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�2
<latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mNtZRNvd+B94SMwEjHRhWlPaG30="></latexit><latexit sha1_base64="mNtZRNvd+B94SMwEjHRhWlPaG30="></latexit><latexit sha1_base64="JD28J/CxU8XlmrFQDZpjIHTUIBQ="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit>

�2
<latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mNtZRNvd+B94SMwEjHRhWlPaG30="></latexit><latexit sha1_base64="mNtZRNvd+B94SMwEjHRhWlPaG30="></latexit><latexit sha1_base64="JD28J/CxU8XlmrFQDZpjIHTUIBQ="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit>
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Freeze-in: ⌦�h
2 ⇠ m�

GeV

MP�⌘

T 2
fi

<latexit sha1_base64="dx7oBiRiWdZQUGOcD/KNkKtS/pk="></latexit><latexit sha1_base64="dx7oBiRiWdZQUGOcD/KNkKtS/pk="></latexit><latexit sha1_base64="dx7oBiRiWdZQUGOcD/KNkKtS/pk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="9eAatO0yqhqVhl04L7sx1IOmM5g="></latexit><latexit sha1_base64="9eAatO0yqhqVhl04L7sx1IOmM5g="></latexit><latexit sha1_base64="2H1Nj898u8chbAr8rr2IytaQ6oY="></latexit><latexit sha1_base64="dx7oBiRiWdZQUGOcD/KNkKtS/pk="></latexit><latexit sha1_base64="dx7oBiRiWdZQUGOcD/KNkKtS/pk="></latexit><latexit sha1_base64="dx7oBiRiWdZQUGOcD/KNkKtS/pk="></latexit><latexit sha1_base64="dx7oBiRiWdZQUGOcD/KNkKtS/pk="></latexit><latexit sha1_base64="dx7oBiRiWdZQUGOcD/KNkKtS/pk="></latexit><latexit sha1_base64="dx7oBiRiWdZQUGOcD/KNkKtS/pk="></latexit>

m2
⌘

m�
⇠ 109 GeV

<latexit sha1_base64="GNR6ua7cbKFVJBDI6/VmgDLi4pI="></latexit><latexit sha1_base64="GNR6ua7cbKFVJBDI6/VmgDLi4pI="></latexit><latexit sha1_base64="GNR6ua7cbKFVJBDI6/VmgDLi4pI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="AiCNjPyvhmAF38FSkCRYStYvhFQ="></latexit><latexit sha1_base64="AiCNjPyvhmAF38FSkCRYStYvhFQ="></latexit><latexit sha1_base64="U7YO88kABVK5nX+E+z7MA1ulnQs="></latexit><latexit sha1_base64="GNR6ua7cbKFVJBDI6/VmgDLi4pI="></latexit><latexit sha1_base64="GNR6ua7cbKFVJBDI6/VmgDLi4pI="></latexit><latexit sha1_base64="GNR6ua7cbKFVJBDI6/VmgDLi4pI="></latexit><latexit sha1_base64="GNR6ua7cbKFVJBDI6/VmgDLi4pI="></latexit><latexit sha1_base64="GNR6ua7cbKFVJBDI6/VmgDLi4pI="></latexit><latexit sha1_base64="GNR6ua7cbKFVJBDI6/VmgDLi4pI="></latexit>

Freeze-out: ⌦�h
2 ⇠ m�

Tfo

GeV�1

MP h�vi
<latexit sha1_base64="Q+kI4qk90CQBR1AyYG4RJIq3uzo="></latexit><latexit sha1_base64="Q+kI4qk90CQBR1AyYG4RJIq3uzo="></latexit><latexit sha1_base64="Q+kI4qk90CQBR1AyYG4RJIq3uzo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="uVugXDEdNxZfFX9QXCsnObqpwcg="></latexit><latexit sha1_base64="uVugXDEdNxZfFX9QXCsnObqpwcg="></latexit><latexit sha1_base64="KLhUFeB7r5T2P5vSi2t4BLDe04Q="></latexit><latexit sha1_base64="Q+kI4qk90CQBR1AyYG4RJIq3uzo="></latexit><latexit sha1_base64="Q+kI4qk90CQBR1AyYG4RJIq3uzo="></latexit><latexit sha1_base64="Q+kI4qk90CQBR1AyYG4RJIq3uzo="></latexit><latexit sha1_base64="Q+kI4qk90CQBR1AyYG4RJIq3uzo="></latexit><latexit sha1_base64="Q+kI4qk90CQBR1AyYG4RJIq3uzo="></latexit><latexit sha1_base64="Q+kI4qk90CQBR1AyYG4RJIq3uzo="></latexit>

resonance:

g . 10�7
<latexit sha1_base64="V6TdtR0TOcvd7MKFpdil8QgrHcs="></latexit><latexit sha1_base64="V6TdtR0TOcvd7MKFpdil8QgrHcs="></latexit><latexit sha1_base64="V6TdtR0TOcvd7MKFpdil8QgrHcs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vh7Pyo1EE3aeKoS9KPxuXBM597Q="></latexit><latexit sha1_base64="vh7Pyo1EE3aeKoS9KPxuXBM597Q="></latexit><latexit sha1_base64="miQFMPGazjcsm3Xb6gxsknBUVD0="></latexit><latexit sha1_base64="V6TdtR0TOcvd7MKFpdil8QgrHcs="></latexit><latexit sha1_base64="V6TdtR0TOcvd7MKFpdil8QgrHcs="></latexit><latexit sha1_base64="V6TdtR0TOcvd7MKFpdil8QgrHcs="></latexit><latexit sha1_base64="V6TdtR0TOcvd7MKFpdil8QgrHcs="></latexit><latexit sha1_base64="V6TdtR0TOcvd7MKFpdil8QgrHcs="></latexit><latexit sha1_base64="V6TdtR0TOcvd7MKFpdil8QgrHcs="></latexit>

co-scattering:
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100 MeV: inelastic dark matter Tucker-Smith, Weiner hep-ph/0101138

c⌧�2 ⇠
1

✏2m�

✓
m1

m2 �m1

◆5 ✓mA0

m1

◆4

& O(km)
<latexit sha1_base64="Qp00wmbgql3Rom8L0OJKGxO2M0Y="></latexit><latexit sha1_base64="Qp00wmbgql3Rom8L0OJKGxO2M0Y="></latexit><latexit sha1_base64="Qp00wmbgql3Rom8L0OJKGxO2M0Y="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="5HwtF6io8x2nF2T24P5yZLokW7Y="></latexit><latexit sha1_base64="5HwtF6io8x2nF2T24P5yZLokW7Y="></latexit><latexit sha1_base64="s7yIYc1we3T2sqUEDdfgTkHwTng="></latexit><latexit sha1_base64="Qp00wmbgql3Rom8L0OJKGxO2M0Y="></latexit><latexit sha1_base64="Qp00wmbgql3Rom8L0OJKGxO2M0Y="></latexit><latexit sha1_base64="Qp00wmbgql3Rom8L0OJKGxO2M0Y="></latexit><latexit sha1_base64="Qp00wmbgql3Rom8L0OJKGxO2M0Y="></latexit><latexit sha1_base64="Qp00wmbgql3Rom8L0OJKGxO2M0Y="></latexit><latexit sha1_base64="Qp00wmbgql3Rom8L0OJKGxO2M0Y="></latexit>

