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A quick note on “Li

O A 1+ Recent measurements suggest Li
BN 95% CL CMB . .
souf  SHCLD abundance measured in stars is depleted
. . Wang et al., 2021
0231 from prlmordlal ].eve]. https://doi.org/10.1093 /mnras/stab2924
107°F

Independent measurements from ISM

104

D/
o

o i . . .
R I show lower metallicity than in stars
’ Molaro et al., 2407.10818

1079F = Overa’ll See also ]grian Fieldls,gj Bitter Pill: The Primordial Lithium Problem,
- | Opportunities and Challenges in Big Bang Nucleosynthesis (EuCAPT
E ’\/ Workshop), 2025.

ol | ¢ Community consensus: we probably do

e e o not measure primordial “Li

C.G. et al, 2408.14538
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A quick note on notation

d(dmn)’He <« d+d =2 n + 3He
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Why BBN?

\Y% decouphng BBN Recombination
Big Bang 1s 220 370,000 yr  Today
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Deuteron

Neutron
Trlton (H’)
Proton o L

“Light” helium (He3)
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Normal helium (He?)
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Image credit:
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BBN and New Physics
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dark matter can interact with all massive Standa
coupling.

Such a coupling modifies the Standa

Kaluza-Klein Graviton Freeze-In and Big Bang Nucleosynthesis
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In models featuring extra spatial dimensions, particle collisions in the early universe can prod
Kaluza-Klein gravitons. Such particles will later decay, potentially impacting the process of Big B
nucleosynthesis. In this paper, we consider scenarios in which gravity is free to propagate through|
n flat, compactified extra dimensions, while the fields of the Standard Model are confined to a J
dimensional brane. We calculate the production and decay rates of the states that make up
Kaluza-Klein graviton tower and determine the evolution of their abundances in the early unive]
We then go on to evaluate the impact of these decays on the resulting light element abundan
We identify significant regions of previously unexplored parameter space that are inconsistent w

2 407 0 7529 rimordial helium and deuterium abundances. In particular, we find that

hmensmn (two extra dimensions), the fundamental scale of gravity must
1019 Qe unle

the temnerature of the earlv universe was never ore

BBN constraints on MeV-scale dark sectors.
Part |. Sterile decays

Marco Hufnagel, Kai Schmidt-Hoberg and Sebastian Wild
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E-mail: marco.hufnagel@desy.de, kai.schmidt-hoberg@desy.de,
sebastian.wild@desy.de

ABSTRACT: We study constraints from Big Bang Nucleosynthesis on inert particles in a
dark sector which contribute to the Hubble rate and therefore change the predictions of the
primordial nuclear abundances. We pay special attention to the case of MeV-scale particles
decaying into dark radiation, which are neither fully relativistic nor non-relativistic during

all temperatures relevant to Big Bang Nucleosynthesis. A
implications of our general results for models of self-int 1 71 2 03972
1808.09324

mediators.

Improved BBN Constraints on the Variation of the Gravitational Constant

James Alvey®, Nashwan Sabti®, Miguel Escudero®, and Malcolm Fairbairn®
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Nucleosynthesis and CMB bounds on photophilic ALPs: a fresh look

Miguel Escudero Abenza,!'* Clara Garcia-Perez, 't and Maksym Ovchynnikov!: ¥
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We provide a fresh look at the cosmological constraints on axion-like particles (ALPs) that couple

(Dated: November 4, 2025)

Big Bang Nucleosynthesis (BBN) is very sensitive to the cosmological expansion rate. If the gravita-
tional constant G took a different value during the nucleosynthesis epoch than today, the primordial
abundances of light elements would be affected. In this work, we improve the bounds on this
variation using recent determinations of the primordial element abundances, updated nuclear and
suaal-_raaction rates and observations of the Cosmic Microwave Background (CMB). When com-
1910 10730 rleasured abundances and the baryon density from CMB observations by Planck, we

