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Outline of the talk
1. Introduction: BBN redux. Recent observational developments. 

Planck results; new accuracy for D/H (?); no 6Li.
2. Applications to light DM, application to the LHC physics. 
3. 7Li is “over-predicted” ß cosmological lithium problem. 

4. Is anything wrong with nuclear physics? Is anything 
wrong with cosmology? Particle physics speculations: non-
thermal decay with extra neutrons; catalysis by charged particles; 
MeV-scale energy injection.
5. Conclusions
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Lithium is a fragile element, difficult to 
produce and easy to destroy

A<1,2,3,4,7 – BBN; A>12 –Stars; 
A=6,9,10,11 –“orphans” (cosmic ray spallation)
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BBN abundances at hCMB
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>30 yr since the F. and M. Spite discovery of 
7Li plateau in Population II stars

Spite plateau (Ryan et al )
Ryan et al.

7Li exhibits a “plateau” with low dispersion – indicator or BBN value  
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CMB data give precise value of eta_baryon

  

  
Parameter Value (68%) 
"bh2# 0.02207±0.00027 
"ch2 # 0.1198±0.0026 (is it high?) 
100$* (acoustic scale at 
recombination) 

1.04148±0.00062 (~ 500 parts 
per million accuracy) 

 !# 0.091±0.014 (WMAP seeded) 
ln(1010As) 3.090±0.025 
ns 0.9585±0.0070 (<1 at > 5 %)  
H0 67.3±1.2 (is it low?) 
"&# 0.685±0.017 
%8# 0.828±0.012 
zre 11.1±1.1 

BASE &CDM MODEL (Planck + WP + HL) 

Parameter Value (95%) 
"K#  -0.0005±0.0066 
' m( (eV)#  <0.23 
Neff    3.30±0.54 
YP#    0.267±0.040 
dns/dlnk   -0.014±0.017 
r0.002  <0.11 
w   -1.13±0.24 

 EXTENDED &CDM MODELS (Planck
+BAO) 

Planck data (Figures from 
Kinney, Natoli talks)
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BBN is very simple… One free parameter h =nb/ng

.0other   ; conditions Initial  less;or  MeV ~ reactants ofEnergy 
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Li abundance can be easily calculated as a separate small exercise 
using He(T), n(T) and main reactions, which are: 

3He+aà 7Be + g - IN. 
7Be +n à p +7Li – OUT, (followed by 7Li+p à 2a)

The main observable is 7Li + 7Be, and the lithium-7 problem is basically 
“too much beryllium-7”. 
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Why particle theorists love BBN
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Particle theorists love it because it is sensitive to New Physics
1. Affect the timing of reactions, 

via e.g. new thermal degrees of freedom or via changing couplings.
2. Introduce non-thermal channels e.g. via late decays or annihilations 

of heavy particles, E > T.
3. Provide catalyzing ingredients that change <sijkv>. Possible 

catalysts: electroweak scale remnants charged under EM U(1) or 
color SU(3) gauge groups. (CBBN, MP 2006)

4. Inhomogeneous BBN etc

extra
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2003 Status     
after WMAP I

Coc et al, ApJ 2004

Blue lines: theoretical predictions of 
abundances as functions of hb

Green bands: observational values for 
primordial abundances of 4He, D, and 
7Li

Yellow band: WMAP-suggested input 
for baryon to photon ratio hb =6 10-10

7Be branch

hb in units of 10-10
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Old status of standard BBN with CMB input (h=6.2 10-10)

Coc et al, 
ApJ 2005

Huge “lithium deficiency”

Lithium problem !!

Deuterium seems OK, (but 
large scatter)
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A lot of speculations about primordial 6Li!

Unexpected plateau (?) of 6Li with metallicity (Asplund et al., 2005);

Claim is challenged in Cayrel et al, 2007. Unlikely a problem at this point

6Li/H ~ 10-11



1991 review

12

19
91
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37
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51
W

Current value h10 = 6.1 is well outside the “BBN range of 1991” 2.8-
4.0. At that time particle physicists did take 7Li seriously. 
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Last 5yr developments (Planck etc)
• Planck re-measures most of the cosmological parameters, but there is 

no drastic change in h compared to WMAP/SPT/ACT.

• Planck determines helium abundance Yp. Accuracy approaches 10%.

• Cooke et al (2013) claim better accuracy and less scatter for the re-
evaluated observational abundance of D/H. Perfect agreement, it 
seems!

• With latest results, no evidence of 6Li in the stellar atmospheres.

• Only 7Li remains a problem. 

10 Cooke et al.

Fig. 5.— Values of D/H for the Precision Sample of DLA measurements analyzed in this paper. The orange point represents the new case reported here
(J1358+6522). The left and right panels show respectively the D/H measures as a function of the DLA oxygen abundance and H i column density. The dark
and light green bands are the 1σ and 2σ determinations of Ωb,0 h2 from the analysis of the CMB temperature fluctuations recorded by the Planck satellite
(Planck Collaboration 2013) assuming the standard model of physics. The conversion from D/H to Ωb,0 h2 is given by eqs. 5 and 6.

TABLE 2
The Precision Sample of D/HMeasurements in QSO Absorption Line Systems

Literature This work
QSO zem zabs [O/H]a logN(H i) log (D/H) logN(H i) log (D/H) Ref.b

(cm−2) (cm−2)
HS 0105+1619 2.652 2.53651 −1.77 19.42 ± 0.01 −4.60 ± 0.04 19.426 ± 0.006 −4.589 ± 0.026 1, 2
Q0913+072 2.785 2.61829 −2.40 20.34 ± 0.04 −4.56 ± 0.04 20.312 ± 0.008 −4.597 ± 0.018 1, 3, 4
SDSS J1358+6522 3.173 3.06726 −2.33 . . . . . . 20.495 ± 0.008 −4.588 ± 0.012 1
SDSS J1419+0829 3.030 3.04973 −1.92 20.391 ± 0.008 −4.596 ± 0.009 20.392 ± 0.003 −4.601 ± 0.009 1, 5, 6
SDSS J1558−0031 2.823 2.70242 −1.55 20.67 ± 0.05 −4.48 ± 0.06 20.75 ± 0.03 −4.619 ± 0.026 1, 7
aWe adopt the solar value log(O/H)⊙ + 12 = 8.69 (Asplund et al. 2009).
bReferences – (1) This work, (2) O’Meara et al. (2001), (3) Pettini et al. (2008a), (4) Pettini et al. (2008b),
(5) Pettini & Cooke (2012), (6) Cooke et al. (2011), (7) O’Meara et al. (2006).

the literature systems that did not meet our selection criteria
(see Section 2.2.1) have larger uncertainties, and thus their
contribution to the weighted mean value of D /H is relatively
low.

4.1. The Cosmic Density of Baryons
Using the most up-to-date calculations of the network of

nuclear reactions involved in BBN, the primordial abundance
of deuterium is related to the cosmic density of baryons (in
units of the critical density), Ωb,0, via the following relations
(Steigman 2012; G. Steigman 2013, private communication):

(D /H)p = 2.55 × 10−5 (6/ηD)1.6 × (1 ± 0.03) (5)
ηD = η10 − 6(S − 1) + 5ξ/4 (6)

where η10 = 273.9Ωb,0 h2, S = [1 + 7(Neff − 3.046)/43]1/2 is
the expansion factor and ξ is the neutrino degeneracy param-
eter (related to the lepton asymmetry by Equation 14 from
Steigman 2012). The rightmost term in eq. 5 represents the
current 3% uncertainty in the conversion of (D /H)p to ηD due
to the uncertainties in the relevant nuclear reactions rates (see
Section 4.2). For the standard model, Neff ≃ 3.046 and ξ = 0.
In this case, the Precision Sample of D/H measurements im-
plies a cosmic density of baryons:

100Ωb,0 h2(BBN) = 2.202±0.020 (random) ±0.041 (systematic)
(7)

where we have decoupled the error terms from our measure-
ment (i.e. the random error term) and the systematic uncer-
tainty in converting the D abundance into the baryon density
parameter.
As can be seen from Figure 5, this value of Ωb,0 h2 is in ex-

cellent agreement with that derived from the analysis of the
CMB temperature fluctuations measured by the Planck satel-
lite (Planck Collaboration 2013):

100Ωb,0 h2(CMB) = 2.205 ± 0.028. (8)
4.2. The Current Limitation

In the era of high-precision cosmology, we feel that it is
important to highlight the main limitations affecting the use
of (D /H)p in the estimation of cosmological parameters. As
can be seen from eq. 7, the main source of error is in the
conversion of (D /H)p to the baryon density parameter (ηD,
and hence Ωb,0 h2). In large part, this systematic uncertainty
is due to the relative paucity of experimental measures for
several nuclear cross-sections that are important in the net-
work of BBN reactions, particularly deuteron–deuteron re-
actions and the d(p, γ)3He reaction rate at the relevant en-
ergies (Fiorentini et al. 1998; Nollett & Burles 2000; Cyburt
2004; Serpico et al. 2004). Since these studies, estimates for
the deuteron–deuteron reaction cross-sections (Leonard et al.
2006) have improved and their contribution to the error budget
has been reduced. Themain lingering concern involves the re-
action rate d(p, γ)3He, for which only a single reliable dataset

12 Cooke et al.

Fig. 6.— The 1σ and 2σ confidence contours (dark and light shades respectively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance (blue),
the CMB (green), and the combined confidence contours (red). The left panel illustrates the current situation, while the right panel shows the effect of reducing
the uncertainty in the conversion from (D /H)p to Ωb,0 h2 by a factor of two (see discussion in Section 4.2). Dashed and dotted lines indicate the hidden contour
lines for BBN and CMB bounds respectively.

Fig. 7.— The 1σ and 2σ confidence contours (dark and light shades respec-
tively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance
(blue), the primordial He mass fraction (green), and the combined confidence
contours (red). Dashed and dotted lines indicate the hidden contour lines for
(D /H)p and YP bounds respectively.

recently as a probe of the effective number of neutrino fam-
ilies (Cyburt 2004; Nollett & Holder 2011; Pettini & Cooke
2012, see also Section 5.1). Here, we demonstrate that precise
measures of the primordial deuterium abundance (in combi-
nation with the CMB) can also be used to estimate the neu-
trino degeneracy parameter, ξ, which is related to the lepton
asymmetry by Equation 14 from Steigman (2012).
Steigman (2012) recently suggested that combined esti-

mates for (D /H)p, YP, and a measure of Neff from the CMB,
can provide interesting limits on the neutrino degeneracy pa-
rameter (ξ ≤ 0.079, 2σ; see also, Serpico & Raffelt 2005;
Popa & Vasile 2008; and Simha & Steigman 2008). By com-
bining (D /H)p and YP, this approach effectively removes the
dependence on Ωb,0 h2. Using the conversion relations for
(D /H)p and YP (eqs. 5–6 and 13–14) and the current best de-
termination of YP (0.253±0.003; Izotov, Stasinska, & Guseva
2013), in addition to the Planck+WP+highL19 constraint on
Neff and the precise determination of (D /H)p reported here,
we derive a 2σ upper limit on the neutrino degeneracy param-
eter, |ξ| ≤ 0.064, based on the approach by Steigman (2012).
We propose that an equally powerful technique for estimat-
19 We used the base cosmology set with Neff and YP added as free param-

eters (see Section 6.4.5 of Planck Collaboration 2013).

ing ξ does not involve removing the dependence on Ωb,0 h2
by combining (D /H)p and YP, as in Steigman (2012). In-
stead, one can obtain a measure of both Ωb,0 h2 and Neff from
the CMB, and use either (D /H)p or YP to obtain two sepa-
rate measures of ξ. This has the clear advantage of decou-
pling (D /H)p and YP; any systematic biases in either of these
two values could potentially bias the measure of ξ. Separating
(D /H)p and YP also allows one to check that the two estimates
agree with one another.
Our calculation involved aMonte Carlo technique, whereby

we generated random values from the Gaussian-distributed
primordial D/H abundance measurements, whilst simultane-
ously drawing random values from the (correlated) distribu-
tion between Ωb,0 h2 and Neff from the Planck+WP+highL
CMB data (Planck Collaboration 2013)20. Using Equation 19
from Steigman (2012, equivalent to eq. 6 here), we find
ξD = +0.05 ± 0.13 for (D /H)p, leading to a 2σ upper limit
of |ξD| ≤ 0.31.
With the technique outlined above, we have also computed

the neutrino degeneracy parameter from the current observa-
tional bound on YP. For this calculation, we have used the
MCMC chains from the Planck+WP+highL CMB base cos-
mology with Neff and YP added as free parameters. In this
case, the CMB distribution was weighted by the observational
bound on YP (YP = 0.253±0.003; Izotov, Stasinska, & Guseva
2013). Using Equations 19–20 from Steigman (2012, equiv-
alent to eqs. 6 and 14 here), we find ξD = +0.04 ± 0.15 for
(D /H)p and ξHe = −0.010 ± 0.027 for YP. These values
translate into corresponding 2σ upper limits |ξD| ≤ 0.34 and
|ξHe| ≤ 0.064. Combining these two constraints then gives
ξ = −0.008 ± 0.027, or |ξ| ≤ 0.062 (2σ).
Alternatively, if we assume that the effective number of

neutrino species is consistent with three standard model neu-
trinos (i.e. Neff ≃ 3.046), we obtain the following BBN-only
bound on the neutrino degeneracy parameter by combining
(D /H)p and YP, ξ = −0.026 ± 0.015, or |ξ| ≤ 0.056 (2σ). We
therefore conclude that all current estimates of the neutrino
degeneracy parameter, and hence the lepton asymmetry, are
consistent with the standard model value, ξ = 0.
20 Rather than drawing values of Ωb,0 h2 and Neff from the appropriate

distribution, we instead used the Markov-Chain Monte Carlo chains provided
by the Planck science team, which are available at:
http://www.sciops.esa.int/wikiSI/planckpla/index.php?
title=Cosmological Parameters&instance=Planck Public PLA
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Recent observations are confusing. 7Li story is 
even more complicated than anyone thought

Aoki et al, 2009, reports the 
suppression of low-metallicity
tail of Spite plateau

Sbordone et al, 2010, confirms it with 
higher statistics

Melendez et al, 2010,
argues that there are two 
Spite plateaus
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More than one problem with 7Li? 
Problem # 1

Problem # 2 M. Spite talk IAP 2012
Paris, 2012, Lithium in the Cosmos	
 13	
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Constraint on WIMP mass range from BBN and 
Neff: above a few MeV is “safe”

§ From Nollett and Steigman, 2014, “safe” range is > few MeV 4

FIG. 1. (Color online) The left panel shows N0
e↵ as a function of the WIMP mass for electromagnetically coupled light WIMPs

in the absence of equivalent neutrinos. From bottom to top, the solid red curve is for a Dirac WIMP, the dashed green curve
is for a complex scalar, the solid black curve is for a Majorana fermion, and the dashed blue curve is for a real scalar. The
horizontal, red/pink bands are the Planck CMB 68% and 95% allowed ranges for Ne↵ . The right panel specializes to the case
of a Majorana fermion WIMP, showing Ne↵ as a function of the WIMP mass for �N⇤

⌫ equivalent neutrinos. The solid curve is
for �N⇤

⌫ = 0, the short-dashed curve is for �N⇤
⌫ = 1, and the long-dashed curve is for �N⇤

⌫ = 2. The horizontal red bands are
the Planck CMB 68% and 95% allowed ranges for Ne↵ , including baryon acoustic oscillations in the CMB constraint. (After
Figs. 7 and 8 of Ref. [13].)

with �N⇤
⌫ = 2 in the presence of a su�ciently low-mass WIMP, and more massive light WIMPs (m�

>⇠ 10MeV)
are excluded for �N⇤

⌫
>⇠ 1. For a Majorana fermion WIMP that couples electromagnetically, depending on its mass,

�0.2 <⇠ �N⌫
<⇠ 2.5 is allowed by the CMB.2

The corresponding results for the contrasting case of a light WIMP that couples only to neutrinos are shown in
Fig. 2. In the neutrino coupled case, �0.2 <⇠ �N⌫

<⇠ 0.8 is allowed by the CMB, depending on the WIMP mass. It
is clear from the discussion here that the CMB – alone – is insu�cient to break the various degeneracies among m�,
�N⌫ , and N

e↵

. However, since the presence of a light WIMP (and equivalent neutrinos) will also a↵ect the early
Universe energy and entropy densities before, during, or immediately after primordial nucleosynthesis, BBN provides
an independent probe which may help to break some of the degeneracies. Here, the changes to standard BBN (SBBN:
no light WIMP, �N⌫ = 0) in the presence of a light WIMP and �N⌫ equivalent neutrinos are investigated. The
BBN and CMB (Planck [22]) constraints are compared in a joint analysis, leading to lower bounds to m� and, to
best fits and 68% and 95% ranges for N

e↵

, �N⌫ , and the baryon density parameter, ⌦
B

h2 ⌘ ⌘
10

/273.9, where the
baryon-to-photon ratio is ⌘ ⌘ (n

B

/n�)0 = 1010⌘
10

.
In the analysis here, the key connection among N

e↵

, �N⌫ , and m� is

N
e↵

(m�, �N⇤
⌫) ⌘ N0

e↵

(m�)(1 +�N⇤
⌫/3) , (4)

where N0

e↵

⌘ 3[(11/4)(T⌫/T�)3
0

]4/3 depends on the nature and interactions of the WIMP, along with the WIMP mass.
In our further discussion, the superscript “⇤” in �N⌫ is (usually) suppressed with the understanding that �N⌫ need
not be an integer or an integer multiple of 4/7. For the specific case of a sterile neutrino, it is assumed that �N⌫ = 1.

2 In principle, the number of equivalent neutrinos should be non-negative, �N⌫ � 0, since it is known that the three SM neutrinos mix
thoroughly before and after they decouple (e.g., Refs. [19, 25, 26]). In the subsequent analysis �N⌫ < 0 is allowed and compared to
the results where a prior is imposed, restricting the number of equivalent neutrinos to �N⌫ � 0. In fact, it is found that �N⌫ < 0 is
marginally disfavored when any CMB constraint is included.
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FIG. 2. (Color online) As for Fig. 1, but for a WIMP that couples to neutrinos instead of the electromagnetic plasma. From
bottom to top in the left panel, the dashed blue curve is for a real scalar, the solid black curve is for a Majorana WIMP, the
dashed green curve is for a complex scalar, and the solid red curve is for a Dirac WIMP. The horizontal, red/pink bands are
the Planck CMB 68% and 95% allowed ranges for Ne↵ . The right panel shows Ne↵ as a function of the WIMP mass for a light,
Majorana fermion WIMP and �N⇤

⌫ equivalent neutrinos. The solid curve is for �N⇤
⌫ = 0, the dotted curve is for �N⇤

⌫ = 1/2,
and the dashed curve is for �N⇤

⌫ = 1. The horizontal, red/pink bands are the Planck CMB 68% and 95% allowed ranges for
Ne↵ . (After Fig. 12 of Ref. [13].)

