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The Iasms
A Prlmer on Early Unlverse Physm:s

v - At the instant the universe
' began the Big Bang
Theory tells us that the
universe was infinitely hot
| and infinitely dense
|- We believe it has been
- cooling and expanding
since that moment
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Inflation

Initial
expansion

First Particles First Nuclei First Light

Neutrons, protons, Helium and The first
and electrons form  hydrogen form atoms form

First Stars

Gas and dust
condense into stars

Galaxies &
Dark Matter

Galaxies form in
dark matter cradles

Dark Energy Today
Expansion Humans observe
accelerates the universe




The Expansmn Hls'l?ory of the Unlverse

Radiatin 1= We can track the
expansion history of the
Matter-radiation B universe by measuring the
crossover point : g
PRGOS  amount of radiation,
TG DI matter, and dark energy
DOMINATED Matter . .
AR | presentin the universe at
- any given time, all of which
m ¢ contribute to the expansion
ark energy : :
' In different ways.
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“Seemg Iack to ’f-ery Ea rI;l';.-

| Slmllarly to the envnronments we -
e '._create usmg partlcle colllders the

"f'”:'"A.',.ff';l_'*early unlverse allews partlcle
;;;'j'_-':,:;-~:'f;1'-_«:"'_;»fli_~-f5v;’phenomena . i
v (Bedthe productlon of very
st heavy partlcles) st
-‘ —So how can we “see’ back to

Tlmes

Key Ea rly Uaners e
ObServables e

- _B/g Bang
f?f;;Nucleosynthesrs e
) f -Cosmlc Microwa ve
i "'j:f.j"}:f"f“,,'_ff-Backg round o
f : .- Baryon Aco ustlc
el AR ;:’f'f'sc:llatlons &

o st iRl omaply Sady ‘“”,““7 < |- And many more’




B|g Bang Nucleosynthe5|s

What IS Blg Bang Nucleosynthesns (BBN)"
i The production of light elements in the

early universe M

What is the purpose of studying. it? . e
To determine (a) the amount of radiation _"'f *
present at the time and (b) the prlmordlal % %

abundance of light elements.

| Why are we interested?
By determining (a) and (b) we can put
constraints on New Physics
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Cosmlc Mlcrowave Backgmund (CMB)
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A background of l@W energy photons wh/ch orlg/nate h X
from the first comfbmatlons of nuclel with electrons 5
What is the purpose ef studymg it ¥
By observing very smal{ dffferences Ir}otemperatung, %
"R \.w(e can learn qbout“ gbe conditions of t@he early*” J@ i @ﬁ
unlverse AR “ ;. ; :
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Baryon “.COUStIC QSC|IIat|ons (BAO)

Alternatlng gravuty and pressure

" ."-,:.', "j'}-f,;fv_'.rj"‘_‘-‘fln the ea rly unlverse created ;
sound Waves WhICh lmprlnted as
e wr/nkles ‘on the structure of ‘
jlsi_f,"-‘-.,matter in the unlverse | _-}:
: As graV|ty pulled matter together
i inthe early universe, the matter
heated up and that heat 1 —_—
S j._";‘.";’»generated outward pressure ;;‘f ""‘_iiﬁl».f‘f

Gravity
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Electrons, positrons, photons,
and neutrinos exist in a
plasma. Photons and
neutrinos are coupled.

Neutrinos decouple
non-instantaneously from the ME Nucleosynthesis occurs.

The primordial abundances
of light elements like “He, D,
3He, ‘Li are determined.

Weak rates freeze out and the
proton to neutron ratio is set.

| n
1§ ® @ n) ®

Neutron-proton conversion
happens freely and regularly.

Temperature > O(1 MeV Temperature = O(1 MeV Temperature < O(1 MeV)




Deuterium becomes stable and

QCD  F B Ncutron to proton (8 S e
Pha.s.e l conversion freezes ; ;;'-’f 3 GaNREaE BBN proceeds. The majority of
Transition pre el g out, n:;p = 1/6 Gl RA R neutrons end up in *He.

