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Open questions and shortcomings of the SM

• what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EFT

EFT

?

EACH of  these issues one day will teach us a lesson

EFT

?

Adjusting one SM parameter might do

Adjusting several SM parameters might do

Separation of scales as an organizing principle might fail

Need new matter (or even bigger modifications to the SM)
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• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EFT
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Solutions involve either a small coupling or very high scale, or both.
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Separation of scales as an organizing principle might fail

Need new matter (or even bigger modifications to the SM)

very small mass!



Tiny couplings are often needed in models of New Physics

mν ≃
y2

ν v2

M

0.1

110
-12

!x

"!""’

fr
ee
ze
-in

fre
e
z
e
-o
u
t

�Xh2

�, ��

fre
ez
e-
in

freeze-out

Figure 2: Schematic picture of the relic abundances due to freeze-in and freeze-out as
a function of coupling strength. The way in which the freeze-out and freeze-in yield
behaviours connect to one another is model-dependent. As we show in detail in Section
5, freeze-in and freeze-out are in fact two of the four basic mechanisms for thermal DM
production, and we sketch the “abundance phase diagrams” of DM depending upon
the strength and type of the DM-thermal bath interaction and the DM mass.

In the simple case that the DM mass m0 is the only mass scale entering �v, we have �v ⇠ �02/m02,
where �0 is the relevant interaction strength, giving a freeze-out yield of

YFO ⇠
1

�02

✓
m0

MPl

◆
. (2.4)

Freeze-in assumes a negligible initial X abundance, but increasing the interaction strength, �,
increases the production from the thermal bath, while freeze-out begins with a full T 3 thermal
number density of DM particles, and reducing the interaction strength, �0, helps to maintain this
large abundance (see Figure 2). Indeed, the yields eqns.(2.2) and (2.4) show inverse dependences
on the coupling and mass, which is stressed by writing

YFI ⇠ �2 mtm, YFO ⇠
1

�02 m0tm0
, (2.5)

where tm ⇠MPl/m2 (t0
m ⇠MPl/m02) is the Hubble time at the epoch of freeze-in (freeze-out). The

freeze-out abundance decreases with tm0 while the freeze-in abundance is increased by occurring
at late times.

Despite these opposite features, freeze-out and freeze-in share crucial common aspects: the final
out-of-equilibrium abundance, given the relevant particle masses and couplings, can be computed
solely from an initial state of bath particles that are in thermal equilibrium, and the resulting
abundance is dominated by IR physics.

For freeze-out the special case �0
⇠ 1 and m0

⇠ v, the scale of weak interactions, gives DM as
“Weakly Interacting Massive Particles”, or WIMPs, with

YFO ⇠
v

MPl
. (2.6)

In practice the cross section may involve more than one mass scale in the TeV domain, so that there
are orders of magnitude spread in the abundance expected from WIMP dark matter. Nevertheless,
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Reach on type-1 see-saw models

Very high-lumi Z-pole 

mν ≃
y2

ν v2

M

4 Simon Knapen, Andrea Thamm: Direct discovery of new light states at the FCCee

3 Heavy Neutral Leptons

The (type I) seesaw mechanism [25–30] is perhaps the simplest and most natural mechanism explaining the smallness
of neutrino masses in the SM, collectively denoted by m⌫ . It relies simply on a set of right-handed singlet fermions
NR,i, referred to as “heavy neutral leptons” (HNL) or “sterile neutrinos” with a Yukawa coupling, y, to the SM leptons
L as well as a Majorana mass m

L � �yijL̄iH̃NR,j �
1

2
mijN

c
R,iNR,j + h.c. , (3)

where H̃ = i�2H
⇤. If mij � m⌫ , one can exchange the interactions in (3) for Weinberg’s e↵ective interaction

yikm
�1
k` y`j(L̄iH̃)(H̃Lj)†. After substituting in the vacuum expectation value for the Higgs field H, this operator

corresponds to a mass term for the SM neutrinos. Intriguingly, one obtains roughly the right mass range by setting
y ⇠ 1 and m ⇠ 1016 GeV, the scale at which grand unification ought to take place.

On the other hand, m could very well be much lower with y ⌧ 1, such that the HNLs could a priori be in reach
of our current or future accelerator facilities. In this context, it is useful to think of the active neutrino in the SM as
a mixture of the light component and the sterile heavy neutrino

⌫L,i ⇡ ⌫i + UijN
c
R,j (4)

with an active-sterile mixing angle U
2
ij ⇠ m⌫/m. But as for the axion-like particles, there is a catch: For a single flavor,

only the parameter space below the brown band in Fig. 3 would yield an acceptable mass for the active neutrino.
Such small values of the mixing angle are likely not accessible with any near future facilities. This argument can be
circumvented by noting that, to explain the masses of all three SM neutrinos, more than one HNL is needed. This
allows for specific textures of mij and/or yij which suppress the contributions to the active neutrino masses relative
to a “generic” mij and yij . As a result, larger values of the mixing angle can be achieved without being in conflict
with the stringent bound on the active neutrino masses.

Alternatively, in a slightly less minimal setup, the HNLs could be Dirac states, where we add a lepton number
preserving mass term MijNR,iNR,j to (3). If moreover M � m, the mass of the HNL mass eigenstate is given by
mN ⇠ M , while the SM neutrino masses are given by m⌫ ⇠ y

2
m

2
/M . By adding the extra knob of the lepton number-

preserving mass M , we e↵ectively decouple the mixing angles Uij from the SM neutrino masses and thus gain a large,
more accessible parameter space, regardless of the need for specific textures [31]. The price to pay is of course that
this new model necessarily has more parameters than the minimal seesaw in (3), and a very large range of values for
Uij are plausible. In some of the parameter space the model may moreover be responsible for the baryon and lepton
asymmetry in the Universe [32].

During the Z-pole run of the FCCee, roughly 2 ⇥ 1011
Z bosons will decay into two left-handed SM neutrinos.