II. BBN IN THE PRESENCE OF A LIGHT, ELECTROMAGNETICALLY COUPLED WIMP

Here, the predictions of BBN are explored in the presence of an electromagnetically coupled light WIMP, allowing
for �N⌫ equivalent neutrinos. This analysis extends and updates the earlier BBN calculations of Refs. [1, 2, 21],
which did not allow for the possibility of equivalent neutrinos, and it compares the BBN predictions with recently
updated estimates of the relic abundances of helium and deuterium.

A. Physical e↵ects

Light WIMPs a↵ect BBN in three di↵erent ways [1, 2, 21]. The first of these e↵ects is to modify the expansion
rate as a function of the temperature, resulting from the WIMP’s contribution to the energy density of the Universe.
Su�ciently light WIMPs (<⇠ 1 MeV) will be present as a thermally populated relativistic species during some part
of BBN, contributing directly to the energy density. In addition, a thermally populated WIMP that couples to the
electromagnetic plasma and is still at least somewhat relativistic at the time of neutrino decoupling (m�

<⇠ 20 MeV)
heats the photons relative to the neutrinos later, when the temperature is small compared with its rest mass. The
same WIMP species can have both of these e↵ects on the expansion, acting as a relativistic species at the time of weak
freeze-out (T� ⇠ 0.8 MeV) and as a vanished source of photon entropy when the charged-particle nuclear reactions
freeze out (T� ⇠ 40 keV) at the end of BBN. A m� ⇠ 1 MeV WIMP has this property.

These modifications to the expansion rate are shown in the left panel of Fig. 3 for Majorana WIMPs of various
masses. In this figure it is assumed that �N⌫ = 0. The vertical axis shows the time elapsed since the initial big bang
singularity, which is very nearly equal to the inverse of the expansion rate, divided by the elapsed time at the same
photon temperature T� in the standard model. Thus, a ratio of unity indicates the same evolution as in SBBN, a
ratio greater than unity indicates slower evolution, and a ratio less than unity indicates faster evolution.

By considering separate entropy conservation in the neutrino and electromagnetic fluids after neutrino decoupling,
several limiting cases may be explored. First, if the WIMP mass m�

>⇠ 20 MeV, the WIMPs annihilate fully before

9

FIG. 4. (Color online) The four panels show the BBN yields of 4He (upper left), D (upper right), 3He (lower left), and 7Li (lower
right) as a function of the WIMP mass, m�, for ⌦Bh

2 = 0.022 and �N⌫ = 0. Solid curves show results for fermionic WIMPs
(red for Dirac, black for Majorana) and dashed curves show results for bosonic WIMPs (green for a complex scalar, blue for a
real scalar). In the upper left and lower right panels, the curves in region III are from top to bottom, Dirac fermions, complex
scalars, Majorana fermions, real scalars. In the lower left and upper right, the sequence is reversed. The 4He abundance is
shown as a mass fraction YP, and the other abundances are shown as ratios by number to hydrogen.

understanding the results and the parameter constraints they provide, the yields for fermionic and bosonic WIMPs
are shown as functions of m� for �N⌫ = 0 and the CMB value of ⌦

B

h2 in Fig. 4.

Similar results may be found in the prior literature [1, 2, 21]. The results here are in excellent agreement with
those presented in Ref. [21]. They are in fair agreement with those shown in Ref. [1], the latter having been computed
in 1986 with di↵erent rates and a much lower adopted value of ⌦

B

h2. There is a small, but real disagreement with
Ref. [2] (and between Refs. [2] and [1]) in the middle mass range of each graph, including the entire region between

Annihilation to e,g

Annihilation to n
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Application for the LHC
§ New ideas to build a “cheap” detector for a dedicated search of long 

lived particles in coincidence with hard collisions at the LHC: Chou, 
Curtin, Lubatti, 2016. MATHUSLA proposal. 

§ Signal ~ probability to produce * probability to decay

§ BBN may or may not provide a strong cutoff to lifetime.

§ Special investigation is warranted: Fradette, Pospelov, PRD to 
appear. 
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Higgs portal and light scalars
§ At the LHC, we will be concerned with Hà S+S, followed by S 

decay. 
§ Consider “an almost” Z2 symmetric case to maximize the depletion 

of S in the early universe, and minimize its decay: 

2

cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).

II. THE MINIMAL HIGGS PORTAL MODEL

We consider the simplest extension of the SM by a singlet scalar field S. A new singlet scalar S can have two
interaction terms with the Standard Model (SM) at the renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the singlet sector (including the SM) generically takes the form

LH/S = µ2H†H � �H

�
H†H

�
2 � V (S)�ASH†H � �SS

2H†H + kin. terms. (1)

The Higgs expectation value v = 246 GeV is assumed to correspond to a global minimum. The self-interaction

potential V (S) = �
4

S4 +�
3

S3 + m2

S0

2

S2 can be redefined in such a way that the linear term is absent. It is important
that the A, �

3

! 0 and hSi = 0 limit would correspond to the case of stable S particles. To simplify the discussion
without sacrificing much generality, we take �

3,4 ! 0 and assume Av ⌧ m2

S0

, �Sv2.

The physical mass of S receives a contribution from the electroweak symmetry breaking, mS =
p

m2

S0

+ �Sv2. At
linear order in A, the mixing angle ✓ between physical excitations S and h is

✓ =
Av

m2

h �m2

S

✓
1� �Sv2

m2

S

◆
. (2)

The �S term arises because the S field develops a small A-controlled vacuum expectation value. The mixing parameter
✓ leads, via the A coupling constant, to the decay of S particles, which can be readily derived from

L
decay

= S ⇥ ✓
X

SM

Oh, (3)

where Oh is the set of the standard Higgs interaction terms, with the Higgs field removed: e.g. Oh = (mf/v)f̄f for
an elementary SM fermion f .

This Yukawa-type coupling to the SM has been tested in rare meson decays [12–16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large mixing angles ✓ & 10�4�10�2 over the mS ⇠ MeV - 5 GeV
mass range. The proposed experiment SHiP could potential improve current sensitivity down to ✓ ⇠ 10�6 for
mS ⇠ few GeV [17].

In the limit of ✓ ! 0, S is stable and could be the dark matter [18–20]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see Refs. [21, 22] for recent reviews), but �S is generically bounded
from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
invisible branching ratio of Higgs decay to SS final state is

�h!SS =
�2

Sv
2

8⇡mh

s

1� 4m2

S

m2

h

, (4)

Br(h ! SS) =
�S

�S + �SM
' 10�2

✓
�S

0.0015

◆
2

, (5)

where in the last line we assumed Br(h ! SS) ⌧ 1 and mS ⌧ mh. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S

�S . 0.007
⇣
1� 4m2

S

m2

h

⌘
1/4

. (6)

If S is to be stable, such small couplings would lead to an excessive abundance of S, which invalidates the Z
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symmetric
case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).

II. THE MINIMAL HIGGS PORTAL MODEL

We consider the simplest extension of the SM by a singlet scalar field S. A new singlet scalar S can have two
interaction terms with the Standard Model (SM) at the renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the singlet sector (including the SM) generically takes the form

LH/S = µ2H†H � �H

�
H†H

�
2 � V (S)�ASH†H � �SS

2H†H + kin. terms. (1)

The Higgs expectation value v = 246 GeV is assumed to correspond to a global minimum. The self-interaction

potential V (S) = �
4

S4 +�
3

S3 + m2

S0

2

S2 can be redefined in such a way that the linear term is absent. It is important
that the A, �

3

! 0 and hSi = 0 limit would correspond to the case of stable S particles. To simplify the discussion
without sacrificing much generality, we take �

3,4 ! 0 and assume Av ⌧ m2

S0

, �Sv2.

The physical mass of S receives a contribution from the electroweak symmetry breaking, mS =
p

m2

S0

+ �Sv2. At
linear order in A, the mixing angle ✓ between physical excitations S and h is

✓ =
Av

m2

h �m2

S

✓
1� �Sv2

m2

S

◆
. (2)

The �S term arises because the S field develops a small A-controlled vacuum expectation value. The mixing parameter
✓ leads, via the A coupling constant, to the decay of S particles, which can be readily derived from

L
decay

= S ⇥ ✓
X

SM

Oh, (3)

where Oh is the set of the standard Higgs interaction terms, with the Higgs field removed: e.g. Oh = (mf/v)f̄f for
an elementary SM fermion f .

This Yukawa-type coupling to the SM has been tested in rare meson decays [12–16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large mixing angles ✓ & 10�4�10�2 over the mS ⇠ MeV - 5 GeV
mass range. The proposed experiment SHiP could potential improve current sensitivity down to ✓ ⇠ 10�6 for
mS ⇠ few GeV [17].

In the limit of ✓ ! 0, S is stable and could be the dark matter [18–20]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see Refs. [21, 22] for recent reviews), but �S is generically bounded
from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
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8⇡mh

s

1� 4m2
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branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S
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⌘
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case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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FIG. 1. Left : Branching ratios of the scalar S in our baseline decay model. See text for details. Right : Scalar S lifetime of our
baseline model and the spectator model for the mixing angle ✓ = 10�6.

B. Cosmological metastable abundance

After the temperature drops below mS , the interaction of SS pairs with the SM shifts towards the annihilation,
resulting in an intermediate (metastable) population of S bosons. In the mass range that we consider, the S annihi-
lation is dominated by the s-channel reactions SS ! h⇤ ! XX, where on the receiving end are the pairs of the SM
states XX created by a Higgs-mediation process. The annihilation cross section �v generically takes the form

�v(s) =
8�2

Sv
2

(s�m2

h)
2 +m2

h�
2

SM+S

�mh!
p
s

SMp
s

, h�vi =
R1
4m2

S
ds �v(s) s

p
s� 4m2

SK1

⇣p
s

T

⌘

16Tm4

SK
2

2

�
mS

T

� . (12)

This formula recast the rate in terms of a Higgs width �mh!
p
s

SM

with a fictitious mass of
p
s. This form encompasses

both perturbative and non-perturbative channels in the h⇤ decay rate (with the substitution m⇤
h ! p

s), which we
have described above. In the standard WIMP freeze out paradigm, a DM particle freezes out at T

f.o. ⇠ mDM/20,
h�vi is simply the nonrelativistic limit �v(

p
s = 2mDM ) and the relic density can be conveniently approximated as

⌦DMh2 ⇠ 0.11⇥ 1pb/h�vi. This result emerges as a solution to the Boltzmann equation1 [38]

dY

dx
=

sh�vi
Hx


1 +

1

3

d(lnh
e↵

)

d(lnT )

� �
Y 2

eq

� Y 2

�
, (13)

when the freeze out occurs in the exponentially falling region of the equilibrium density Y
eq

(T ). For a much smaller
annihilation cross section, h�vi ⌧ 1 pb, Y departs from the equilibrium value earlier, possibly near the relativistic
plateau Y

eq

= n
eq

/s ! 45⇣(3)/2⇡4h
e↵

(T ) for x ⌧ 1. Since the nonrelativistic annihilation cross section in the
minimal Higgs portal model ranges from 10�3 to 10�14 pb for mS ⇠ 1 MeV�60 GeV and Br(h ! SS) ⇠ 0.1� 0.001,
we numerically integrate equation (13) to determine the metastable S abundance. The results are shown in Fig. 2,
normalized to the baryon number density for a more intuitive interpretation of its impact on BBN in the following
section.

For mS ' mh/2, the �v cross section evaluated at s = 4m2

S is a poor approximation, as it fails to capture the strong
energy dependence of the cross section near the resonance at

p
s = mh/2 [39]. The sharp drop in the abundance above

mS ⇠ 45 GeV is due to the resonant contribution to the thermally averaged cross section, leading to a delayed freeze
out and drastic decrease in metastable S abundance. Our numerical results agree with the semi-analytic treatment
of Ref. [21]. For very light mS , one can see that the freeze out abundances are large, and the relative spread between
di↵erent input values of Br(h ! SS) gets smaller, as the annihilation cross section becomes very small and the
freeze out happens in the semi-relativistic regime x

f.o. ⇠ O(1) and asymptote to the Y
eq

relativistic plateau for
small mS . The only di↵erence at the lightest masses is from Y rel

eq

/ 1/h
e↵

(T ). Since h
e↵

is a monotonic function

1 We use the standard variable definitions, where Y = nS/s is the S abundance normalized on the entropy density s, x = m/T is
the dimensionless inverse temperature, H is the Hubble rate, he↵ is number of entropic relativistic degrees of freedom and Yeq is the
normalized thermal equilibrium S number density.
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Cosmological  metastable abundance
§ In the early Universe, the number density is depleted as for the usual 

WIMP: 

§ However, because Higgs mediation is relatively inefficient, the 
abundance you are stuck with is large, 5
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FIG. 2. Left : Temperature evolution (x = m/T ) of the YS intermediate abundance for mS = 5 MeV and 500 MeV for the three
benchmark higgs branching ratios. Right : Metastable abundance of S prior to its decay normalized over the baryon density.
Values shown for Br(h ! SS) = 10�1, 10�2 and 10�3. The dashed lines correspond to the perturbative spectator model.

of temperature, weaker annihilation cross sections freeze out earlier, at a higher temperature, thus yielding smaller
abundances (as seen in the mS = 5 MeV curves in Fig. 2). This is in contrast with the standard freeze out in the
non-relativistic regime, with final abundances inversely proportional to the cross section. We note in passing that the
strong-interaction-related uncertainty “propagates” outside the mS ⇠ 2m⇡ � 2mc window. For example, because of
the relativistic freeze out, for mS smaller 2m⇡ the hadronic channels may turn out to be important.

III. BIG BANG NUCLEOSYNTHESIS

The formation of light nuclei is one of the earliest probes of NP in cosmology along with far less certain constraints
imposed by the inflationary framework. BBN is well-understood within SM physics, and its outcome agrees with
observational data for 4He and D. 7Li has an outstanding factor of ⇠ 2 � 3 discrepancy between theory and obser-
vations [9], with the caveat that the observed abundances may have been a↵ected by stellar evolution. Nevertheless,
the overall success over a wide range of abundances can be used to constrain various types of NP [11].

The initial BBN stage is the neutron-proton ratio n/p freeze out. Maintained in equilibrium by electroweak
interactions at high temperatures, the neutron abundance follows n/p ⇠ e�Q/T , where Q = mn � mp � me '
1.293 MeV, until the epoch when the weak processes decouple around temperatures of 0.7 MeV. The outcome,
n/p ' 1/6, is quasi-stable, decreasing to n/p ' 1/7 at the end of the “deuterium bottleneck”. The latter terminology
is used to indicate a much delayed onset of nuclear reactions controlled by a relatively shallow n� p binding energy.
Once the Universe runs out of photons that can e�ciently dissociate deuterium, the bulk of the nucleosynthetic
reactions occurs at t

deut

⇠ 200 seconds. 4He has a large binding energy per nucleon, and the reactions leading
to it are less Coulomb-suppressed than for heavier elements. Consequently, most neutrons end up in the final 4He
abundance (expressed in mass fraction from the total baryon mass) Yp ' 2(n/p)/ (1 + n/p) ' 0.25.

Traces of neutrons and incomplete nuclear burning of A = 2, 3 nuclei light nuclei result in the left-over abundances
of 3He and D. Beyond the 4He atomic number, the deepest bound nucleus is 12C, but its formation is completely
suppressed since it would need to be produced by a triple 4He collision. The 2 ! 2 reactions p + 4He and 4He +
4He are also ine↵ective at producing heavier nuclei as the A = 5 and A = 8 elements are all unstable. The only
remaining possibilities are 4He + 3He ! 7Be + � followed by a � decay to yield 7Li/H ⇠ O(10�10) and 6Li formed at
the 6Li/H ⇠ O(10�14) via 4He-D fusion. For the problem at hand - the determination of the upper limit on the S
lifetime - few of these details matter. This is because of relatively large metastable abundances a↵ecting the earliest
stages of nucleosynthesis, primarily via the n/p ratio.

A. Neutron Enrichment

Ample abundances of S particles (nS ⇠ 102 � 109 ⇥ nb) flood the Universe with final state mesons and nucleons
that in turn could spoil the final light nuclei abundances. For example, at temperatures T ⇠ 0.5 MeV, the protons are
⇠ 6 times more abundant than neutrons, but this ratio can be easily changed due to meson-induced charge exchange
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Constraints on lifetime come mostly from n/p 
enrichment

§ Decay products (nucleons, kaons, pions) induce extra pàn
transitions and quite generically increase n/p. This is very 
constrained. 

§ For a ~ GeV scale particle, and energy of 200 GeV (broadly 
consistent with being a decay of the Higgs at 13 or 14 TeV energy), 
the minimum probability to decay in 100m hangar is ~ 10-6. If the 
branching of HàSS is sizeable, then it is a detectable signal. 
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FIG. 6. Left : Lifetime constraint as a function of the S mass for three h ! SS branching ratios. The lettered regions represent
di↵erent assumptions or physics and are described in the text. The dotted lines correspond to the perturbative spectator model.
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• Region B m⇡ < mS < 2m⇡ : This region is dominated by the SS annihilation to ⇡+⇡�. We also derived the
same constraint as region A from N

e↵

up to mS = 2mµ, in addition to the raised N
e↵

from decays into muons
in the 2mµ < mS < 2m⇡ and the Yp constraints from S decaying into muons. They all yield weaker bounds, of
⌧S > 0.3 sec or longer.

• Region C 2m⇡ < mS < 2mK : The abundance YS weighted by the pion branching ratio constrains the region
via direct charged pion decays. We assume 2/3 go into charged pions and 1/3 is radiated away in ⇡0.

• Region D 2mK < mS < 1.4 GeV : The abundance YS weighted by the kaon branching ratio constrains the
region via direct charged kaons decays. We assume 1/2 go into charged kaons and 1/2 into K0K̄0. Only half of
the neutral kaons survive as KL, creating similar in numbers metastable populations of KL, K+ and K�.