Neutron to proton & S Deuterium Bottleneck:
conversion happens il S p+noD+y

freely and regularly: | B Average photon energy is above deuterium
neopte +v M binding energy — deuterium photo-dissociates
n+tvep+e [ quickly. Neutrons decay via beta decay during

nt+e'op+v this time. n:p decreases to ~ 1/7.
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4He T

|~247% ¢

-~ | Observed in"“metai p'o*bfr gaIaX|es Prlmordlal mterstellar gasis
5 ..lonlsed by photons emltted from young stars The gas then coolsf‘ o
Jviaa number of strong emlssmn lines. " ’ ‘

D

":Observatrons of Hydrogen in dlstant gas clouds back I|t by Qua5| -
"’001% i ,Stellar Objects prowdes a probe of extremely Iow metalllcrty
|. .~ |environments. D is observed as a weak absorptlon doublet of T

i ,» _~Hydrogen W|th a characterlstlc velomty offset

| -_‘:_VObserved in stellar atmospheres Accurate estlmatlon of
g _f_;~1o 10 %;;;;-f

(.gprlmordral abundances reqwres Iow metaII|C|ty stars and a good
;_ -. understandlng of element productlon and drstrlbutlon rates in
- |stellar |nter|ors ARy Lk o
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Introducmg PRyMord|aI

Purpose° to S|mulate the evolutlon of Ilght nucle| productlon
|n the flrst few mlnutes after the brg bang

TS0 OUONK .

ffgj_,‘-’i:_f._i'Quantltles calculated N and the abundances of 4He |
':.A‘_i’,_':-';;'deutenum 3He tnt;um and 7L| '

‘_‘,jf"‘_.-'ff%_Corrections Included QED plasma effects correctlans to the

'f,f-f?-’;'fneutron Ilfetirne and mcomplete neutnno decoupllng




,_"‘.Why PRyMordlaI‘?

":""';7:‘-_PRyMor/dal is d/fferent from other ,Oub//cly avculable BBN codes /n fouf ‘A
i.f;i.'.key Ways It /s crafted to Tadae P e T . g

, Enable rapld accurate assessment of the thermal bath phyS|cs \
2 Establlsh a direct connectlon between a first- pr|nc|ple thermal |
| gt 'background calculatlon and precrse neutron to- proton conversron |
'*_"’ : 3. Facrhtate exploratlon of BBN era lnput parameters and rate

| uncertainties . . R o | o
e _Utlllze Python 3 for eff|C|ent numerlcal computatlon wrth an optlon &
kto use Julla for enhanced effrcrency - ' ; ¥




# PRyM_init.py:
Initialization
# Code

PRyM_main.py:
Takes information
from modules to
compute light
element
§ abundances at
B the end of BBN

i) 3. PRyM_nuclear_net12(63).py:

Imports nuclear rates and
B dcfines functions for abundance
& Calculation

B 2. PRyM_nTOp.py:

Import computation from

e BBNPy_compute_nTOp.py or

AE 1. PRyM_thermo.py:
B Computes BBN plasma rates

with corrections from
NUDEC_BSM

call pre-stored rates

8 PRyM_evalnTOp.py:
Computes n < P rates




PRyM_main.py:

from modules to

8 the end of BBN

_-.g;_-fDeﬂne:s'unlts and constants DL ——
A Lt S i

:?;'ij_""ConverS|on factors L

A SRR > PRyM_nuclear_net12(63).py: B8
B Takes information _ Imports nuclear rates and

defines functions for abundance

L S e 3 compute light 8§ calculation
SRRARE PRyM_init.py: element q
PR ( Initialization abundances at ’

BN 2. PRyM_nTOp.py:

Import computation from
BBNPy_compute_nTOp.py or [

. call pre-stored rates

) PRyM_evainTOp.py: : :
P Computes n ¢ p rates | B

o bPartm:le masses from PDG 2(}20 S TR Tt
"¢ CMBconstarts, i.e. baryon densrty today In MeV3

2 ‘Sets worklng dlrectory
"i3'.'j._‘_’_.¥-;_‘_,.--Def|nes Temperature Eras

T =10“KT. —1O1OKT = 6*10" K

start > " mid nd

.“-"‘Vl'Defmes CGS system for nuncleon & nuclear rates ey,




Includes
NLO QED correctlons ey R R _
th e pl 3 Sm a i3 PO . e B

from modules to o defines functions for abundance B

A - - compute light @l calculation

RO P init.py: K lement
N On In S’ta nta neou S 5 R |nmz_;::npy — ;\bszdgncos at
Code g the end of BBN

2. PRyM_nTOp.py:

cle.c.oupllng effects for the,.._,, e o |
neutrlno S‘eCtOr g ~ o g ( PRyM_thermo.py:

