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Abstract:

We study the implications of precision measurements of light-element abundances, in c
Background, for scenarios of physics beyond the Standard Model that generate large in
ratio. We show that precision Big Bang Nucleosynthesis (BBN) places strong constrai
large-scale inhomogeneities at temperatures around or below the TeV scale. In particula
on comoving length scales larger than the horizon at T ~ 3 TeV are incompatible with tl
This sensitivity to early-universe physics arises because baryon-number inhomogene
diffusion, a slow process. As a result, BBN serves as a novel probe of baryogenesis bel
proposed scenarios in the literature. We discuss the implications for electroweak baryo:
BBN provides a new probe of first-order phase transitions that generate gravitational w
This yields constraints on the electroweak phase transition, as well as first-order phase
an explanation of the pulsar timing array signal. Finally, we comment on the future prosy
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Universe’'s history: Standard Models
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® Period of exponentially accelerated expansion
® Quantum fluctuations seed Large Scale Structure (LSS)
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® Details are still an open-problem
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Universe’'s history: Standard Models

® Particles interact with massive
Higgs field and get mass

e Strong interaction &< heavy mass

® Energy-scale of EW Baryogenesis
(open problem)
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Universe’'s history: Standard Models

® Formation of light nuclei during
Big Bang Nucleosynthesis (BBN)

® Oldest observational data
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Universe’'s history: Standard Models

mﬂ"‘\
¢m
gz
53
8 E
> =
U g
O @
Om

Light Nuclei (BBN)

.i':“‘ r-“ “u‘.
-
By
' , >

H. Bagherian | hengameh@uchicago.edu | Tolerable Inhomogeneity of Baryon Asymmetry

Pirsa: 25100201 Page 6/65



Page 10 of 133

Universe’s history: Standard Models

Dark Ages
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Universe’s hlstory Standard Models

Standard Model of '\. Standard Model of
Particle Physics /I\ Cosmology
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ACDM + CMB : Victories

ACDM describes our universe with 6 parameters.
Fits data from CMB and LSS almost perfectly
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ACDM + CMB : Victories

ACDM describes our universe with 6 parameters.
Fits data from CMB and LSS almost perfectly
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Both ACDM and SM are great, but not perfect!
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Matter-Antimatter: A puzzle

e After EWPT : matter (baryons/
1), antimatter (anti-baryon/ 1,)
& photons (1)

® Matter + Antimatter = energy,
then how come we're here?

® \We can measure A, = n, — 1,

from both CMB and BBN:
n,—n
n=——2n~6x10710 z ~ 10108

iy

¢ Can CMB and BBN do better z~ 1100

than measuring average n?
What about spatial
inhomogeneities?
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Matter-Antimatter: A puzzle

e After EWPT : matter (baryons/
n,), antimatter (anti-baryon/ 1,)
& photons (1)

® Matter + Antimatter = energy,
then how come we're here?

® \We can measure Ay, = n, — 7,

from both CMB and BBN: Antimat; 1010

Ry — Ny, . Matter: 1010+]
n=———n~6x10"1 z~ 10108

ny

e Can CMB and BBN do better z~ 1100

than measuring average n?
What about spatial . z~043iDM/DE

inhomogeneities? Today:z =0 §/

People have looked closely at CMB, but not BBN! Let's start with CMB.
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CMB: Inhom. (isocurvature) bounds

Assuming a power spectrum for primordial baryon isocurvature:

7(x) ~ Hevp(l + €(x)), with €2(x) ~ |d Ink A2 _(k)

180
© [M. Buckley, etal., arXiv: 2502.20434v2]

AZ (k) = Aiod(Ink/ ko) A2 (B) = Ao{if k < kot (k/ko)?, 1}

W

1 | —— vy — distor
—— y —distor p—distor

p—distor ] —— CMB + BAO
—— CMB+ BAO — Lya

102 10* 10 108 101 10® ] 0" 10 10t 1% 108 1010 1012
ko [Mpc] " ko [Mpe] ™

H. Bagherian | hengameh@uchicago.edu | Tolerable Inhomogeneity of Baryon Asymmetry

Pirsa: 25100201 Page 13/65



Pirsa: 25100201

CMB: Inhom. (isocurvature) bounds

Assuming a power spectrum for primordial baryon isocurvature:

7(x) ~ Hevp(l + €(x)), with €2(x) ~ Jd Ink A2 (k)
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There are no constraints on small-scale isocurvature perturbations.
What about BBN data?
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What happens during BBN?

