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Outline of the talk 

1. Introduction: exotic metastable particles and ”practical” 
interest in them. 

2. BBN redux. 7Li is “over-predicted” cosmological lithium 
problem. Different types of constraints on particle physics
from BBN.

3. Last 10 years of developments. Planck results; new accuracy 
for D/H (?); no 6Li. Arguments in favor of new limits on 6Li 
from interstellar abundance. 

4. BBN catalysis by the doubly charged particles, enhancement 
of Li/Be/B production. 

5. Conclusions
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Interest in metastable charged 
particles

1. During high hopes for supersymmetric models, a model with 
next-to lightest SUSY particle (NLSP) with a charge (e.g. scalar 
electron or scalar tau), and lightest SUSY particle gravitino was 
very popular. Scalar lepton à gravitino decay is delayed, 
leading to the consequence for light elements (BBN). 

2. Speculation about dark matter in form of bound states with 
Helium. Belotsky, Khlopov et al., (4HeX--) is a neutral particle 
that can be hidden dark matter. 
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Interest in metastable charged 
particles

3. Last two years, the LHC (ATLAS) had claims of abnormal tracks 
consistent (2205.06013) with the highly ionizing particle tracks of 
metastable heavy particles. And in particular consistent with Q = 2. 
(Giudice, McCullough, Teresi, 2205.0473)

4. Finally, Evgeny Akhmedov argues (2109.13960) that X- -

particles – should they be somehow obtained and trapped in a lab 
(either obtained via LHC or somehow extracted from the 
environments) – will be able to catalyze thermonuclear reactions 
(c.f. muon catalysis) and have a positive balance in terms of the 
energy obtained vs spent (unlike the muon catalysis). 
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Long-lived heavy charged particles will definitely have an impact on 
the Big Bang Nucleosynthesis and will be tightly constrained. 

What are these constraints? 

Given prior experience (MP 2006) with BBN catalysis by singly 
charged particles, we know that the main constraints will come 
from the catalysis of the Lithium chain.
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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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>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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BBN abundances at hCMB 
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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) 
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BBN is very simple… One free parameter h =nb/ng
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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+a à 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
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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
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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.   



1991 review
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19
91
Ap
J.
..
37
6.
..
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 10yr 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, Li"ium in "e Cosmos 13

         

Linear scale BB N(Fe) / N(Fe)� 
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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: 
      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: ß Ruled out recently including hidden resonances
      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. What is the primordial value range then??
      Depletion of lithium needed along Spite plateau is ~ 3 – 5.
§ Particle physics: 
 Decays of heavy relics can reduce 7Li. 7Li can also be destroyed in 

catalyzed reactions. Energy injection models are ruled out by D/H
§ 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. Implies that we 
live precisely placed inside large underdense region of Universe. 
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Extra neutrons from particle physics reduce 7Be
3He+a à 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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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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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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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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Decaying particles and Li problem

§ 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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Astrophysical solutions

§ Most reasonable assumption is that Lithium diffuses out of 
photosphere/gets destroyed. 

§ Some evidence corroborating this is provided by efficient 
destruction of 6Li/H that is currently observed less than the cosmic 
ray models typically predict (see Fields, Olive, 2204.03167 ). 

§ Constraints on abnormally produced 6Li can be derived from 
observation of 6Li in Milky Way and SMC in the interstellar 
medium. Simultaneous presence of 6Li and D proves that the 
material was not 100% recycled in stars. This allows to deduce the 
upper bound 7Li/H < 10-9 6Li/H < 2*10-10. (Akhmedov, 
MP, in prep)
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Catalyzed BBN

§ Negatively charged X forms bound states (HeX) with helium via 
(a,gamma) reactions. Reacting twice, can also form (8BeX). 

§ (He X) reacts with subdominant species such as D, 3He, to form 
lithium 6 and 7, in a photon-less reaction

§ Traces of Boron are also generated via the reaction with 7Be.

§ Main goal is to derive CBBN yield, Li/Be/B per X-particle, which 
then allows to constrain X/baryons. 



29

Catalyzed BBN: bound states of X- with nuclei
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Binding energies for doubly charged particlesdistributed within the Bohr radius)

Table 1: Bound state energies for (NX��)

Nucleus N r.m.s. charge radius in fm Binding energy in MeV
4He 1.67 1.156
5Li 2.6 2.15
8Be 2.5 3.40
9B 2.5 4.61

Looking into this table, we can make the following observations:

1. 4He is the most abundant nucleus after p, and it forms earlier than
(pX��). Recall that the “normal” D-bottleneck is 90 keV, and is ⇠
25 times smaller than binding energy of 2.2 MeV. Therefore, we can
immediately conclude that the main bound states will start forming at
T ' 45 keV. This is nice – because only a handful of reaction is still
going, and YHe = const at these temperatures.

