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The standard BBN model at Ωbh
2
≈ 0.02273
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Assumptions underlying Standard Big Bang Nucleosynthesis

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 abundan
es of D, 3He, 7Li by number with respe
t to H, and the massfra
tion of 4He as a fun
tion of �. The thi
kness of the bands represents 1 � un
ertainties in the
al
ulated abundan
e. The yellow band gives the WMAP � [3℄.The BBN predi
tions 
an be 
ompared dire
tly with 
urrent observational determina-tions of the light element abundan
es. The BBN likelihood fun
tions 
an be de�ned by a
onvolution over � LBBN(X) = Z d� LBBN(�jX) LWMAP(�) (8)12
overconstrained → consistency checks possible
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II. Observational determination of primordial light elements
abundances/ comparison to standard BBN predictions
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Helium-4 from low-metallicity extragalactic HII regions

{ 48 {

Fig. 10.| Same as in Fig. 9 but Y s are derived with the Porter et al. (2005) He iemissivities.

systematic uncertainties

atomic emissivities (changed Yp by
+0.008 !)

temperature variations

ionisation corrections

underlying stellar absorption

Yp = 0.2477 ± 0.0029, 0.2516 ± 0.0011 Peimbert it et. al07, Izotov it et. al07

more realistic error bars: Yp = 0.249 ± 0.009 Olive & Skillman 04
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Observational inferred Helium-4 with time
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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 ea
h 
ontribution �2i is expandedup to A2i terms�2i (�) = �xi � ��i �2  1� 2Ai �xi � ��i � + 5A2i �xi � ��i �2! : (67)Using this pro
edure we �nd a value of the redu
ed �2, q�2min=(9� 1) =2:715, whi
h shows the e�e
t of some systemati
 e�e
ts and that one or moreun
ertainties have been underestimated. If one 
hooses to treat all the dataon the same footing, one 
an a

ount for this by in
ating ea
h un
ertainty bythe multipli
ative fa
tor 2:715. In this 
ase, after repeating the pro
edure, 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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The 7Li Spite plateau

(almost) no variation with metallicity
and stellar temperature

(almost) no measurable star-to-star
scatter

Interpretation - the Primordial 7Li

Abundance

4x10-10

3x10-10

2x10-10

1x10-10

Li/H

observed Li/H by different groups

Spite & Spite 82, Bonifacio & Molaro 97,
Ryan et al 99, Melendez Ramirez 04, Char-
bonnel & Primas 05, Asplund et al 06
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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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Are the 6Li detections real ?

Steffen, Cayrel, Bonifacio, Ludwig, & Caffau 09

6Li in metal-poor halo stars 123
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Figure 3. 6Li/7Li isotopi
 ratio, and �1� error bars, as a fun
tion of e�e
tive temperature asderived by Asplund et al. (2006) before (left) and after (right) subtra
tion of �q(Li) to 
orre
tfor the bias due to the intrinsi
 line asymmetry. Filled 
ir
les denote 6Li dete
tions above the2� level, open 
ir
les denote non-dete
tions.only four ∼ 2σ detections

however, distribution skewed towards positive 6Li/H

a positive 6Li/H detection in HD84937 by four(!) groups
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Helium-3/D

3He/D <
∼ 1.5 for solar system Geiss & Gloeckner 07 is secure and

useful in constraing non-standard BBN Sigl et al. 06
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SBBN Predictions against Observations

Cyburt, Fields, & Olive 08

using the Monte Carlo results from BBN as a fun
tion of � to give LBBN(�jX) and theWMAP value of � distributed as a Gaussian, LWMAP(�). These are shown in Fig. 4 by thedark (blue) shaded regions. Though there are useful measurements of the 3He abundan
e[56℄, these are diÆ
ult to mat
h to the primordial abundan
e [57℄. We will show the BBNlikelihood for 3He in Fig. 4, but will not dis
uss 3He any further.

