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Addendum to: JCAP01(2020)004

Abstract. Very recently, the LUNA collaboration has reported a new measurement of the
d+p — 3He+~ reaction rate, which plays an important role in the prediction of the primordial
deuterium abundance at the time of BBN. This new measurement has triggered a new set of
global BBN analyses within the context of the Standard Model. In this addendum to JCAP
01 (2020) 004 (arXiv:1910.01649), we consider the implications of these new results for our
constraints on MeV-scale dark sectors. Importantly, we find that our bounds in the BBN-
only and Planck-only analyses are insensitive to these updates. Similarly, we find that our
constraints derived using BBN and CMB data simultaneously are not significantly modified
for neutrinophilic particles. The bounds on electrophilic dark sector states, however, can
vary moderately when combining BBN and CMB observations. We present updated results
for all the relevant light dark sector states, calculated using the rates obtained by the leading
groups performing standard BBN analyses.
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Recent LUNA results. The LUNA collaboration has recently reported a very precise
measurement of the d + p — 3He + v cross-section at the energies relevant for Big Bang
Nucleosynthesis (BBN) (E ~ 30 — 300keV) [1]. This quantity is particularly important for
the prediction of the primordial deuterium abundance [2]. As a result, the three leading
groups currently performing Standard BBN analyses have updated their predictions for the
primordial deuterium abundance [3-5]. These three groups agree on the form of the d +p —
3He+~ reaction rate as a function of temperature, and its contribution to the total deuterium
error budget, as it is now dominated by the small error bars from the LUNA measurement.!
However, these groups use different parametrisations and experimental measurements to fit
the two other relevant reaction rates for the prediction of D/H|p, namely d + d — n + 3He
and d +d — p + 3H. In particular, ref. [3] fits these rates to theoretical models, ref. [4]
uses a polynomial function to fit the rates, and ref. [5] uses the rates from the NACRE-
IT compilation [6]. As a result of these differences in approach, the various groups report
different predictions for D/H|p at a fixed value of the baryon density Q,h%. Using the best-
fit value reported by the Planck collaboration for a ACDM cosmology, Q,h? = 0.02236 [7],
the three groups obtain the following abundances:

D/H|p = (2494 0.11) x 1075, [Yeh et al. ’21] (1)
D/H|p = (2.5240.07) x 107°,  [Pisanti et al. '21] (2)
D/H|p = (2.4540.04) x 1075.  [Pitrou et al. 21] (3)

To assess the concordance between BBN and CMB determinations of the baryon density,
these predictions should then be compared to the measured value of D/H|p, e.g. the one as
recommended by the PDG [8]: D/H|%™ = (2.547 & 0.025) x 10~°. We can clearly appreciate
that the results of Yeh et al. [5] and Pisanti et al. [4] are in agreement with this observed
value. On the other hand, the results of Pitrou et al. [3] show a slight tension between the
predicted value of D/H|p in eq. (3) and D/H|¢P, which can in turn be rephrased as a 1.60
tension on the reconstructed value of Q,h? from BBN observations and the CMB [3].

Updates in our BBN analysis. In ref. [9], we used the BBN code PRIMAT [10, 11] linked
to the cosmological code NUDEC_BSM [12, 13] to calculate the evolution of the primordial ele-
ment abundances in the presence of light thermal dark sectors. ref. [9] was submitted before
the recent LUNA measurements were released, and as such, the calculations were carried
out using the rates and uncertainties from ref. [10]. Here, we comment on how our results
are modified with the inclusion of the updated rates from each of the three groups. For this
purpose, we again use PRIMAT, but we change the relevant nuclear reaction rates to those
outlined in [3], [4], and [5]. Then, at the level of our data analysis, we take the theoretical
uncertainties in the predicted value of D/H|p to be 4.4%, 2.8% and 1.6% respectively, see
egs. (1)—(3). In addition, we also use the latest recommended value of the observed deuterium
abundance from the PDG, which has been updated from D/H[$" = (2.569 + 0.027) x 1075
to D/H|2PS = (2.547 £ 0.025) x 107°. We note that this shift in the measured value is only
at the level of 0.80, and that the recommended value of the primordial helium abundance is
the same in the 2018 and 2020 editions of the PDG review on BBN.

1Some of these results were discussed in the Latest Advances in the Physics of BBN and Neutrino Decoupling
Workshop held virtually on 12-13 April 2021, see https://indico.ph.tum.de/event /6798/.
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Type BSM Particle Current Constraints
Particle g-Spin BBN BBN+Q,h2 Planck Planck+Hy BBN-+Planck

g Majorana 2-F 2.2 3.5 3.0 3.0 2.9 8.4 4.9 84 84 7.1 6.8
%: Dirac 4-F 3.7 6.4 5.6 5.8 5.7 11.3 8.0 11.2 11.2 10.0 9.7
_g Scalar 1-B 1.3 1.7 1.5 15 14 5.6 1.6 5.6 5.5 4.3 4.0
E Complex Scalar 2-B 2.3 3.7 3.2 32 3.1 8.5 5.1 85 84 7.2 6.9
2 Vector 3-B 3.1 5.3 4.6 4.7 4.6 10.1 6.8 10.1 10.1 8.9 8.6
o Majorana 2-F 0.5 0.7 0.7 29 3.3 4.4 9.2 5.0 4.7 7.1 77
E Dirac 4-F 0.7 4.2 3.5 6.3 6.6 7.4 12.0 8.0 7.8 10.0 10.5
? Scalar 1-B 0.4 0.4 0.4 0.5 0.6 2.4* 6.4 1.6 1.2 42 48
E Complex Scalar 2-B 0.5 0.9 0.8 3.2 3.6 4.6 9.2 5.1 49 7.2 78
= Vector 3-B 0.6 3.0 23 5.1 54 6.3 10.9 6.9 6.6 88 94

