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2gravitational lensing of galaxy SDP.81, observed by the Atacama Large (sub)Millimeter Array (ALMA)
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3picture: Daniel Baumann’s lecture notes

A bit of history

Preface

This course is about 13.8 billion years of cosmic evolution:

At early times, the universe was hot and dense. Interactions between particles were frequent

and energetic. Matter was in the form of free electrons and atomic nuclei with light bouncing

between them. As the primordial plasma cooled, the light elements—hydrogen, helium and

lithium—formed. At some point, the energy had dropped enough for the first stable atoms

to exist. At that moment, photons started to stream freely. Today, billions of years later, we

observe this afterglow of the Big Bang as microwave radiation. This radiation is found to be

almost completely uniform, the same temperature (about 2.7 K) in all directions. Crucially, the

cosmic microwave background contains small variations in temperature at a level of 1 part in

10 000. Parts of the sky are slightly hotter, parts slightly colder. These fluctuations reflect tiny

variations in the primordial density of matter. Over time, and under the influence of gravity,

these matter fluctuations grew. Dense regions were getting denser. Eventually, galaxies, stars

and planets formed.
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This picture of the universe—from fractions of a second after the Big Bang until today—

is a scientific fact. However, the story isn’t without surprises. The majority of the universe

today consists of forms of matter and energy that are unlike anything we have ever seen in

terrestrial experiments. Dark matter is required to explain the stability of galaxies and the rate

of formation of large-scale structures. Dark energy is required to rationalise the striking fact that

the expansion of the universe started to accelerate recently (meaning a few billion years ago).

What dark matter and dark energy are is still a mystery. Finally, there is growing evidence

that the primordial density perturbations originated from microscopic quantum fluctuations,

stretched to cosmic sizes during a period of inflationary expansion. The physical origin of

inflation is still a topic of active research.
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FIMP, the new WIMP

Preface
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and energetic. Matter was in the form of free electrons and atomic nuclei with light bouncing

between them. As the primordial plasma cooled, the light elements—hydrogen, helium and

lithium—formed. At some point, the energy had dropped enough for the first stable atoms

to exist. At that moment, photons started to stream freely. Today, billions of years later, we

observe this afterglow of the Big Bang as microwave radiation. This radiation is found to be

almost completely uniform, the same temperature (about 2.7 K) in all directions. Crucially, the

cosmic microwave background contains small variations in temperature at a level of 1 part in
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the expansion of the universe started to accelerate recently (meaning a few billion years ago).

What dark matter and dark energy are is still a mystery. Finally, there is growing evidence

that the primordial density perturbations originated from microscopic quantum fluctuations,

stretched to cosmic sizes during a period of inflationary expansion. The physical origin of

inflation is still a topic of active research.
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Cosmic history of a FIMP
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<latexit sha1_base64="wRVBzMoKcbalQdkqCBy9GVO4G4Q="></latexit><latexit sha1_base64="wRVBzMoKcbalQdkqCBy9GVO4G4Q="></latexit><latexit sha1_base64="wRVBzMoKcbalQdkqCBy9GVO4G4Q="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="AzNqy7Kj/OPJy7zFYa6IrEZ9rew="></latexit><latexit sha1_base64="AzNqy7Kj/OPJy7zFYa6IrEZ9rew="></latexit><latexit sha1_base64="Yl8T0rQ5aV5ZCYcijrqNZbnQpwY="></latexit><latexit sha1_base64="wRVBzMoKcbalQdkqCBy9GVO4G4Q="></latexit><latexit sha1_base64="wRVBzMoKcbalQdkqCBy9GVO4G4Q="></latexit><latexit sha1_base64="wRVBzMoKcbalQdkqCBy9GVO4G4Q="></latexit><latexit sha1_base64="wRVBzMoKcbalQdkqCBy9GVO4G4Q="></latexit><latexit sha1_base64="wRVBzMoKcbalQdkqCBy9GVO4G4Q="></latexit><latexit sha1_base64="wRVBzMoKcbalQdkqCBy9GVO4G4Q="></latexit>

