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Outline

= BBN - the deepest reliable early Universe probe
and beyond Standard Model test

= Neutrino beyond SM and BBN constraints
Inert neutrino, number of families,
neutrino oscillations
lepton asymmetry

= Neutrino oscillations - lepton asymmetry interplay
L effects on neutrino oscillations
neutrino oscillations effects on L
L change BBN constraints on neutrino oscillations

constraints on L by BBN with active-sterile oscillations
DR nraohlem <onliition



Big Bang Nucleosynthesis

Theoretically well established - based on
well-understood SM physics
Precise data on nuclear processes rates
from lab expts at low E (10 KeV — MeV)
Precise observational data on light elements abundances
Predicted abundances in good overall agreement
with the ones inferred from observational data

Most early and precision probe for physical conditions
In early Universe and for new physics at BBN energies.
George Gamow Universe baryometer

1904 — 1968 the best speedometer at RD stage

In 19461948 develops BBN theory. the most exact Universe leptometer

In the framework of this model
predicts CMB and its T. Baryon fraction, N, L, etc. measured by CMB




The Primordial Abundances of Light Elements

Main problem: Primordial abundances are not » D is measured in high z low-Z H-rich
observed directly (chemical evolution after BBN). clouds absorbing light from background QSA.
Observations _ _  He in clouds of ionized H (H Il regions),
in systems least contaminated by stellar evolution. the most metal-poor blue compact galaxies.
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During BBN 4 light elements D, He-3, He-4, Li-7 and
tiny traces of Be-9, B-10, B-11 up to CNO were
produced (1s—20m, MeV —Kev)
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t More and more precise BBN codes used:
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Angulo et al.99, Xu et al. 2013 PRIMAT Pitrou et al. 2018



Pitrou et al. 2018

BBN predictions  Yp(N,m), Xp(N,n)

for Qg ~0.05 and N =3 are in agreement with
observational data.

Y, =0,24709 £ 0,00017
D/H=(2.459 + 0,036) 10~

The good concordance between observational

data and predicted by theory abundances allows

to use BBN as:

> a precision probe of physical conditions in the
Universe (barometer, speedometer, etc)

> atest of beyond SM physics

.-I WVH |:'-' .II:'\:_IU'I

BBN is the earliest and most precision probe of
early Universe physics.
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BBN constrains physics beyond SM

BBN depend on all known interactions - constrains modification of those

Additional light (relativistic during BBN, i.e. m< MeV) particles species
(generations) effecting radiation density (predicted by SUSY, string
models, extradimensional models, DR, etc.)

pre-BBN nucleon kinetics or BBN itself

Additional interactions or processes relevant at BBN epoch (decays of
heavy particles, neutrino oscillations)

Depart from equilibrium distributions of particle densities of nucleons and
leptons (caused by nu oscillations, lepton asymmetry, inhomogeneous
distribution of baryons, etc.)

SUSY, string models, extradimensional models, etc.
etc



BBN Speedometer

Constraints on additional light species i

y > & 5 é-'-'.-::;;::::;;::__:q__ :
BEN 2.3<N_, <3.4 o

5.6<7<6.6 .:
? 5
Neff :2.88+0.27_027 (95%) 4 baryan-ta-pho
Untill Plank CMB larger errors for AN _ |

than BBN

Planck Collaboration 2015 D)
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the mumber of neatrinos (M. ), marginalized over the helium mass faction Y, assuming different

Neff :3.01+0-15_0.15 (95% Planck +BBN) combinations of observational constraints on the light elements.
A maximum likelihood analysis




BBN Speedometer

» Constrains the effective number of relativistic species

Non-zero AN will indicate extra relativistic component, ANeff <0.2-0.3
like sterile neutrino, neutrino oscillations, lepton
asymmetry, neutrino decays, nonstandard thermal history, etc
= Constrains sterile neutrino production, right handed bosons

Constrains chemical potentials

4

AN =15/7[([ed T z]" +2[( pd T) ]

« Constrains neutrino oscillations parameters

= Constrains supersymmetric scenarios (lightest particle neutralino or gravitino),
string theory, large dimensions

= Constrains decaying particles, SUSY metastable particles (solution to Li problem?)