• Region E 1.4 GeV < mS < 2mD : By strangeness conservation, we assume that all s-quarks yield a kaon,
half charged and half neutral. Since we do not have model-independent branching ratios of S in this mass
regime, we vary the description according to the assumptions in each decay model. For the baseline model, we
assume that 100% decays to the kaons and apply our kaon injection constraints. For the perturbative spectator
model, the kaon branching ratio is given by (11), with non-negligible contributions from decays to pions, muons
and eta mesons, resulting in weaker bounds until the c-quark threshold. At mS = mc the hadronic modelling
dependence largely goes away.

• Region F 2mD < mS < 2mb : We utilize the branching fractions of cc̄ from e+e� at
p
s = 10.5 GeV into

D-mesons from Ref. [56] and weight each channel by its inclusive K± branching ratios to find a hadronization
yield of 0.63 K+K� pair per S decay into c-quarks. Rescaled by Br(S ! cc̄), same constraints from kaon
injection apply. Above the 2m

⇤c threshold, a cc̄ typically forms a c-baryon with a 0.06 probability [56], which
then hadronizes to p or n. We find this constraint weaker than the kaons injection and use the K+K� result
across this entire range.

• Region G mS > 2mb : The main decay channel here are pairs of bb̄ quarks. The charged pion, charged
kaons and proton multiplicities in the bb̄ decay of a Z boson are measured to be 18.44 ± 0.63, 2.63 ± 0.14 and
1.00 ± 0.08 respectively by the ALEPH collaboration [57]. We assume the ratio holds in the hadronization of
lower centre-of-mass decays into bb̄ and scale by the mean charge multiplicity fit [58]

Nch(s) = �0.577 + 0.394 ln(s/s
0

) + 0.213 ln2(s/s
0

) + 0.005(s/s
0

)0.55, (49)

where s
0

= 1 GeV2. This fit agrees well in both e+e� and pp̄ collisions between
p
s ⇠ 2 GeV�2 TeV. This gives

us an estimate for the baryon injection of the bb̄ branching fraction of S. We further assume 50% smaller injection
of n(n̄) to utilize our baryon injection constraints. The accompanying pions and kaons also independently yield
comparable constraints, not shown in the figure.



21

Back to the lithium problem:
Ways the 7Li problem can be resolved

§ Nuclear:
May be SBBN prediction is somehow not correct. Some
subdominant but poorly known reactions play a role? 

§ Astrophysical:
Depletion of lithium along Spite plateau is ~ 3 – 5.

§ Particle physics:
Decays of heavy relics can reduce 7Li. 
7Li can also be destroyed in catalyzed reactions.

§ Cosmological:
7Li is measured locally, while D and especially baryon-to-photon 
ratio globally. If there is a downward fluctuation of baryon density in 
proto-Milky Way region, local 7Li/H can be smaller. 
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Ways the 7Li problem can be resolved
§ Nuclear:

May be SBBN prediction is somehow not correct. Some
subdominant but poorly known reactions play a role? 

§ Astrophysical: ß Definitely can alleviate Li problem at least 
partially
Depletion of lithium along Spite plateau is ~ 3 – 5.

§ Particle physics:
Decays of heavy relics can reduce 7Li. 
7Li can also be destroyed in catalyzed reactions.

§ Cosmological:
7Li is measured locally, while D and especially baryon-to-photon 
ratio globally. If there is a downward fluctuation of baryon density in 
proto-Milky Way region, local 7Li/H can be smaller. 



23

More on 7Li generation during the BBN
In fact, it is 7Li+7Be that we are interested in (much later, 7Be 

captures an electron and becomes 7Li). Things are simple: there 
is one reaction in, and one reaction out 

3He+aà 7Be + g - IN. 
7Be +n à p +7Li – OUT, (followed by 7Li+p à 2a)
At T>25 keV, 7Li is unstable being efficiently burned by protons. 
4He, 3He, D, p, and n can be all considered as an input for lithium 

calculation. 
1. 3He and n abundances ? All reactions are too well-known. 3He is 

indirectly measured by the solar neutrino flux. 
2. 3He(a,g )7Be reaction is now known with better than 10% 

accuracy (thanks to several dedicated experiments in the last 
10yr).

New ways of destroying 7Be that were missed ? 
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Burning of 7Be using deuterium
It has been suggested (Coc et al., 2004) that if the reaction rate of     

7Be(d,p)aa is arbitrarily increased by a factor of ~ 100, the lithium 
problem can be “solved” right during the BBN. 

Subsequent experimental search (Angulo et al., 2005) have shown no 
enhancement in this reaction. 

It is important, however, that the search was made at E~400 keV, and 
the extrapolation to BBN regime was done assuming smoothness of 
astrophysical S-factor (cross section). There is a loophole to it due 
to resonances (MP).

Such assumptions can be spectacularly violated by the presence of near 
threshold resonances ( e.g. F. Hoyle, 1950s). 
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9B energy levels

from TUNL

nuclear data

project



Zooming in: 16.7 MeV resonance near 7Be +d

26

Not much is known about 5/2+, 16.7 MeV +/- 100 keV resonance in 
9B. Information about mirror nucleus, 9Be, shows that this resonance 
is extremely narrow, 40 keV. 

We (R. Cyburt and MP, 2009) tried to determine parameters of this 
resonance phenomenologically, and then see if it can be consistent 
with nuclear physics/quantum mechanics. (Similar suggestions are 
by Chakraborty et al, 2010; Broggini et al, 2012). The Gd width has 
to be maximal, close to allowed value by QM. 
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Resonance hypothesis is also excluded…
1. Data from 9Be(3He,t)9B reaction allow to determine the position of 

the resonance more accurately. Not 16.7 MeV but 16.8 MeV. 
Resonant energy = 300 keV – too high for the efficient burning of 
7Be. (Kirsebom, Davids, 2011)

2. Large entrance width for 7Be + Dà9B(16.7MeV)  is required, > 10 
keV. Implies large elastic contribution to 7Be + D scattering. Was 
searched for at HRIB (Oak Ridge), not found, entrance width is 
limited to O(keV) or below – no burning of 7Be. (O’Malley et al., 
2011).

there is no [known or hypothetical] nuclear solution to the 
cosmological lithium problem.
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Some non-standard particle physics 
“solutions” to 7Li discrepancy

1. Particle decays that supply extra neutrons (Reno, Seckel, 1980) 
that lead to the suppression of 7Be.

2. Catalysis of nuclear reactions by e.g. negatively charged relics 
can suppress 7Be. (MP, 2006).

3. Light particles splitting nuclei (New): (MP, Pradler, 2010). 
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Straight energy injection does not solve 7Li 
discrepancy

1. Particle decays can supply energy in form of the EM showers

2. Maximum energy in such showers is below the Be7 binding 
energy for a long time 

When Be7 destruction becomes possible, soon after the D can also 
be destroyed. One needs O(1) reduction in Be7. And not more 
than 10% reduction in D. (Exception: unstable particles in the 
interval of mass 1.6-2.2 MeV)

16 Big Bang Nucleosynthesis as a Probe of New Physics

complete it can lead to strong departures from the observed pattern of primordial abun-

dances. Therefore, BBN provides us with a significant sensitivity to this class of models

even when the total energy density stored in the decaying and annihilating species is com-

pletely subdominant to the energy density of the Universe. This issue has taken on a great

deal of importance due to its potential connection to particle dark matter, in which weakly

interacting massive particles (WIMPs) can either source non-equilibrium BBN via their

annihilation, or be produced in the decays of some metastable parent particles.

BBN scenarios with additional energy injection have received a plenty of attention since

their inception [65,66,67,68,69,70,71,72], more recent and more detailed treatments can be

found in [73,74,75,76,77]. By accounting for the qualitative differences in the abundance sig-

natures, one may distinguish between electromagnetic decays to γs, e±, and possibly other

leptons and decays to hadronic final states that lead to extra energetic nucleons. Whereas

electromagnetic decays have a significant impact on BBN only at late times (τ >
∼ 105 s), after

all reactions are effectively frozen, the hadronic decays may have observable consequences

even if they occur as early as few seconds.

3.1 BBN with electromagnetic and hadronic energy injection

When the decaying particle produces mostly electromagnetic radiation, the treatment of

non-equilibrium BBN is relatively simple. Because the density of the early Universe is

quite significant, decaying particles quickly yield electromagnetic showers. As a result, a

potentially very large energy release per decaying particle (i.e. O(1 TeV) can be transferred

to a large number of O(10MeV)-energy photons, some of which may have a chance of

interacting with and/or disintegrating light nuclei before their energy is further dispersed

and thermalized.

The main physical process that regulates the maximal energy of particles in the shower

is the pair-production in the scattering of energetic γs on thermal photons, i.e. γ + γT →

e− + e+. This leads to a so-called “zeroth-generation” differential photon spectrum in the

form of a broken power law [78]:

pγ(Eγ) =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

K0(Eγ/Elow)−1.5 for Eγ < Elow

K0(Eγ/Elow)−2.0 for Elow < Eγ < EC

0 for Eγ > EC

(21)

where the power break occurs at Elow ≃ m2
e/(80T ), and the spectrum is cut-off at the

threshold of pair production EC ≃ m2
e/22T [72]. The overall normalization constant K0 of

the spectrum is determined by requiring that the primary injected (electromagnetic) energy

E0 be carried by the photon cascade, that is, E0 =
∫

dEγEγpγ .

The ansatz (21) for the spectrum immediately tells us the temperature and time of injec-

tion that allow for the photodisintegration of a certain element. The highest temperature

Tph (one-to-one related to the earliest cosmological time) at which photodisintegration can
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occur can be determined by equating EC to the nuclear binding energies Eb against pho-

todissociation:

Tph ≃

⎧

⎪

⎨

⎪

⎩

7 keV for 7Be + γ → 3He + 4He (Eb = 1.59MeV)

5 keV for D + γ → n+ p (Eb = 2.22MeV)

0.6 keV for 4He + γ → 3He(T) + n(p) (Eb ≃ 20MeV)

(22)

Once the temperature is so low that the photodisintegration of 4He can occur, net pro-

duction of D and 3He becomes possible. An amount of 6Li can be produced either via

photodissociation of 7Be and 7Li or through secondary interactions of the products of 4He

destruction. This important mechanism is discussed in some detail later.

The photons in the cascade (21) undergo further degradation via the (slower) processes

of Compton scattering, pair-production on nuclei, and elastic γ-γ scattering so that the

total number of energetic photons is given by competition between the injection (decay or

annihilation) rate Γinj and the total energy loss rate Γγ(Eγ). The energy spectrum can

then be obtained in form of a quasi-static equilibrium solution [79]

fqse
γ = nX

Γinjpγ(Eγ)

Γγ(Eγ)
, (23)

where nX is the time-dependent number density of the decaying and annihilating particles,

Γinj = τ−1
X for decays, and Γinj = 1

2nX⟨σannv⟩ for self-annihilation. Depending on the

temperature of the primordial plasma at the time of energy injection, both production

and destruction of elements may occur. One can incorporate these possibilities into an

additional set of Boltzmann equations, which include the non-thermal photon population

and abundances of nuclei denoted here as T,A, and P (AT > AA > AP ):

−HT
dYA

dT
=

∑

T

YT

∫ ∞

0
dEγf

qse
γ (Eγ)σγ+T→A(Eγ)

−YA

∑

P

∫ ∞

0
dEγf

qse
γ (Eγ)σγ+A→P (Eγ). (24)

The solution to this set of equations constrains the amount and timing of deposited elec-

tromagnetic energy. Figure 4 shows the results of a sample calculation for the model with

a decaying particle with a lifetime of τX = 108 s and an initial energy density relative to

baryons of mXnX/(mpnb) = mXYX/mp ≃ 1; there is an extra assumption that half of the

rest mass of the species, mX = 1TeV, is released in the form of electromagnetic energy into

the thermal bath. One can see the significant increase in 3He, D, and 6Li abundances. The

solid arrows indicate the main transformations of the elemental abundances under the in-

fluence of the dissociating radiation. The model considered in this graph is in stark conflict

with observations and is therefore excluded.

It is intriguing to investigate whether the injection of electromagnetic energy may reduce

the abundance of 7Li+7Be. A dedicated study [80] found that such a reduction is generally

difficult to achieve because either D is also destroyed or 3He/D is overproduced beyond
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Extra neutrons from particle physics reduce 7Be
3He+aà 7Be + g - IN. 
7Be +n à p +7Li – OUT, (followed by 7Li+p à 2a)

Addition of O(10-5) neutrons per proton at T~40 keV accelerates 
burning of 7Be. It does not matter how you generate extra 
neutrons (particle decays, annihilation etc). (Reno, Seckel; 
Jedamzik; Kohri et al.). This mechanism is sensitive to hadronic
fraction of decays/annihilation. 

Candidates: scalar lepton NLSP à gravitino LSP decays (many 
studies); gravitino decays; R-parity violating decays; super-
WIMP decays… You can have arbitrarily many models that do 
that. They may or may not have associated collider signatures. 
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Time evolution of abundances in nBBN

Most of the models of neutron injection are disfavored because of 
elevated D/H. (Coc, MP, Vagioni, Uzan, 2014; ). 
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Is extra-neutron triggered reduction of 7Li 
consistent with D/H? 

No (Shown in Coc, MP, Vangioni, Uzan) 
This can be shown by scanning over all possible different physical 

methods of particle injection:

1. Neutrons from decays
2. Neutrons from annihilations, including resonant annihilation
3. Neutrons from oscillations from mirror sector
….. 
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Is extra-neutron triggered reduction of 7Li 
consistent with D/H? Too much D!
Neutrons from decays and annihilation (yellow – He 

constraint, blue – solution to Li7, black lines contours of D/H)
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x = 0.2 respectively with �⇥ = 10�10 (left) and �⇥ = 3 ⇥ 10�10 (middle) and x = 0.5 and �⇥ = 10�10 (right). The blue strip
corresponds to models for which the BBN predictions are compatible with the observational constraints for both helium-4 and
lithium-7. The solid lines indicate the prediction of deuterium abundance D/H = {3.6, 3.8, 4.0, 4.2, 4.4, 4.6}⇥10�5 from top
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FIG. 5. Decay of massive particles. Contour plot assuming
� = �CMB for the two parameters of the model: the lifetime
⇤x of the massive particle and the decay rate ⇥0 exp(�t/⇤X).
This can be compared to the case 4 of Ref. [14]. The solid
dashed lines indicate the prediction of deuterium abundance
D/H = {3.6, 3.8, 4.0, 4.2, 4.4, 4.6}⇥10�5 from top to bottom.

is dominated by the channel 4He +3 He �7 Be + ⇥ fol-
lowed by a �-decay. Between the two blue strips the final
abundances of Lithium-7 is too low. At higher rates, 7Be
becomes completely negligible but the abundance of tri-
tium is increased so that one opens the second channel
4He +3 H �7 Li + ⇥ so that the abundance of lithium-7
becomes too large again.

Again, it is easily concluded that in the range of pa-
rameters that allows these models to solve the lithium
problem, the production of deuterium remains too high
to be compatible with recent observational constraints.

FIG. 6. Decay of massive particles. The abundance of
lithum-7 produced during BBN, as a function of the two pa-
rameters (⇤X ,⇥0) has a valley. See text for an explanation of
the shape of this surface and compare with Fig. 5.

Particle annihilation. The only parameter of the
model is the annihilation rate ⌅0(T/ GK)3. Figure 7
depicts the dependence of the abundances of helium-4,
deuterium, tritium and helium-7 as a function of this
parameter assuming that ⇤ is fixed to ⇤CMB. As the
annihimation rate increases, the abundance of helium-4
increases, simply because there is more neutron available.
This sets an upper bound on ⌅0. As already concluded in
Ref. [14], the neutron injection can alleviate the lithium
problem. the shape of the curve is understood in ex-
actly the same way as in the previous paragraph. While
tritium is slightly a�ected by the neutron injection, deu-
terium increases and there is no possibility to reconcile
both deuterium and lithium-7 simultaneously with the
observations.

Resonant particle annihilation. We scan the parame-
ter space (Er,⌅0) and the result is depicted on Fig. 8.
The morphology of the allowed region is similar to Fig. 5
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rate ⇥0. Standard BBN is recovered in the limit ⇥0 ⇤ 0. It
is easily concluded that solving the lithium-7 problem would
be at the origin of deuterium problem.

obtained for particle decay.
The morphology of the region of the parameter space

leading to an agreement for both lithium-7 and helium-4
is similar to the case of the decay of a massive parti-
cle (see Fig. 5) and the existence of the two branches is
interpreted in exactly the same way.

Again, the predicted abundance of deuterium is too
large in these models.

5. CONCLUSIONS

In this article we have considered four di⇥erent mecha-
nisms that allow one to modify the standard BBN frame-
work by injecting extra neutrons during the late stages of
primordial nucleosynthesis. Such an injection reduces the
amount of produced 7Be, and thus of the final 7Li abun-
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FIG. 8. Resonnant annihilation. Contour plot assuming
� = �CMB for the two parameters of the model: the reso-
nance energy ER and the reaction rate ⇥0 exp(�ER/kT ) (this
corresponds to the case 5 of Ref. [14]). The solid dashed lines
indicates the prediction of deuterium abundance D/H = {3.6,
3.8, 4.0, 4.2, 4.4, 4.6}⇥10�5 from top to bottom.)

dances, since it increases its destruction due to a more
e⌅cient neutron capture. We have detailed the way to
implement the oscillation of neutrons with mirror neu-
trons in BBN and showed that it can modify the lithium
abundance only is the mirror symmetry is approximate,
in the sense that �m ⇥= 0.
Our main conclusion is that while for all models there

exists a region of the parameter space for which both
the helium-4 and lithium-7 predictions are in agreement
with their current observations, assuming that � is fixed
to its CMB value, this is at the expense of a too high
value of D/H, incompatible with existing observational
constraints. This conclusion is summarized on Fig. 9 in
which each dot is the prediction of a model of one the 4
classes in the space (D/H, 7Li/H). It is easily concluded
that all the models lies on the half-plane above the dashed
line, that is

log(D/H) > �0.293 log(7Li/H)� 7.3.

