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Cosmologgz a Poweﬁcul tool to
constrain relativistic clegrees of

freedom (Iight Particles)

BBN bounds on

(active) neutrino

generations alreadg used well

before L

=P results

Recent interests on Possible sterile
states, which mix with active v’s



SUMMARY

« Overview of status of BBN theory

« DATA. A robust upper bound on
Primorclial THe

s RESUITS

_ standard scenario
_ extra relativistic sPecieS from BBN

and CMB

_ sterile states



BBN: almost seventy years after By
seminal PBPCF( Alpher) Bethe & Gamow 194-8)

* Theorg reasonably under control (Per mille
level for *He (neutron lifetime) , 1-2 % for 2H);

« Increased Precision in nuclear reaction cross
sections at low energy (undergrouncl lab’s);

« 0Obh? measured bﬂ WMAP /Planck with high
Precision;

R Decreash?ly precise data (*He, but see later)
7Li not understood, 2H fixes Qbh? value in goocl
agreement with CMB data.
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Weak rates: s |
radiative corrections O(x)

finite nucleon mass O (T/My)
Plasma effects O (T /me)
neutrino clccoupling O(GrFT? mp))

1.04 +
1.03

1.02 -

N_g=%.046 %

G.M. etal 2005 .

Frozen fv(Y) / faq(Y]

Main uncertaintg: neutron lifetime 0 2 4 _‘; : 8 10 12
Tn= 885.6 + 0.8 sec (old PDG mean) _ s
T=878.5 + 0.8 sec (Serebrov et al 2005)

CRM L itaricy

Presently:
T=880.5 + 1.1 sec

*He mass fraction Yr linearlg increases 1
W‘th Tn: 024‘6 = 024‘9 -|-1.r_->—:
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i The most relevant reactions for BBN. £
' g Symbol Reaction Syml
; Rg Ty Rg
;' R, p(n, y)d Rq
i Ry ZH(p, y)‘He Ry
&I 2H(d, n)*He Ry,
1 R “H(d, p)°H Rz
 Rs “He(n, p)°H Ri3
{ R *H(d, n)*He .
i R; *He(d, p)*He Ris
Symbol Reaction {
Rg JHe(a, ¥)"Be :
Ry *H(a, v)’Li
R1g "Be(n, p)’Li
R]] 7Li(p, a)4He
R1: ‘He(d, y)°Li g
Ris SLi(p, «)*He |
R14 "Be(n, a)*He :,
Ris 7B€(d, p)24He ;






: Nuclear rates: for d (PJY) ’He also available ab initio
 calculations (Miviani et al 2000 RPRE. Marclccliet al

. 2005 PRC, ...,Marcucci et al 2016 PRL)
Larger cross section

than present data fit!
(Ade egger et al, 2011,

S (MeV b).
o

E 8Mev)

o5 (P,Y)5He

ERNA: S(0)=0.57+0.04 KeVb Dileva et al 2010

et . .
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lmpor‘cant to check

ex erimenta”g

this

result! LUNA 20177
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DATA

The quest for Primorc:lialit9

« Observations in systems nc:%ligiblg
contaminated ]:)9 stellar evolution (e.g.

high redshift) ;

« Careful account for galactic chemical
evolution.






Izotov & Thuan fit
e [zotov & Thuan data
¢ Other data
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Main sources of sgstematica
e L | P nterstellar reddenin §,

v 1) temperature of clouds
% | D electron densitg
o | Possible de\/elol:)ments: using
g 100L Averetal 2010 - more H llﬂCS
4.3 e

Neutral Hydrogen Fraction (x10%)  _  ElectronDensityfem®) __

et . —



Further Problem: what is the *He Proclucecl
bg PEE 1 earlg stars”

AY ~ ]- 0_2 s ]- 0_3 Salvaterra & Ferrara 405
Vangioni et al 2010

For our purposes a robust upper bound on
THe (ancl lower bound on D) is more than

enough

No regression to zero-metallicity but fit with a
constant value + dY,/dz>0

Y 02651 @ 95 C.L. G.M. e P.Serl:)ico N
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Wrong +He can bias Parameter estimation

P 1 Ry N A
.