Neutrino Oscillations Overview

Vm = Umef’ (f = €, H, T)

It has been observationally and experimentally  5ccijations imply

proved that neutrinos oscillate — flavor /  non-zero neutrino mass and mixin
oscillations. g
v" Combined neutrino oscillations data

including SBL reactor exps + LSND +MiniBooNe

+Gallium (GALLEX, SAGE): v distribution n(E) v  exp(—E/T) /(L exp(—E/TY)
hint to light v, with eV mass and mixing with | pp— .

flavour neutrinos sinZ6 [0.01-0.03]

(in equilibrium before BBN),

dm?=0  atleast 2 neutrino with m_# 0

(b

T=0.7 MeV

10 0.50 L L
BT 0 2 a ]
4 # [sec]

Neutrino anomalies are well described in terms of v | change depletion N, < N,
flavor neutrino oscillations, but sub-leading |
sterile oscillations may provide better fit. additional species may be brought into equillibrium

v sterile neutrino N4 > 3

Neutrino oscillations influence Universe processes. BBN constrains v, <v.,.



Neutrino oscillations cosmological effects

% Active-sterile oscillations considerable cosmological influence
v Dynamical effect: Excite additional light particles into equilibrium oN,

pNgeffT4 H - V geff GT ‘ Oerr :1075+25N5 5Ns = Nv -3

Fast v,<> v, effective before v,decoupling - effect CMB and BBN through increasing p and H
He-4 mass fraction is a strong function of the effective number of light stable

particles at BBN epoch  0Y4 ~0.013 6. (the best speedometer).
Dolgov 81, Barbieri &Dolgov 90, Kainulainen 91, Enqgvist et al.,92

v" Distort the neutrino energy spectrum from the equilibrium FD form

I'~G:E’N DK 88, DK&Chizhov 96

He-4 depends on the v, characteristics: v, decrease — n/p freezes earlier —
“He is overproduced

v Change neutrino-antineutrino asymmetry of the medium (suppress / enhance)

. . N ~ Foot&Volkas 95,96; DK&Chizhov 96,97,2000
BBN is a sensitive probe to additional species and to distortions in the neutrino

distribution.
BBN limits oscillation parameters.
DK&Chizhov 98,2000, Dolgov&Villante 03, DK04,07 ,DK&Panayotova, 2006, DKO7



Evolution of oscillating neutrino

Kinetic eqgs for density matrix of neutrinos in case of neutrino oscillations

: Op(t) _ Hp, o) | +[Hg, p®]+i{H, p®)} vacuum flavor oscillations Dolgov, 81
ot op, vacuum electron-sterile oscillations DK 88
O(Gé) breaking of coherence term

Kinetic egs for matter neutrino oscillations Rudzsky, 1990; Sigl,Raffelt,1993;McKellar, Thompson1994

Evolution of nonequilibrium light oscnlatlng neutrlno V>V, DK. Chizhov, 1996
effective after active neutrino decoupling  dm’sin*26<10° T eV?

%(t) = Hp, agp(t) +i[H,, p(t)]+iV2G, (i 'V?VZV ] N, [a, p(t)]+O(G?)
a=UU v,=U,y, l=¢gs

e~ je?

DK, Chizhov, PLB 1997

14

H, is free neutrino Hamiltonian

Q~ET L~2L +L, +L L ~ d3pp — 5., )IN —VC056+VS|ne
Lo - Jeplan-AIN, vz—-vsme + v,C0S0

e in e 1 0
plL=n =exp(-E, /T)/(1+exp(-E,/T)) p :nvq£0 o)

In case of late oscillations distortion of neutrino momentum distribution by oscillations is possible.
Approach: follow the evolution of neutrino for each momentum and account for oscillations, expansion,

neutrino forward scattering and interactions with the medium simultaneously.