If the SM neutrinos mix with the HNL, a large number of them may therefore be produced, even for exceptionally
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Fig. 4. Current limits from CHARM [20], Belle [21], DELPHI [22] and CMS [23] on a single HNL with mass mN , compared
with the sensitivity of the FCCee [24], assuming couplings to the first lepton generation only. The reach of the FCC on HNLs
with couplings to the second and third lepton generation is similar. The brown band shows the prediction in a minimal seesaw
model with a single HNL. It gives an indication of the expectation for the model in (3) in the absence of a texture which further
suppresses the active neutrino masses.

Long-lived signature

Prototypical: 
depends crucially on lumi (within the mass range that can be 
probed by the machine) 
suggests a new signature (•́‿•̀)  
there are alternative theoretical models (most of 
which cannot be probed at the same machine)  ¯\_(ツ)_/¯  
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A chart of neutrino mass generation mechanisms 

L − violation (1,1,0) (at least 2)

(1,1,0) (at least 2+1)

(1,2,1,1), (1,1,2,1), (1,2,2,1), (1,1,1,2),

SU(3) ⊗ SU(2)L ⊗ SU(2)L ⊗ U(1)B−L

L − not accidental

L − gauged, SSB

(1,3,1) (1 is enough)

(1,2,1/2) (LH)2

Λ
d = 5

(1,1,2) (DHσ2H)2 S−−

Λ3
d = 7

new physics before 2012

The breaking of lepton number
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The breaking of lepton number

Unlike the situation with SM Higgs boson, which stood apart from other 

solutions for EWSB, and even had a “no loose theorem” at LHC, we are now in 

a mode of scientific exploration that is truly exploratory: there is no such thing 

as “the” model of new physics.



Freeze-in Dark Matter candidates
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2
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is the Planck mass. This result is obtained making the following simplifying assumptions:
(i) the mother particle A and the daughter particle B are in thermal equilibrium with
the SM thermal bath; (ii) A follows a Maxwell-Boltzmann distribution function; (iii) we
can neglect the Pauli-blocking/stimulated emission effects associated to B. See also the
discussion in [68].

3.1 Freeze-in: collider and cosmology interplay

In the context of the Singlet-Doublet model, three mass degenerate heavy states can decay
into dark matter, namely the charged fermion  ± and the two neutral fermions �2,3, giving
rise to the DM yield:

Y�1 =
270MP l

(1.66)8⇡3g
3/2
⇤

 
X

B=Z,h

�[�3 ! B�1]

m2
�3

+
X

B=Z,h

�[�2 ! B�1]

m2
�2

+ g 
�[ +

! W
+
�1]

m
2
 

!
,

(17)
where g = 2 takes into account the number of degrees of freedom of the charged fermion.
Notice that the contributions of the heavy neutral fermions �2,3 directly depend on the
total decay widths of �2,3, which we will denote ��2,3 in the following, as the decays into
�1 are the only available decay modes. On the other hand, for the charged fermion, only
the partial decay width into the W

+
�1 final state appears since the  ± decays into �2,3 are

already accounted for by the two first contributions associated to the thermal equilibrium
abundances of �2,3. We can now compute the DM relic density in terms of Y�1 :

⌦�1h
2 = m�1

s0h
2

⇢c
Y�1 , (18)

where the present entropy density and critical density are respectively s0 = 2.8912⇥109 m�3

and ⇢c = 10.537h2 GeV/m3. Considering that, in our scenario, we have m�2,3 ' m ' µ,
we obtain as a result

⌦�1h
2 = 0.1

✓
105

g⇤

◆3/2 ⇣
m�1

10 keV

⌘✓1 TeV
µ

◆2✓ P
ij gAi�ij

5⇥ 10�15 GeV

◆
, (19)

where gAi is the number of degrees of freedom of the mother particle Ai, �ij denotes the
decay width �[Ai ! Bj�1], with Ai = �

0
2,3 or  ± decaying into �1 plus a SM boson,

Bj = Z, h or W
±.

Obtaining the dark matter yield on more general grounds, starting from Maxwell-
Boltzmann statistics, requires a fully numerical treatment of the evolution equations,
which makes the computation and the interpretation of the freeze-in mechanism less
straightforward. The authors of Ref. [68] have however recently delivered the public code
micrOMEGAs5.0 that allows to easily handle such computations. We have explicitly checked
that the analytical results presented here are in excellent agreement with the ones obtained
with micrOMEGAs5.0 (employing the Singlet-Doublet model files from our implementation
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.

