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Abstract:
Big Bang Nucleosynthesis (BBN) is a powerful tool for probing both new physics and LC
the Cosmic Microwave Background (CMB) and results from particle experiment. | will p
BSM models. | will then discuss new kinds of analyses that can be performed with the

BBN code LINX. 1In particular, LINX can be used to perform full BBN+CMB joint analys
never been achieved before, even in LCDM analyses.
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Cara Giovanetti (NYU)
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Perimeter Institute Particle Physics Seminar

Based on work with Mariangela Lisanti, Hongwan Liu, Siddharth Mishra-Sharma, Joshua T.

Ruderman, Martin Schmaltz, and Neal Weiner
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Other work

C.G,, R. Lasenby, K. Van

* Orbital Dynamics of the Solar Basin -isurg, 210 16041

* Neutrino Spectral Distortions in BBN

» Gravitational Wave Constraints on PBHs

» A Fast and Differentiable Recombination Code
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Outline

- Why BBN?
« BBN is a powerful probe of both ACDM and new physics

» BBN informs new physics
* Portal Models

+ Electrophilic dark matter
* Neutrinophilic dark matter

« BBN still has a lot to say about new physics

* New tools for BEN
* We can now perform sophisticated joint analyses for the first time
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Why BBN?

v decoupling BBN

Recombination

Big-Bang 1 Is ~2-26 min

Image credit:
Roen Kelly for Astronomy Magazine

370,000 yr Today

Normal helium (He?)

=~

High temperatures

High densities
(a~107-1011)

Long times
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Prediction meets measurement
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Why BBN?

High Precise
temperatures measurements

T~ BBNis a sensitive —

probe of ACDM

/ and new physics ~~___

Precise

High densities predictions
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Why BBN?

High Precise
temperatures measurements

T~~. BBNis asensitive —

probe of ACDM

/ and new physics ™~

Precise

High densities predictions

BBN is sensitive to the expansion rate, the photon and
neutrino temperatures, and the baryon-to-photon ratio.
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Helium-4 and Deuterium

s ¢

« Large binding energy (28 MeV) + Small binding energy (2 MeV)
» Most neutrons end up in “He » Easily broken up
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¢@. Neutrino temperature and expansion rate determine
LY freeze-out of proton-neutron interconversion.

N4y Pl = Ty
Ve +R$>D+e
et +nep+o,

expansion rate photon
neutrino temperatures
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¢@. Neutrino temperature and expansion rate determine
“ freeze-out of proton-neutron interconversion.

Kolb and Turner, Addison-Wesley
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Fig. 4.1: The equilibrium and actual values of the neutron to proton ratio.

expansion rate photon
neutrino temperatures |
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N, is impacted by the ratio of photon and neutrino

e

LY temperatures. Impacts expansion rate.

— T
Nog = (M) ) Neg ~ (CIT) + dark radiation
0 o

Pu,std 0

expansion rate photon
neutrino temperatures
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Faster expansion rate means heavy elements can't
N form. Larger abundance of deuterium.

Slow
expansion -4

expansion rate
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Faster expansion rate means heavy elements can’t
LN form. Larger abundance of deuterium.

-~
s ©°

expansion ®

Fast
expansion @

expansion rate
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Larger n means more frequent interactions between
nuclides. Destroys deuterium.

baryon-to-photon ratio
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Why BBN

» Many potential signals
« Expansion rate (N.g)

 Relative photon and neutrino temperatures
» Weak rate freeze out
o Nog

» Baryon-to-photon ratio
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Why BBN

» Many potential signals
« Expansion rate (NV.g)

 Relative photon and neutrino temperatures
» Weak rate freeze out
o Nog

» Baryon-to-photon ratio

» Complements CMB analyses

» New tools make rigorous analyses possible
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Outline

» BBN is a powerful probe of both ACDM and new physics

» BBN informs new physics
* Portal Models

* Electrophilic dark matter
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Why BBN