. = 0.9979-9¢ at 20 confidence level. If the variation of G is linear in time, we find

predominantly to photons, focusing on lifetimes 7, < 10*s and masses m, < 10 GeV. We consider
Big Bang Nucleosynthesis (BBN) and Cosmic Microwave Background (CMB) bounds and explore
how these limits depend upon the unknown reheating temperature of the Universe, Tren. Compared
with some previous studies, we account for the rare decays of these ALPs into light hadrons and

show that this leads to extended constraints for several reheating temperaturge—Ouslimait

in a model-independent way, and we identify regions of parameter space wh| 2 5 1 1 0 01 57
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alleviate small tensions in the determinations of N.g and the deuterium aburn




Prediction meets measurement

T, [MeV]
0.1
1072
1.0
1077
0.5
0.0
10—12
1.0
& 0.5
S 0.0
Il
g 1072 1.0
A 0.5
] 0.0
10—27 'l
K -
':,"‘ ] "Be 1.0
R / — 07
-32 L li . .
10 PR, -—-- SHe o
l’ ‘\ / ——= 8L . . Za—— 4 ——+— 0.0
[ ——— 8 -150-100 =50 0 50 100 150
1077 T TR T Velocity Relative to z,,, = 3.067259 (km s!)
https://github.com/cgiovanetti/LINX t [s] R. Cooke et al., 1308.3240



https://github.com/cgiovanetti/LINX
https://github.com/cgiovanetti/LINX
https://github.com/cgiovanetti/LINX
https://github.com/cgiovanetti/LINX
https://github.com/cgiovanetti/LINX
https://github.com/cgiovanetti/LINX

Where does a BBN prediction come from?

Two primary Requires
- . \ Components I 1I1put from
b .
n / N~ ( nuclear.py %eacmolr{l nudefar
nuclear rates etwor thSICS
options
q J t
a
Delt Neff_init Primordial
[ ( - ) background. py Z,, abundances.py Abundances
pext
User Inputs
Neff
H
T. Fn—)p
thermo. py v — [weak-rates.py)—» ( )
Internal Calls T, Fposn

C.G. et al, 2408.14538
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Reaction Rates

How efficiently does
this reaction proceed?

(°H, )

(;7) (%) How does the rate change

(d,n) with temperature?

weak
processes

Is it exothermic or
endothermic? How much
energy does it release?

Cara Giovanetti, UC Berkeley/LBNL



How are nuclear rates measured?

Windowless gas targets

Gaseous
Beam | Vacuum target,
system detector
array

Requires complicated system of
vacuum pumps

Large uncertainty from gas
density nonuniformity

Cara Giovanetti, UC Berkeley/LBNL

Solid targets

AE

o,
= ;\ | \

CD, target =
Image credit:
Tumino et al. 2014

Targets chip as experiment
runs

Trojan Horse

Vertex of
interest
D p
D ot
3He p

Tumino et al. 2014
Avoids electron screening

Impossible to know overall
normalization
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How are nuclear rates measured?
d+d->p+"°H
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What is S(E)?

e Cross sections have strong energy-dependence

o(E)
S(E) S

n = h_l\/%ZOZle2

> (“Sommerfeld

»

Energy parameter”)

* Work back to get rate Na(ov) = Na / o(v)pmB(v)vdv
0

Cara Giovanetti, UC Berkeley/LBNL

Energy
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Two teams, two deuterium predictions

PArthENoPE PRIMAT

Pisanti et al. 0705.0290 Pitrou et al. 1801.08023
Consiglio et al. 1712.04378

FORTRAN77 code with Mathematica code originally

GUI originally released in released 2018

2008, updated 2018 and
regularly since then

Improved *He predictions from
updated weak rate

calculations, large reaction
Used by the Planck team network

D/H x 10°: 2.51 £ 0.04* D/H x 10° 2.44 4+ 0.04*
*assuming Q,h? = .02237 + .00015
Cara Giovanetti, UC Berkeley/LBNL 15



Reaction network

e Main input to BBN codes is a com 7 o
. 3.2689 1.73183E+00 0. -37.9341
I'eaCtlon netWOI’k 0.0010 .322E-08 .011E+00

0.0020
.0030
. 0040
.0050
. 0060
.0070
.0080
. 0090
.0100
)
.0120
.0130
.0140
.0150
.0160
.0180
.0200
.0250
.0300

.489E-05
.025E-03
. 737E-02
.214E-01
.556E-01
.508E+00
.074E+00
. 280E+01
«427E+01
. 242E+01
. 945E+01
. 078E+02
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.011E+00
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.011E+00
.011E+00
.011E+00
.011E+00
.011E+00
.011E+00
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.011E+00
.011E+00
.011E+00
.011E+00

* Includes rates for all reactions in the
network

ed+d—>%He+nandd+d=>t+p
rates differ between PRIMAT and
PArthENoPE

RUNOUWNRRPROBANRPRONOONWWU R
RRRPRRPRRPRRPRRPRRPRPRPRRPRRRPRPRRRRBRRR

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.