– 3 –

time

B
<latexit sha1_base64="seiWSe4Fvr413nYdEahuO/xS7Og=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6EVvCZgHJEuYnXSSIbMPZmaFsAQ/wKt+gjfx6rf4Bf6Gs0kEDVrQUFR1093lRVJoQ8iHk1lb39jcym7ndnb39g/yh0ctHcaKQ5OHMlQdj2mQIoCmEUZCJ1LAfE9C25tcp377HpQWYXBnphG4PhsFYig4M1ZqXPXzBVIkhFBKcUpo+ZJYUq1WSrSCaWpZFNAS9X7+szcIeexDYLhkWncpiYybMGUElzDL9WINEeMTNoKupQHzQbvJ/NAZPrPKAA9DZSsweK7+nEiYr/XU92ynz8xYr3qp+Ken7SljGKysN8OKm4ggig0EfLF9GEtsQpxGgQdCATdyagnjStgHMB8zxbixgeVsMt/v4/9Jq1SkpEgbF4Xa7TKjLDpBp+gcUVRGNXSD6qiJOAL0iJ7Qs/PgvDivztuiNeMsZ47RLzjvX8v9ldw=</latexit><latexit sha1_base64="seiWSe4Fvr413nYdEahuO/xS7Og=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6EVvCZgHJEuYnXSSIbMPZmaFsAQ/wKt+gjfx6rf4Bf6Gs0kEDVrQUFR1093lRVJoQ8iHk1lb39jcym7ndnb39g/yh0ctHcaKQ5OHMlQdj2mQIoCmEUZCJ1LAfE9C25tcp377HpQWYXBnphG4PhsFYig4M1ZqXPXzBVIkhFBKcUpo+ZJYUq1WSrSCaWpZFNAS9X7+szcIeexDYLhkWncpiYybMGUElzDL9WINEeMTNoKupQHzQbvJ/NAZPrPKAA9DZSsweK7+nEiYr/XU92ynz8xYr3qp+Ken7SljGKysN8OKm4ggig0EfLF9GEtsQpxGgQdCATdyagnjStgHMB8zxbixgeVsMt/v4/9Jq1SkpEgbF4Xa7TKjLDpBp+gcUVRGNXSD6qiJOAL0iJ7Qs/PgvDivztuiNeMsZ47RLzjvX8v9ldw=</latexit><latexit sha1_base64="seiWSe4Fvr413nYdEahuO/xS7Og=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6EVvCZgHJEuYnXSSIbMPZmaFsAQ/wKt+gjfx6rf4Bf6Gs0kEDVrQUFR1093lRVJoQ8iHk1lb39jcym7ndnb39g/yh0ctHcaKQ5OHMlQdj2mQIoCmEUZCJ1LAfE9C25tcp377HpQWYXBnphG4PhsFYig4M1ZqXPXzBVIkhFBKcUpo+ZJYUq1WSrSCaWpZFNAS9X7+szcIeexDYLhkWncpiYybMGUElzDL9WINEeMTNoKupQHzQbvJ/NAZPrPKAA9DZSsweK7+nEiYr/XU92ynz8xYr3qp+Ken7SljGKysN8OKm4ggig0EfLF9GEtsQpxGgQdCATdyagnjStgHMB8zxbixgeVsMt/v4/9Jq1SkpEgbF4Xa7TKjLDpBp+gcUVRGNXSD6qiJOAL0iJ7Qs/PgvDivztuiNeMsZ47RLzjvX8v9ldw=</latexit><latexit sha1_base64="seiWSe4Fvr413nYdEahuO/xS7Og=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6EVvCZgHJEuYnXSSIbMPZmaFsAQ/wKt+gjfx6rf4Bf6Gs0kEDVrQUFR1093lRVJoQ8iHk1lb39jcym7ndnb39g/yh0ctHcaKQ5OHMlQdj2mQIoCmEUZCJ1LAfE9C25tcp377HpQWYXBnphG4PhsFYig4M1ZqXPXzBVIkhFBKcUpo+ZJYUq1WSrSCaWpZFNAS9X7+szcIeexDYLhkWncpiYybMGUElzDL9WINEeMTNoKupQHzQbvJ/NAZPrPKAA9DZSsweK7+nEiYr/XU92ynz8xYr3qp+Ken7SljGKysN8OKm4ggig0EfLF9GEtsQpxGgQdCATdyagnjStgHMB8zxbixgeVsMt/v4/9Jq1SkpEgbF4Xa7TKjLDpBp+gcUVRGNXSD6qiJOAL0iJ7Qs/PgvDivztuiNeMsZ47RLzjvX8v9ldw=</latexit>

X
<latexit sha1_base64="/lfHMSaP11k6JxFwKNHtLf5impA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF70lYB6QLGF2tjcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNFrQUFR1090VpIJr47qfTmltfWNzq7xd2dnd2z+oHh51dJIphm2WiET1AqpRcIltw43AXqqQxoHAbjC5mfvdB1SaJ/LeTFP0YzqSPOKMGiu1esNqza27C5C/xCtIDQo0h9WvQZiwLEZpmKBa9z03NX5OleFM4KwyyDSmlE3oCPuWShqj9vPFoTNyZpWQRImyJQ1ZqD8nchprPY0D2xlTM9ar3lz819P2lDGGK+tNdO3nXKaZQcmW26NMEJOQeRQk5AqZEVNLKFPcPkDYmCrKjA2sYpPxVnP4SzoXdc+te63LWuOuyKgMJ3AK5+DBFTTgFprQBgYIT/AML86j8+q8Oe/L1pJTzBzDLzgf352/lbw=</latexit><latexit sha1_base64="/lfHMSaP11k6JxFwKNHtLf5impA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF70lYB6QLGF2tjcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNFrQUFR1090VpIJr47qfTmltfWNzq7xd2dnd2z+oHh51dJIphm2WiET1AqpRcIltw43AXqqQxoHAbjC5mfvdB1SaJ/LeTFP0YzqSPOKMGiu1esNqza27C5C/xCtIDQo0h9WvQZiwLEZpmKBa9z03NX5OleFM4KwyyDSmlE3oCPuWShqj9vPFoTNyZpWQRImyJQ1ZqD8nchprPY0D2xlTM9ar3lz819P2lDGGK+tNdO3nXKaZQcmW26NMEJOQeRQk5AqZEVNLKFPcPkDYmCrKjA2sYpPxVnP4SzoXdc+te63LWuOuyKgMJ3AK5+DBFTTgFprQBgYIT/AML86j8+q8Oe/L1pJTzBzDLzgf352/lbw=</latexit><latexit sha1_base64="/lfHMSaP11k6JxFwKNHtLf5impA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF70lYB6QLGF2tjcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNFrQUFR1090VpIJr47qfTmltfWNzq7xd2dnd2z+oHh51dJIphm2WiET1AqpRcIltw43AXqqQxoHAbjC5mfvdB1SaJ/LeTFP0YzqSPOKMGiu1esNqza27C5C/xCtIDQo0h9WvQZiwLEZpmKBa9z03NX5OleFM4KwyyDSmlE3oCPuWShqj9vPFoTNyZpWQRImyJQ1ZqD8nchprPY0D2xlTM9ar3lz819P2lDGGK+tNdO3nXKaZQcmW26NMEJOQeRQk5AqZEVNLKFPcPkDYmCrKjA2sYpPxVnP4SzoXdc+te63LWuOuyKgMJ3AK5+DBFTTgFprQBgYIT/AML86j8+q8Oe/L1pJTzBzDLzgf352/lbw=</latexit><latexit sha1_base64="/lfHMSaP11k6JxFwKNHtLf5impA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF70lYB6QLGF2tjcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNFrQUFR1090VpIJr47qfTmltfWNzq7xd2dnd2z+oHh51dJIphm2WiET1AqpRcIltw43AXqqQxoHAbjC5mfvdB1SaJ/LeTFP0YzqSPOKMGiu1esNqza27C5C/xCtIDQo0h9WvQZiwLEZpmKBa9z03NX5OleFM4KwyyDSmlE3oCPuWShqj9vPFoTNyZpWQRImyJQ1ZqD8nchprPY0D2xlTM9ar3lz819P2lDGGK+tNdO3nXKaZQcmW26NMEJOQeRQk5AqZEVNLKFPcPkDYmCrKjA2sYpPxVnP4SzoXdc+te63LWuOuyKgMJ3AK5+DBFTTgFprQBgYIT/AML86j8+q8Oe/L1pJTzBzDLzgf352/lbw=</latexit>