Table 1. Lower bounds at 95.4% CL on the masses of various thermal BSM particles in MeV.
The columns correspond to analyses across different data sets, and the colors indicate our resulting
constraints from taking the nuclear reaction rates used by Pisanti et al. 21 [4], Yeh et al. 21 [5], Pitrou
et al. 21 [3] or Pitrou et al. ’18 [10]. The bounds for the BBN, Planck and Planck+Hj analyses are
insensitive to the choice of nuclear reaction rates between these groups. In ref. [9], we used the rates
from Pitrou et al. ’18 and refer the reader to this reference for a detailed description of the data set
used in each case. *This bound is only at 86% CL.

Updated bounds on neutrinophilic and electrophilic particles. In table 1, we show
the resulting constraints on the masses of electrophilic and neutrinophilic particles coupled
to the Standard Model bath. In particular, we show the resulting constraints that arise from
using the three different groups’ determinations of the nuclear reaction rates for d + p —
SHe+~,d+d—n+3He, and d +d — p + 3H.

First of all, we note that these nuclear reaction rates do not alter the predicted value of
the cosmological helium abundance Yp. This means that our Planck and Planck+Hj analyses
are unaltered by these updates. Secondly, we note that the primordial deuterium abundance
is strongly sensitive to the baryon energy density, D/H|p oc (2,h?)~ 16, while the primordial
helium abundance is largely insensitive to it, Yp oc (Q,h2)%%* [2]. This means that in the
BBN-only analysis, which solely includes data from Yp|°P® and D/H|2", the role of D/H|g"
is to determine the value of k2, while the measured helium abundance is the driving power
behind constraints on the masses of light dark sector states (see also figure 5 in [9]). As a
result, our constraints for the BBN-only analysis are insensitive to the updated deuterium
rates. This is the reason why there is only a single number in the corresponding columns for
BBN, Planck, and Planck+Hj in table 1. Note that compared to table II in [9], the BBN
numbers in table 1 have changed by up to 0.1 MeV for neutrinophilic particles as a result of
the updated value we use for the observed deuterium abundance.

In addition, we considered a separate analysis that included a very weak prior on the
baryon energy density from CMB observations (Q,h? = 0.02225 + 0.00066), together with
measurements of Yp and D/H|p. For this data set combination, we find that the 20 con-
straints on neutrinophilic states do not depend appreciably on the nuclear reaction rates
used. On the other hand, the bounds on electrophilic states are sensitive to the choice of
nuclear reaction rates. In particular, we find that using the rates of Pisanti et al. 21 [4] or
Yeh et al. 21 [5] leads to constraints that are up to 2 — 3MeV weaker than the ones that
are obtained when using the rates from Pitrou et al. '21 [3] or ’18 [10]. The main reason for



this difference in the constraints stems from the fact that the predicted value of D/H|p by
Pitrou et al., computed in the SM for the best-fit value of the baryon density from Planck
(see eq. (3)), is ~20 smaller than the observed value. Since the presence of electrophilic
particles with masses m, < 10 MeV decreases D/H|p with respect to its SM value (see figure
1 in [9]), the predicted value of D/H|p is even further in tension with the observed value
when calculated at the baryon densities inferred from CMB observations. As a result of this
tension, the bounds obtained by using the rates of Pitrou et al. 21 are stronger than those
from Pisanti et al. 21 or Yeh et al. 21 in these cases. Note that we also consider an analysis
that combines all BBN and Planck data. In this case, we again observe a similar variation
in the constraints across the three groups, which has an identical explanation to that found
in the BBN+,h? analysis.

Finally, we would like to comment on which bounds to use. Clearly, there is no issue
for the constraints that are insensitive to the set of nuclear reaction rates used to derive
them. However, for the BBN+Q,h%? and BBN+Planck analyses, we believe that any of the
constraints based on the rates from the three different groups [3-5] represent a valid and
meaningful bound, with any difference between them simply highlighting the current level
of theoretical uncertainty in the prediction of the primordial deuterium abundance.? Of
course, since these bounds are relevant for many scenarios beyond the Standard Model, one
could take a conservative approach and use the weakest bound for any state. We would
like to stress, however, that although the bounds in table 1 are derived at 20, BBN and
CMB observations disfavour dark sector states with even lighter masses at more than 5o,
see e.g. figure 2 in [9]. We believe that it is important to emphasise that this conclusion is
independent of the set of nuclear reaction rates used in the BBN analysis.

Summary. In conclusion, our bounds on MeV-scale dark sectors from our BBN-only and
CMB-only analyses in [9] are unchanged by the recent results from the LUNA collaboration.
Similarly, we find that the bounds on neutrinophilic species are largely insensitive to the
choice of nuclear reaction rates, even when BBN and CMB data are combined in the analysis.
For electrophilic species, however, we do find that the 20 bounds coming from combined
BBN and CMB analyses can vary by up to 2 — 3MeV. The exact variation depends on the
particular data set used, as well as the fermionic or bosonic nature of the dark sector state
under consideration.
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