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Big Bang Nucleosynthesis



Big Bang Nucleosynthesis 101 n+p= D+~

or: primordial light element formation in a nutshell*

*# of particles not to scale
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Big Bang Nucleosynthesis 102

or: primordial light element formation in a nutshell

Combining input from nuclear/particle physics and cosmology,
we can predict the abundances quite precisely

Time |min]
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- | | | | | -
107° |-
-
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e _
éé 1071° |-
10—20 n
/ Be
Figure taken from Baumann Cosmology
‘H
. . e 1
E.g. Helium-4 mass fraction ), = p("He) ~ —
p(‘H) 4

Pieter Braat BBN constraints on resonant DM annihilations 21-08-24



Big Bang Nucleosynthesis 102

or: primordial light element formation in a nutshell

Combining input from nuclear/particle physics and cosmology, Observations from primordial gas clouds
we can predict the abundances quite precisely

Time |min]
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Figure taken from Baumann Cosmology Yy, = 0.245 = 0.003
PDG (2022
,0(4He) | D/lH = (25.47 + 0.25) x 1079 L
E.g. Helium-4 mass fraction ), = o(TH) ~ —> Can use observations to constrain new physics
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Photodisintegration



Probe of BSM physics

Can use the observations of lightest elements to constrain BSM physics:

BSM physics during BBN:
- Existence of new light degrees of freedom m, 2 10 MeV (thermal relic)

» Changes to the fundamental coupling constants G g, ags, ...

Or after BBN: photodisintegration
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Probe of BSM physics

Can use the observations of lightest elements to constrain BSM physics:

BSM physics during BBN:
- Existence of new light degrees of freedom m, 2 10 MeV (thermal relic)

» Changes to the fundamental coupling constants G g, ags, ...

Or after BBN: photodisintegration

Exotic EM energy injection (from BSM Physics) can destroy the newly formed elements M/M/I,

X a o
R

e.g. DM annihilations XX — € €' /77
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PhOtOdiSinteg ration Window Light element abundances N € {n,p, D,3 H,3 He,4 He,7 Li,7 Be}

Photodisintegration is sensitive to specific temperature range LU 1 AL A1 Y11/ I AR R MR
__ T=1eV —
. | | | 40 — —
At early times highly energetic photons are rapidly depleted — -
from pair creation — - -
P N ~ # photons > - n
YYth —7 € € o] - -
~ 30 — —]
Temperature threshold is o - -
2 S - -
ete- — 29T 20 — ]
E e, =1TeV E
10: I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIII%

10° 10 10"  10° 10' 10° 10°

€, (GeV)

——
Photon energy

from Kawasaki and Moroi (1995) [astro-ph/9412055]
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PhOtOdiSinteg ration Window Light element abundances N € {n,p, D,3 H,3 He,4 He,7 Li,7 Be}

Photodisintegration is sensitive to specific temperature range LU 1 AL A1 Y11/ I AR R MR
g T=1eV f
. | . . 40 |- -
At early times highly energetic photons are rapidly depleted _ - .
from pair creation ) ~ # photons N% - -
YYth — € € S - -
\>_ 30 _— ]
Temperature threshold is K - .
2 o - _
rem T 22T 20 E
E e, =1TeV ;
10: I IIIIIIII | |IIIIIII I IIIIIIII | |IIIIIII I IIIIIIII | |IIII%
3 -2 -1 0 1 2 3
At late times, the DM fluid is too diluted for effective annihilations 100 1010 (1 cg " 1010010
€ e
e
T € [1077,107%] MeV : well after standard BBN has ended Photon energy

from Kawasaki and Moroi (1995) [astro-ph/9412055]
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Cascade equations

Solve the cascade equations for X € {v,e”,e™}

1 @)
fx(B) = = (E)( Sx (E) +/ AE'>" Kxrx (B, E') fx/(E) )
. source term " X conversion /scattering
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Cascade equations