X call pre-stored rates
, ‘ Computes BBN plasma rates
with corrections from

; hevolutlon of T T 1 G




Ay Compute n - p matrlx elements beyond the Iorn apprOX|matlon
g (|':e |nf|n|te nucleon mass approxmatlon) for the neutron decay

| Correctlens mduded Sl
lsospm breakmg t:o,nt'rlbutlons
Flnlte -mass effects‘ P

BN 2. PRyM_nTOp.py:
Import computation from
BBNPy_compute_nTOp.py or
call pre-stored rates

B! 1. PRyM_thermo. py:
Computes BBN plasma rates

SR QED Correctrons - e I
-F"'nf'te-temperature effects ey ——
Comblne'jal-l' correctlons to cleterm| ne p @ n rates :\-jv':fié




PRyM:ﬁ- C'ompute '? hTO.p py‘:

PRyM_init.py:

Initialization
Code

PRyM_main.py:
Takes information
from modules to
compute light
element
- abundances at
S the end of BEN

d 1. PRyM_thermo.py:
8 Computes BBN plasma rates

with corrections from
Bl NUDEC_BSM

8 3. PRyM_nuclear_net12(63).py:
Imports nuclear rates and
{ defines functions for abundance
@l calculation

2. PRyM_nTOp.py:
Import computation from ’
BBNPy_compute_nTOp.pv or
call pre-stored rates

PRyM_evalnTOp.py: ; roa b :
Computes n & p rates e




- PRyM nuclear net12(63) py s

y N

11

11...ip—J1...Jq W

v;).

/IJ = enumeration of each element in \ —

PRyM_main.py: . 3. PRyM_nuclear_net12(63).py:

By B B Takes information Imports nuclear rates and ik
H th o ; *e3f from modyles to ; defines _functions for abundance | |
Y. = abundance of i’ element : :
i PRyM_init.py: element s —
I i [nitialization abundances at
E Code M the end of BBN

2. PRyM_nTOp.py:
Import computation from

N, =the number of elements, i presentin the B [ B

B 1. PRyM_thermo.py: 7 t

Computes BBN plasma rates

reaction: i1+ ot ip@ j1+ ot jq e __.;_;z
o [N+ + N, )1] * <ov> e e — S

rﬂ Jjg=>il..iq i1...ip =>j1...jq




E N. P s oo o J1 "7 g B - - e IO
] J1.JqgF1lp AT . Tt idp—1Jg AT ) T e
Ajl 19 * A“.....{VLP. , i v

i9.0p,j1.0 g

M PRIMAT driven: Nuclear rates LRt ek T B NACRE Il driven: Nuclear rates
fl are implemented according 88 Two approaches §# are interpolated from the (S8
to the statistical ;.",j:" for computation ] updated NACRE compilation
jl determination of various @ of key reaction [1310.7099], comprising e
| groups. Follows theoretical B  Jiec | c.harged—parhcle—mduged
| energy modeling tuned to P jla=itia B8 reactions. For D + p »y +°He
: - : we use the LUNA result*; for &
datasets. . o1
' Be +n=p+’Liwe adopt the [
baseline of 1912.01132. |




PRyM maln py

PART L of Il THERMODYNAMICS OF THE PLASMA

lm,oorts mforma’uon from PryM |n1t and PRyM plasma : e
Computes the followmg lnmal condltlons for plasma thermodynamlcs:d Sh

_Total density and presstre of prlmordlal bath
2 -N et the effect" i‘}_eﬁnumber Of ' e

jThe neutrlno tem perature. Q oo W <o

3. PRyM_nuclear_net12(63).py: | [EH&
Imports nuclear rates and
{ defines functions for abundance
@ calculation

‘,'Th,e I©|an’l”Ia tempe{ature o

" call pre-stored rates

So/ves_f_ér T(t)}._and t(T) and N, R -

with corrections from — : . S
) PRyM_evalnTOp.py: Tinfis o
4 Computes n ¢ p rates | & o 1
) - v ’. . F 8 = ) '

8 NUDEC_BSM




PRyM maln py, cont

B PART o Il FRW COSMOLOGICALBACKGROUNDIN 7
o RADIATION DOMINATION

fl_;"-Def/nes the plasma entropy and the
: __j{_"fHubble rate RN it ', g D , 7
o 1 ; A PRyMTmain.py: B 3. PRyM_nuclear_net12(63).py: [HEE
‘..-;-_.;._;Computes the scale factor a(T) from the R [ b e

from modules to g defines functions for abundance [EEi

compute light @l calculation

Tf‘f’-j":fé_s',__;.','eft"e<:t~s from non lnstantaneous»w E;JEZ;PV’ S
T Hecoupling: e e e m_jf ,u
‘Defines 1 tem perature e‘a_s and baryon :
,"-’.-jf{_j‘-.calculatlo': e e et e B "
'-':',‘;f:.-.-lmports n @ p rates and nuclear rates

