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Hints from the early universe

 2picture: D. Baumann’s lecture notes

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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Dark matter interactions
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dark sector visible sector

Portals: Martin Bauer’s talk
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dark sector visible sector

Portals:

Mediators:

Martin Bauer’s talk
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pair annihilation co-scattering freeze-inco-annihilation

Ruderman et al. 2017 Hall et al. 2009Griest, Seckel 1991

smaller coupling / longer lifetime

In the early universe:

in thermal equilibrium out of equilibrium
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co-scattering / mediator annihilation
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di↵erent values of the interaction rate between the visible sector and DM
particles � in each case. The arrows indicate the e↵ect of increasing the rate � of the two processes.
In the left panel x = m�/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n�/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ' O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� / exp(�m�/T ). The comoving number density of DM particles � then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.
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Bernal et al. 2017
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di↵erent values of the interaction rate between the visible sector and DM
particles � in each case. The arrows indicate the e↵ect of increasing the rate � of the two processes.
In the left panel x = m�/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n�/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ' O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� / exp(�m�/T ). The comoving number density of DM particles � then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di↵erent values of the interaction rate between the visible sector and DM
particles � in each case. The arrows indicate the e↵ect of increasing the rate � of the two processes.
In the left panel x = m�/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n�/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ' O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� / exp(�m�/T ). The comoving number density of DM particles � then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di↵erent values of the interaction rate between the visible sector and DM
particles � in each case. The arrows indicate the e↵ect of increasing the rate � of the two processes.
In the left panel x = m�/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n�/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ' O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� / exp(�m�/T ). The comoving number density of DM particles � then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.

– 10 –

log10(m⌘/T )
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co-scattering:

freeze-in (radiation era): No, Tunney, Zaldivar 1908.11387

Blekman et al. 2007.03708 (electroweakinos)

Observable at the LHC:

c⌧⌘ ⇡ 3.6m

✓
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◆✓
300GeV

m⌘
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Mediator lifetimes are in reach at colliders!
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Juliette Alimena

Long-Lived Particle Searches
• Wide variety of: 
– Charges 
– Final states 
– Decay locations 
– Lifetimes 

• Design signature-driven searches 

• Often interpret results with a 
benchmark model, but can 
expand to a variety of scenarios

12February 2, 2021

picture: talk by J. Alimena
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wino-bino-like:

Mediator decays:
�S
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h
<latexit sha1_base64="huRKnxDDtXGBSLheOkkgVteEKFU="></latexit><latexit sha1_base64="huRKnxDDtXGBSLheOkkgVteEKFU="></latexit><latexit sha1_base64="huRKnxDDtXGBSLheOkkgVteEKFU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="uOt1QEtRQQn1rIqe2i3bw8OYfYA="></latexit><latexit sha1_base64="huRKnxDDtXGBSLheOkkgVteEKFU="></latexit><latexit sha1_base64="huRKnxDDtXGBSLheOkkgVteEKFU="></latexit><latexit sha1_base64="huRKnxDDtXGBSLheOkkgVteEKFU="></latexit><latexit sha1_base64="huRKnxDDtXGBSLheOkkgVteEKFU="></latexit><latexit sha1_base64="huRKnxDDtXGBSLheOkkgVteEKFU="></latexit><latexit sha1_base64="huRKnxDDtXGBSLheOkkgVteEKFU="></latexit>

�S
<latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="2mcGsEv/phrkJxFKDsle/CaFW/o="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit>

W+
<latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="N0WIse2rQstA4UBeJ6duzbYb0MI="></latexit><latexit sha1_base64="N0WIse2rQstA4UBeJ6duzbYb0MI="></latexit><latexit sha1_base64="eD0uKTn6HvwLuJzjsGN70Qh8uYY="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit>

�+
T

<latexit sha1_base64="DSbD+4gcaNOJYjfXbOTUJJPEP+U="></latexit><latexit sha1_base64="DSbD+4gcaNOJYjfXbOTUJJPEP+U="></latexit><latexit sha1_base64="DSbD+4gcaNOJYjfXbOTUJJPEP+U="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="jsFjJq5S1jrwhVcPh4H5M5MvZho="></latexit><latexit sha1_base64="jsFjJq5S1jrwhVcPh4H5M5MvZho="></latexit><latexit sha1_base64="07FwzHNk4mObYPVyd0W60awlW1s="></latexit><latexit sha1_base64="DSbD+4gcaNOJYjfXbOTUJJPEP+U="></latexit><latexit sha1_base64="DSbD+4gcaNOJYjfXbOTUJJPEP+U="></latexit><latexit sha1_base64="DSbD+4gcaNOJYjfXbOTUJJPEP+U="></latexit><latexit sha1_base64="DSbD+4gcaNOJYjfXbOTUJJPEP+U="></latexit><latexit sha1_base64="DSbD+4gcaNOJYjfXbOTUJJPEP+U="></latexit><latexit sha1_base64="DSbD+4gcaNOJYjfXbOTUJJPEP+U="></latexit>

c⌧�T ⇠ ⇤2

(v)2
<latexit sha1_base64="0MwQVTQFtcy+tw3c57fQakjyX2M="></latexit><latexit sha1_base64="0MwQVTQFtcy+tw3c57fQakjyX2M="></latexit><latexit sha1_base64="0MwQVTQFtcy+tw3c57fQakjyX2M="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cSWJMBd3uisw4MNozupmaFTofdw="></latexit><latexit sha1_base64="cSWJMBd3uisw4MNozupmaFTofdw="></latexit><latexit sha1_base64="K3l+2ilxWzWj9SNKoV8ZvPqmVuc="></latexit><latexit sha1_base64="0MwQVTQFtcy+tw3c57fQakjyX2M="></latexit><latexit sha1_base64="0MwQVTQFtcy+tw3c57fQakjyX2M="></latexit><latexit sha1_base64="0MwQVTQFtcy+tw3c57fQakjyX2M="></latexit><latexit sha1_base64="0MwQVTQFtcy+tw3c57fQakjyX2M="></latexit><latexit sha1_base64="0MwQVTQFtcy+tw3c57fQakjyX2M="></latexit><latexit sha1_base64="0MwQVTQFtcy+tw3c57fQakjyX2M="></latexit>

L � �mS

2
�S�S � mD

2
�T�T +



⇤
(H†

�TH)�S + h.c.
<latexit sha1_base64="Km0O5LkaQISDJqRMykGGKcdBAAo="></latexit><latexit sha1_base64="Km0O5LkaQISDJqRMykGGKcdBAAo="></latexit><latexit sha1_base64="Km0O5LkaQISDJqRMykGGKcdBAAo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="gRndaVCho5P/ou0Th3BKkr/+NQo="></latexit><latexit sha1_base64="gRndaVCho5P/ou0Th3BKkr/+NQo="></latexit><latexit sha1_base64="tPIx/bvNbZ3ImNjrR1YBGT0muXg="></latexit><latexit sha1_base64="Km0O5LkaQISDJqRMykGGKcdBAAo="></latexit><latexit sha1_base64="Km0O5LkaQISDJqRMykGGKcdBAAo="></latexit><latexit sha1_base64="Km0O5LkaQISDJqRMykGGKcdBAAo="></latexit><latexit sha1_base64="Km0O5LkaQISDJqRMykGGKcdBAAo="></latexit><latexit sha1_base64="Km0O5LkaQISDJqRMykGGKcdBAAo="></latexit><latexit sha1_base64="Km0O5LkaQISDJqRMykGGKcdBAAo="></latexit>

e.g. Arkani-Hamed, Delgado, Giudice 2006

L � �mS

2
�S�S � mD

2
�D�D � y� �DH�S + h.c.