Solve the cascade equations for X € {v,e”,e™}

1 @)
N’ %,_/
source term conversion /scattering

Source term contains monochromatic energy injections and final state
radiation (FSR) contribution

Sx(E) = SY§(E —m,) + SR (E)
Monochromatic injection depends on the coupling to photons/electrons

Sgg) X ”X<UU>X><—>XX

_|_

Final state radiation source accounts for xXx — €' e 7y interactions

ST o 02 (00) et
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Cascade equations

Solve the cascade equations for X € {v,e”,e™}

1 @)
fx(B) = = (E)( Sx (E) +/ AE'>" Kxrx (B, E') fx/(E) )
. source term " X conversion /scattering

The injected particles scatter via interactions:

* YYth — e—l_@_ o ’}/Gt_h — ye
* VVth — VY ¢ e Y — ey
- YN — Ne"e™
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Tracking the abundances

Light element abundances N € {n, p, D.°H,’> He,* He, Li," Be}
are tracked via

dl dY .
Y3 [ B (B)o vy (B)
0

dt dT
i ]
creation
©.@)
0
Ny
destruction In principle complicated system —> ACROPOLIS
No. E™ [MeV] Depta, Hufnagel, Schmidt-Hoberg (2021)
1 D + ~v — p + n 2.22
2 | "H + v - D + n 6.26
3 SH + v — p + n + n 8.48
4 |%He + v — D + p 5.49
5 |*He + v — n + p + p 7.12
6 |“He + v — SH + p 19.81
7 |‘He + ~ — S3He + n 20.58
8 |‘He + v - D + D 23.84
9 |‘He + ~ — D + n + p 26.07
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Why resonant annihilations?



Why resonant annihilations?

Consider dark sector with resonance

mr =my(2+90gr), O0r <1
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Intermezzo: core vs cusp

DM density profiles: how the DM is distributed in a (galaxy/cluster) halo
Self-interactions alter the DM halo shape

Collisionless dark matter (CDM) predicts cuspy Navarro-Frenk-White profile

p(r)™ ™ oc (r/rs) " (L +1/rs) 77
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Intermezzo: core vs cusp

DM density profiles: how the DM is distributed in a (galaxy/cluster) halo

Self-interactions alter the DM halo shape

Collisionless dark matter (CDM) predicts cuspy Navarro-Frenk-White profile

p(r)™ ™ oc (r/rs) " (L +1/rs) 77

Self-interacting DM (SIDM) predicts core-like profile: NFW at large r, in center
efficient heat transfer (isothermal)

)SIDM const. r << r
p(r)NFW r>>rq
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Intermezzo: resonant self-scattering

Observations hint* at SIDM density profiles with self-interaction
strengths
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and velocity dependence to accommodate observations at different 12*:3 f
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*jury’s still out on this one
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Intermezzo: resonant self-scattering

Observations hint* at SIDM density profiles with self-interaction

strengths

and velocity dependence to accommodate observations at different

scales

For any electrophilic model, we also expect (sizeable) self-interactions
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Intermezzo: resonant self-scattering

Observations hint* at SIDM density profiles with self-interaction

—h
-
w

strengths 2
o ~
— ~0.1-1cm?/g »
m
210%
and velocity dependence to accommodate observations at different :cFS -
scales ~ -
£ 10"
A :
For any electrophilic model, we also expect (sizeable) self-interactions é i
V L
1 Oof | | 5
_ 1 1 1 2 1 3 1 04
X e /v X X O O O
<v> (km/s)
R R
m— Adapted from Chu et al. [1810.04709]
Y et/ Y % Typical velocity peaks at galaxy halo sizes, which dictates

resonance mass

vr = 2v/0r ~10°km/s = Jdp~10"°

*jury’s still out on this one
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Why resonant annihilations?

Consider dark sector with resonance

mr =my(2+90gr), O0r <1

For MeV scale DM, annihilations peak in photodisintegration window!

