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WHY NOW? CURRENT STATUS OF BBN

(Blue Compact Galaxies) (Quasar/Gas Cloud Systems)

Yp = 0.245 £+ 0.003, 10° x D/H = 2.547 + 0.025
Measurements of abundances (He, D/H) at % level - it i1s a precision probe

Standard Model theory predictions at the same level with only one free parameter

Recently, rates for key parts of the reaction network updated (LUNA,; see later)

Theoretically sensitive to a wide range of particle physics and cosmological effects
-

50, clean probe to compare to other data e.g. CMB
or look for/constrain new physics




WHAT QUANTITIES DOES BBN "SEE"?
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BBN can be used to measure™ a combination of
the reaction and expansion rates

*subject to the size of the effect being
larger than the measurement errors
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REST OF THE TALK

INTRO: Why now? What for?

PHYSICS OF BBN: Building a simple reaction network

e Discuss key events in BBN timeline
e Focuson (n, p, D, He) region

OUTLOOK: LUNA, Applications, Conclusions




PHYSICS OF BBN

COSMOLOGY
U _
NUCLEAR
REACTION
ot NETWORK .
IDEA: You can solve first N
for the Cosmology and n / S
thermodynamics, and then -
. Y
for the reaction network p
N + DM, DE

N\ Because
Ph < pplapy



PHYSICS OF BBN

COSMOLOGY
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SOLVING THE COSMOLOGY

T H E RM O DYAN M I CS Non-instantaneous

neutrino decoupling

Method: Can use the fact that entropy is N

conserved in the adiabatic expansion to solve d lOg(ClT) S — (dcsj/dl()gT)

for the scale factor as a function of time —— —

dlogT N+ 38
/

Can include e.g. plasma effects

Result: a(7)

TEMPERATURE-TO-TIME RELATION

Method: Can solve the Friedmann equation
Sl to obtain the time dependence of the scale

T(py + ppl 4 Ph -+ Pedm -+ pA) factor, and therefore the temperature
Result: 7(7)



TEMPERATURE-TO-TIME RELATION

(in SBBN)
PROTON TO DEUTERIUM
NEUTRINO WEAK RATE ELECTRON-POSITRON NEUTRON BOT TLENECK END OF
DECOUPLING FREEZE-OUT ANNIHILATION FREEZE-OUT OVERCOME NUCLEOSYNTHESI

2 MeV 0./ — 0.8 MeV 0.5 MeV 0.28 MeV 0.0/8 MeV 0.066 MeV
2x 100K 8-9x 07K 6x 07K 3x 107K 9 x 108 K 8 x 108 K

[ 0. secs | — 2 secs 3 secs 10 secs 200 secs 300 secs

N

The relation between temperature and time Is
COSMOLOGY-dependent
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TEMPERATURE-TO-TIME RELATION

(in SBBN)




TEMPERATURE-TO-TIME RELATION

(in SBBN)

ELECTRON-POSITRON
ANNIHILATION

————_—#

T 0.5 MeV
6 x 107K
[ 3 secs

Result: Ty < Ty




THE BBN REACTION NETWORK

Solve above ~0.] MeV

DEUTERIUM

ntr.—>pte BOTTLENECK

n—-p+e +v,

n+et - p+7,

Solve below ~0.] MeV

PROTON 10O DEU | ERIUM
NEUTRINO WEAK RATE ELECTRON-POSITRON ~ NEUTRON BOTTLENECK END OF
DECOUPLING FREEZE-OUT ANNIHILATION FREEZE-OUT OVERCOME NUCLEOSYNTHESI

2MeV 07-08MeV 05MeV 028MeV  00/8 MeV  0.066 MeV
2x 100K 8-9x 102K 6xI10°K 3xI107K 9x 108K 8x 108K