Izaguirre et al. 1508.03050
�1

<latexit sha1_base64="vzVJWcWJXGVnmX+K9mWXU38upqc="></latexit><latexit sha1_base64="vzVJWcWJXGVnmX+K9mWXU38upqc="></latexit><latexit sha1_base64="vzVJWcWJXGVnmX+K9mWXU38upqc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Tg5V2xj4RoexRFw+xvY7GPP/JyE="></latexit><latexit sha1_base64="Tg5V2xj4RoexRFw+xvY7GPP/JyE="></latexit><latexit sha1_base64="owT+i1WMs5GB3W5MN4AX6/LnO+Y="></latexit><latexit sha1_base64="vzVJWcWJXGVnmX+K9mWXU38upqc="></latexit><latexit sha1_base64="vzVJWcWJXGVnmX+K9mWXU38upqc="></latexit><latexit sha1_base64="vzVJWcWJXGVnmX+K9mWXU38upqc="></latexit><latexit sha1_base64="vzVJWcWJXGVnmX+K9mWXU38upqc="></latexit><latexit sha1_base64="vzVJWcWJXGVnmX+K9mWXU38upqc="></latexit><latexit sha1_base64="vzVJWcWJXGVnmX+K9mWXU38upqc="></latexit>

�2
<latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mNtZRNvd+B94SMwEjHRhWlPaG30="></latexit><latexit sha1_base64="mNtZRNvd+B94SMwEjHRhWlPaG30="></latexit><latexit sha1_base64="JD28J/CxU8XlmrFQDZpjIHTUIBQ="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit><latexit sha1_base64="bSptlr511EgMKQexR2QYMyqtiOE="></latexit>

f
<latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="gaQ/MADDMoGowHGz2oiyZbJfsNI="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit>

f̄
<latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JMPOXSIcfbDNGAbjuwWK8fRDt/w="></latexit><latexit sha1_base64="JMPOXSIcfbDNGAbjuwWK8fRDt/w="></latexit><latexit sha1_base64="wyGM9sAockhO4zQTq6jj5915VK4="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit>

A0⇤
<latexit sha1_base64="beO4ov8GlkrHd3bTpzBumolYO7s="></latexit><latexit sha1_base64="MV2jeyHUkiZT6capEcu6p0PTiv8="></latexit><latexit sha1_base64="MV2jeyHUkiZT6capEcu6p0PTiv8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="D761aVrtwlPRukD54vcDvKHk67g="></latexit><latexit sha1_base64="D761aVrtwlPRukD54vcDvKHk67g="></latexit><latexit sha1_base64="+B0BS7oW3K2lMSWdm+9MekuU/AY="></latexit><latexit sha1_base64="+B0BS7oW3K2lMSWdm+9MekuU/AY="></latexit><latexit sha1_base64="MV2jeyHUkiZT6capEcu6p0PTiv8="></latexit><latexit sha1_base64="MV2jeyHUkiZT6capEcu6p0PTiv8="></latexit><latexit sha1_base64="MV2jeyHUkiZT6capEcu6p0PTiv8="></latexit><latexit sha1_base64="MV2jeyHUkiZT6capEcu6p0PTiv8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="D761aVrtwlPRukD54vcDvKHk67g="></latexit><latexit sha1_base64="D761aVrtwlPRukD54vcDvKHk67g="></latexit><latexit sha1_base64="+B0BS7oW3K2lMSWdm+9MekuU/AY="></latexit><latexit sha1_base64="+B0BS7oW3K2lMSWdm+9MekuU/AY="></latexit><latexit sha1_base64="MV2jeyHUkiZT6capEcu6p0PTiv8="></latexit><latexit sha1_base64="MV2jeyHUkiZT6capEcu6p0PTiv8="></latexit><latexit sha1_base64="MV2jeyHUkiZT6capEcu6p0PTiv8="></latexit><latexit sha1_base64="MV2jeyHUkiZT6capEcu6p0PTiv8="></latexit><latexit sha1_base64="+B0BS7oW3K2lMSWdm+9MekuU/AY="></latexit>

Blekman, SW et al. 2007.03708

c⌧�+ ⇡ 1 cm

✓
6⇥ 10�5

g�

◆2 ✓
20GeV

m�+ �m�0

◆5 ✓ m�+

80GeV

◆4

<latexit sha1_base64="3zbd+oXxDdUWGQm3UQcNmBxV1jU="></latexit><latexit sha1_base64="3zbd+oXxDdUWGQm3UQcNmBxV1jU="></latexit><latexit sha1_base64="3zbd+oXxDdUWGQm3UQcNmBxV1jU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="FoFYrHr9yIlKUc3GPOrhLZoGxrc="></latexit><latexit sha1_base64="FoFYrHr9yIlKUc3GPOrhLZoGxrc="></latexit><latexit sha1_base64="K3o81SBbSNWT/C5JPsXbZFd459o="></latexit><latexit sha1_base64="3zbd+oXxDdUWGQm3UQcNmBxV1jU="></latexit><latexit sha1_base64="3zbd+oXxDdUWGQm3UQcNmBxV1jU="></latexit><latexit sha1_base64="3zbd+oXxDdUWGQm3UQcNmBxV1jU="></latexit><latexit sha1_base64="3zbd+oXxDdUWGQm3UQcNmBxV1jU="></latexit><latexit sha1_base64="3zbd+oXxDdUWGQm3UQcNmBxV1jU="></latexit><latexit sha1_base64="3zbd+oXxDdUWGQm3UQcNmBxV1jU="></latexit>

100 GeV: electroweakinos

�+
<latexit sha1_base64="F/MtuiIX1CC/ElDnJKhgtc1cCs0="></latexit><latexit sha1_base64="F/MtuiIX1CC/ElDnJKhgtc1cCs0="></latexit><latexit sha1_base64="F/MtuiIX1CC/ElDnJKhgtc1cCs0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="sSDH8FFWR1BiFW0rB9+bE0a4+kA="></latexit><latexit sha1_base64="sSDH8FFWR1BiFW0rB9+bE0a4+kA="></latexit><latexit sha1_base64="/hGuvsHj/KWwsrMfhXSyjYnv5ik="></latexit><latexit sha1_base64="F/MtuiIX1CC/ElDnJKhgtc1cCs0="></latexit><latexit sha1_base64="F/MtuiIX1CC/ElDnJKhgtc1cCs0="></latexit><latexit sha1_base64="F/MtuiIX1CC/ElDnJKhgtc1cCs0="></latexit><latexit sha1_base64="F/MtuiIX1CC/ElDnJKhgtc1cCs0="></latexit><latexit sha1_base64="F/MtuiIX1CC/ElDnJKhgtc1cCs0="></latexit><latexit sha1_base64="F/MtuiIX1CC/ElDnJKhgtc1cCs0="></latexit>

⇡+
<latexit sha1_base64="BuZ7dg9dilxkX71Yfct4ZizULGk="></latexit><latexit sha1_base64="BuZ7dg9dilxkX71Yfct4ZizULGk="></latexit><latexit sha1_base64="BuZ7dg9dilxkX71Yfct4ZizULGk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3kNDfeT8eeoxYS6cCGbQoHAKrgk="></latexit><latexit sha1_base64="3kNDfeT8eeoxYS6cCGbQoHAKrgk="></latexit><latexit sha1_base64="rRaKfHDsTZ9YNkUdshjl6fHf8lI="></latexit><latexit sha1_base64="BuZ7dg9dilxkX71Yfct4ZizULGk="></latexit><latexit sha1_base64="BuZ7dg9dilxkX71Yfct4ZizULGk="></latexit><latexit sha1_base64="BuZ7dg9dilxkX71Yfct4ZizULGk="></latexit><latexit sha1_base64="BuZ7dg9dilxkX71Yfct4ZizULGk="></latexit><latexit sha1_base64="BuZ7dg9dilxkX71Yfct4ZizULGk="></latexit><latexit sha1_base64="BuZ7dg9dilxkX71Yfct4ZizULGk="></latexit>

