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Abstract:
| will discuss BBN and a new python-based tool (PRyMordial) which allows one to eas
standard cosmological model as well as in various scenarios of physics beyond the S
provides a unique probe of physics relevant for the ~ MeV scale, and how it constrains
picture.
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BBN is remarkably successful,
connecting particle & nuclear physics
to cosmology, and making a convincing
case that we understand the Universe
pretty well back to temperatures of
O(MeV) — and it places important o . AANT— .,

constraints on new physics. baryon-to-photon ratio 1 = n,/n.,

10~ 0L : i
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BBN Constrains New Physics

Electrophillic-thermalized X particle
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Neutrinophillic-thermalized X particle

Plots made using PRyMordial
Burns, TMPT, Valli, arXiv: 2307.0706 |
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The BBN Era

At the qualitative level, BBN is fairly easy to understand.

ForT 2 10 MeV, the SM contains relativistic species

(y,e™,v). As the Universe expands and cools, eventually
the weak interactions freeze out:

H~T,u~n{ov) ~T’ X GET? > Tfﬁ_‘f"") ~ MeV

Based on entropy conservation, for T, < m, :

4\" 8 (11\* (=P
Tv=(ﬁ) TyﬁNefE—(—) 7 ) =3.044

7\ 4

Py

|e.g., arXiv:2210.10307|

Thus, one can relate the temperature of the
neutrinos to the photons:
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The BBN Era

T,(T)) is relevant for the f-equilibrium, n < p:

1) | pspgey = EXP(=QIT)

n+uy, €>pte [l: Q =m,—m,~13MeV
n+et o p+r, (n ~ 1/6

/1) | rptey

Nucleosynthesis naively startsat 7, ., ~ By ~ 2.2 MeV ... BUT:

ucl.

['(n+p — D+y)~ nglov)p,

['(n+p < D+y) ~n, exp(—Bp/T,){ov)p,

It really starts at T, such that: 7z ~ exp(—Bp/T,,.;)

ucl
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The BBN Era

The “deuterium bottleneck’” implies BBN actually starts at something like
T = 0.1 MeV. After that :

nuc

Essentially all of the neutrons are
bound into helium-4...

(/1) |7 0.1 Mev = 117

msy, 4(n,/2)

mpg n, + np

~ (0.25

Yp

Baryon mass fraction in helium-4

©(1073) residual amount of deuterium and helium-3 relative to p.

Lithium-7 “survives” in a much smaller relative abundance, ©(10719).
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BBN Observations

To learn something, we need quality measurements of the
primordial abundances of the light elements: D, 3He, 4He, 7Li

ﬂ Helium-4 observed in extragalactic HIl regions
M Deuterium observed in Quasar absorption systems

Helium-3 observed in the Solar neighborhood

? Lithium-7 in the atmosphere of dwarf halo stars
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BBN Observations

To compare with theory, we need quality measurements of the
primordial abundances of the light elements: D, 3He, 4He, 7Li

* Helium-4 observed in extragalactic HIl regions

* Deuterium observed in Quasar absorption systems
* Helium-3 observed in the Solar neighborhood

* Lithium-7 in the atmosphere of dwarf halo stars
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Deuterium

PDG 2021:
(D/H) x 10° = 2.547 +0.025
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astro-ph/980307 1
arXiv: 1710.11129
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® PHLEK

2021:51 metal-poor galaxies | e soss
0.095 HeBCD
+ 3 extremely metal-poor

galaxies (EMPGs)

0.090

PDG 2021: |
YP = 0245 i 0003 0.080

' y=0.0805130017 + 54F15(O/H) *
% level Oiner < 0.0019

0.070 Yp = 0.243610003 arXiv: 2005.12290

1 | 1 i} 1
G 8 10 12 14 16
(O/H)x 10

meagurement

Pirsa: 25080040 Page 12/32



2022: New 4He Data

Extremely metal-poor galaxies (EMPGs) provide pristine environments for
primordial #He measurements.

2021:51 metal-poor galaxies + 3 EMPGs

2022: Deep NIR spectroscopy from the Subaru
Telescope adds 10 new EMPGs!

—
o

|

seitriery Wallpsgupiv
vindard| Satiiutatial Clikarim Uiy o bagoitn
LR o2t B WG

Matsumoto et al
arXiv:2203.09617v3
Astrophys.). 941 2, 167 (2022)

1 | CHN (Y [N (S [ L1 1 3 Rk )]

10 15 20
<4—— Older (O/H) % 10°

Pirsa: 25080040 Page 13/32



A New 4He Measurement

PDG 2021:
Y, = 0.245 + 0.003

This Work
Eq(8)+ Sample of Hsyu et al. (2020)
YP — 023704-888%;1 Hsyu et al. (2020)
. Kurichin et al. (2021)
Fernandez et al. (2019)

Valerdi et al. (2019)
Cooke & Fumagalli (2018)

Peimbert et al. (2016)
Matsumoto et al

Aver et al. (2015) arXiv:2203.09617v3
YEotoV [Z01) Astrophys ). 941 2, 167 (2022)
——i

! I I I
0.25 0.26 0.27 0.28

Yp
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Precision BBN

® A significant shift in the primordial abundance of

4He is both interesting and alarming. PDG 202I:

I Y, =0.245 £ 0.003 |

® The new result is about 2.50 from the old one,
which resulted in a very consistent picture with Subaru 2022:

theoretical predictions from BBN in the SM. Yp = 0.2370700034

® How significant are the differences, really? What
role do theory uncertainties play?