- 0.0215 0.022 0.0225 0.108 0.11 0.112 0.114 68 70 72
W, “am HO

SwE 1 < o i 1 ~ 2
1 12 13 0.54 0.96 0.98 3.2 3.25 3.3
z ng In [107A¢

Y ‘Free 0.22 02;1, 0.26 lchxkawa & Takahashl 2006
.- Hamann, G.M. & Lesgourgues 2008

] YP (Qbhz) From BBN

B, s e e Ry =~ .
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‘He

observed on Earth (nuclear weapons)

observed in the Solar System (Sun):*H ==IHe
observed in the ISM ?He/H= 0.1

observed In Planetarg nebulae and Hj regions
outside the solar system OHe" sPin HiP 3 46 cm
Wavelength band)




(*He/H)x10°

o4 03 02 -01 ©0 01 02 03 04
[0/Hl=Log(0/H)~Log(0/H)un







| [Li/H 1=12 + logo (Li/H)

| (Bonifacioetal. 97)  [Li/H]1=2.24+0.0

. (Ryan et al. 99 00) T[Li/H1=2.09%91_ 55

| (Bonifacioetal. 02) [’Li/H]1=234+0.06
(Melendezetal.04) [7Li/H] = Pehied @ 0D

| (Charbonnel etal. 05) Li/H1=2.21 +0.09

" (Asl:)luncl et al. 06) A8 ez 2095 £08055
(Korn et al. 06) FLi/H]1=254 +£0.10

A factor 2 or more below BBN Preclictiom trusting
i ZH+PLANCK 2015 bargon clensitg and >He upper
- bound
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Nuclear rates under control
CHe(x,Y) ' DBe & "Be (GLP)Z )

Sgstematics iN measurements?

Non standard BBN (catalgzed
BBN)7?

Observed values NOT Primorc]ial






MINIMAL SCENARIO: ALL FIXED!

OLh?=0.02225 +0.000%2
\/P:o.z%ﬁr 0.0001 £ 0.0003  rLanck 2015
2H/H=2.60 £ 0.03 + 0.07
EXP:
Y, =0.2551£0.0022 1!
Y 0400 000

2H /H (10 9)=2.5%+0.04 |l
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Discrepancies atworst?® O:
v New Phgsics?
v sgstematics/ uncertainties

1

.ixample: increasin% d (P,Y)5He (as
from bg ab initio calculations)
deuterium decreases, better

agreement with Planck 0, h2
(Di Valentino et al 2014, Planck 2015)
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For several cosmological
observables, allin a single

Parameter
T T
=|1+—=[—| (N )—1
pmd ( 8() eﬁ) 15 0
Y S

Instantaneous v decoupling value for e % B

CMDB and BBN scrutinize ditferent
“mass” scales!
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Figure 4:
(Left) In blue (solid), the 68% and 95% contours in the N, - 1,4 plane derived from a
comparison of the observationally-inferred and BBN-predicted primordial abundances
of D and *He. In red (dashed), the 68% and 95% contours derived from the combined
WNMAP 5-year data, small scale CMB data, SNIa. and the HST Key Project prior
on Hy along with the LSS matter power spectrum data. (Right) The 68% and 95%
joint BBN-CMB-LSS contours in the N, — ;o plane.




- 2-3 ¢ claim ! (Izotov & Thuan 2010,2014

b)

03 - 03

>
'l' Y=(0.2565+/-0.0010)+(29.53+/-5.36)(0/H) L Y=(0.2560+/-0.0011)+(37.79+/-6.65)(0/H)
°2 1 1 1 L 1 1 | 1 °2 1 1 L 1 1 L 1 1
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3 10%(0/H) 10%(0/H)
Fic. 1. Linear regressions of the helium mass fraction ¥ vs. oxygen abundance for H II regions in the HeBCD sample. The Y's are

derived with the He I emissivities from Porter et al. (2005). The electron temperature T.(He™) is varied in the range (0.95 - 1)x T (O 1m1).
The oxygen abundance is derived adopting an electron temperature equal to T, (He™) in a) and to T.(O 1) in b).
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zotov et al Z.OH~

Nepe =D 410 .2
': But using Aver et al. 20 (larger error)
— Nage =2.9909

Planck 2015: N_¢ = 3.04 +0.18 !!