m⌘ �m�

m�
⌧ 1

<latexit sha1_base64="KNzuYFji+8a8MfHXvxsHGpX6sWA="></latexit><latexit sha1_base64="KNzuYFji+8a8MfHXvxsHGpX6sWA="></latexit><latexit sha1_base64="KNzuYFji+8a8MfHXvxsHGpX6sWA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="tWiiMnmZjgOhbYNt1PZJ9augnuE="></latexit><latexit sha1_base64="tWiiMnmZjgOhbYNt1PZJ9augnuE="></latexit><latexit sha1_base64="vp6unY5s+EViO/CF2BFmhnAgTXg="></latexit><latexit sha1_base64="KNzuYFji+8a8MfHXvxsHGpX6sWA="></latexit><latexit sha1_base64="KNzuYFji+8a8MfHXvxsHGpX6sWA="></latexit><latexit sha1_base64="KNzuYFji+8a8MfHXvxsHGpX6sWA="></latexit><latexit sha1_base64="KNzuYFji+8a8MfHXvxsHGpX6sWA="></latexit><latexit sha1_base64="KNzuYFji+8a8MfHXvxsHGpX6sWA="></latexit><latexit sha1_base64="KNzuYFji+8a8MfHXvxsHGpX6sWA="></latexit>

Freeze-in Hall et al. 2009

⌘
<latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="19rXijzGurVyXwUkr2/kIXF0esk="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit>

�
<latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="rIFulCDojn+nQCnappljqpyuoX4="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit>

�
<latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="rIFulCDojn+nQCnappljqpyuoX4="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit>

g�,f ⌧ 1
<latexit sha1_base64="zdMMPjWmOFjrwXb6IHBQc2rr93o="></latexit><latexit sha1_base64="zdMMPjWmOFjrwXb6IHBQc2rr93o="></latexit><latexit sha1_base64="zdMMPjWmOFjrwXb6IHBQc2rr93o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7LfNyICzyuNHP0z9swA5TFwvDv0="></latexit><latexit sha1_base64="7LfNyICzyuNHP0z9swA5TFwvDv0="></latexit><latexit sha1_base64="Y7VbSMauDvZYLat1mvXK1XWVj1c="></latexit><latexit sha1_base64="zdMMPjWmOFjrwXb6IHBQc2rr93o="></latexit><latexit sha1_base64="zdMMPjWmOFjrwXb6IHBQc2rr93o="></latexit><latexit sha1_base64="zdMMPjWmOFjrwXb6IHBQc2rr93o="></latexit><latexit sha1_base64="zdMMPjWmOFjrwXb6IHBQc2rr93o="></latexit><latexit sha1_base64="zdMMPjWmOFjrwXb6IHBQc2rr93o="></latexit><latexit sha1_base64="zdMMPjWmOFjrwXb6IHBQc2rr93o="></latexit>
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Freeze-out into partners

Co-annihilation

Freeze-in

⌧⌘ ⇠ 1

m⌘

1

g2f
<latexit sha1_base64="e0HcOQu3gEDgCStZQYrIFqwADPU="></latexit><latexit sha1_base64="e0HcOQu3gEDgCStZQYrIFqwADPU="></latexit><latexit sha1_base64="e0HcOQu3gEDgCStZQYrIFqwADPU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="RSrxtBcnCO2XKUoMWZZ58/mnrCc="></latexit><latexit sha1_base64="RSrxtBcnCO2XKUoMWZZ58/mnrCc="></latexit><latexit sha1_base64="uyY36cllyUmWYQ35sSzL8L69LjI="></latexit><latexit sha1_base64="e0HcOQu3gEDgCStZQYrIFqwADPU="></latexit><latexit sha1_base64="e0HcOQu3gEDgCStZQYrIFqwADPU="></latexit><latexit sha1_base64="e0HcOQu3gEDgCStZQYrIFqwADPU="></latexit><latexit sha1_base64="e0HcOQu3gEDgCStZQYrIFqwADPU="></latexit><latexit sha1_base64="e0HcOQu3gEDgCStZQYrIFqwADPU="></latexit><latexit sha1_base64="e0HcOQu3gEDgCStZQYrIFqwADPU="></latexit>

⌘
<latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="19rXijzGurVyXwUkr2/kIXF0esk="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit>