2y B 2. PRyM_nTOp.py:
Nt ' Import computation from

BBNPy_compute_nTOp.py or |
call pre-stored rates

d 1. PRyM_thermo.py: : t

Computes BBN plasma rates , =y S B
. PRyM_evainTOp.py: : : ;
Computes n & p rates | o

j with corrections from
B NUDEC_BSM




PRyM main. py, cont__% e

PART ||| of Il PRIMORDIAL ABUNDANCE CALCULATION

"-',_“'fiGomputes |n|t|aI condrtrons for network of drfferentral equatrons (thermal ,f"_f_;’f_
:i':“:’-fl_;f‘-equrllbrrum drstrrbutlons) WSRO i r R s R :
- 'Defines time derrvatlves of abundance functrons for only p and n and solve."' The
“f-..'-"_'i_‘_}f_';network at high temperatures, T = 40" - Qe R e O R R
ifi‘-%"?;-_lflmports time derivatives. of abundance functrons
"""fi;'".";-."'_for p; N, d, t, 3He, 4Ht—}, 7L| and 7Be ‘fram

~ “PRyM_ 'nuclear pateE e e o f |
,}-_‘.-_jf{_SoIves system ofdrfferentral equatrons at mlddle Ly S Comt T o

B8 1. PRyM_thermo.py:
Computes BBN plasma rates

? t_,‘;f:.-;and |®W temperature eras and plots resuits e

nation

NUDEC_BSM i PRyM_evainTOp.py:
Computes n ¢ p rates




- We can reproduce the famous PDG BBN
| plot using PRyMordial!
- Yellow boxes correspond to measured

| values
- Blue line is the CMB constraint on the

| baryon-to-photon ratio

SR i PDG plot
npoints = 50

B import numpy as np

| etabvec = np.logspace(-10,-9,npoints)
B # Initialization of array of observables
B YP_vec, DoH_vec, He3oH_vec, Li7oH_vec = np.zeros((4,npoints))
for i in range(npoints):
# Update wvalue of baryon-to-photon ratio and store new obs
PRyMini.etaOb = etabvec[i]
YP_vec[i], DoH_vec[i], He3oH_vec[i], Li7oH_vec[i] =
PRyMmain.PRyMclass() .PRyMresults() [4:8]

4He Mass Fraction

D/H

3He/H

[y
-
o
|
o
1

o~

10-10 - —_—
10-10 10—

Baryon-To-Photon Ratio, ng = ng/n,




This code can be used to compute SM abundances of primordial
elements as well as abundances modified by some of the following
new physics scenarios:

New light degrees of freedom

Changed interaction strengths at early times
The scaling of nuclear rates with AQCD

A change in SM Yukawa interactions

And many more - the universe is your oyster!
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&

"I--"‘f‘. / The Helium-4 abundance, Y, has been determined by the Subaru Survey \
Aoy collaboration via the observation of 10 extremely metal-poor galaxies (EMPGs)
| - EMPG host gas of nebulae === very clean environment for extrapolating Y, to zero|
metallicity al

- Combined [new data from 10 EMPGs + existing data from 3 EMPGs + existing data g
from 51 MPGs + measurements of the He AM0830 infrared emission line] /

j;;jf,,-:sj_71;&[2203.09617]

Gt W

_ +0.0031
YP, obs [Subaru] 0.237953636

30 tension
with SM

1= 0.245 + 0.003

YP, obs [PDG

Ko ey Y’ o = 024709 £ 0.00018 8 '

;- From Pitrou, et. al. 2018 1801080237 < ne o




- Status of the Deuterium Measurement and Prediction
A_ii,-:"f‘A.S'[.I’O>[3hySICIS‘tS ”usAe qu'asar a;bﬁorptloﬁ sbeétra t.cv)"detern.wme the. |:.:vr'|n."|ord|all deuterlum .
‘ ""?";«iiﬁf-_fabundance to 1% precnsmn st e e R R Sl N

. oe = 2-547 £ 0,025 e 26 tension

% (D/H 10)
(D/H x 10°),,,* = 2.460 + 0.046 i PR with SM?