Temperature Rate Uncertainty

Cara Giovanetti, UC Berkeley/LBNL



Two teams, two deuterium predictions

PArthENoPE PRIMAT

Uses phenomenological Uses theory curve for fits
(polynomial) fits

Agrees with the Produces deuterium
Standard Model tension

Cara Giovanetti, UC Berkeley/LBNL
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Dataset selection

Selection of experimental data sets : D(d,n)*He and D(d,p)*H

Alain Coc, The BBN nuclear
reaction network (D and
"Li). News, Opportunities
and Challenges in Big Bang
Nucleosynthesis (EuCAPT
Workshop), 2025.

Cara Giovanetti, UC Berkeley/L —
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Screening
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PArthENoPE: Phenomenological Fits

* Follow the data

* Degree 2-4 polynomial, float dataset normalizations in ¥

minimization

S(E)

Cara Giovanetti, UC Berkeley/LBNL

eDataset 1
eDataset 2

Dataset 3

Total number of
parameters:
3 (data normalization) +
degree of polynomial

21



PRIMAT': Theory-informed fits

* Use what you know

* Nuclear theory uncertainties are not known, only available up to

0.6 MeV
* Float theory and data normalization
+ Theory prediction TL *Dataset 1
' - J| eDataset 2 Total number of
o Dataset 3
D) = : parameters:

” T 3 (data normalization) +
' 1 (theory normalization)

Energy

Cara Giovanetti, UC Berkeley/LBNL 22
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(zaussian Processes

* Using Gaussian Process Regression to fit data

e Treats your data as if it comes from some highly multivariate
Gaussian

* Kernel parameters indicate correlations between data points to
constrain the problem

Cara Giovanetti, UC Berkeley/LBNL
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(Gaussian Processes

¢ data ¢
6-
)
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N t

) ¢

10 20 30 40 50 60




(Gaussian Processes

— GPFit ¢
64 ¢ data
4 n
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— 2 -
0 i
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X




(Gaussian Processes

—— GP Fit
64 ¢ data
4 n
x
— 2 -
0 i
—2
10 20 30 40 50 60
X




(Gaussian Processes

—— GP Fit
64 ¢ data
----- GP samples
4_
x
— 2
0-
—2 - >
40 50 60




(zaussian Processes: The Weeds

Real data points Real data abscissae

l

Yx | |

/ Target abscissae

Interpolated points
Y |X7y7X* ~ '/\/-Z*)

Kernel (“If I know f(z;), what do I know about f(z,)?”)

Cara Giovanetti, UC Ber



Kernel parameters

Kernel
amplitude

Distant points are

less related

<) 2 2
* Consider a kernel K(X,,X) = Fe— (Xx=X)7/(277)

14

12

10

Input vector 2
()] [o0]

IN

N

0 2 4 6 8
Input vector 1

Cara Giovanetti, UC Berkeley/LBNL
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Kernel parameters
«
» Consider a kernel K (X,, X) =lge (X==X)*/2r)

Cara Giovanetti, UC Berkeley/LBNL

Kernel
amplitude

Distant points are

less related
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—— GPFit
¢ data
- \/\ N
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Distant points are
Kernel

Kernel parameters amplitude less related
< 2 2
* Consider a kernel K (X,,X) =ge (X==X)7/(277)

o=1,t=10 =1, t=10
14 1.0
—— GP Fit ¢
0.9 6 ¢ data
o
§ 0.85 4 1
] — 4
5 E T2
g N
- 0.6
0.
0.5
_2.

4 6 8 10
Input vector 1

o = K (X, X)(K (X, X) + 0%1) "y

Kernel (“If T know f(z,), what do I know about f(z,)?”)