FIG. 4: The theoreti
al and observational likelihood fun
tions for 4He, D/H, 3He/H, and 7Li/H.BBN results have been 
onvolved with the WMAP determination of � and are shown as dark (blue)shaded area. The observational likelihoods are shown as light (yellow) shaded regions as well asalternative dotted 
urves. The data and distin
tions are detailed in the text.Fig. 4 also shows the observational likelihoods for 
omparison. For 4He, the light (yellow)13
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1x10-10

Li/H

observed Li/H by different groups

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

7Li discrepancy 4.2 − 5.3σ
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Situation Summary

Element

4
He

2
H

3
He

7
Li

6
Li

Comparison

ok/inconclusiv

good

inconclusive

disagreement

?
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III. BBN as a probe of the early Universe and Physics
beyond the standard model
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The BBN early Universe Probe

the epoch of BBN is (one) of the furthest back reaching
precision probe of the early Universe

Almost all of the theoretical work in BBN the last three
decades has been done in exploring non-standard
models

changed expansion rate during BBN

lepton chemical potentials

neutrino oscillations, sterile neutrinos, exotic neutrino interactions

baryon inhomogeneous models, matter-antimatter inhomogeneous models

varying fundamental constants

decay and annihilation of relic paticles during BBN

catalysis of BBN
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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

Jedamzik 04,06
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Example: Supersymmetry, BBN, and Trh

gravitino not LSP → Trh must be low to
avoid too many decays of thermally pro-
duced gravitinos during BBN

gravitino LSP → NLSP decays dangerous
unless τ<

∼5×103sec → gravitino LSP some-
what lighter than weak scale → reheat tem-
perature must be low

Figure 3: The TR vs. m eG plane for tan� = 10 (left) and tan� = 50 (right). Data pointswhi
h survived all BBN and experimental 
onstraints are shown with green dots, while grey dotsare disallowed by the BBN while allowed by 
ollider 
onstraints. Blue points are added to thegreen when we use a more 
onservative limit 6Li=7Li < 0:66. TR is determined so that the total(thermal and non-thermal) produ
tion of gravitinos satis�es the WMAP value; here we used 
 eGh2 =
TPeG h2 + 
NTPeG h2 = 0:11. We also show the lifetime 
ontour of stau, � = 5 � 103 se
, whi
hwas obtained using the spe
i�
 relation between stau mass and gaugino masses as well as theapproximate reli
 density of the ~� in the CMSSM.the mass di�eren
e between the gravitino LSP and the stau NLSP is very small there andthe ele
tromagneti
 energy released is not enough to be a potential problem for BBN.Finally, in the right window of �g. 5 we show TR vs. stau lifetime for all the 
ases wehave 
onsidered, and whi
h summarizes many of our points made above. In parti
ular, withthe ranges of primordial light element abundan
es adopted in this analysis (green points),the upper limit on TR s
ales with the stau lifetime � but does not ex
eed the limit (3.2).Allowing the more 
onservative limit on 6Li=7Li pushes it up to nearly 108GeV, with someisolated points tolerating TR as high as 3� 108GeV, as stated above.4. SummaryWe have re-analyzed the gravitino as dark matter in the Universe in the framework of theCMSSM, taking into a

ount of a number of re
ent improvements in the 
al
ulation. Theimprovements 
on
ern the thermal produ
tion of gravitinos, in
luding the de
ay allowedby thermal masses as well as s
atterings, the 
omputation of the hadroni
 spe
trum fromNLSP de
ay in
luding the 
orre
t implementation of left-right stau mixing, as well as anupdated BBN 
al
ulation fully treating the e�e
ts of bound state e�e
ts between 
hargedmassive parti
les and nu
lei. We found that the over-abundan
e of 6Li from bound statee�e
ts puts more severe 
onstraints on allowed ranges of CMSSM parameters than before{ 11 {
Figure 1: The plane (m1=2;m0) for tan� = 10, m eG = m0 (left window) and tan� = 50, m eG =0:2m0 (right window) and for A0 = 0, � > 0. The light brown regions labeled \LEP �+" and \LEPHiggs" are ex
luded by unsu