<latexit sha1_base64="YbFHRdEFJhbzaUefEb0S6dovnlc="></latexit><latexit sha1_base64="YbFHRdEFJhbzaUefEb0S6dovnlc="></latexit><latexit sha1_base64="YbFHRdEFJhbzaUefEb0S6dovnlc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8Pw68yagt/arRDPgyE2EHT32YMQ="></latexit><latexit sha1_base64="8Pw68yagt/arRDPgyE2EHT32YMQ="></latexit><latexit sha1_base64="46A5MAYr13OluEKpF0f4BkRrJro="></latexit><latexit sha1_base64="YbFHRdEFJhbzaUefEb0S6dovnlc="></latexit><latexit sha1_base64="YbFHRdEFJhbzaUefEb0S6dovnlc="></latexit><latexit sha1_base64="YbFHRdEFJhbzaUefEb0S6dovnlc="></latexit><latexit sha1_base64="YbFHRdEFJhbzaUefEb0S6dovnlc="></latexit><latexit sha1_base64="YbFHRdEFJhbzaUefEb0S6dovnlc="></latexit><latexit sha1_base64="YbFHRdEFJhbzaUefEb0S6dovnlc="></latexit>

higgsino-bino-like:

Mediator decays:

c⌧�D ⇠ 1

y2�
<latexit sha1_base64="PT6EdM8e3P4C8IYyjV6WmrPXwBU="></latexit><latexit sha1_base64="PT6EdM8e3P4C8IYyjV6WmrPXwBU="></latexit><latexit sha1_base64="PT6EdM8e3P4C8IYyjV6WmrPXwBU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="rUce/7TwWARcYLf1GkrIGpUGjGE="></latexit><latexit sha1_base64="rUce/7TwWARcYLf1GkrIGpUGjGE="></latexit><latexit sha1_base64="HdlqWcpacaG+LC0GPbujM20+LJE="></latexit><latexit sha1_base64="PT6EdM8e3P4C8IYyjV6WmrPXwBU="></latexit><latexit sha1_base64="PT6EdM8e3P4C8IYyjV6WmrPXwBU="></latexit><latexit sha1_base64="PT6EdM8e3P4C8IYyjV6WmrPXwBU="></latexit><latexit sha1_base64="PT6EdM8e3P4C8IYyjV6WmrPXwBU="></latexit><latexit sha1_base64="PT6EdM8e3P4C8IYyjV6WmrPXwBU="></latexit><latexit sha1_base64="PT6EdM8e3P4C8IYyjV6WmrPXwBU="></latexit>

�S
<latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="2mcGsEv/phrkJxFKDsle/CaFW/o="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit>

W+
<latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="N0WIse2rQstA4UBeJ6duzbYb0MI="></latexit><latexit sha1_base64="N0WIse2rQstA4UBeJ6duzbYb0MI="></latexit><latexit sha1_base64="eD0uKTn6HvwLuJzjsGN70Qh8uYY="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit><latexit sha1_base64="M2jCUSGsq3lEDjkBCQ3KfzKEJGA="></latexit>

�+
D

<latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4TYhPyQyCVtpJWrExGn54vMERss="></latexit><latexit sha1_base64="4TYhPyQyCVtpJWrExGn54vMERss="></latexit><latexit sha1_base64="3S8fNepP1Rcg2Qyr1LJ8QPv9jPQ="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit>

�0
D

<latexit sha1_base64="fwCzFyzQCZ51s3QhNKhkV0+rdLc="></latexit><latexit sha1_base64="fwCzFyzQCZ51s3QhNKhkV0+rdLc="></latexit><latexit sha1_base64="fwCzFyzQCZ51s3QhNKhkV0+rdLc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="iDdOSliPmdu3Bx4jlTGLdzqzMu8="></latexit><latexit sha1_base64="iDdOSliPmdu3Bx4jlTGLdzqzMu8="></latexit><latexit sha1_base64="Lc1L+g0zxHfyMDBp/uPZ/Jr0pJE="></latexit><latexit sha1_base64="fwCzFyzQCZ51s3QhNKhkV0+rdLc="></latexit><latexit sha1_base64="fwCzFyzQCZ51s3QhNKhkV0+rdLc="></latexit><latexit sha1_base64="fwCzFyzQCZ51s3QhNKhkV0+rdLc="></latexit><latexit sha1_base64="fwCzFyzQCZ51s3QhNKhkV0+rdLc="></latexit><latexit sha1_base64="fwCzFyzQCZ51s3QhNKhkV0+rdLc="></latexit><latexit sha1_base64="fwCzFyzQCZ51s3QhNKhkV0+rdLc="></latexit>

�S
<latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="2mcGsEv/phrkJxFKDsle/CaFW/o="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit>

h, Z
<latexit sha1_base64="BKKOVv7HhwtrzeN7DFpvziQfufs="></latexit><latexit sha1_base64="BKKOVv7HhwtrzeN7DFpvziQfufs="></latexit><latexit sha1_base64="BKKOVv7HhwtrzeN7DFpvziQfufs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vFU40AKlurLstFvzSgq529fsWB0="></latexit><latexit sha1_base64="vFU40AKlurLstFvzSgq529fsWB0="></latexit><latexit sha1_base64="crQVmSkAGX+FPLIQKs0zGRmV3Co="></latexit><latexit sha1_base64="BKKOVv7HhwtrzeN7DFpvziQfufs="></latexit><latexit sha1_base64="BKKOVv7HhwtrzeN7DFpvziQfufs="></latexit><latexit sha1_base64="BKKOVv7HhwtrzeN7DFpvziQfufs="></latexit><latexit sha1_base64="BKKOVv7HhwtrzeN7DFpvziQfufs="></latexit><latexit sha1_base64="BKKOVv7HhwtrzeN7DFpvziQfufs="></latexit><latexit sha1_base64="BKKOVv7HhwtrzeN7DFpvziQfufs="></latexit>
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LHC signatures

Z⇤
<latexit sha1_base64="NBU0yunbSKRilbSYzWLLQHNUV+0="></latexit><latexit sha1_base64="NBU0yunbSKRilbSYzWLLQHNUV+0="></latexit><latexit sha1_base64="NBU0yunbSKRilbSYzWLLQHNUV+0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ae1B3hnReDKnjoAgU7IbZ0qWsoM="></latexit><latexit sha1_base64="ae1B3hnReDKnjoAgU7IbZ0qWsoM="></latexit><latexit sha1_base64="izTf8eiwzmtnz7U4bv2l4eYdy1g="></latexit><latexit sha1_base64="NBU0yunbSKRilbSYzWLLQHNUV+0="></latexit><latexit sha1_base64="NBU0yunbSKRilbSYzWLLQHNUV+0="></latexit><latexit sha1_base64="NBU0yunbSKRilbSYzWLLQHNUV+0="></latexit><latexit sha1_base64="NBU0yunbSKRilbSYzWLLQHNUV+0="></latexit><latexit sha1_base64="NBU0yunbSKRilbSYzWLLQHNUV+0="></latexit><latexit sha1_base64="NBU0yunbSKRilbSYzWLLQHNUV+0="></latexit>

q
<latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="ig/HUqWg2zcHcIhT0tSS/++FJws="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit>

q̄
<latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="R6QurOaaCkCONtYF+zGZflESXu8="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit>

W ⇤
<latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="D+KloNIyHpJM9OkmSShPEX7rSP0="></latexit><latexit sha1_base64="D+KloNIyHpJM9OkmSShPEX7rSP0="></latexit><latexit sha1_base64="FckKciQk+xOnzaI1cXQSKyu1Fx4="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit>

`+
<latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="okhcgSWBMlC49aF1TEKYSj7ImRc="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit>

