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ABSTRACT: We study the Singlet-Doublet dark matter model in the regime of feeble cou-
plings, where the dark matter abundance is obtained via the freeze-in mechanism. As a
consequence of the small couplings, the heavier particles in the model are long-lived with
decay length at typical scales of collider experiments. We analyse the collider signatures of
the model, characterised by displaced h and Z bosons plus missing momentum, employing
current LHC searches for displaced vertices and missing energy to significantly constrain
the parameter space of the model. We also take into account the cosmological bounds
relevant for our light dark matter candidate arising from Lyman-« forest constraints. Our
analysis emphasises the interplay between displaced signatures at the LHC and cosmol-
ogy for dark matter candidates whose relic abundance is obtained through the freeze-in

mechanism.
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1 Introduction

Compelling observational evidence supports the existence of dark matter (DM), the most
abundant form of matter in the Universe [1]. Yet, at present, the nature of the dark sec-
tor, possibly including dark matter particle(s) and new mediators driving the interactions
between dark matter and the Standard Model (SM), is still unknown. In the last decades
most of the attention has been devoted to the weakly interacting massive particle (WIMP)
paradigm, in which dark matter is a new type of elementary particle with weak-type in-
teractions with the SM. In WIMP models the abundance of the dark matter is obtained
through the freeze-out mechanism. The weak couplings involved typically imply a viable
— i.e. giving rise to the observed relic abundance — dark matter particle with mass of the
order of the electroweak (EW) scale. This remarkable coincidence — the so-called WIMP
miracle — has motivated a large effort in the study of WIMP dark matter scenarios both



in top-down approaches, triggered by supersymmetry, and bottom-up approaches focusing
on effective theories and simplified models. In the latter framework, an important effort
has been deployed in the last years to characterise dark matter simplified model parameter
space, to search for the dark matter particle and the associated mediators at colliders, and
to explore the complementarity between the LHC, the direct and indirect detection experi-
ments, see e.g. [2-4]. The recurrent null results in the search for WIMPs (both at the LHC
and in direct/indirect detection experiments) provide good motivations though to take a
step back and to investigate alternative dark matter paradigms and to study thoroughly
their phenomenology.

Here we focus on the so-called freeze-in mechanism for producing a feebly coupled
dark matter candidate, i.e. particles that were not in thermal equilibrium with the SM
in the early universe, see e.g. [5-7]. Because of the very small coupling involved, these
models can give rise to displaced signatures at the LHC in terms of long-lived mediators
decaying into dark matter plus SM fields, as it has already been underlined in a number
of works [5, 8-11]. Long-lived particles and displaced signatures at colliders in relation to
dark matter simplified models have been discussed also in [12-18]. The requirement of a
viable frozen-in dark matter scenario giving rise to displacement at colliders of detector
size points directly towards light dark matter candidates, with a mass of the order of the
keV [5]. This is typically the mass scale currently tested by cosmology and astrophysics
probes in the framework of warm dark matter scenarios, see e.g. [19-21], that lead to the
suppression of the small scale structure formation and, by the same token, can help to
alleviate the small scale crisis [22-27] in the ACDM (the Standard Cosmological scenario)
see e.g. the discussion in [28-35]. On the other hand, due to the feeble coupling involved,
direct and indirect detection dark matter searches are challenging, see however e.g. [36-39].

In this paper we will study how the combination of collider and cosmological constraints
can probe a significant portion of the parameter space of frozen-in dark matter models.
First, note that the long-lived mediators typically possess sizeable couplings with the SM
particles that keep them in thermal equilibrium with the SM bath, and thus they can
copiously be produced at the LHC. Second, the reach of displaced vertex signatures at the
LHC can actually extend beyond the regime where the mean decay length of the heavy
mediator, c7, is within the tracking detector with typical radius ~ 1 m. This is because of
the background-free nature of displaced signatures and because of the exponential decay
distribution.! In general, the study of displaced signatures with missing energy at the LHC
is thus a powerful probe of frozen-in dark matter in the small mass regime (keV to a few
MeV), complementing the existing constraints from astro-physics and cosmology on light
free-streeming DM candidates.

For concreteness, we focus here on the Singlet-Doublet dark matter model [41-52]. In
the Singlet-Doublet model, the SM is augmented with a pair of electroweak doublet Weyl
fermions and one Majorana singlet, interacting with the SM Higgs via Yukawa couplings.
The dark sector contains thus a charged fermion and three neutral fermions, whose lightest

The latter is indeed such that a substantial fraction of the mediators produced at LHC would decay
within the detector even for ¢r > 1 m, see e.g. [40].



state constitutes a stable dark matter candidate. Within the freeze-in regime of such model,
the Yukawa couplings are feeble and thus the dark matter particle is mostly singlet while
the role of the long-lived mediators is played by the components of the electroweak doublets.
Two of them are neutral and hence a smoking-gun signature of this scenario at the LHC
consists of displaced Higgs bosons or Z-bosons plus missing momentum. We analyse the
LHC sensitivity on such interesting final states by recasting an existing ATLAS search
for displaced vertices and missing energy [53]. Making use of the large statistics already
collected, we show that the proper decay length that can be (will be) tested is actually
significantly larger than the detector size, reaching more than 10 (100) meters. In the
corresponding parts of the parameter space with the correct dark matter abundance, this
currently constrains the dark matter mass to be as large as 500 keV and could reach a few
MeV with 300 fb~!, hence well beyond the warm dark matter regime.

The rest of the paper is organised as follows. In section 2, we discuss the model in the
feeble-coupling regime and analyse the decay modes of the dark sector particles. Section 3
is devoted to the calculation of the abundance of dark matter produced through the freeze-
in mechanism. We then study the constraints on light dark matter from cosmology in
section 4. In section 5, we analyse in detail the main collider signatures — disappearing
charged tracks, as well as displaced Higgs or Z plus missing transverse momentum ()
— of our scenario and we present the recasting of the ATLAS search [53]. In section 6, we
combine the results of the previous sections and show the interplay between collider and
cosmological signatures in probing our model of freeze-in dark matter. We summarise and
conclude in section 7, while we present some technical details in the appendices.