essful 
hargino and Higgs sear
hes at LEP, respe
tively. In the rightwindow the darker brown region labeled \b ! s
" is ex
luded assuming minimal 
avor violation.The dark grey region below the dashed line is labeled \Ta
hyoni
" be
ause of some sfermion massesbe
oming ta
hyoni
, and is also ex
luded. In the rest of the grey region (above the dashed line) thestau mass bound m~�1 > 87GeV is violated. In the region \No EWSB" the 
onditions of EWSBare not satis�ed. The dotted diagonal line marks the boundary between the neutralino (�) and thestau (~� ) NLSP. The regions ex
luded by the various BBN 
onstraints are denoted in violet. A solidmagenta 
urve labeled \CMB" delineates the region (on the side of label) whi
h is in
onsistent withthe CMB spe
trum. In both windows, the dark green bands labeled \TR = 107GeV" and \108"
orrespond to the total reli
 abundan
e of the gravitino (from the sum of thermal and non-thermalprodu
tion), for a given (denoted) reheating temperature, lying in the favored range. In the lightgreen regions (marked \NTP") the same is the 
ase for the reli
 abundan
e from NTP pro
essalone. The blue dashed line denotes the relaxed boundary of the BBN 
onstrains when we use the
onservative limit 6Li=7Li < 0:66.For 6Li=7Li we will also use the 
onservative upper limit whi
h is given in the bra
ket. Itallows for the possibility of stellar 6Li (and 7Li) depletion. Sin
e 6Li is more fragile than7Li, post-BBN lithium pro
essing may 
on
eivably redu
e the 6Li=7Li ratio. In the �rst two�gures below, the regions ex
luded by BBN 
onstraints will be shaded violet and marked\BBN". We also show the BBN 
onstraints with the 
onservative bound on 6Li=7Li withblue dashed lines.As regards the total gravitino reli
 abundan
e 
 eGh2, we apply the 3� range derivedfrom WMAP 5 year data [65℄ 0:091 < 
 eGh2 < 0:128; (3.1)whi
h in the �gures below will be marked as green bands and labeled \
 eGh2".{ 8 {

→ supergravity and
leptogenesis (in most
cases) incompatible
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IV. Astrophysical/nuclear physics solutions to the
lithium problem(s)
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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.

fine-tuned turbulent diffusion coeffi-
cient 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 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

Karsten Jedamzik, Brussels, December 3rd ‘09 – p. 24



V. Beyond the standard model solutions to the lithium
problem(s)
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Destruction of 7Li during BBN due to 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

→ possible bydecay/annihilation or relic particles, evaporation
of defects
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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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charged relic - nuclei bound states during/after BBN

Pospelov 06,07, Kohri & Takayama 06, Kaplinghat & Rajaraman 06, Cyburt et al 06, Pradler &
Steffen 06, Hamaguchi et al. 07, Bird, Koopmans, & Pospelov 07, Kawasaki et al. 07,

Takayama 07, Jittoh et al. 07, Jedamzik 07,08

binding energy between nuclei and electrically charged weak
mass scale relics appreciable:

7Be + τ̃ → (7Beτ̃) + γ, 4He + τ̃ → (7Heτ̃) + γ, etc.

Bohr radius of bound nuclei between 2 − 4 Fermis

→ formation of bound states towards the end of BBN

Karsten Jedamzik, Brussels, December 3rd ‘09 – p. 28



Fraction of nuclei bound to X−
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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

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 de
X� = 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 not solve the 7Li problem, unless 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 in cascade nucleosynthesis

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:
Gluino in split supersymmetry

supersymmetric stau Next-to-LSP with gravitino LSP
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Example: Gravitino dark matter in the CMSSM
K.J., Choi, Roszkowski, Ruiz de Austri 06
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Solving the 6Li and 7Li problems by neutralino annihilation ?

 1e-27

 1e-26
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 1e-24

 1e-23
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uu-quark, 6Li/7Li = 0.01-0.09,0.024-0.68; D/H=3.5,4.4,5.3e-5; 7Li/H = 1.5,2,3,4.e-10
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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

observations of the existence of a 6Li plateau (similiar to the 7Li Spite plateau) are
currently controversial

BBN continous to be a powerful probe of the early Universe and physics beyond the
standard model
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