» Many potential signals
« Expansion rate (N.g)

 Relative photon and neutrino temperatures
+ Weak rate freeze out
o Nog

» Baryon-to-photon ratio

» Complements CMB analyses

» New tools make rigorous analyses possible
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Prediction meets measurement
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Why BBN

» Many potential signals
« Expansion rate (N.g)

 Relative photon and neutrino temperatures
+ Weak rate freeze out
o Nog

« Baryon-to-photon ratio

» Complements CMB analyses

» New tools make rigorous analyses possible
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Outline

» BBN is a powerful probe of both ACDM and new physics

» BBN informs new physics
* Portal Models

* Electrophilic dark matter
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Minimal Portal Models

See Batell et al.,
Dark = | | Standard 2207.06905 for
Sector Model a recent review
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Minimal Portal Models

Vector’PortaI

€
LD F' Bw
2cos by

New gauge field
with kinetic term
F’ mixes with
Standard Model
gauge fields

See Batell et al.,
Standard 2207.06905 for

Model a recent review

Neutrino Portal
LD —y L, HN +h.c.

Nis a new heavy,
neutral lepton that
can mix with
Standard Model
neutrinos

ALP Portal

. LD (N,", FWF“" +
—LD(AS+AS)HH dm f
e A
f F
Axion-like particle
@ couples to
photons and/or

gluons

Higgs Portal

New scalar §
couples to Higgs
mass operator

Page 24/68



BBN constrains electrophilic sub-GeV
dark matter

1 I — 1
£~ FPE,, — JHWE, + omg AP A, + Ty (A, —ell)
+ massive dark matter y
+ dark radiation
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BBN constrains electrophilic sub-GeV
dark matter

1 1 1
LD =3 FWFy — 7 F"WEF, + 5m;?q,Awqu + Jhy (A,

+ massive dark matter y
+ dark radiation

* Vector Portal
» Originally linked to 511 keV Galactic center excess joseme - ="

« Common experimental benchmark
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BBN constrains electrophilic sub-GeV
dark matter

1 1 1
£~ P Fy — 2B, + omi ARA, + Ty (4, — edl)
+ massive dark matter y
+ dark radiation

X (A
Small m,, or m,. can
contribute directly to N
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BBN constrains electrophilic sub-GeV
dark matter

1 1 1
L5 —ZFHVFMU — ZF,MVFZLZ/ o im?ﬁl’A,MAiL i JEM (Aau o EA;L)

+ massive dark matter y
+ dark radiation 0.32

Small m, or m,. can
contribute directly to N4

4He mass fraction

+2c measurement T—

Measured values from 0.24F ; ; ;

RL, Workmarr et al, (PDG), Prog; Theor: Complex Scalar 5 0.1 1 10 100
Exp. Phys. 2022, 083C01 m,/m,=1 S
R. Cooke et al., 1710.11129 Thermal Production my (MeV)
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BBN constrains electrophilic sub-GeV
dark matter

1 |1 1
LD —7F*Fyy — 7FWE,, + omb A4, + Thy (A, —eA))
+ massive dark matter y
+ dark radiation

Entropy transfer from dark
sector to photon sector
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BBN constrains electrophilic sub-GeV
dark matter

1 1 1
_IFMW R R R Z 2 AT A : — €A
LD 4F Fuy 4F Flw =+ zmA’A A+ Jem (A EA/—L)
+ massive dark matter y
: — + dark radiation
9 5 |20 measurement

e

X e

X € Complex Scalar y
.:> my/m,=1

| Entropy transfer from dark el

1 ] w00 Sector to phOton sector R.L. Workman et aT?SBLg?!ci Pvrii;.e ?r:;c::

my (MeV) Exp. Phys. 2022, 083C01
¥ R. Cocke et al., 1710.11129
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BBN constrains electrophilic sub-GeV
dark matter

1 1 1
LD —ZFMVFMU — ZF,MVFZLZ/ o im?ﬁl’A,MAiL iy JEM (Aau o EA;L)