�0
<latexit sha1_base64="D49LRuwpX7VtoYWi7+aZ6qB5C+g="></latexit><latexit sha1_base64="D49LRuwpX7VtoYWi7+aZ6qB5C+g="></latexit><latexit sha1_base64="D49LRuwpX7VtoYWi7+aZ6qB5C+g="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="qaXD+WIx1UR/B5n03RN7pWQZSx4="></latexit><latexit sha1_base64="qaXD+WIx1UR/B5n03RN7pWQZSx4="></latexit><latexit sha1_base64="kQ5RQJYFWoS3YNEGiLyuWaToI5o="></latexit><latexit sha1_base64="D49LRuwpX7VtoYWi7+aZ6qB5C+g="></latexit><latexit sha1_base64="D49LRuwpX7VtoYWi7+aZ6qB5C+g="></latexit><latexit sha1_base64="D49LRuwpX7VtoYWi7+aZ6qB5C+g="></latexit><latexit sha1_base64="D49LRuwpX7VtoYWi7+aZ6qB5C+g="></latexit><latexit sha1_base64="D49LRuwpX7VtoYWi7+aZ6qB5C+g="></latexit><latexit sha1_base64="D49LRuwpX7VtoYWi7+aZ6qB5C+g="></latexit>

Arkani-Hamed, Delgado, Giudice hep-ph/0601041

for comparison: B meson c⌧B ⇠ 1mm
<latexit sha1_base64="gRZfT/UpGBdbjv8jmgWuChebQqI="></latexit><latexit sha1_base64="gRZfT/UpGBdbjv8jmgWuChebQqI="></latexit><latexit sha1_base64="gRZfT/UpGBdbjv8jmgWuChebQqI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VkvgU7nC4rUYcMN8Iiox6tCgWNM="></latexit><latexit sha1_base64="VkvgU7nC4rUYcMN8Iiox6tCgWNM="></latexit><latexit sha1_base64="MmLj/EddF0oE3UueZtfcoAHEXEo="></latexit><latexit sha1_base64="gRZfT/UpGBdbjv8jmgWuChebQqI="></latexit><latexit sha1_base64="gRZfT/UpGBdbjv8jmgWuChebQqI="></latexit><latexit sha1_base64="gRZfT/UpGBdbjv8jmgWuChebQqI="></latexit><latexit sha1_base64="gRZfT/UpGBdbjv8jmgWuChebQqI="></latexit><latexit sha1_base64="gRZfT/UpGBdbjv8jmgWuChebQqI="></latexit><latexit sha1_base64="gRZfT/UpGBdbjv8jmgWuChebQqI="></latexit>



Sources of long-lived particles
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on earth: fixed targetcolliders

in space: atmosphere relic abundance



Long-lived particles at colliders

9

d = ��c⌧
<latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="6HUYvHAETonVJyj9/cosVMtDBaE="></latexit><latexit sha1_base64="6HUYvHAETonVJyj9/cosVMtDBaE="></latexit><latexit sha1_base64="rEGJWaZFQkKM1gLCE/rD2nvstEk="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit>

decay length

N0
<latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="stovFqGRPz6ohKp0MU8ObITgLrU="></latexit><latexit sha1_base64="stovFqGRPz6ohKp0MU8ObITgLrU="></latexit><latexit sha1_base64="xl0uq/OyjET4u/n5PP8h56Wnfqg="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit>

r
<latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="/ZSXm/esSR9Vyock/zxViAed/Hs="></latexit><latexit sha1_base64="/ZSXm/esSR9Vyock/zxViAed/Hs="></latexit><latexit sha1_base64="Egd9eBoU+eb47aLpGojXLxYtzFc="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit>

N(�V ) = N0
�⌦

4⇡


exp

⇣
� r

d

⌘
� exp

✓
�r +�r

d

◆�

<latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="sxNJ3d9NhiQOV9dGUC/TTMyfjBs="></latexit><latexit sha1_base64="sxNJ3d9NhiQOV9dGUC/TTMyfjBs="></latexit><latexit sha1_base64="kjAAf42YavM4AmAB2UY6TPnr9N4="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit>

detector geometry

�r
<latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4gOQ7Wt7WPV/B4Zi2LXRVVUM2Oo="></latexit><latexit sha1_base64="4gOQ7Wt7WPV/B4Zi2LXRVVUM2Oo="></latexit><latexit sha1_base64="dsets3ej4vXJz2it+NtNTYjWHUI="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit>



Long-lived particles at colliders
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d = ��c⌧
<latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="6HUYvHAETonVJyj9/cosVMtDBaE="></latexit><latexit sha1_base64="6HUYvHAETonVJyj9/cosVMtDBaE="></latexit><latexit sha1_base64="rEGJWaZFQkKM1gLCE/rD2nvstEk="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit>

decay length

boost

LHC: � =
500GeV

mB
= 100, � ⇡ 1

<latexit sha1_base64="sJVHjqmGR9fSvtjhD8hKxDdmtcs="></latexit><latexit sha1_base64="sJVHjqmGR9fSvtjhD8hKxDdmtcs="></latexit><latexit sha1_base64="sJVHjqmGR9fSvtjhD8hKxDdmtcs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="pTZR6r8oRZ+IuVGz2Ks5ptfVIvg="></latexit><latexit sha1_base64="pTZR6r8oRZ+IuVGz2Ks5ptfVIvg="></latexit><latexit sha1_base64="ML6HSqNKX3qTUGoihwAC98lPJkA="></latexit><latexit sha1_base64="sJVHjqmGR9fSvtjhD8hKxDdmtcs="></latexit><latexit sha1_base64="sJVHjqmGR9fSvtjhD8hKxDdmtcs="></latexit><latexit sha1_base64="sJVHjqmGR9fSvtjhD8hKxDdmtcs="></latexit><latexit sha1_base64="sJVHjqmGR9fSvtjhD8hKxDdmtcs="></latexit><latexit sha1_base64="sJVHjqmGR9fSvtjhD8hKxDdmtcs="></latexit><latexit sha1_base64="sJVHjqmGR9fSvtjhD8hKxDdmtcs="></latexit>

d ⇡ 10 cm
<latexit sha1_base64="YGWlnIzpXlKioup+WFVah7dBDjw="></latexit><latexit sha1_base64="YGWlnIzpXlKioup+WFVah7dBDjw="></latexit><latexit sha1_base64="YGWlnIzpXlKioup+WFVah7dBDjw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="LBeosZB9X6h2ubNOTmzf3GoWu8Q="></latexit><latexit sha1_base64="LBeosZB9X6h2ubNOTmzf3GoWu8Q="></latexit><latexit sha1_base64="Ns34VHPNxwIBKmxTJqmLIp1dkSY="></latexit><latexit sha1_base64="YGWlnIzpXlKioup+WFVah7dBDjw="></latexit><latexit sha1_base64="YGWlnIzpXlKioup+WFVah7dBDjw="></latexit><latexit sha1_base64="YGWlnIzpXlKioup+WFVah7dBDjw="></latexit><latexit sha1_base64="YGWlnIzpXlKioup+WFVah7dBDjw="></latexit><latexit sha1_base64="YGWlnIzpXlKioup+WFVah7dBDjw="></latexit><latexit sha1_base64="YGWlnIzpXlKioup+WFVah7dBDjw="></latexit>B meson

c⌧ ⇠ 1mm
<latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="AAX6bwkTFFyFUFLUIefVXBYpp1s="></latexit><latexit sha1_base64="AAX6bwkTFFyFUFLUIefVXBYpp1s="></latexit><latexit sha1_base64="EoLuZl3RqSOYEL7JpRw8BcQT788="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit> Belle II: � =

