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The early WALVErSE LS an
unique laboratory for new
Phasics ... whiteh must
account for the observed
asywmmnetry between matter
and antimatter, generate
dark matter (and dark
energ) 5), as well as the
dewsitg fluctuations which
seeded the formation of
structure.

However direct observations allow

us to probe the thermal hi,storg

back to only ~10° s (using the

CM®B spectrum) and further

back to ~1 s (using observations

of primordially sywnthesised
elemental abundances).

Ow the basis of the SM we can

extrapolate further to ~10**s

t = 15 billion years

Today t,

T=3K {1 meV)

Life on eart
Solar system

Quasars

Galaxy formation
Epoch of gravita tonal collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational ins@bility

Nucleosynthesis

Lightelements created - D, He, Li t=1 second

T=1MeV

Quark-hadron transition
Hadrons form - protons & neutrons

Electroweak phase transition

Electromagnetic & weak nuclear
forces become differentiated:
SU(3)x8U(2)xU(1) -> SU(3)xU (1)

T=10°%GeV

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G -> H -> SU(3)xSU(2)xU(1)
Inflation, baryogenesis,
monopoles, cosmic strings, etc.?

The Planck epoch

The quantum gravity barrier

JAstroph 5sioaL

Cosmwmology

Particle
Cosmology

uantum
Gravity
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Constraints from balance of weak rates vs Hubble rate
G4T2 ~ (1 Al R (] f
through He abunance

n —Am/T . : - B |
~ € & fixed at freezeout Ne o o\l D
£ 14+-(n/p)

Sets constraints on GF, GN, N, etc.

Note n-p mass difference is sensitive to both em and strong Lnteractions,
hewce *He abundance is exponentially sensitive to all coupling strengths

Conversely obtain bound of Less than few % on any additional contribution to energy
density driving expansion e.g. gravitational waves, “dark radiation’, new particles ...

Rule out N ~ H? always (since this corresponds to a large ‘renormalisation’ of G,,)
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Figure 3

Contours of ¥,, D/H, and "Li/H are plotted in the parameter space of variable neutron-proton mass
difference Anz,, and deuteron-binding energy E;, normalized to their current values. The 5-10% downward

change in E}, can significantly reduce the 7Li abundance.



“Newtrino counting”

Lig ht element abundances are sensitive

to expansion history during BBN
2
H* ~ GlOrel

= observed values constrain the
relativistic energy density at BBN

prel = pEM + Nv,eff IOVV

(Hoyle § Taylor 1964, Shvartsman 1969,
Stetgman, Schramm § Gunn 1977, ...)

Pre-CMB:
*He as probe, other elements give 77

with 7 from CMB:

o ALl abundances can be used

* “*He still sharpest probe

* D competitive if measured to 3%

ON, =N, —3<1.5
Q 95% c.l.
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cyburt, Fields, Olive § Skillman [astro-ph/040803z]

This constratns sterile neutrinos (anad
other hgpotheticaLparticLes) which do not
couple to the Z° ... oomptementarg to
Laboratory bounds e.g from LEP



Limits on o from BBN

Contributions to Y come from n/p which in turn come from Amyg

Contributions to Amy:

Kolb, Perry, & Walker
Campbell & Olive
Am N aozemAQcp + bv Bergstrom, Iguri, & Rubinstein

n fundamental theortes e.0. striwg theorg, the Phgsical, “constants” oo vary with
time ... but the BBN constraint says that this must have stopped beforet ~ 0.1 s



BEN and decaying particles

Extensions of the Standard Model predict 107°
new (tgpioaug) wunstable particles, which
would have beew created (’chermaLLg) L the
early Universe, e.g9. weak scale mass
gravitinos in supergravity

-3
~ m
G—vyy 13/2=4><105 S %TZZV)

(Weinberg 1922; Khlopov § Linde 1983;
Ellis, Nanopoulos § Sarkar 1985; Reno §
Seckel 1988)
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Mass x relic abundance (GeV)

10-14 |

oy burt et al [astro-ph/0211258]