`�
<latexit sha1_base64="E5SZUd/DF9bRYIRitnxBK0NTBb8="></latexit><latexit sha1_base64="E5SZUd/DF9bRYIRitnxBK0NTBb8="></latexit><latexit sha1_base64="E5SZUd/DF9bRYIRitnxBK0NTBb8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ICWO6FyyCCnhUTCKF0RanXk0DmY="></latexit><latexit sha1_base64="ICWO6FyyCCnhUTCKF0RanXk0DmY="></latexit><latexit sha1_base64="0JDzp87TG6HFc+paiF0egUHjRac="></latexit><latexit sha1_base64="E5SZUd/DF9bRYIRitnxBK0NTBb8="></latexit><latexit sha1_base64="E5SZUd/DF9bRYIRitnxBK0NTBb8="></latexit><latexit sha1_base64="E5SZUd/DF9bRYIRitnxBK0NTBb8="></latexit><latexit sha1_base64="E5SZUd/DF9bRYIRitnxBK0NTBb8="></latexit><latexit sha1_base64="E5SZUd/DF9bRYIRitnxBK0NTBb8="></latexit><latexit sha1_base64="E5SZUd/DF9bRYIRitnxBK0NTBb8="></latexit>

⌫
<latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zCNYlJPSJNxWtdz5rm7AdvuSIRs="></latexit><latexit sha1_base64="zCNYlJPSJNxWtdz5rm7AdvuSIRs="></latexit><latexit sha1_base64="3cbRzLKSvMonHbUVOdw/DDGAzKI="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit>

�S
<latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="2mcGsEv/phrkJxFKDsle/CaFW/o="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit>

�S
<latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="2mcGsEv/phrkJxFKDsle/CaFW/o="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit>

�+
D

<latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4TYhPyQyCVtpJWrExGn54vMERss="></latexit><latexit sha1_base64="4TYhPyQyCVtpJWrExGn54vMERss="></latexit><latexit sha1_base64="3S8fNepP1Rcg2Qyr1LJ8QPv9jPQ="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit><latexit sha1_base64="5RDG+2xGTODonMQdVbmAlrPVuNc="></latexit>

Z
<latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="LLeqGlezqGvJ/9XyP70P7TjdWeo="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit>

`+
<latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="okhcgSWBMlC49aF1TEKYSj7ImRc="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit><latexit sha1_base64="rZ0Bfoqadl6a4lG12YeiRwZ3qDo="></latexit>

displaced b-jet vertex
displaced soft leptons

⇡+
<latexit sha1_base64="7IkyH5uH/iMfxrl6vCeUCqBzyDo="></latexit><latexit sha1_base64="7IkyH5uH/iMfxrl6vCeUCqBzyDo="></latexit><latexit sha1_base64="7IkyH5uH/iMfxrl6vCeUCqBzyDo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3kNDfeT8eeoxYS6cCGbQoHAKrgk="></latexit><latexit sha1_base64="3kNDfeT8eeoxYS6cCGbQoHAKrgk="></latexit><latexit sha1_base64="MRBroiRLpBvc0y+IZMHgXmmSimw="></latexit><latexit sha1_base64="7IkyH5uH/iMfxrl6vCeUCqBzyDo="></latexit><latexit sha1_base64="7IkyH5uH/iMfxrl6vCeUCqBzyDo="></latexit><latexit sha1_base64="7IkyH5uH/iMfxrl6vCeUCqBzyDo="></latexit><latexit sha1_base64="7IkyH5uH/iMfxrl6vCeUCqBzyDo="></latexit><latexit sha1_base64="7IkyH5uH/iMfxrl6vCeUCqBzyDo="></latexit><latexit sha1_base64="7IkyH5uH/iMfxrl6vCeUCqBzyDo="></latexit>

�+
T

<latexit sha1_base64="hKX2krfzSEMbzY+MFwiW7JIB8DA="></latexit><latexit sha1_base64="hKX2krfzSEMbzY+MFwiW7JIB8DA="></latexit><latexit sha1_base64="hKX2krfzSEMbzY+MFwiW7JIB8DA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="hs40uIPMBYt5ynLQWHkPXMAnjuU="></latexit><latexit sha1_base64="hs40uIPMBYt5ynLQWHkPXMAnjuU="></latexit><latexit sha1_base64="DhocdabaG/sxhAvQmwRcg8qL2Ag="></latexit><latexit sha1_base64="hKX2krfzSEMbzY+MFwiW7JIB8DA="></latexit><latexit sha1_base64="hKX2krfzSEMbzY+MFwiW7JIB8DA="></latexit><latexit sha1_base64="hKX2krfzSEMbzY+MFwiW7JIB8DA="></latexit><latexit sha1_base64="hKX2krfzSEMbzY+MFwiW7JIB8DA="></latexit><latexit sha1_base64="hKX2krfzSEMbzY+MFwiW7JIB8DA="></latexit><latexit sha1_base64="hKX2krfzSEMbzY+MFwiW7JIB8DA="></latexit>

�S
<latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="2mcGsEv/phrkJxFKDsle/CaFW/o="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit>

�S
<latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="VkunuE4yK0DcmtLJwZTvsMfG0vU="></latexit><latexit sha1_base64="2mcGsEv/phrkJxFKDsle/CaFW/o="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit><latexit sha1_base64="iiA+XiKV4ixlN9Nl3rFIkAyTaOA="></latexit>

W ⇤
<latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="D+KloNIyHpJM9OkmSShPEX7rSP0="></latexit><latexit sha1_base64="D+KloNIyHpJM9OkmSShPEX7rSP0="></latexit><latexit sha1_base64="FckKciQk+xOnzaI1cXQSKyu1Fx4="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit>

q
<latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="ig/HUqWg2zcHcIhT0tSS/++FJws="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit>

q̄
<latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="R6QurOaaCkCONtYF+zGZflESXu8="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit>
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<latexit sha1_base64="eejR2KGO/1r16zSHz3s44eWO1jU="></latexit><latexit sha1_base64="eejR2KGO/1r16zSHz3s44eWO1jU="></latexit><latexit sha1_base64="eejR2KGO/1r16zSHz3s44eWO1jU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="qLpmsMCk4dnmn1mhLS5NKi9cOIM="></latexit><latexit sha1_base64="qLpmsMCk4dnmn1mhLS5NKi9cOIM="></latexit><latexit sha1_base64="fffKuHdhes8aTzEtjIhYkUqDYOM="></latexit><latexit sha1_base64="eejR2KGO/1r16zSHz3s44eWO1jU="></latexit><latexit sha1_base64="eejR2KGO/1r16zSHz3s44eWO1jU="></latexit><latexit sha1_base64="eejR2KGO/1r16zSHz3s44eWO1jU="></latexit><latexit sha1_base64="eejR2KGO/1r16zSHz3s44eWO1jU="></latexit><latexit sha1_base64="eejR2KGO/1r16zSHz3s44eWO1jU="></latexit><latexit sha1_base64="eejR2KGO/1r16zSHz3s44eWO1jU="></latexit>