2 The feebly-coupled Singlet-Doublet DM model

We perform our analysis within the Singlet-Doublet dark matter model [41], which consists
in adding to the SM a pair of Weyl doublet fermions, ¢, and ¢4, with opposite hypercharges
and one fermionic singlet, ,:

+ 0
(%)2,% = (Zig) ) (7/161)27_% = <zi> ) (1/15)1,0 . (2'1)

The subscripts indicate the SU(2)z x U(1)y quantum numbers and these new fields are
assumed to be odd under an unbroken Z symmetry, under which the SM fields are even,
so as to guarantee the stability of dark matter.

The mass terms and Yukawa interactions of the model read

1
-LD 1% wd'wu"i‘yd wd'st"i‘yu HT¢u¢s+§ms Ysths + h.c., (2'2)

where H is the Higgs doublet (with hypercharge 1/2) and - indicates a contraction of the
SU(2), indices through the antisymmetric tensor eg,, see appendix A for more details.
For later convenience, we also define the following alternative parameterisation of the two
Yukawa couplings:

Yy = ysinh, yq = ycosh. (2.3)



As is apparent from the field content, the model is a generalisation of the “Bino-Higgsino”
system of supersymmetric models with free couplings y,, and yg4 (whereas supersymmetry
would relate them to the SM gauge couplings).

2.1 The spectrum

Upon EW-symmetry breaking, the Lagrangian in eq. (2.2) leads to mixing among the
neutral components (¢s, 1/12, Y0) of the Z3-odd fermions. The resulting mass matrix reads

M= | , (2.4)

Yuv

V2
where v ~ 246 GeV is the vev of the Higgs field. The above matrix is diagonalised by a

Ydv Yul
Ms 3 2
0 pn
w0

rotation matrix U, UMUT = M. The mass eigenstates are then given by

(XlaX?aX?))T =U (¢s,wgaX2)T . (25)

We employ the convention |my, | < |my,| < |my,|, thus our dark matter candidate is x;.

The model has already been extensively investigated within the framework of the
freeze-out mechanism of dark matter production [41-52]. The latter requires the cou-
plings v, and y4 to be of the order of 1072 — 1 for the Yukawa interactions to drive the
relic abundance to the observed one. In that case the model is constrained by direct and
indirect detection experiments and also features interesting collider signatures, typically re-
sembling the Bino-Higgsino system of supersymmetric models (but with arbitrary Yukawa
couplings). In contrast, in this work, we focus on the freeze-in mechanism of dark matter
production associated to very feeble Singlet-Doublet interactions. As it will become clear
from the discussion in section 3, the typical Yukawa couplings of interest for our analysis
range from 107 to 1076 and a large mass difference between the singlet and the doublet
mass-scales will have to be considered: |mg| < |u|. As a result, the model features sup-
pressed mixing between the singlet and doublet and the singlet fermion ), ~ ¥ is the
lightest of the neutral fermions.

In the limit

lyuls [yal < 1, Ims| < |ul, (2.6)

we can expand the mass eigenvalues at the first order in yi g and get?

v? (yu*yd)Q . f(yu+yd)2
4 p+mg 4 p—ms

; (2.7)

Myy = — v? (Yu — yd)2
X2 4 ,LL + ms
v* (yu + ya)?
mXS - + 4 :_ M

From these expressions, we see that, in the feebly-coupled regime, there is one neutral
state of mass approximately mg (corresponding to xi1 ~ 1s), two neutral fermions x23

2 An approximate expression of the corresponding rotation matrix U is given in appendix A.
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Figure 1. Mass spectrum of the Singlet-Doublet model considered here and possible decay modes.

with mass approximately p (equal mixture of ¥ and 1/)2), and one charged fermion with
mass my, = i, that we denote with Pt
The set of states with tree-level mass p is further split by quantum corrections at one
loop, which increases the mass of the charged state. Using the results of [54], one finds
that the splitting between the charged and the neutral states is
H mgz

a2 .
AM = |my| — |my, 4| = I sin? Oy f (M) , (2.8)

flz) = g <2x3 logz — 2z + V22 — 4(2% + 2) log B(ﬁ . m/ﬂ)]) ,

where ay = g?/(47) (with g being the SU(2), gauge coupling) and 6y is the weak mixing
angle. Considering |u| > 100 GeV, AM spans the following range

250 MeV < AM < 350 MeV . (2.9)

A sketch of the spectrum of the model and the possible decay modes, described in the next
section, is shown in figure 1.

2.2 Decay modes and decay lengths

In this subsection we study the decay modes of the fermion mass eigenstates in the feeble
coupling regime that control the phenomenology of the model. General expressions for the
decay widths through the model’s Yukawa interactions can be found in the appendix of
ref. [47], while here we specialise to the regime of (2.6) making use of the expression for
the mixing matrix reported in appendix A.