Even for fast oscillation case <p> approximation — not suitable, L growth overestimated.
Approximate solutions of L(t) were developed. Foot<lVollias 97, Bell, VolkaslWang, 99



« Active-sterile oscillations proceeding after decoupling Sm?sin® 20 <10’

may strongly distort neutrino distribution and deplete electron neutrino.
Kirilova 88, Kirilova&Chizhov PLB,97
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The distortion due to active-sterile oscillations and the kinetic effect caused
ON, depends on the degree of initial population of v
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The effect decreases with 5N .

Precise description of neutrino momenta distribution:
1000 bins used to describe it in non-resonant case

up to 10 000 in the resonant case.

Active-sterile oscillations before neutrino decoupling
slightly influence active neutrino distributions, because
the states are refilled due to interactions with the plasma
and bring sterile neutrino into equilibrium.



BBN with late v,<> v, and L

“ In BBN with n.<> n, and L neutrino spectrum distortion and the density of electron
neutrino may considerably differ from the standard BBN one, leading to different nucleon
kinetics, and modified BBN element production.

Evolution of nucleons in the presence of v, <> v,

on
Mo _ Hp, on,
ot op,

+de(e‘, p,v)‘A(e_ p—> Vn)‘z(ne-np —N, o)

—de(eﬂ p,ﬁ)‘A(eW\ — |017)‘2(ne+nn —N,PL)

om’<107ev?  all mixing angles® 0<o6N, <1
2MeV >T >0.3 MeV 10-19<[.<0.01

Yp (57?12,9,L,5N3)

Numerical analysis: Oscillations and L dynamical and
 Evolution of oscillating neutrino in the presence of L kinetic effect on BBN were explored.

« Evolution of nucleons and n/p freezing

o . SN= SN, o- 5N, o SN +3N -
«  He-4 primordial production ko ONko ONs TONs  8Y ~0.013 5N



Maximum He-4 overproduction in BBN with

oscillations due to spectrum distortion

may be much bigger than 5% due to kinetic effects.

DK, Astrop.Phys.,2003

oY /Y <32% for resonant oscillations 6N, ;<6
0Y/Y <14 % for non-resonant oscillations 6N, ;<3
E 35 ? 40
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Dependence of maximum overproduction on the mixing

Dependence of maximum overproduction on mass

BBN with nonequilibrium v .«>v allows to constrain v oscillation parameters for
He-4 uncertainty up to 32% (14%) in resonant (non-resonant) case.



BBN constraints on v, v,

Y,=0,2565 + 0.001(stat)+ 0,005(syst)
Izotov&Thuan, 2010 93 Sp of 86 low Z HII

He-4 is the preferred element:

v
v

v

v
v
v

abundantly produced,

precisely measured

precisely calculated (0.1% uncertainty)
Y,=0,2482+ 0,0007

has a simple post-BBN chemical evolution

best speedometer and leptometer

sensitive to neutrino characteristics (n, N, sp,LA..)

Fit to BBN constraints corresponding to 8Yp/Yp=3%:

sm? (sin? 29)4 <15x10°%eV2 Sm? >0
om* <8.2x10°eV?* large 8, Sm* <0

log{ 6m® [eV®])
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log( 6m® [eV?])

BBN constraints on neutrino oscillations

BBN constraints on oscillations between initially empty v, and v,

70,
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Barbieri, Dolgov 91 — depletion account
Dolgov 2000 — dashed curve;

Enqvist et al. 92 — one p approx.

our result DK, Chizhov - spectrum distortion
and L growth

Dolgov, Villante, 2003 - spectrum distortion

Fits to BBN constraints
corresponding to 3Y,/Y,=3%:
dm2>10% eV/?2

SmZ sin* 20, <3.16x10°eV? (AN, )’

Sm?,sin® 20, <1.74x10°eV?(AN, )’
om?sint 260 <10~

DK.,Chizhov 2001

Sm? (sin? 29)4 <15x10°%V?2 Sm?>0

om® <8.2x10%V?* large 9, Sm* <0

v BBN constraints are by 4 orders of magnitude more stringent than experimental ones

v Excluded electron-sterile solution to LSND , LMA and LOW active-sterile solutions (1990, 1999) years
before experimental results.