W ⇤
<latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="D+KloNIyHpJM9OkmSShPEX7rSP0="></latexit><latexit sha1_base64="D+KloNIyHpJM9OkmSShPEX7rSP0="></latexit><latexit sha1_base64="FckKciQk+xOnzaI1cXQSKyu1Fx4="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit>

h⇤
<latexit sha1_base64="eGywCxenJMscVXhhTmY5Te4otlw="></latexit><latexit sha1_base64="eGywCxenJMscVXhhTmY5Te4otlw="></latexit><latexit sha1_base64="eGywCxenJMscVXhhTmY5Te4otlw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="wnDwHMZaBl7zz+7UU1cU4TyNY9g="></latexit><latexit sha1_base64="wnDwHMZaBl7zz+7UU1cU4TyNY9g="></latexit><latexit sha1_base64="Et2qc9Gdl75A6InuwNtGTQUwHyU="></latexit><latexit sha1_base64="eGywCxenJMscVXhhTmY5Te4otlw="></latexit><latexit sha1_base64="eGywCxenJMscVXhhTmY5Te4otlw="></latexit><latexit sha1_base64="eGywCxenJMscVXhhTmY5Te4otlw="></latexit><latexit sha1_base64="eGywCxenJMscVXhhTmY5Te4otlw="></latexit><latexit sha1_base64="eGywCxenJMscVXhhTmY5Te4otlw="></latexit><latexit sha1_base64="eGywCxenJMscVXhhTmY5Te4otlw="></latexit>
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FIG. 6: LHC signatures of fermion dark matter from a small Higgs portal in the scalar (left) and pseudo-scalar (right)
scenarios. Green regions are excluded by existing searches. Yellow regions show projections for the LHC after run II
and for the HL-LHC. Red regions feature new signatures that have not been explored yet. The dashed region is due to
the unknown detection e�ciency of displaced b-jets.

which produces a displaced soft lepton (Figure 5, right). We thus predict a signature with large missing energy
and two soft leptons, one displaced and one prompt. The leptons can be either of opposite or of same electric
charge, appearing at equal rates. The pion from the decay �h ! ⇡

�
�
+ is very soft and not detected.

In Fig. 6, we show the parameter space for displaced + prompt soft lepton signals in red. The upper edge
of the area is determined by requiring a minimal nominal decay length of c⌧�h & 200µm. Above this line,
the mass splitting �mhc is larger and decays become rapid. The lower edge is set by the kinematic threshold
for a two-body decay, mh = mc + m⇡. Below this threshold, the heavy neutral fermion decays mostly via
�h ! �`bb̄, and no soft leptons are produced.

G. Prompt soft leptons

Mediators with a decay length c⌧�+ < 200 µm leave signatures with prompt soft leptons. Both �
+ and �h

decays can produce prompt soft leptons via �
+ ! �` `

+
⌫ or �h ! ⇡

�(�+ ! �` `
+
⌫), respectively. Signatures

with two prompt leptons and missing energy are thus expected from pp ! �
+
�
� and pp ! �

+
�h production.

Which process dominates depends on the �h decay branching ratio into leptons. If �h is long-lived, pairs
of prompt soft leptons can only be produced via pp ! �

+
�
� with subsequent prompt decays. Searches for

pairs of prompt soft leptons have been performed by ATLAS [47] and CMS [48] in the context of pure wino
production via pp ! �

+
�h. The analyses assume a decay via �

+
�h ! �`W

⇤
�`Z

⇤ ! �``
+
⌫ �``

+
`
� to 100%.

However, in our model �h ! �`Z
⇤ ! �``

+
`
� is loop- and mixing-suppressed and thus small compared to

�h ! �`h
⇤ ! �`bb̄. In Ref. [15], the CMS analysis [48] has been recasted under the assumption of pure

�
+
�
� production for a triplet dark matter model, which corresponds to our scalar scenario. We reinterpret

their results and derive a lower bound of mc & 130GeV for 5⇥ 10�5
< µ/v < 0.02 in the scalar scenario and

7⇥ 10�4
< µ/v < 0.07 in the pseudo-scalar scenario. The excluded parameter region is shown in Figure 6 as

a green band.
In case of a normal mass hierarchy, �h decays are prompt for µ/v & 0.02 (0.07) in the scalar (pseudo-scalar)

scenario. Soft di-leptons are now produced from both pp ! �
+
�
� and pp ! �

+
�h. Adding the contribution

from the latter process enhances our signal rate. However, our pp ! �
+
�h contribution favors a di↵erent

kinematic regime and produces only two charged leptons in the final state, compared to three leptons in
the experimental analyses. We therefore do not expect a significantly stronger bound than mc & 130GeV
when including �

+
�h contributions. The sensitivity could be enhanced by optimizing the signal region for

signatures with exactly two soft leptons in the final state. All in all, however, searches for prompt soft leptons
are very limited in their mass reach, due to the small production rates and large backgrounds. Searches for
displaced + prompt leptons or displaced b-jet pairs are expected to be sensitive to much higher mediator masses.
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Figure 9. Projected signal exclusion limits at the LHC as a function of the mediator decay
length c⌧c. The expected sensitivity obtained from a neural network analysis is shown for di↵erent
integrated luminosities (left) and in comparison with a simple kinematic cut-based analysis for
140 fb�1 (right) at

p
s = 13TeV. A likelihood ratio R95 > 1 indicates that a certain decay length is

excluded at more than 95% C.L. For comparison, we show existing upper bounds from a displaced
lepton search at

p
s = 8TeV (plain black curve) [22].

The presented results are based on individual analyses of the NN for the soft lepton

benchmarks 3-6, which we have interpolated to obtain bounds for intermediate decay

lengths. With 140 fb�1 of data, compressed dark sectors with mediator mass

mc = 220GeV and decay lengths in the range 1mm < c⌧c < 1m can be excluded at the

95% C.L. This covers essentially the entire range of decay lengths predicted by

co-annihilating or co-scattering dark matter, see Sec. 2.2. The maximum sensitivity is

reached at c⌧c = 3 cm. For benchmarks with smaller or larger c⌧c, fewer events fall into

the signal region, resulting in a reduced sensitivity at both extremes. The good

sensitivity at small decay lengths very close to the detector resolution of 200µm confirms

that the background rejection by our analysis is e�cient. The sensitivity at large c⌧c

depends on the experimental e�ciency to detect displaced leptons.

In Fig. 9, right, we compare the neutral network results with a simple cut-based analysis

where only the pT (`) requirement is lowered from 40 to 20GeV. It is evident that a multi-

variate analysis of the event kinematics is crucial to overcome the HF background and

obtain a good sensitivity to soft leptons.

We also show the current 95% C.L. upper bounds from the previous displaced lepton

search at
p
s = 8TeV with pT (`) > 25GeV [22], which is not sensitive to displaced soft

leptons from mediators produced in weak interactions. The much higher sensitivity of our

analysis is due to a combination of the larger data set, the use of a neural network, and

the lower lepton threshold. While the 8TeV analysis was restricted to d0 < 2 cm, the

sensitivity in our analysis extends to c⌧c = 1m, thus covering the entire tracking region

of the CMS detector. This explains why our analysis is sensitive to larger decay lengths,

reaching its maximum at c⌧c = 3 cm.

In Fig. 9, left, we include our projections for Run 3 (in red), assuming the same

detection e�ciencies and scaling our event numbers from Run 2. With the higher luminosity

of 300 fb�1, the expected reach can be slightly extended towards both smaller and larger
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<latexit sha1_base64="iboUEB/0dA1cs2c2BYVc2FH+gjg="></latexit><latexit sha1_base64="iboUEB/0dA1cs2c2BYVc2FH+gjg="></latexit><latexit sha1_base64="iboUEB/0dA1cs2c2BYVc2FH+gjg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="peUnCzHNSOT8iQBumgkckAZw5OY="></latexit><latexit sha1_base64="peUnCzHNSOT8iQBumgkckAZw5OY="></latexit><latexit sha1_base64="sf6Y5AjgR7EBuY0uQO9U24IITmw="></latexit><latexit sha1_base64="iboUEB/0dA1cs2c2BYVc2FH+gjg="></latexit><latexit sha1_base64="iboUEB/0dA1cs2c2BYVc2FH+gjg="></latexit><latexit sha1_base64="iboUEB/0dA1cs2c2BYVc2FH+gjg="></latexit><latexit sha1_base64="iboUEB/0dA1cs2c2BYVc2FH+gjg="></latexit><latexit sha1_base64="iboUEB/0dA1cs2c2BYVc2FH+gjg="></latexit><latexit sha1_base64="iboUEB/0dA1cs2c2BYVc2FH+gjg="></latexit>

