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Photodisintegration

Short recap: Big Bang Nucleosynthesis is the process in which abundances of
the lightest elements are produced

and: observations match theory predictions
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Photodisintegration

Short recap: Big Bang Nucleosynthesis is the process in which abundances of
the lightest elements are produced

and: observations match theory predictions

EM energy injection (from BSM Physics) can destroy the newly formed elements 7/14/1/[,
X e /v
et — -+ R
e.g. DM annihilations XX — €~ €™ /v
X e" /v
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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 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

SFSR X ”x<m’>x><—>e+€‘
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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

creation

vy /O AEf,(E)oysn v, (B)
Ny

destruction
No. E™ [MeV]
1 D + 4 — p + n 2.22
2 | SH 4+ ~ — 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 + ~v — SHe + n 20.58
8 |“He + v - D + D 23.84
9 |‘He + ~ — D + n + p 26.07
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Tracking the abundances . .

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

Photodisintegration is sensitive to specific temperature range

T € [1077,10™ 2] MeV : well after standard BBN has ended

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

creation

vy /O AEf,(E)oysn v, (B)
Ny

destruction
No. E™ [MeV]
1 D + v — p + n 2.22
2 | SH 4+ ~ — D + n 6.26
3 | H + ~ — p + n + n 8.48
4 |%He + v — D + p 5.49
5 |3He 4+ ~ — n —+ p + p 7.12
6 |‘He + v — SH + p 19.81
7 |“He + ~v — SHe + n 20.58
8 |“He + v - D + D 23.84
9 |‘He + ~ — D + n + p 26.07
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Tracking the abundances : -

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

Photodisintegration is sensitive to specific temperature range

T € [1077,10™ 2] MeV : well after standard BBN has ended

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

N;
creation A
CX) A

N 4
Ve 3 [ AEL B -, (B) — A
N O
destruction

No. E™ [MeV]
1 D + v > p+ n 2.22 -
2 |*H + v+ - D + n 6.26
3 SH + v — p + n + n 8.48
s ACROPOLIS
5 |*He + v — n + p + p 7.12
6 |“He + v — SH + p 19.81
7 |[*He + 4+ — P%He + n 20.58 In principle complicated system to solve—> ACROPOLIS
8 |“He + v+ - D + D 23.84 |
9 |“He + ~ — D + n  + D 26.07 Depta, Hufnagel, Schmidt-Hoberg (2021)
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Why resonant annihilations?

Consider dark sector with resonance

mpr =My (2 +0om) om<KL1

For MeV scale DM, annihilations peak in photodisintegration window!

X e /v

Injected power

(ov) [MeV™2¢]
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—— T rescaled
- == T unscaled

S-Wave

energy injection
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Why resonant annihilations?

—— T rescaled
- == T unscaled

Consider dark sector with resonance

mpr =My (2 +0om) om<KL1

S-Wave

For MeV scale DM, annihilations peak in photodisintegration window!

Injected power

We can write the annihilation cross section as

La(v)ly(vf)/4 vr = 2V/om

J

(ov) [MeV™2¢]

_res _ 47 S
W my E(v) (E(v) — E(vg))? +T'(v)?/4

energy injection

X € /7 irrelevant
10715 S N
R 101 102 103 104 105 106 107
m)(/TSM
R —
Y +
6 "
i & Time
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Why resonant annihilations?

Consider dark sector with resonance

mpr =My (2 +0om) om<KL1

For MeV scale DM, annihilations peak in photodisintegration window!

We can write the annihilation cross section as Injected power
O_res o 47TS Fd(v)r’v (Uf)/4 VR = 2V om

" myE(v) (E(v) — E(vr))? +T(v)?/4

energy injection

X

—— T rescaled
- == T unscaled

vq : dark coupling

103

104 10°
mx/TSM

Time

irrelevant
2n —|—1 10_15 ! LA | ! LA | ! LA | ! LA | ! LA | ! LI L
m pee 101 102
R ~ 7d RmQ’ﬂd‘l‘l
X
3 _——— >

vy Visible coupling
3
R ~ %me—g ng =0 s—wave Model independent setup!
my ng =1 p—wave
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Temperature dependence

Injected energy depends on the thermally averaged cross section

3/2 00
<O-U>a,nn Txﬁmx 4TX / dp2€—p2Tx/mip20_
0

ﬁmil/ :

with DM temperature

/

1 if T > Tyyg
\deR(de)Q/R(T)Z if T < Tyyg

V

Tx (T) = 4
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Temperature dependence

Injected energy depends on the thermally averaged cross section

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

with DM temperature

/

ik if T > Ty

T T :< M m
X( ) \deR(de)Q/R(T)Z if T < Tyyg

Kinetic decoupling when scattering becomes inefficient, i.e. when

' = Ne <UU>X6—>xe|T:de 5 H(de)

Scattering is related to annihilation via crossing symmetry

2

p
Oye——xe~ — O%%lma C = 0(1) T 2 e
X

102 .