The high energy photons would have particle lifetime (s)
photo-dissociated the sywthesized 0 e 1ot 107 100 106 1070 1010 1018
elements = severe limits ow the decaying 7, (sec)

parthLe abundance

Since n, /Wy ~ T ea’Me, this requires that highest temperature reacheo in
owr past (after inflation) was < 10% Gev =P severe constraint on baryogenesis
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Figure 4

Consequences of late decays of a heavy 1-TeV mass particle X that releases half of its rest mass in the form of
electromagnetic energy. The threshold of *He disintegration is clearly visible below 1 keV. Primary
abundance flows are indicated by solid arrows, whereas the dashed arrow indicates the secondary
transformation of A = 3 nuclei into °Li. The model is excluded by the overproduction of D, He, and °L.i.



Limits on o from BBN

Contributions to Y come from n/p which in turn come from Amyg

Contributions to Amy:

Kolb, Perry, & Walker
Campbell & Olive
Am N aozemAQcp + bv Bergstrom, Iguri, & Rubinstein

n fundamental theortes e.0. striwg theorg, the Phgsical, “constants” oo vary with
time ... but the BBN constraint says that this must have stopped beforet ~ 0.1 s



However the concordance between the theory and observations may be cracking up
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cyburt, Fields § oOlive [arxiv:0808.2818]



Recently a primardim ‘plateau’ L eLL Ls clatmed to have been detected
with ¢Li/7LL ~ 0.1 (cf. standard expectation ¢LL/7LL ~ 107°)
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Coupled with the fact that the 7L abundance is ~3 times smallerthan
expected, this has refocussed interest on non-standard BBN
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FIGURE 4. The Hertzsprung-Russell diagram for stars from Figure 3 with [Fe/H] < ~1.7. Filled symbols denote stars with a
detection of °Li according to the key in the top left comer of the ﬁoure Evolutionary tracks for the indicated stellar masses and
metallicities are from VandenBerg et al. (2000).

Lambert (2005)



Does the Lithium anomaly LVWPLa Wew phgsics?

%L1 is easily produced in the early Universe by the
decay or annihilation of relic particles

Li is easily destroyed during BBN when a weak

non-thermal hadronic source is present

both problems may be solved simultaneosly by the
decay of a relic 1000 sec after the Big Bang

Jedamzik [astro-ph/0402344]
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May be possible to solve both
‘Lithtum probLems’ with relic
decaying particle having suitable
abundance/lifetime e.g. gluino in
split supersymmetry,

supersy mmeetric stau Next-to-LSP
(with gravitino LSP), ...
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Gluino in ‘split’ supersymmetry

If mass scale of SUSY scalar superpartners is raised well above a Tev (to evade various
problems with weak scale SUSY breaking), thew predict long-Lived gluinos
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A small number of these would survive annihilation in the early universe and decay
during nucleosynthesis — stringent bound from overproduction of B + >He

This would require supersymmetry breaking scale to be < 10*° Gev

Arvinataki, Davis, Grahawm, Pierce § Walker [hep-ph/0504210]



There may also be wew charged quasi-stable relic particles in
Nature which would form bound states with *He

Although the *He (B, 7) “LL reaction Ls normally highly
suppressed, this Ls not so for the bound state ...

Pospelov [hep-ph/0605215]

Thus the LL’chLum awomaLa may be due to supersy mmetrie pavtwl,es
(e.9. “stauw’’) which catalyse relevant nucelear reactlons
... Uf so these coulal be seen soon at the LHC!



Summary
A4

Observational inferences about the primordially sywnthesised
abundances of B, *He and 7LL presently provide the deepest probe of
the Blg Bang, based on an established phystieal theory

The overall concordance between the inferred primordial abundances
of B and *He with the predictions of the standard cosmology requires
most of the matter L the universe to be wow—barg onte, and enables
constraints to be placed on any deviations from the usual expansion
histarg (e.9. new neutrinos, dark ewergg)

Awnomalies in the abundances of Ll and 7Li have been Lnterpreted as
indications for new ph 5s£cs begowd the standard Model (viz. unstable
supersy mmetric particles) ... need better understanding of the astroph 3s£oaL
processing of lithium to investigate this further

Nucleosynihesis marked the beginning of the development of modern cosmology ..
and it is still the final observational frontier as we Look back to the Big Bang