0.1 secs | — 2 secs 3 secs |0 secs 200 secs 300 secs




7= 0.8 MeV PROTONS AND NEUTRONS
t ~ 1sec WEAK F /E-OUT

O
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PROION 10 DEU | ERIUM t [SO(S] [Code: PRlMAT, Pitrou et al. (20 | 8)]
NEUTRINO WEAK RATE ELECTRON-POSITRON NEUTRON BOTTLENECK END OF
DECOUPLING FREEZE-OQUT ANNIHILATION FREEZE-OUT OVERCOME NUCLEOSYNTHESI

2MeV [ 07-08MeV 05MeV 028MeV  00/8 MeV  0.066 MeV
2x I0I0KRE8-9x 102K 6x 107K 3xI107K 9x 108K 8x 108K

0.l secs | — 2 secs 3 secs |0 secs 200 secs 300 secs




T~ 03MeV PROTONS /?\{NDNNEUTRONS

t ~ 10 secs C/A\Y

0.20F
n E~~_~_
Then, a-t abOUt 0.28 Me\/, 015 - e ——————
protons can no longer Nnop4e 40 = -

be efficiently converted
Into neutrons
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only 0.10f
. Neutron decay dominant
_ process in this region
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0.05
D i
..after this, neutrons simply ooob——o v v L
decay until Deuterium 0 20 100 150
synthesis can start t [secs]
NEUTRINO WEAK RATE ELECTRON-POSITRGN PSEJ?QDII\LJ) BL())t'IBI'ILlI:EtTiIIECIVIK END OF
DECOUPLING FREEZE-OUT ANNIHILATION FREEZE-OUT OVERCOME NUCLEOSYNTHESI

2MeV 0/7-08MeV 05MeVy] 028MeV [10.0/8MeV  0.066 MeV
2x 100K 8-9x 102K 6xI107KL 3xI107K 9x 108K 8x 108K

——

0.l secs | — 2 secs 3 secs |0 secs 200 secs 300 secs
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T~ 0.078 MeV

t ~ 200 secs

Even though the binding energy of D is (¢ —

THE BOTTLENECK

T T T T 71 71T 711
2.2 MeV, it takes until 0.078 MeV for 0.8k
deuterium synthesis to occur, why? -
A
n 0.6F Deuterium only
DEUTERIUM Y : d dh
BOTTLENECK —~ 0.5 producedhere
ntp-7+D >~ 0.4
0.3
0.2 Xn
D Answer: there are lots of photons 01k
that can easily dissociate any deuterium F 1
| | | | | | | | | | | ]
that is formed — parameterised by O'OQ 100 200
baryon-to-photon ratio t [secs]
NEUTRINO WEAK RATE ELECTRON-POSITRON PI'\J«E)LIJ'(I:)PI\\(I)II\? BL()Z;:'IBI'ILE'RIIL;CMK END OF
DECOUPLING FREEZE-OUT ANNIHILATION FREEZE-OUT OVERCOME NUCLEOSYNTHESI

2MeV 07-08MeV 05MeV 028MeV | 00/8 MeV [0.066 MeV
2x 100K 8-9x 102K 6xI10°K 3xI107K 9x 108K 8x 108K

0.l secs | — 2 secs 3 secs |0 secs 200 secs 300 secs
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T ~ 0.066 MeV
t ~ 300 secs

Once deuterium can be produced, the
remainder of the free neutrons can be

very efficiently transferred into
Helium-4, since it has a very high
binding energy (~28 MeV)

PRODUCING HELIUM-4

Note: total baryon
number conserved

1.0
0.8
0.0F
= |
\'N
1 2 i
“He 0.4
0.2F
0.0 .,
() 100 200
PROION O DEU | ERIUM
NEUTRINO WEAK RATE ELECTRON-POSITRON NEUTRON BOTTLENECK END OF
DECOUPLING FREEZE-OUT ANNIHILATION FREEZE-OUT OVERCOME NUCLEOSYNTHESI
-+ {r {4 "~
2MeV 0.7-0.8 MeV 05MeV 028MeV 00/8 MeV | 0.066 MeV
2x 100K 8-9x 00K 6xI10°0K 3xI10K 9x 108K 8 x [08 K
0.l secs | — 2 secs 3 secs |0 secs 200 secs 300 secs