(c,n) (o)

® What role do other measurements such as ® e
r N
deuterium play? Are there tensions within BBN?

@ |s this a hint for BSM physics? Are there
surprises about cosmology to be gleaned from
understanding BBN at the % level?

® The answers to these questions require us to go LO= D). ap) :
beyond the qualitative picture of BBN to more ‘ \
precise modeling of the web of nuclear reactions, (o
with a framework that allows us to more ;
robustly explore uncertainties... Y~ ng ((Jv)k,_,,ijlQ N (O'v>if—>kiYin)

(d,na) (n.p)
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PRyMordial

® To answer these questions, we have
developed a new tool (PRyMordial) to
investigate BBN both within the SM and
beyond.

® PRyMordial is written in python, and runs
very quickly using DiffEq.jl from the Sci
Machine Learning kit implemented in Julia.

® PRyMordial fully models neutrino
decoupling and computes Nef., allowing
for precise constraints on dark sectors.

® PRyMordial allows for precision treatment
of electroweak rates, including mass
effects and O(Q) corrections.

® PRyMordial implements networks of
O(10/50) nuclear reactions in a modular
format, making it easy to compare
different treatments of T-dependence.

Pirsa: 25080040

Atomic Number

Burns, TMPT, Valli,
arXiv: 2307.0706 1

Neutron Number

1 3 4
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DD - *Hen

BN Conservative Approach
W Aggressive Approach

0.1 MeV

Nuclear Rates

PRyMordial implements two different
approaches, out-of-the box:

DD - *Hp

BN Conservative Approach
BN Aggressive Approach

100

T x10? [K
D p —+ "He 7

BN Conservative Approach

5| EEE Aggressive Approach

Ny (ov) x 10° fem? s

UND

10°

T x10° [K

3He D — ‘He p

BN Conscrvative Approach

‘He ‘He —+ "Be 5

NACRE compilation
polynomial fits
— data oriented —

PRIMAT compilation
nuclear modeling

— theory oriented —

'H ‘He — "Li 4

B Conservitive Ap;
B Aggressive Approac

wservative App

BN Conscrvative Approach
R Aggressive Approach

i K

T x10° [K
‘Li p —+ ‘He ‘He

81 WM Conservative Approach

BN Aggressive Approach
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AVarying Higgs VEV?

Burns, Keus, TMPT,
Sher, 2402.08626 & PRD
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AVarying Higgs VEV?

Burns, Keus, TMPT,
Sher, 2402.08626 & PRD
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Weak Rates

® A change in the Higgs VEV cascades into many changes relevant for BBN:
® Q=mp-mp
® W boson mass (Fermi constant).
® Electron mass (which changes the relationship between electron and neutrino temperatures)

® |f one imagines gs is fixed at some high scale, the change in running shifts Aqcp a bit because of the
changes in quark mass thresholds.

® Putting these together; we can determine the changes in the neutron/proton interconversion rates as a
function of the temperature.

Oviv<0
Oviv<0

oviv>0

oviv>0

0.4 0.6
Ty (MeV)

Lines are for Ov/v = 0.01. For these small shifts,
. . ) ] Burns, Keus, TMPT,
the impact is very close to linear in dv/v. Sher, 2402.08626
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AVarying VEV?

—— Y: for Positive Values of &v/v
Y for Negative Values of &v/v
-- Yp = 0.247, theoretical value for dv/v = 0
Experimental Value, PDG
Experimental Value, EMPRESS

® The remaining issue is the impact of the
VEV on the rest of the nuclear reactions.
We assume that they all scale dimensionally
the same way as A does.

® Putting this all together, we use PRyMordial

to compute the abundances of deuterium
and He-4.

—— DjH for Positive Values of 5v/v
D/H for Negative Values of 6v/v

. POSitive 6V/V e Io-2 Can help matCh He-4 : = 3’:9?;':1:;:?::‘;"1‘ ;dc‘b:!er:?erc?:ewn;:suremenlsofD{H110”5‘ PDG
to the target including the EMPRESS data.

® ...but it unfortunately worsens the
agreement with deuterium, such that it is
hard to claim statistically that one is
improving the over-all situation.
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Hints for a Lepton Asymmetry?