As a consequence, none of the models can be compatible
with existing constraints on D/H (Ref. [4] or Ref. [24]
represented by the two rectangles).
We have thus demonstrated that, given the new obser-

vational constraints on D/H, no mechanism of a neutron
injection during the late stages of BBN can resolve the
lithium problem. Similar conclusions for late time nu-
cleon injection were recently reached in Ref. [36].
As discussed in the introduction, the solution to this

problem can be from astrophysical origin or physical ori-
gin. In the latter case, mechanisms based on a modifica-
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Is extra-neutron triggered reduction of 7Li 
consistent with D/H? Too much D!
Neutrons from oscillation from “mirror world” (!)  (yellow –

He constraint, blue – solution to Li7, black lines contours of D/H)

Neutron injection by itself does not solve 7Li problem because it 
leads to overproduction of D. 
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FIG. 5. Decay of massive particles. Contour plot assuming
� = �CMB for the two parameters of the model: the lifetime
⇤x of the massive particle and the decay rate ⇥0 exp(�t/⇤X).
This can be compared to the case 4 of Ref. [14]. The solid
dashed lines indicate the prediction of deuterium abundance
D/H = {3.6, 3.8, 4.0, 4.2, 4.4, 4.6}⇥10�5 from top to bottom.

is dominated by the channel 4He +3 He �7 Be + ⇥ fol-
lowed by a �-decay. Between the two blue strips the final
abundances of Lithium-7 is too low. At higher rates, 7Be
becomes completely negligible but the abundance of tri-
tium is increased so that one opens the second channel
4He +3 H �7 Li + ⇥ so that the abundance of lithium-7
becomes too large again.

Again, it is easily concluded that in the range of pa-
rameters that allows these models to solve the lithium
problem, the production of deuterium remains too high
to be compatible with recent observational constraints.

FIG. 6. Decay of massive particles. The abundance of
lithum-7 produced during BBN, as a function of the two pa-
rameters (⇤X ,⇥0) has a valley. See text for an explanation of
the shape of this surface and compare with Fig. 5.

Particle annihilation. The only parameter of the
model is the annihilation rate ⌅0(T/ GK)3. Figure 7
depicts the dependence of the abundances of helium-4,
deuterium, tritium and helium-7 as a function of this
parameter assuming that ⇤ is fixed to ⇤CMB. As the
annihimation rate increases, the abundance of helium-4
increases, simply because there is more neutron available.
This sets an upper bound on ⌅0. As already concluded in
Ref. [14], the neutron injection can alleviate the lithium
problem. the shape of the curve is understood in ex-
actly the same way as in the previous paragraph. While
tritium is slightly a�ected by the neutron injection, deu-
terium increases and there is no possibility to reconcile
both deuterium and lithium-7 simultaneously with the
observations.

Resonant particle annihilation. We scan the parame-
ter space (Er,⌅0) and the result is depicted on Fig. 8.
The morphology of the allowed region is similar to Fig. 5
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7Li reduction from p – injection (p –+p à n+p 0)

Wide range of lifetimes is suitable (MP, Pradler 2010). But D/H is too 
high relative to observations.
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µBBN or nBBN (µ decay; n+pà n+e, + extra 
radiation)

Extra region at lifetime ~3hr. Energy injection corrects D/H back to SBBN
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Conclusions for decaying particles

§ Straight decay into radiation do not work because reduction of 7Li 
also leads to reduction of D/H. (Unless “exactly” 2 MeV particle)

§ Neutron injection (decays, annihilation etc) at t~ 500 sec for a long 
time thought to be a solution – not anymore. D/H > 3.6 10-5, while 
observations give 2.5 10-5 in agreement with SBBN.

§ Combination of EM energy injection and neutrino injection (e.g. 
from unstables particles decaying to muons) can do the job. Extra 
energetic neutrinos produce a conversion of some protons to 
neutrons, reducing Li and elevating D, but D gets destroyed by e at 
10000sec. Lifetime of “X” is ~ 104 sec.
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Metastable particles absorbed by 7Be or D
(Goudelis, Pradler, MP, PRL 2016)

• Idea: A O(10 MeV) mass particle “X ” could survive to t ~ 1000 sec 
(which is non-trivial) and modify BBN by participating in nuclear 
reactions

• Interesting regime is when rB << rV << rg . (Abundances much 
larger than thermal – but reduced compared to T 3 )

• mX < 4He binding – otherwise the production of “zombie neutrons” 
from 4He (credit for the name goes to R. Harnik) 

• 7Be + X à 3He +4He;    D + X à n + p;  etc will happen with rates 
proportional to  ~  (small coupling)2 nX

• At t ~ 1000 sec destroyed 7Be cannot be resurrected, but 
“borrowed” neutrons from spalled D are incorporated back via n+p
à D + g
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• Scenario A: 

A new massive particle X, (2 MeV < mX < 20 MeV), that is directly 
absorbed by nuclei

• Scenario B:

A progenitor particle Xp decays to non-thermal radiation-like states, 
e.g. Xpà XX, and they are gradually red-shifted by the expansion .

(4 MeV < mXp < 40 MeV)

2

reduced. Most importantly, if reactions R1 and R2 oc-
cur relatively early, T > 10 keV, and the energy carried
by the X particle is below the 4He binding energy, the
helium and deuterium abundance will not be altered in
a significant way, as neutrons generated in R2 will be in-
corporated back to deuterium via the process p(n, �)D
that remains faster than neutron decay down to temper-
atures of T ⇧ 10 keV. Note that X cannot be a light
Standard Model particle; non-thermal photons at these
temperatures are quickly degraded in energy below nu-
clear binding thresholds, and neutrinos have too small an
interaction rate.

In the remainder of this paper, we show that these
qualitative expectations are supported by detailed BBN
calculations. We determine the required properties of X,
provide concrete particle physics realizations, and point
out experimental avenues to test the proposed scenarios.

New light metastable particles during BBN. Light,
very weakly coupled particles X can selectively a�ect
BBN processes if their number density is large, but their
energy density remains subdominant to that of photons.
Therefore, as a guideline, we shall assume that their num-
ber density during BBN satisfies the bound

nb ⇧< nX <
T

EX
⇥ n� , (2)

where EX is the energy carried by these particles (and
EX = mX for the non-relativistic case). Since the respec-
tive baryon and photon number densities nb and n� are
widely di�erent, nb/n� = 6.1⇥ 10�10 [4], the abundance
of nX (2) can vary in a rather large range. We distin-
guish two di�erent scenarios. Scenario A assumes that
X is non-relativistic, with mass in the range from 1.6 to
20 MeV, and it participates in the reactions (1) before
decaying either to Standard Model (SM) radiation, or to
a beyond-SM radiation species. Scenario B assumes that
there is an inert, almost non-interacting neutral progeni-
tor particle Xp that decays to (nearly) massless states X
which participate in the nuclear reactions before being
red-shifted below nuclear reaction thresholds. For the
two-body decay, Xp ⌃ XX, the mass Xp must lie in the
range from 3.2 to 40 MeV, and the mass of X should be
less than ⇧ 1 eV (to avoid hot dark matter constraints.)
The upper mass bound in both scenarios ensures that
4He is not directly a�ected by X-induced splitting.

We modify our BBN code [18] to include the e�ects
of X particles. In the following we expose the relevant
physics by using Scenario A for which we add the param-
eters {mX , ⇤X , nX/nb,⇥Bev,⇥Dv} to the code, where nX

stands for the initial (un-decayed) abundance of X and
⇥Bev,⇥Dv are the respective reaction cross sections for
(1). We assume that they are dominated by the s-wave
of initial particles, for which they becomes temperature-
independent parameters. The reactions with A = 3 el-
ements, e.g. 3He(X, p)D, are generically less important
and, in the interest of concision, we avoid them altogether
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FIG. 2. The contours of light element abundances as a func-
tion of the two reaction rates R1 and R2, for �X � tBBN

(top panel), and �X = 103s (lower panel). Inside the shaded
regions, the lithium problem is solved.

by taking 2.2 MeV < mX < 5.5 MeV. Note that the as-
sumed small couplings of X and large abundances (2)
make the reverse reactions, e.g. n(p,X)D, negligible.
The results of our calculations are presented in Fig. 2.

The dark shaded regions correspond to reaction rates
that reduce lithium to the range 7Li/H = (1�2)⇥10�10

without a�ecting other elements. In the top panel, the
lifetime of X is taken to be large with respect to the
cosmic time at BBN and, consequently, the late reaction
R2 reduces the deuterium abundance too much, unless
⇥Be > 10⇥D. Such a hierarchy of cross sections would
require additional tuning of the properties of X. In con-
trast, lifetimes around 103 seconds (lower panel) allow
for a generic solution to the lithium problem, without
altering deuterium beyond the observational bounds. In
the vertical part of the shaded band 7Be is directly de-
pleted via R1, while in the diagonal part 7Be reduction is
achieved via neutrons generated through R2. Note that
contrary to models of decaying weak-scale particles these
are not extra neutrons, but borrowed ones, that return
to deuterium via the fast reaction p(n, �)D. Thus for
⇤X ⇧ 103 s, the preferred R1 or R2 reaction rates solving
the 7Li overproduction problem are

R1: (nX/nb)⇥ ⇥Bev ⌥ (1� 2)⇥ 10�31 cm2, or

R2: (nX/nb)⇥ ⇥Dv ⌥ (3� 7)⇥ 10�31 cm2. (3)

The observational constraints in Fig. 2 are 2.45⇥10�5 ⇤
D/H ⇤ 3⇥ 10�5 (lower limit nominal 2⇥ from [3]; upper
limit conservative) and Yp ⌅ 0.24; also shown is the un-
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Metastable particles absorbed by 7Be or D

A light particle solution to the cosmic lithium problem

Andreas Goudelis,1 Maxim Pospelov,2, 3 and Josef Pradler1

1Institute of High Energy Physics, Austrian Academy of Sciences, Nikolsdorfergasse 18, 1050 Vienna, Austria
2Perimeter Institute, Waterloo, Ontario N2L 2Y5, Canada
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We point out that the cosmological abundance of 7Li can be reduced down to observed values
if during its formation Big Bang Nucleosynthesis is modified by the presence of light electrically
neutral particles X that have substantial interactions with nucleons. We find that the lithium
problem can be solved without a�ecting the precisely measured abundances of deuterium and helium
if the following conditions are satisfied: the mass and lifetimes of such particles are bounded by
1.6 MeV � mX � 20 MeV and few 100 s . ⇥X . 104 s, and the abundance times the absorption
cross section by either deuterium or 7Be are comparable to the Hubble rate, nX�absv ⇥ H, at
the time of 7Be formation. We include X-initiated reactions into the primordial nucleosynthesis
framework, observe that it leads to a substantial reduction of the freeze-out abundances of 7Li+7Be,
and find specific model realizations of this scenario. Concentrating on the axion-like-particle case,
X = a, we show that all these conditions can be satisifed if the coupling to d-quarks is in the range
of f�1

d ⇥ TeV�1, which can be probed at intensity frontier experiments.

Introduction. Big Bang Nucleosynthesis (BBN) is a
cornerstone of modern cosmology [1, 2]. Its success rests
on the agreement among the observationally inferred and
predicted primordial values for the deuterium and helium
abundances. In particular, the latest measurements of
the deuterium abundance, [D/H]obs = (2.53 ± 0.04) ⇥
10�5 [3], are in remarkable accord with BBN predic-
tions under standard cosmological assumptions, and us-
ing the baryon-to-photon ratio—precisely measured via
the anisotropies in the cosmic microwave background
(CMB) [4]—as an input. However, the BBN success is
not complete: the predicted value of the lithium abun-
dance [2], [7Li/H]BBN = (4.68± 0.67)⇥ 10�10, is signifi-
cantly higher, by a factor of ⌅ (2� 5), than the value in-
ferred from the atmospheres of PopII stars, [7Li/H]obs =
(1.6 ± 0.3) ⇥ 10�10 [5]. What prevents this discrepancy,
known as the cosmological lithium problem, from becom-
ing a full-blown crisis for cosmology is the questionable
interepretation of [7Li/H]obs as being the truly primor-
dial value, unaltered by subsequent astrophysical evolu-
tion. Indeed, several astrophysical mechanisms of how
the reduction of lithium may have come about have been
proposed (see, e.g. [6, 7]), none of which resolve the prob-
lem completely. Thus, New Physics (NP) scenarios, such
as modifications of standard BBN, can be entertained as
solutions to this long-standing discrepancy.

The (over)abundance of lithium is ultimately related
to the excessive production of the 7Be isotope, that
radiatively decays to 7Li during the post-BBN evolu-
tion. Its reduction occurs at T ⌅> 25keV via the se-
quence of neutron capture in the 7Be(n, p)7Li reaction,
followed by 7Li(p,�)4He. For a while, NP scenarios
supplying extra neutrons, thereby reducing the 7Li+7Be
abundance [8–10], were considered to be attractive so-
lutions to the lithium problem. However, in light of
the latest [D/H] measurements [3], any such solution is
strongly disfavored [11, 12] as extra neutrons lead to

the overproduction of deuterium, quite generically re-
sulting in [D/H]BBN > 3 ⇥ 10�5, far from the allowed
range. This exlcudes a variety of models with late de-
cays of electroweak-scale particles, including many super-
symmetric scenarios. Nevertheless, isolated cases of NP
models, typically involving sub-GeV particles, can reduce
lithium while keeping deuterium and helium consistent
with observations [13, 14]. We also note that BBN cat-
alyzed by the presence of negatively charged weak-scale
particles [15–17] still has potential for reducing the 7Be
abundance.

X

7Be (D) 4He (p)

3He (n)

FIG. 1. Spallation of a nucleus due to absorption of a bosonic
state X.

In this Letter we suggest a new mechanism for se-
lectively reducing the lithium abundance, while keep-
ing other BBN predictions intact. 7Be is formed in
the narrow temperature range from 60 to 40 keV, after
deuterium- and during 3He-formation, in a rather slow,
sub-Hubble rate reaction 3He(�, ⇥)7Be. This is why its
abundance is very small, [7Be/3He] ⇧ 1, and it contrasts
with other nuclear reactions responsible for 4He, 3He,
D, which remain very fast in that temperature window.
Therefore, if BBN is modified by a new light and meta-
stable neutral particleX that has direct interactions with
nucleons and can react as in Fig. 1, either with 7Be or
deuterium (or both) via

R1 : 7Be(X,�)3He; R2 : D(X, p)n (1)

at T ⌅ 50 keV, then one should expect that the 7Be
(and consequently the observed 7Li) abundance will be
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We point out that the cosmological abundance of 7Li can be reduced down to observed values
if during its formation Big Bang Nucleosynthesis is modified by the presence of light electrically
neutral particles X that have substantial interactions with nucleons. We find that the lithium
problem can be solved without a�ecting the precisely measured abundances of deuterium and helium
if the following conditions are satisfied: the mass and lifetimes of such particles are bounded by
1.6 MeV � mX � 20 MeV and few 100 s . ⇥X . 104 s, and the abundance times the absorption
cross section by either deuterium or 7Be are comparable to the Hubble rate, nX�absv ⇥ H, at
the time of 7Be formation. We include X-initiated reactions into the primordial nucleosynthesis
framework, observe that it leads to a substantial reduction of the freeze-out abundances of 7Li+7Be,
and find specific model realizations of this scenario. Concentrating on the axion-like-particle case,
X = a, we show that all these conditions can be satisifed if the coupling to d-quarks is in the range
of f�1

d ⇥ TeV�1, which can be probed at intensity frontier experiments.

Introduction. Big Bang Nucleosynthesis (BBN) is a
cornerstone of modern cosmology [1, 2]. Its success rests
on the agreement among the observationally inferred and
predicted primordial values for the deuterium and helium
abundances. In particular, the latest measurements of
the deuterium abundance, [D/H]obs = (2.53 ± 0.04) ⇥
10�5 [3], are in remarkable accord with BBN predic-
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ing the baryon-to-photon ratio—precisely measured via
the anisotropies in the cosmic microwave background
(CMB) [4]—as an input. However, the BBN success is
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dance [2], [7Li/H]BBN = (4.68± 0.67)⇥ 10�10, is signifi-
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ferred from the atmospheres of PopII stars, [7Li/H]obs =
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interepretation of [7Li/H]obs as being the truly primor-
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the reduction of lithium may have come about have been
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as modifications of standard BBN, can be entertained as
solutions to this long-standing discrepancy.

The (over)abundance of lithium is ultimately related
to the excessive production of the 7Be isotope, that
radiatively decays to 7Li during the post-BBN evolu-
tion. Its reduction occurs at T ⌅> 25keV via the se-
quence of neutron capture in the 7Be(n, p)7Li reaction,
followed by 7Li(p,�)4He. For a while, NP scenarios
supplying extra neutrons, thereby reducing the 7Li+7Be
abundance [8–10], were considered to be attractive so-
lutions to the lithium problem. However, in light of
the latest [D/H] measurements [3], any such solution is
strongly disfavored [11, 12] as extra neutrons lead to

the overproduction of deuterium, quite generically re-
sulting in [D/H]BBN > 3 ⇥ 10�5, far from the allowed
range. This exlcudes a variety of models with late de-
cays of electroweak-scale particles, including many super-
symmetric scenarios. Nevertheless, isolated cases of NP
models, typically involving sub-GeV particles, can reduce
lithium while keeping deuterium and helium consistent
with observations [13, 14]. We also note that BBN cat-
alyzed by the presence of negatively charged weak-scale
particles [15–17] still has potential for reducing the 7Be
abundance.

X

7Be (D) 4He (p)

3He (n)

FIG. 1. Spallation of a nucleus due to absorption of a bosonic
state X.

In this Letter we suggest a new mechanism for se-
lectively reducing the lithium abundance, while keep-
ing other BBN predictions intact. 7Be is formed in
the narrow temperature range from 60 to 40 keV, after
deuterium- and during 3He-formation, in a rather slow,
sub-Hubble rate reaction 3He(�, ⇥)7Be. This is why its
abundance is very small, [7Be/3He] ⇧ 1, and it contrasts
with other nuclear reactions responsible for 4He, 3He,
D, which remain very fast in that temperature window.
Therefore, if BBN is modified by a new light and meta-
stable neutral particleX that has direct interactions with
nucleons and can react as in Fig. 1, either with 7Be or
deuterium (or both) via

R1 : 7Be(X,�)3He; R2 : D(X, p)n (1)

at T ⌅ 50 keV, then one should expect that the 7Be
(and consequently the observed 7Li) abundance will be
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reduced. Most importantly, if reactions R1 and R2 oc-
cur relatively early, T > 10 keV, and the energy carried
by the X particle is below the 4He binding energy, the
helium and deuterium abundance will not be altered in
a significant way, as neutrons generated in R2 will be in-
corporated back to deuterium via the process p(n, �)D
that remains faster than neutron decay down to temper-
atures of T ⇧ 10 keV. Note that X cannot be a light
Standard Model particle; non-thermal photons at these
temperatures are quickly degraded in energy below nu-
clear binding thresholds, and neutrinos have too small an
interaction rate.