2. Mass five A = 5 nuclear divide is not bridged. Since the mass excess
for 5Li is 1.69 MeV, the binding energy of 2.15 MeV is not enough
to compensate for that. (Relevant energy is the relative binding en-
ergy, 2.15� 1.15 = 1.0MeV, smaller than 1.69 MeV) Similarly for 5He.
Therefore we can ignore that.

3. Mass 8 divide is definitely bridged for Beryllium-8 and Boron-9, as their
mass excess is O(0.1MeV) and the binding energies are 3 and 4 MeV.
We expect most of the X�� to end up with the bound states with these
elements. One can also check that there is no �+ decay of (9BX��) to
(9BeX��).

4. IfX�� is stable on modern universe timescale, the abundance of (6LiX��)
will appear as abnormal hydrogen. Therefore, using the weird H-
isotope searches one should be able to set Y(6LiX) < O(10�28) bound
below a TeV. Calculating this yield is also of interest. (Note that
(7LiX��) will be unstable wrt to decay to (7BeX��))

2

Conclusions: 

• Binding energies with Helium are ~ factor of 2 less than the binding 
energy of deuteron à expect a new bottleneck at 80 keV/2 = 40 keV

• A=5 elements are not stable (5LiX) decays to (4HeX) and p. 

• 8Be and 9B are stabilized when attached to a massive negative X.  
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Reactions leading to bound states

3. Catalyzed chains

It is interesting that the most likely objects containing an X�� will not lead
to any significant constraints. That is (9BX��) and (eBeX��) will decay
immediately following the decay of X�� to alphas, or alphas plus proton. It
is convenient splitting the rate into those involving and not involving photons
in the final state. Our ”target” composite nuclei are (4HeX��), (8BeX��)
and (9BX��) that have infinite mass and charges 0, + 2, and +3.

The following photonless reactions can occur

(4HeX��) + D ! X�� + 6Li, Q = 0.31MeV (1)

(4HeX��) + T ! X�� + 7Li, Q = 1.31MeV (2)

(4HeX��) + 3He ! X�� + 7Be, Q = 0.41MeV (3)

(8BeX��) + D ! X�� + 10B, Q = 2.6MeV (4)

(8BeX��) + T ! X�� + 11B, Q = 7.8MeV (5)

(8BeX��) + 3He ! X�� + 11C, Q = 5.8MeV (6)

(8BeX��) + 4He ! X�� + 12C, Q = 3.97MeV (7)

(9BX��) + n ! X�� + 10B, Q = 4.0MeV (8)

(9BX��) + p ! X�� + 10C, Q = �0.37MeV (9)

At relevant, 40 keV, temperatures, lithium 6,7 are still fragile and get reduced
by protons, while beryllium-7, boron and carbon are largely going to stay
intact. Carbon 10 and 11 will become boron due to weak interactions.

Gamma reactions are of course also very important. Especially the main
three reactions with the most abundant species:

4He +X�� ! (4HeX��) + �, Q = 1.15MeV (10)

(4HeX��) +4 He ! (8BeX��) + �, Q = 2.25MeV (11)

(8BeX��) + p ! (9BX��) + �, Q = 1.0MeV (12)

Because of the bottleneck and low-ish Q, the first and third reactions go in
both directions, and the second reaction goes only in one direction.

We now put together a small program with three players: p, 4He and
X�� to follow the bound state evolution. We need corresponding rates. For
now I am going to do some rough approximations. Let us calculate the

3

• First reaction is calculable without nuclear physics involved, 
similar to textbook calculations. 

• The resonant part of second reaction (to n=3,l=0 state of BeX) 
can be calculated with minimal nuclear uncertainties. 

• Non-resonant part, E1 transition to n=2,l=1 state, can be 
calculated using a-cluster model for Be wave function. 
Somewhat less precise estimates can be done for (9BX)

• Reactions leading to (BeX) and (BX) are very important 
because they reduce catalyzed yields by hiding X behind the 
Coulomb barrier. 
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Reactions leading to bound states

3. Catalyzed chains

It is interesting that the most likely objects containing an X�� will not lead
to any significant constraints. That is (9BX��) and (eBeX��) will decay
immediately following the decay of X�� to alphas, or alphas plus proton. It
is convenient splitting the rate into those involving and not involving photons
in the final state. Our ”target” composite nuclei are (4HeX��), (8BeX��)
and (9BX��) that have infinite mass and charges 0, + 2, and +3.