5GeV

mB
= 1, � ⇡ 0

<latexit sha1_base64="9CaJWh5SEPrkLDSjPybN5mMMHIc="></latexit><latexit sha1_base64="9CaJWh5SEPrkLDSjPybN5mMMHIc="></latexit><latexit sha1_base64="9CaJWh5SEPrkLDSjPybN5mMMHIc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="FHhxwkmlPK1RkwMKawxe8hxujuM="></latexit><latexit sha1_base64="FHhxwkmlPK1RkwMKawxe8hxujuM="></latexit><latexit sha1_base64="DVzPriZ9QvWfcln4LvbJRWHtpfA="></latexit><latexit sha1_base64="9CaJWh5SEPrkLDSjPybN5mMMHIc="></latexit><latexit sha1_base64="9CaJWh5SEPrkLDSjPybN5mMMHIc="></latexit><latexit sha1_base64="9CaJWh5SEPrkLDSjPybN5mMMHIc="></latexit><latexit sha1_base64="9CaJWh5SEPrkLDSjPybN5mMMHIc="></latexit><latexit sha1_base64="9CaJWh5SEPrkLDSjPybN5mMMHIc="></latexit><latexit sha1_base64="9CaJWh5SEPrkLDSjPybN5mMMHIc="></latexit>

d ⌧ 1mm
<latexit sha1_base64="V2cnsGm6nmCE3LkpzORASvYHNZE="></latexit><latexit sha1_base64="V2cnsGm6nmCE3LkpzORASvYHNZE="></latexit><latexit sha1_base64="V2cnsGm6nmCE3LkpzORASvYHNZE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="EjtAkCfmRqbKdCtwXqaeEMbStj8="></latexit><latexit sha1_base64="EjtAkCfmRqbKdCtwXqaeEMbStj8="></latexit><latexit sha1_base64="m0fA5oJUHYhlZITY1IVXPw7b/VI="></latexit><latexit sha1_base64="V2cnsGm6nmCE3LkpzORASvYHNZE="></latexit><latexit sha1_base64="V2cnsGm6nmCE3LkpzORASvYHNZE="></latexit><latexit sha1_base64="V2cnsGm6nmCE3LkpzORASvYHNZE="></latexit><latexit sha1_base64="V2cnsGm6nmCE3LkpzORASvYHNZE="></latexit><latexit sha1_base64="V2cnsGm6nmCE3LkpzORASvYHNZE="></latexit><latexit sha1_base64="V2cnsGm6nmCE3LkpzORASvYHNZE="></latexit>

N0
<latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="stovFqGRPz6ohKp0MU8ObITgLrU="></latexit><latexit sha1_base64="stovFqGRPz6ohKp0MU8ObITgLrU="></latexit><latexit sha1_base64="xl0uq/OyjET4u/n5PP8h56Wnfqg="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit>

r
<latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="/ZSXm/esSR9Vyock/zxViAed/Hs="></latexit><latexit sha1_base64="/ZSXm/esSR9Vyock/zxViAed/Hs="></latexit><latexit sha1_base64="Egd9eBoU+eb47aLpGojXLxYtzFc="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit>

N(�V ) = N0
�⌦

4⇡


exp

⇣
� r

d

⌘
� exp

✓
�r +�r

d

◆�

<latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="sxNJ3d9NhiQOV9dGUC/TTMyfjBs="></latexit><latexit sha1_base64="sxNJ3d9NhiQOV9dGUC/TTMyfjBs="></latexit><latexit sha1_base64="kjAAf42YavM4AmAB2UY6TPnr9N4="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit>

detector geometry

�r
<latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4gOQ7Wt7WPV/B4Zi2LXRVVUM2Oo="></latexit><latexit sha1_base64="4gOQ7Wt7WPV/B4Zi2LXRVVUM2Oo="></latexit><latexit sha1_base64="dsets3ej4vXJz2it+NtNTYjWHUI="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit><latexit sha1_base64="CNDxdajluecKQgxAlUjFfM/pGok="></latexit>



Prompt - displaced - invisible
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N0
<latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="stovFqGRPz6ohKp0MU8ObITgLrU="></latexit><latexit sha1_base64="stovFqGRPz6ohKp0MU8ObITgLrU="></latexit><latexit sha1_base64="xl0uq/OyjET4u/n5PP8h56Wnfqg="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit><latexit sha1_base64="a+e5RM2AxYiBCbWgkbBc1LdZyNk="></latexit>

r
<latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="/ZSXm/esSR9Vyock/zxViAed/Hs="></latexit><latexit sha1_base64="/ZSXm/esSR9Vyock/zxViAed/Hs="></latexit><latexit sha1_base64="Egd9eBoU+eb47aLpGojXLxYtzFc="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit>
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Figure 1: Regions in the Higgs branching fraction versus c⌧ (where c is the speed of light and ⌧ is the mean proper
lifetime) plane excluded at 95% confidence level, for a Hidden Sector model where a mediator Higgs boson of mass
125 GeV decays to a pair of long-lived neutral scalars (s). The coloured lines represents the regions excluded by the
analyses listed in the legend, and the colours of the lines refer to the long-lived scalar mass (or mass range) under
consideration. Also shown are exclusions for models where the neutral scalars are prompt or detector-stable. (a)
shows a selection of the most sensitive individual ATLAS 13 TeV results. For clarity, parts of the exclusion curves
outside the most sensitive region are omitted. (b) shows the envelope of the best exclusions for each mass or mass
range as a function of c⌧.
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Belle II: long-lived ALPs

produced in B meson decays:
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decays via flavor-changing neutral currents are suppressed in the Standard Model, but can

be strongly enhanced if the ALP is resonantly produced. In this work, we are mostly

concerned with B ! Ka decays which probe ALPs with masses ma < mB � mK . At

energy scales µ above the weak scale, µw, the relevant ALP couplings are described by an

e↵ective Lagrangian [35]1

Le↵(µ > µw) =
X

f

cff (µ)

2

@µa

fa
(f̄�µ�5f) + cWW (µ)

a

fa

↵2

4⇡
WA

µ⌫
fWµ⌫,A . (2.1)

The ALP can be interpreted as the Goldstone boson of a spontaneously broken global

chiral symmetry, broken at the cuto↵ scale ⇤ = 4⇡fa of the e↵ective theory. In QCD, fa is

closely related to the axion decay constant. In our analysis we set fa = 1TeV. Furthermore,

cff denotes the ALP coupling to SM fermions f in the mass basis, and cWW is the ALP

coupling to the weak gauge bosons with field strength tensor WA
µ⌫ , normalized to the weak

coupling ↵2 = g2/4⇡. We assume that at the cuto↵ scale the fermion couplings cff (⇤) are

flavor-universal and flavor-diagonal. Flavor diagonality implies that only flavor-conserving

axial-vector couplings are physical. We do not consider ALP couplings to gluons or the

hypercharge field in our analysis, assuming that they are not generated in UV completions

at the TeV scale.

To make predictions for flavor observables, we evolve the coupling cff (⇤) in (2.1) down to

the bottom mass scale µb = mb via the renormalization group (RG) [36–39].2 To perform

the RG evolution and matching at the weak scale µw = mZ , we have used a code [40] that

is based on the results of Ref. [36]. The coupling cWW is not renormalized and therefore

constant above the weak scale.