In the remainder of this paper, we show that these
qualitative expectations are supported by detailed BBN
calculations. We determine the required properties of X,
provide concrete particle physics realizations, and point
out experimental avenues to test the proposed scenarios.

New light metastable particles during BBN. Light,
very weakly coupled particles X can selectively a�ect
BBN processes if their number density is large, but their
energy density remains subdominant to that of photons.
Therefore, as a guideline, we shall assume that their num-
ber density during BBN satisfies the bound

nb ⇧< nX <
T

EX
⇥ n� , (2)

where EX is the energy carried by these particles (and
EX = mX for the non-relativistic case). Since the respec-
tive baryon and photon number densities nb and n� are
widely di�erent, nb/n� = 6.1⇥ 10�10 [4], the abundance
of nX (2) can vary in a rather large range. We distin-
guish two di�erent scenarios. Scenario A assumes that
X is non-relativistic, with mass in the range from 1.6 to
20 MeV, and it participates in the reactions (1) before
decaying either to Standard Model (SM) radiation, or to
a beyond-SM radiation species. Scenario B assumes that
there is an inert, almost non-interacting neutral progeni-
tor particle Xp that decays to (nearly) massless states X
which participate in the nuclear reactions before being
red-shifted below nuclear reaction thresholds. For the
two-body decay, Xp ⌃ XX, the mass Xp must lie in the
range from 3.2 to 40 MeV, and the mass of X should be
less than ⇧ 1 eV (to avoid hot dark matter constraints.)
The upper mass bound in both scenarios ensures that
4He is not directly a�ected by X-induced splitting.

We modify our BBN code [18] to include the e�ects
of X particles. In the following we expose the relevant
physics by using Scenario A for which we add the param-
eters {mX , ⇤X , nX/nb,⇥Bev,⇥Dv} to the code, where nX

stands for the initial (un-decayed) abundance of X and
⇥Bev,⇥Dv are the respective reaction cross sections for
(1). We assume that they are dominated by the s-wave
of initial particles, for which they becomes temperature-
independent parameters. The reactions with A = 3 el-
ements, e.g. 3He(X, p)D, are generically less important
and, in the interest of concision, we avoid them altogether
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FIG. 2. The contours of light element abundances as a func-
tion of the two reaction rates R1 and R2, for �X � tBBN

(top panel), and �X = 103s (lower panel). Inside the shaded
regions, the lithium problem is solved.

by taking 2.2 MeV < mX < 5.5 MeV. Note that the as-
sumed small couplings of X and large abundances (2)
make the reverse reactions, e.g. n(p,X)D, negligible.
The results of our calculations are presented in Fig. 2.

The dark shaded regions correspond to reaction rates
that reduce lithium to the range 7Li/H = (1�2)⇥10�10

without a�ecting other elements. In the top panel, the
lifetime of X is taken to be large with respect to the
cosmic time at BBN and, consequently, the late reaction
R2 reduces the deuterium abundance too much, unless
⇥Be > 10⇥D. Such a hierarchy of cross sections would
require additional tuning of the properties of X. In con-
trast, lifetimes around 103 seconds (lower panel) allow
for a generic solution to the lithium problem, without
altering deuterium beyond the observational bounds. In
the vertical part of the shaded band 7Be is directly de-
pleted via R1, while in the diagonal part 7Be reduction is
achieved via neutrons generated through R2. Note that
contrary to models of decaying weak-scale particles these
are not extra neutrons, but borrowed ones, that return
to deuterium via the fast reaction p(n, �)D. Thus for
⇤X ⇧ 103 s, the preferred R1 or R2 reaction rates solving
the 7Li overproduction problem are

R1: (nX/nb)⇥ ⇥Bev ⌥ (1� 2)⇥ 10�31 cm2, or

R2: (nX/nb)⇥ ⇥Dv ⌥ (3� 7)⇥ 10�31 cm2. (3)

The observational constraints in Fig. 2 are 2.45⇥10�5 ⇤
D/H ⇤ 3⇥ 10�5 (lower limit nominal 2⇥ from [3]; upper
limit conservative) and Yp ⌅ 0.24; also shown is the un-
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by taking 2.2 MeV < mX < 5.5 MeV. Note that the as-
sumed small couplings of X and large abundances (2)
make the reverse reactions, e.g. n(p,X)D, negligible.
The results of our calculations are presented in Fig. 2.
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that reduce lithium to the range 7Li/H = (1�2)⇥10�10

without a�ecting other elements. In the top panel, the
lifetime of X is taken to be large with respect to the
cosmic time at BBN and, consequently, the late reaction
R2 reduces the deuterium abundance too much, unless
⇥Be > 10⇥D. Such a hierarchy of cross sections would
require additional tuning of the properties of X. In con-
trast, lifetimes around 103 seconds (lower panel) allow
for a generic solution to the lithium problem, without
altering deuterium beyond the observational bounds. In
the vertical part of the shaded band 7Be is directly de-
pleted via R1, while in the diagonal part 7Be reduction is
achieved via neutrons generated through R2. Note that
contrary to models of decaying weak-scale particles these
are not extra neutrons, but borrowed ones, that return
to deuterium via the fast reaction p(n, �)D. Thus for
⇤X ⇧ 103 s, the preferred R1 or R2 reaction rates solving
the 7Li overproduction problem are

R1: (nX/nb)⇥ ⇥Bev ⌥ (1� 2)⇥ 10�31 cm2, or
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“Borrowed” neutrons are returned to D

• “Borrowed” neutrons comes from spalled D, but are incorporated 
back via n+p à D + g
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FIG. 3. Temperature evolution of elemental abundances, with
BBN modified by R2, initiated by X with ⇥X = 103 s and
nX
nb

�Dv = 5� 10�32 cm2. The temporary increase in n leads

to the suppression of 7Be but does not a�ect [D/H]BBN.

labeled D/H contour 10�5. The e⇥ect of the “borrowed”
neutrons resulting from R2 is shown in Fig. 3.

It is easy to see that the absorption rates in (3) are of
order of the Hubble rate during 7Be synthesis, nX⌃absv ⇤
H at T ⌥ 50 keV. Short X lifetimes, ⌥X ⌅ 104s, have
the additional benefit of reducing the sensitivity to visible
decays of X to ⇤⇤ or e+e�, as BBN is largely insensitive
to electromagnetic energy injections at early times (see,
e.g. [18]). Similar solutions can be found in Scenario B,
where ⌥Xp should be chosen in a similar range, while the
R1/R2 reaction rates will receive an additional temper-
ature dependence due to the redshift of EX . A full scan
of the viable parameter space will be presented in a more
detailed publication [19].

Model realization: couplings, cross sections, abun-
dance. The respective ranges (2) and (3) for the abun-
dances and reaction rates suggest a typical size for the
R1 and/or R2 cross sections. If we choose X-particles
of ⇤ 5 MeV mass (or energy) to contribute 1% of the
photon energy density at T = 50 keV, we arrive at
⌃absv ⇤ 10�38 cm2. This is much smaller than the typi-
cal (⇤mbn) range for photonuclear reactions, and much
larger than typical weak scale cross sections ⇤ G2

F (EX)2.
Yet, the lifetimes of X particles are commensurate with
⇥-decay lifetimes, implying very small couplings to elec-
trons, photons and neutrinos. It is then clear that only
selected particle physics models can simultaneously ac-
count for (2), (3) and ⌥X ⇤ 103s.

A variety of models involving light, weakly interact-
ing particles have been extensively studied in recent
years [20], including axions, axion-like particles (ALPs),
and “dark” vectors. The MeV-mass range has been inde-
pendently motivated as an ideal range for the force car-
rier that mediates dark matter self-interactions [21, 22],
as well as its interactions with the SM. Here we provide

“proof of existence” of models that satisfy the require-
ments on ⌥X , ⌃abs and nX derived from our BBN analy-
sis.
If X is massive (Scenario A), its decay to leptons will

scale as �e+e�  mXg2e/(4⇧). Given a lifetime of 103s,
the coupling to electrons would have to be smaller than
ge ⇤< 10�12. At the same time, the coupling gN to nucle-
ons will have to be much larger, pointing to “leptophobic”
models of light particles. Models with “dark photons”
[20] would hence not provide viable solutions, while mod-
els based on gauged baryon number U(1)B [23, 24] would
have to be tuned to suppress the loop-induced couplings
to leptons. Models based on so-called axion-like parti-
cles (ALPs) represent a better candidate, and below we
outline their main features. We consider a model where
the X particle is an ALP a which interacts mainly with
down-type quarks. To avoid strong constraints from the
flavour-violatingK and B meson decays, mediated by the
top-W loop, the coupling to up-type quarks is assumed
to be suppressed. We note in passing that such con-
struction can be UV-completed by using multiple Higgs
bosons and an interaction HuHd exp{ia/fa}, that gives
fd ⇧ fu when �Hu� ⇧ �Hd�. Going from the quark-
ALP to the meson/nucleon-ALP interaction, we obtain
the most important interactions with neutrons, protons
and pions.

Laq =
�µa

fd
d̄⇤µ⇤5d =�

La⇤N =
�µa

fd

⇤
f⇤�µ⇧

0 +
4

3
n̄⇤µ⇤5n�

1

3
p̄⇤µ⇤5p

⌅
. (4)

We have used a naive quark model estimate for the spin
content of the nucleons, and f⇤ = 93 MeV. The ki-
netic mixing of the two scalars results in a small ad-
mixture of ⇧0 to an on-shell a, with the mixing angle
⌅ = (f⇤/fd)⇥ (m2

a/m
2
⇤), and induces the decay a⌃ ⇤⇤.

Upon appropriate rescaling, �a
�� ⌥ ⌅2

�
ma
m⇡

⇥3
�⇤0

�� , which

gives the lifetime in the right ballpark for fd ⇤TeV and
ma ⇤ 5 MeV. The coupling of a to the ⇤µ⇤5 nucleon
current leads to the nonrelativistic Hamiltonian propor-
tional to nucleon helicities. To estimate the absorption
cross sections we follow the method of [25] that relates the
ALP absorption to the photoelectric e⇥ect in the dipole
(E1) approximation. Assuming a very simple model of
7Be as a bound state of nonrelativistic 3He and 4He and
D as a bound state of n and p, and neglecting nuclear
spin forces, we arrive at the following estimate for the
relation between the R1 and R2 cross sections and those
of the 7Be(⇤,�)3He and D(⇤, p)n processes:

⌃abs,iv

⌃photo,ic
⌥ Ci

4⇧�
⇥ m2

a

f2
d

, (5)

where i = 7Be,D and the coe⇧cients C7Be = 64
3 , CD =

59
9 reflect spin combinatorial factors. The photo-
absorption cross section by D is well-known, while for
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Candidate particles ? 

• Must be “leptophobic”: otherwise X à ee decays will shorten the 
lifetime

• Many scenarios are tuned: “dark photon” would not work (not 
leptophobic), but dark “baryonic vector” V may work, but the 
coupling to electrons needs to be tuned below the loop-induced 
value. 

• Axion-like particles (ALPs) are tightly constrained by flavour
physics due to top-W loops. We need ~ 1/TeV couplings… 

• ALPs coupled to down-type quarks.
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labeled D/H contour 10�5. The e⇥ect of the “borrowed”
neutrons resulting from R2 is shown in Fig. 3.

It is easy to see that the absorption rates in (3) are of
order of the Hubble rate during 7Be synthesis, nX⌃absv ⇤
H at T ⌥ 50 keV. Short X lifetimes, ⌥X ⌅ 104s, have
the additional benefit of reducing the sensitivity to visible
decays of X to ⇤⇤ or e+e�, as BBN is largely insensitive
to electromagnetic energy injections at early times (see,
e.g. [18]). Similar solutions can be found in Scenario B,
where ⌥Xp should be chosen in a similar range, while the
R1/R2 reaction rates will receive an additional temper-
ature dependence due to the redshift of EX . A full scan
of the viable parameter space will be presented in a more
detailed publication [19].

Model realization: couplings, cross sections, abun-
dance. The respective ranges (2) and (3) for the abun-
dances and reaction rates suggest a typical size for the
R1 and/or R2 cross sections. If we choose X-particles
of ⇤ 5 MeV mass (or energy) to contribute 1% of the
photon energy density at T = 50 keV, we arrive at
⌃absv ⇤ 10�38 cm2. This is much smaller than the typi-
cal (⇤mbn) range for photonuclear reactions, and much
larger than typical weak scale cross sections ⇤ G2

F (EX)2.
Yet, the lifetimes of X particles are commensurate with
⇥-decay lifetimes, implying very small couplings to elec-
trons, photons and neutrinos. It is then clear that only
selected particle physics models can simultaneously ac-
count for (2), (3) and ⌥X ⇤ 103s.

A variety of models involving light, weakly interact-
ing particles have been extensively studied in recent
years [20], including axions, axion-like particles (ALPs),
and “dark” vectors. The MeV-mass range has been inde-
pendently motivated as an ideal range for the force car-
rier that mediates dark matter self-interactions [21, 22],
as well as its interactions with the SM. Here we provide

“proof of existence” of models that satisfy the require-
ments on ⌥X , ⌃abs and nX derived from our BBN analy-
sis.
If X is massive (Scenario A), its decay to leptons will

scale as �e+e�  mXg2e/(4⇧). Given a lifetime of 103s,
the coupling to electrons would have to be smaller than
ge ⇤< 10�12. At the same time, the coupling gN to nucle-
ons will have to be much larger, pointing to “leptophobic”
models of light particles. Models with “dark photons”
[20] would hence not provide viable solutions, while mod-
els based on gauged baryon number U(1)B [23, 24] would
have to be tuned to suppress the loop-induced couplings
to leptons. Models based on so-called axion-like parti-
cles (ALPs) represent a better candidate, and below we
outline their main features. We consider a model where
the X particle is an ALP a which interacts mainly with
down-type quarks. To avoid strong constraints from the
flavour-violatingK and B meson decays, mediated by the
top-W loop, the coupling to up-type quarks is assumed
to be suppressed. We note in passing that such con-
struction can be UV-completed by using multiple Higgs
bosons and an interaction HuHd exp{ia/fa}, that gives
fd ⇧ fu when �Hu� ⇧ �Hd�. Going from the quark-
ALP to the meson/nucleon-ALP interaction, we obtain
the most important interactions with neutrons, protons
and pions.

Laq =
�µa

fd
d̄⇤µ⇤5d =�

La⇤N =
�µa

fd

⇤
f⇤�µ⇧

0 +
4

3
n̄⇤µ⇤5n�

1

3
p̄⇤µ⇤5p

⌅
. (4)

We have used a naive quark model estimate for the spin
content of the nucleons, and f⇤ = 93 MeV. The ki-
netic mixing of the two scalars results in a small ad-
mixture of ⇧0 to an on-shell a, with the mixing angle
⌅ = (f⇤/fd)⇥ (m2

a/m
2
⇤), and induces the decay a⌃ ⇤⇤.

Upon appropriate rescaling, �a
�� ⌥ ⌅2

�
ma
m⇡

⇥3
�⇤0

�� , which

gives the lifetime in the right ballpark for fd ⇤TeV and
ma ⇤ 5 MeV. The coupling of a to the ⇤µ⇤5 nucleon
current leads to the nonrelativistic Hamiltonian propor-
tional to nucleon helicities. To estimate the absorption
cross sections we follow the method of [25] that relates the
ALP absorption to the photoelectric e⇥ect in the dipole
(E1) approximation. Assuming a very simple model of
7Be as a bound state of nonrelativistic 3He and 4He and
D as a bound state of n and p, and neglecting nuclear
spin forces, we arrive at the following estimate for the
relation between the R1 and R2 cross sections and those
of the 7Be(⇤,�)3He and D(⇤, p)n processes:

⌃abs,iv

⌃photo,ic
⌥ Ci

4⇧�
⇥ m2

a

f2
d

, (5)

where i = 7Be,D and the coe⇧cients C7Be = 64
3 , CD =

59
9 reflect spin combinatorial factors. The photo-
absorption cross section by D is well-known, while for
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ALP couplings suggested by BBN

• Beam dump experiments appear to be very sensitive!

4

7Be we use recent evaluations [26]. We conclude that
fd ⇤ TeV yields both lifetimes and absorption cross sec-
tions in the desired ballpark.

The remaining undetermined parameter is the abun-
dance na prior to decay. It is easy to see that obtaining
the correct abundance range would require some deple-
tion of a: despite its small width, a will get thermally
populated during the QCD epoch. We have examined
several ways of depleting its abundance, all of which
require additional particles in the light sector. Disre-
garding the issue of technical naturalness of small scalar
masses, one can imagine that a coupling to a nearly
massless scalar s, �

4a
2s2, mediates the depletion of a at

T ⇤ ma via aa ⌅ ss. Given the annihilation cross sec-
tion ⇧annv = ⇤2/(64⌅m2

a), the entire range of abundances
is covered for 10�5

⇤< ⇤ ⇤< 10�1. Alternatively, one can
achieve a similar depletion of a via co-annihilation with
another light species, or via the 3a ⌅ 2a process as, e.g.,
in [27]. More details on viable cosmological models of
ALPs will be provided in [19].

Scenario B, with unstable particle decaying to massless
(or nearly massless) ALPs, Xp ⌅ aa, is even easier to
implement. Consider a nearly massless ALP a, and its
progenitor Xp coupled to the SM via

LXXp = AXp(H
†H) +BXpa

2 + Laq, (6)

where H is the SM Higgs field. The required abundance
of a parent scalar Xp can be achieved via the “freeze-in”
mechanism (see, e.g., [13]) by dialing the mixing with the
SM Higgs, A ⇤ (10�9 � 10�5) GeV. The decay of Xp to
ALPs is controlled by the B parameter, and ⌃Xp ⇤ 103 s
is achieved with B ⇤ 10�11 MeV. The nuclear breakup
cross sections due to a massless axion can again be re-
lated to the photo-nuclear cross section [25]. Performing
calculations similar to (5), we find

⇧abs,i

⇧photo,i
⇧ Di

4⌅�
⇥ E2

a

f2
d

, (7)

with D7Be = 128
9 , DD = 118

27 . In calculating the impact
on BBN in this scenario, we account for the redshifting
of Ea from mXp/2 to R1 and R2 thresholds.