Generalized BBN constraints on v, v,

Additional v, population may strengthen or relax BBN constraints.

Constraint contours for 3 and 5% He-4 overproduction

70

Due to interplay b/n the effects of

8Y,/Y,=5.2% non-zero initial population of v, (partially
b (i i/ filled) on BBN,

BBN bounds change non-trivially with oN:

§ 207 In case the dynamical effect dominates,
e He-4 overproduction is enhanced and
ii 851 BBN constraints strengthen.

] In case the Kkinetic effect dominates He-4
P >0 N/ aa<o overproduction decreases with 8N, increase and
- ~—— BBN constraints relax.

]
]
7 RO A e

log (sin’ 20 DKl Panayotova 2006;DK07

Dotted blue (red) contour presents 8Y,/Y,=3% (3Y,/Y,=5.2% )
for 6N=0 dotted curve, solid - 3N=0,5.



Lepton Asymmetry Effects

—~ NP = ulT
L=(n—n)/n, Yt G
 Dynamical - Non-zero L increases the radiation energy density
AN, =15/7((E17)* +2(El7)?)

| z i 1/3
+ S\ 11 PA

leading to faster expansion H=(8/3nGp)*?, delaying matter/radiation equality epoch ...
=== influence BBN, CMB, evolution of perturbations i.e. LSS

Pr =Pyt Pv T+ Px =

Wagoner et al. 1967 Lesgourgues&Pastor, 99

.Terasawa&Sato, 1988 ... Ve + n <> p + e_
. D-irect Kinetic - |L, > 0.01 effect neutron-proton kinetics et 1N p+‘7e
In pre-BBN epoch
=== influence BBN, outcome is L sign dependent
SimhaclSteigman, 2008:
Y, ~ (0.2482+0.0006) +0.00167, +0.013AN,, —0.3&,

« Indirect Kinetic - 0.01> L > 108 effects neutrino evolution, its number density, spectrumn
distribution, oscillations pattern and hence n/p kinetics and BBN

DKIChizhovNPBIS, 2000, DK PNPE, 2010, 2011, DK JCAP,2012.

n—>p+e +v



BBN Constraints on L

/7

“ BBN provides the most stringent constraint on L. Accounting for the dynamical and direct
Kinetic effect and the equilibration of the degeneracies due to neutrino oscillations before BBN:

Dolgov et al,, NPB, 2002 | £, 1<0.1

Steigman, 2012 ; Castorini et al. 2012 ; Mangano et al., 2013
“ Improvement on D and He measurement — stringent BBN constraints

&, =0.001£0.016 |& |<0.016(68%CL)

CMB provide looser bounds &, =0.002+0.06
Pitrou et al., 2018

-008 -0 -0 Dl Gl Gl 0D

Interplay between L and active-sterile oscillations allows to constrain
strongly L.

BBN with electron-sterile oscillations feels and constrains tiny L L <(om®/eV 2)2’3
Kirilova, JCAP 2012, Hyperfine Int. 2013



L oscillations interplay

v" Neutrino active-sterile oscillations change neutrino-antineutrino asymmetry of the medium
suppress pre-existing asymmetry ®arbiericZDolgov 90.91; Engvist et al. 1992

enhance L (MSW resonant active-sterile oscillations) L-T=M
-L-T=M
L enhancement in MSW resonant active-sterile neutrino oscillations was first found for

dm? >10°eV? in collisions dominated oscillations Foot, ThompsonelVolkas 96; Bell, Volkasel Wang, 99
om? <107eV? in the collisionless case %iril hizhov 96;DK 2012 2
KirilovaclChizhov K Hm (5m ’9’ L,T,..)