B
<latexit sha1_base64="seiWSe4Fvr413nYdEahuO/xS7Og=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6EVvCZgHJEuYnXSSIbMPZmaFsAQ/wKt+gjfx6rf4Bf6Gs0kEDVrQUFR1093lRVJoQ8iHk1lb39jcym7ndnb39g/yh0ctHcaKQ5OHMlQdj2mQIoCmEUZCJ1LAfE9C25tcp377HpQWYXBnphG4PhsFYig4M1ZqXPXzBVIkhFBKcUpo+ZJYUq1WSrSCaWpZFNAS9X7+szcIeexDYLhkWncpiYybMGUElzDL9WINEeMTNoKupQHzQbvJ/NAZPrPKAA9DZSsweK7+nEiYr/XU92ynz8xYr3qp+Ken7SljGKysN8OKm4ggig0EfLF9GEtsQpxGgQdCATdyagnjStgHMB8zxbixgeVsMt/v4/9Jq1SkpEgbF4Xa7TKjLDpBp+gcUVRGNXSD6qiJOAL0iJ7Qs/PgvDivztuiNeMsZ47RLzjvX8v9ldw=</latexit><latexit sha1_base64="seiWSe4Fvr413nYdEahuO/xS7Og=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6EVvCZgHJEuYnXSSIbMPZmaFsAQ/wKt+gjfx6rf4Bf6Gs0kEDVrQUFR1093lRVJoQ8iHk1lb39jcym7ndnb39g/yh0ctHcaKQ5OHMlQdj2mQIoCmEUZCJ1LAfE9C25tcp377HpQWYXBnphG4PhsFYig4M1ZqXPXzBVIkhFBKcUpo+ZJYUq1WSrSCaWpZFNAS9X7+szcIeexDYLhkWncpiYybMGUElzDL9WINEeMTNoKupQHzQbvJ/NAZPrPKAA9DZSsweK7+nEiYr/XU92ynz8xYr3qp+Ken7SljGKysN8OKm4ggig0EfLF9GEtsQpxGgQdCATdyagnjStgHMB8zxbixgeVsMt/v4/9Jq1SkpEgbF4Xa7TKjLDpBp+gcUVRGNXSD6qiJOAL0iJ7Qs/PgvDivztuiNeMsZ47RLzjvX8v9ldw=</latexit><latexit sha1_base64="seiWSe4Fvr413nYdEahuO/xS7Og=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6EVvCZgHJEuYnXSSIbMPZmaFsAQ/wKt+gjfx6rf4Bf6Gs0kEDVrQUFR1093lRVJoQ8iHk1lb39jcym7ndnb39g/yh0ctHcaKQ5OHMlQdj2mQIoCmEUZCJ1LAfE9C25tcp377HpQWYXBnphG4PhsFYig4M1ZqXPXzBVIkhFBKcUpo+ZJYUq1WSrSCaWpZFNAS9X7+szcIeexDYLhkWncpiYybMGUElzDL9WINEeMTNoKupQHzQbvJ/NAZPrPKAA9DZSsweK7+nEiYr/XU92ynz8xYr3qp+Ken7SljGKysN8OKm4ggig0EfLF9GEtsQpxGgQdCATdyagnjStgHMB8zxbixgeVsMt/v4/9Jq1SkpEgbF4Xa7TKjLDpBp+gcUVRGNXSD6qiJOAL0iJ7Qs/PgvDivztuiNeMsZ47RLzjvX8v9ldw=</latexit><latexit sha1_base64="seiWSe4Fvr413nYdEahuO/xS7Og=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6EVvCZgHJEuYnXSSIbMPZmaFsAQ/wKt+gjfx6rf4Bf6Gs0kEDVrQUFR1093lRVJoQ8iHk1lb39jcym7ndnb39g/yh0ctHcaKQ5OHMlQdj2mQIoCmEUZCJ1LAfE9C25tcp377HpQWYXBnphG4PhsFYig4M1ZqXPXzBVIkhFBKcUpo+ZJYUq1WSrSCaWpZFNAS9X7+szcIeexDYLhkWncpiYybMGUElzDL9WINEeMTNoKupQHzQbvJ/NAZPrPKAA9DZSsweK7+nEiYr/XU92ynz8xYr3qp+Ken7SljGKysN8OKm4ggig0EfLF9GEtsQpxGgQdCATdyagnjStgHMB8zxbixgeVsMt/v4/9Jq1SkpEgbF4Xa7TKjLDpBp+gcUVRGNXSD6qiJOAL0iJ7Qs/PgvDivztuiNeMsZ47RLzjvX8v9ldw=</latexit>