101 .
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m, =10 MeV,L=0,yy=10""

1071 107 10712 1079 1076 1073
Yv
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Results: single parameter space point

lo
Use BBN observations D/'H high Yy oW
YV, = 0.245 + 0.003, . \ \
1 o PDG (2022)
D/*H = (25.47 + 0.25) x 10 3He /D high _
3I—Ie/]:) - (83 -+ 15) X 10_1 Geiss and Gloecker (2003)
1024+ 1
) D/H lo
Deuterium abundance is most sensitive to the photodisintegration o~ / -
10722 .
g /\
S
10—26 N _
10—27 n _
—28 !
00 10! 10
m, [MeV]
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Results (s-wave)

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

low enough

10_18 E T T E 10_18 E | | AE 10_18 E T T E
1020 a 102 a 10-20 s a
10-22 E BBN excluded ¢ E 10-22 E BBN excluded 1 E 10-22 E BBN excluded 1 E
O i O : O i
o> o E o E E
g 1072¢ : g 1072¢ : & 107%¢ :
. ; ] . ; ] . ; ]
S ] S ] S ]
10726 L 2 10-26L : 10726 [ !
?— —nores ? ?— — Nno res ? % —nores ?
102 F —— 5 =107 4 1072 mr 0=107 107 RN
: 5 =103 ] K 5 =103 1 C 5 =10"3 1
i_ Tiqg =1 MeV —=x §=10"7 E : Tig =10keV —== §=10"7 ol Tiqg =100eV —=x §=10"7
—30 . L Ll L —-30 . L Lo L — . Lo Lol L

10 100 101 102 103 10 100 101 102 103 10 100 101 102 103

m, [MeV] m, [MeV] m, [MeV]|
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Results (s-wave)

High decoupling temperature pushes the resonance

_ | _ | | outside the photodisintegration window
Fixed 1, 4: resonance effect is observable if the decoupling temperature is

low enough
10_20 3 T T - 10_9
Dynamically determined 7, ;: the resonance is not effective as 7,4 2 1 MeV 1021 | s—wave |[.
10—22 _
£ 10-1
7 10723 ¢ : Q
o 10712 =
£ 10724 ¢ : i
— 10-25 - 10713
G 10725 ¢ N
—26 | NO res _ 1014
10 : 6m=10"2 |
10-27 L — &m=10"3 ._. 1015
— 6m=10"* |
—28 . ] . L : o
107100 101 102 103
m, [MeV]

Pieter Braat BBN constraints on resonant DM annihilations 31-05-24



For p-wave, the resonance effect is typically stronger

BBN excluded 1
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Bounds are weaker than s-wave, so later decoupling

Results (p-wave)

1 T T T
L 1074E
For p-wave, the resonance effect is typically stronger E |
10-16F i BBN excluded 7
Dynamical 7, 4: resonance models are more strongly constrained 10_18% I‘ 233
: T 3 ~ZZ%° :
compared to vanilla annihilations EN /;:/ ]
el B S Z
i 10—22 ; \\ - 7 ]
L e 3
- 10—24% Vo=’ E
e E
1072 é
3 =102
107%F 5=10"3 1
E dynamic Ty 4 e 5 =104 3
—30 Y L L
107500 10! 102 10°
m, [MeV]|
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Conclusions

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

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

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

* Want to use the code yourself? Will be included in an upcoming version of ACROPOLIS: check the GitHub!
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Intermezzo: core vs cusp

DM self-interactions change the shape of DM density profiles

Collisionless dark matter (CDM) predicts Navarro-Frenk-White profile
NFW —1 —2
p(r)"= " o (r/rs)”(L+71/75)

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

)SIDM const. r < rq
p(r)NFW r >y
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Log Density

Log Density

NFW Density Profile

scale radius |

0.5 1 .
Log Radius

. 1 .
Log Radius

Del Popolo et al. [2209.14151]
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Intermezzo: resonant self-scattering

