = 3.046
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Big Bang Nucleosynthesis

Big Bang Nucleosynthesis (BBN):

formation of light nuclei in the first minutes after the Big Bang.

Initial conditions t ~2s, F ~ 10? keV

decoupling of neutrinos

e A 4/3
Pr = [1 + 3 (ﬁ) Neff] P~

Total energy density of radiation

neutron-to-proton ratio

E20.2
np

p+n+=D+1
D+ p = He’ + 4

D+n=H 44

Final conditions ¢ ~ 1000 s, E < 30 keV

+ 75% H
- 25% He

. traces of other elements D, He?, Li’, Be’

D + D + He' +1
D+D=H"4p

D+ D = He® + n

H® + p = He* + 1
He® 4+ n = He + 1
H? + D = He' 4+ n

He’ + D = He' +p

He! + D = Li® 4 1

He® + H® & Li” +1

He! + He® = Be’ + 4
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Big Bang Nucleosynthesis

Big Bang Nucleosynthesis (BBN):
formation of light nuclei in the first minutes after the Big Bang.

Initial conditions ¢t ~ 2 s, &2 ~ 10° keV b4n=D 4~
: : : D+ p = He’ +1
decoupling of neutrinos neutron-to-proton ratio \
D+n=H"+1
4/3 n
7 4 n ~ ok p— A4 -
or=|14+=-(= Neg| ps — ~ 0.2 D + D = He' + 4
8 \ 11 Np ;
D+D+=H +p
Total energy density of radiation D+ D+ He’ +n
H® + p = He* + 4

He® + n = He* + 1

Final conditions ¢ ~ 1000 s, E < 30 keV
H? + D = He' 4+ n

. 75% H |
. 25% He He’ + D = He' +p
. traces of other elements D, He?, Li’, Be’

He' + D = Li° 4+ 1
He' + H® & Li" + 4

He! + He® = Be” + 4

BBN: good check for Standard Model of Cosmology

Standard Model of Particle Physics
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Cosmic Microwave Background

Cosmic Microwave Background (CMB):
radiation coming from Last Scattering Surface.
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Cosmic Microwave Background

Cosmic Microwave Background (CMB):
radiation coming from Last Scattering Surface.

Wavelength [mm] Fixsen et al. 1996 Apj 473 576.
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Cosmic Microwave Background (CMB):
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Angular correlation function

Temperature fluctuations

WG )

Planck 2013 results. XVI. 2014 ARA 571, A16

Temperature anisotropies A7 (n) =

C(0) = (AT(n)AT(n'))

1 ©.@)
P

0(20 4+ 1) Py(cos6)

/

Angular power spectrum
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Cosmic Microwave Background

Planck TT spectrum
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Planck 2015 results. XIII. arXiv:1502.01589 (
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Cosmic Microwave Background

Planck TT spectrum
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Cosmic Microwave Background

Planck TT spectrum
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Cosmic Microwave Background

Planck TT spectrum
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Helium recombination :

it affects free electrons fraction.
Effects can be seen on the damping
tail: increase of the diffusion damping.

increase of Y,

v

higher suppression at high ¢

— Damping tall :
related to the thickness of
LSS. Damping of anisotropies
on scales smaller than this
thickness.
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BBN and CMB

BBN CMB

v v

astrophysical measurements
of primordial abundances

v v

wp = Qph? primordial abundances

acoustic peaks: w;, = Q,h?

\4

ToMmB =3
— 10100 _ 97378 Oy h2
o ", 2.7255 K b

Ishida et al., Phys. Rev. D 90 (2014) 8, 083519
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BBN and CMB

Primordial abundances from CMB

- beginning: nuclear statistical equilibrium conditions

PArthENoPE code - set of coupled differential equations
Pisanti et al., Comput. Phys. Commun. 178 (2008) 956 - departure from chemical equilibrium of nuclear
species
- asymptotic abundances as functions of cosmological
parameters
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BBN and CMB

Primordial abundances from CMB

- beginning: nuclear statistical equilibrium conditions

PArthENoPE code - set of coupled differential equations
Pisanti et al., Comput. Phys. Commun. 178 (2008) 956 - departure from chemical equilibrium of nuclear
species
- asymptotic abundances as functions of cosmological
parameters

Standard BBN

-------------
* '~
R .