SM
<latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="qjQ6ZYqe+YycGY9uYLheORu3AP8="></latexit><latexit sha1_base64="qjQ6ZYqe+YycGY9uYLheORu3AP8="></latexit><latexit sha1_base64="917e9ETvrd6xc3XQPc+MnBEQfQ8="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit>

SM
<latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="qjQ6ZYqe+YycGY9uYLheORu3AP8="></latexit><latexit sha1_base64="qjQ6ZYqe+YycGY9uYLheORu3AP8="></latexit><latexit sha1_base64="917e9ETvrd6xc3XQPc+MnBEQfQ8="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit>

⌘
<latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="19rXijzGurVyXwUkr2/kIXF0esk="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit>

SM
<latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="qjQ6ZYqe+YycGY9uYLheORu3AP8="></latexit><latexit sha1_base64="qjQ6ZYqe+YycGY9uYLheORu3AP8="></latexit><latexit sha1_base64="917e9ETvrd6xc3XQPc+MnBEQfQ8="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit><latexit sha1_base64="BAawJXdCuEtq76X6i1kfjuY7RcI="></latexit>

�
<latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="rIFulCDojn+nQCnappljqpyuoX4="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit>

⌧⌘ ⇠ 1

m⌘

✓
m⌘

m⌘ �m�

◆n

<latexit sha1_base64="8vL6+QCteFjsxsb2/Pl1MhNB6rU="></latexit><latexit sha1_base64="8vL6+QCteFjsxsb2/Pl1MhNB6rU="></latexit><latexit sha1_base64="8vL6+QCteFjsxsb2/Pl1MhNB6rU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Y1OWgq6HvdPLw6sQiA3ut1qtgRw="></latexit><latexit sha1_base64="Y1OWgq6HvdPLw6sQiA3ut1qtgRw="></latexit><latexit sha1_base64="94cH90t0zaFDU3GTH32T5twvgHg="></latexit><latexit sha1_base64="8vL6+QCteFjsxsb2/Pl1MhNB6rU="></latexit><latexit sha1_base64="8vL6+QCteFjsxsb2/Pl1MhNB6rU="></latexit><latexit sha1_base64="8vL6+QCteFjsxsb2/Pl1MhNB6rU="></latexit><latexit sha1_base64="8vL6+QCteFjsxsb2/Pl1MhNB6rU="></latexit><latexit sha1_base64="8vL6+QCteFjsxsb2/Pl1MhNB6rU="></latexit><latexit sha1_base64="8vL6+QCteFjsxsb2/Pl1MhNB6rU="></latexit>

Long-lived dark partners

⌘
<latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="19rXijzGurVyXwUkr2/kIXF0esk="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit><latexit sha1_base64="9S+cwHGot+4Z3drBQfMEAT1awzc="></latexit>

�, SM
<latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="G81TR26J3GChNV20RsgmTmYB7/g="></latexit><latexit sha1_base64="G81TR26J3GChNV20RsgmTmYB7/g="></latexit><latexit sha1_base64="wvqBuQW1HOnnDU592Pec1ShaZ/c="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit>

�, SM
<latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="G81TR26J3GChNV20RsgmTmYB7/g="></latexit><latexit sha1_base64="G81TR26J3GChNV20RsgmTmYB7/g="></latexit><latexit sha1_base64="wvqBuQW1HOnnDU592Pec1ShaZ/c="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit><latexit sha1_base64="7o9o1u91zvo9sqbp/P65opuW30o="></latexit>

⌧⌘ ⇠ 1

m⌘

1

g2�,f
<latexit sha1_base64="HMjx/pfLCc3607usEJWnjKLGwa0="></latexit><latexit sha1_base64="HMjx/pfLCc3607usEJWnjKLGwa0="></latexit><latexit sha1_base64="HMjx/pfLCc3607usEJWnjKLGwa0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JlCTN127ezyzx4RzaSj+on8frjU="></latexit><latexit sha1_base64="JlCTN127ezyzx4RzaSj+on8frjU="></latexit><latexit sha1_base64="v3zZ3yyQak3fiNHVGrPMq/Jl0U4="></latexit><latexit sha1_base64="HMjx/pfLCc3607usEJWnjKLGwa0="></latexit><latexit sha1_base64="HMjx/pfLCc3607usEJWnjKLGwa0="></latexit><latexit sha1_base64="HMjx/pfLCc3607usEJWnjKLGwa0="></latexit><latexit sha1_base64="HMjx/pfLCc3607usEJWnjKLGwa0="></latexit><latexit sha1_base64="HMjx/pfLCc3607usEJWnjKLGwa0="></latexit><latexit sha1_base64="HMjx/pfLCc3607usEJWnjKLGwa0="></latexit>