—h
-
w

DM density profiles prefer SIDM models with strength m
o =
— ~0.1-1cm?/g »
" 102,
Al -
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 2 3 4
y . . . 10 10 10 10
<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 mass

of resonance

vp = 2Vdm ~ 10°km/s = dm ~ 107°
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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 N — - -
YYtn — €7 e s - -
<~ 30 —
Temperature threshold is JER B
2 o — -
“rem T 22T 20 E
E e, =1TeV ;
10 - I IIIIIII‘ l IIIIIII’ I IIIIIII‘ | IIIIIII’ I IIIIIII‘ I IIIH%
3 -2 -1 0 1 2 3
At late times, the DM fluid is too diluted for effective annihilations 10010010 (1 C‘; " 101010
€ e
1 e [10_7, 10_2] MeV : well after standard BBN has ended from Kawasaki and Moroi (1995) [astro-ph/9412055]
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1, 4 dependence

T (T) = <

’

ik if T
TiaR(Tia)?/R(T)? if T

\Y,

A

Setting the stage: understand the decoupling temperature dependence first

Low masses: early decoupling suppresses resonance effect

It decoupling happens significantly late, resonance model suffers from

stronger bounds

1 kd
1 kd

S-wave
10-22L BBN excluded 1
o 10724
~
on
& —
9, s
= 10—26 _________________ -
- Nno res
——= 5=10"2 -
5=10"3
== §=10"*
10—30 Lol Lo Lo Lol L
10~4 1073 10~2 101 100 10!
Twa [MeV]
10~

10—16 i p-WaVG

BBN excluded 1

10—24 /’
/
// -
10-26 ,/ no res |
----------------- ——= =102
10—28 N o= 10_3 -
m, = 10 MeV e 5§ =104
—-30 Lol Lol Ll T L
10 1074 1073 1072 101 100 10!
de [MeV]
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’

ik if T > Tyq

I (1") = < .
X( ) \deR(de)Q/R(T)Q if T < Ty

1, 4 dependence

Setting the stage: understand the decoupling temperature dependence first

Low masses: early decoupling suppresses resonance effect

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

Larger masses: s-wave resonance barely noticeable

For p-wave, the narrow resonances are strongly constrained

Across the board: larger masses are typically less constrained

S-wave
10-22 BBN excluded 1
o 1072
~
« [ ——
E __________
Y,
= 10726
-_— Nnores
== §=10"2 A
5 =103
~== 5=10"*
100 10!
10—14
10—16 p-WaVG
BBN excluded 1
10—18 i
4/'/
a4
— 10_20 //, -
N V4
> /
é 10—22 I/
., /
/
= 1024 ol
///
10-26L " T — NO res
== §=10"2
10—28 | 5 =103
m, = 100 MeV e =104
10—30 Ll Ll T L T
104 1073 102 101 109 10!
T [MeV]
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Comparison to other bounds

p-wave results can be quite strict 10_123
10>
107 3 CMB excluded 106
3
. 1016
Comparing the dark photon + scalar model ] L1077
. 10—18 :
model Lagrangian Mg fyg ’yg Yy 3 BBN excluded | 10-8
2 scalar 155D + goced 0 10-20 ] 3
N g ] L1079
: ; 1022,
fermion + vector | gixv*xAj + gaeyteA! | 0 L L : [ 10-10
10724
and parametrizing the visible coupling g2 = ee i — sm=10 10V
1026 4 T ——— —
10° 101 102 103

Comparing this model to CMB constraints m, [MeV]
B 127y, Ya TSQM

Pann = 3 5 <33x%x10°! ecm’s ' MeV ! Planck collaboration (2020)
mX(Sm mXde

BBN constraints are more strict than CMB, and can probe
Kinetic mixings down to 107-11!
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Why are the om = 10~ more stringent?

m, =10 MeV, Ty =10"* MeV

Appears to be a “coincidence”. Resonance and off-resonance
QL — 1
contributions compete 10-3 - 6m =10
— 6m=10"*
10720 ————m 1071
fT'H 1077 -
10—22 i %)
>
— 1079 -
S
S
3 10_24 N - 10—11 -
o
& — I
. //’ 10—13 .
o 1070 =2 el . energy injection
irrelevant
10715 T
- NOIes 101 102 103 10 103 108 107
1028 - —== §=10"2 - mX/TSM
=107
mleOMeV —— (5:10—4
107300 i e
104 1073 102 101 10° 10!

de [MQV]
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