mT = 220GeV
<latexit sha1_base64="AGDSpnlORE6u8B8MioCjcyNn/nA="></latexit><latexit sha1_base64="AGDSpnlORE6u8B8MioCjcyNn/nA="></latexit><latexit sha1_base64="AGDSpnlORE6u8B8MioCjcyNn/nA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="glTOGP5lg3CnS/ivYnnvIjwRlpc="></latexit><latexit sha1_base64="glTOGP5lg3CnS/ivYnnvIjwRlpc="></latexit><latexit sha1_base64="fW01sc5Q3ItS9ygw4BoIwACZyUc="></latexit><latexit sha1_base64="AGDSpnlORE6u8B8MioCjcyNn/nA="></latexit><latexit sha1_base64="AGDSpnlORE6u8B8MioCjcyNn/nA="></latexit><latexit sha1_base64="AGDSpnlORE6u8B8MioCjcyNn/nA="></latexit><latexit sha1_base64="AGDSpnlORE6u8B8MioCjcyNn/nA="></latexit><latexit sha1_base64="AGDSpnlORE6u8B8MioCjcyNn/nA="></latexit><latexit sha1_base64="AGDSpnlORE6u8B8MioCjcyNn/nA="></latexit>

�m = 20GeV
<latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="U9QLWQSciqW/rmyA330rWUiakws="></latexit><latexit sha1_base64="U9QLWQSciqW/rmyA330rWUiakws="></latexit><latexit sha1_base64="LV3HOPL85N4SMOKhEM4nb5pCuu8="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="U9QLWQSciqW/rmyA330rWUiakws="></latexit><latexit sha1_base64="U9QLWQSciqW/rmyA330rWUiakws="></latexit><latexit sha1_base64="LV3HOPL85N4SMOKhEM4nb5pCuu8="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit><latexit sha1_base64="/HiIFDwGVEWjOfG5/waYV4og36M="></latexit>

signal
�m

<latexit sha1_base64="MPg1CsQaFT6vbrcDFyCrjoyv95M="></latexit><latexit sha1_base64="MPg1CsQaFT6vbrcDFyCrjoyv95M="></latexit><latexit sha1_base64="MPg1CsQaFT6vbrcDFyCrjoyv95M="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4Gn3XGLUUraI+hqUK/WaBYmbZ1Q="></latexit><latexit sha1_base64="4Gn3XGLUUraI+hqUK/WaBYmbZ1Q="></latexit><latexit sha1_base64="lhkk0ewlId3f4fGbzYHeKKRKbX4="></latexit><latexit sha1_base64="MPg1CsQaFT6vbrcDFyCrjoyv95M="></latexit><latexit sha1_base64="MPg1CsQaFT6vbrcDFyCrjoyv95M="></latexit><latexit sha1_base64="MPg1CsQaFT6vbrcDFyCrjoyv95M="></latexit><latexit sha1_base64="MPg1CsQaFT6vbrcDFyCrjoyv95M="></latexit><latexit sha1_base64="MPg1CsQaFT6vbrcDFyCrjoyv95M="></latexit><latexit sha1_base64="MPg1CsQaFT6vbrcDFyCrjoyv95M="></latexit>

�0
<latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="qaXD+WIx1UR/B5n03RN7pWQZSx4="></latexit><latexit sha1_base64="qaXD+WIx1UR/B5n03RN7pWQZSx4="></latexit><latexit sha1_base64="PCkofut3k2ng8GRjTW5QBhEL7F4="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit>

`±
<latexit sha1_base64="DdGtRa6/xoYt8gRREfgLLwtHg0o="></latexit><latexit sha1_base64="DdGtRa6/xoYt8gRREfgLLwtHg0o="></latexit><latexit sha1_base64="DdGtRa6/xoYt8gRREfgLLwtHg0o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="TmzP5lm+o+9F3Hbc24nJxg0HXZc="></latexit><latexit sha1_base64="TmzP5lm+o+9F3Hbc24nJxg0HXZc="></latexit><latexit sha1_base64="odgD4CXSCryRAHjK104BvwdclEM="></latexit><latexit sha1_base64="DdGtRa6/xoYt8gRREfgLLwtHg0o="></latexit><latexit sha1_base64="DdGtRa6/xoYt8gRREfgLLwtHg0o="></latexit><latexit sha1_base64="DdGtRa6/xoYt8gRREfgLLwtHg0o="></latexit><latexit sha1_base64="DdGtRa6/xoYt8gRREfgLLwtHg0o="></latexit><latexit sha1_base64="DdGtRa6/xoYt8gRREfgLLwtHg0o="></latexit><latexit sha1_base64="DdGtRa6/xoYt8gRREfgLLwtHg0o="></latexit>

mT
<latexit sha1_base64="ejO1YfPhfJluPJCkQkSjykBXi/M="></latexit><latexit sha1_base64="ejO1YfPhfJluPJCkQkSjykBXi/M="></latexit><latexit sha1_base64="ejO1YfPhfJluPJCkQkSjykBXi/M="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="k8t4rI8Jfw7dXjrH15kHWoPX0P8="></latexit><latexit sha1_base64="k8t4rI8Jfw7dXjrH15kHWoPX0P8="></latexit><latexit sha1_base64="iYt4gtGHWDQ8WTw+OPwRw0CDDtc="></latexit><latexit sha1_base64="ejO1YfPhfJluPJCkQkSjykBXi/M="></latexit><latexit sha1_base64="ejO1YfPhfJluPJCkQkSjykBXi/M="></latexit><latexit sha1_base64="ejO1YfPhfJluPJCkQkSjykBXi/M="></latexit><latexit sha1_base64="ejO1YfPhfJluPJCkQkSjykBXi/M="></latexit><latexit sha1_base64="ejO1YfPhfJluPJCkQkSjykBXi/M="></latexit><latexit sha1_base64="ejO1YfPhfJluPJCkQkSjykBXi/M="></latexit> ⌫

<latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zCNYlJPSJNxWtdz5rm7AdvuSIRs="></latexit><latexit sha1_base64="zCNYlJPSJNxWtdz5rm7AdvuSIRs="></latexit><latexit sha1_base64="3cbRzLKSvMonHbUVOdw/DDGAzKI="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit><latexit sha1_base64="f8m+0QE2PoJPFiWPCwy3+9wDPGE="></latexit>

W ⇤
<latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="D+KloNIyHpJM9OkmSShPEX7rSP0="></latexit><latexit sha1_base64="D+KloNIyHpJM9OkmSShPEX7rSP0="></latexit><latexit sha1_base64="FckKciQk+xOnzaI1cXQSKyu1Fx4="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit><latexit sha1_base64="XYe5NFRyPvuPGv08dGNK0fxOy8s="></latexit>