L4
L4 .
L] .
. .
"aaaguunnt®

from cosmology from particle/nuclear physics
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BBN and CMB

Primordial abundances from CMB

PArthENoPE code >

Pisanti et al., Comput. Phys. Commun. 178 (2008) 956

l

- beginning: nuclear statistical equilibrium conditions
- set of coupled differential equations
- departure from chemical equilibrium of nuclear

species

- asymptotic abundances as functions of cosmological

parameters

M

3
] .
] .
L] .
----------

from cosmology «

N = 3.046  (LCDM)
= (880.3 + 1.1) Js]

| »from particle/nuclear physics

Y(wb)

K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014)

\S\—! \<<1
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http://pdg.lbl.gov/2015/html/authors_2014.html

BBN and CMB

Results from Planck 2015  Pranck 2015 results. Xill. arXiv:1502.01589
95% c.l., PlanckTTTEEE+lowP

TTTEEE: spectrum-based temperature-polarization likelihood (including cross-correlation) ¢ = 30 = 2500
lowP: temperature-polarization likelihood (including cross-correlation) ¢ =2 + 29
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Results from Planck 2015  Pranck 2015 results. Xill. arXiv:1502.01589
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high precision:
wWp — independent on the underlying —  wp = 0.0222570 0o0a0
cosmological model
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BBN and CMB

Results from Planck 2015  Pranck 2015 results. Xill. arXiv:1502.01589
95% c.l., PlanckTTTEEE+lowP

high precision:
wWp — independent on the underlying —  wp = 0.0222570 0o0a0
cosmological model

due to propagation of the

BBNY _
YEBN = 0.246671“28:888128:8882; > o(Yp) = 0.0003 error on neutron lifetime
- +(0.057)0.13
yop = 2.614_ (' 560)0.13 » o(ypp) = 0.06 — due to the error on the

reaction rate of d(p,v)*He
Adelberger et al., Rev. Mod. Phys. 83 (2011) 195

agreement with direct astrophysical observations of primordial abundances

TTTEEE: spectrum-based temperature-polarization likelihood (including cross-correlation) ¢ = 30 = 2500
lowP: temperature-polarization likelihood (including cross-correlation) ¢ =2 + 29
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BBN and CMB

Results from Planck 2015  Pranck 2015 results. Xill. arXiv:1502.01589
95% c.l., PlanckTTTEEE+lowP

high precision:
wWp — independent on the underlying —  wp = 0.0222570 0o0a0
cosmological model

BBNY _ due to propagation of the
YN = 0-24667j28:888128:88823 > o(Yp) = 0.0003 error on neutron lifetime

- +(0.057)0.13
Ypp = 2-614—(0.060)0.13 » o(ypp) = 0.06 —> due to the error on the

reaction rate of d(p,v)*He
Adelberger et al., Rev. Mod. Phys. 83 (2011) 195

agreement with direct astrophysical observations of primordial abundances

Neg  —> in agreement with the standard value within 1 ¢

TTTEEE: spectrum-based temperature-polarization likelihood (including cross-correlation) ¢ = 30 = 2500
lowP: temperature-polarization likelihood (including cross-correlation) ¢ =2 + 29
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Constraints on neutron lifetime

main uncertainties are due
to particle-nuclear physics

—

main uncertainty on Helium-4
IS due to the one on neutron
lifetime 7, .
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Constraints on neutron lifetime

main uncertainties are due main uncertainty on Helium-4
. . # I
to particle-nuclear physics IS due to the one on neutron

lifetime 7, .

Current estimate

State of the art from particle physics experiments (Particle Data Group)

VALUE (s) DOCUMENT ID TECN  COMMENT
| 880.3%+ 1.1 OUR AVERAGE | Error includes scale factor of 1.9. See the ideogram below.
11 beam method
887.7+ 1.2+ 1.9 YUE 13 CNTR In-beam n, trapped p
881.6+ 0.8+ 1.9 12 ARZUMANOV 12 CNTR UCN double bottle rheam — (888 04 2.1)s
8825+ 1.4+ 1.5 13 STEYERL 12 CNTR UCN material bottle
880.7+ 1.3+ 1.2 PICHLMAIER 10 CNTR UCN material bottle
8785+ 0.7+ 0.3 SEREBROV 05 CNTR UCN gravitational trap
889.2+ 3.0+ 3.8 BYRNE 96 CNTR Penning trap
882.6+ 2.7 14 MAMPE 93 CNTR UCN material bottle bottle method
credits: http://pdg.lbl.gov T};Ottle _ (8796 + 08) S
» standard weighted least-squares procedure