Searching for hadronic ALPs at the intensity frontier.
Our proposal for the lithium reduction mechanism in-
volves light particles in the several MeV range, but with
rather small couplings. Such particles are being searched
for at intensity frontier experiments [20]. To better de-
fine the parameter space of interest, we take Scenario B,
and vary ⌃Xp , and fd, by fixing a fiducial value of nXp ,
the Xp abundance prior to decay. The results are shown
in Fig. 4. The “pile-up” from redshifted X results in sen-
sitivity to lifetimes before the end of the D-bottleneck,
⌃Xp < 100 s; with nXp ⇤ 104nb a depletion of lithium by
a factor of a few is possible with fd ⇤ TeV.

Next, we estimate the expected signal in beam
dump experiments such as LSND [28]. The ALP-
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f
d
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mXp = 10MeV

Scenario B

.

LSND

nXp/nb = 3� 104
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FIG. 4. Lithium solution by ALPs that are injected from a
progenitor state Xp with mass mXp = 10MeV. The LSND
sensitivity-line is fixed, but all other contours can move ver-
tically by adjusting the Xp initial abundance nXp/nb.

production in p-nucleus collisions is followed by the scat-
tering/absorption of a by nuclei of the target. We as-
sume that the number of produced ALPs scales with the
number of produced ⌅-mesons as Na ⇤ (f⇥/fd)2 ⇥ N⇥.
Concentrating on the photon production in the p(a, ⇥)p
process, we estimate its cross section [25] as ⇧ap ⇤
�(Ea/fd)2m�2

p ⇤ (100 MeV/fa)2 ⇥ 10�29cm2, where
Ea ⇤ 200 MeV is a typical energy of produced mesons
and ALPs [29]. The estimated number of events

Nevents ⇤
NaNp⇧ap

4⌅L2
⇤ 6⇥

�
TeV

fd

⇥4

(8)

should be compared to the number of prompt energetic
events in the detector, O(10), which implies a sensitiv-
ity up to fd ⇤ 1 TeV. Here, L = 30 m, N⇥ ⇤ 1023 and
Np = 6.7⇥1030 is the number of target protons inside the
fiducial volume. One can see, Fig. 4, that—depending on
the assumed abundance of the progenitorXp—LSND can
probe large fractions of relevant parameter space; further
significant improvements can be achieved by deploying
beam dump experiments next to large underground neu-
trino detectors [30].
Conclusions. We have shown that particle physics so-

lutions of the cosmological lithium problem are far from
being exhausted. Light, very weakly interacting particles
with energy or mass of ⇤ 10 MeV and lifetimes of O(103)
seconds can deplete 7Be+7Li without a�ecting other ele-
ments. This is because, unlike in many weak-scale solu-
tions, the suggested mechanism does not inject any new
neutrons into the primordial medium, and operates ei-
ther via direct destruction of 7Be, or through its indirect
reduction via neutrons that are temporarily “borrowed”
from deuterium. A variety of particle physics realizations
of this idea is possible, and in particular ALPs with small
couplings to d-quarks represent a clear target of oppor-
tunity for upcoming searches at the intensity frontier.
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FIG. 3. Temperature evolution of elemental abundances, with
BBN modified by R2, initiated by X with ⇥X = 103 s and
nX
nb

�Dv = 5� 10�32 cm2. The temporary increase in n leads

to the suppression of 7Be but does not a�ect [D/H]BBN.

labeled D/H contour 10�5. The e⇥ect of the “borrowed”
neutrons resulting from R2 is shown in Fig. 3.

It is easy to see that the absorption rates in (3) are of
order of the Hubble rate during 7Be synthesis, nX⌃absv ⇤
H at T ⌥ 50 keV. Short X lifetimes, ⌥X ⌅ 104s, have
the additional benefit of reducing the sensitivity to visible
decays of X to ⇤⇤ or e+e�, as BBN is largely insensitive
to electromagnetic energy injections at early times (see,
e.g. [18]). Similar solutions can be found in Scenario B,
where ⌥Xp should be chosen in a similar range, while the
R1/R2 reaction rates will receive an additional temper-
ature dependence due to the redshift of EX . A full scan
of the viable parameter space will be presented in a more
detailed publication [19].

Model realization: couplings, cross sections, abun-
dance. The respective ranges (2) and (3) for the abun-
dances and reaction rates suggest a typical size for the
R1 and/or R2 cross sections. If we choose X-particles
of ⇤ 5 MeV mass (or energy) to contribute 1% of the
photon energy density at T = 50 keV, we arrive at
⌃absv ⇤ 10�38 cm2. This is much smaller than the typi-
cal (⇤mbn) range for photonuclear reactions, and much
larger than typical weak scale cross sections ⇤ G2

F (EX)2.
Yet, the lifetimes of X particles are commensurate with
⇥-decay lifetimes, implying very small couplings to elec-
trons, photons and neutrinos. It is then clear that only
selected particle physics models can simultaneously ac-
count for (2), (3) and ⌥X ⇤ 103s.

A variety of models involving light, weakly interact-
ing particles have been extensively studied in recent
years [20], including axions, axion-like particles (ALPs),
and “dark” vectors. The MeV-mass range has been inde-
pendently motivated as an ideal range for the force car-
rier that mediates dark matter self-interactions [21, 22],
as well as its interactions with the SM. Here we provide

“proof of existence” of models that satisfy the require-
ments on ⌥X , ⌃abs and nX derived from our BBN analy-
sis.
If X is massive (Scenario A), its decay to leptons will

scale as �e+e�  mXg2e/(4⇧). Given a lifetime of 103s,
the coupling to electrons would have to be smaller than
ge ⇤< 10�12. At the same time, the coupling gN to nucle-
ons will have to be much larger, pointing to “leptophobic”
models of light particles. Models with “dark photons”
[20] would hence not provide viable solutions, while mod-
els based on gauged baryon number U(1)B [23, 24] would
have to be tuned to suppress the loop-induced couplings
to leptons. Models based on so-called axion-like parti-
cles (ALPs) represent a better candidate, and below we
outline their main features. We consider a model where
the X particle is an ALP a which interacts mainly with
down-type quarks. To avoid strong constraints from the
flavour-violatingK and B meson decays, mediated by the
top-W loop, the coupling to up-type quarks is assumed
to be suppressed. We note in passing that such con-
struction can be UV-completed by using multiple Higgs
bosons and an interaction HuHd exp{ia/fa}, that gives
fd ⇧ fu when �Hu� ⇧ �Hd�. Going from the quark-
ALP to the meson/nucleon-ALP interaction, we obtain
the most important interactions with neutrons, protons
and pions.

Laq =
�µa

fd
d̄⇤µ⇤5d =�

La⇤N =
�µa

fd

⇤
f⇤�µ⇧

0 +
4

3
n̄⇤µ⇤5n�

1

3
p̄⇤µ⇤5p

⌅
. (4)

We have used a naive quark model estimate for the spin
content of the nucleons, and f⇤ = 93 MeV. The ki-
netic mixing of the two scalars results in a small ad-
mixture of ⇧0 to an on-shell a, with the mixing angle
⌅ = (f⇤/fd)⇥ (m2

a/m
2
⇤), and induces the decay a⌃ ⇤⇤.

Upon appropriate rescaling, �a
�� ⌥ ⌅2

�
ma
m⇡

⇥3
�⇤0

�� , which

gives the lifetime in the right ballpark for fd ⇤TeV and
ma ⇤ 5 MeV. The coupling of a to the ⇤µ⇤5 nucleon
current leads to the nonrelativistic Hamiltonian propor-
tional to nucleon helicities. To estimate the absorption
cross sections we follow the method of [25] that relates the
ALP absorption to the photoelectric e⇥ect in the dipole
(E1) approximation. Assuming a very simple model of
7Be as a bound state of nonrelativistic 3He and 4He and
D as a bound state of n and p, and neglecting nuclear
spin forces, we arrive at the following estimate for the
relation between the R1 and R2 cross sections and those
of the 7Be(⇤,�)3He and D(⇤, p)n processes:

⌃abs,iv

⌃photo,ic
⌥ Ci

4⇧�
⇥ m2

a

f2
d

, (5)

where i = 7Be,D and the coe⇧cients C7Be = 64
3 , CD =

59
9 reflect spin combinatorial factors. The photo-
absorption cross section by D is well-known, while for
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Conclusions
• “Carefully chosen” models of new physics can solve “lithium 

problem” – overproduction of 7Be in standard BBN:

1. Combination of neutron injection and energy injection. Particles 
with lifetimes ~ 104 sec seem to be needed. Things got harder 
because D/H shows perfect agreement with standard BBN.

2. Metastable charged particles, especially those that can induce 
Beà Li transition, can reduce 7Be. 500 sec < Lifetimes < 2000 
sec. [Stable for the LHC.]

3. ~ 10 MeV relic particles that survive in large numbers to ~ 500-
1000 seconds can destroy 7Be, but be harmless for D/H, as 
neutrons are incorporated back to D. 

4. Future? More understanding of Li in atmospheres of Pop II stars 
and the “meltdown” of Spite plateau at low Z. Increased data 
sample. 
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• Extra slides
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Catalyzed BBN: bound states of X- with nuclei
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Binding energy and stability thresholds
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After bound states have formed, new reaction 
channels open up (MP, 2006)

§ Main SBBN channel for 6Li production
4He + D à 6Li + g;  Q = 1.47 MeV

§ Main CBBN channel for 6Li production

(4HeX-) + D à 6Li + X-;  Q = 1.13 MeV

§ Catalytic suppression of 7Be:  (7BeX-)+p à (8BX-)+g
or (7BeX-)à7Li +X0 + n

§ One can suppress 7Li+7Be without affecting D/H and keeping 6Li
under control if tX is in the interval 500-2000 seconds. 

)/435.7exp(30 3/1
9

3/2
9 TTvSBBN -= -s

)/37.5exp(104.2 3/1
9

3/2
9

8 TTvCBBN -´= -s



49

Catalytic suppression of  7Be + 7Li
(Bird, Koopmans, MP, 2007)

§ The “bottleneck” is creation of (7BeX-) bound states that is 
controlled by 7Be+X--> (7BeX-) + g reaction 

§ There are two main destruction channels that are catalyzed:
1.        p-reaction:    (7BeX-) + p -> (8BX-) + g by a factor of >1000

relative to       7Be + p -> 8B + g
2.     In models with weak currents, the “capture” of X- is catalyzed:

(7BeX-) -> 7Li + X0 ,
so that lifetime of (7BeX-) becomes < 1 sec. 7Li is significantly more 

fragile and is destroyed by protons “on the spot”.

One needs YX = nX/nB> O(0.01) at T~40 keV to reduce 7Be that way.  
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Combination of 6Li and 7Be+7Li constraints

Lifetimes 1000< tX < 2000 sec and 0.05 <YX< 0.1 satisfy 
6Li constraint and suppress 7Be+7Li by a factor of 2. 
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µBBN or nBBN
How many muons (source of antineutrinos) do we need?
Rate for proton-induced conversion of neutrino to neutron is smaller

than Hubble rate by about nine orders of magnitude

O(104) muons per proton is required. 

“Easy to arrange”



Non-equilibrium BBN: synthesis of A=6,9 
elements in secondary and tertiary collisions

§ Secondary processes: Hadronic energy injection leads to 
spallation on 4He, creating energetic A=3 nuclei. A=6 will form:

Dimopoulos, Hall, Starkman 80s
Below 5 keV, efficiency ~10-3

Strong constraints on late decays

§ Tertiary processes: Emerging 6He and 6Li are energetic and will 
further collide with 4He in the plasma forming 9Be with similar 

efficiency, MP Pradler 2010. 
The early time energy injection 
(T~20 keV) would result in the 
enhancement of 9Be/6Li.

52
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Astrophysical solutions of 7Li discrepancy
PopII stars can themselves deplete lithium from their atmospheres 

by by diffusional settling into hot interior [where it gets 
destroyed]counteracted by turbulent mixing: (G. Michaud et al, 
1980s-, Korn et al., 2006, finds evidence for depletion in a GC). 

Paris, 2012, Lithium in the Cosmos	
 21	


 
 

NGC 6397 [Fe/H]=�2.12 

[Fe/H]=�2.18 

[Fe/H]=�2.27 
A(Li)= 2.24 Korn et al. 2006, 2007 found an 

evolution of [Fe/H] along the HR 
diagram. 
Turnoff stars have a lower iron 
abundance than giants. 
 
� interpreted in terms of turbulent 
diffusion this would induce that 
the lithium abundance in turnoff 
stars would have been depleted 
by 0.26 dex compared to the 
original value... 
 

original lithium abundance  
2.24 + 0.26= 2.50 ??? 

[Fe/H]=�2.24 
   A(Li)= 2.36 

Can it provide a factor of 2-3 
suppression? 

Can the suppression work 
uniformly along the Spite 
plateau, without introducing 
extra scatter? 

Is there a chance to get rid of ad-
hoc parameters for turbulence?

So far it is ad-hoc

M.Spite talk, IAP 2012
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Recent observations are confusing. 7Li story is 
even more complicated than anyone thought

Aoki et al, 2009, reports the 
suppression of low-metallicity
tail of Spite plateau

Sbordone et al, 2010, confirms it with 
higher statistics

Melendez et al, 2010,
argues that there are two 
Spite plateaus



55

More than one problem with 7Li? 
Problem # 1

Problem # 2 M. Spite talk IAP 2012
Paris, 2012, Lithium in the Cosmos	
 13	


         

Linear scale BB N(Fe) / N(Fe)� 
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What does is mean? 
“Crumbling” of the Spite plateau is established below Z < 1.5 10-3. To 
crown it all, Caffau et al (2011) published the result for the SDSS 
J102915+172927 star observed with VLT. Z<10-6 (!). Otherwise 
normal looking EMP star. Guess what: no lithium detected. (<10-11)

1. It points away from the simple picture that lowest Z stars would 
“recover” BBN abundances of primordial gas. 

2. It makes “new physics” speculations about Li suppression in BBN 
look a little naïve: it does not fix all Li problems. 

3. Stellar models with ~ O(3) suppression of Li are also in trouble. 
Why would it be more suppression at Zà0? Does not make sense... 

4. We have to address Li evolution in pre-stellar phase. What happens 
to primordial gas, how stars form from it, PopIII etc. (my opinion)



Another look at local variation of Li
h = nBaryon/ng is observed globally over many-many-many horizon 
size patches of the CMB sky.   Lithium is observed in stars in the 
halo of our galaxy ( = not globally). 

Is there a way of making local Li deficit? 

Element-specific processes during gravitational settling of 
primordial gas in the gravitational wells of dark matter may have 
led to large local variations of [Li/H]. Is such scenario out of 
question? Do we expect larger or smaller [Li/H] in gravitational 
wells? 
We (Afshordi, MP, 2012) revisit the issue of Lithium diffusion 
after hydrogen recombination and [astonishingly] find that 

[Li/H]grav minimum < [Li/H]BBN



Evolution of Ionization fraction and Tgas

Ionized fraction is small, Ye ~ few x 10-4 but not 0

– 16 –

Fig. 1.— Top panel: The free electron fraction as a function of redshift. The Universe rapidly

approaches neutrality after z ≈ 1000. Bottom panel: The average baryon temperature as a function

of redshift. For z > 200, the free electron fraction is still large enough so that the baryons are

coupled to the background radiation, and so the baryonic temperature decreases like (1 + z). For

smaller redshifts, the baryon temperature is mainly determined by the adiabatic expansion, and

drops off like (1 + z)2.



Lithium stays singly ionized
Li (Z=3) nucleus is the first element to grab first two electrons, 
and Li+ ion never gets its last electron.
Reasons: 
1. Ionization energy for the last electron = 5.39 eV (comp to 

Hydrogen where it is 13.6 eV). By the time Li+ “wants” to 
recombine, the fraction of free electrons < 0.01; the rate is < 
Hubble expansion rate. (Calculations in the 90s showed that up 
to 50% of Li may get neutral).

2. Non-thermal photons from residual    p + e à H + g keep Li 
singly ionized (Switzer and Hirata, 2005)

No more than few% of Lithium becomes neutral! Are there 
physical consequences for Li from its charge? 
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Euler’s equation
Consider halos with gas initially dominated by pressure (smaller 
ones, with mass < Jeans mass), sitting outside of halo virial radius.

acceleration    pressure grad    gravity    electric force    scattering (diffusion term)

Index a runs over species that include: H, He, p, e, D, 3He, 7Li
sab is a regular transport (momentum-transfer) cross section. 
When sab is infinitely large, diffusion and va-vb is very small, and 
all primordial soup moves as one liquid, [na/nb] remains constant. 
As T, Pa and density drop, gas settles to the minimum of fg while 
finite sab generates diffusion.