The production rate for an ALP from B ! Ka decays is

�B!Ka =
⇡

4

C2
sb(mb)

⇤2
f2
0

�
m2

a

�
mB

✓
1�

m2
K

m2
B

◆2

�1/2(m2
B,m

2
K ,m2

a) , (2.2)

with the kinematic function �(a, b, c) = a2 + b2 + c2 � 2(ab + ac + bc). The scalar form

factor f0
�
m2

a

�
parametrizes hadronic e↵ects in B ! K transitions at momentum transfer

q2 = m2
a.

3 The Wilson coe�cient Csb describes the e↵ective ALP interaction with left-

handed bottom and strange quarks below the weak scale

Le↵(µ < µw) � Csb(µ)
@µa

fa
(s̄L�µbL) + h.c. (2.3)

The e↵ective coupling is generated through loops of virtual top quarks and electroweak

bosons. At the weak scale, it is well approximated by [36]

Csb(µw) = V ⇤
tsVtb

"
�
1�Rt(µw,⇤)

�
ctt(⇤)

↵t

4⇡

✓
1

2
ln

µ2
w

m2
t

�
1

4
�

3

2

1� xt + lnxt
(1� xt)2

◆
(2.4)

1We adopt the notation from Ref. [36], but express the fermion fields above and below the weak scale

in terms of their mass eigenstates f .
2In general, the ALP couplings of left- and right-handed fermions evolve di↵erently, with small e↵ects

on the flavor-diagonal couplings. For simplicity, we express the ALP-fermion couplings in terms of mass

eigenstates f in (2.1), but include the full evolution in our numerical analysis.
3We implement the predictions for the scalar form factor from Ref. [41].

– 3 –

axion-like particle:

B(B+ ! K+a) = 0.03 c2ff (4⇡fa)
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flavor-universal and flavor-diagonal. Flavor diagonality implies that only flavor-conserving
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hypercharge field in our analysis, assuming that they are not generated in UV completions

at the TeV scale.

To make predictions for flavor observables, we evolve the coupling cff (⇤) in (2.1) down to

the bottom mass scale µb = mb via the renormalization group (RG) [36–39].2 To perform

the RG evolution and matching at the weak scale µw = mZ , we have used a code [40] that
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factor f0
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parametrizes hadronic e↵ects in B ! K transitions at momentum transfer
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3 The Wilson coe�cient Csb describes the e↵ective ALP interaction with left-

handed bottom and strange quarks below the weak scale
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in terms of their mass eigenstates f .
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on the flavor-diagonal couplings. For simplicity, we express the ALP-fermion couplings in terms of mass
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Figure 6: Two-dimensional distributions of the signal (orange points), misreconstructed

signal (yellow points), and background (black histograms). Shown are projections of the

three-dimensional space of the kinematic variables pT (K), �Kpmiss , and M̂2
B. The number

of background events corresponds to the full simulated sample of 10M events per channel.

Signal events correspond to a sample of 10 k, which we use here for illustration. The dotted

lines indicate selections; the arrows point toward the signal region. Figure 8 shows the same

distributions after selections.

for the signal kaon is generally harder than for the background, resulting in a high selection

purity.The angular distribution �Kpmiss peaks at large angles, as expected from a two-body

decay of a slow B meson. The distribution is broadened for heavier ALPs. The reconstruc-

tion of M̂2
B is dominated by the tag-side B meson and hence is largely independent of the

ALP mass. The tail of the signal M̂2
B distribution comes from neutrinos and other missed

particles produced from tag-side B decays. For ALP masses below a few hundred MeV all

kinematic distributions look identical to the ma = 5MeV benchmark.

For signal events, the variables pT (K) and �Kpmiss exhibit a rather strong correlation. We

also observe a strong, but di↵erent correlation of pT (K) and �Kpmiss for misreconstructed

signal events, as well as a strong correlation of �Kpmiss and M̂2
B. Background events show

strong correlations in all combinations of the three variable. We exploit the di↵erent corre-
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Figure 12: Projections for Belle II’s sensitivity to ALPs with e↵ective couplings to

fermions, cff (⇤)/fa (top), and weak gauge bosons, cWW (⇤)/fa (bottom), as a function

of the ALP mass ma. Shown are contours of N = 2.3 events expected in 50 ab�1 of data

from B+
! K+a, a ! X decays with X = e+e� (blue) and µ+µ� (green). The area

enclosed by the contours could be excluded at the 90% CL, assuming zero background.

The region above the orange dashed curve (cf. Fig. 11) could be excluded at 90% CL with

the search for B+
! K+a, a ! inv. proposed in Sec. 4, assuming zero background. For

comparison, we also show the existing bounds on ALPs from Fig. 3.

muons are also largely due to drops in the ALP branching ratios. In the cff scenario the

sensitivity to displaced leptons is expected to dominate due to the large branching ratio

into leptons; for the cWW scenario the sensitivity to photons is more promising. Searches

– 22 –
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of Boltzmann equations and to keep track of the dark matter momentum distribution.

Details on our calculations can be found in App. B. In Sec. 4, we investigate possible

e↵ects of i2DM on astrophysical and cosmological observables. In particular, we discuss

the impact of the QCD phase transition, e↵ects on the formation of light elements, imprints

on the cosmic microwave background, as well as constraints from supernova cooling. The

resulting bounds from astrophysics and cosmology set a clear search target for i2DM. In

Sec. 5, we test this new dark matter target at laboratory experiments. Signatures of i2DM

strongly depend on the lifetime of the dark partner. We find that fixed-target and flavor

experiments are most sensitive to dark fermions with long lifetimes through searches for

displaced decays, scattering, and missing energy. In Sec. 6, we conclude with an outlook

to future experiments that can conclusively test inelastic Dirac Dark Matter.

2 Inelastic Dirac Dark Matter

We introduce a dark sector consisting of two Dirac fermions �1 and �2 with masses m1 and

m2, interacting with the SM particles via a dark photon A
0 with mass mA0 . The lighter of

the dark fermions, �1, serves as a dark matter candidate. The dark partner, �2, will play

a crucial role for the interactions between the dark and visible sectors.

Such a scenario can be constructed from a renormalizable theory with two fermion

fields, both of them SM gauge singlets and one of them charged under a new abelian gauge

symmetry U(1)D. This symmetry is spontaneously broken by the vacuum expectation

value of a dark scalar, which induces mixing between the dark fermions and gives the dark

gauge boson a mass. The dark gauge boson kinetically mixes with the hypercharge field,

thus acting as a mediator between the dark fermions and the SM fermions. For details on

the model we refer the reader to App. A. A FeynRules model for i2DM is available at [33].

A priori, such a dark sector could be realized at any mass scale. Throughout this work

we focus on dark particles in the MeV-GeV range, which could be resonantly produced at

colliders and fixed-target experiments. The relevant interactions of the dark sector with

visible matter are described by the Lagrangian

L � e✏A
0
µ

X

f

Qf f̄�
µ
f � gD

⇣
A

0
µ + ✏

sW

cW
Zµ

⌘⇣
sin2 ✓Jµ

1 � sin ✓ cos ✓Jµ
12 + cos2 ✓Jµ

2

⌘
, (2.1)

where f denotes the SM fermions with electric charge Qf in units of the electromagnetic

coupling e; gD is the coupling constant of the U(1)D symmetry; sW , cW are the sine and

cosine of the weak mixing angle; ✓ is the mixing angle between the dark fermions; and ✏

parametrizes the kinetic mixing. The dark fermion currents are

J
µ
1 = �̄1�

µ
�1, J

µ
2 = �̄2�

µ
�2, J

µ
12 = �̄1�

µ
�2 + h.c. (2.2)

In Eq. (2.1), we have kept only the leading terms in ✏. Modifications of the Z boson

couplings to SM fermions first occur at O(✏2), see Sec. 5.2.