Throughout this work, we consider |u| > my as a doublet mass lower than about
90 GeV is excluded by searches for charged fermions performed at LEP (see [55], for a
recent reassessment). In this regime, the heavy charged states ¥ can decay directly into
the lightest mass eigenstate, 1+ — W4, via the suppressed Singlet-Doublet mixing,
or to the heavier neutral states (~ neutral components of the doublet) and a soft pion,
Pt — 7T:tX273, via gauge interactions. The latter decay mode occurs via an off-shell W
and, for the range of charged-neutral state mass splitting reported in eq. (2.9), it dominates
over possible leptonic modes involving ¢*v instead of 7. Half of the decays into pions
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Figure 2. Left: branching ratios of the decay of the charged fermion into x2,3 plus a pion. Right:
decay length (in cm) of the charged fermion; the shaded region is excluded by the ATLAS search
for disappearing tracks [57, 58]. The mass of the lightest neutral fermion is fixed to m,, = 10 keV.

plus neutral states go to 7% ys and the other half to 7% 3, with the partial decay widths
given by [56]:

G2 My \2
Pl* = 7 x20] = 5 cos? 0 f2AM% 1 - (AM) , (2.10)

where f; ~ 130MeV, G is the Fermi constant and 6. the Cabibbo angle. As mentioned
above, this decay mode competes with the decay into the lightest fermion eigenstate W*x
induced by the small Singlet-Doublet mixing. At leading order in the Yukawa couplings,
taking tanf =1 (i.e. y, = yqg = %), the decay width reads (for u = 0):

ayv
T[y* — Wy = 3252 \//\mw, m2,,my,) X

((mw +my, ) + 2mW) ((mw Fmy,)? — m%/V)

T e — )2

, (2.11)

where
AMa,b,c) = a* + b* + ¢ — 2ab — 2ac — 2be,

« is the electromagnetic constant, and sy = sin fyy. It can be shown that T[T — Why]
has a negligible dependence on tan# in the limit (2.6), and hence the formula (2.11) will
suffice to our purposes.

Making use of egs. (2.10) and (2.11), we show in figure 2 the branching ratios for the
decay process 9 — m¥xa3 (left panel) and the contours for fixed values of the charged
fermion decay length cry (right panel) on the (my, y) plane in the custodial symmetry
limit y, = yq for m,, = 10keV. We can see that for y < 1078 the decay mode into TI':I:X273
is the dominant one. Moreover, comparing the two panels of figure 2, we can see that, when
Y+ decays preferably into pions plus heavy neutral state, the decay length is about 1cm



that is approximately the minimal length, to which LHC searches for disappearing charged
tracks have sensitivity. For illustrative purposes, we thus also show, in the right panel of
figure 2, a purple region excluded by a recent ATLAS analysis [57, 58]. We will address
the collider constraints in more details in section 5. Let us mention that the overall picture
depends neither on m,, nor on tan# in the limit (2.6) that we are interested in here.

The two neutral states x2 and x3 can decay either into Zx; or into hy; through the
Yukawa interactions. At leading order in y, and y4, the decay widths read (for u = 0):

yu +yd m2
F[Xg — le] - 64 T a2 2 CW \/)\ X2’ Xl’ Z) X
v’ ((mxz + m)m) + sz) ((mxz + mX1)2 - mQZ) (2.12)
m3 mZ(,u ms)? 7
Tlxs — Zx1] = 64 L\~ Yd) CW \/)\ m2,,m2 m) x
v’ ((mxa + m)m) + 2mZ) ((mxa + mx1)2 - mZZ) (2.13)
T s+ )2 ’
T h o (yu - yd)2 (mX2 + Tn‘Xl)2 B mh A 2 2 2 2.14
[XQ — Xl] - 647 m3 (mx27mxlvmh)a ( . )
X2
(Yu + Ya)? (Myy £ my,)? — i,
[xs = hxi] = u647r L m?,fl b \/)\(mig,mil,mi), (2.15)
X3

after having redefined the fermionic fields in order for m,, to be positive. Notice that, in
practice, in the regime of (2.6), the above decay widths are not affected by the sign of u.
The typical decay lengths of x2 (solid line) and y3 (dashed line) are shown as a function
of their mass in figure 3 for two values of tanf and ms = 10keV. As can be seen, for a
y coupling of the order 10~7, the decay length is around 1cm, while it exceeds 10 m for
y ~ 1079, In addition, the decay lengths of y2 and Y3 appear to be essentially equal for
My, , %, 300 GeV or for tan > 1. Let us also emphasize that, in the limit of eq. (2.6), the
decays x3 — X2 are not allowed due to the tiny mass splittings, as it can be verified by
inspecting the expressions in eq. (2.7).

3 Dark matter abundance from Freeze-in

In the feeble Yukawa coupling regime that we are considering, the dark matter candidate
X1 ~ ¥s has strongly suppressed interactions with the SM particles. Hence it is not in ther-
mal equilibrium with the SM bath at the time of production. In contrast, the components
of the electroweak doublet are in thermal equilibrium because of their unsuppressed gauge
interactions. Assuming zero initial abundance of x1, the dominant production mechanism
for the dark matter particle is through the decay of the heavy mediators (* and X2,3)
along the cosmological evolution.®> This production “freezes-in” when the abundance of

3In our model, the scattering processes with x1 in the final state give definitely subdominant contri-
butions with respect to mediators’ decays, such as in e.g. [5]. Moreover, decays of SM particles into DM,
such as Z — x1x1 and h — x1X1, also give negligible contributions, because doubly suppressed by the tiny
Singlet-Doublet mixing.
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Figure 3.  Decay length of the two heavy neutral fermions, x2 (solid lines) and xs (dashed
lines) for two different choices of tan 8 = y,,/y4. The mass of the lightest neutral fermion is set to
My, = 10keV.

the heavy mediators is Boltzmann suppressed, that is approximately when the tempera-
ture drops below their mass. This is the framework in which we carry out our analysis;
see e.g. [5-9, 11, 59, 60] for some previous examples. The DM comoving number density
induced through the decay of A — B xpwm simply reduces to [5]

_ 135g4  Mpl'a (3.1)
(1.66)813¢>/2 m% '

XDM

where g4 counts the spin degrees of freedom of the mother particle A, g, is the number
of degrees of freedom at the freeze-in temperature T' ~ m4, and Mp; = 1.22 x 10" GeV
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 [61].