X
<latexit sha1_base64="/lfHMSaP11k6JxFwKNHtLf5impA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF70lYB6QLGF2tjcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNFrQUFR1090VpIJr47qfTmltfWNzq7xd2dnd2z+oHh51dJIphm2WiET1AqpRcIltw43AXqqQxoHAbjC5mfvdB1SaJ/LeTFP0YzqSPOKMGiu1esNqza27C5C/xCtIDQo0h9WvQZiwLEZpmKBa9z03NX5OleFM4KwyyDSmlE3oCPuWShqj9vPFoTNyZpWQRImyJQ1ZqD8nchprPY0D2xlTM9ar3lz819P2lDGGK+tNdO3nXKaZQcmW26NMEJOQeRQk5AqZEVNLKFPcPkDYmCrKjA2sYpPxVnP4SzoXdc+te63LWuOuyKgMJ3AK5+DBFTTgFprQBgYIT/AML86j8+q8Oe/L1pJTzBzDLzgf352/lbw=</latexit><latexit sha1_base64="/lfHMSaP11k6JxFwKNHtLf5impA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF70lYB6QLGF2tjcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNFrQUFR1090VpIJr47qfTmltfWNzq7xd2dnd2z+oHh51dJIphm2WiET1AqpRcIltw43AXqqQxoHAbjC5mfvdB1SaJ/LeTFP0YzqSPOKMGiu1esNqza27C5C/xCtIDQo0h9WvQZiwLEZpmKBa9z03NX5OleFM4KwyyDSmlE3oCPuWShqj9vPFoTNyZpWQRImyJQ1ZqD8nchprPY0D2xlTM9ar3lz819P2lDGGK+tNdO3nXKaZQcmW26NMEJOQeRQk5AqZEVNLKFPcPkDYmCrKjA2sYpPxVnP4SzoXdc+te63LWuOuyKgMJ3AK5+DBFTTgFprQBgYIT/AML86j8+q8Oe/L1pJTzBzDLzgf352/lbw=</latexit><latexit sha1_base64="/lfHMSaP11k6JxFwKNHtLf5impA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF70lYB6QLGF2tjcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNFrQUFR1090VpIJr47qfTmltfWNzq7xd2dnd2z+oHh51dJIphm2WiET1AqpRcIltw43AXqqQxoHAbjC5mfvdB1SaJ/LeTFP0YzqSPOKMGiu1esNqza27C5C/xCtIDQo0h9WvQZiwLEZpmKBa9z03NX5OleFM4KwyyDSmlE3oCPuWShqj9vPFoTNyZpWQRImyJQ1ZqD8nchprPY0D2xlTM9ar3lz819P2lDGGK+tNdO3nXKaZQcmW26NMEJOQeRQk5AqZEVNLKFPcPkDYmCrKjA2sYpPxVnP4SzoXdc+te63LWuOuyKgMJ3AK5+DBFTTgFprQBgYIT/AML86j8+q8Oe/L1pJTzBzDLzgf352/lbw=</latexit><latexit sha1_base64="/lfHMSaP11k6JxFwKNHtLf5impA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF70lYB6QLGF2tjcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNFrQUFR1090VpIJr47qfTmltfWNzq7xd2dnd2z+oHh51dJIphm2WiET1AqpRcIltw43AXqqQxoHAbjC5mfvdB1SaJ/LeTFP0YzqSPOKMGiu1esNqza27C5C/xCtIDQo0h9WvQZiwLEZpmKBa9z03NX5OleFM4KwyyDSmlE3oCPuWShqj9vPFoTNyZpWQRImyJQ1ZqD8nchprPY0D2xlTM9ar3lz819P2lDGGK+tNdO3nXKaZQcmW26NMEJOQeRQk5AqZEVNLKFPcPkDYmCrKjA2sYpPxVnP4SzoXdc+te63LWuOuyKgMJ3AK5+DBFTTgFprQBgYIT/AML86j8+q8Oe/L1pJTzBzDLzgf352/lbw=</latexit>

<latexit sha1_base64="7xvtYSRh9wlUIj7jTK2NMxnwCPM=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiB4GmaSkOUW8aK3CGaBZAg9nU7SpGexuyYYhnyHFw+KePVjvPk39iQjqOiDgsd7VVTVc0PBFVjWh5FZW9/Y3Mpu53Z29/YP8odHbRVEkrIWDUQguy5RTHCftYCDYN1QMuK5gnXc6WXid2ZMKh74tzAPmeORsc9HnBLQknMx6AO7B0Vj5S0G+YJl1iv1SsnClmktkZByqVYtYjtVCihFc5B/7w8DGnnMByqIUj3bCsGJiQROBVvk+pFiIaFTMmY9TX3iMeXEy6MX+EwrQzwKpC4f8FL9PhETT6m55+pOj8BE/fYS8S+vF8Go5sTcDyNgPl0tGkUCQ4CTBPCQS0ZBzDUhVHJ9K6YTIgkFnVNOh/D1Kf6ftIumXTGtm3KhcZ3GkUUn6BSdIxtVUQNdoSZqIYru0AN6Qs/GzHg0XozXVWvGSGeO0Q8Yb5+dhJKw</latexit>

Asm

<latexit sha1_base64="7xvtYSRh9wlUIj7jTK2NMxnwCPM=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiB4GmaSkOUW8aK3CGaBZAg9nU7SpGexuyYYhnyHFw+KePVjvPk39iQjqOiDgsd7VVTVc0PBFVjWh5FZW9/Y3Mpu53Z29/YP8odHbRVEkrIWDUQguy5RTHCftYCDYN1QMuK5gnXc6WXid2ZMKh74tzAPmeORsc9HnBLQknMx6AO7B0Vj5S0G+YJl1iv1SsnClmktkZByqVYtYjtVCihFc5B/7w8DGnnMByqIUj3bCsGJiQROBVvk+pFiIaFTMmY9TX3iMeXEy6MX+EwrQzwKpC4f8FL9PhETT6m55+pOj8BE/fYS8S+vF8Go5sTcDyNgPl0tGkUCQ4CTBPCQS0ZBzDUhVHJ9K6YTIgkFnVNOh/D1Kf6ftIumXTGtm3KhcZ3GkUUn6BSdIxtVUQNdoSZqIYru0AN6Qs/GzHg0XozXVWvGSGeO0Q8Yb5+dhJKw</latexit>