Flavor oscillations equalize L in different flavors before BBN Doljov et af, VB, 2002

v" Relic L effects neutrino oscillations
suppresses them FootelVolkas, 95; KirilovaclChizhov 98
enhances them  «KirilovaclChizhov 98

In BBN with neutrino oscillations spectrum distortion and L generation lead to
different nucleon kinetics, and modified BBN element production.



We studied the interplay between small L and neutrino oscillations in the early
Universe and their effect on BBN for the specific case:

Vv, = v,C0s0 + v,Sind
vV, = - v,SInO + v.c0sO

effective after active neutrino decoupling  sm2sin® 29 <107 o\

Small L<<0.01 influence indirectly BBN via oscillations by:
v changing neutrino number densities
v changing neutrino distribution and spectrum distortion
v changing neutrino oscillations pattern (suppressing or enhancing them)
L effect in density and direct effect in n-p kinetics — negligible
FootelVolkas 97, Bell, VolkaselWang, 99
» Different cases of L were studied:
relic initially present L>10-1' and dynamically generated by oscillations

DKIChizhov, NPB 96, 98, 2001 DK PNPP 2010, JCAP2012, 2018

The evolution of the L was numerically studied. L influence on oscillations was explored
in the full range of model oscillation parameters and a wide range of L values.

Primordial production of He-4 was calculated. Modified BBN constraints on oscillation
parameters in presence of L were presented.



Evolution of neutrino In presence of
v, <> v o0scillations and L

Equations governing the evolution of the oscillating v and v,, accounting
simultaneously for Universe expansion, neutrino oscillations and neutrino forward
scattering.

Ap(t op(t) . . :
%:Hpv gi:)()_i_l[Ho’p(t)]_'_lﬁGF(L_N?zJN7[a’p(t)]+O(GF)

1% W

8%(1:) =Hp, ag—)(t) +i[H0u5(t)]+iﬁGF L_L_ |\/(|g\,%, j Ny [0{,,5(’[)]+O(G|§)

v

a=UU_, v.=Uy l=¢gs

ie™ je!?

H, is free neutrino Hamiltonian
7.
Q~ET L-2L +L +L L ~[d°(p.-PL)/N, G ~1075+0N, SN, =N, 3

| | 1 0
pi=n =exp(~(E, + ) /T)/(1+exp(~(E, +4,)/T))  p"= ni“[ ]

Non-zero L term leads to coupled integro-differential equations and hard numerical task .
L term leads to different evolution of neutrino and antineutrino.



BBN withv,< v, and L

% In BBN with v,<> v, and L neutrino spectrum distortion and the density of electron
neutrino may considerably differ from the standard BBN one, leading to different nucleon
kinetics, and modified BBN element production.

Evolution of nucleons in the presence of v, <> v,

on
Mo _ Hp, on,
ot op,

+de(e‘, p,v)‘A(e_ p—> Vn)‘z(ne-np —N, o)

—de(eﬂ p,ﬁ)‘A(eW\ — |017)‘2(ne+nn —N,PL)

om’<107ev?  all mixing angles® 0<o6N, <1
2MeV >T >0.3 MeV 10-19<[.<0.01

Yp (57?12,9,L,5N3)

Numerical analysis: Oscillations and L dynamical and
 Evolution of oscillating neutrino in the presence of L kinetic effect on BBN were explored.

« Evolution of nucleons and n/p freezing

o . SN= SN, o- 5N, o SN +3N -
«  He-4 primordial production ko ONko ONs TONs  8Y ~0.013 5N



BBN withv,< v, and L

Eor sm? sin® 20 <107eV?2 evolution of L  In BBN with v, Vs Neutrino spectrum distortion
and asymmetry generation lead to different nucleon

Is dominated by oscillations and typically kinetics, and modified BBN element production.
L has rapid oscillatory behavior.