X e /v

TTT]

LI | T T T TTTTy T T LI T
=== T =0
E— de = 0.1 MeV

104
__10°¢ s-wave
R
=
>
_ = 107%
Injected power —
-
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5 10710
&
1012 TSl
.| energy injection
10~ irrelevant
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my /T
—
Time
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Why resonant annihilations?

Consider dark sector with resonance

TTT T T T T TTTTT T T T TTTT]

== T =0
—— 1xq = 0.1 MeV

— 10~4
mr =my(2+90gr), O0r <1
.- . . .. . i 106 S-wave
For MeV scale DM, annihilations peak in photodisintegration window! N
g 107®
We can write the annihilation cross section as Injected power —
-
c% 1010
@
O_res _ AmS Fd(v)r’v (Uf)/4 VR = 2\/ 53 g ~eeL
energy injection
X e /v 107" F irrelevant
T T
U my /T
- >
X e" /v Time
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Why resonant annihilations?

. . —2 TT] T T T T rIrTTg T T T T ororrrg
Consider dark sector with resonance 10 IR
_4 - de — 0.1 MeV
mpr =my(2+90r), r<K1 10
.- . . .. . i 106 S-wave

For MeV scale DM, annihilations peak in photodisintegration window! N

E 108
We can write the annihilation cross section as Injected power —
)

c% 10~10
)

gles — AmS Fd(v)r’v (Uf)/4 VR = 2\/ 53 ~ ~~e_
T myE(v) (E(v) — E(vr))? +T'(v)?/4 10"
.| energy injection
X 10~ irrelevant
p2na+] ot 102 108 1o 1ov 105 107
R ~ 7YdMMR my /T
man—I—l
X _—
X Time
- vq : dark coupling
e” /v . .
vy Visible coupling
3
R ~ %me—g ng =0 s—wave Model independent setup!
X ng=1 p—wave
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Temperature dependence

]_OO L LR o AL L LY L ' BRRL
photo-
| disintegration
—2L -
Injected energy depends on the thermally averaged cross section 0
3/2 00 1074 F -
T, < 47T T (T
(00 g X E™ X11/2 / Qe P T/ M2, f,frf )
VT 0 Y106 .
Eo?ay’s
. [ NalosS
with DM temperature 10-8L ]
( _
rry =47t for T > Tia S L T T R L T S T T
\deR(de)Q/R(T)Q tor T < Tiqg 1/T [Me\/]_1

Adapted from Depta et al. (2019) [arXiv.1901.06944]
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Temperature dependence

]_OO | | 1 AL L LY T T
photo-
disintegration
—92 | |
Injected energy depends on the thermally averaged cross section 0

3/2 0o 1074 F -

<0‘Q}>ann Tx<§mx 4TX11/2 / dp2€—p2Tx/m§<p20_ T>;r§T)
VT 0 Y106 .

Eo?ay’s
. [ NalosS
with DM temperature 10-8L ]
( _
rry =7t for T2 Tia S T T T TR T I
\deR(de)Q/R(T)Q tor T < Tiq 1/T [Me\/]_1
Adapted from Depta et al. (2019) [arXiv.1901.06944]
Kinetic decoupling when scattering becomes inefficient, i.e. when X X
' = Ne <0v>xe—>xe ‘T:de K'S H(de)
R
Scattering is related to annihilation via crossing symmetry
p2
Oye——ye— — C’V’U’ydma C = 0(1) ik 2 Me e e
X
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llll T T lllllll T T lllllll

=== Tka=0
— Tkq = 0.1 MeV

Temperature dependence

Injected energy depends on the thermally averaged cross section

3/2 o
(o W i [T e Ty

with DM temperature

/

/A for T > Tiq

1T (1") = < ~12
X( ) \deR(de)Q/R(T)Q tor T < Tiq 1

energy injection

107 F  irrelevant
ot 108 e
Kinetic decoupling when scattering becomes inefficient, i.e. when z = my /T
— < . .
[' = ne(00) yesxe ‘T:de S H(Txa) The resonance and off-resonance contributions are
73/2
: : e . . res —O0RX
Scattering is related to annihilation via crossing symmetry <Uannv> X Yo 2 € : (% < %l)
X
2
p
Oxe——xe™ — C’VUVd—47 C = 0(1) 1 2 Me <O' U>Oﬂ:—res X TvYd r d
m ann 9
X m2d
X R
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Implementation in ACROPOLIS



