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Big Bang Nucleosynthesis 101

During Big Bang nucleosynthesis (BBN) the lightest elements are formed, 
e.g. deuterium formation 
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There are many more photons than baryons
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Big Bang Nucleosynthesis 101

During Big Bang nucleosynthesis (BBN) the lightest elements are formed, 
e.g. deuterium formation 
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Although the binding energy of deuterium ~ few MeV, this process 
doesn’t start until

Quickly thereafter, the deuterium is converted to heavier elements
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Big Bang Nucleosynthesis 101

Although the binding energy of deuterium ~ few MeV, this process 
doesn’t start until

Quickly thereafter, the deuterium is converted to heavier elements
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Big Bang Nucleosynthesis 102

Figure taken from Baumann Cosmology lecture notes

E.g. Helium-4 mass fraction
<latexit sha1_base64="oz+HeNQYmSuA6v0nagzgV87ZTSs="></latexit>
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⇢(1H)
⇠ 1

4

Combining input from nuclear/particle physics and cosmology, 
we can predict the abundances quite precisely (theory)
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Big Bang Nucleosynthesis 102

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

Figure taken from Baumann Cosmology lecture notes

E.g. Helium-4 mass fraction
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4 Can use observations to constrain new physics
<latexit sha1_base64="/c5nqOxeMwV6mM3vv2oRvZQIOpA=">AAAB8nicdVBNS8NAEN34WetX1aOXxSJ4Cklr0/ZW9OKxiv2AtJTNdtsu3WTD7kQppT/DiwdFvPprvPlv3KYVVPTBwOO9GWbmBbHgGhznw1pZXVvf2MxsZbd3dvf2cweHTS0TRVmDSiFVOyCaCR6xBnAQrB0rRsJAsFYwvpz7rTumNJfRLUxi1g3JMOIDTgkYye/c8OEIiFLyvpfLO7ZbqFRLHnbsYrVUKKek6BY9D7u2kyKPlqj3cu+dvqRJyCKggmjtu04M3SlRwKlgs2wn0SwmdEyGzDc0IiHT3Wl68gyfGqWPB1KZigCn6veJKQm1noSB6QwJjPRvby7+5fkJDCrdKY/iBFhEF4sGicAg8fx/3OeKURATQwhV3NyK6YgoQsGklDUhfH2K/yfNgu16dun6PF+7WMaRQcfoBJ0hF5VRDV2hOmogiiR6QE/o2QLr0XqxXhetK9Zy5gj9gPX2CQ+ekcw=</latexit>)
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�6

3
He/D = (8.3± 1.5)⇥ 10

�1

PDG (2022)

Observations from primordial gas clouds
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EM energy injection (from BSM Physics!) can destroy the newly formed elements

e.g. DM annihilations
<latexit sha1_base64="sOx1vO8ue47yEIgxttzQekJKa3g="></latexit>
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Photodisintegration

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

The injected particles scatter via interactions:

• .
• .
• .

• .
•

<latexit sha1_base64="D4nJh0E3ePnalQBDrbcjexP2/rs="></latexit>

��th ! e+e�
<latexit sha1_base64="zrLmmTV0dqqu/DxRQlLlGK22bds="></latexit>

��th ! ��
<latexit sha1_base64="F+omTBRsCkBztsFiVUq+X5U2JGw="></latexit>

�N ! Ne+e�

<latexit sha1_base64="gNmGXbur8IXWzqnq8bD6TgpYyrE="></latexit>

�e�th ! �e�
<latexit sha1_base64="OcKUheRBjZWZzK7oKYERpEF9ZJk="></latexit>

e±�th ! e±�
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EM energy injection (from BSM Physics!) can destroy the newly formed elements

e.g. DM annihilations
<latexit sha1_base64="sOx1vO8ue47yEIgxttzQekJKa3g="></latexit>

��̄ ! e�e+/��

The injected particles scatter via interactions:

• .
• .
• .