v

3.8 ¢ discrepancy

Pignol, arXiv:1503.03317
F.~E.~Wietfeldt et al., Rev. Mod. Phys. 83, 1173 F.~E.~Wietfeldt, arXiv:1411.3687
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Constraints on neutron lifetime

main uncertainties are due
to particle-nuclear physics

—

main uncertainty on Helium-4
IS due to the one on neutron
lifetime 7, .
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Constraints on neutron lifetime

main uncertainties are due

main uncertainty on Helium-4

x [p(n,~)d]**% [d(d, n)*He]"* [d(d, p)t]"*%

2000

| — 7, =1080 s -- 7,=680s { 1 Planck 2015

1800

— 1600}

K2

.§. 1400

1200

)C, /2w

: 1000}

e (e

800 g

600

400

1000 1500 *~ 2000 259(}
Multipole ¢ ’

~ -
.....
------

to particle-nuclear physics is due to the one on neutron
lifetime 7, .
101077 0.039 N,, 0.163 G 0. - 0.7 3 —
Y, = 0.24703( T ) (ﬁ) (C?No) (880.33) % o 7041, % o 7015, % o 7043

Cyburt et al., arXiv:1505.01076

Laura Salvati

28th Texas Symposium



Constraints on neutron lifetime

main uncertainties are due
to particle-nuclear physics

main uncertainty on Helium-4
—_ IS due to the one on neutron

lifetime 7, .
10109 0.039 , Ar  0.163 G 0. = 3 —
Y, — 0.24703 (—) Gn D ogu He 15 "Li g4
g (6.10) 3.0 GN,()) gX™ s g X g X e

x [p(n, 7)d|**” [d(d,n)*He]"*® (d(d, p)t]***

Cyburt et al., arXiv:1505.01076

| — 7, =1080 s -- 7,=680s { 1 Planck 2015

1000 1500 *~ 2000 259()
Multipole /~~__ .- :

Tn

830.3
———— +AN.g - (0.01356 + 0.008581 - wy, — 0.1810 - w?)+

0.728
VPN (wy, ANom, 7) = (gois ) - [0-2311 4+ 0.9502 - w, — 11.27 - i+
+ANZ; - (~0.0009795 — 0.001370 - wy, + 0.01746 - w?)

PArthENoPE BBN code
Pisanti et al., Comput. Phys. Commun. 178 (2008) 956

v

ANegr = Negg — 3.046
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Constraints on neutron lifetime

For the analysis:
- Monte Carlo Markov Chain (MCMC) package cosmomc (publicly available).
- Each step in MCMC:

- evaluate Y, using a fitting formula from PArthENoPE BBN code,

- evaluate neutron life-time.

Planck and current cosmological data

ACDM model + 7,

Dataset Y‘,BBN Tn 8]
Planck TT 0.254 £ 0.021 /918 £ 105
Planck TT,TE, EE 0.252 + 0.014| 907 + 69
Planck TT\TE, EE + BAO 0.254 £+ 0.013| 915 + 63
Planck TT,TE, EE 4+ BAO + lensing <0.249 + 0.013. 894 4+ 63
(68% c.l.)
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Constraints on neutron lifetime

Salvati, Pagano, Consiglio, Melchiorri, arXiv:1507.07243

CMB observations + direct astrophysical observations

Dataset ylate Yy BN Tn [8] (68% c.l.) T Iz0tov 2007
Olive et al. (2004) 0.249 + 0.009 |0.2498 + 0.0076| 896 + 37 l
Izotov et al. (2007)  |/0.2472 + 0.0012|0.2472 + 0.0012|883.0 + 5.8 |
Peimbert et al. (2007) ||0.2477 + 0.00290.2478 + 0.0029| 886 + 14 _ I
Aver et al. (2015)  |/0.2449 + 0.0040|0.2455 + 0.0038| 875 + 19 e
Izotov et al. (2013) 0.254 4+ 0.003 |0.2539 + 0.0029| 916 + 15 o
Izotov et al. (2014)  |/0.2551 % 0.0022|0.2550 + 0.0022| 921 + 11 o
Mucciarelli et al. (2014-1)|| 0.241 +0.004 |0.2419 + 0.0038| 857 + 19 oL . Planck
Mucciarelli et al. (2014-2) || 0.2521 £ 0.003 |0.2521 + 0.0029| 907 + 14 0020 02 e 0255 0260 0265
/ T PDG data collection [[2014) !
experimental prior  recovered He mass fraction Mucciarelli et al. (2014-2) """ e
Mucciarelli et al. (2014-1)}---------- ; — Y EEREEEEEEEEE RN EEEEERRRRR
\zotov et al. (2014) ... T N —— T
126toV €t al. (2013) oo b ............. — e
Aver et al. (2015 _— —_
Peimbert et al. (2007)k..vvvons S RS S B
CMB + He measurements: 120toV €t al. (2007) oo b _H .....................................
tighter constraints on 7. olive etal OO T |
bottle method |-............ AR R | FSN SR S
beam methodl ... SN S VR R -
theoretical valuek........... SR S IR S S
820 8:10 860 BéO 960 950 940
T, [sec]
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Constraints on neutron lifetime