Updated version of ACROPOLIS

As of v.1.2.3, ACROPOLIS can handle two physical models;
* DecayModel: for decaying DM models
¢ —ere /vy
* AnnihilationModel: for DM annihilations
XX —ee” [y

The updated v.1.3.0 introduces the new ResonanceModel.:
annihilations via resonant state

XX >R —>ee
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Updated version of ACROPOLIS

As of v.1.2.3, ACROPOLIS can handle two physical models; Initialize the model:

# ext.models

e D Model : ' : '
ecayModel: for decaying DM models from acropolis.ext.models import ResonanceModel

_|_ S
¢ —erte [y # Initalize the model
model = ResonanceModel (

* AnnihilationModel: for DM annihilations mchi = 10. |, W
delta = le—2, OR
XX — €+€_/77 gammad = le—3H, Yd
gammav = le—3, Yo
. nd = 0 : Uy

The updated v.1.3.0 introduces the new ResonanceModel.:
RTINT : tempkd = le—2 de

annihilations via resonant state

XX > R —>e'e
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Updated version of ACROPOLIS

As of v.1.2.3, ACROPOLIS can handle two physical models; Initialize the model:

# ext.models

* DecayModel: for decaying DM models from acropolis.ext.models import ResonanceModel

_|_ -
o —ere [y # Initalize the model
model = ResonanceModel (
* AnnihilationModel: for DM annihilations mchi = 10. |, e
delta = le—2, OR
XX — €+€_/77 gammad = le—3H, Yd
gammav = le—3, Yo
. nd = 0 : Ng
The updated v.1.3.0 introduces the new ResonanceModel.:
TR : tempkd = le—2 de
annihilations via resonant state )
YYX > R —e'e” And run the code

# Run photodisintegration
Yf = model.run_disintegration ()

Output will be the altered light element abundances with
theoretical uncertainties
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Benchmark models and parameter space scans

Code works for any model that features a resonant state, but we provide

three benchmark models % X
model Y | R Lagrangian Ny Yd Yo
2 Scalars (o + ) | P g100P + goeed 0 647%712 g—fr
. _ B 5 7 2 R
Fermion (¢) + Vector (4),) | ¢ | A, glwluwA;L + geeyteA], | 0 g—% 1‘(%
Scalar (¢) + Vector (A},) | ¢ | 4, gLt 0,0 A + goeyieAl, | 1 gL 2

Allows dynamical determination of the decoupling temperature

Pieter Braat BBN constraints on resonant DM annihilations 21-08-24



Benchmark models and parameter space scans

Code works for any model that features a resonant state, but we provide

three benchmark models % X
model Y | R Lagrangian Ny Yd Yo
2 Scalars (o + ) | P g100P + goeed 0 647%%2 g—;
. _ B 5 7 2 R
Fermion (¢) + Vector (4),) | ¢ | A, glwluwA;L + geeyteA], | 0 g—% 1‘(%
Scalar (¢) + Vector (A},) | ¢ | 4, gLt 0,0 A + goeyieAl, | 1 gL 2

Allows dynamical determination of the decoupling temperature

Running a parameter space scan for BM model 3 # scans

for N X N points in the m,—7v, plane from acropolis.scans import BufferedScanner, ScanParameter
# ext.benchmarks
from acropolis.ext.benchmarks import BenchmarkModel3

scan_ result = BufferedScanner( BenchmarkModel3,
mchi = ScanParameter (0, 3, N),
delta = le—2,
gammad = le—3,
gammav = ScanParameter(—14, —2, N),

). perform__scan(cores=—1)
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Results




What happens to the abundances?

