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Abstract: Bang Nucleosynthesis (BBN) is one of the greatest outcome of the Standard Model of Particle Physics when put next to ?2CDM
cosmology. In this talk, | will first review the key aspects of standard BBN and illustrate a new code -- PRyMordial -- to make state-of-the-art
predictions of primordia light-element abundances within and beyond the Standard Model. | will then highlight the latest measurements regarding
the primordial abundance of helium-4 and deuterium, and present evidence at the 2 sigma level for a nonzero lepton asymmetry from BBN data
jointly with the Cosmic Microwave Background. | will leave some final comments on how a large total lepton asymmetry can be consistently
realized in the Early Universe.
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We know how
EVERYTHING
really started ...

(ALL ME WEAK-MINDED FOR BELIEVING
THE WORLD 5ITS ON A TURTLE,

AND THAT TURTLE IS
SITTING ON ANOTHER
TURTLE,

AND IT'S TURTLES
ALL THE WAY
DOWN,

BUT DON'T TELL ME
THE UNEXAMINED
LIFE INT
WORTH
LIVING

 TATEATED H
LH:IZ.TQF‘Y OF TIME ¢
TEHELL"

+
+
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” =F INA DU
VERSE NS0T
.’

THE UM
4

AS | RIDE MY INFINITE TURTLE
FORTRESS ACROSS THE SKY.

“What you have told us is rubbish. The world is really a flat plate supported on the back of a giant
tortoise.” The scientist gave a superior smile before replying, “What is the tortoise standing on?” “You're very
clever, young man, very clever,” said the old lady. “But it’s turtles all the way down!”
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... neverthelese, we know there’s been much more than turtleg:

~ 3.8 billion years
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CMB <—> EARLY UNIVERSE INITIAL CONDITIONS

from COBE gatellite from PLANCK eatellite
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and of # relativistic d.o.f.s
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|Time < — > Temperature
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BBN ERA IN ACDM

For T = 10 MeV, 3 relativistic species (¥, e, 1):

S G 7 7 3
H TR 2+2><2><§+2><§N,, T,
Pl

From 1st law of thermodynamics + continuity eq.:

d(sa’)ldt =0 , s=(p+P)IT,

radiation domination era

|—> T , T,(a) Universe background in
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BBN ERA IN ACDM

With Universe expansion/cooling, weak interactions freeze out:

H~T

weak

~n{ov) ~ T*x GAT?* = 7}‘_‘;‘*‘"@ ~ MeV

Moreover, from entropy conservation, for T?, <m,:

1/3 4/3
4 8 (11 Prot. = P
T,=(—) T, & Ny=—[— T ) =3.044
11 7 7 X4 P,

i N SM prediction
r> Ty(t) ; Ty(a) : TU(TJ’) see, e.g., anv: 2210.10307
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BBN ERA IN ACDM

With Universe expansion/cooling, weak interactions freeze out:

H~T

weak

~n{ov) ~ T> X GAT?* = 7}(_‘;’_‘“"0 ~ MeV

Moreover, from entropy conservation, for T?, <m,:

1/3 4/3
4 8 (11 Prot. = P
T,=(—) T, & Ny=—[— T ) =3.044
11 7 X P,

T AR SM prediction
[’> Ty(t) ; Ty(a) 3 TU(TJ’) see, e.g., anv: 2210,10307
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BBN ERA IN ACDM

T,(T,) relevant in BBN also for f-equilibrium of n < p.

m, —m, =~ 1.3 MeV

n+v, & p+e” [> (n,/ny) |TzMeV ~ exp(—Q/T)

- —
e P (nafn) | - G

Nucleosynthesis naively at T, ; ~ Bp =~ 2.2 MeV ... BUT:

ucl.

['(n+p— D+y)~ nglov)p,

['(n+p < D +y) ~n, exp(—Bp/T,){ov)p,

i.e., it really starts at T, such that: ng ~ exp(—Bp/T,,.;)

nuc
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BBN ERA IN ACDM

Deuterium “bottleneck” implies 7,,,,.; =~ 0.1 MeV. After that :

ucl.

~ all neutrons into helium-4

/) | 70,1010y = 117

A(n,/2)

’ mpg n,+n,

Mag,
YP

~ (0.25

Baryon mass fraction in helium-4

©(10~>) residual amount of deuterium and helium-3 relative to p.

Lithium-7 “survives” in smaller relative abundance, ©(10~19).
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POR 2021 baryon density parameter Qph?