�m

m
⌧ 1

<latexit sha1_base64="dhrZeMQ24WrtlAFIKQm374dg2Zc="></latexit><latexit sha1_base64="dhrZeMQ24WrtlAFIKQm374dg2Zc="></latexit><latexit sha1_base64="dhrZeMQ24WrtlAFIKQm374dg2Zc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ChRBor46x6zLPJNGnbfbNbs9wHc="></latexit><latexit sha1_base64="ChRBor46x6zLPJNGnbfbNbs9wHc="></latexit><latexit sha1_base64="g7ak4Imz1uwwH/4Sy9gIgHFlvWU="></latexit><latexit sha1_base64="dhrZeMQ24WrtlAFIKQm374dg2Zc="></latexit><latexit sha1_base64="dhrZeMQ24WrtlAFIKQm374dg2Zc="></latexit><latexit sha1_base64="dhrZeMQ24WrtlAFIKQm374dg2Zc="></latexit><latexit sha1_base64="dhrZeMQ24WrtlAFIKQm374dg2Zc="></latexit><latexit sha1_base64="dhrZeMQ24WrtlAFIKQm374dg2Zc="></latexit><latexit sha1_base64="dhrZeMQ24WrtlAFIKQm374dg2Zc="></latexit>

p`T > 40GeV ! 20GeV
<latexit sha1_base64="cuZMF2SC8YpjbeJf0yBzsH2rIYk="></latexit><latexit sha1_base64="cuZMF2SC8YpjbeJf0yBzsH2rIYk="></latexit><latexit sha1_base64="cuZMF2SC8YpjbeJf0yBzsH2rIYk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="sQZoWW6YspQzmxrs4E+syA0aT/Q="></latexit><latexit sha1_base64="sQZoWW6YspQzmxrs4E+syA0aT/Q="></latexit><latexit sha1_base64="ZmWxxEbbSE80//fQyzTxpp3rL/k="></latexit><latexit sha1_base64="cuZMF2SC8YpjbeJf0yBzsH2rIYk="></latexit><latexit sha1_base64="cuZMF2SC8YpjbeJf0yBzsH2rIYk="></latexit><latexit sha1_base64="cuZMF2SC8YpjbeJf0yBzsH2rIYk="></latexit><latexit sha1_base64="cuZMF2SC8YpjbeJf0yBzsH2rIYk="></latexit><latexit sha1_base64="cuZMF2SC8YpjbeJf0yBzsH2rIYk="></latexit><latexit sha1_base64="cuZMF2SC8YpjbeJf0yBzsH2rIYk="></latexit>
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signal

�0
<latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="qaXD+WIx1UR/B5n03RN7pWQZSx4="></latexit><latexit sha1_base64="qaXD+WIx1UR/B5n03RN7pWQZSx4="></latexit><latexit sha1_base64="PCkofut3k2ng8GRjTW5QBhEL7F4="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit><latexit sha1_base64="14NeqdayXhIhpp5+/CCXaWc32F0="></latexit>

m2
<latexit sha1_base64="yMUoJD+SCQ5lSVnjoVxJL0hWGkE="></latexit><latexit sha1_base64="yMUoJD+SCQ5lSVnjoVxJL0hWGkE="></latexit><latexit sha1_base64="yMUoJD+SCQ5lSVnjoVxJL0hWGkE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="b0nz/CKn/NHNXWGbRaIqoGQ/sBU="></latexit><latexit sha1_base64="b0nz/CKn/NHNXWGbRaIqoGQ/sBU="></latexit><latexit sha1_base64="GFjJC46UJqTHUkdzcHTSU1hOO+A="></latexit><latexit sha1_base64="yMUoJD+SCQ5lSVnjoVxJL0hWGkE="></latexit><latexit sha1_base64="yMUoJD+SCQ5lSVnjoVxJL0hWGkE="></latexit><latexit sha1_base64="yMUoJD+SCQ5lSVnjoVxJL0hWGkE="></latexit><latexit sha1_base64="yMUoJD+SCQ5lSVnjoVxJL0hWGkE="></latexit><latexit sha1_base64="yMUoJD+SCQ5lSVnjoVxJL0hWGkE="></latexit><latexit sha1_base64="yMUoJD+SCQ5lSVnjoVxJL0hWGkE="></latexit>

`�
<latexit sha1_base64="UHb3CFDICNYuQdWzt4Ww0WmIbdY="></latexit><latexit sha1_base64="UHb3CFDICNYuQdWzt4Ww0WmIbdY="></latexit><latexit sha1_base64="UHb3CFDICNYuQdWzt4Ww0WmIbdY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ICWO6FyyCCnhUTCKF0RanXk0DmY="></latexit><latexit sha1_base64="ICWO6FyyCCnhUTCKF0RanXk0DmY="></latexit><latexit sha1_base64="FH8RspeA8iFEyMQLjQJM+Iu8Ly0="></latexit><latexit sha1_base64="UHb3CFDICNYuQdWzt4Ww0WmIbdY="></latexit><latexit sha1_base64="UHb3CFDICNYuQdWzt4Ww0WmIbdY="></latexit><latexit sha1_base64="UHb3CFDICNYuQdWzt4Ww0WmIbdY="></latexit><latexit sha1_base64="UHb3CFDICNYuQdWzt4Ww0WmIbdY="></latexit><latexit sha1_base64="UHb3CFDICNYuQdWzt4Ww0WmIbdY="></latexit><latexit sha1_base64="UHb3CFDICNYuQdWzt4Ww0WmIbdY="></latexit>

`+
<latexit sha1_base64="dHk7rVHURgLvaxldw28KPnPyFos="></latexit><latexit sha1_base64="dHk7rVHURgLvaxldw28KPnPyFos="></latexit><latexit sha1_base64="dHk7rVHURgLvaxldw28KPnPyFos="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="+TxYm4rwSPpC+tM84aB38wq8Jrc="></latexit><latexit sha1_base64="dHk7rVHURgLvaxldw28KPnPyFos="></latexit><latexit sha1_base64="dHk7rVHURgLvaxldw28KPnPyFos="></latexit><latexit sha1_base64="dHk7rVHURgLvaxldw28KPnPyFos="></latexit><latexit sha1_base64="dHk7rVHURgLvaxldw28KPnPyFos="></latexit><latexit sha1_base64="dHk7rVHURgLvaxldw28KPnPyFos="></latexit><latexit sha1_base64="dHk7rVHURgLvaxldw28KPnPyFos="></latexit>Z⇤

<latexit sha1_base64="O4ewItbPmSIPhXn1qhHruZQzKdA="></latexit><latexit sha1_base64="O4ewItbPmSIPhXn1qhHruZQzKdA="></latexit><latexit sha1_base64="O4ewItbPmSIPhXn1qhHruZQzKdA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ae1B3hnReDKnjoAgU7IbZ0qWsoM="></latexit><latexit sha1_base64="ae1B3hnReDKnjoAgU7IbZ0qWsoM="></latexit><latexit sha1_base64="gYCyfEI6sLRYdQ1cSgHyaSltMa8="></latexit><latexit sha1_base64="O4ewItbPmSIPhXn1qhHruZQzKdA="></latexit><latexit sha1_base64="O4ewItbPmSIPhXn1qhHruZQzKdA="></latexit><latexit sha1_base64="O4ewItbPmSIPhXn1qhHruZQzKdA="></latexit><latexit sha1_base64="O4ewItbPmSIPhXn1qhHruZQzKdA="></latexit><latexit sha1_base64="O4ewItbPmSIPhXn1qhHruZQzKdA="></latexit><latexit sha1_base64="O4ewItbPmSIPhXn1qhHruZQzKdA="></latexit>

relic abundance:
m2

2

m�
⇠ 109 GeV

<latexit sha1_base64="QNJe3coEU+lc1C4KjUlaqt0Zz/Q="></latexit><latexit sha1_base64="QNJe3coEU+lc1C4KjUlaqt0Zz/Q="></latexit><latexit sha1_base64="QNJe3coEU+lc1C4KjUlaqt0Zz/Q="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="pvXc0Lqbg04gINDsBXU2rxYqukA="></latexit><latexit sha1_base64="pvXc0Lqbg04gINDsBXU2rxYqukA="></latexit><latexit sha1_base64="Esr9S5bvYjXH+WUU+lg5Hb0rjbE="></latexit><latexit sha1_base64="QNJe3coEU+lc1C4KjUlaqt0Zz/Q="></latexit><latexit sha1_base64="QNJe3coEU+lc1C4KjUlaqt0Zz/Q="></latexit><latexit sha1_base64="QNJe3coEU+lc1C4KjUlaqt0Zz/Q="></latexit><latexit sha1_base64="QNJe3coEU+lc1C4KjUlaqt0Zz/Q="></latexit><latexit sha1_base64="QNJe3coEU+lc1C4KjUlaqt0Zz/Q="></latexit><latexit sha1_base64="QNJe3coEU+lc1C4KjUlaqt0Zz/Q="></latexit>