The following photonless reactions can occur

(4HeX��) + D ! X�� + 6Li, Q = 0.31MeV (1)

(4HeX��) + T ! X�� + 7Li, Q = 1.31MeV (2)

(4HeX��) + 3He ! X�� + 7Be, Q = 0.41MeV (3)

(8BeX��) + D ! X�� + 10B, Q = 2.6MeV (4)

(8BeX��) + T ! X�� + 11B, Q = 7.8MeV (5)

(8BeX��) + 3He ! X�� + 11C, Q = 5.8MeV (6)

(8BeX��) + 4He ! X�� + 12C, Q = 3.97MeV (7)

(9BX��) + n ! X�� + 10B, Q = 4.0MeV (8)

(9BX��) + p ! X�� + 10C, Q = �0.37MeV (9)

At relevant, 40 keV, temperatures, lithium 6,7 are still fragile and get reduced
by protons, while beryllium-7, boron and carbon are largely going to stay
intact. Carbon 10 and 11 will become boron due to weak interactions.

Gamma reactions are of course also very important. Especially the main
three reactions with the most abundant species:

4He +X�� ! (4HeX��) + �, Q = 1.15MeV (10)

(4HeX��) +4 He ! (8BeX��) + �, Q = 2.25MeV (11)

(8BeX��) + p ! (9BX��) + �, Q = 1.0MeV (12)

Because of the bottleneck and low-ish Q, the first and third reactions go in
both directions, and the second reaction goes only in one direction.

We now put together a small program with three players: p, 4He and
X�� to follow the bound state evolution. We need corresponding rates. For
now I am going to do some rough approximations. Let us calculate the

3

• First reaction is calculable without nuclear physics involved, 
similar to textbook calculations. 

• The resonant part of second reaction (to n=3,l=0 state of BeX) 
can be calculated with minimal nuclear uncertainties. 

• Non-resonant part, E1 transition to n=2,l=1 state, can be 
calculated using a-cluster model for Be wave function. 
Somewhat less precise estimates can be done for (9BX)

• Reactions leading to (BeX) and (BX) are very important 
because they reduce catalyzed yields by hiding X behind the 
Coulomb barrier. 
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Reactions leading to bound states

• Green:    Formation of (HeX), stays above 1 at all times.   

• Blue:  Resonant rate to (BeX), drops quickly with T.

• Yellow: Total rate to (BeX), stays above 1 for T > 0.2

T9 or temperature in 109 K 

Rates weighted by the Hubble rate
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Bound state yield per X particle

• Nearly 100% of X will be consumed by bound states.  

• Dominant component will be BeX, with 80% yield, while HeX 
is also present in large numbers, 20%. 
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Catalyzed reactions 

• Examples of catalyzed reactions. We will work in X/p << 1 limit

• (1) and (3) are the most important. 

• Rates can be rescaled by using Kamimura et al. results for 
catalyzed rates with singly charged X. Reaction to 6Li > Hubble

3. Catalyzed chains

It is interesting that the most likely objects containing an X�� will not lead
to any significant constraints. That is (9BX��) and (eBeX��) will decay
immediately following the decay of X�� to alphas, or alphas plus proton. It
is convenient splitting the rate into those involving and not involving photons
in the final state. Our ”target” composite nuclei are (4HeX��), (8BeX��)
and (9BX��) that have infinite mass and charges 0, + 2, and +3.

The following photonless reactions can occur

(4HeX��) + D ! X�� + 6Li, Q = 0.31MeV (1)

(4HeX��) + T ! X�� + 7Li, Q = 1.31MeV (2)

(4HeX��) + 3He ! X�� + 7Be, Q = 0.41MeV (3)

(8BeX��) + D ! X�� + 10B, Q = 2.6MeV (4)

(8BeX��) + T ! X�� + 11B, Q = 7.8MeV (5)

(8BeX��) + 3He ! X�� + 11C, Q = 5.8MeV (6)

(8BeX��) + 4He ! X�� + 12C, Q = 3.97MeV (7)

(9BX��) + n ! X�� + 10B, Q = 4.0MeV (8)

(9BX��) + p ! X�� + 10C, Q = �0.37MeV (9)

At relevant, 40 keV, temperatures, lithium 6,7 are still fragile and get reduced
by protons, while beryllium-7, boron and carbon are largely going to stay
intact. Carbon 10 and 11 will become boron due to weak interactions.

Gamma reactions are of course also very important. Especially the main
three reactions with the most abundant species:

4He +X�� ! (4HeX��) + �, Q = 1.15MeV (10)

(4HeX��) +4 He ! (8BeX��) + �, Q = 2.25MeV (11)

(8BeX��) + p ! (9BX��) + �, Q = 1.0MeV (12)

Because of the bottleneck and low-ish Q, the first and third reactions go in
both directions, and the second reaction goes only in one direction.