DESCRIBING THE NETWORK

Each isotope in the nuclear reaction
network is described by a Boltzmann
equation compiling all the relevant

reaction rates :
Reaction Rates

dn LUNA

‘He d_tl + 3Hn, = --- + ninj(av)ljékl + e

Expansion

Boltzmann Equation

Ultimately, the reason BBN is a good
probe of reaction rates and the
expansion rate is because it is an out-
of-equilibrium process



LUNA AND DEUTERIUM

Reaction Rates
—e— LUNA data (this work)

—— Fit (this work)
dn +—o— Tisma (2019)

i Marcucci (2016)
= e 143 . soc 0F - - Adelberger (2011)
+ 3Hn, + nnoV) i+ - - Aok
dt +—— Schmid (1997)
N —v— Ma (1997)
2 —v Griffiths (1963)
o ~ @ Griffiths (1962)
S
8
Recently, the LUNA experiment has re- X o
measured the reaction rate for s BBN Energy Range
3 - (30 - 300 keV)
D+p—y+~He
100 150 200
This reaction previously E (keV)
- I Fig.1|TheSfactorofthe D(p,y)*Hereaction. At BBN energies
d omin ated th eoretl Cal error (E.,=30-300keV),thenew LUNATresults (filled red circles, with total
S-Factor b u d get fo r P rec | S | on d eterm | 1 atl ons (statistical + systematic) error bars) indicate a faster deuterium destruction
compared with abest fit" (blue dashed line) of previous experimental data, but
- Z1 Zz,g2 Of D an d H e I | um- 3 P re d | Ct| Oons aslower destruction compared with theoretical calculations™ (black dotted
= 7 line). At BBN energies, the best fit (red solid line, equation (2)) obtained in this
v workisentirelydominated by the LUNA data. The fitincludes all experimental
o(E) = S(E) exp(—271) data®'*?*!(notethatthose by Warren et al.’®and Geller et al.* lie outside the
- energyrange shown here). Bandsrepresent the 68% confidencelevel.
(ov) = J o(V)Pyg(V)vdy V. Mossa et al., [Nature 587 (2020) 210]
0

/| 8 | E
Oyp(Wv dv = e TE dE
— (kBT)s/z



LUNA AND DEUTERIUM

Article
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IMPACT ON CON

Question: What are the
implications of LUNA for constraints
on light dark sectors!?

Answer: Light dark sectors coupled to
neutrinos, electrons/photons, or both can
modify the history of BBN in a number of ways:

Modify the expansion rate — this changes
the temperature-to-time relation

Modify the temperature of neutrinos
relative to photons — this can change the
weak rates and their freeze-out history

* Modify the baryon-to-photon ratio (for
electrophilic species)

But, the constraints are largely driven by
Helium-4 predictions, which are not
sensitive to changes in the deuterium rates

STRAINTS

~—_ Neutrinophjlic

— - —
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Electrophilic

saer] Scalar
Complex Scalar
Vector Boson
Majorana Fermion
Dirac Fermion




SUMMARY AND CONCLUSIONS

There are a number of key events in the physics of BBN which are
controlled by the relevant reaction rates, sector temperatures and expansion

PROION 10 DEU | ERIUM
NEUTRINO WEAK RATE ELECTRON-POSITRON  NEUTRON BOTTLENECK END OF
DECOUPLING FREEZE-OUT ANNIHILATION FREEZE-OUT OVERCOME NUCLEOSYNTHESI

2MeV 0/7-08MevV 05MevV 028MeV  00/8MeV  0.066 MeV
2x 010K 8-9x10°K 6xI10°K 3x 107K 9 x 108K 8 x 108K -

0.1 secs | — 2 secs 3 secs |0 secs 200 secs 300 secs

Precise measurements of both the nuclear reaction rates as well as the
primordial abundances let us test SM and BSM physics extremely well

The new results from LUNA require some care and attention.

Recommendation: If probing new physics is the aim, the “safest” thing to do is
consider both the theoretical and data-driven fits and see how your results vary
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