• .
•

<latexit sha1_base64="D4nJh0E3ePnalQBDrbcjexP2/rs="></latexit>

��th ! e+e�
<latexit sha1_base64="zrLmmTV0dqqu/DxRQlLlGK22bds="></latexit>

��th ! ��
<latexit sha1_base64="F+omTBRsCkBztsFiVUq+X5U2JGw="></latexit>

�N ! Ne+e�

<latexit sha1_base64="gNmGXbur8IXWzqnq8bD6TgpYyrE="></latexit>

�e�th ! �e�
<latexit sha1_base64="OcKUheRBjZWZzK7oKYERpEF9ZJk="></latexit>

e±�th ! e±�

<latexit sha1_base64="ea+QecYKYlGNxpzxuci08ZoNX3I="></latexit>

T 2 [10�7, 10�2] MeV

Photodisintegration is sensitive to specific temperature range
: well after standard BBN has ended

Photodisintegration

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R
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Why resonant annihilations?
Consider dark sector with resonance

For MeV scale DM, annihilations peak in photodisintegration window! 

<latexit sha1_base64="IS+1rFKkqDB2Ih9zXtE0uHWxTbg="></latexit>

mR ⌘ m�(2 + �m) ,
<latexit sha1_base64="PFJEyOQOheaT6Ra3RW4M4SEsp2E="></latexit>

�m ⌧ 1

Injected power

Time

<latexit sha1_base64="QDPck2TCOVZzuJbZO9JHQhNWZFc="></latexit>

m� = 10MeV

�m = 10�4
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Why resonant annihilations?
Consider dark sector with resonance

For MeV scale DM, annihilations peak in photodisintegration window! 

<latexit sha1_base64="IS+1rFKkqDB2Ih9zXtE0uHWxTbg="></latexit>

mR ⌘ m�(2 + �m) ,
<latexit sha1_base64="PFJEyOQOheaT6Ra3RW4M4SEsp2E="></latexit>

�m ⌧ 1

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

Injected power

Time

<latexit sha1_base64="QDPck2TCOVZzuJbZO9JHQhNWZFc="></latexit>

m� = 10MeV

�m = 10�4

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄ <latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="XscTJQ2LChi4M3l8SnMELPQSRwc="></latexit>⇠

<latexit sha1_base64="DYIJP1/k3qNaHBXyXeQ/560+jL0="></latexit>⇥
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Why resonant annihilations?
Consider dark sector with resonance

For MeV scale DM, annihilations peak in photodisintegration window! 

<latexit sha1_base64="IS+1rFKkqDB2Ih9zXtE0uHWxTbg="></latexit>

mR ⌘ m�(2 + �m) ,
<latexit sha1_base64="PFJEyOQOheaT6Ra3RW4M4SEsp2E="></latexit>

�m ⌧ 1

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

Model independent setup!

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄ <latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="XscTJQ2LChi4M3l8SnMELPQSRwc="></latexit>⇠

<latexit sha1_base64="DYIJP1/k3qNaHBXyXeQ/560+jL0="></latexit>⇥

<latexit sha1_base64="6dgT0YQ30B2LckqgyYLJbelr4JA="></latexit>

�dmR
p2nd+1

m2nd+1
�

<latexit sha1_base64="XklxWOqch9ROHgAPsr99k2xAD3o="></latexit>

�vmR
p3

m3
�

<latexit sha1_base64="XscTJQ2LChi4M3l8SnMELPQSRwc="></latexit>⇠

<latexit sha1_base64="XscTJQ2LChi4M3l8SnMELPQSRwc="></latexit>⇠
<latexit sha1_base64="6v1BHbsLRTBGGhVXDPc6XXiAZ40="></latexit>

nd = 0 s�wave
<latexit sha1_base64="lG/+HVHkIWBD1D50ggTQhMituHk="></latexit>

nd = 1 p�wave

<latexit sha1_base64="WaHokTU+XSKhse8BXY2ztJLVAds="></latexit>

�d : dark coupling

�v : visible coupling

Injected power

Time

<latexit sha1_base64="QDPck2TCOVZzuJbZO9JHQhNWZFc="></latexit>

m� = 10MeV

�m = 10�4



BBN constraints on resonant DM annihilationsPieter Braat 23-01-24 12

Results ( -wave)s

Same story for a -wave resonance!p

100 101 102 103

mc [MeV]

10°30

10°28

10°26

10°24

10°22

10°20

10°18

a
[c

m
3 /s

]

BBN excluded "

no res
Tkd =1 MeV
Tkd =10 keV
Tkd =100 eV

d = 10°2

d = 10°3

d = 10°4

<latexit sha1_base64="3KouKHzgHWNtb3XpUt0guYPJieI="></latexit>

a =
8⇡�v�d
m2

��m
2

Observations and theory match —> we can constrain the strength 
of the DM annihilations