Salvati, Pagano, Consiglio, Melchiorri, arXiv:1507.07243
Extensions to Standard Model

Varying the extra relativist degrees of freedom > Negr
(68% c.1.)
Neff =2.95+0.24 PIanck+Aver2015+Neff~rrrrrrrrrrrrrrrérr—w—i rrrrrrrrrrrrr rrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrr
< : : : :
N — N, : : : :
eff,5M eff, var =04 PIANCKA+AVEI20T5| oo e e R ]
O-Neff,var | | | |
Neg = 2.83 £0.23 | ; ; ;
Planck+1zotov2014+Neff-- oo o P — e
< :
Neft,sM — Neff var | | | |
= = =0.94 Planck+1zotov2014f o i TR b
UNeff,var | | | |
PIanck+BAO+Iensing+Neff~r~~~~~~~é rrrrrr : c
Neg = 2.83£0.25 , , , ,
Planck+BAO+lensingf-------- : o oo rrrrrrrrrrrrrrrrr
NQH,SM B Neff,var — 0.86 PDG; data coIIecétion (2014)2
O Nett,var 800 850 900 950 1000 1050
T. [sec]

Laura Salvati

12 28th Texas Symposium



Constraints on neutron lifetime

Salvati, Pagano, Consiglio, Melchiorri, arXiv:1507.07243

Future cosmological constraints

CMB - 7, :
small-scale region
of power spectrum

next generation CMB

Dataset n (8]
Planck TT,TE, EE + AdvACT ||0.2464 + 0.0065| 879 + 32
Planck TT,TE, EE + CMB-S4 |/0.2475 + 0.0037| 884 + 18

Planck TT,TE,EE + SPT-3G ||0.2487 + 0.0091| 890 + 44
COrE 0.2467 + 0.0023| 880+ 11
CVL 0.2467 £+ 0.0011 |880.7 £ 5.5

Planck TT,TE, EE + Euclid [/0.2521 + 0.0069| 907 + 34

COrE + Euclid 0.2467 £ 0.0014 |880.3 + 6.7

(68% c.l.)

> missions in high - ¢
regime

COrE+Euclidl------: ........... ’_._( ........... ................. ................. ....... i
Planck+Euclidf- 5ot — — TN
CVL_ ............ _H ........... ................. ....... l
COrE_ ....... _._ ....... ................. ....... l
Planck+SPT3G| 4 : — : IR
PIanCk+CMBSAL iy —o T A ]
Planck+AdvACT|-----: ----- : TRTRIE ----------------- ------- .

PDG data coIIe;ction (201 ) ' ' '

i i ‘ i i i

840 860 880 900 920 940

7. [sec]
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Constraints on neutron lifetime

Salvati, Pagano, Consiglio, Melchiorri, arXiv:1507.07243
Future cosmological constraints

CMB - 7, : next generation CMB

small-scale region > missions in high - ¢
of power spectrum regime
Dataset v o ra s COMEEUCtAl S -
Planck TT,TE, EE + AdvACT |/0.2464 + 0.0065| 879 + 32 | | | ; ; |
Planck+Euclidf o — — : TR
Planck TT,TE, EE + CMB-S4 ||0.2475 + 0.0037| 884 4+ 18 ; ; ; | | |
Planck TT,TE, EE + SPT-3G |/0.2487 + 0.0091| 890 + 44 CVL rrrrrrrrrrrr —o— ——————————— rrrrrrrrrrrrrrrrr rrrrrrr ]
COrE 0.2467 4 0.0023| 880+ 11 COME] S
CVL 0.2467 £ 0.0011 (880.7 + 5.5 : : : : : :
Planck+SPT3G}---- -+ f f o : f T ]
Planck TT,TE, EE + Euclid |/0.2521 £ 0.0069| 907 + 34 : : : : : :
COrE + Euclid 0.2467 + 0.0014|880.3 + 6.7 Planck+CMBSA| oo 1R R SR ]
(68% c..) 2 2 2 2 2 2
Planck+AdvACT}|----- - e . ; . o R RRRE SRR 1
PDG data collection (201 ) ' ' '
8210 8(|50 880 9(|)0 9|20 9210
7. [sec]