Let us notice that the freeze-in mechanism considered here — taking place through the
decay of a mediator that is in thermal equilibrium with the Standard Model sector in the
early universe — shares some similarities with the so-called super WIMP mechanism [62]. In
the latter case, the late decay of the WIMP mother particle — occurring considerably after
its freeze-out — give rise to the dark matter abundance. The main difference between the
two mechanisms is the life-time of the mother particle in thermal contact with the Standard
Model. In the superWIMP case, the life-time is typically much longer (7 ~ 10° — 10%s)
and the scenario is subject to constraints from big bang nucleosynthesis [62, 63].



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 X2,3, giving
rise to the DM yield:

270Mp| I'[x3 = Bxi] Plxo = Bxa] | T — Wty
Yx1:ﬁ Z — oz Z m2 + 9 m? ’
(1.66)8m3 g% B—Z.h X3 B=2Z,h X2 ¥
(3.2)

where gy, = 2 takes into account the number of degrees of freedom of the charged fermion.
Notice that the contributions of the heavy neutral fermions x2 3 directly depend on the
total decay widths of x2 3, which we will denote I'y, ; in the following, as the decays into
x1 are the only available decay modes. On the other hand, for the charged fermion, only
the partial decay width into the Wy final state appears since the * decays into X2,3 are
already accounted for by the two first contributions associated to the thermal equilibrium
abundances of x23. We can now compute the DM relic density in terms of Y, :

80h2
7YX17 (33)

Q. h2=m
X1 X1 Pc

where the present entropy density and critical density are respectively so = 2.8912x10% m~3

and p. = 10.537 h? GeV/m3. Considering that, in our scenario, we have My = My > [,
we obtain as a result

1 3/2 1T 2 y Ty
Q. n? =01 (% (o) v i 94l (3.4)
Jx 10keV w 5 x 10715 GeV

where g4, is the number of degrees of freedom of the mother particle A;, I';; denotes the

decay width I'[4; — Bjxi], with A; = X8,3 or ¢* decaying into y1 plus a SM boson,
Bj=Z,hor 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. [61] 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
in FeynRules [64]) in the Maxwell-Boltzmann limit.* Beyond this simplifying assumption,
the full numerical treatment of the evolution equations gives rise to a moderate positive
correction to Qth2 with respect to our analytical result (about 25%). In this paper, we
choose to discuss the results of our analysis with the Maxwell-Boltzmann approximation,
thus neglecting the above small correction, in order to have a fully analytical understanding
of the parameter space of the model yielding the observed DM abundance.

“See ref. [61] for a discussion on the relevance of the statistics in different dark matter scenarios.



The result of eq. (3.4) is rather generic for the freeze-in scenarios, independently of
the underlying dark matter model, and indicates the typical order of magnitude of the
physical quantities involved, that is the dark matter mass, the mediator(s) mass, and the
mediator(s) widths. Note that the decay length of a particle is related to the total decay

width through .

cTh = 107" Gev X 19cm. (3.5)

L4

Hence mother particles or equivalently mediators, A, with a total decay width allowing for
the dark matter density to be in agreement with the observed abundance Qh? ~ 0.12, are in
the right ballpark to give rise to macroscopically long displacements at colliders. In order for
the mediators to be produced at the LHC, their mass cannot typically exceed the TeV scale.
For such mass scale, a DM mass in the heavy range 1MeV < m,, < 1GeV corresponds
to mediators escaping the detectors, while for light dark matter, 1keV < m,, < 1MeV,
the signature will be characterised by displaced vertices visible inside the detectors. This
highlights the natural interplay among LHC long-lived or displaced signatures, the freeze-
in mechanism, and cosmological or astrophysical probes of light (~ keV) dark matter.
An important remark is that these considerations and correlations are strictly correct for
mediators that can decay into dark matter only, which is the case of x2 3 here. We study

this complementarity in further detail in sections 5 and 6.

3.2 The viable dark matter parameter space

We can now employ the decay widths that we computed in section 2.2 to derive the pre-
dicted value of the dark matter relic abundance on the parameter space of the Singlet-
Doublet model. Expanding the expressions of the decay widths in the limit of small m,,
one finds at leading order:

2 (m —p?)’ (2m} + )

Y
Z Clxi — Zxa] = 397 5 (3.6)
i=2,3
2 2 2\2
yo \my — p
> Tha — hxal = 3%( hﬂg ) (3.7)
i=2,3
2 2 2\ (9m2 + 2
FW):& N W:szl] — L(mW H ) ( My — [ ) ) (3.8)

327 7%

These expressions show that the combinations of the decay widths entering in the com-
putation of the relic abundance do not depend on tan @ at zeroth order in m,,. Plugging
these expressions into eq. (3.3), we find the following approximate expression

105\*% / y \2/ m 700 GeV
2 o X1
o 17 =011 ( G« ) (10—8) (10keV> < L > (39)

which accounts for the correct relic abundance up to a few percent level error when p 2

400 GeV. Eq. (3.9) shows how the dark matter relic abundance via freeze-in scales with the
different parameters of the model. The results of the dark matter calculations presented
in what follows always make use of the full expressions of egs. (3.2), (3.3) with g, = 105.

~10 -
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Figure 4. Left: contours of Qh? for m,, = ms; = 20keV. Right: contours of the values of y on
the (my, , ,m,y,) plane required to get the observed DM relic abundance.

In the left panel of figure 4, we show the dependence of the dark matter abundance
through the freeze-in mechanism on the parameters of the model for a fixed DM mass
my, = 20keV on the (m,,,, y) plane, or equivalently (u, y) plane. It appears that, for
my, ~ few tens of keV, the coupling should be y = O(107%) in order to reproduce the
observed dark matter density. In the right panel of figure 4 instead, we show on the (my, ,,
My, ) plane contours of the values of the coupling y that yield €,, h? = 0.12. We can see
that, for m,, in the [100 MeV, 1keV] mass range and a pu scale of relevance for colliders,
the required size of the Yukawa coupling is in the range

1008 <y <1070, (3.10)

The largest values of the coupling y ~ 108 allow for very light dark matter candidates
(few keV) to account for all the dark matter while heavier particles of hundreds of MeV
requires even more suppressed Yukawa interactions with y ~ 10719, This observation will
be relevant when comparing the reach of collider experiments to the one of cosmology
probes on the frozen-in Singlet-Doublet dark matter parameter space.