The region of parameter space for which
large enhancement of L is possible:

|om? |sin® 20 <107°°eV *

Generation of L up to 5 orders of magnitude
larger than B is possible, i.e. L~10°

—7.0

T T T T T
-3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0

751 - log(sin’26)

X,, and correspondingly the primordially produced He-4
decreases at small mixing parameters values due to

asymmetry growth. DK, PNPP,2010; 2011
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log(sin®29)




L >0.1(6m*)*"* suppresses oscillations
inhibit oscillations.
enhances oscillations

L > (5m2)2/3

Relic L and BBN with v, < v,

relaxes BBN constraints on oscillations
eliminate BBN constraints on oscillations
strengthens BBN constraints

L change primordial production of He by enhancing or suppressing oscillations.

Y, (om?,6,L)

Xn

0.144

0.140
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0.128 1

log(sin®29¥)=-0.05
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DK&ChizhovNPB98, DK, JCAP 2012

Constraints on dmZin case L eliminates
standard BBN constraints on neutrino
oscillations:

om*(eVv?) < L?

Constraints on L in case of electron-sterile
oscillations with  sm* =107 eV~

L <1073



Relic L and BBN with v, < v,

Yp({?mz,ﬂ,ﬂ) 1011« <0.01

Kirilova 2018 BBN with oscillations can feel extremely small L:
down to 10°® .1t is precise leptometer.

Updated constraints on L L >0.01(sm? eV ?)*
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Summary

Fruitful interplay b/n cosmology and particle physics exists.

Cosmology can predict the influence of BSM characteristics and test them. In
particular, BBN is the earliest and the most reliable probe of beyond SMP. It
«measures» neutrino mass differences, number of neutrino species, neutrino
oscillations patameters, deviations from equilibrium, baryon density, L, new

Interactions, etc.

Stringent BBN constraints on additional light
particle species N exist. These are used to constrain SUSY, string, extradim, etc.
BBN bounds on N is strengthened in case of neutrino oscillations.

BBN bounds on L are changed in case of

neutrino oscillations, |L|<0.01. L as small as 10-® may be felt by BBN via electron-
starile neutrino oscillations.

Constraints exist even if He-4

uncertainty were over 5%. BBN provides the most stringent constraint on dm? . BBN
with nonequilibrium v, <> v, oscillations allows to put constraints on v oscillation parameters
for He-4 uncertainty up to 32%(14%) in resonant (non-resonant) case, provided v, was not in
equilibrium.

BBN constraints on neutrino oscillations parameters depend nontrivially on the
population of v, and L in the Universe. Additional initial population of v, not always
leads to strengthening of constraints, it may relax them.

Relic L may provide relaxation or enhancement of BBN constraints on oscillations.
Oscillations generated L relaxes BBN constraints at small mixings.
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Oscillations in the Early Universe medium

« The thermal background of the early Universe influences the propagation of v.

Differences in the interactions with the particles from the plasma lead to different
average potentials for different neutrino typesV;  f=e, , 1

WOtZO[C[@ZQ{ClJﬁ(e[t 88 In the Sun L>>Q
V;=Q-L for neutrino
V; =Q+L for antineutrino

Q=-bET* /(6m2M?,,) L=-aET3L,/(m?)
* Inthe early Universe, E>10 MeV, Q>L if L is of the order of B.

In the adiabatic case the effect of the medium can be hidden in matter oscillation
parameters: sin? (9m = sin? H/[sin2 O + (Q + L — oS 2(9)2]

In general the medium suppresses oscillations.

When Q=L =cos26 mixing in matter becomes maximal independent of mixing in
vacuum - enhanced oscillation transfer.

forQ>L &m? <0 resonant oscillations both for neutrino and antineutrino
for Q<L atdm?<0 resonant for antineutrinos, &m? >0 — for neutrinos