Asm

<latexit sha1_base64="9mcGJz/UwM7Y+9QF2y5SmCI0+Ls=">AAAB9XicdVDJSgNBEO1xjXGLevTSGERPw2Qhyy3iRW8RzALJGHo6PUmTnoXuGjUM+Q8vHhTx6r9482/sSUZQ0QcFj/eqqKrnhIIrsKwPY2l5ZXVtPbOR3dza3tnN7e23VRBJylo0EIHsOkQxwX3WAg6CdUPJiOcI1nEm54nfuWVS8cC/hmnIbI+MfO5ySkBLN2eDPrB7UDRW3uxkkMtbZr1Sr5QsbJnWHAkpl2rVIi6kSh6laA5y7/1hQCOP+UAFUapXsEKwYyKBU8Fm2X6kWEjohIxYT1OfeEzZ8fzqGT7WyhC7gdTlA56r3ydi4ik19Rzd6REYq99eIv7l9SJwa3bM/TAC5tPFIjcSGAKcRICHXDIKYqoJoZLrWzEdE0ko6KCyOoSvT/H/pF00CxXTuirnG5dpHBl0iI7QKSqgKmqgC9RELUSRRA/oCT0bd8aj8WK8LlqXjHTmAP2A8fYJAxqS4Q==</latexit>

A�
sm

<latexit sha1_base64="bgzgA8Yt7jJjZ3eMBCYStp4qLEA=">AAAB+HicdVDJTgJBEO3BDXFh1KOXjsTgicwAYblhvOgNE1kSIKSn6YEOPUu6a4w44Uu8eNAYr36KN//GHsBEjb6kkpf3qlJVzwkFV2BZH0ZqbX1jcyu9ndnZ3dvPmgeHbRVEkrIWDUQguw5RTHCftYCDYN1QMuI5gnWc6UXid26ZVDzwb2AWsoFHxj53OSWgpaGZPR/2gd2BorHy5vn80MxZhXqlXilZ2CpYCySkXKpVi9heKTm0QnNovvdHAY085gMVRKmebYUwiIkETgWbZ/qRYiGhUzJmPU194jE1iBeHz/GpVkbYDaQuH/BC/T4RE0+pmefoTo/ARP32EvEvrxeBWxvE3A8jYD5dLnIjgSHASQp4xCWjIGaaECq5vhXTCZGEgs4qo0P4+hT/T9rFgl0pWNflXONqFUcaHaMTdIZsVEUNdImaqIUoitADekLPxr3xaLwYr8vWlLGaOUI/YLx9AuB/k0M=</latexit>

A��
sm

Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 3: Inflaton (blue line) and radiation bath (orange line) energy densities as a function
of the scale factor for inflationary reheating. In the top-right part of the plot we zoom in at
early times and we show how the radiation bath energy density arises from inflaton decays.

around the B mass. Consistently with this physical argument, we observe how the three
lines in Figure 2 reach a constant values for x larger than a few. In what follows, we refer
to the temperature at which the FIMP production peaks around the B mass as TFI , or
equivalently xFI ⇠ O(1). The X comoving density freezes to the constant value

Y 1
X '

�B!AsmX MPl

m2
B

. (2.3)

A more rigorous calculation gives the expression in Eq. (B.15) of Appendix B. If we
impose the further constraint that the FIMP X makes all the DM we get

⌧B ⌘
1

�B!AsmX
' 3.3 ⇥ 103 m

⇣gB
2

⌘ ⇣ mX

1 GeV

⌘ ✓
1TeV
mB

◆2

. (2.4)

This relation connects the DM mass, the mass of the mother particle and its decay width.
Keeping in mind that we work within the natural unit system (~ = c = 1), this is the
typical decay length for B decays at colliders after they have been pair-produced. Unless
we consider a very light FIMP, the decay length is beyond the detector size (⇠ 10 m) for B

mass values relevant to collider physics. Displaced events seem somewhat unlikely within
any FIMP framework. In fact, we will argue now how their observation at colliders (i.e., B

decays inside the detector) could instead point to freeze-in during an early MD era.

2.2 A motivated alternative: early MD era during inflationary reheating

We provide in Appendix A the Boltzmann equations describing inflationary reheating. For
a specific choice of inflationary parameters, Figure 3 shows how the inflaton and radiation
energy densities depend on the scale factor a describing the expanding universe. Here, we
use the semi-analytical solution given in Appendix A to describe the underlying physics.

Initially, there is no radiation bath and the inflaton dominates the energy budget with a
costant density E4

I
. At some point, which we take corresponding to a value of the scale fac-

tor ain, inflation ends and the inflaton begins damped oscillations around its minimum. The
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Figure 1: Basic setup of this work: a FIMP X couples to the thermal bath via a cubic
interaction with a SM particle Asm and a new BSM particle B. This sources X production
via B decays (left panel) and binary collisions (one example in the right panel).

This setup opens up a promising way to probe FIMPs: B particles can be pair-produced
at colliders via SM gauge interactions, and they can subsequently decay to FIMPs [16–23].
If the B decay length is too short, less than approximately 100 µm, the signal would be
indistinguishable from conventional DM searches targeting missing energy. On the contrary,
if it is larger than the detector size (' 10 m) we would observe a charged track associated to
the B particle crossing the full detector; although this would be a spectacular manifestation
of BSM physics, it has no manifest connection with the invisible universe.