4 Cosmology probe of light dark matter

Dark matter candidates with non negligible velocity dispersion deep in the radiation domi-
nated era can leave a distinctive imprint in cosmology and astrophysics observations due to
their free-streaming that delays the structure growth. Overdensities are suppressed below
the comoving free-streaming horizon given by

1 v
)\fsz/o a<2[>_1da (4.1)

where a is the scale factor and H is the Hubble rate and (v) is the velocity dispersion of the
dark matter ((v) is given by the velocity of light for relativistic dark matter). For example,
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thermal warm dark matter (WDM), which was in thermal equilibrium and relativistic until
decoupling at temperature Tp, has a free-steaming length of A¢s ~ Mpc (keV/mx)Tp /T,
where T}, is the temperature of active neutrinos and my is the WDM mass.® Such a WDM
scenario has served as a benchmark for non-cold dark matter cosmology. In this work we
exploit the results of Lyman-« forest studies that have been used to set a lower bound on
the thermal WDM mass of

mwpmMm > 4.65keV [thermal WDM] (4.2)

at 95% confidence level (CL) [20]. Notice that the above constraint can e.g. relax to
mwpmMm > 3.2keV at 95% CL when the WDM makes only part (> 80%) of the total
DM content [65]. It has also been argued that considering a different thermal history in
the treatment of the Lyman-« forest data (especially the ones associated to high redshift
quasars), a few keV DM candidate could even provide a good fit to the data, see [19, 65, 66],
a possibility that is strongly challenged by X-ray constraints in the context of sterile neu-
trinos [65].

Thermal warm dark matter is not the only relic that would suppress small scale struc-
ture formation. Other DM candidates with non negligible velocity at the time of production
will give rise to similar effect. Among them, one finds (non-)resonantly produced ster-
ile neutrinos [78-82], sterile neutrinos from frozen-in scalars [83, 84|, mixed dark matter
scenarios [85] and — of interest for this paper — other frozen-in particles [5, 86-89]. The
different mechanisms of production involved can typically give rise to distribution functions
that can differ from the (thermal) Fermi-Dirac distribution. As a result, the imprint on the
linear matter power spectrum should a priori be recomputed making use of the relevant
Boltzmann codes. Dedicated hydrodynamical simulations should then be performed so as
to extract the non-linear evolution of a baryon+DM population and properly compute the
observables relevant to estimate the Lyman-a flux power spectra within a given DM sce-
nario and compare with data. All this procedure is however beyond the scope of this paper.

Here we use the constraints that have been derived in refs. [86, 88] on keV dark matter
produced through the freeze-in from the decay(s) of some thermalised mother particle A
into the DM and another daughter particle B. In ref. [88], the suppression of the linear
matter power spectrum in the freeze-in scenario has been computed and compared to the
one of thermal WDM with a mass of 4.65keV.” This provided a constraint on the mass of

5The thermal abundance of WDM is given by Qxh? ~ (TD/TV)3mX/94 eV where Tp/T, =
(9+(T)/g+(Tn))*? for entropy conservation with g.(T) the effective number of relativistic degrees of free-
dom and g.(T,) = 10.75. All together, an injection of large number of relativistic degrees (> 10%) of
freedom is needed, compared to the available ones in the SM g.(T > Tgw) = 106.75, so as to be able to
get a thermal WDM of a still allowed few keV WDM [19-21].

5Notice that collisional or Silk damping (in contrast with free streaming = collision-less damping) can
also give rise to a similar imprint in small scale structures. This would be typically the case of dark matter
interacting with relativistic species, see e.g. [67-77].

"In ref. [88], the transfer function of DM (associated to the ratio of cold DM and freeze-in DM linear
matter power spectra) produced through freeze-in from the decays of some thermalised mother particle
A — B+ DM always appear to have the very same spectral form as the one of thermal WDM. For other
references, estimating the range of viable non-cold dark matter candidates based on the derivation of the
linear matter power spectrum, see e.g. [71, 85, 87, 90-92].
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Figure 5. Bound on the DM mass from Lyman-«; the area below the curve is excluded.

the frozen-in dark matter particle that shows a dependence on the mass splitting between
A and B for compressed spectra. Within our framework, the resulting constraint on the
dark matter mass reads:

AT AT\ YT
Z’L] gAz J 1] ) . (43)

mpm > 12keV
Zij ga;Ti

where 77 = 1.9 (as obtained in ref. [88] from a numerical fit), and I';; is the decay width
I'(A; = Bjxi1), Aij = (mil — mQBj)/mii with A; = X8,3 and 1)* denoting the mediators
that decay into the dark matter fermion x; and another SM final state B; = Z, h or W,
The results of ref. [88] imply thus that, in general, frozen-in DM, resulting from the decay
of a thermalised mother particle with mpy > 12keV, evades the constraints from the
Lyman-« forest data derived in [20]. Lower DM masses can become allowed when A;; is
small, i.e. for small mass splittings between A; and B; (as pointed out in [86]). Our bound
is shown in figure 5 as a function of the doublet mass scale p. As we can see, the lower
bound on the DM mass becomes weaker than m,, > 12keV only for values of the doublet
mass p approaching the mass of the decay products B; = Z, h, W,

Notice that astrophysics and cosmology already provide other complementary probes
of dark matter scenarios suppressing structure formation on small scales. Among them
one finds CMB fluctuations, galaxy clustering, galaxy satellite number count, etc., see
e.g. refs. [35, 71, 73, 76, 77, 93-97]; and also e.g. refs. [76, 77, 98-100] for future probes.
Currently, most (combinations of) probes tend to exclude a few keV thermal warm dark
matter scenarios, on a par with the results of the Lyman-« forest analysis considered here.

