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The Big Bang Nucleosynthesis standard model

standard
BBN

vanishing lepton number
chemical potentials

equilibrium initial conditions

with baryon−to−photon ratio 

6.2x10e−10

radiation energy density given only by

photons, electrons/positrons, neutrinos

no decaying or annihilating

relic particles

no impurities like
cosmic strings, primordial black holes

no inhomogeneities in baryons
no small antimatter domains

general relativity
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SBBN: A one parameter model
Cyburt et al. 08and 3He=H = (1:00� 0:07)� 10�5 (7)

FIG. 3: The light element abundanes of D, 3He, 7Li by number with respet to H, and the massfration of 4He as a funtion of �. The thikness of the bands represents 1 � unertainties in thealulated abundane. The yellow band gives the WMAP � [3℄.The BBN preditions an be ompared diretly with urrent observational determina-tions of the light element abundanes. The BBN likelihood funtions an be de�ned by aonvolution over � LBBN(X) = Z d� LBBN(�jX) LWMAP(�) (8)12
overconstrained → consistency checks possible
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The 7Li Spite plateau

(almost) no variation with metallicity
and stellar temperature

no measurable star-to-star scatter

Interpretation - the Primordial 7Li

Abundance

7x10-10

6x10-10

5x10-10

4x10-10

3x10-10

2x10-10

1x10-10

Li/H

observed Li/H by different groups

SBBN + WMAP predicted Li/H
(2−σ -error bars)

Spite & Spite 82, Bonifacio & Molaro 97,
Ryan et al 99, Melendez Ramirez 04, Char-
bonnel & Primas 05, Asplund et al 06, ...

7Li discrepancy 4.2 − 5.3σ
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Nuclear reactions/stellar atmospheres ?

stellar temperature ∆T ∼ 900 K underestimated
seems impossible

narrow nuclear resonance in
7Be +2H→

9B∗

5/2+ → 24He + p
Cyburt & Pospelov 09, Angulo et al. 05

seems unlikely but not ruled out → need further
measurement
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Depletion of Lithium in PopII stars ?

7Li is observed in the atmospheres of PopII stars
it may be destroyed via 7Li+p →

4He + 4He in the interieur of
the star

atmospheric material transported into the star and 7Li-depleted gas returned to the
atmosphere

Spite plateau not primordial ?

Depletion of 7Li by factor 2 − 4 in halo stars is not understood
and may currently only be explained with fine-tuned stellar

conditions
Dispersion ?
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7Li depletion by atomic diffusion in PopII stars ?

Korn et al., Richards et al.

tuned turbulent diffusion coefficient DT =

400Dgs
4He

`

ρ
ρ(T0)

´−3 at log(T0) = 6.0 ± 0.1

→ ±25%

atomic diffusion

turbulent mixing

7x10-10

6x10-10

5x10-10

4x10-10

3x10-10

2x10-10

1x10-10

Li/H

observed Li/H by different groups

with depletion factor 1.8

SBBN + WMAP predicted Li/H
(2−σ -error bars)

→ factor 1.8 7Li depletion
but stellar models ad hoc and tuned
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6Li/H observations

Asplund, Lambert, Nissen, Primas, & Smith

06

A second Lithium plateau ?
6Li/H ≈ 6× 10−12 compare to
standard BBN 6Li/H ∼ 10−14

6Li and 7Li absorption features blend
together

6Li from asymmetry of lines

asymmetry of lines from convective
Doppler shifts ?

non-LTE hydrodynamic simulations of

two groups reach opposite conclu-

sions
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6Li production by early cosmic rays: Energetics ?

6Li originates in galactic cosmic ray nucle-
osynthesis (along, with 9Be, and B)

via p, α + CNO → LiBeB

and some α + α → Li

need 100 eV/nucleon to synthesize
6Li/H∼ 5 × 10−12

standard cosmic rays may provide
5 eV/nucleon (up to [Z] ∼ −2.7)

only very efficient accretion on central black
hole, or large fraction of baryons in

supermassive ∼ 100M⊙ stars may provide
the required cosmic rays

Suzuki & Inoue 00 Rollinde et al. 05,
Prantzos et al. 05 Nath et al. 05
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if 6Li exists in these stars of the abundance as claimed →

something important about the Universe has been learned
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BBN with decaying and annihilating particles

injection of energetic nucleons and mesons

charge exchange reactions
π− + p → π0 + n

elastic- and inelastic scatterings
p + p → p(n) + (p)n + π’s

spallation reactions
p(n) + 4He →

3H, 3He, 2H + ....