The main focus of our study are signatures that we get when the decay length lies in
between these two extremes. In such a range, we can observe charged particles decaying to
SM and missing energy displaced from the primary interaction vertex.

What typical B decay lengths should we expect? If we neglect the mass of Asm, which
is irrelevant to the phenomenology we study, the system in Figure 1 is described by three
independent parameters: the masses of B and X and the decay length (or equivalently the
lifetime) of B. For a given mass spectrum, the relic density constraint sets the B decay
length. Unfortunately, the typical decay length is way too large to give rise to displaced
events within the detector for B masses such that we can produce them at colliders [9].

This well known observation motivates a consideration. Let us assume that we observe
displaced events and that we measure the B mass and decay length. In a quite optimistic
scenario, let us even suppose that the decay happens via a 3-body interaction such as in
Figure 1 and that we reconstruct the DM mass as well [24]. As we show in Section 2, this
would point to a cosmological disaster: the relic density of X should be much larger than
the observed DM abundance. Is there any way out? The answer is yes, and the reason is
the caveat mentioned above: the relic density calculation assumes a standard cosmological
history with freeze-in production during a radiation dominated (RD) era. However, the
earliest time we can probe indirectly is the one of Big Bang Nucleosynthesis (BBN) when
the temperature was TBBN ' MeV and the age of the universe was approximately one
second. While it is reasonable to extrapolate the standard expansion history to earlier
times and higher temperatures, this is an assumption not supported by any observation:
we do not know what our universe looked like when it was younger than one second, see e.g.
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Figure 11: Projected sensitivities in terms of the kinetic-mixing parameter ✏ as function of
dark-photon mass in (left planel) visible and (right panel) invisible signatures.

if the A
0 decays to dimuon. A counting technique is used, relying on current Belle II

results [200] and simulated background. Figure 13 shows the expected sensitivities for
the dark Higgsstrahlung search. Systematic uncertainties are assumed to be at the same
present level of 2% both for signal and background.The Belle II sensitivity for this

topology is unique and limited by sample size even at the highest projected

integrated luminosities. Dark Higgs particles more massive than dark photons will be
also searched for in six-fermion final states.

Figure 12: Sensitivity for dark Higgs boson h
0. (Left panel) upper limits on cross sections

as functions of mA0 and mh0 with 50 ab�1 data. (Right panel) upper limit on "
2
↵D for

mh0 = 1 GeV as a function of mA0 .

10.3 Z’ in an Lµ � L⌧ model

A particularly economic SM extension that could explain the muon g�2 anomaly [201,202]
implies an anomaly-free addition of a new U(1)Lµ�L⌧ gauge symmetry [203], where Lµ
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Figure 10: Expected Belle II sensitivity for ALPs with a three photon signature (blue,
dashed) taken from [197]. Sensitivity is expressed in terms of the coupling constant as
a function of axion-like mass. Previous constraints from Belle II, electron beam-dump
experiments, e

+
e

�
! �+ invisible, proton beam-dump experiments, e

+
e

�
! ��, a

photon-beam experiment, and heavy-ion collisions are taken from [196] and references
therein.

is expected to become available in the barrel region of the calorimeter. We extrapolate
invisible dark-photon sensitivities using Ref. [198] as a baseline and assuming statistical
scaling with the luminosity. Projected sensitivities are not shown below 2 GeV, since that
region is a↵ected by a cosmic ray background whose characterization is yet to be completed.
We also assume that a single photon trigger with comparable performance as the 2021
trigger will operate through the full data taking despite higher backgrounds. The photon
energy threshold currently applied 0.5 GeV corresponding to recoil mass of 10.1 GeV on
⌥(4S) will be increased to 2.0 GeV (8.3 GeV recoil mass) for higher luminosity to avoid
exceeding the level 1 trigger limit of 30 kHz. For visible dark photons, Belle II will improve
sensitivity on the kinetic mixing " by a factor of three over current best results. One order
of magnitude better sensitivity at GeV masses will be achieved on the invisible signature,
thus constraining regions of the parameter space for dark-sector models consistent with
the observed relics density. Sensitivity at lower masses will depend crucially on capabilities
to impose stringent vetoes on cosmic rays, to use the muon and K

0
L detectorfor vetoing,

and to maintain trigger e�ciency high under future beam-background conditions.

10.2.2 Extended dark photon models

An hypothetical A0 may acquire mass through a spontaneous symmetry breaking of dark
Higgs potential that introduces a physical dark Higgs boson h

0. The mass of the dark
Higgs can be either larger or smaller than the dark photon mass. Low-mass dark Higgs
can be produced at SuperKEKB via the dark Higgsstrahlung process e+

e
�

! �
⇤

! A
0⇤

!

A
0
h

0 [199], with cross section proportional to "
2
↵D, where ↵D is the coupling constant

of the dark gauge sector. If the dark Higgs is less massive than the dark photon and
any other dark-sector particle, the dark Higgs is stable and invisible in the range of the
detector. Belle II searches for dark Higgs h0 with the signature e

+
e

�
! µ

+
µ

� + nothing

34

8.7. SUMMARY AND CONCLUSIONS 137

Fig. 8.18: Exclusion limits for ALPs coupled to photons. All curves correspond to 90% CL
exclusion limits, except for LHeC/FCC-eh (95% CL exclusion limits), FCC-ee (observation of
four signal events) and FCC-hh (observation of 100 signal events). See text for details.

compatible with leptogenesis [523] almost down to the see-saw limit. The sensitivity to Heavy
Neutral Leptons coupled predominantly to the second and third generation is shown in Figs. 9.6
and 5.13, respectively.