5 Signatures at the LHC

In the feebly-coupled regime of the Singlet-Doublet dark matter model, the mediators ¥*
and xg3 are essentially the charged and neutral components of the extra SU(2); dou-
blets. As a result, they can be produced at the LHC through electroweak processes. These
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Figure 6. NLO production cross section of the states belonging to the fermion doublet pair at
the LHC with 1/s=13TeV as computed by Prospino2 [101]. The solid red line indicates the sum
over all possible production modes, while the dashed blue line shows the production cross section
of the neutral states y2x3 only.

production processes are induced by gauge couplings only and thus the cross sections are in-
dependent of the couplings ¥, and y4. They are actually equal to those of a pure Higgsino in
supersymmetry (SUSY) that can be computed using public tools such as Prospino2 [101].
Referring to the SUSY nomenclature, the relevant production modes include neutralino
pair production, chargino pair production, and associated production of neutralino and
chargino:

= xaxs+ X, =YY+ X, pp o xesvT + X (5.1)

Being substantially decoupled from the SM sector, the singlet dark matter x1 can only be
produced at the last step of the decay chain, with the possible decay modes as illustrated
in figure 1. We report in figure 6 the total production cross section (obtained by summing
over all mediator pair and associated production modes) with a continuous red line, and
the production cross section of a yox3 pair with a dashed blue line, as a function of the
doublet mass scale p. The cross sections were computed by means of Prospino2 for pp
collisions with /s =13 TeV at next-to-leading order (NLO).

In order to obtain the collider constraints, we first have to compute the typical decay
length of the heavy mediators in the viable dark matter parameter space, i.e. where 2, , h? =
0.12. In figure 7, we present the decay length of the mediators for the model parameters
accounting for the whole observed dark matter abundance. In the left panel, we show
contours for the decay length of the heavy neutral fermions, c7y, . On general grounds,
the results depend on tan € but, as already noticed in figure 3, the tan# dependence is
negligible as long as p 2 300GeV or tanf > 1. Also, as expected from the discussion
in section 3, the figure shows that decay lengths leading to displaced signatures within
the volume of LHC detectors correspond to the light dark matter regime, m,, < 1MeV.
On the right panel of figure 7, the dashed orange contours indicate the branching fraction
of the ¥* decay into pions and X2,3- We see that this decay mode is dominant except
in a small corner of the parameter space where m,, = O(1)keV and my = p is larger
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Figure 7. Left: decay length of the neutral fermions y2 (solid lines) and x3 (dashed lines). Right:
branching ratio (orange dashed lines) and decay length (green solid lines) of 9% — xo37%; the
shaded region is excluded by searches for disappearing tracks [57, 58]. The coupling y is set in both
plots by requiring Qh? = 0.12.

than about 1TeV. The 1% decay mode into W¥*y, driven by the Yukawa interactions
and contributing to the dark matter relic abundance, is typically subdominant, due to the
feeble couplings involved. As a consequence, the decay length of ¢* is always of the order
of 1 cm in the parameter region relevant for the freeze-in mechanism as shown by the green
solid lines in the right panel of figure 7.

We can now discuss the LHC signatures of our freeze-in Singlet-Doublet model.

¢ Disappearing tracks: independently of the final steps of the decay chain, the charged
fermions * decay with a small displacement (of the order 1cm at most, cf. figure 7)
leading to ‘disappearing’ charged tracks that can be searched for at the LHC. In fact, a
recent ATLAS analysis [57] (see also the similar search [102] from the CMS Collaboration),
reinterpreted in [58] in terms of pure Higgsino production (which is exactly our case),
excludes the regions shaded in purple in the right panels of figures 2 and 7. This search
constrains the mass of the charged fermions to be larger than about 150 GeV in the regime
in which ¢+ — 7T:tX2’3 dominates. For future prospects of searches for disappearing tracks
and possible strategies to increase their sensitivity, see [103, 104], where Higgsino masses up
to approximately 400 — 500 GeV are foreseen to be accessible at the future high-luminosity
run of the LHC (HL-LHC).

e Displaced h and/or Z + F;: most of the mediator production modes will eventually
produce a pair of heavy neutral fermions (x2x2, X2X3 Or X3X3), possibly with extra soft
objects that will go undetected. Indeed, as shown above, the relic abundance requirement
implies that the charged fermions decay dominantly into the heavy neutral ones, x23,
plus soft pions. Given the possible decay modes of x23, our key collider signature is
thus characterised by a final state with displaced ZZ, hh or Zh, plus missing momentum,
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Figure 8. Schematic representation of one of the processes leading to displaced Z or h bosons
plus missing energy at the LHC. The red lines denote long-lived particles. Similar final states arise
from xs2 or xs3 pair production. Note that we do not specify the production mechanism of the
pair of neutral heavy fermions since it could be produced directly through electroweak processes or
through the decay of the charged fermion.

as illustrated in figure 8. By summing all the possible production modes, the process is
symmetric in the ys <+ y3 exchange, since ¥* decays democratically into X2,3, cf. eq. (2.10).
Hence, the precise signal yield in each of the three channels ZZ, hh and hZ is determined
by the branching fractions of the two neutral fermions x23. In figure 9, we show the
branching fractions of the xg3 decays into hx; (dashed line) and Zyx; (continuous line)
as a function of tanf and for several benchmark masses. As we can see, for tanf ~ 1,
i.e. Yy = 1y4, one of the two heavy fermions decays predominantly into Z + y1 and the other
one into h + x1, independently of their mass. This leads to final states with a balanced
sample of hh (25%), ZZ (25%) and hZ (50%). The same is true for tan > 1 or tanf < 1
and when the mass of the neutral fermions is much larger than the Higgs mass (where
effectively one has BR[x23 — Zx1] = BR[x23 — hxi] = 50%). The only configuration
where there is not a balance in A and Z is when the mass of the neutral fermions is close
to the Higgs mass. In this latter case, kinematics favor the decays into Z + 1, and hence
final states with ZZ + K are more probable.