lifetime
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Neutrino portal: L = yN (LH)N + h.c.
<latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="WgNyxYRKcAMeyie+xiV50jmW0o0="></latexit><latexit sha1_base64="WgNyxYRKcAMeyie+xiV50jmW0o0="></latexit><latexit sha1_base64="Iftfcb8hCsYy12/lwHwHzta0jsc="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit>

N
<latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3m6uSzPPAXmij4pxFREW49s3DGE="></latexit><latexit sha1_base64="3m6uSzPPAXmij4pxFREW49s3DGE="></latexit><latexit sha1_base64="w1Zj/XtYxvp7Cz3duUM2hlSgVFc="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit>

`+
<latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="Ty/grhMC+sBSICjnY3jx/1KIgOE="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit>

W+
<latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="N0WIse2rQstA4UBeJ6duzbYb0MI="></latexit><latexit sha1_base64="N0WIse2rQstA4UBeJ6duzbYb0MI="></latexit><latexit sha1_base64="uYGfQ1chOdW88WgfoPQpwFxX3W8="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit>

Vector portal: L = ✏Fµ⌫F 0
µ⌫

<latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="5N0Js8dMPbuTbirRS1iCGxBtF5s="></latexit><latexit sha1_base64="5N0Js8dMPbuTbirRS1iCGxBtF5s="></latexit><latexit sha1_base64="iMxI4SvcYtyc98PBjqooHnoJdY4="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit>

�0
<latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="w6aCEcoz8ux78sURdEGgOdaNnNw="></latexit><latexit sha1_base64="w6aCEcoz8ux78sURdEGgOdaNnNw="></latexit><latexit sha1_base64="EmKA3QYPWHvWbTYDj81nN/DNoJk="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></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>

⇠ ✏e
<latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="FuDvX57bWkZrrGcUADTaC63L2Uo="></latexit><latexit sha1_base64="FuDvX57bWkZrrGcUADTaC63L2Uo="></latexit><latexit sha1_base64="o0uCHNX1gOsquf8vrdKEmcY7K6E="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit>

Higgs portal: L = �S(H
†
H)S

<latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="MBv/E6i7ktdv17GefawtyOQnAKI="></latexit><latexit sha1_base64="MBv/E6i7ktdv17GefawtyOQnAKI="></latexit><latexit sha1_base64="Y9uPToHl2SbapO08j9vp9gd6KqE="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit>

S
<latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4cIO+8ro5NMPgBcKHTm2Ej81z6M="></latexit><latexit sha1_base64="4cIO+8ro5NMPgBcKHTm2Ej81z6M="></latexit><latexit sha1_base64="Hu80DEBMG+kK9zrap7IAkmN+JVg="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></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>

Axion portal: a
<latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="JZgb7AteD7fl0J/x66ZIdpuoT+M="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></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>

⇠ mf

fa
<latexit sha1_base64="5spS1JksKyq8IsOkbrIRdRL7V9Y="></latexit><latexit sha1_base64="5spS1JksKyq8IsOkbrIRdRL7V9Y="></latexit><latexit sha1_base64="5spS1JksKyq8IsOkbrIRdRL7V9Y="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ewpGids9t4wrWK34RpRqR++R3mE="></latexit><latexit sha1_base64="ewpGids9t4wrWK34RpRqR++R3mE="></latexit><latexit sha1_base64="e5OvugQw1ahNOu9FIJfEnrgVVI4="></latexit><latexit sha1_base64="5spS1JksKyq8IsOkbrIRdRL7V9Y="></latexit><latexit sha1_base64="5spS1JksKyq8IsOkbrIRdRL7V9Y="></latexit><latexit sha1_base64="5spS1JksKyq8IsOkbrIRdRL7V9Y="></latexit><latexit sha1_base64="5spS1JksKyq8IsOkbrIRdRL7V9Y="></latexit><latexit sha1_base64="5spS1JksKyq8IsOkbrIRdRL7V9Y="></latexit><latexit sha1_base64="5spS1JksKyq8IsOkbrIRdRL7V9Y="></latexit>