) 172
0.27 — — e

0.26 - - 3

0.25;— /

4He mass fraction

10— 10|

10;|u ' ! ' ‘ — '1(;,9
baryon-to-photon ratio ) = n;/n.,
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BBN OBSERVATIONS

Primordial lignt elements predicted: D, 3He, 4He, 7Li

& Helium-4 observed in extragalactic Hll regions
Emiggion epectra of gas clouds (detailed line modeling required)

& Deuterium observed in Quasar absorption systems

Damped Lyman-a gpectra from intervening gas along Lo.s.

& Helium-3 observed in the Solar neighborhood
Solar winds, meteoriteg, (SM ... stellar nucleosynthesie uncertainties!

@& Lithium-7 in the atmosphere of dwarf halo stars

Phygics of convection, depletion indicators ... needs support from data
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PDG 2021: Y, = 0.245 = 0.003

% level
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arXiv: 1710.11129 astro-ph/9803071
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% LEVEL MEASUREMENTS —> PRECISION ERA ...
. BBN details cannot be worked out by hand!

 arXivIB06.1095 |

(ct,n) (oY)

¥, i~ fp ((UV)kmsjY P <6v>1j—>leiIG')
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PRyMordial: The firet 3 min En O(l0) gecg

MacBook Pro (13-inch, 2018, Four Thunderbolt 3 Ports)
sore 2,3 GHz Intel Core i5
emoria 8 GB 2133 MHz LPDDR3

The above claim in this slide is machine dependent )
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D arXiv: 221x.xxxxx@

N
PROGRESS

L)

A new tool to investigate Big Bang Nucleosynthesis (BBN)
within the Standard Model (SM) and Beyond (BSM)

PRyMordial| The firet 3 min in O(10) gec

Anne-Katherine Burns Tim Tait Younger Me
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AlterBBN PRIMAT
4% AlterBBN v2.2

O AlterBBN v2.2 N PRImordial MATter
arXivlO6.1363 A .
. : arXiv:I806.11095,

THERE ARE NO BUGS
N AR A
N IFYOU DON'T ;
N\ WRITEANY CODE _.**

PArthENoPE

Public Algorithm Evaluating the Nucleosynthesis of Primordial Elements

arXiv.0705.0290, arXivl712.04378, arXiv:2103.05027
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O AlterBBN v2.2 PRImordial MATter
USER- FRIENDLY

AlterBBN Reason # O PRIMAT
&% AlterBBN v2.2

PROGRAMMING
LANGUAGE

PArthENoPE

Public Algorithm Evaluating the Nucleosynthesis of Primordial Elements

Fortran
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Reason#1] v Decoupling & N ¢

Early Universe dynamics of neutrinos is an input for public BBN codes.
Why? Need to solve O(100) stiff integro-diff. eq.s otherwise:

Ocfy —HpOpfy = C[fl/]

BUT, dramatic simpilification is possible [ (81205605 , 200104466 |:
<< JUST GO THERMAL ! >>

TV = pv/0r,p, = [—3H(p, +pv) + 6p,]/0r, p0

Ty = p*ere/any Pyte = [—3H(pyt+e + Pyte) — 5?!/]/8@, Pvy+e

BS. .. . —
=== 0p, =6p(T5,Ty) < |M|%,, themaly averaged

v

H? = (8TG N /3)ptor  (Friedmann eq.)
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Reacon#| v Decoupling & N

: T,)
d(sytea®)  dp,a’ a(T,
/ dt o Tﬂf X a,(t)
T’Y(t)JTV(t)
T Py Na
P~

recovering state-of-the-art for these quantities @ per mille level!

i.e. PRETTY MUCH
A “FREE LUNCH”!
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Reason#1] v Decoupling & N ¢

. T.)
d(sy4ea®)  dpya’ a(Ty
T’Y(t)aTv(t)
> oy i.e. | Nag
P~

recovering state-of-the-art for these quantities @ per mille level!

l.e. PRETTY MUCH

A “FREE LUNCH”!
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Reason#1] v Decoupling & N ¢

True reward: Approach extremely useful for BSM Physics!

3

Dark Sector SM Sector

T'x

Primordial abundances
a(t) affected in a 3-fold way:

a(T,)  Hi Ty

\ Constraint from “Planck 2018”

Neg 293+029 @ 68%CL

T, (t), T, (), Tx (¢)
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Reagon#2|  Weak Rates 1,

Primordial “He & D/H precisely measured: BBN precision tool

€ v e v e v e

LO: eagy-peagy in Born ... ... but finite mage effecte + Ola) correctiong relevant for precigion!