In the next subsection, we will estimate the constraints on the three final states with
displaced ZZ + E., hh+ E or hZ + I that can be obtained from existing LHC searches
at 13TeV for displaced signatures, and we will subsequently study the impact on the
parameter space of our model. Notice that searches performed at the LHC with /s =8 TeV
can also be sensitive to the main signatures of our model, ZZ + ¥, hh + E, or hZ +
K. A number of such searches have been considered in ref. [105] and reinterpreted in
terms of supersymmetric models. In particular, our scenario is similar to the case of
Higgsinos decaying into gravitino in gauge-mediated SUSY models considered in [105],
which is constrained mainly by a search for displaced dileptons [106] and a search for
displaced jet pairs [107, 108], both performed by CMS. In the next subsection, we show
a comparison of the sensitivity of these searches with the 13 TeV analysis we are going
to recast. Note that our model and the Higgsino-gravitino scenario considered in [105]
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Figure 9. Branching ratios of x» (first row) and x3 (second row) as a function of tan 6 = y, /ya,
for different choices of their mass. If tan 6 < 0, x2 and y3 simply exchange role.

differ in an important aspect. The main difference is that the mass splitting between
the neutral components of the Higgsino multiplets in SUSY scenarios is typically sizeable
(2 O(1) GeV) due to mixing with gauginos, even if such particles are substantially heavier
than the Higgsino (up to O(10) TeV). As a consequence, the heaviest neutral component of
the Higgsino decays mostly in the lightest component plus soft SM particles and the balance
among the hh, hZ, and ZZ final states only depends on the branching ratios of the lightest
neutral component of the Higgsino into the gravitino plus h or Z. In contrast, in the Singlet-
Doublet freeze-in model, the mass splitting between the heavy neutral components is so
small — as shown by the expressions in eq. (2.7) — that the two neutral fermions always
decay directly to x1Z or x1h with branching ratios as illustrated in figure 9.

e Searches for prompt decays: for small values of the decay length of the mediators
(corresponding to moderate/large values of y), we expect that limits from standard prompt
searches can be effective. A combination of recent searches at the LHC with /s = 13 TeV
for production of supersymmetric charginos and neutralinos can be found in ref. [109].
Possible final states are hh + Ep, ZZ + E, and hZ + F,, which are typical signatures
of searches targeting Higgsino-like neutralinos in gauge mediated supersymmetry break-
ing [110], or Higgsinos decaying into light Bino, see e.g. [111]. In these final states, limits
to the Higgsino mass up to 600-700 GeV were obtained.® A second type of relevant final
states are WZ + K, and Wh + F., which are possible in our model for moderate/large
values of y, such that the charged fermions ¥ decay promptly into Wy, cf. figure 2.

8Searches performed with the dataset of the 8 TeV run of the LHC are comparatively much less sensitive,
constraining Higgsino masses up to around 250 GeV [111], so that we are not going to consider them here.
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Experiment | Final state L, /s Ref
ATLAS DV+F, | 32.8fb~1 13TeV | [53]
ATLAS lepton-jets | 3.4fb~1, 13TeV | [118]
ATLAS jets 3.2fb=1 13 TeV | [119]

CMS jets 2.6tb~1 13 TeV | [120]
CMS e 2.6fb~1 13 TeV | [121]

Table 1. Summary of 13 TeV ATLAS and CMS searches for displaced signatures possibly relevant
for the final state under study.

Note that the configurations of the model giving rise to the observed relic abundance
through freeze-in considered in section 3 never give rise to prompt decays, i.e. the decay
length is always larger than about 1mm. We discuss thus these prompt decay searches
briefly. For more detailed discussions of the prompt signatures of the Singlet-Doublet
model, see refs. [43, 47].
e Mono-X searches: in the region with very large decay length, where the neutral
fermions escape the detectors, mono-X searches could be the only strategy to look for
this model at the LHC (besides the disappearing charged tracks associated to the charged
fermion). In this regime the collider signature of our model is very similar to an Higgsino
dark matter scenario in which the mass splitting among the Higgsino components is tiny,
as already mentioned. There have been several investigations on this scenario and the
corresponding mono-X signatures, e.g. in [112-117]. Some of these investigations have
exploited the soft leptons that would be present for a mass splitting of the order of few
GeV, which is however not the case of our model. Instead, the case of a pure mono-jet
signal has been shown to be not promising, with an estimated reach on the Higgsino mass
of order 200 GeV at HL-LHC with 3000 fb~! [115]. Hence we decide not to include these
signatures in our analysis.

5.1 Recasting strategy for displaced h and Z + F

The aim of this subsection is to estimate the current LHC limit on displaced ZZ, Zh and
hh + K using public information from ATLAS and CMS searches. In table 1, we report
on the relevant ATLAS and CMS searches for displaced signatures, focussing on the most
recent analyses at 13 TeV. Among these searches, we identify the recent ATLAS analysis
on displaced vertices (DV) with jets and K. [53] as the most promising for our scenario.
The motivation is manifold: (i) this analysis exploits the largest available dataset among
those listed in table 1; (ii) the large hadronic branching fractions of h and Z imply that
our model yields a sizeable production cross section in this channel; (iii) our final states
contain a relevant source of K., and the analysis of ref. [53] is the only one targeting it
with a dedicated selection; (iv) and finally, detailed auxiliary material is provided with the
information needed for a recasting [122].
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The ATLAS DV+E . analysis [53] targets final states with at least one displaced vertex
with jets and large missing transverse momentum. The results are interpreted in a model
with long-lived gluinos decaying into jets and the lightest neutralino. In the auxiliary
material [122], the efficiencies for the missing momentum and the displaced vertex recon-
struction are provided. In particular, the efficiencies of the displaced vertex reconstruction
are given prior to detector simulation, as a function of the invariant mass of the vertex, of
the number of tracks and of the displacement.