Boulebnane et al. 1709.07283

structure formation: 

Ballesteros et al. 2011.13458

m� & 10 keV
<latexit sha1_base64="PgQrSgNORwdIuuVIX6kzeNgVaYs="></latexit><latexit sha1_base64="PgQrSgNORwdIuuVIX6kzeNgVaYs="></latexit><latexit sha1_base64="PgQrSgNORwdIuuVIX6kzeNgVaYs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="o+TwJgNNN2JHj02/zUa/0LD/mqw="></latexit><latexit sha1_base64="o+TwJgNNN2JHj02/zUa/0LD/mqw="></latexit><latexit sha1_base64="QjDor9a+ieBhmv6akCaNyPid3q8="></latexit><latexit sha1_base64="PgQrSgNORwdIuuVIX6kzeNgVaYs="></latexit><latexit sha1_base64="PgQrSgNORwdIuuVIX6kzeNgVaYs="></latexit><latexit sha1_base64="PgQrSgNORwdIuuVIX6kzeNgVaYs="></latexit><latexit sha1_base64="PgQrSgNORwdIuuVIX6kzeNgVaYs="></latexit><latexit sha1_base64="PgQrSgNORwdIuuVIX6kzeNgVaYs="></latexit><latexit sha1_base64="PgQrSgNORwdIuuVIX6kzeNgVaYs="></latexit>



Freeze-in: radiation era

 22

100 300 500 700 900 1100 1300 1500 1700 1900
m2 (GeV)

10�1

100

101

102

103

104

105

106

107

c�
�

2
(m

)

Figure 9. 13 TeV ATLAS DV + E
miss
T

search 95% C.L. exclusion limits with 32.8 fb�1 (purple
region) in the (m2, c⌧�2) plane, together with its extrapolation to 300 fb�1 (solid purple line)
and 3000 fb�1 (dashed purple line). Also shown are the present 95% C.L. exclusion limits from
disappearing track searches (grey region) from section 6.2 and the projection for HL-LHC (vertical
dashed grey line), as well as the MATHUSLA100 (red) and MATHUSLA200 (orange) projected
95 % C.L. sensitivities for 300 fb�1 (solid line) and 3000 fb�1 (dashed line). Lines yielding the
observed DM relic density ⌦DMh

2 = 0.12 (obtained with micrOMEGAs5.0) are shown for m1 = 1
GeV (black), 10 MeV (dark green), 100 KeV (light green), together with the bounds from Lyman-↵
(blue).

expect ⇠ 2 background events, and the corresponding required number of signal events is

found via the CLs method [94] to be Nevents = 6. Finally, we also include in Figure 9 the

present and projected 95 % C.L. bounds from disappearing track searches (see section 6.2)

and the projected 95 % C.L. sensitivity from MATHUSLA100 and MATHUSLA200 (see

section 5) to highlight the complementarity among the various searches. While for decay

legths c⌧�2 . 100 m the LHC DV + E
miss

T
search yields the most sensitive probe of these

scenario, for larger decay lengths MATHUSLA provides a major increase in sensitivity

w.r.t. the main LHC detectors.

7 Freeze-in at a
p

s = 100 TeV collider with a forward detector

As emphasized in the original MATHUSLA proposal [32], a forward detector at a future

proton-proton collider could significantly surpass the capabilities of the MATHUSLA sur-

face detector proposal to search for very long-lived particles. In this section we analyze the

sensitivity to the Higgs-mediated freeze-in DM scenario explored in this work of a
p

s = 100
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disappearing tracks

(Sub-) MeV dark matter from freeze-in is within LHC reach.
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less efficient:

Mediators have shorter lifetimes than in radiation era freeze-in.

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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Figure 9: Leptophilic DM with m� = 1 GeV (left) and m� = 10 keV (right). The upper
panel shows constraints in the (m�, c⌧�) plane while the lower panel identifies the viable
parameter space in the (m�, TR) plane. Solid lines reproduce the observed relic density,
and the color code is the same as in Figure 8.

FIMPs can thus be probed at colliders through HSCP, KT and DL signatures. The HSCP
searches probe charged mediator masses up to m� ⇠ 400 GeV and c⌧� & 5 m. The recent
DL ATLAS search has a very strong reach, excluding mediator masses up to ⇠ 500 GeV
for c⌧� ⇠ 10 cm, and covering a large portion of the interesting displacements, i.e. 0.3 cm .
c⌧� . 80 cm. For even shorter decay lengths, the DL CMS search, under the assumption that
it can be performed for same-flavor leptons, as explained above, provide further sensitivity.
For intermediated lifetimes, it is interesting to observe how a KT search (or any search
sensitive to such signature) can close the gap between HSCP and displaced leptons searches.

Results for fixed mDM. Measuring the DM mass from a displaced event is quite chal-
lenging. However, we can still learn something about the early universe, and in particular
extract an upper bound on TR, from a displaced event. We illustrate this point, and ex-
emplify the discussion in Section 2.5, with a comparison in Figure 9 between a 10 keV
DM scenario (right panel) and a case with heavier FIMP (left panel). In the upper parts,
colored lines identify in the (c⌧�, m�) plane the values of TR reproducing the observed DM
abundance. Likewise, in the lower parts they give the values of c⌧� (again reproducing the
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Figure 9: Leptophilic DM with m� = 1 GeV (left) and m� = 10 keV (right). The upper
panel shows constraints in the (m�, c⌧�) plane while the lower panel identifies the viable
parameter space in the (m�, TR) plane. Solid lines reproduce the observed relic density,
and the color code is the same as in Figure 8.

FIMPs can thus be probed at colliders through HSCP, KT and DL signatures. The HSCP
searches probe charged mediator masses up to m� ⇠ 400 GeV and c⌧� & 5 m. The recent
DL ATLAS search has a very strong reach, excluding mediator masses up to ⇠ 500 GeV
for c⌧� ⇠ 10 cm, and covering a large portion of the interesting displacements, i.e. 0.3 cm .
c⌧� . 80 cm. For even shorter decay lengths, the DL CMS search, under the assumption that
it can be performed for same-flavor leptons, as explained above, provide further sensitivity.
For intermediated lifetimes, it is interesting to observe how a KT search (or any search
sensitive to such signature) can close the gap between HSCP and displaced leptons searches.

Results for fixed mDM. Measuring the DM mass from a displaced event is quite chal-
lenging. However, we can still learn something about the early universe, and in particular
extract an upper bound on TR, from a displaced event. We illustrate this point, and ex-
emplify the discussion in Section 2.5, with a comparison in Figure 9 between a 10 keV
DM scenario (right panel) and a case with heavier FIMP (left panel). In the upper parts,
colored lines identify in the (c⌧�, m�) plane the values of TR reproducing the observed DM
abundance. Likewise, in the lower parts they give the values of c⌧� (again reproducing the
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Co-scattering: not tied to a mass scale

Freeze-in: scattering, annihilation, or decays of heavy particles
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Where is LHCb?
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where �m ⌘ m � m� and g�, counts the number of
degrees of freedom of � and  . In order to reproduce
⌦� = ⌦DM we require h� !�vi ⇠ e�xf (1��m/m�)�WIMP.
This corresponds to a significant exponential suppression,
as long as �m/m� < 1, because xf ⇠ 20 is needed to
match the observed abundance. (The necessary freeze-
out temperature is universal across di↵erent types of
thermal relics including coscattering and the WIMP).