BBN theory: relates abundance of light elements to #
- N

P 3He

O

Apoap 224}
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BBN Theory: Victories & Potential

© [Particle Data Group]

baryon density parameter £23h?
0%
e

® Nuclear reaction rates (bands in
color) + D/H measurement — 7
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e D/H = (2.506 +0.083) x 10~

(3% accuracy)
[T. Yeh, etal., arXiv: 2207.13133]

4He mass fraction

=
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D/H
o
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e D/H the most sensitive probe:
Depends non-linearly on #, so
0(10%) sensitivity to
inhomogeneities

® Baryons homogenize via
diffusion (late time dominated) 10

10~

baryon-to-photon ratio 1 = ny /.,
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BBN Theory: Victories & Potential

e Nuclear reaction rates (bands in
color) + D/H measurement — 7

e D/H = (2.506 £ 0.083) x 107

(3% accuracy)
[T. Yeh, etal., arXiv: 2207.13133]

e D/H the most sensitive probe:

Depends non-linearly on 7, so (F) = F() + F'() 71 () +5F"() 7 (€?)
O(10%) sensitivity to
inhomogeneities

= F()+5F"@) 7* (%)
o €2<53% > e$10%
® Baryons homogenize via

diffusion (late time dominated)
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BBN Theory: Victories & Potential

© [Particle Data Group]

baryon density parameter 2gh?

® Nuclear reaction rates (bands in neity,
color) + D/H measurement — 7
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e D/H = (2.506 £ 0.083) x 107

(3% accuracy)
[T. Yeh, etal., arXiv: 2207.13133]
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e D/H the most sensitive probe:
Depends non-linearly on 7, so

O(10%) sensitivity to
inhomogeneities

® Baryons homogenize via
diffusion (late time dominated)

baryon-to-photon ratio n = ng/n,
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BBN Theory: Victories & Potential

® Nuclear reaction rates (bands in
color) + D/H measurement — 7

e D/H = (2.506 +0.083) X 107>

(3% accuracy)
[T. Yeh, etal., arXiv: 2207.13133]

e D/H the most sensitive probe:

Depends non-linearly on , so (F) = F() + F'() 71 () +5F"() 7 (€?)
O(10%) sensitivity to
inhomogeneities

= F()+5F"@) 7* (€?)
_ €2<53% > e<$10%
® Baryons homogenize via

diffusion (late time dominated)
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BBN Theory: Victories & Potential

e Nuclear reaction rates (bands in
color) + D/H measurement — 7

e D/H = (2.506 £ 0.083) x 107

(3% accuracy)
[T. Yeh, etal., arXiv: 2207.13133]

e D/H the most sensitive probe:

Depends non-linearly on 7, so (F) = F(i) + F'G €)+§F"’(ﬁ) > (e?)
O(10%) sensitivity to
inhomogeneities

= F()+5F" @) 7* (%)
o €2<$3% > e<$10%
® Baryons homogenize via

diffusion (late time dominated)
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BBN Theory: Victories & Potential

® Nuclear reaction rates (bands in
color) + D/H measurement — 7 — ex) =7

e D/H = (2.506 +0.083) X 107>

(3% accuracy)
[T. Yeh, etal., arXiv: 2207.13133]

e D/H the most sensitive probe: r

Depends non-linearly on #, so (F) = F(ip) + F'Gp €)+%F"(ﬁ) 7> (e2)
O(10%) sensitivity to
inhomogeneities

= F()+5F"@) 7* (€?)
_ €2<53% > e<$10%
® Baryons homogenize via

diffusion (late time dominated)

BBN could rule out inhomogeneities with magnitudes larger than ©(10%),
but what scale of inhomoaeneities?
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Outline

¢ Part I: BBN and diffusion (scale of probe)
* Estimate of scales wiped by baryon diffusion
* Accurate evolution of proton and neutron diffusion lengths

¢ Part II: Inhomogeneous BBN and deuterium abundance
(magnitude of probe)

* BBN crash course: *He and D abundance (analytics)