couple one new particle without touching SM symmetries

Pospelov, Ritz, Voloshin 2007; Georgi, Kaplan, Randall 1986

⇠ mf

v
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FIG. 1: Left: Dark Higgs decay length d̄ = c⌧��� as a function of m� for various energies E� and
✓ = 10�4. The decay length scales as d̄ / ✓�2. Adapted from Ref. [8]. Right: Dark Higgs decay
length d̄ in the (m�, ✓) plane for E� = 1 TeV. The decay length scales as d̄ / E� for large E�.
The gray shaded regions are experimentally excluded.

the high-mass range m� & 2.5 GeV, and interpolate between these two for the intermediate
mass range 1 GeV . m� . 2.5 GeV.

The resulting decay lengths are shown in Fig. 1. Because the decays are both Yukawa-
and ✓-suppressed, for currently viable values of ✓ and energies E� ⇠ 1 TeV, dark Higgs decay
lengths can be very long. Below the muon threshold, i.e., for m� < 2mµ, the tiny electron
Yukawa coupling leads to an extremely long dark Higgs lifetime, resulting in a negligible
event rate in FASER, as most dark Higgs bosons typically overshoot the detector. On the
other hand, for 2mµ < m� . 2m⌧ and energies E� ⇠ 100 GeV � 1 TeV, decay lengths
d̄ = c⌧��� ⇠ 10 m� 1 km are possible, and a significant number of dark Higgs bosons can
pass through many LHC infrastructure components and decay within the FASER volume.

The dark Higgs branching fractions are shown in Fig. 2. As shown there, above the muon
threshold, the µ

+
µ
� decay mode dominates in the narrow region 2mµ < m� < 2m⇡, but

for larger masses, the dominant decay modes are to pions, kaons, and other hadrons. This
di↵ers markedly from the dark photon case, where leptonic decays are significant for most
of the mass range.

B. Dark Higgs Production

In this section, we discuss the dominant production mechanisms for dark Higgs bosons:
B, K, and light meson decays.

Dark Higgs bosons can also be produced through other processes. For example, they may
be radiated o↵ a b quark line and be produced in processes bb̄ ! �g or bg ! b�, or through

4

9

picture: FASER

boost

Long-lived particles at high energies

d = ��c⌧
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FIG. 1: Near-term and future opportunities to search for visibly decaying massive dark

photons interacting through the kinetic mixing vector portal displayed in the dark photon

mass (mA0) – kinetic mixing (✏) parameter space. Constraints from past experiments (gray

shaded regions) and projected sensitivities from operating experiments and DUNE (colored

shaded regions), proposed near-term (pre-2032) experiments based in the U.S. including

Dark Matter New Initiatives (DMNI) supported experiments (solid colored lines),

proposed near-term (pre-2032) experiments based internationally and having significant

U.S. leadership (dashed colored lines), proposed near-term (pre-2032) international

projects (dotted colored lines), and proposed future (post 2032) experiments (dotted gray

lines) are shown; see also Figure 3 for another version of this plot with all future

experiments labeled. Line coloring indicates the key experimental approach used (e+
e

�

collider, pp collider, LHC LLP detector, electron fixed target, proton fixed target, muon

decay), highlighting one aspect of the complementarity between di↵erent

facilities/experiments. Collectively, these experiments are poised to cover large regions of

open dark photon and thermal dark matter parameter space.