10 20 30 40 50 60




A deuterium prediction
from a GP

* it a GP to key deuterium rates
* d(d,p)*H, d(d,n)*He, and d(p,y)*He

* Sample rate uncertainties by sampling
GP posterior

[MeV D]

S-factor

* Draw ~10,000 times to infer D/H

Cara Giovanetti, UC Berkeley/LBNL



Tim Launders, &
BU

Results

m0r - PRELIMINARY : = aer
: [ sPT
2300} I == Coketdl b Planck TT,TE,EE+lowE+lensing
: Q,h2=0.02237 + .00015
2000} : D/H x 10°
. |
E I
2 100y : GP 2.45 + 0.04
1
b PRELIMINARY
1000 | |
: Measurement | 2.53 + 0.03
ol 1 N Cooke et al., 1710.11129
I "L_‘
e , 1‘-"*-,1‘ o
0 0.0000230 0.0060235 0.0060240 0.00(3024:3 0.0000250 0.0000255 0.0000260 0.0000265
D/H

gl




Tim Launders, ¥
BU

Results
d+d->p+°H

GP Rate Posterior, 10000 samples

_ PRELIMINARY Planck TT,TE,EE+lowE+lensing
102 Q,h?=0.02237 £ .00015
5
ol D/H x 10
E
™ PArthENoPE | 2.51 + 0.04
S
© ol PRIMAT 2.44 £ 0.04
K
0.94} GP 2.45 + 0.04
0 GPR 1o envelope PRELIMINARY
[ PRIMAT 1o envelope
0.92r B PArthENoPE 1o envelope Measurement 2 . 53 :l: 0 . 03
108 100 Cooke et al., 1710.11129




(Gaussian Process result agrees with

less-flexible, theory-informed fit.
D/H x 10°
PArthENoPE 2.04 £+ 0.04
PRIMAT 2.44 £+ 0.04
GP 2.45 + 0.04

PRELIMINARY

Measurement 2.53 + 0.03

Why?

Cara Giovanetti, UC Berkeley/LBNL
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Problems with a low-degree polynomial

* High-energy systematics

e Shape is just not flexible enough

* Frequentist analysis: care needed to define penalized likelihood

Cara Giovanetti, UC Berkeley/LBNL
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Systematics

* S(F) is not a rate. The rate is Na{ov) = NA/ o(v)pms (v)vdv
0

e Involves a thermal average

* On paper, that thermal average should extend up to infinity

Cara Giovanetti, UC Berkeley/LBNL
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Systematics

PRELIMINARY

2.600

oo
ety | Nalov) = Na /O o(v)pums(v)vdv

2.575F

E = 0.5 MeV
/F NA/O o(v)pmB(v)vdv

“‘-'2 2.525
3 A
= un empirically
%
£ 2475 h . . 1
D/H prediction is not There is simply no
24507 sensitive to whether we | need for data
cut the integral off ot 3 | above 0.5 MeV!
eV or .5 Me
2.400 0“1 1‘
Eupper MeV]




The danger of high-energy data

Selection of experimental data sets : D(d,n)*He and D(d,p)*H

e —

Ref. ! Goémez PRIMAT | Yeh+ Pisanti+
i Ifesta+2017 i
Tumino+ 2014 i Normalisation i v
Leonard+ 2006 i 2% v i v
Hofstee+ 2001 i Screening i v
Greife+ 1995 i 3.3% i v v
Brown-+ 1990 i 1.3% i v v
Krauss+ 1987 i 6.4-8.2% i v v
FRG 1985 E ?? E v
Schulte+ 1972 | High Energy i 7
Ganeev+ 1957 i (#Theory) i
Arnold+ 1954 i (#Theory) i
Preston+ 1954 i Normalisation i
MeNeill+ 1951 i Syst. >20% | v

Ratio partially eliminates experimental and theoretical normalization concern

13
m= &
D 5 semememime—e= Arai+ 2011 A e - ni+ 2023
T 125 — A, =,
T Tum14 o FRGS5 s
« ~ L
P 12 - ® Leo06 < Gan57 ‘ o B
m= .4/}:‘,/'
S - O Gre95 * Arn54 a4 W B
% 115 — v Bro90 % Pre5d o om, ; 5
° i O Kra87 (B) ' "
1 — o5 ®
i 4 Kra87 (M) ~
" .
s @ Sch72 N
= o8- Ny
v 38 e i
‘T et \-
- et o Ov *
'''''' %0 " BBN
095 — o S
09 1 1 IIIIII| 1 1 lIIlIII 1 1 IlIIIIl 1 1 L1 111l
1 10 102 103 104
Coulomb, ..... ? Model independent? E¢y (keV)