PRIMAT code offers a wonderful ap-intio computation, but takes time ...

BLue Sworp VS Rep Sworp
WOLFRAM Py
MATHEMATICA12
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vegas 5.0
pip install vegas
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Reagon # 3

nucl

Q O R - J
%, N > 3 | Existing codes implement
O : O n recipe for O(100) |
(. M~ I ow |
4 ¥ ( )"-w\’)_ | rates as function of T ...
& & &

Key reactions to study primordial
light elements are only O(10).

2.0

Even those vary from group to group

though, unless data driven (LUNA)
[ 1

S-factor [eV b]

0.5

Exploring these systematics crucial,
but a ready-to-use tool been missing!

Nature 587, 210-213 (2020)

LUNA data (this work) L 3
Fit (this work) ——
Tisma (2019)
Marcucci (2016) ------
Adelberger (2011) = -
Casella (2002) *
Schmid (1997) *
Ma(1997) v
Griffiths (1963)
Griffiths (1962)

D+p—>*He+~ or D(p,v)*He

Laboratory for Underground Nuclear
Astrophysics

el

0 50 100 150 200 250 300
E [keV]
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Ny {ov) x 10° fem? 571 g~

Nuclear Rates {oV)

DD - *Hen DD - ‘Hp
8
| W= Conservative Approach B Conservative Approach
B Aggressive Approach EEl Aggressive Approach
.= 6
= 6
— 1
= 4
x
8 )
P <
=
0 0
10 10" 10! 107! 10" 10t
T x10" [K T x10° [K
D p — *He ~ 'Hen — 'H p
[ 8

BN Conservative Approach

| EEE Aggressive Approach

...i("ll ’ " ....IIEI‘
T x10? [K
‘He D — *‘He p

B Conservative Approach
W Aggressive Aj

103 107¢ 10°° 10 10*
T x10° [K

'He ‘He —+ "Be 7

BN Conservative Approach
B Aggressive Approach

10 10!
T x10° [K

30
BN Conservative Aj
5| EEE Aggressive Approach

) 04
1.5
1.0
0
0.0 —o— = P——
10 10!
T x10” [K

nucl

2 DIFFERENT APPROACHES IMPLEMENTED

NACRE compilation

PRIMAT compilation

polynomial fits
— data oriented —

nuclear modeling
— theory oriented —

‘HD — ‘He n

'H ‘He — "Li 5

0.0%

0 10
T x10° [K
“Li p — ‘He 'He

B Conservative Approach
BN Aggresive Approach

T x10° [K]

o

81 WM Conservative Approach
B Aggressive Approach

61
2]
04—
T x10° (K]
‘Ben — ‘Lip
6

BN Conservative Approach
B Aggerssive Apy

14

[ S
107% 102 10! 10°

I x10° [K
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HAHRBRABARRARARERH

PRyMordial results

HURBHRBHBRH G URH B

Neff —--> 3.0452714148682438

Yp -=> 0.24709402881702736

D/H x 1@8*5 --> 2,438952842054179
(He3+T)/H x 1"5 --> 1.03826086327731
(Li7+Be7)/H x 18418 --> b5.5452674966801467

-—— running time: 16.100466012954712 seconds
nbp-di-mauro:PRyMordial_vBeta mauro_87% |

PRyMordial: wikiHow

PRyM _init.py

W PRyM_plasma.py

X
@

¥V

PRyM_main.py PRyM_nTOp.py

+—>

#3 : weak rateg
#5 : interpolation

EZY

PRyM_eval_nTOp.py

PRyM_nuclear_net.py

Page 31/46




PRyMordial: SM etate-of-the-art

B Aggressive Approach to Nuclear Uncertainties

H Conservative Approach to Nuclear Uncertainties

PDG-recommended 1o range of observed values

o, O° h Approach Yp %X 10 | D/H x 10°
X o] fh'\ PRIMAT driven || 2.4715(14) 2.439(36)
T &) ,
a v S NACRE II driven ||2.4706(16) | 2.51(10)
q,
R - 0.5% 1.5% VS 4%

%

<

THEORY PRECISION

3He/H x10°

(®)

"Li/H x10'°
b

DD D> DD RO DS
) N ¥ v W Q- NS \,’ \.\ D hs) \

Y, x10 D/H x10°  3He/H x10°  TLi/H x10'°
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PRyMordial: Summary

@ LTV A new package for BBN phenomenology

& Wil be featuring: — simplified, but precise, method for v decoupling
— ab-inttio efficient computation of n <—>p
— a customizable up-to-date nuclear network
— several built-in options for New Physics

Meets precision for state-of-the-art SM predictions.
Opens up uncharted territory for BSM in BBN era.