+ massive dark matter y
+ dark radiation

& e*e annihilate to photons,

causing late-time changes to
the baryon-to-photon ratio
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BBN constrains electrophilic sub-GeV
dark matter

1 1 1
LD —7F*Fyy — 7FWE,, + omb A4, + Thy (A, — eA))
+ massive dark matter y
+ dark radiation

T T 4
9 5 |20 measurement
X + N e
: e*e annihilate to photons,
causing late-time changes to

! r | the baryon-to-photon ratio

| M d values f
(]1 I 5 “](] Complex Scalarx jleasurea values from

my/m,=1 R.L. Workman et al. (PDG), Prog. Theor.
my (MeV) A

; : Exp. Phys. 2022, 083C01
Thermal Production R. Cooke et al., 1710.11129
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Deuterium
production
decreases with
decreasing m,

9.5 |20 measurement
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my (MeV)

Measured values from

R.L. Workman et a/. (PDG), Prog. Theor.
Exp. Phys. 2022, 083C01

R. Cocke et al., 1710.11129
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4He production
increases with
decreasing m,

4He mass fraction

T T T

+2c measurement

0.1 1
my (MeV)

\

Complex Scalar y
My m,=1
Thermal Production
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BBN constrains electrophilic sub-GeV
dark matter

+[dark radiationj

4r

=== With some

dark radiation

Complex Scalar »
el myfm =1
50 100

See also K. Nollett and G.
Steigman, 1312.5725
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Many models include dark radiation!

- = C. Mondino, M. Pospelov,
Dark Higgs Dark Matter L

. As considered in K. Bleau,
. Heavy Particle Decay models J. Bramante, and C.
Cappiello, 2309.06482

A. Arvanitaki, S.

» Dark QED avoids N, constraint on dark photons bimopoulos,M. Galanis, .
Racco et al., 2108.04823
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Dark radiation increases

expansion rate, favoring
deuterium and early weak
rate freeze out

9 5 l+20 measurement

No dark

radiation

With some

dark radiation
L

10
my (MeV)

Measured values from

R.L. Workman et a/. (PDG), Prog. Theor.
Exp. Phys. 2022, 083C01

R. Cocke et al., 1710.11129

s

T
No dark
radiation

With some
dark radiation

m, (MeV)

Complex Scalar ¥
my/m,=1
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BBN constrains electrophilic sub-GeV
dark matter

10-% B ‘ =T ey Existing constraints from
5 S w X5\ ] direct detection, beam

1057

10-3 [

10-3 |
New constraints with i
BBN!

l UOTULIR] DRI

10—40 E_ ma = 3my

BENE LBl Accelerator: ap = 0.5

[ - BBN +Simons | | | {  Direct Detection: (,h? = 0.12 C.G., M. Lisanti, H. Liu, J.
=ik : iy T. Ruderman, 2109.03246
10 e T
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m, (MeV)

¢ Jlereng xapduion
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BBN constrains electrophilic sub-GeV
dark matter

1 1 1
£~ F¥Fy — 7B E, + omip AR A, + Ty (4, — edl)
+ massive dark matter y
+ dark radiation

T T 4
2 5 |20 measurement
X + e
g e*e annihilate to photons,
causing late-time changes to

! r | A the baryon-to-photon ratio

| M d values f
(]1 I 5 “](] Complex Scalarx jleasurea values from

my/m,=1 R.L. Workman et al. (PDG), Prog. Theor.
my (MeV) A

;i : Exp. Phys. 2022, 083C01
Thermal Production R. Cooke et al., 1710.11129
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BBN constrains electrophilic sub-GeV
dark matter

10~ p—— _ : Existing constraints from
i : : e N& ] direct detection, beam
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Outline

» BBN is a powerful probe of both ACDM and new physics

» BBN informs new physics
* Portal Models

» Neutrinophilic dark matter
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