We now put together a small program with three players: p, 4He and
X�� to follow the bound state evolution. We need corresponding rates. For
now I am going to do some rough approximations. Let us calculate the

3

incoming nucleus, mD for reaction (1) and m3He for reaction (3). I take S to
be 45 bn keV for reaction (1) and 15 bn keV for reaction (3).

We now evaluate the corresponding quantities and reaction rates. In
standard notations, I got the following:

R(4HeX + D !6 Li + X) = NA�v = 6.9⇥ 107 cm3/sec (30)

R(4HeX +3 He !6 Li + X) = NA�v = 7.3⇥ 106 cm3/sec (31)

This gives the following rate to be compared with the Hubble rate

�(4HeX + D !6 Li + X) = 0.03T 3

9
1/sec (32)

�(4HeX +3 He !7 Be + X) = 1.1⇥ 10�3T 3

9
1/sec (33)

Importantly, �(4HeX + D !7 Be + X)/H stays above 1 until T9 = 0.08.
This guarantees very large output of 6Li. ** I still need to understand the
origin of slight discrepancy with Evgeny’s numbers **.

5. Calculation of a nonresonant recombination rate

An important question that determines the overall number of highly reactive
neutral (HeX) states is their removal by formation of (8BeX), and we need
to know if there is a large non-resonant part to the reaction. Going to
extremely slow initial particles, one could argue that the s-wave scattering
should dominate, and therefore the following capture reaction must occur,

(4HeX) +4 He ! (8BeX)n=2,l=1 + �. (34)

The p-wave final state is uniquely determined by requiring that the reaction
is exothermic, and by the dominance of E1 amplitude. The intermediate
energy release in this reaction is given by the energy di↵erences

!� = Q = (�1.15MeV � (�2.24MeV + 0.09MeV)) = +1.00MeV, (35)

where �2.24 MeV is the 2p binding energy between 8Be and X��.

In principle, it is a complicated 3-body calculation, but what simplifies
it is that the interaction with photon is still perturbative. The cross section
for recombination can be written (i.e. approximated) in the following way:

�v =
↵Z2

He
!3

�

2⇡
d⌦�

����
Z

d3r1d
3r2 

⇤
BeX

✓
~r1 + ~r2

2

◆
 ⇤
Be
(|~r1 � ~r2|) (36)

⇥(~✏,~r1 + ~r2) HeX (~r1) He(~r2)|2

8
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Catalyzed Yields (main results)

• Parametrically long lifetimes (above 105 seconds, e.g. stable)

• 6Li/X = 0.8; (7Beà7Li)/X = 0.03. 6Li will dominate constraints.  

• 11B is created via 11C, using HeX + 7Be à 11C + X, yield = 10-4
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Catalyzed Yields (main results)

• 500 seconds lifetime (an example)

• 6Li/X = 10-8; (7Beà7Li)/X = 10-3. 7Li will dominate constraints.   

• 11B is created via 11C, using HeX + 7Be à 11C + X, yield ~ 10-6
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Catalyzed Yields vs lifetime

• As expected, catalized yield has 6Li/7Li > 1 for long lifetimes, 
and only 7Li is important for short lifetimes.    

• Can now be easily turned into constraints on abundance
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Constraint on lifetime vs abundance

• As expected, catalized yield has 6Li/7Li > 1 for long lifetimes, 
and only 7Li is important for short lifetimes.    

• Uncertainties in this treatment are O(1). “Permissible” for log-
log treatment. 

Excluded. Too much Li
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Consequences
• Infinite lifetime à abundance relative to H is less than 10-9. 

• If X - - is “missing mass”, e.g. dark matter, then the mass has to 
be in 5*109 GeV range and larger. Such particles will not be 
stopped by the rock and will be seen as highly ionizing tracks 
with all the usual constraints to apply. 

• For the infinite lifetimes, (LiX) bound states will appear as 
“abonormal hydrogen” and constraints may be even better. 

• If we insist on TeV and sub-TeV scale particles (like implied by 
the ATLAS search), AND on standard cosmology with T ~ mX, 
then the abundance is ~ (0.001 - 1) *baryon abundance. This 
implies the lifetime limit of 100 seconds or less. (Making 
speculations on thermonuclear catalysis in the lab more 
difficult.)
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Conclusions
• BBN continues to be an important chapter in Early Universe’s 

history. D/H and He/H is relatively consistent, while Li is 
smaller than BBN prediction by a factor of ~3. The most 
reasonable assumption is suppression in stars. 

• One could turn interstellar abundance of Li into an upper bound 
of what one can have, and one can conservatively infer 
 Li/H  < 10-9. It would be great to measure Li/H and D/H in 
the same systems. 

• We can turn it into a powerful tool for constraining BSM 
physics and catalyzed BBN is one such example. 

   thank you