The mass mixing between the dark fermions, parametrized by ✓, determines the relative

coupling strength of �1 and �2 to the dark photon. For ✓ ! 0, the dark fermion �1

decouples. Throughout our analysis, we assume that the dark scalar that is responsible for

– 3 –
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long-lived partners

of Boltzmann equations and to keep track of the dark matter momentum distribution.

Details on our calculations can be found in App. B. In Sec. 4, we investigate possible

e↵ects of i2DM on astrophysical and cosmological observables. In particular, we discuss

the impact of the QCD phase transition, e↵ects on the formation of light elements, imprints

on the cosmic microwave background, as well as constraints from supernova cooling. The

resulting bounds from astrophysics and cosmology set a clear search target for i2DM. In

Sec. 5, we test this new dark matter target at laboratory experiments. Signatures of i2DM

strongly depend on the lifetime of the dark partner. We find that fixed-target and flavor

experiments are most sensitive to dark fermions with long lifetimes through searches for

displaced decays, scattering, and missing energy. In Sec. 6, we conclude with an outlook

to future experiments that can conclusively test inelastic Dirac Dark Matter.

2 Inelastic Dirac Dark Matter

We introduce a dark sector consisting of two Dirac fermions �1 and �2 with masses m1 and

m2, interacting with the SM particles via a dark photon A
0 with mass mA0 . The lighter of

the dark fermions, �1, serves as a dark matter candidate. The dark partner, �2, will play

a crucial role for the interactions between the dark and visible sectors.

Such a scenario can be constructed from a renormalizable theory with two fermion

fields, both of them SM gauge singlets and one of them charged under a new abelian gauge

symmetry U(1)D. This symmetry is spontaneously broken by the vacuum expectation

value of a dark scalar, which induces mixing between the dark fermions and gives the dark

gauge boson a mass. The dark gauge boson kinetically mixes with the hypercharge field,

thus acting as a mediator between the dark fermions and the SM fermions. For details on

the model we refer the reader to App. A. A FeynRules model for i2DM is available at [33].

A priori, such a dark sector could be realized at any mass scale. Throughout this work

we focus on dark particles in the MeV-GeV range, which could be resonantly produced at

colliders and fixed-target experiments. The relevant interactions of the dark sector with

visible matter are described by the Lagrangian

L � e✏A
0
µ

X

f

Qf f̄�
µ
f � gD

⇣
A

0
µ + ✏

sW

cW
Zµ

⌘⇣
sin2 ✓Jµ

1 � sin ✓ cos ✓Jµ
12 + cos2 ✓Jµ

2

⌘
, (2.1)

where f denotes the SM fermions with electric charge Qf in units of the electromagnetic

coupling e; gD is the coupling constant of the U(1)D symmetry; sW , cW are the sine and

cosine of the weak mixing angle; ✓ is the mixing angle between the dark fermions; and ✏

parametrizes the kinetic mixing. The dark fermion currents are

J
µ
1 = �̄1�

µ
�1, J

µ
2 = �̄2�

µ
�2, J

µ
12 = �̄1�

µ
�2 + h.c. (2.2)

In Eq. (2.1), we have kept only the leading terms in ✏. Modifications of the Z boson

couplings to SM fermions first occur at O(✏2), see Sec. 5.2.

The mass mixing between the dark fermions, parametrized by ✓, determines the relative

coupling strength of �1 and �2 to the dark photon. For ✓ ! 0, the dark fermion �1

decouples. Throughout our analysis, we assume that the dark scalar that is responsible for

– 3 –
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<latexit sha1_base64="jZKhH5pyByahBcDUGbzNtVdaWFI="></latexit><latexit sha1_base64="jZKhH5pyByahBcDUGbzNtVdaWFI="></latexit><latexit sha1_base64="jZKhH5pyByahBcDUGbzNtVdaWFI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="c0XHW3rc/EUDFLW1IU3RG2dv0YM="></latexit><latexit sha1_base64="c0XHW3rc/EUDFLW1IU3RG2dv0YM="></latexit><latexit sha1_base64="dvqMuKZMApPxgktp7p5eIm1mz3I="></latexit><latexit sha1_base64="jZKhH5pyByahBcDUGbzNtVdaWFI="></latexit><latexit sha1_base64="jZKhH5pyByahBcDUGbzNtVdaWFI="></latexit><latexit sha1_base64="jZKhH5pyByahBcDUGbzNtVdaWFI="></latexit><latexit sha1_base64="jZKhH5pyByahBcDUGbzNtVdaWFI="></latexit><latexit sha1_base64="jZKhH5pyByahBcDUGbzNtVdaWFI="></latexit><latexit sha1_base64="jZKhH5pyByahBcDUGbzNtVdaWFI="></latexit>
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<latexit sha1_base64="2cUQ8vkA7jPkRfW48+nizvX7lZc="></latexit><latexit sha1_base64="2cUQ8vkA7jPkRfW48+nizvX7lZc="></latexit><latexit sha1_base64="2cUQ8vkA7jPkRfW48+nizvX7lZc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="wQSi3ZGFbKHJzpaTFUTQ3qhCONE="></latexit><latexit sha1_base64="wQSi3ZGFbKHJzpaTFUTQ3qhCONE="></latexit><latexit sha1_base64="xFWSpAgjo/dmX+tNepJMbK9o/LU="></latexit><latexit sha1_base64="2cUQ8vkA7jPkRfW48+nizvX7lZc="></latexit><latexit sha1_base64="2cUQ8vkA7jPkRfW48+nizvX7lZc="></latexit><latexit sha1_base64="2cUQ8vkA7jPkRfW48+nizvX7lZc="></latexit><latexit sha1_base64="2cUQ8vkA7jPkRfW48+nizvX7lZc="></latexit><latexit sha1_base64="2cUQ8vkA7jPkRfW48+nizvX7lZc="></latexit><latexit sha1_base64="2cUQ8vkA7jPkRfW48+nizvX7lZc="></latexit>
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<latexit sha1_base64="c/sEXdedDDUhE8FP4m8RcdUywIo="></latexit><latexit sha1_base64="c/sEXdedDDUhE8FP4m8RcdUywIo="></latexit><latexit sha1_base64="c/sEXdedDDUhE8FP4m8RcdUywIo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ztuEZiuPfHXYyJCa7UyGWyd+HxY="></latexit><latexit sha1_base64="ztuEZiuPfHXYyJCa7UyGWyd+HxY="></latexit><latexit sha1_base64="pXKPeOYEKLT64vLH7Nlk3ald2KE="></latexit><latexit sha1_base64="c/sEXdedDDUhE8FP4m8RcdUywIo="></latexit><latexit sha1_base64="c/sEXdedDDUhE8FP4m8RcdUywIo="></latexit><latexit sha1_base64="c/sEXdedDDUhE8FP4m8RcdUywIo="></latexit><latexit sha1_base64="c/sEXdedDDUhE8FP4m8RcdUywIo="></latexit><latexit sha1_base64="c/sEXdedDDUhE8FP4m8RcdUywIo="></latexit><latexit sha1_base64="c/sEXdedDDUhE8FP4m8RcdUywIo="></latexit>
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Figure 2. Dark matter relic abundance for i2DM as a function of the dark interaction strength,
y, and the dark fermion mixing, tan ✓. The dark matter mass is fixed to m1 = 60MeV (top) and
150 MeV (bottom). The observed abundance ⌦�h