- This tension is heavily debated (201111537, 201113874) due to lack of understanding of
the uncertainties in key nuclear reactions involved in deuterium production
- The LUNA collaboration recently measured D(p, Y)*He - important for BBN constraints
on New Physms**
From P|trou et al 2018 (1801 08023)

% *V Mossa et aI Nature 587 210 (2020) _ e G e T e B T SR DR R B N e L b OB



b Primordial lepton
B & asymmetry hidden
EREEERR N ncutrino sector

- Flavor equilibration,

fve = EVH: Ewnot required

- &, 1 <1-0O(1) degeneracy
parameters ruled out by
CMB observations




- Upper bound on degeneracy parameters can be derived from CMB
- Using Planck constraint on N_. and assume flat prior for Y,
Likelihood analysis including TTTEEE and low-/ measurements + BAO and lensing
data

512, + f,i + 55* < 0.5 forN_ =297 +0.29, 16 upper bound

€| S 0.71

This bound is slightly more stringent for second and third generation
neutrinos: IEVHTI s 0.5




R

- BBN gives stronger constraint on v_ asymmetry because of electron neutrino
participation in the weak rates,n+v_ - p+e,p+v, < n+ e’ and neutron decay
- Positive §  reduces neutron to proton ratio

Q= m. - mp =1.293 MeV

(Ma/p)|,, = exp (~Q/T, —&,,)

- The final Helium-4 abundance is especially sensitive to this ratio and is a primordial
leptometer

Note: Assuming full flavor equilibrium, & = 0.001 1 0.016 but Froustey and Pitrou

[2110.11889] showed that the degree to which full flavor equilibration is realized during
the BBN era depends on 6., and the initial values of & .




Results
- 68% and 90% probability region for

2
EV and ANeﬁ determined by 0.10
minimized test statistic 0.08
-~ a BSM fit favors a non-zero 0.06
asymmetry in the neutrino sector 0.04
- O(1) shiftin AN_. from use of -
different nuclear rates '
simultaneously consistent with 0.00
current data —0.02 ) P.Rl.\sIAT driv.en
- Size of shiftin AN__could be the | [N =i
result of a large neutrino asymmetry —0.8—0.6—0.4—0.2 X) 0.2 0.4 0.6 0.8 1.0
‘ Neff |
|

in the muon-tau sector when flavor
equilibration has not been fully
realized




Results, cont.

- BSMfit varying both & and N_
- Vertical dark green bands are the measurements adopted in our BBN analysis

NACRE II driven - BSM fit C =2 NACRE II driven - SM NACRE II driven - BSM fit L~ - NACRE II driven - SM pre

| PRIMAT driven - BSM fit C22 PRIMAT driven - SM ¢ " PRIMAT driven - BSM fit CZ2 PRIMAT driven - SM pred

p.d.f. (arbitrary units)

25 230 235 240 245 250 255 2.1 2.2 23 24 25 2.6 2.7
Yp x 10 D/

[N}




Results, cont.
- BSMfit varying both § and N .
- Vertical dark green bands are the measurements adopted in our BBN analysis

30 tension between
new observed and

NACRE 11 @i SM predic‘tion NACRE II drive M § =2 NACRE II driven - S)

PRIMAT iven - BSM 1t ,. ot PRIMAT drives SM f 1222 PRIMAT ariweg - SA

Gaussian Prior for SM
Prediction: Qth —
0.02242 + 0.00014

B Probability density
function

235 240 2.4

YleO

20 tension
between PDG
value and
PRIMAT SM
prediction




. Discussion and Conclusion -+ - &
- Ng <<n,=0.01-0.26 today depending on neutrino oscillations and initial conditions
| - What type of New Physics could generate this asymmetry? ’

' - AtT>T electroweak sphalerons equilibrate B + L = the final total lepton

EWSB
and baryon asymmetries differ by a O(1) factor

g Flavor-dependent
# NP in lepton sector

" Rora S o persist s e e

45 Asymmetry must be generated The net lepton asymmetry

after the sphalerons become must be << individual flavor
inactive (T =0(100 GeV)) S En— asymmetries




The Big

Takeaways

1. Analysis of primordial helium
abundance using the Subaru
Survey observation hints
towards a /arge total lepton
asymmetry originating in the
early universe 44

2. BBN and CMB data can be
combined to derive powerful
constraints +4

3. Large total lepton asymmetry
could be an important clue
towards understanding the
early universe 4

40
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