The Model— The coscattering phase can be added to
any WIMP model in a modular way. Consider a WIMP
with an annihilation channel, such as the left of Fig. 1,
and add a mass mixing between DM and a dark partner,
 , with its own rapid annihilations. The coscattering
diagram on the right of Fig. 1 is generated by rotating
the annihilation diagram and inserting the mixing.

As an example we consider dark scalar QED [5, 6, 9–
14] with DM coupled to the SM via a U(1)d massive
dark photon, Ad, kinetically mixed [44] with the ordinary
photon, A:

L � �
1

4
F 2
µ⌫ �

1

4
(Fµ⌫

d )2 �
✏

2
Fµ⌫
d Fµ⌫ �

m2
A

2
A2

d , (6)

where F(d) is the ordinary (dark) photon field strength,
and ✏ is a dimensionless measure of the mixing. DM
is a complex scalar � with charge 1 under U(1)d: L �

|Dµ�|2�m2
�|�|

2. DM can annihilate: ��⇤
! �⇤

d ! e+e�.
We add a complex scalar,  , that is neutral under

U(1)d and mixed with �:

L � |@µ |
2
� m2

 | |
2
� �m2 (�⇤ + h.c.) . (7)

Coscattering, �e !  e, is generated by the mixing.
Quartic couplings for � and  can also be included with-
out modifying our discussion. The mass mixing �m2 and
the dark photon mass m2

A can arise from a dark Higgs
coupled to � and  . Note that we use m2

�, for mass
parameters in the Lagrangian and m2

�, for mass eigen-
values. The angle that rotates from the Lagrangian basis
to the mass eigenstate basis is ✓ ⇠ �m2/m2

�. For the rest
of this letter we (slightly) abuse notation by calling the
lightest eigenstate � and the heaviest  .

We take  to annihilate to a dark state (this is a key
di↵erence versus Refs. [35, 37, 38], where the dark partner
has a large coupling to the SM),   ⇤

! SS, where S is
a real scalar lighter than  ,

L �
1

2
(@µS)2 �

m2
S

2
S2

�
� S
2

S2
| |2 � yeS (Sece + h.c.) .

� couples to S only through its mixing with  . We take S
to decay rapidly to the thermal bath via a small Yukawa
coupling to electrons. There is a large range of values for
this coupling (10�4 . yeS . 10�9) such that S remains
in equilibrium with the SM bath during freeze-out but
otherwise yeS does not enter the relic density calculation.

We consider parameters where ��⇤
! e+e� annihi-

lations are too feeble to set the relic density. However
  ⇤

! SS annihilations are e�cient and the last process
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FIG. 3. Existing constraints and reach of future experiments
as a function of the DM mass m�, expressed in terms of the
direct detection cross section for electron recoils �̄e. In the
region between the orange and the blue lines the observed
relic density is obtained via the coscattering mechanism. In
the plot we fix ↵d = 0.5, mA = 3m�, rS = 0.75, and � ⌘
(m2

 �m2
�)/m

2
� = 0.1.

to freeze-out. The coscattering process �e !  e leaves
equilibrium after ��⇤

! e+e�, but before   ⇤
! SS. It

is the fastest process converting � to  and its freeze-out
determines the � abundance. This hierarchy of thermal
rates is depicted in Fig. 2. The figure also shows that �
would have too large of an abundance in the WIMP limit
where only � annihilations are active, while the addition
of  leads to the correct relic density via coscattering.

The freeze-out hierarchy described in the previous
paragraph can be realized with the spectrum: mA >
m > mS > m� &

p
�m2 and the hierarchy of cou-

plings: gd = O(1) � ✏,� S . Furthermore, we fix
rS ⌘ (mS � m�)/(m � m�) = 0.75 in the following.
More details on these choices and the freeze-out phases
of this theory can be found in the Appendix.

Phenomenology— The main qualitative feature of
coscattering with SM states is the exponentially small
coupling to SM particles, compared to the WIMP. In
Fig. 3 we plot current constraints and future probes in
terms of the scattering cross section relevant to electron
recoil experiments: �̄e ⇡ e2g2

D✏
2m2

ec
4
✓/(⇡m4

A). Coscat-
tering can reproduce the observed relic density in the
region between the solid orange line (where it reduces to
WIMP freeze-out) and the solid blue line. In the coscat-
tering region we find that � is in kinetic equilibrium with
the SM during freeze-out due to rapid energy exchange
from �e±

! �e± [45, 46]. This is distinct from previous
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Figure 2: Displaced dimuon mass spectra showing the (black) inclusive and (red) promptly
produced candidates with all fiducial and selection requirements applied. The grey box shows
the region vetoed due to the large doubly misidentified K

0

S
background, whose low-mass tail

extends into the search region. A dedicated study of this region is presented in a search for
K

0

S
! µ

+
µ
� decays [40].

4 Signal searches

The signal-search strategies and methods employed are similar to those used in Ref. [15].
The dimuon mass spectra are scanned in around 6000 steps of about �[m(µ+

µ
�)]/2

searching for X ! µ
+
µ
� contributions. For m(X) < 20GeV, the data are binned in

pT(X) and each pT bin is searched independently for each m(X) hypothesis; whereas
at higher masses, pT bins are not necessary since both the resolution and e�ciency are
nearly independent of pT(X). All searches use the profile likelihood method to determine
the local p-values and the confidence intervals on the signal yields. The trial factors are
obtained using pseudoexperiments in each search. The confidence intervals are defined
using the bounded likelihood approach [41], which involves taking � logL relative to zero
signal, rather than the best-fit value, if the best-fit signal value is negative. This approach
enforces that only physical (nonnegative) upper limits are placed on the signal yields,
and prevents defining exclusion regions that are much better than the experimental
sensitivity in cases where a large deficit in the background yield is observed. The signal
m(µ+

µ
�) distributions are well modeled by a Gaussian function, whose resolution is

determined with 10% precision using a combination of simulated X!µ
+
µ
� decays and

the observed pT-dependent widths of the large known resonance peaks present in the data.
The mass-resolution uncertainty is included in the profile likelihood. The potential bias
due to neglecting non-Gaussian components of the signal shape is much smaller than the
uncertainty that arises from the limited knowledge of the mass resolution.

The fit strategy used in the searches for prompt X!µ
+
µ
� decays below 20GeV, which

is the same as in Refs. [14,15], was first introduced in Ref. [42]. At each m(X) hypothesis,
a binned extended maximum-likelihood fit is performed in a ±12.5 �[m(µ+

µ
�)] window

around the m(X) value. Near the dimuon threshold, the energy released in the decay,
Q =

p
m(µ+µ�)2 � 4m(µ)2, is used instead of the mass because it is easier to model. The

background model for each fit window takes as input a large set of potential components,
then the data-driven model-selection process of Ref. [42] is performed, whose uncertainty
is included in the profile likelihood following Ref. [43]. Specifically, the method labeled
aic-o in Ref. [42] is used, where the log-likelihood of each background model is penalized
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white paperExplore LHCb’s potential for LLP searches:

excellent vertex reconstruction and mass resolution

downstream tracks: long lifetimes



Summary

Thank you for discussions! 
Freya Blekman, Martino Borsato 
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Sam Junius, Alberto Mariotti.

Explore LHC’s full potential to discover LLPs:

Learn from connections:

Predictions from early-universe dynamics:

Long-lived particles are sensitive probes of dark matter.

compressed spectra soft decay products

small couplings long-lived mediators

dedicated LLP triggers

complementarity of ATLAS, CMS / LHCb / FASER

timing information

direct detection (electron scattering)

astrophysics (structure formation)

Belle II, fixed-target, neutrino experiments