Element Di↵usion in Cosmological Haloes

I. DIFFUSION EQUATIONS

Let us consider di�usion in haloes with masses smaller than the Jeans mass. This implies that the gas sound
crossing time across the halo is shorter than the dynamical time, and thus the gas sits near hydrostatic equilibrium
even outside the virial radius. We now attempt to solve the equations:

�va

�t
⇧ � Pa

⌅a
� [⌥g +

qa⌥e

ma
]�

⇤

b

⌃�1
ab (va � vb), (1)

where

Pa = ⌅aT/ma, ⌃�1
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a )2

(2)

Given that electrons reach equilibrium quickly, we expect:
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1

e⌅e
 (⌅eT ), (3)

i.e. the terms that diverge as me ⌅ 0 should cancel. Given charge neutrality, we expect:
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, (4)

where i only sums over ions and neutral particles. Combining these equations, we find the following particle velocities:
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Since velocities reach equilibrium with a sound-crossing time, we could solve Eq. (5) as:
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II. NEUTRAL HYDROGEN AND HELIUM

Since most of the content of Universe is neutral from z ⇤ 1000 to z ⇤ 10, it should be a fair approximation to
ignore the ions to first order. For 3K < T < 300K, the H-He atomic cross-section is roughly given by (Chung and
Dalgarno 2002):

⇧H�He ⇧ 90a2
0 = 2.5⇥ 10�15cm2. (8)

The relative velocity of Hydrogen and Helium atoms will obey a Maxwell-Boltzmann with the width:
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(9)

Therefore, the ⌃ab’s take the form:
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Simplified equations: initial moment of 
structure formation

EM force is much stronger than gravitational. Charges are not 
separated but E is not 0. 
No charge: Snaqa=0. No current: Snaqava=0.
Let us consider isothermal approximation when elements are 
initially distributed the same way, and have the same velocity v
with small variations. Introduce effective residual grav force 
geff= gg –dv/dt. Same distribution means (Chuzhoy, Nusser) 

Then our equations simplify to algebraic relations
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This paper surveys potential signatures of the existence of yet another “sterile-active”
neutrino state, �b, where active is understood in the sense that �b shall interact via a new
neutral current interaction with baryons (NCB) [5]. This “baryonic” neutrino is also “sterile”
in that it shares no SM NC or CC interactions. In particular, this implies that �b does
not scatter elastically on electrons. Remarkably, �b can then be coupled to baryons with a
strength GB which exceeds that of the weak interactions substantially, GB/GF = (102�103);
GF is the Fermi constant. This, in turn, implies the existence of a force mediator with the
mass much smaller than mW . In this case, solar 8B neutrinos have the best combination
of large flux and high end-point energy for producing an observable signal in rare event
searches. The key observation here is that for MeV-scale �b the ratio of elastic to inelastic
cross section with nuclei scales as [5]
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This tremendous enhancement makes small scale DM searches competitive with dedicated
large target-mass neutrino experiments; RN denotes the nuclear radius. Indeed, as proposed
in [5], if the oscillation length of �b is on the order of the earth-sun distance, the signal may
even be annually modulated in a way such that it can explain the DAMA/LIBRA signal
while still being compatible with other null-results from DM experiments. This long-standing
DAMA “anomaly” has very recently received some additional impetus by the reports of the
CoGeNT collaboration on 1) an unexpected rise in observed events at low nuclear recoils
and 2) an annual modulation thereof at 2.8⇥ C.L. JP: more about DM interpretations and
that it is worth considering also the �b option.

This paper is organized as follows: in the next section, the model of �b is reviewed.
In Sec. 3 we cover current and present sensitivity of DM searches to �b. In particular we
shall seek an explanation of the DAMA and CoGeNT modulation signal. In Sec. 4 it is
discussed how neutrino experiments can yield further insight and in Sec. 5 we discuss further
astrophysical signals.
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Approximate solutions: H+ diffuses out
Electron equation gives relation between E and geff because 1/me
terms dominate.

Plugging this into the proton equation we get

Ionized Hydrogen (e and p) diffuses against geff. Main physical 
reason: because of the tight coupling, e and p “share” the same 

mass mp. Effectively twice lighter than neutral H. 
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strength GB which exceeds that of the weak interactions substantially, GB/GF = (102�103);
GF is the Fermi constant. This, in turn, implies the existence of a force mediator with the
mass much smaller than mW . In this case, solar 8B neutrinos have the best combination
of large flux and high end-point energy for producing an observable signal in rare event
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This tremendous enhancement makes small scale DM searches competitive with dedicated
large target-mass neutrino experiments; RN denotes the nuclear radius. Indeed, as proposed
in [?], if the oscillation length of �b is on the order of the earth-sun distance, the signal may
even be annually modulated in a way such that it can explain the DAMA/LIBRA signal
while still being compatible with other null-results from DM experiments. This long-standing
DAMA “anomaly” has very recently received some additional impetus by the reports of the
CoGeNT collaboration on 1) an unexpected rise in observed events at low nuclear recoils
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Where would 7Li+ go? 
Li+ is a small perturbation. Its mass pulls it “down”; neutral H 
pushes it down, but free protons push it “up”. Main equation:

Trivially solving for the velocity difference we find: 

Where exactly lithium is “going” depends on the sign of the 
underlined bracket. 

Positive sign: Lithium would “sink”, and [Li/H]halo > [Li/H]BBN

Negative sign: Lithium would “float”, [Li/H]halo < [Li/H]BBN
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This paper surveys potential signatures of the existence of yet another “sterile-active”
neutrino state, �b, where active is understood in the sense that �b shall interact via a new
neutral current interaction with baryons (NCB) [5]. This “baryonic” neutrino is also “sterile”
in that it shares no SM NC or CC interactions. In particular, this implies that �b does
not scatter elastically on electrons. Remarkably, �b can then be coupled to baryons with a
strength GB which exceeds that of the weak interactions substantially, GB/GF = (102�103);
GF is the Fermi constant. This, in turn, implies the existence of a force mediator with the
mass much smaller than mW . In this case, solar 8B neutrinos have the best combination
of large flux and high end-point energy for producing an observable signal in rare event
searches. The key observation here is that for MeV-scale �b the ratio of elastic to inelastic
cross section with nuclei scales as [5]

⇥�bN(elastic)

⇥�bN(inelastic)
⇤ 108 ⇥

�
A

100

⇥2 �10MeV

E�

⇥4 �2 fm

RN

⇥4

. (8)

This tremendous enhancement makes small scale DM searches competitive with dedicated
large target-mass neutrino experiments; RN denotes the nuclear radius. Indeed, as proposed
in [5], if the oscillation length of �b is on the order of the earth-sun distance, the signal may
even be annually modulated in a way such that it can explain the DAMA/LIBRA signal
while still being compatible with other null-results from DM experiments. This long-standing
DAMA “anomaly” has very recently received some additional impetus by the reports of the
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1 Introduction

The phenomenon of neutrino mass-mixing and thereby induced lepton-flavor oscillations
constitute the only conclusively detected deviation from the Standard Model (SM) to date.
Though the neutrino sector is certainly the most elusive part of the SM, a tremendous and
sometimes painstaking experimental e⇤ort has firmly established the patterns of mass split-
ting and mixing for the three SM neutrinos, ⇥e, ⇥µ, ⇥⇤ . The multitude of data is consistent
with neutrino flavor eigenstates being the linear combination of—at least—three massive
ones ⇥1, ⇥2, ⇥3, with mass-squared di⇤erences �m2

21 = O(10�5) eV2 and �m2
31 ⇧ �m2

32 =
±O(10�3) eV2 and mixing angles with magnitudes �13 ⇧ 0, �23 ⇧ ⇤/4, tan2 �12 ⇧ 1/2. Neu-
trinos are predominantly detected via their charged current (CC) interaction on matter, and
elastic scattering (ES) on electrons. The only pure neutral current (NC) process for solar
neutrinos with participation of all active neutrino flavors observed remains the deuteron
breakup reaction d + ⇥x ⌃ p + n + ⇥x in the SNO experiment. Elastic NC processes were
never observed.

On the theoretical side, the interest to the elastic scattering of neutrinos on nuclei dates
back to Drukier and Stodolsky [1], who outlined their vision of a true neutrino observatory:
neutrinos with MeV-scale energies as they emerge from the interior of the sun, from nu-
clear reactors, from spallation beam experiments, or from supernovae explosions can scatter
elastically and with N2 enhancement in the cross section on keV-scale recoiling nuclei of
N neutrons [2]. Even though the energy transfer to the target nucleus is small, the idea
was that its e⇤ect in a detector at cryogenic temperatures may be macroscopic given that
the specific heat of the material can be minute. The underlying principle of NC neutrino
scattering on nuclei has found its proliferation in Dark Matter (DM) searches for weakly
interacting massive particles (WIMPs) [3].

Direct detection experiments seek for evidence of DM via its elastic scattering on various
targets such as crystals made from germanium or liquefied nobles gases such as xenon. No
univocal evidence for DM has yet been found but upper limits as low as 7⇥ 10�45 cm2 [4] in
the WIMP-nucleon cross section have been inferred for the optimal range of recoil energies.
These experiments have reached a level in sensitivity such that neutrino coherent scattering
on nuclei is being discussed as potential background for future ton-scale experiments. The
latter process has a cross section ⌅⇥/N2 ⌥ 4 ⇥ 10�43(E⇥/10MeV)2 cm2 where E⇥ is the
neutrino energy. Indeed, the average flux of neutrinos at earth, dominated by the solar
pp-chain of thermonuclear reactions, ⇥pp

⇥ ⌥ 6⇥ 1010 cm�2s�1, exceeds the flux expected from
WIMPs, ⇥DM ⇧ 105 (100GeV/mDM) cm�2s�1, by many orders of magnitunde. The reason
why neutrinos are not copiously detected via their NC interaction in DM experiments lies
in the soft recoil spectrum they induce, ER ⌅ 2E2

⇥/mN ⌥ 2 keV ⇥ (100/A) (E⇥/10MeV)2,
where mN and A are the mass and atomic mass number of the target nucleus. Whereas
these experiments fall short in sensitivity to SM neutrinos, they may nonetheless be powerful
probes of an extended neutrino sector [5].
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Main cross sections
We need ion-atom and ion-ion cross sections. 

p-H scattering is complicated. I will use approximation from 
Massey, Mott textbook:

In comparison, Li-p scattering is simple: Rutherford cross section:

Scattering cross section of charged particles is stronger, and is 
increasing as temperature drops. Coulomb log is huge.
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neutrino state, ⇤b, where active is understood in the sense that ⇤b shall interact via a new
neutral current interaction with baryons (NCB) [5]. This “baryonic” neutrino is also “sterile”
in that it shares no SM NC or CC interactions. In particular, this implies that ⇤b does
not scatter elastically on electrons. Remarkably, ⇤b can then be coupled to baryons with a
strength GB which exceeds that of the weak interactions substantially, GB/GF = (102�103);
GF is the Fermi constant. This, in turn, implies the existence of a force mediator with the
mass much smaller than mW . In this case, solar 8B neutrinos have the best combination
of large flux and high end-point energy for producing an observable signal in rare event
searches. The key observation here is that for MeV-scale ⇤b the ratio of elastic to inelastic
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Lithium diffuses out!
Smallness of Xe is more than compensated by the largeness of the 
Rutherford cross section

The crucial combination that determines the sign of the diffusion, 

Scattering of charged particles wins, and 7Li stays with ionized 
H, and therefor effectively diffuses out of over-densities:

[Li/H]grav minimum < [Li/H]BBN
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Lithium diffuses out!
3

or VLi = Vp, if ⌃
�1
Lip is the largest parameter. We now

need additional input with actual size of ⌃�1
ab .

The scattering of 4He on p has been calculated in [11].
The value of the transport cross section in the range of
energies we are interested in, and its weighted average
over the Maxwellian velocity distribution is given by
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3⌦ ⌃ (32/⇤)1/2
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µ14
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⇧HeH,

(9)
where T is the temperature of the baryonic fluid, aB =
1/(�me), is the Bohr radius, and µ14 = 4mp/5. The cross
sections of a singly-charged ion on a neutral atom can be

approximated as ⇧ab ⌃ 2.2⇤
�

�pol(b)�
2E

⇥1/2
[12], leading to
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where �pol(b) is the atomic polarizability of the neutral
species b: �pol(H) = 9

2a
3
B and �pol(He) = 1.38a3B . Ry

stands for the hydrogen binding energy, Ry ⌅ �2me/2 ⌃
13.6 eV. We should note that p-H scattering is in practice
a more complicated process due to the identical nature of
the nuclei involved, and a far more elaborate treatment of
the p-H cross section can be found in [13]. However, for
the accuracy of our discussion, we shall still approximate
it with Eq. (10). Finally, and most importantly, the
p-Li+ scattering is given by the Rutherford formula,

 ⇧Lipv
3⌦ = 8⇤1/2�2

(2T )1/2µ3/2
17

⇤ ln⇥ = 16
�
2⇤a2B

Ry2 ln⇥
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,

(11)
where µ17 = 7

8mp, and ln⇥ is the Coulomb logarithm.
For the conditions of primoridal plasma after the recom-
bination, its value is large, ln⇥ ⇧ 40, and weakly depen-
dent on temperature. Because of the long-range nature
of the EM force, Eq. (11) exhibits strong enhancement
by (Ry/T )3/2 ln⇥ at small velocities/low temperatures.

We are now ready to determine the sign of the r.h.s.
bracket in the simplified formula (8):
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VLi � VH ⌥ �g, (12)

where the abundance of free protons in the primordial
plasma is the same as the electron ionization fraction
Xe. It is easy to see that for the cosmological parameters
between recombination and re-ionization, the expression
(12) is negative. In Figure (1), we plot the the positivity
condition on Xe-redshift plane, assuming standard rela-
tions between T , photon temperature T⇥ and redshift z.
The separatrix stays firmly below cosmological Xe(T ) at
all redshifts. One can see that even tiny values of Xe

would lead to a tight coupling of lithium to H+, result-
ing in outward di⇤usion of lithium. We can also quantify
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FIG. 1. Post-recombination ionization fraction Xe(T ) (black
line) and the separatrix for the direction of VLi�VH relative
to g. Above the gray line Eq. (12) holds, and since it stays
always below the black curve, lithium di�uses “out”, leading
to [7Li/H]grav min < [7Li/H]SBBN.

the ratio of relative velocities,

|VLi � VH|
|Vp � VH|

⌃ 1 � 12

7

⌃Lip
⌃pH

= 1� O(10�2), (13)

which are di⇤erent only at O(%) level. Conclusions of
Eqs. (12) and (13) are due to large size of the Ruther-
ford cross section that overcomes the rarity of H+. Inclu-
sion of He into this analysis does change the conclusions
somewhat: while Li+ remains tightly bound to H+, the
outward di⇤usion of ionized H+ is no longer guaranteed.
We find that for most of the redshift of interest, z > 30,
both p and Li di⇤use out of overdensities not changing
the qualitative details of the simplified analysis.
Do we understand the magnitude and sign of possible

[7Li/H] variations? While we have shown that, quite
unexpectedly, the direction of lithium di⇤usion in the
early Universe after the recombination is against local
gravitational force, it is clear that it would be di⌃cult
to create variations in lithium abundance at O(1) level.
Let us assume to good accuracy that 1/⌃Lip is the largest
coe⌃cient, so that motion of Li+ and H+ are spatially
linked. Then, using the continuity equations we can tie
the variation in lithium abundance that develops at red-
shift zf to the local halo density,

[Li/H]SBBN � [Li/H]halo
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.

Here ⌅ is the average matter density, while ⌅halo is
the mass density of the halo, which is presumably con-



Pictorially…

geff

[Li/H]grav minimum < [Li/H]BBN

While we have proven that the initial direction of Li diffusion reduces 
its concentration at the bottom of gravitational wells, it is more 
involved to quantify the resulting deviation from BBN.

Helium, on the other hand, diffuses towards the bottom of the 
potential well. 

Neutral H

Vionized H
VLi

Li
Ionized H



Could variation of [Li/H] reach O(1)?
In the limit    Ye sRutherford >> sMassey-Mott Li+ “stays” with p (in 
reality, there is a factor of ~10-100 for the ratio of cross sections). 
Then Li+ and p spatial variations are related, and we need to 
quantify how much  nionized H /nneutral H can vary. Introduce variable 
density parameter, that obeys continuity equation

(In my previous treatment da<<1). Variation of density can be 
integrated within certain time window, 

Can reach O(1) only if the value of the integral is large. 

2

Taking the divergence of Eq. (1) for neutral Hydrogen and Helium, and using yields:

��̈H = � 1
mp
 · (T �H + T )� 2⌃g + ⇧�1

H�He(�̇H � �̇He), (11)

��̈He = � 1
4mp

 · (T �He + T )� 2⌃g + ⇧�1
He�H(�̇He � �̇H), (12)

to linear order in �H,He, where we used

�̇a = � · va, �a ⇤ ln(⇤a/⌃⇤a⌥). (13)

We will next assume hydrostatic equilibrium and adiabatic approximations for the bulk of the gas. The former
assumption (as well as �H,He ⌅ 1) is only valid for haloes smaller than the Jeans mass. The latter assumption ignores
the e⇥ects of di⇥usion, so our results will only be valid to leading order in ⇧H�He, and implies that we can assume
�H ⇧ �He, in all but the last terms in Eqs. (11-12). These yield:

5(PH + PHe)
2(⇤H + ⇤He)

+ ⌃g = const. (14)

or

 T =
2
3
⌃T ⌥ �H,He = � 8mp

5(1 + 3X)
 ⌃g. (15)

Now, subtracting Eq. (12) from Eq. (11) gives:

3
1 + 3X

 2⌃g + (⇧�1
H�He + ⇧�1

He�H)(�̇H � �̇He) = 0. (16)

Substituting from Eq. (10) and Poisson equation leads:

�He � �H ⇧ ln[(1�X)/X] +
3

1 + 3X

⌅
dt

4⇥G⇤m

⇤b

3
�
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4
�

2⌅H�HeT 1/2
, (17)

where ⇤b = ⇤H + ⇤He. Assuming that halo dark matter density is 200 times the mean density of the universe, while
baryon density is approximately the mean density of the Universe, we can find the integral for �CDM cosmology.
We have also assumed that baryon temperature follows CMB temperature, which (slightly) underestimates the e⇥ect.
The result is shown in Fig. (1). We conclude that the e⇥ect on Helium abundance could be as much 30%, depending
on the formation time of the CDM halo (or star).

III. IONS

Taking the divergence of Eq. (1) yields:
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Implications for the Li problem

The fact that Li stays ionized and more tightly coupled to ionized 
than to neutral fraction of H could be a good news for the solution 
to the puzzle(s) of its abundance. 
In my simplistic diffusion-based estimate, one needs a rather large 
value for the integral. In usual structure formation models                  
r halo DM(t) ~200 r cosmic DM (t). This appears to be able to influence 
Li abundance at O(%) level. However, we [Milky Way] could 
have originated from some regions with elevated
r halo DM(t)/r cosmic DM (t), so that variation can be ~ O(1)

We believe that the correct question to ask is not necessarily 
“who killed Lithium” but what are the [cosmological] chances 
that             [Li/H] our galaxy + neighbourhood  ~ 0.3 [Li/H]BBN ?          



Conclusions
1. Lithium problem is a “sore point” in modern cosmology: biggest 

tension between BBN+WMAP and observations.

2. Nuclear physics [even in some exotic form] is not responsible for 
Li under-abundance.

3. Exotic models of particle physics [decaying particles, catalyzed 
BBN] can reduce 7Li. Need “independent” verification at LHC.

4. Recent observations of scatter/suppression of Li/H at lowest Z 
lead us to believe that some important ingredients are missing.