Alain Coc, The BBN nuclear reaction network (D and "Li). News, Opportunities and Challenges in Big Bang Nucleosynthesis
(EuCAPT Workshop), 2025. See also 1511.03843

Cara Giovanetti, UC Berkeley/LBNL
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Exclude high-energy data...

d(dp)t S-factor Polynomial Fit

- I 7
—— PArthENoPE fit

—— Without SC72, TU14 PRELIMINARY
KRS7B '
KRS7M

BRO0

GR95

GR95C

Leo06

MN51 BBN-relevant
RG85 energies
SCT2

TU14

0.4F

0.3F

o o o -0 -0 0 o -0 -0 -

S (MeV b)

0.2F

0.1F

No dataset
wants S factors
— — = : this low!

E (MeV
Cara Giovanetti




Low-degree polynomials not flexible

Arai et al.
201 Theory curve
f ® Dataset 1
e Dataset 2
— * Dataset 3
=2 8
~— N
N

Ener
&Y Energy

Cara Giovanetti, UC Berkeley/LBNL 42



Low-degree polynomials not flexible

Gaussian Process, d(d,p)t Degree-2 polynomial, d(d,p)t

= Generating Fun(‘tilon = Generating Functilon
1.075 = Predicted Mean 1 1.075 = Predicted Mean
1.050 | 1.050 :
No mock data, Rate biased low =
g . . . ] : : |
2 o in this region S Lo D/H biased high!
5 £ 1.025
=)
= /NS =
o0
- 1.000 1 %0 1.000
g 2
< 007 © oo
97 95

o
©
&
=)

0.950F

o
©
2

'r| PRELIMINARY

1072 011 1I
E MeV]

0.925F

PRELIMINARY

102 0.1
E [MeV]

Arai et al. 2011 generating function




Is there a tension?

* Systematics and inflexible model preliminarily seem to explain
why PArthENoPE disagrees with PRIMAT

* Gaussian Process was not susceptible to these issues
because of increased fit flexibility

 All signs point to a ~2c tension in deuterium

Cara Giovanetti, UC Berkeley/LBNL
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Should I care?

* Only two abundances are reliably measured (and one upper
bound)

* D/H measurement is statistics limited

* Plans to use 30m telescopes to find more systems and push error bars

down Cooke and Pettini, “Precision Cosmology with the Lightest
Elements”, Gruber Cosmology Prize Symposium, 2025

* Nuclear physics experiment side: need to make the case for
new experiments

Cara Giovanetti, UC Berkeley/LBNL
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Particle interactions

* Nuclear physics—no new particles involved?

* Late-time photo/hadrodissociation of 3He/*He

« Photo/hadrodissociation of *He during BBN

Cara Giovanetti, UC Berkeley/LBNL

e.g. Bianco et al.,
2505.01492

Escudero Abenza,
Garcia-Perez,
Ovchynnikov,
2511.00157
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Thermodynamics

* Increase N g
* BBN ends sooner = no time for deuterium to be burned

* Increase neutrino temperature relative to photons
* Increases N

* Decrease baryon-to-photon ratio during BBN
 BBN starts later, is shorter = less time for deuterium burning

Cara Giovanetti, UC Berkeley/LBNL
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Outlook

» All signs point to a 20 deuterium tensien hint

* New deuterium measurements, or even “He measurements, on
the horizon, could provide a clearer picture

* Exciting BSM solutions—mneutrino portals, decaying axions,

e.g. C.G., M. Schmaltz,
etC' N. Weiner, 2402.10264

Cara Giovanetti, UC Berkeley/LBNL e






KX, X) K(X.,X.)

(zaussian Processes: The Weeds
[l

Yy
Y
Yx
Interpolated points

e = K(X,, X)(K(X,X) + 021y
;

Kernel (“If I know f(x; ), what do I know about f(z,)?”)