2 = 0.12 is obtained along the colored contours
for di↵erent dark fermion mass splittings � = 0.01 . . . 0.3. The decoupling regions (A), (B) and
(C) are separated by dashed gray lines. In region (A), the dark sector is in chemical and kinetic
equilibrium with the bath. In regions (B) and (C), �1 successively decouples from chemical and
kinetic equilibrium with �2 prior to freeze-out. In the top panel, the bullets on the green contour
for � = 0.05 mark the position of the three i2DM benchmarks displayed in Fig. 1.
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co-scattering

partner annihilation
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✏
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bound on kinetic mixing:

BaBar 1702.03327
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Figure 4. Bounds on i2DM from fixed-target experiments as a function of the dark fermion mixing
✓ and the dark matter mass m1. Shown are three scenarios with a relative mass splitting � = 0.1,
0.05, 0.01, and fixed dark-photon mixing ✏ = 10�3, dark-photon mass mA0 = 3m1 and dark coupling
strength ↵D = 1/(4⇡). The observed relic abundance is obtained along the colored contours. The
dashed contours indicate the proper decay length of the dark partner. For m1 < 2me/�, the dark
partner can only decay into photons or neutrinos, resulting in a very long lifetime. The bounds have
been obtained by rescaling dedicated analyses for iDM. We show existing bounds from CHARM
(grey areas) and LSND (red areas). The projected sensitivity of future experiments ICARUS
(yellow), SeaQuest (red) and LDMX (grey) is illustrated by dotted lines; the arrow indicates the
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mono-photon search at BaBar and electroweak precision tests (EWPT). See text for details.
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FIG. 4. Rates of cosmic-ray dark matter scattering in xenon
with a 1 GeV mediator (top) and a 1 MeV mediator (bottom)
normalized to the scattering rate at threshold (ER = 5keV).
Endothermic and exothermic scattering are shown in solid
and dashed respectively, for various values of the mass split-
ting. For comparison a sample non-relativistic scattering rate
with similar energy dependence is shown in black dashed. The
vertical line denotes the approximate threshold of XENON1T.

cially for heavier DM. A potential way to discriminate
the endo/exothermic scenarios would be to observe the
gamma-ray flux arising from the decay process. However
the flux is very small and would be subject to astro-
physical backgrounds. The degeneracy with the heavy
non-relativistic DM rate could be broken by exploring
the kinematic endpoint, which would be much larger for
CRDM. While the flux and rate fall dramatically with
energy, large volume neutrino detectors may still be sen-
sitive to a CRDM signal.

Note that the exothermic scattering (�2N ! �1N) of

DM at the detector is only possible if the lifetime of the
excited state is large enough for the particle to travel from
the location of cosmic-ray upscattering to the detector
without decaying. Given the size of the e↵ective di↵usion
zone and the typical energies of the upscattered DM, one
finds that the lifetime must be & O(10 yr) in order for
exothermic scattering to occur at the detector. We have
considered the case in which decay of the excited state
occurs by the process �2 ! �1�, mediated by an inelastic
magnetic dipole operator. Although this is a simple two-
body final state, there is no natural scale for the magnetic
dipole operator, since the DM is electrically neutral. As
such, there is no reason why the partial decay width to
this channel cannot be su�ciently small.
The decay process �2 ! �1��� can be mediated di-

rectly by the vector current interaction, with the A0

and three photons coupling to a box diagram. For
small masses and mass splittings, the size of this de-
cay rate can be estimated from chiral perturbation the-
ory [66], yielding ��2!�1��� / ↵3

em�13/m4

⇡f
4

⇡⇤
4, where

⇤ ⇠ max[�,mA]. This partial decay width depends very
strongly on �; for large enough �, �2 will decay before
reaching the detector. In particular, we find that for
mA ⇠ 1GeV, exothermic scattering at the detector is
only possible for � . 25MeV. Similarly, if mA . �, then
exothermic scattering at the detector is only possible for
� . 5MeV.

IV. EXPERIMENTAL BOUNDS ON CRIDM

At present, the most stringent constraints on CRDM
come from the XENON1T experiment. We place bounds
on the product of the couplings, g�gN , for two bench-
mark values for the mediator mass, mA = 1 MeV and
1 GeV. The bounds are calculated for a variety of ac-
cessible mass splittings across a wide mass range. We
compute the upper limits by finding the coupling value
that would produce a total of 12 events in a 1 tonne-year
exposure (the 90%CL for additional events given the ex-
pected background of 7.36 and observation of 14 events).
The total number of events is obtained by integrating the
di↵erential rate between recoil energies of 2 to 60 keV,
and folding in the energy dependent nuclear-recoil detec-
tion e�ciency from [67]. The resulting bounds are shown
in Fig. 5.

One feature which is immediately apparent is that CR
upscattering allows for the direct detection of a relativis-
tic component of dark matter, even if the mass splitting
is so large that direct detection of the non-relativistic
component would not be kinematically allowed. Even
if inelastic scattering of the non-relativistic component
is not allowed on Earth, gravitational infall may allow
scattering to proceed in the Sun, leading to gravitational
capture [68–70]. In that case, neutrino detectors which
look for the neutrinos produced by DM annihilation may
be sensitive to these models (see, for example, [71]). But
CR upscattering allows direct detection of the relativistic

6

Bell et al. 2108.00583

endo

exo

Bringmann, Pospelov 1810.10543
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feeble dark matter interactions - long-lived mediators

colliders: multi-GeV particles with decay length < m

long-baseline: sub-GeV particles with decay length >> m  

alternatives: far detectors, atmosphere, cosmology

Thank you!
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Dark matter relics: co-scattering

D’Agnolo et al. 1705.08450; Garny et al. 1705.09292

freeze-out driven by co-scattering:
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Forward Physics Facility

ILC: transverse far detector options

Overview of proposed LLP detectors at the LHC

3

• Huge range of lifetimes from ~10m to 108 m 
covered by different detector volume and distance 
form IP

• Range of models, couplings and masses covered 
by different angle wrt beam axis

• Small couplings, small production cross sections
‣ Zero background searches
‣ Huge integrated luminosities

• Many possible decay modes!

• Need variety of detectors  = complementary 
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FACET

AL3X

ANUBIS
FASER (nu)
FORMOSA

CODEX-b
MOEDAL 
- MAPP

SND@LHC

FLArE

Emma Torro Pastor @ LHC LLP Workshop 2022

gain over near detectors if low background 
high geometric coverage

Belle II: GAZELLE

Feng et al. 2203.05090
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Figure 1. Evolution of the dark fermion interaction rates h�i and yields Y as a function of
x = m1/T for three i2DM benchmarks with m1 = 60MeV, � = 0.05 and ↵D = 1/4⇡. The relic
abundance is set by partner annihilation (upper left plot), conversions in kinetic equilibrium (upper
right plot) and conversions out of kinetic equilibrium (lower plot), happening in regions (A), (B)
and (C), respectively. The model parameters (tan ✓, y) are set to (0.02, 4 · 10�10), (0.003, 10�9) and
(10�4

, 4 · 10�7). Top panels: interaction rates h�i/H ⌘ {h�iij , h�ii!j} · n
eq
i /(neq

1 H), i, j = {1, 2},
normalized to the �1 equilibrium number density and the Hubble rate. Bottom panels: comoving
number densities Yi of dark fermions �i (solid purple and green curves) and equilibrium number
densities Y

eq
i (dashed curves). In the lower plot, the naive �1 number density obtained from

integrated Boltzmann equations (dotted purple curve) is shown for comparison with the correct
result from unintegrated Boltzmann equations (solid curve). See Sec. 3.2.3 for details. Vertical
black lines indicate the times for �1 chemical decoupling (dotted), �2 chemical decoupling (dashed),
and �1 freeze-out (solid).
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i (dashed curves). In the lower plot, the naive �1 number density obtained from

integrated Boltzmann equations (dotted purple curve) is shown for comparison with the correct
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the SBN experiments, corresponding to DM masses in
the several hundred MeV range. Note that in the largest
mass range, the state �2 can also decay to final states
containing a pair of muons. While beyond our current
scope, the di-muon final state represents another inter-
esting experimental signature that could be leveraged by
the SBN experiments.