1. Between recombination and re-ionization Li remains in a singly 
ionized state, which ensures its tight coupling to ionized H. 
Relative to neutral H, Li+ diffuse against the direction of 
gravitational force. As a result [Li/H]grav minimum < [Li/H]BBN



71

Sensitivity to Dark Radiation (changing timing)

Helium abundance 
provides evidence for ~ 
3+/-1 neutrino species. It 
does not allow for more 
than 20% change in the 
total energy density of the 
Universe. 

Li7 cannot be reduced by 
varying the amount of 
“dark radiation”. 
(From MP, J.Pradler, 
Ann.Rev.Nucl.Part.Sc. 2010)



5. Switzer and Hirata, 2005

(Neglecting non-thermal photons leads to an overestimate of 
neutral Li abundance by many orders of magnitude)
The fact that Li stays singly ionized was missed in the previous 
analysis (Medvigy, Loeb, 2001). This is significant for the 
problem of diffusion as charged particles have different cross 
sections + EM forcing. 
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tion is the integral over the cross section,

βdist =

! ELyα

χLiI

dE′

E′

"

r2γ(E′)+ rLyα(E′)

#

σLi(E
′)c. (12)

We use a fit to the photoionization cross section for
Li i from [26] that has been smoothed over resonances.
(There are no resonances in our energy range, so this is
not a concern.) The fit is based on low-energy cross sec-
tions from the Opacity Project [27] and high-energy cross
sections from a Hartree-Dirac-Slater method (though the
high-energy cross section is unimportant here because
there are no photons above ELyα = 10.2 eV):

σ(y = E/E0) = σ0(y−1)2y0.5P−5.5(1+
$

y/ya)
−P , (13)

where σ0 = 1.87723 × 10−6 cm3 s−1/c, P = 4.895, and
ya = 15.01. The results for the non-thermal and thermal
contributions to lithium photoionization as a function of
redshift are shown in Fig. 2.

IV. IONIZATION HISTORY AND SCALING

Lithium chemistry and the interaction between lithium
ions, lithium hydride, etc. can be very complicated [28],
but we will follow Stancil et al. [9] in tracking only pho-
toionization and radiative recombination, the two most
dominant reactions,

Li+ + e− ↔ Li + γ. (14)

The next leading order reaction is radiative charge trans-
fer [9, 29],

Li + H+ → Li+ + H + γ, (15)
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FIG. 3: Lithium recombination history in the presence of an
ionizing flux from the n = 2 hydrogen recombinations to the
ground state. Lithium recombines much more slowly than for
a purely thermal CMB, as (1 + z)−3/2, and remains largely
ionized up until late times. This reduces the optical depth,
and significantly reduces the imprint left on the CMB.

which is two orders of magnitude slower than Eq. (14)
if distortion photons are neglected. Photoionization
from distortions will only speed up Eq. (14) relative to
Eq. (15), making charge transfer less important.

The rate equation describing the evolution of the neu-
tral lithium fraction fLi based on the recombination αLi

rate and photoionization rate βLi is

dfLi

dz
= −(1 + z)−1H(z)−1[αLine(1− fLi)− βLifLi]. (16)

The solution of the rate equation Eq. (16) is shown in
Fig. 3.

Lithium recombination according to Eq. (16) goes
through four major stages:

1. A Saha stage, where the lithium ionization states
are in thermodynamic equilibrium;

2. A primary steady-state stage, in which the spectral
distortion from the bulk of hydrogen recombination
at z ∼ 1300 keeps lithium ionized;

3. A residual steady-state stage, in which the spec-
tral distortion from z ∼ 1300 has redshifted to be-
low the Li i ionization threshold, but lithium is kept
ionized by UV radiation from residual hydrogen re-
combinations; and

4. A freeze-out stage, in which the time scale for all
relevant reactions becomes larger than the Hubble
time, and fLi approaches a constant. It is dur-
ing this stage that the steady-state approximation,
Eq. (18), breaks down.

In the real universe, the first stars eventually turn on,
increasing the UV background–probably ionizing essen-
tially all of the intergalactic lithium. This occurs too late
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of redshift, showing the contribution of non-thermal (distor-
tion) photons, beginning to dominate shortly after hydrogen
recombination. The non-thermal rate is fast compared to the
inverse Hubble time, allowing a steady-state solution.

tion is the integral over the cross section,

βdist =

! ELyα

χLiI

dE′

E′

"

r2γ(E′)+ rLyα(E′)

#

σLi(E
′)c. (12)

We use a fit to the photoionization cross section for
Li i from [26] that has been smoothed over resonances.
(There are no resonances in our energy range, so this is
not a concern.) The fit is based on low-energy cross sec-
tions from the Opacity Project [27] and high-energy cross
sections from a Hartree-Dirac-Slater method (though the
high-energy cross section is unimportant here because
there are no photons above ELyα = 10.2 eV):

σ(y = E/E0) = σ0(y−1)2y0.5P−5.5(1+
$

y/ya)
−P , (13)

where σ0 = 1.87723 × 10−6 cm3 s−1/c, P = 4.895, and
ya = 15.01. The results for the non-thermal and thermal
contributions to lithium photoionization as a function of
redshift are shown in Fig. 2.

IV. IONIZATION HISTORY AND SCALING

Lithium chemistry and the interaction between lithium
ions, lithium hydride, etc. can be very complicated [28],
but we will follow Stancil et al. [9] in tracking only pho-
toionization and radiative recombination, the two most
dominant reactions,

Li+ + e− ↔ Li + γ. (14)

The next leading order reaction is radiative charge trans-
fer [9, 29],

Li + H+ → Li+ + H + γ, (15)

 1e-09
 1e-08
 1e-07
 1e-06
 1e-05

 0.0001
 0.001

 0.01
 0.1

 1

 10 100

N
eu

tra
l l

ith
iu

m
 fr

ac
tio

n

Redshift z

Lithium recombination history

LiI with distortions
LiI steady state with distortions

LiI without distortions
LiI steady state without distortions

scaling law

FIG. 3: Lithium recombination history in the presence of an
ionizing flux from the n = 2 hydrogen recombinations to the
ground state. Lithium recombines much more slowly than for
a purely thermal CMB, as (1 + z)−3/2, and remains largely
ionized up until late times. This reduces the optical depth,
and significantly reduces the imprint left on the CMB.

which is two orders of magnitude slower than Eq. (14)
if distortion photons are neglected. Photoionization
from distortions will only speed up Eq. (14) relative to
Eq. (15), making charge transfer less important.

The rate equation describing the evolution of the neu-
tral lithium fraction fLi based on the recombination αLi

rate and photoionization rate βLi is

dfLi

dz
= −(1 + z)−1H(z)−1[αLine(1− fLi)− βLifLi]. (16)

The solution of the rate equation Eq. (16) is shown in
Fig. 3.

Lithium recombination according to Eq. (16) goes
through four major stages:

1. A Saha stage, where the lithium ionization states
are in thermodynamic equilibrium;

2. A primary steady-state stage, in which the spectral
distortion from the bulk of hydrogen recombination
at z ∼ 1300 keeps lithium ionized;

3. A residual steady-state stage, in which the spec-
tral distortion from z ∼ 1300 has redshifted to be-
low the Li i ionization threshold, but lithium is kept
ionized by UV radiation from residual hydrogen re-
combinations; and

4. A freeze-out stage, in which the time scale for all
relevant reactions becomes larger than the Hubble
time, and fLi approaches a constant. It is dur-
ing this stage that the steady-state approximation,
Eq. (18), breaks down.

In the real universe, the first stars eventually turn on,
increasing the UV background–probably ionizing essen-
tially all of the intergalactic lithium. This occurs too late
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Sensitivity to Changing Couplings (through 
changing timing)

Helium abundance is 
sensitive to ¢ mnp /mnp that 
affects n/p freeze-out. 

D and especially 7Li are 
super-sensitive to deuterium 
binding. 

5% reduction in D binding 
reduces 7Li by a factor of 2

(Dmitriev et al 2004, Dent et 
al. 2007, Cox et al. 2007)
(From MP, J.Pradler, 
Ann.Rev.Nucl.Part.Sc. 2010)
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Why is 6Li so suppressed in SBBN?
Why no 9Be or 10,11B is synthesized in SBBN?

6Li can be produced only in  4He(2H,g)6Li reaction, which is ~ nine orders of 
magnitude slower than photonless reactions, and four-five orders slower than 
other g-reactions. WHY? The reason is “very special”: 6Li is well described 
by 4He-D cluster. In this cluster, q1/m1 = q2/m2, and thus electric dipole 
transition is forbidden, and only quadrupole transition is allowed. Given 
that the wavelength of emitted g is much larger than a typical nuclear size, 
w Rnucl » 0.02, this results in a huge suppression:

Plus the 6Li + p ! ® + 3He reaction freezes out only below T = 10 keV
9Be and Boron are absent because 8Be is unstable. Probability of triple reactions, 

e.g. a + a + n, is very low.

Any “accidental” suppression of an observable can be turned into a sensitive 
probe of exotic channels for which this suppression does not apply. 
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Catalyzed Production of 6Li and 9Be at 10 KeV
(~5:30 a.m, day 1), MP 2006, MP 2007, MP, Pradler, Steffen 2008. 

Nuclear catalysis by 
negatively charged 
particles (e.g. scalar 
leptons) is triggered by the 
formation of bound states 
with 4He. 

Both 6Li and 9Be get a 
strong enhancement.

For large abundances of YX
and short lifetimes 7Be+7Li 
is also reduced (Bird, 
Koopmans, MP 2007).  
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Why it is important to study impact of TeV relics 
on BBN: because you can probe models immune to 

other tests. LHC may change that!

Suppose nature chose the weak scale supersymmetry.
There are two types of regular superpartners:
Neutrals: neutralinos, sneutrinos.  Charged: charged sleptons, squarks, charginos
All masses are at ~ TeV or less [one would hope!]
“Probability” of mlightest charged < m

lightest neutral
: 50%

Gravitino mass is a free parameter, not linked to weak scale
“Probability” of mgravitino<mlightest charged < m

lightest neutral
: 25%

“Probability” of mgravitino<m
lightest neutral

< mlightest charged : 25%
Decays of NLSP ! gravitino happens at long time scales: ~ (MPl )2.
In 25% cases you have catalyzed BBN. In 50% cases you have non-equilibrium BBN
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Non-equilibrium generation of 9Be
MP, Pradler, 2010

When “hadronic” energy is injected, the following chain of non-
equilibrium transformations becomes possible

9Be is observed down to 10-14 and is less fragile than either 6Li or 7Li. 
Therefore, one could use 9Be as an extra BBN observable and 
constrain models with early energy injection. 

Probability to create
9Be out of energetic T
is about 10-8
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Results of the full calculation

9Be can be produced in 
observable amounts if there 
are about 10-2 GeV per 
nucleon of energy injected in 
the form of qq pairs. (10-5

decays of TeV scale relics)

Therefore, it can also be 
used as a BBN “calorimeter” 
along with 6Li. Unlike with 
any other elements 
observational limits on 9Be 
can be improved.



79

Models of mediators
Vector portal model: Higgs’ can be accidentally long-lived

Higgs portal model:    

Given that some of the mediator particles can be rather long-lived, are 
there any implications for the Big Bang Nucleosynthesis?



80

Estimates of p! n efficiency 
How many pions do we need ? = what is the probability of producing 

a neutron within pion lifetime?
Proton capture rate by p-

Probability is small

But not too small, given that we need 10-5 extra neutrons per proton. 
Therefore about ~10 pions per proton injected around T=40 keV will 

do the job. 
Kaon case is similar. O(1) K- per proton is enough.
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µBBN or nBBN
How many muons (source of antineutrinos) do we need?
Rate for proton-induced conversion of neutrino to neutron is smaller

than Hubble rate by about nine orders of magnitude

O(104) muons per proton is required. 

“Easy to arrange”
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Model Connections
Two types: 
“WIMPs” – initially very abundant (e.g. as photons) – then deplete 

themselves at T~m, and in our case decay after 100-104 sec.
“super-WIMPs” – initially not present at all – get generated by 

thermal leakage of SM, then decay. 
Vector portal model: Ã will be considered in this talk

Higgs portal model: 

WIMP or Super-WIMP depends on strength of couplings
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Vector portal model in WIMP regime

Long-lived particle – Higgs’ boson, if mh’ < mV (SUSY mass pattern) 
Decay rate ~ (mixing angle)^4.

In contrast, Vector particle decays in a picosecond. 

Perfect candidate – provided that one can somehow reduce its 
abundance to an acceptable level. 
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Super-WIMP regime
Take coupling effective coupling constant
(k)2® = 10-26

Then vector lives 1000 sec. Model has almost no free parameters. –
And it works!

Vectors do not exist initially, then get thermally produced at the level 
O(1) per baryon, and then decay after 1000 sec or so. 
Straight calculation of abundance (well... assuming massless quarks):

MV ~ 700 MeV reduces lithium rather efficiently because of the large 
branching to pions and Ep ~ delta resonance. 

I see no other probes of this model except BBN.  L
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Catalyzed BBN
Suppose that there is an electroweak scale remnant X- (and X+), e.g. SUSY partner of 

electron, µ or t, with the following properties:

1. Masses are in excess of 100 GeV to comply with LEP/Tevatron.

2. Abundances per baryon YX are O(0.1-0.001). In a fully specified model of 
particle physics they scale as YX » (0.01-0.05)mX/TeV.

3. Decay time tX is longer than 1000 sec; no constraints on decay channels. 

Are there changes in elemental abundances from mere presence of X-?
Yes! Anything at all that sticks to He with binding
energy between 150 KeV and 1500 KeV will lead to the 
catalysis of 6Li production!
Any quantities of (8BeX) in excess of 10-10 at 8 keV will lead to the 

catalysis of 9Be to >10-13 level.
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Binding energy and stability thresholds
(4HeX) and (8BeX) are the “bottlenecks” for 

6Li and 9Be synthesis
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Recombination of 4He and X-

(4HeX) bottleneck

Naive equilibrium Saha-type equation

gives a rapid switch from 0 to 1 at 8.3 KeV
Realistic solution to Boltzmann equation leads to a gradual increase of the 

number of bound states. Catalyzed synthesis of 6Li will start below 9keV

)KeV3.8(
)/exp()2/(1

1
)(
)(

2/3
He

1
He

-He T
TETmnTn

Tn

bX

X -»
-+

= - q
p



88

Fusion of 4He and (4HeX)
(8BeX) bottleneck

The formation of (8BeX) occurs primarily via resonant process

(4HeX) + 4He ! *(8BeX, n=3) ! (8BeX, n=3) +g
For n=3, l=1,2 the resonant energies are 114 and 88 keV. 
It turns out that when TÀ Gtot= GinÀGout, the Breit-Wigner formula simplifies

and gives a total rate that is independent on Gin that contains all nuclear 
physics uncertainties  !

105 T9
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After bound states have formed, new reaction 
channels open up

§ Main SBBN channel for 6Li production
4He + D ! 6Li + g;  Q = 1.47 MeV

in usual astrophysical units.  6Li(SBBN) » 10-14

NB: typical pre-exponents for g reactions are 105-106, 
for photon-less reactions 108-1010 

§ Main CBBN channel for 6Li production

(4HeX-) + D ! 6Li + X-;  Q = 1.13 MeV

)/435.7exp(30 3/1
9

3/2
9 TTvSBBN -= -s

)/37.5exp(104.2 3/1
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New Reaction Channels

§ A possible SBBN channel for 9Be production
8Be + n ! 9Be + g;  Q = 1.66 MeV

9Be(SBBN) » 10-18

§ Main CBBN channel for 9Be production
(8BeX-) + n ! 9Be + X-;  Q = 0.26 MeV

This is a large photonless rate dominated by threshold resonance!

unstable is Beas  collisons  tripleRequires  .0 8»vSBBNs

9100.2 ´=vCBBNs
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Photon-less production of 6Li in CBBN

SBBN                                  CBBN

There are two sources of enhancements: 

1. Phase space, 

2. Coulomb screening, EG
SBBN=5249 KeV! EG

CBBN=1973 KeV.      This 
gives ~10 times enhancement at T=8 KeV. Three-body nuclear 
calculation, hep-ph/0702274, (Hamaguchi, et al.) finds S-factor 8 times 
smaller than my original estimate.
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6Li  and 9Be at 8 KeV
CBBN with  YX = 5£10-3, tX=1 as a typical example,
resulting in 6Li >10-8, and 9Be>10-11 – Excluded!

Observationally, 6Li/H < few£ 10-11;  9Be/H<few£ 10-13,   

Therefore, YX(2£104sec) < 10-5 , and typically tX < 5£ 103 s.
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6Li  and 9Be at 8 KeV
CBBN with  YX = 10-1, tX=2000s  as a “just so” scenario                 

6Li/H=1.3£ 10-11;  9Be/H=7£ 10-14:      A very intriguing pattern!!!
9Be/6Li = (2-5)£ 10-3 - a typical “footprint” of CBBN
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Catalytic suppression of  7Be + 7Li
(Bird, Koopmans, MP, 2007)

§ The “bottleneck” is creation of (7BeX-) bound states that is 
controlled by 7Be+X-! (7BeX-) + g reaction 

§ There are two main destruction channels that are catalyzed:
1.        p-reaction:    (7BeX-) + p ! (8BX-) + g by a factor of >1000

relative to       7Be + p ! 8B + g
2.     In models with weak currents, the “capture” of X- is catalyzed:

(7BeX-) ! 7Li + X0 ,
so that lifetime of (7BeX-) becomes ¿ 1 sec. 7Li is significantly more 

fragile and is destroyed by protons “on the spot”.
3. There is significant energy injection via 

X+ +X- ! (X+X-) ! SM particles. If this process has hadronic
modes, it also affects Li7. 

One needs YX > O(0.01) at T~40 keV to reduce 7Be that way.  
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Combined Fit of 6Li and 7Be+7Li constraints

Lifetimes 1000< tX < 2000 sec and 0.05 <YX< 0.1 satisfy 
6Li constraint and suppress 7Be+7Li by a factor of 2. 
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Existence of 6Li plateau is challenged 

Cayrel et al, 2009 concludes that 6Li>0 in only 4 stars.

Asplund replies (2010): “…In summary, it is not yet possible to say 
that 6Li has definitely been detected but it is definitely too early to 
say that 6Li has not been detected…”

May be lithium problem(s) pose an interesting puzzle, but at 
this point cannot be over-dramatized. 6Li is probably an artifact 
of line fitting… Over-production of 7Li can possibly be corrected 
by stars themselves. Intriguingly, both isotopes can be indication on 
new physics, especially 6Li.   