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

<latexit sha1_base64="YVJZUq84jly38OMyzDkA1MOxmpQ="></latexit>

� = neh�vi�e!�e

��
T=Tkd

. H(Tkd)

The constraints depend on the kinetic decoupling temperature

<latexit sha1_base64="SZtAq29yvY7QCtce4javYx9BcmY="></latexit>

T�(TSM) =

(
TSM T � Tkd

T 2
SM/Tkd T < Tkd
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Conclusions
• The first few minutes after the Big Bang provide a powerful probe of BSM physics

• One example is DM that annihilates resonantly into SM photons or electrons, which would 
disintegrate light elements

• Using BBN observations we can constrain the DM annihilation cross section

• The constraints depend on kinetic decoupling temperature; if the dark and SM sector remain in 
thermal contact long enough, the resonance strengthens the bounds



Thank
you!



Back up
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Temperature dependence

<latexit sha1_base64="SQ6iM/NAYhLBXBUcnm3857EaM7Y="></latexit>

T�(T ) =

(
T if T > Tkd,

TkdR(Tkd)2/R(T )2 if T < Tkd,

Injected energy depends on the thermally averaged cross section

with DM temperature

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

Scattering is related to annihilation via crossing symmetry
<latexit sha1_base64="fJPGPXFpWEspMekfq7LgMZbhloM="></latexit>

��e�!�e� = C�v�d
p2

m4
�

, C = O(1)

<latexit sha1_base64="YVJZUq84jly38OMyzDkA1MOxmpQ="></latexit>

� = neh�vi�e!�e

��
T=Tkd

. H(Tkd)

<latexit sha1_base64="TdRZdnCKBARyXqifFLQ3w/ZkfiM="></latexit> <latexit sha1_base64="TdRZdnCKBARyXqifFLQ3w/ZkfiM="></latexit>

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="pbVev95wFVtSaNeyYM/xPuyu5XE="></latexit>

h�viann
T�⌧m�

=
4T 3/2

�
p
⇡m11/2

�

Z 1

0
dp2e�p2T�/m

3
�p2�
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Temperature dependence

<latexit sha1_base64="SQ6iM/NAYhLBXBUcnm3857EaM7Y="></latexit>

T�(T ) =

(
T if T > Tkd,

TkdR(Tkd)2/R(T )2 if T < Tkd,

Injected energy depends on the thermally averaged cross section

with DM temperature

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

Scattering is related to annihilation via crossing symmetry
<latexit sha1_base64="fJPGPXFpWEspMekfq7LgMZbhloM="></latexit>

��e�!�e� = C�v�d
p2

m4
�

, C = O(1)

<latexit sha1_base64="YVJZUq84jly38OMyzDkA1MOxmpQ="></latexit>

� = neh�vi�e!�e

��
T=Tkd

. H(Tkd)

<latexit sha1_base64="TdRZdnCKBARyXqifFLQ3w/ZkfiM="></latexit> <latexit sha1_base64="TdRZdnCKBARyXqifFLQ3w/ZkfiM="></latexit>

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="pbVev95wFVtSaNeyYM/xPuyu5XE="></latexit>
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Comparison to other bounds
-wave results can be quite strict p

BBN constraints are more strict than CMB, and can probe 
kinetic mixings down to 10^-11!

Comparing this model to CMB constraints
<latexit sha1_base64="VvdOPpVQeX/sVnziQ5fFlrYoA/c="></latexit>

pann =
12⇡�v�d
m3

��m
2

T 2
SM

m�Tkd
< 3.3⇥ 10�31 cm3s�1MeV�1 Planck collaboration (2020)

Comparing the dark photon + scalar model

and parametrising the visible coupling <latexit sha1_base64="kxGqyWarlNPb7/RIOSmGTzamwWk="></latexit>

g2 = ✏e

<latexit sha1_base64="NZVaFkkquff5kST+kxz92AKm1so="></latexit>

model Lagrangian nd �d �v

2 scalar g1SS�+ g2ēe� 0 g2
1

64⇡m2
g2
2

8⇡

scalar + vector g1'†
$
@µ'A0µ + g2ē�µeA0

µ 1 g2
1

48⇡
g2
2

12⇡

fermion + vector g1�̄�µ�A0
µ + g2ē�µeA0

µ 0 g2
1

8⇡
g2
2

12⇡