& ruly python-based, wil be user-fiendly & numerically fast ...

)\ DiffEq.jl from Sci Machine Learning kit implemented in julii]

Pirsa: 22100144
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A NEW HELIUM-4 MEASUREMENT

Extremely metal-poor galaxies (EMPGs): Pristine environments for primordial 4He

2021: 51 metal-poor galaxies + 3 EMPGs

2022: deep NIR spectroscopy from Subaru
Telescope adds 10 new EMPGS!

0.10F
0.09%
0.08F

- sibarers Walvagupiv
007; Vi a:quuﬂ«i ikt of ayesn
0.06F

- arXiv:2203.09617

!'(I)llllél]llllolllillslllllll.

(O/H) x 10°
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A NEW HELIUM-4 MEASUREMENT

arXiv:2203.09617

~ This Work
——————| Eq(8)+ Sample of Hsyu et al. (2020)
—_——y Hsyu et al. (2020)
—e— Kurichin et al. (2021)

— e Fernandeze et al. (2019)

Planck+18

——a—y Valerdi et al. (2019)

Cooke & Fumagalli (2018)

—y Peimbert et al. (2016)

— ¢ Aver et al. (2015)

Izotov (2014)
—e—
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BBN ERA WITH u # 0O

In the Early Universe, chemical potential of photons must be O:

e +eto2y,3y H> By =0, e =—p = 4,

From charge neutrality, chemical potential of e* must be small:

H> e & /T, S g ~ 1071

LARGE LEPTON ASYMMETRIES EXCLUDED BY 7 ...
NO LONGER TRUE IF ORIGINATING FROM v SECTOR!
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BBN ERA WITH u # 0

A non-zero v chemical potential impacts total energy density:
ANej:f i Aptot./py X (ﬂy/Tv)z = 53

effect totally negligible for the CMB as long as | &, | < 0(0.1)

However, in BBN era this affects also neutron-to-proton ratio:

N LT DR
(n,/n)|,, ~exp(—Q/T-¢)
Pt Wy = Wy, rJ\> ger = 5% i

THEREFORE, HELIUM-4 IS A VERY SENSITIVE LEPTOMETER.
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[2206.00693

BBN 2022: A BAYESIAN ANALYSIS

Bayes Theorem : Pogterior ~ Likelihood x rior
JOINT ANALYSIS OF BBN DATA WITH CMB (W/ CORRELATIONS)

Tscosmo = _Q(IOg L:CI\[B + log ‘CBBN)

1 . 2
log Lcmp = —§A6T65§,IB AT 1 3 (X“ = X)

log LN = —3

g
% X

— ﬁa FJ — (YP: QBhQZNUH)T

X = *He [ Subaru 20221, D [ PDG 2021 |
Planck 2018 TTTEEE + low-#Z + BAO + lensing

MAIN PARAMETERS

—2< AN <2 1 <7px10° <10 -02<¢,<02

NUISANCE PARAMETERS: neutron lifetime [PDG 2021] (gaussian prior),
nuclear x-sec uncertainties (log-normal prior)
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DID THE SUN JUST EXPLODE?
(ITS NIGHT, 50 WERE NOT SURE.)

THIS NEUTRINO DETECTOR MEASURES
WHETHER THE SUN HAS GONE NOVA.

THEN, TROWS Two DICE. IF THEY
BOTH COME UP SiX, IT UES TO US.
OHERWISE, IT TELLS THE TRUTH.

LETS TRY.
JETELTOR! HAS THE
@NGQVEADWL"

raf

FREQUENTIST STANSTICIAN: BAYESIAN STATISTIOAN:

THE PROBABIITY OF THIS RESULT

HAPPENING BY CHANCE 15 3;=0027. BET YOU $50
GNCE p<0.05, T CONCIUDE IT HASNT,
Tﬂﬁrmammsmoow )

Taa
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2206.00693

BBN 2022: RESULTS X DEUTERIUM

— p.d.f. (arbitrary units)

NACRE II driven - BSM fit
PRIMAT driven - BSM fit

=2 NACRE II driven - SM prediction
=2 PRIMAT driven - SM prediction

1
e

1 22 23 24 25 2.6 2.7 2
D/H x 10°

3
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BBN 2022: NP INFERENCE

0.10
0.081
0.06 1
0.041
0.021

ﬂu/Tv

0.00 1

&y

B NACRE II driven

|
]
—0.02 i EEE PRIMAT driven
]
1

O
—0.8—0.6—0.4—0.2 0.0 0.2 0.4 0.6 0.8 1.0

AN, eff

A NON-ZERO LEPTON ASYMMETRY IS DETECTED @ THE 20 LEVEL.
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BBN 2022: A SUMMARY