Remember: CMB and BBN
scrutinize ditferent “mass” scales!
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Deuterium constraint: crucial the d (P;Y)5H€ l

Present data fit (Acielberger et al) leads to a slightlg

deuterium overProcluction |
which might be comJ:)ensated .
]:)9 a smjer expansion rate
(N@cg:?_ﬁ“}')

/ /A\
g

RPN

34+

Ab initio calculation gives o
a |arger cross section and
lower deuterium 9ie|ch o
In this case better a |arger
expansion rate (Nf=3.2)

26

00216 00218 00220 00222 00224 00226  0.0228
Q, H?



What could it be this Putative extra radiation?

Sterile neutrinos?

Succesfull Picture of 3-active neutrino mixing interms of 2
mass diHferences and » mixing angles.

Few Parameters describe alot of data: solar v ﬂux)
atmospheric V’s, accelerator v beams!

Yet, few anomalies (2-3 o) :

1) LSND-MiniBooNE (short baseline exP’S);
2) Reactor anomalg;
%) Gallium anomalg.

e — -— -——— N ———



| SND+ MiniBooNE: evidence for 3 v

u e

MiniBooNE: excess of Vo

lnterpretation: orcler] eV massive extra sterile
neutrino with large mixing angle

Amt=xeV?Z
sinz 20 2% 1077 —1

P_,=si 0228 sinz0 27 8me L A E)

(L in meters, E in MeV)



b) Am7, = 0. sin’6y =0 b) Am3, > 0, sin’63y = 0
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Conclusions

BBN theorg c]uite accurate, at % level (or better)
for main nuclides;

Problem: sgstematics in THe measurements;

d (PJ )oHe should be accurately measured in the
BBN energy range B 2506 Ee\/)

|ithium still Puzzling;
new observational strategies !

BBN + CMB (PLANCK,...): a tool to constrain new
Phgsics.



One extra “etfective” neutrino

allowed E)g data (magbe slightlg

PY’CF@ e

No room Tor two thermalized
sterile states

Magbe still Planck,... (and

Katrin) result will tell us more in
few 368:’5!







Thé l_eloton number cnc ‘che Universe

Neutrino chemical potentials change the exPansion
rate Parameter H glbar er v energy clensitg);

ve chemical Potential fi’ianges the n-p chemical
equilibrium (weak rates); Kang & Steigman 1992
Vs oscillates in flavor space: before BBN Ve, Vu & Vr

mix their chemical Potentiai.

Dolgov et al 2002

ip’=[0,p] + C 0=M¥/2p+v2Gr(-8p/m?* E + p-p)



"We conclude that in the LMA region the neutrino flavors

essentially equilibrate long before n/p freeze out, even —— 7u/u ('xnlo“’) '
when 0,, is vanishingly small” \
"...the BBN limit on the v, degeneracy parameter,

.| < 0.07, now applies to all flavors. "

-030 015 00 0I5 030
&




S. Pastor et al.,Phys. Rev. Lett. 102, 241302 (2009)













Global evidence for 6, >0
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‘Neutrino anomalies and stefile

 neutrinos
Chemical experiments GALL EX and SAGE Ga + Bugey

; ; - - 68.27%C.L. (10)
; tested with intense V., flux from 5'Cr .+ 95.45% C.L. (20)

| and YAr, detected ]39 e

||
{
71 71 - ;]
v, + Ga— Ge+e _ L
S v A
. 1 e -~ .:‘
Exp/Th=0.88+0.05 s
$oaz mixinﬁanalgsis o'k A
| :weak evidence | T e
See e.g Acero et al 0714222 o - -~ :
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