Burns, TMPT, Valli,
2206.00693 (& PRL)




Hints for a Lepton Asymmetry?

e +et o 2y,3y

® The primordial abundance of 4He is also sensitive *
to an asymmetry in the lepton sector. - _ —
Y ¥ P ﬂy_osye‘__#e":ﬂe

® Charge neutrality forbids a large asymmetry in
the charged leptons, but still allows an
asymmetry between neutrinos and anti- - =Ny =

neutrinos. +

N, & T, S g ~ 1071

n+v, & p+e”
® But in the BBN era, it also impacts the neutron- Wy, + 1, = p
to-proton ratio, and thus production of 4He! =

® Helium-4 is a very sensitive leptometer... *

(n,/n,) |eq. ~ exp(—Q/T - )
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PRyMordial: Lepton Asymmetry

Burns, TMPT, Valli,
2206.00693 (& PRL)

Bayes Theorem : Posterior ~ Likelihood X Prior
Joint analysis of BBN and CMB data (including correlations!)

Tscosmo = _2(10?3 £th-'[B = 108; EBBN)

log LomB = —§AU Comp AU log LN = — Z (J—>
X
X

X = *He [ Subaru 2022 1, D [ PDG 2021 ]
Planck 2018 TTTEEE + low- + BAO + lensing

MAIN PARAMETERS
—2< AN <2 1 <npx10°<10

NUISANCE PARAMETERS: neutron lifetime [PDG 2021] (Gaussian prior),
nuclear x-sec uncertainties (log-normal prior)

Pirsa: 25080040
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Results: Helium-4

NACRE II driven - BSM fit ~ 1 NACRE II driven - SM prediction
I PRIMAT driven - BSM fit PRIMAT driven - SM prediction

2022

al.

Matsumoto et

—~
n
=
=
=
>
—
av
—
=
3
bl
2
-
=
@F

0.225 0.230 0.235 0.240 0.245 0.250 0.255
Yp
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Results: Deuterium

NACRE II driven - BSM fit -2 NACRE II driven - SM prediction

B PRIMAT driven - BSM fit -2 PRIMAT driven - SM prediction
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New Physics Inference

ARG
0.08-
0.06 1
0.04

002 T Burns, TMPT, Valli,
2206.00693 (& PRL)

0.00
—0.02-
—0.04 i T . | r , . .
00—0.8—0.6—0.4—0.2 0.0 0.2 04 06 0.8 1.0

ANeff

- BN PRIMAT driven

|
: B NACRE II driven
|

A non-zero lepton asymmetry is ‘detected’ at the ~20 level.
The central value of the fit is ~ 0.04, independent of the
implementation of the nuclear reaction network.
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BBN 2022: Summary

Burns, TMPT, Valli,
2206.00693 (& PRL)

Scenario

Approach

Yp

D/H x 10°

SM prediction

PRIMAT driven
NACRE II driven

0.24715(14)
0.24706(16)

2.439(36)
2.51(10)

AN BSM fit

PRIMAT driven
NACRE II driven

0.2472(13)
0.2455(15

2.472(45)
2.46(11)

(ANeg, &) BSM fit

PRIMAT driven
NACRE II driven

)
0.2383(42)
0.2372(43)

2.474(46)
2.47(11)

0.044(20)
0.041(21)

AIC = ICsm — ICNpP

1to3

31020
20 to 150
>150

Not worth more than a bare

mention
Positive
Strong
Very strong

Kass and Raftery 95

Akaike Information Criterion (IC):
IC=2x(#d.o.f)—2log(Lggy)

to perform model comparison.

Positive evidence for models
with non-zero lepton asymmetry.
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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, TROWLS TWO DICE. |F THEY

BOTH COME UP SiX, IT LES TO US.
OTHERWISE, 1T TELLS THE TRUH.

LET’s TRY.
DETECTOR! HAS THE
SN GONE NO?

%0

FREQUENTIST STATISTICIAN:

THE PROBABILITY OF THIS RESULT
HAPPENING BY CHANCE 15 330027,

GNCE p<0.05, T CONCLUDE.
THAT THE SUN HAS EXPLODED.

ia
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Outlook

What does the inferred imply?

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

3
Ry, — Ny, - ? TL«,— 0 -3
L= Z . 12003) Z ?r) S H|> n € (107, 1/4)

i=eu,t i i=eu,t

LOWER BOUND: £, =¢,,¢, =0

Initial conditions: &, . = (0,0,0.5) _
UPPER BOUND: ¢, =&, , £, =05

The muon & tau sectors mix efficiently
at ~ |0 MeV [astro-ph/0203442]

The final lepton asymmetry
depends on the initial asymmetries

—— and details of the PMNS matrix.
20 1008 6 4 3

To (o)
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Outlook
T > 100 GeV

% EW symmetry unbroken, sphalerons equilibrate B+L—> O(;) ~ O(n5p)

Models where the total L asymmetry << individual ones

The Small Observed Baryon Asymmetry
from a Large Lepton Asymmetry*

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

large lepton-flavored asymmetry large baryon asymmetry!

Baryogenesis
Also reminds me Of: from an Earlier Phase Transition

T s 100 GeV Jing Shu** Tim M.P. Tait" and Carlos E.M. Wagner*#

(Based on results from: Morrissey, TMPT, Wagner hep-ph/0508123)

% Asymmetry generated after sphalerons are inactive (but before BBN)
— Out-of-equilibrium processes w/ RH neutrinos
see,e.g.,
— Variations of Affleck-Dine mechanism
see, e.g.
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