8.7 Summary and conclusions
In recent years, the scene of BSM research has been evolving rapidly, thanks to a wealth of new
experimental data in particle and astroparticle physics. On the theoretical front, less emphasis
has been given to unified frameworks able to deal simultaneously with many key questions in
particle physics, and more attention has been given to models that address individual shortcom-
ings of the SM or simply single unexplained facts. This has created a more fragmented land-
scape of research activity, where there is no single dominating trend, but multiple approaches
pursuing different directions. The need to look for new theoretical paradigms is making today’s
research in particle physics very exciting, rich with opportunities for alternative and revolu-
tionary ideas. In this situation, more than ever, an intense and diversified programme of new
experimental projects is needed to unravel the many mysteries left unresolved by the SM and to
provide clues for progress in theoretical speculations.

The current report reflects broadly the present state of the field. Instead of giving a com-
prehensive account of all BSM model variations and their phenomenological signatures, the
analysis has focused on a representative set of cases that allow for an informative comparison
of the reach of future experimental projects. At the beginning of the ESPP physics activities,
four fundamental questions that would serve as a leitmotif for the BSM studies were identified
and presented to the physics community at the Open Symposium in Granada. This chapter is
concluded with a presentation, in the form of a summary, of those questions and the answers

e+e− → γ + γγprompt(ish) visible final states

ℒ ℒ
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FIG. 4: The current bounds on Higgs exotic decay h ! ss and the projections at the HL-LHC,

assuming the s decays to SM particles are mediated by the mixing, and the corresponding

branching ratios are taken from Ref. [17]. The upper and lower horizontal dotted lines are the

expected upper limit for Higgs exotic decay branching ratio at the HL-LHC (4% [39]) and

statistical limit of 106 Higgs at future lepton colliders, respectively. The brown and light blue

shadowed regions are the strong first-order EWPT regions from Refs. [6, 7], see text for details.

Projections of the reach of future lepton colliders are shown in dashed lines.

cccc channels can be found in Ref. [16], which we do not show here. A ILC-based simulation (250

GeV, 0.9 ab�1) for the bbbb channel is done by Ref. [37] and find similar projections. There are

room for further improvement, e.g., usings Machine Learning to deal with complex signals and

backgrounds for Higgs exotic decays [38].

The strongly first-order EWPT parameter space for the spontaneous Z2 breaking model [7] and

general singlet scalar extension of the SM with mixing angle sin ✓ = 0.01 [6] are indicated by the

brown and light blue shaded regions in the Br(h ! ss)-ms plane in Fig. 4, respectively. Combining

with the current bounds at the LHC, we see that the exotic Higgs decay searches have already

probed a visible fraction of the EWPT parameter space, especially for the low mass region ms . 10

GeV. For the high mass region ms > 10 GeV, the direct constraints from the bb-relevant channels

are slightly weaker than the indirect bound (16% [40]) from the exotic Higgs decay. At the HL-LHC,

the Br(h ! ss) reach in both the low and high mass regions are significantly improved, while the

expected reach from direct searches at high masses is still comparable with the expected indirect

bounds (4% [39]). Future Higgs factories can greatly improve the coverage of EWPT parameter

space, as shown in the dashed lines in the right panel of Fig. 4. Combining the ⌧⌧⌧⌧ and bbbb
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αβγ-model Eq.(1), the cost of 100 km long accelerator facility with some 400MW of site power and based 

on today’s SC magnets can be estimated as TPC=2×(100/10)1/2+2×(100 TeV/1TeV)1/2+2×(400/100)1/2 

=30.3B$±9B$. As the biggest share of the TPC is for the magnets, the primary goal of the long-term R&D 

program should be development of ~16T SC dipole magnets which will be significantly (by a factor 3-5) 

more cost effective per TeV (or Tesla-meter) then those of, say, LHC – see Fig.2.   

 

While talking about frontier colliders, one should take into account the availability of experts. A simple 

“rule of thumb” (also know as “Oide-principle” [19]) based on statistics of construction projects in Japan 

and Europe and widely accepted in the accelerator community states that “one accelerator expert can spend 

intelligently 1 M$ in one year”. One can estimate that the world-wide community of accelerator physicists 

and experienced engineers does not exceed 1500 people and the total accelerator personnel (all scientists, 

engineers, technicians, drafters, etc) is about 4,000-4,500. Therefore, any plans for a really big facility at 

the scale of few B$ to 10B$ should take into account that significant time will be needed to get the required 

number of the people together. Another comment deals with the fact that due to extremely cpmplex nature 

of the fronrtier accelerators it takes time to get to design luminosity - often as long as 3-7 years [20] – and 

that should also be taken into account in any realistic plans.  

 
Fig.3: “Luminosity vs Energy” paradigm shift (see text) 

 
Finally, one can try to assess options for  “far future” post-FCC energy frontier collider facility with 

c.o.m. energies (20-100 times the LHC (300-1000 TeV). We surely know that for the same reason the 

circular e+e- collider energies do not extend beyond the Higgs factory range (~0.25 TeV), there will be no 

circular proton-proton colliders beyond 100 TeV because of unacceptable synchrotron radiation power – 

they will have to be linear. It is also appreciated that even in the linear accelerators electrons and positrons 

become impractical above about 3 TeV due to beam-strahlung (radiation due to interaction at the IPs) and 

about 10 TeV due to radiation in the focusing channel (<10 TeV). That leaves only μ+μ- or pp for the “far 
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Luminosity per Power
Circular ee ERL based ee Linear ee Muon coll Wakefield Hadron pp

ITF Report – T.Roser, et al, arXiv:2208.06030

Once again: luminosity and power consumption values have not been 
reviewed by ITF - we used proponents’ numbers.
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Conclusions
• lots of motivations for BSM out there! 

• Dark Matter suggests a whole dark sector may exist 

• other issues may find a solution in scenario featuring a somewhat 

secluded sector suggestive of small couplings (for baryogenesis, 

Higgs and weak scale, neutrino and flavor patterns … ) 

• luminosity is a key parameter to gain sensitivity to these scenarios at 

 machines

⇒

e+e−



Thank you!