Non-resonant annihilations

61
2 \ o °oTX
<Uannv> ~ a b<U?el>7 <Ure1> —
il
Away from the resonance, the annihilation strength is
165 - 87—‘-/761/7@
<O_annv>0ff—res - \é%;)/d/yv Qj_ndf(nd + 3/2)7 mi5]2%
ms0g

b L 2777d7v
m2 42
X R
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What happens to the abundances?

- Vp low
Non-resonant annihilations D/'H high
6T \
2\ ~ X ) |
<O-annv> ~ a + b<vfel>7 <vrel> — 10 \ \
iy
10-23 *He/D high l
Away from the resonance, the annihilation strength is
. 5 STV 107241 -
1 = — —
(G 0)F7e5 o 20 \f;m T (ng + 3/2), m3 0%, @ D/'H low
mx(SR Sp) —25 | /\_
< 10
27—‘-’76171) _y
b= —5 =
mxéR 10—26 - _
Use BBN observations
10 ¢ -
Y, = 0.245 £ 0.003, PDG (2022)
D/'H = (25.47 +0.25) x 10~° - : 2
3He/D — (83 -+ 1.5) < 101 Geiss and Gloecker (2003) 10 - [113/[6\7] 10

Deuterium abundance is most sensitive to the photodisintegration
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10_2§ oo 10_1855""" L L1 B L L B L L L B L L L L B L L N L B LLL LI L
0 dependence osf  BBNecuded] Swave

- 10—62_ ””””” % ////
C% ”, 10_22 ;— //// ///,/j
Can identify three regions; = 107 O 0T 4
:%: 10_10;_ : CEI 10—24%_ ///://// ///// ?
. Large Op: resonance peaks too early ol S . DT S e j
_14%_ energy injection _ E‘ T no res ‘EI
) 10 ‘ irrelevant ' o8 C — de — 1 MeV ]
« |Intermediate 5R: strong resonance peak T T 7 AT S—— 107 e Ty —10keV ]
my /T e my =10 MeV ——= Tpq =100eV 3
10—30 ! ! Lo ! | | i

10t 102 10° 10* 10° 10°% 107 108
 Small 0p: the resonance bounds are weaker than the non-resonant case Ox
10_16 <H R L L A L LA
10 1; BBN excluded 1 prwvave
. N 3 exciude E
Overall; e
10-20F N
— é_ Tia = 10 keV \\\ ,’é
e the p-wave resonances are stronger @ 102 - ; —
g L 0\ Ta=100ev R
— 10_242‘ \‘ \\ \\ /// /’,, /‘
= ‘\ \ >< -~ 7]
« strong 74 dependence N RO
10726 | NN et T
10_282: o no res :;
= m, = 10 MeV ——= res
10—30 I YT S TP SR FTTE T S P TS S TP S T
10t 102 10° 107* 10 10°% 107 1078
OR
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de dependence \'\-\.\_ BBN excluded 1

Low masses: early decoupling suppresses resonance effect — 10_24;_

It decoupling happens significantly late, resonance model suffers from stronger bounds 0 26

—== Sp=10"% 3
51{:10_6_;
—= g =108 ]

T100 10

—_— oy
—
-—-~-
—
—_— iy

—
~-~-
-
—

-
————————————————

——- og =102
mX == 10 MeV 5R — 10—3

104 103 102 10! 1
T [MeV]
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T, 4 dependence

o2h el BBN excluded 1
Low masses: early decoupling suppresses resonance effect — 10-2) e
» e
mg S s :
It decoupling happens significantly late, resonance model suffers from stronger bounds < 102} |
no res - 5R:10—4é
—=- g =102 5g = 1076 ]
10—30 Y Y s o ]
104 1073 1072 101 10° 10!
de [MQV]
10714
10—162:
Larger masses: s-wave resonance barely noticeable o BBN excluded 1
For p-wave, the narrow resonances are strongly constrained .
>~ 102
:
o, 10—24_
10—282:
- no res —==- $p=10"%
0 omey T R=107
Across the board: larger masses are typically less constrained I L St (s St )
107703 1073 1072 107! 10° 10!
de [MEV]
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Results (s-wave), fixed /4