Scenario Approach Yp X 10 | D/H X 10° || ANcg v np x 1010 || AIC
‘ o PRIMAT driven ||2.4715(14) | 2.439(36) 6.137(38)
SM prediction
NACRE II driven || 2.4706(16) | 2.51(10) 6.137(38)
AN Sl PRIMAT driven || 2.472(11) | 2.471(44) || 0.02(18) 6.096(64) 2
NACRE II driven || 2.453(14) | 2.46(11) ||-0.28(23) 6.088(67) 0
I PRIMAT driven || 2.393(38) | 2.475(44) || 0.27(24) |0.039(18)| 6.120(67) 8
NACRE II driven || 2.383(41) | 2.47(11) ||-0.01(27)|0.036(19)| 6.114(65) 5
AIC = ICgy — ICNp Akaike Information Criterion (/C):
1to3 Not worth more than a bare IC=2X(#d.o.f)—2log(Lggy)
mention ; f del .
e Pogitive o perform model comparison.
20 to 150 Strong
>150 Very strong Positive evidence for models

Kass and Raftery 95 with non-zero lepton asymmetry.
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CONSIDERATIONS: PART |

Q: What does the inferred — &, =~ 0.04 — really implies ?

Our inference a priori involves only the electron-flavor neutrino.

3
nlv‘t-_nl:’g- 752 Tyi _
e Y, = 0 Y (—) £, H> n’ € (1072 1/4)

i=e.u,t 4 i=eu,t

Initial conditions: 'f”” = (0 0 05)

\ arer / 101889 :
Ia 40 F — vr
Z.

8

| Muon-tau sector mix efficiently

N ~ 10 MeV [astro-ph/0203442]

~20} et

© Lepton a\*mtj\ji\f

X s =

i Ve e de [ nds on initial asymmetries

- S

0 L | d de \,,‘o of PMNS matrix.
20 108 6 4 3 2 1

Tem(MeV)
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CONSIDERATIONS: PART i

T =2 100 GeV]
€& EW symmetry unbroken, sphalerons equilibrate B+L —> O(n;) ~ O(ng)

POSSIBLE WAY OUT: “cook” model where tot. L asymmetry << individual ones

The Small Observed Baryon Asymmetry
from a Large Lepton Asymmetry”

E.g, hep-ph/9908396:

John March-Russell*, Hitoshi Murayvama®©, and Antonio Riotto®

BUT ...

arXiv:2208 03237: large lepton-flavored asymmetry —> large baryon asymmetry!
chiral plasma instability

T < 100 GeV|
€ Asymmetry generated once sphalerons are inactive (but before BBN)

— Qut-of-equilibrium processes w/ RH neutrinos
see, eg, 220614722

— Variations of Affleck-Dine mechanism
gee, eg, 220309713
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CONSIDERATIONS: PART i

T > 100 GeV
€ EW symmetry unbroken, sphalerons equilibrate B+L —> O(17;) ~ O(11p)

POSSIBLE WAY QUT: “cook” model where tot. L asymmetry << individual ones

The Small Observed Baryon Asymmetry
from a Large Lepton Asymmetry*

E.g, hep-ph/9908396:

John March-Russell”, Hitoshi Murayama®®, and Antonio Riotto®

BUT ...

arXiv:i2208.03237: large lepton-flavored asymmetry —> large baryon asymmetry!
chiral plasma instability

T <100 GeV
€ Asymmetry generated once sphalerons are inactive (but before BBN)

— Qut-of-equilibrium processes w/ RH neutrinos
gee, e, 220614722

— Variations of Affleck-Dine mechanism
gee, e.g, 220309713
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Take Home

@& BBN gives ue a privileged view on BSM and the Early Universe

; work in progresg
[i> PRyMordial s Eesees

( In uge! See, e.g, 22101203 )

® 2 ongoing “anomalies”: Helium-4 (obe?) & Deuterium (theoy?)

Ny = N, 2> Hp [arXiv: 220600693 ]

@  Bucket lict for the future:  — Meaguring Helium-< beyond % level
— More data on DD fugion x-gectiong

— Next-gen CMB obgervationg
( ee projections in 2208.0320!)
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