Y = K(X,, Xs) — K(X,, X)(K(X,X)+0%]) ' K(X, X,)

Cara Giovanetti, UC Berkeley/LBNL

N([“] | [K(X,X)—Ira K(X,X*)D
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Highly Correlated Gaussian Processes

yNN(

Yx

[hs

Block covariance matrix
including systematic and
statistical uncertainties

_ \ _
K(X,X)+ Crn  K(X, X4)

K(X., X) K(X., X,)

Kernel: Squared Exponential + Matérn for globally smooth
function with small-scale tfluctuations

Cara Giovanetti, UC Berkeley/LBNL
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L.ow-bias estimator

D/H from mock d(d,n)*He data, LDO GP, theory generating function
1000 samples, 665 containing true value within lo
Distribution mean = 0.395+0.93

60

Number

.
S

(D/Hpred - D/Hfh) / Gprﬁd

Cara Giovanetti, UC Berkeley/LBNL




Screening and systematics

PRELIMINARY

= PArthENoPE fit
[0 Observational Uncertainty
2.575[ == == Electron Screening Threshold

2.600

Na(ov) = Ng /O " o(0) s (v)vd

E = 0.5 MeV
= Ny / o(v)oms (v)vdu
. /_ E =15 keV
empirically

Predicted D/ H*10°

There is fortunately

no need for data
below 15 keV!

D/H prediction is /uckily
not sensitive to whether we

2.45] start integrating at 1 keV or
15 keV

1 10
See also Greife et al

Elpwer [keV
tower [keV] 1995, PRC




PArthENoPE Likelihood

* PArthENoPE analysis includes normalization errors as a
penalty term in their parameter estimation

Measured S factor

Pe‘r/lalty S factor ‘wmalization parameter
B aofop o 1)
—2log f(S; ao,w) — 210gp(w) — Z - 2 T 2
v\Likelihood ¢ ({ e

Statistical uncertainty Systematic/normalization
1 )1 uncertainty

. : N
 This procedure estimates o = (1 + ;(/02 +— (N the number
of data points Mean S

* When penalty (a&) is large, 0,2&/N << ¢ (a=1/N)
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PArthENoPE Likelihood

* Normalization uncertainty you infer (&/N)<< normalization
uncertainty you expect (&).

Expect ation d(d,n)*He wy, distributions, single priors d(d,n)*He w, distributions Result with
KRSB | L :: —— 4 kmsBf L :: — penalized
I likelihood
KRS7M | T | 4 xrsM »—}—4
] |
BR90 |- e = BR90 - Hp s
I I
GR95 | —q— 41 crosf —q— .
| |
Leo06 |- ref = Leo06 |- L] -
| |
MN5L | le = MN51 | lo .
| |
RGS5 | —— 4  Rress b —d— = ]
I I Most pronounced in
ser 4 g I — E datasets with many
TUME | »—}—1 | s | | o data points
0.90 095 100 105 L0 0.90 095 100 105 L10

* May lead to underestimation of S-factor error bars
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A deuterium prediction
from a GP

* it a GP to key deuterium rates
* d(d,p)*H, d(d,n)*He, and d(p,y)*He

DMeV b]

S-factor

Unit Gaussian variable "

* Replace log )\(T) og \(T') + qfr&T)
Rate in BBN code M'Ean Uncertainty

[MeV D]

with GP draws

S-factor

e Draw ~10,000 times to infer D/H e b |
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Low-degree polynomials not flexible

» Theory curve 1 4 *Dataset 1
*  *Dataset 2
Arai et al. @ Dataset 3
~ N
2011 N
Energy . Energy
» Theory curve 2 4* *Dataset 1
.; *Dataset 2
,k/4 Dataset 3

S(E)
S(E)

: M/ |
$ [1]

—‘PW

v

Energy
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Insensitivity to kernel choice
DHx107

SE + Matém-1/4 | ;-

Matém-7/2 + Matém-1/4 | .

Matérn-2 + Matém-1/4 | ]

SE + Matérn-1/2 | » : i

Matérn-7/2 + Matém-1/2 | » ; ]

Matérn-2 + Matém-1/2 | » : ]

SE + Matém-3/4 | : ]

Matérn-7/2 + Matém-3/4 | ; ]

Matém-2 + Matém-3/4 | : -
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