Future astrophysical observations

To reach PDG accuracy = o(Y}) = 0.0002 —_— better control of systematics.
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Conclusions

Constrain neutron lifetime with cosmology and astrophysics

current future

current : future :

) cosmological and . cosmological and
cosmological data : cosmological data :
astrophysical data astrophysical data

or, >~ 060s or ~ 158 Or, 78 Or, ~ S

beam-bottle discrepancy: 8.4 s
3.80

Model-dependent analysis Independent estimation

Thank you for your attention
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BBN and CMB

RGSUltS from P|anck 2015  Pianck 2015 results. XIII. arXiv:1502.01589

Neg = 3.046 ACDM — Wy
- ! o q Astrophysical observations
o~ o
“ Aver et al. (2013) (95% c.l.)
z & [Averetal (2013) YEBN = 0.2465 4 0.019
®y @[ .
> ]
S Standard BBN Cooke et al. (2014) (95% c.l.)
°© ‘ ypp = 2.53 + 0.08
— _ locco et al. (2009) (95% c.l.)
- ]
o PIanckTT+IowP+BAO~: ypp = 2.87 + 0.44
Q .................................................... _“
g™ :
\Q .....................................................
o | Cooke et al. (2014)
0.018 0.020 0.022 0.024 0.026 —» “systematics” errors

“b

J(pr) = 0.06
o(YEBN) = 0.0003

Planck TTTEEE + lowP (95% c.l.)

+(0.057)0.13

wp = 0.022257:90052 YBBN — 0.24667F(0-0001)0-00007 ypp = 2.614" 0601015

—0.00030 —(0.00014)0.00062

statistical errors <«

TTTEEE: spectrum-based temperature-polarization likelihood (including cross-correlation) ¢ = 30 <+ 2500
lowP: temperature-polarization likelihood (including cross-correlation) ¢ =2 + 29
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BBN and CMB

RGSUltS from P|aan 2015  Pianck 2015 results. XIII. arXiv:1502.01589

Relaxing N.g

| W Planck TT+lowP ;
™ | WM Planck TT+lowP+BAO E

o | ™8 Planck TT,TE EE+lowP ] He + Planck TTTEEE + lowP (95% c.l.)
F _3 . +0.39
E 1 Neff _— 2-99_0.39

 Aver et al, (2013) @ _ _

D + Planck TTTEEE + lowP (95% c.l.)

N =
| R |
5 e‘ » y
~ Foo¥® ; Neg = 2.917037
o ! A A A 1 " A A 1 " A A 1 A "
0.018 0.020 0.022 0.024 0.026

Wh

TTTEEE: spectrum-based temperature-polarization likelihood (including cross-correlation) ¢ = 30 = 2500
lowP: temperature-polarization likelihood (including cross-correlation) ¢ =2 + 29
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BBN and CMB

Results from Planck 2015

Measuring Y, directly from CMB.

Neg = 3.046
v
o. | 1 ]
Excluded by )
| Serenelli & Basu (2010) :
= i
cfF--=-=-=-=----- - - - - == - - ‘
- w | ‘
2. & [LAver et al. (2013)
> o | ’ |
_ Standard BBN
a L |
o | BN Planck TT+lowP |
- W Planck TT+lowP+BAO
. | B Planck TT,TE,EE+lowP
— A A A | A A A | A A 1 A A
< 0.020 0.022 0.024 0.026
W

Planck TTTEEE + lowP (95% c.l.)

YR BN = 0.251

+0.026
—0.027

0.20 0.25 0.30 0.35

0.15

Planck 2015 results. XIIl. arXiv:1502.01589

Relaxing Neg

=

3

Y T ¥ ¥ 4

| Excluded by
:Serenelli & Basu (201

[ Aver et al. (2013)

)

Planck TT+lowP

P B

- B Planck TT4lowP+BAO N\

| W Planck TT,TE,EE+lowP
_— N B

| [

¥ T ¥ ¥ T v

Standard BBN

N

0

1

2 3
Ness

Planck TTTEEE + lowP  (95% c.l.)