5

colliders

fixed-target

Batell et al. 2207.06905

https://arxiv.org/abs/2207.06905
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lines) are shown; see also Figure 3 for another version of this plot with all future

experiments labeled. Line coloring indicates the key experimental approach used (e+
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collider, pp collider, LHC LLP detector, electron fixed target, proton fixed target, muon

decay), highlighting one aspect of the complementarity between di↵erent

facilities/experiments. Collectively, these experiments are poised to cover large regions of

open dark photon and thermal dark matter parameter space.
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Figure �: Bounds in the (ma, 1/�a) plane from existing (gray) and future (colored, with heavy-
ions at the LHC) ALP searches.

the ma . 100 GeV range [��]. From the experimental point of view, the final state of interest
for ALP production is a pair of photons emitted almost back-to-back in an otherwise empty
detector. The ALP signal would be visible as a peak in the diphoton invariant mass distri-
bution on top of various background processes, mostly light-by-light scattering continuum,
combinatorial background from fi0fi0 photoproduction and decay photons from spin-� and
spin-� resonances [��]. Dedicated trigger strategies and high photon e�ciency at low photon
transverse momenta are crucial for a successful measurement.

The most stringent limits on ALPs in the ma range from 5 to ��� GeV have been set
in light-by-light scattering measurements performed in Pb-Pb UPCs at Ô

sNN = 5.02 TeV
by the CMS [��] and ATLAS [��] collaborations. The ALICE and LHCb experiments can
potentially improve those limits with future Run-� and Run-� data samples in a mass region
ma ƒ 1–5 GeV of otherwise di�cult experimental access [��]. Also ATLAS and CMS could
extend the limits in the range ma < 5 GeV provided a triggering strategy, and low-energy
photon reconstruction are improved in future heavy-ion data taking. The future ALICE �
experiment [��], a proposed next-generation heavy-ion experiment for Run � and beyond, has
an opportunity to extend the coverage to even lower ALP masses. The expected performance
of LHC experiments [��, ��] is shown in Fig. � together with existing limits (from [��]) and
future ALICE � constraints estimated in two scenarios of �% and ���% photon reconstruction
e�ciency corresponding to photons registered via conversions or in an ideal calorimeter. As
can be seen in the figure, the ALICE � experiment is expected to fill the gap between beam-
dump and ATLAS/CMS constraints and push the limits on ALP-“ coupling well below the
1 TeV≠1 range for intermediate masses 50 MeV to 5 GeV, which is particularly interesting as
ALPs found in this range could potentially explain the muon anomalous magnetic moment
puzzle [�, ��].
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The FASER Experiment
FASER is new, small experiment at the LHC

Constructed and installed in 2019-2021
FASER targets light and weakly coupled particles

Exploits large LHC collision rate and highly collimated forward 
production of light particles, for instance in pion decays

1% of pions with E>10 GeV produced at η>9.2
Designed to detect both new long-lived BSM particles, such as 
dark photons and ALPs as well as neutrinos

Located 480m from ATLAS interaction point

LHC magnets as well 100m of rock shields most backgrounds
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FIG. 13. The 90% confidence level exclusion contour in the dark photon model parameter space. Regions
excluded by previous experiments are shown in grey (see main text for details). The red line shows the
region of parameter space which yields the correct dark matter relic density, with the assumptions discussed
in the main text.

always equal to m�/mA0 = 0.6 and that the dark photon coupling constant to dark matter has a
fixed value ↵D = 0.1. This chosen mass ratio guarantees that the dark photon decays visibly into
the SM species and that the dark matter primarily annihilates via �� ! A0

! ff . Variations
of both the coupling and mass ratio in the dark sector are possible and will lead to a shift of the
relic target line. Notably, in the context of this particular dark matter model, the region below the
target line would have an over-abundance of dark matter and would be excluded cosmologically:
FASER therefore probes a significant fraction of the cosmologically allowed region of parameter
space.