* Inhomogeneous BBN: “He and D abundance (numerics)
e Part lll: Pheno applications of the BBN probe

* Baryogenesis models (Sakharov conditions)

* SM CP is enough (mesogenesis with dynamic mediator)

* Strong 1st order phase transitions (FOPT) &
Electroweak baryogenesis
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Diffusion erases inhomogeneities

® Baryon inhom. generated in early times is
damped by proton & neutron diffusion until it
reaches BBN

e Scales smaller than diffusion length scale
homogenize (Like blurring an image)
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® Baryon inhom. generated in early times is
damped by proton & neutron diffusion until it
reaches BBN

® Scales smaller than diffusion length scale
homogenize (Like blurring an image)
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Diffusion erases inhomogeneities

® Baryon inhom. generated in early times is
damped by proton & neutron diffusion until it
reaches BBN

® Scales smaller than diffusion length scale
homogenize (Like blurring an image)
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Diffusion erases inhomogeneities

® Baryon inhom. generated in early times is
damped by proton & neutron diffusion until it
reaches BBN

® Scales smaller than diffusion length scale
homogenize (Like blurring an image)

We can make a rough estimate of BBN inhomogeneity reach!
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Which inhom. survive? (estimate)

Assume diffusion is late time dominated (Hypy . IgpN):

o N = At/t ~ Hggy, - Tggy (strongly coupled, 7 ~ 1/Tggy)

t Earlier time
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Which inhom. survive? (estimate)

Assume diffusion is late time dominated (Hggy » TgpN): Inflation

o N = At/t ~ Hggy, - Tggy (strongly coupled, 7 ~ 1/Tggy)

t Earlier time
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Which inhom. survive? (estimate)

Assume diffusion is late time dominated (Hggy > TgpN): Inflation

o N = At/t ~ Hggy, - Tggy (strongly coupled, 7 ~ 1/Tggy)

od; = \/ﬁ gy < ey — T < \VMpTgpy ~ /M 10 TeV

k Earlier time
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Diffusion length: Made accurate

¢ Protons interact strongly
with electrons vs neutrons

Evolution of Diffusion Length

—:= (aH)~'(100 GeV)
interact weakly (magnetic):
D, ~m?n/(@*?,k =—129

e Diffusion is late time dom.

g
2,
i

d, ~/D,JH(T,) =~ 10°cm i

— TP < 0.3TeV
d, ~ \/D,/H(Tgpy) ~ 10’ cm
> T" < 3GeV

10% 4

7
\ Baryons
diffuse like

neutrons
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Diffusion length: Made accurate

[ protons interact strongly Evolution of Diffusion Length
with electrons vs neutrons | == (aH)7(100GeV)
interact weakly (magnetic): '

D, ~m?n/(@*?*,k =—129

e Diffusion is late time dom.

g
=3
=

d, ~/D,JH(T,) ~ 10°cm -

— TP < 0.3TeV
d, ~ \/D,/H(Tgpy) ~ 10’ cm
> T" < 3GeV 107

/' T [MeV]

Baryons Protons are stuck and
“diffuse like don't diffuse after
neutrons  neutrino decoupling

104 d
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Diffusion length: Made accurate

¢ Protons interact strongly
with electrons vs neutrons
interact weakly (magnetic):

D, ~ m?n,/(a*?),k = —1.29

e Diffusion is late time dom.

d, ~+/D,/H(T,) ~ 10°cm

— TP < 03TeV
d, ~ \/D,/H(Tgpy) ~ 10’ cm
S T" < 3GeV

g
=3
=

Evolution of Diffusion Length

—:= (aH)~'(100 GeV)

109
10° -

104 d

10°

/' T [MeV]

Baryons Protons are stuck and
“diffuse like don't diffuse after
neutrons  neutrino decoupling

We can make this even more accurate by coupling neutrons & protons!
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Diffusion length: Transfer function

) Solve dlf'fu Sion eqs: Evolution of Diffusion Length
on | == (aH)(100GeV)

_dﬂ

.dp

® Sol. in*Fou rier space:
i, (k) o exp[—k*d2/2]

® Solve coupled eqs for
more accurate results:

1 _
dpPN = — - (aH )"

® The Green’'s function
determines the evolution:

AP(T) = GP(k, T) iY
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