YBBN = 0.263

+0.034
—0.037

TTTEEE: spectrum-based temperature-polarization likelihood (including cross-correlation) ¢ = 30 = 2500

lowP: temperature-polarization likelihood (including cross-correlation) ¢ =2 + 29
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Particle Data Group

To average data: standard weighted least-squares method
increasing errors with a “scale factor”.

_ Z ; Wy xz (Z w; )—1/2

PDG. Chinese Physics C Vol. 38, No. 9 (2014) 090001

T +0x
D i Wi g _
2 : X
w; = 1/(6x;) i > 1
N —1 scale factor
assuming uncorrelated measures l
WEIGHTED AVERAGE 0%y = S - 0%
880.321.1 (Error scaled by 1.9)
|
v
V\l
|
l
| 2
| X
| e YUE 13 CNTR 108
ARZUMANOV 12 CNTR 0.4
| = STEYERL 12 CNTR 1.1
| PICHLMAIER 10 CNTR 0.1
|+ SEREBROV 05 CNTR 56
1 BYRNE 96 CNTR
,‘ —A MAMPE 93 CNTR_ 0.7
| \ 18.8
/ g (Confidence Level = 0.0021)
- l 1 I S— J
875 880 885 890 895 900 905
neutron mean life (s) credits: httn://oda.lbl.qov
vV 28th Texas Symposium
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Forecasts

Produce a CMB dataset (eXperimental dataset): [ Experiment | f.xy | Channel FWHM|T pK- arcmin|Q/U pK- arcmin
Planck 2015 best-fit as fiducial model cortl080f 198 1 29 o P
uncertainties due to foreground removal smaller than }g'i 63 gg 36}1

R 5 5.4’ . D
statistical errors 25 | 47 2.64 157
P int AdvACT |0.50 90 2.2 7.8 10.9
negllglbI§ beam uncertainties 50 | 13 by &n
white noise. 230 | 0.9’ 25 35
SPT-3G (0.06 95 1.6° 4.2 5.9

Lewis, Phys. Rev. D 71 (2005) 083008 150 1.0 2.5 3.5
220 0.68’ 4.2 5.9

CMB-S4/(0.50 150 1.3 1 1.4

CVL|1.000 150 5 0 0

Euclid mission:
experimental specification in martineli et al., Phys. Rev. D 83 (2011) 023012
Fisher matrix formalism.
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BBN and CMB

How to improve estimate of primordial abundances:
main uncertainties are due to particle-nuclear physics.

Deuterium
ypp = 2.6207 (0512 SMALL TENSION ypp.c = 2.53 £ 0.04
Planck 2015 results. XIII. arXiv:1502.01589 Cooke et al. arXiv:1308.3240
uncertainty on the rate of the reaction d(p, ~)He"
S(E)*P < S(E)™ of about 5+ 10% Ro(T) = Ao RS (T)

30keV < Eppn < 300 keV

Di Valentino et al., Phys. Rev. D 90 (2014) 2, 023543

PArthENOPE code
Considering Deuterium observations

Ao =1.106 £+ 0.071

Planck 2015 results. XIIl. arXiv:1502.01589

present CMB data: provide

information on nuclear physics Higher reaction rate:

- more deuterium is destroyed
- better agreement between Planck and direct
astrophysical measurements.
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Big Bang Nucleosynthesis

Big Bang Nucleosynthesis (BBN):

formation of light nuclei in the first minutes after the Big Bang.

Before BBN:

neutrinos decoupling
2.0 MeV < E < 3.5 MeV

7

8

4

D=3 - =
Pv, 1D 11

()"

. eT annihilation, photons reheating | |
e n neutrinos energy density,
departure from equilibrium for 2 . Instantaneous Decoupling
Np
M _ exp (_ (M — mp)02> , Relativistic degrees
Np KT Py = Pu. 1D of freedom
Neg = 3.046
P o neutrinos energy density,
i | B | | Non Instantaneous Decoupling
- = Equilibrium n/p ratio exp(-Am/T)
_ 4/3 i,
1+ ERN N,
— Pr = o\ 71 ff|pP
Y " 8 \ 11 e

10°

t(s)

Steigmann, Annu. Rev. Nucl. Part. Sci. 2007.57:463-491

Total energy density of radiation

Lesgourgues et al., New J. Phys.16 (2014) 065002
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