Fixed 7, 4: resonance effect is observable if the decoupling temperature is low enough

|
E 1 3
10-20L L‘ BBN excluded T ]
: \ ]
3 \
10-2L
= i
~ 2
on C
& 10724
. F
S i :
1026 ,=_ no res E
5 - Og =102 ]
3 6r =103 3
10~ " op=10"" 4
K or =107° 1
'=‘ de =1MeV - br —10-8 ?
1 —30 R
0 10V 103

Pieter Braat

(MeV]

10—28

1 —30 L
0 10V

III|T| T TTT

BBN excluded 1

no res E
- b =102
6r =103 3
- o =10"% 4

or =100 ]

- 6r =108 §
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10-20 E ----- , BBNexcluded T ]
; N

102} \\“"‘j

0 i ]

~ 2 :
o C
& 10724
., F

S i _

1026 .=— M. _-” —— nores E

- = == g =102 ]

3 6r =103 3

10-28L —=- Sp=10"* 4

K or =107° 1

'=‘ de =100eV —— b _10-8 ?

1—30_ . Ll C ]

T 10* 102 103
m, (MeV]
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Results (s-wave), dynamical /4

Fixed 7, 4: resonance effect is observable if the decoupling temperature is low enough

Dynamically determined 7, ;: the resonance is not effective as 7,4 2 1 MeV

Two scalar model

1018 T T
|
1
\
10-20 ) BBN excluded 1
10—22
)
~
a9
& 10 -
.
<
10-26 no res
—=- 4 =102
or =103
1028 —=- og=10"*
OR =10"°
Benchmark model (1) 5 —10-8
——- bp =
—30 ! Ll R L
1070 10! 102 10°

m, [MeV]
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Fermion DM + vector resonance

1018 § —————
|
|
\
1020 \ BBN excluded 7
10—22
N’
~
a9
E 10—24
-,
S
10—26 no res
— =+ bg =102
og =1073
1028 —=- g =10"*
OR =10"°
Benchmark model (2) 5 —10-8
S
—30 ! L . L L
1075 0 10! 102 10°

m, [MeV]
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Results (p-wave), fixed /4

For p-wave, the resonance effect is typically stronger

BBN excluded 7 10-16

Tiqg =10keV 6 =107% === 5 =108

00 10 1o
m, [MeV] m, [MeV]
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Results (p-wave), dynamical /4

For p-wave, the resonance effect is typically stronger

Dynamical 1, 4: resonance models are more strongly constrained
compared to vanilla annihilations

Bounds are weaker than s-wave, so later decoupling
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Conclusions

« BBN can place stringent bounds on exotic energy injection in the early universe, such as (resonant) s- or p-wave DM annihilations

* Resonant DM models offer an intriguing solution to the cusp-core problem

* Decoupling temperature greatly impacts the constraints; if in thermal equilibrium long enough, resonance model suffers from
stronger bounds”

* *If the resonance is too narrow (i.e. small mass splitting), the bounds can actually get weaker

« Determining the decoupling dynamically for the benchmark models, s-wave resonance does not suffer from increased bounds,
whereas p-wave does

* Want to use the code yourselt? Will be included in an upcoming version of ACROPOLIS: check the GitHub!
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https://github.com/hep-mh/acropolis







Why is the difference between s- and p-wave so pronounced?

Consider the ratio between the resonance contribution and the off- 73/2
resonance limit at the peak <O.annv>res o Yo — 6—53:137 (% < Wd)
1/2 "
res —MNg
] d _
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For s-wave (n, = 0), the resonance strength decreases for smaller
Op, Whereas the opposite is true for p-wave (n; = 1)
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