Along with our SBN projections, Fig. 2 displays the ex-
isting constraints from DELPHI [111, 112], CHARM [53,
78–80], NuCal [53, 81, 82], and BaBar [54, 86, 87], as dis-
cussed in Section IIC. We have additionally derived a re-
interpretation of the CHARM result including in particu-
lar the parton-level production not considered in [53, 79],
significantly extending the reach to the larger mass range.
Along with these existing constraints, there are several
ongoing/proposed experiments which can probe the iDM
model. We will defer our discussion of these experiments
to the end of this section.

Finally, we note that the large mass splitting region is
particularly interesting since the short �2 decay length
may open a region of parameter space that is compatible
with both an explanation of the (g � 2)µ anomaly [113]
and the relic density target, see e.g., Ref. [87]. While re-
casts of existing BaBar searches already probe the (g�2)µ
interpretations shown in Fig. 2 [54, 114], we find the SBN
experiments can provide an independent dedicated tests
of these important parameter regions. Furthermore, for
very large splittings �� ⇠ 1, it was recently pointed out
in [56] that a fraction of the (g � 2)µ-favoured parame-
ter space remains unconstrained by BaBar mono-photon
searches. We illustrate in Fig. 3 the potential sensitiv-
ity of SBN experiments by showing the 3-event lines for
DM-nucleon up-scattering followed by a �2 decay, with
the parameter choice R� = 4,↵D = 0.1 and �� = 1. In
the (g � 2)µ-favoured range of kinetic mixing, we expect
around 104 � 105 such events depending on the experi-
ment, significantly above any potential backgrounds4

B. Small splitting region

We now turn to the second DM-relevant regime in
which the mass splitting between the two states �2 and
�1 is small, leading to long-lived or even quasi-stable �2.
We will first discuss the prospects for observing the semi-
visible decays of beam-produced �2 particles in the SBN
detectors. As was noted in previous sections, the po-
tential signals associated with such decays will have to
compete with a mild neutrino-induced background. In
order to obtain accurate sensitivity projections, we in-
clude the background estimates described in the previ-
ous section, corresponding to around 20k single photon

4
The complete model from [56] additionally includes a dark Higgs

boson to provide an additional annihilation mechanism (see also

the earlier work [23]). The presence of the latter does not signif-

icantly modify the signature described in the main text as long

as its mass is larger than ��M�1 .

FIG. 2. Number of expected nucleon up-scattering events
for the SBN experiments as function of the mass M�1 for
�� = 0.4 with (top figure) ↵D = 0.1, R� = 3 and (bottom
figure) ↵D = 0.5, R� = 2.5. The dashed and dotted lines
represent the kinetic mixing leading to 3 events from �N !
�N scattering, with N a nucleon in the LAr target in the
SBN experiments. We have estimated the CHARM sensitivity
(grey purple region) at 95% C.L. (3 events) results based on
the procedure described in the main text. The upper grey
region is excluded by DELPHI [111, 112], and BaBar [54, 86].
The lower grey region is the NuCal exclusion from [53]. The
green region is the 2� range for the (g � 2)µ anomaly [113].

background events for both the SBND and ICARUS-OA
full datasets. As discussed in Sec. III C this background
can be strongly reduced by selecting events with a large
opening angle. Indeed, we illustrate in Fig. 4 the ex-
pected opening angle distribution of the final e+/e� pair
for both background and signal events for a DM mass
of M�1 = 150 MeV at SBND. Signal events generically
feature much larger opening angles than the dominant
neutrino-induced background. We further show in Fig. 4
that the signal production mechanism, either meson de-
cay or proton bremsstrahlung, plays an important role in
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FIG. 6. 95% C.L. limits for the SBN experiments for (top)
R� = 3, �� = 0.05 (bottom)R� = 2.3, �� = 0.1. The grey
region are excluded from NA64 [85] and BaBar [86, 87]. The
LSND-excluded region at �� = 0.05 is extracted from [16]
and recasted to R� = 2.3, and directly extracted from [53]
for �� = 0.05. The BEBC limit is extracted from [42, 90]
and we included the MiniBooNE exclusion [89]. The grey
purple region is the CHARM bound the procedure from [53].
The orange dot-dashed line is the reach of ICARUS in o↵-axis
configuration, assuming 7.7·1021 PoT from NuMI. The green
dashed and purple dotted line are respectively the reach for
SBND and MicroBooNE, assuming 6.6·1020 PoT. Solid black
line is the relic density target.

As stressed above, although the angular cut on the
electron/positron pair does not significantly modify the
signal to background ratio for ✓cut & 5�, it directly im-
pacts the lower mass threshold, following Eq. (16). For
instance, increasing ✓cut to 10� would move the lowest
accessible mass from ⇠ 55 MeV to ⇠ 100 MeV in Fig. 6.
The mass threshold e↵ect also reduces the reach of the
SBN experiments as �� is lowered. We show this de-
pendence in Fig. 7, which displays the projected 95%
C.L. limits at SBN as a function of the mass splitting
for a fixed DM mass M�1 = 150 MeV. Although rapidly

falling for smaller splitting, the SBN program will be
able to probe a significant portion of the cosmologically
motivated parameter space relevant for iDM. Since the
experimental sensitivity for lower masses is strongly lim-
ited by the kinematic threshold discussed in Sec. III A, a
“low angular cut ✓cut , large background” approach could
be an interesting additional search strategy. In particu-
lar, this could potentially provide independent coverage
of the parameter space probed by the re-interpretation
of LSND results, as discussed earlier in Sec. II C. Note
that we quote the limits derived in [53] for �� = 0.05
and from [16] in �� = 0.1.

FIG. 7. 95% C.L. limits for ICARUS-OA and SBND as func-
tion of the splitting between both states �2 and �1. We took
↵D = 0.5,M�1 = 150 MeV. We show the target relic density
lines for various choice of R� = M�1/MV , note the limits
are taken at R� = 3 and will be slightly modified for smaller
ratios.

For small mass splittings and low DM masses in the
few - tens of MeV range, the excited state �2 will be
quasi-stable, such that the decay signature is no longer
e↵ective. One can instead leverage �1,2-electron scatter-
ing signatures (both up- and down-scattering) to pro-
vide coverage of this lower DM mass region. Since the
heavy state �2 is very long-lived, the signature closely
mimics those of both the standard light DM elastic scat-
tering and the familiar neutrino-electron scattering [16].
Following our discussion in Sec. III C, we require the
scattered electron to be very forward with respect to
the incoming �1,2 direction, Eq. (22), which is expected
to substantially suppress the dominant neutrino-electron
scattering background for NuMI produced neutrinos at
the o↵-axis ICARUS detector. We therefore present a
3-events line for �1,2-electron scattering in Fig. 6 for the
ICARUS-OA setup, including the angular cuts on scat-
tering signal given in Eq. (22).
Altogether, we find that the variety of distinctive sig-

natures present in the iDM scenario – long-lived �2 de-
cay, �1-nucleon up-scattering followed by fast �2 decay,
and ‘standard’ �1,2 up- and down- scattering o↵ elec-