Coulomb stopping of charged nuclei
3H + e± →

3H′ + e±

injection of energetic photons and elec-
trons/positrons

pair production on CMBR
γ + γCMBR → e− + e+

inverse Compton scattering
e± + γCMBR → e± + γ

Bethe-Heitler scattering
γ + p → p + e− + e+

photodisintegration γ + 4He →
3H+ p
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including 3He /D < 1.72; 6Li/7Li < 0.1875
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Destruction of 7Li during BBN by injection of neutrons

K.J. 04

7Li destruction: 7Be +n →
7Li +p; 7Li + p →

4He + 4He

at T ≈ 30 keV

need only 10
−5

extra neutrons per baryon
some extra 2H will be also synthesized

1e-10

1e-08

1e-06

1e-04

1e-02

10 100
T (keV)

ni/nH

extra neutrons

SBBN
less 7Be
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Production of 6Li in SBBN

production of 6Li in SBBN by D + 4He →
6Li + γ which is

quadrupole suppressed →
6Li/H∼ 10−14
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Production of 6Li in cascade nucleosynthesis

6Li is very easily produced by small "perturbations" of the
standard model Dimopoulos et al. 88, K.J. 00

Electromagnetic:
γ+4He→ 3H +p

3H + 4He →
6Li + n

at T<
∼

0.1 keV

Hadronic:
n+4He→ 3H +p + n
3H + 4He →

6Li + n

at T<
∼

10 keV
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Production of 6Li in catalytic nucleosynthesis

negatively charged weak
mass scale particles X−

during BBN →

formation of bound states
with nuclei
7Be + X−

→ (7BeX−) + γ at ≈ 30 keV
4He + X−

→ (4HeX−) + γ, at ≈ 10 keV

X− acts as catalysator for re-
actions

(4HeX−) + D → 6Li + X−

(4HeX−) + 4He → (8BeX−) + γ;
(8BeX−) + n → 9Be + X−

Pospelov 06,07, Kamimura et al. 08, ...

T9

n i=n p
0:1 0:02

10�510�610�710�810�910�1010�1110�1210�1310�1410�15
X�free(4HeX�)

(8BeX�) n 6Li9Be
Y deX� = 5� 10�4�X� = 5� 103 s

important when Bh
<
∼

10−2 as
with supersymmetric stau !
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Catalysis and 6Li, 7Li, and 7Be

Catalysis:

main production mechanism for 6Li if Bh
<
∼

10−2

may only solve the 7Li problem, if Bh
<
∼

10−5 rather small
and ΩX

>
∼

10 rather large

not clear if may lead to some 9Be production
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The lithium friendly parameter space

K.J. 04
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Signatures at the LHC !

A metastable particle X with life time between
100 − 1000 sec, if not too massive, could be potentially

produced at the LHC (since having at least some hadronic
interactions), and ...., if electromagnetically or strongly
interacting stopped in the detector → smoking gun for
non-standard BBN → possible connection to the dark

matter

Examples:
supersymmetric gravitino

supersymmetric stau Next-to-LSP with gravitino LSP
gluino in split supersymmetry
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Example: Gravitino dark matter in the CMSSM
K.J., Choi, Roszkowski, Ruiz de Austri 06
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Production of cosmic 6Li by neutralino annihilation

K.J. 04ab, Pospelov & K.J. 09
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Signatures at the LHC !

if the LHC discovers a light stable neutralino of mass
m ≈ 20 − 90 GeV and of hadronic annihilation cross section

3 × 10−26cm3s−1 as required to explain origin of the dark
matter by annihilation freeze-out → explanation of all the 6Li

as claimed to exist in HD84937
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Varying fundamental constants and 7Li

Dmitriev, Flambaum, & Webb 04, Dent,
Stern, & Wetterich 07, Berengut, Flambaum,
& Dmitriev 09

7Li depends strongly on Bd and B7Be

∆Bd/Bd ≈ −0.019 ± 0.005 → reduce 7Li

(and 4He)
∆mq/mq ≈ 0.013 ± 0.002 → reduce 7Li
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Conclusions

the by standard BBN at ηWMAP predicted D (and 4He) are in good agreement with
those observed

in contrast, there is a factor 3-4 discrepancy between SBBN predicted and
observationally inferred 7Li

this discrepancy could possibly be removed if 7Li is destroyed in Pop II stars, though
how this is done exactly is not understood

alternatively BBN could have been non-standard, e.g. including the decay of a relic
particle → potentially testable at the LHC

accelerators ultimately may teach us that the apparent anomalies in the cosmic 7Li

(and 6Li) abundance are ultimately connected to the dark matter
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D/H from Quasar Absorption Systems

Tytler,Fan,& Burles 96

significant dispersion →

underestimated systematic
errors ?

Iocco et al. 09

Fig. 7. The nine measurements of i)-ix) QSA's used in our analysis. The horizontalband represents the value of Eq. (68).an de�ne the following quantities:�i � �+i + ��i2 Ai � �+i � ��i�+i + ��i ; (66)and de�ne a total �2(�) = Pi �2i (�), where eah ontribution �2i is expandedup to A2i terms�2i (�) = �xi � ��i �2  1� 2Ai �xi � ��i � + 5A2i �xi � ��i �2! : (67)Using this proedure we �nd a value of the redued �2, q�2min=(9� 1) =2:715, whih shows the e�et of some systemati e�ets and that one or moreunertainties have been underestimated. If one hooses to treat all the dataon the same footing, one an aount for this by inating eah unertainty bythe multipliative fator 2:715. In this ase, after repeating the proedure, thenew minimization leads to the resultlog 2H=H = �4:53� 0:04 =)2 H=H = �2:98+0:29�0:23�� 10�5 : (68)In (Pet08) it was argued that the determinations v) and vii) of our list are39

D/H = 2.98+0.29
−0.23 × 10−5
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