X. CONCLUSIONS

The first search for dark photons by the FASER experiment have been presented. The search
applies an event selection requiring no signal in the veto scintillator systems, two good quality
reconstructed charged particle tracks and more than 500 GeV of energy in the calorimeter. No
events are observed passing the selection, with an expected background of (2.0 ± 2.4) ⇥10�3

events. Exclusion limits at 90% confidence level are set, excluding previously viable regions of
signal parameter space in the region ✏ ⇠ 10�5

� 10�4 and masses ⇠ 10 MeV � 100 MeV that is

dark photon mass

Dienes et al. 2301.05252mono-photons:

talk by Noshin Tarannum (Tue)

CERN-FASER-CONF-2023-001

https://arxiv.org/abs/2301.05252
https://cds.cern.ch/record/2853210
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Figure 4: Hidden sector coupling ga�� as a function of the product of the hidden sector
and the ALP-fermion coupling, ga�� · gaff , for m� = 10 GeV and ma = 1 GeV. The dashed
line corresponds to the combination of couplings which give the correct DM relic density
⌦DMh

2
= 0.12 as measured by the Planck telescope. Left: Contour plot of the DM relic

density as a function of ga�� ·gaff and gaff , giving the so-called “Mesa” phase diagram: For
our choice of masses six different DM genesis scenarios are possible, namely freeze-in from
the SM, freeze-in from ALPs, sequential freeze-in, decoupled freeze-out (DFO), freeze-out
from the hidden sector and freeze-out from the SM. Right: Different phases of the diagram,
corresponding to equilibrium relations between the three sectors. The equilibrium relations
essentially determine the production mechanism.

4.2 Phase diagram

As described in detail in section 2, the interplay between the three different sectors in our
model, namely the SM particles, the ALP and the DM, gives rise to various DM production
mechanisms. Solving the Boltzmann equations in a large range of hidden sector and connec-
tor couplings and plotting the final abundance as a function of these couplings gives what
in [6] (and later in [7] for the massive mediator case) was dubbed a “Mesa” phase diagram.
For our model, this phase diagram is shown in the left panel of figure 4 for an ALP with
mass ma = 1 GeV and the DM with mass m� = 10 GeV. The dotted line indicates the
combination of couplings ga�� and gaff such that the final abundance corresponds to the
observed DM density.6 To aid the understanding of what follows, we also plot in the right
panel of figure 4 the different phases of the diagram, corresponding to equilibrium relations
between the three sectors, as these essentially determine the production mechanism. Let
us have a look at the various regimes in more detail:7

6Note that we plot the abundance as a function of ga�� and the product of ga�� · gaff as these are the
proportionality factors for the competing DM production processes, cf. table 1.

7This is extensively discussed in ref. [7], and we will therefore only briefly comment on the different
shapes of the regions.
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Figure 4: Hidden sector coupling ga�� as a function of the product of the hidden sector
and the ALP-fermion coupling, ga�� · gaff , for m� = 10 GeV and ma = 1 GeV. The dashed
line corresponds to the combination of couplings which give the correct DM relic density
⌦DMh

2
= 0.12 as measured by the Planck telescope. Left: Contour plot of the DM relic

density as a function of ga�� ·gaff and gaff , giving the so-called “Mesa” phase diagram: For
our choice of masses six different DM genesis scenarios are possible, namely freeze-in from
the SM, freeze-in from ALPs, sequential freeze-in, decoupled freeze-out (DFO), freeze-out
from the hidden sector and freeze-out from the SM. Right: Different phases of the diagram,
corresponding to equilibrium relations between the three sectors. The equilibrium relations
essentially determine the production mechanism.

4.2 Phase diagram

As described in detail in section 2, the interplay between the three different sectors in our
model, namely the SM particles, the ALP and the DM, gives rise to various DM production
mechanisms. Solving the Boltzmann equations in a large range of hidden sector and connec-
tor couplings and plotting the final abundance as a function of these couplings gives what
in [6] (and later in [7] for the massive mediator case) was dubbed a “Mesa” phase diagram.
For our model, this phase diagram is shown in the left panel of figure 4 for an ALP with
mass ma = 1 GeV and the DM with mass m� = 10 GeV. The dotted line indicates the
combination of couplings ga�� and gaff such that the final abundance corresponds to the
observed DM density.6 To aid the understanding of what follows, we also plot in the right
panel of figure 4 the different phases of the diagram, corresponding to equilibrium relations
between the three sectors, as these essentially determine the production mechanism. Let
us have a look at the various regimes in more detail:7

6Note that we plot the abundance as a function of ga�� and the product of ga�� · gaff as these are the
proportionality factors for the competing DM production processes, cf. table 1.

7This is extensively discussed in ref. [7], and we will therefore only briefly comment on the different
shapes of the regions.
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