In order to estimate the sensitivity of this search on our final states, we have first
implemented the model in FeynRules [64], and then simulated the relevant samples with
MadGraph5 [123], combined with Pythia8 [124] for the parton showering and the under-
lying pp collision, and Delphes3 [125] (with the standard ATLAS card) for the detector
simulation. The displacement is applied to the simulated events a posteriori, taking into
account the four momenta of the long-lived particle in order to properly compute the dis-
placement,’ which is obtained by sampling an exponential distribution with mean decay
length c7y, ;. In appendix B, we discuss the details of the selection and the validation of
our implementation. The latter was performed by reproducing the exclusion limits set by
the ATLAS search on the simplified model they considered with long-lived gluino.

After this validation, we can now estimate the efficiency of the ATLAS DV+ . analysis
in the final states we are interested in, which are ZZ + F,, hh + Fr or hZ + B2 We
do this as a function of the lifetime 7,, , and of the mass of the long-lived particles, which
are simply the two neutral fermions y2 and x3 produced in pairs (cf. appendix B for plots
displaying the resulting efficiencies). The mass is important in order to determine the boost
factor in the displacement, as well as to get the correct pr distribution of the displaced
tracks. We can now use the obtained selection efficiencies to evaluate the reach of the
ATLAS analysis in three simplified models with fixed branching fractions, that serve for
illustrative purposes:

1) BR[X273 — th] = 100%,
i) BR[x2,3 = Zx1] = BR[x2,3 = hx1] = 50%;
iii) BR[x2.3 — Zx1] = 100%.

In order to constrain the above simplified models, we consider the total production cross
section of the doublet fermions states, computed at NLO by Prospino2 [101], summing
all production modes shown in (5.1), corresponding to the solid red line in figure 6. With
no background in the signal region, the parameter configuration of a model is excluded
at 95% confidence level (CL) or more if it yields a number of selected events > 3.0. The
resulting estimated exclusion is depicted in figure 10 by the three solid lines. As we can
see, the difference in the efficiencies among the three simplified models results in only a

°In this approach we neglected possible distortions of the kinematic distributions of the final state
charged tracks due to the displacement.

101f Z or h decay into bb, (some of) the resulting tracks may have an additional displacement, which makes
the reconstruction of the DV more involved, as discussed in more detail in appendix B. In the following, we
neglect possible issues related to this for the reasons discussed in the appendix.
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Figure 10. Estimated exclusion curves from collider searches in the plane of the decay length
versus the mass of the heavy neutral fermions. Our recasting of the ATLAS DV+J,. search,
associated to the final states of hh+ ¥, hZ + E. or ZZ + F.., for the simplified models 1), ii) and
iii) (see the text for details) are shown with red, blue and green solid lines respectively. The orange
dashed line is the exclusion of displaced searches at 8 TeV LHC, as estimated in [105]. The purple
dashed-dotted line is our estimate of the impact of the prompt searches at 13 TeV performed by
CMS [109].

small impact on the sensitivity. Moreover, the largest doublet mass (about 1.3 TeV) is
probed for a decay length around ¢7 ~ 5cm. Also, the exclusion curves are not symmetric
in ¢r with respect to this maximal reach. This is due to the fact that the exponential
distribution determining the displacement is falling very rapidly for a displacement larger
than a given cr, while it goes to zero less steeply for displacement smaller than c7. This
also explains why the reach of the analysis extends to regions with very large decay lengths,
up to cr =~ 50 m.

In figure 10, we also show for comparison the exclusion from the 8 TeV searches, as
reported by ref. [105]. This is depicted as a dashed orange line and includes both searches
targeting displaced leptons [106] and displaced di-jets [107, 108]. The displayed 8 TeV
limit has been obtained in ref. [105] in a simplified model with an Higgsino-like neutralino
undergoing displaced decays into gravitino plus Z or h in the large tan 8 regime, which
roughly corresponds to our simplified model ii).!! As we can see, in the region of low
doublet mass, the sensitivity of the ATLAS DV+J, analysis is diminished because the
spectrum is compressed and jet/F, cuts become more severe. This is where the 8 TeV

searches, in particular the one targeting displaced dileptons, become instead more efficient,

HThe other simplified models considered in ref. [105], corresponding to our cases i) and iii), give very
similar exclusion power.
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despite the small leptonic branching fractions of the bosons.'? Finally, we also display
on the same plot an estimate of the reach of the prompt searches (as a purple dot-dashed
line), considering the BR[x2,3 — Zx1] = BR[x2,3 — hx1] = 50% case reported in [109]. We
stress that this limit will never be relevant in the parameter region leading to the correct
freeze-in dark matter abundance, but we report it here for illustrative purposes. In order to
draw this line, we have compared the cross section limits reported in ref. [109] to the total
production cross section of the doublets multiplied by the probability that both produced

particles decay promptly given a certain mean decay length CTX2,3.13

5.2 DV + F, constraints on the Singlet-Doublet model

We can now use the recasting presented above to provide estimates for the ATLAS exclusion
on the parameter space of the Singlet-Doublet freeze-in model. For this purpose, at each
point of the parameter space, we sum the production cross sections over the production
channels weighted by the appropriate branching fraction in order to determine the signal
strength for each of the possible final states. For instance, the signal cross section in
hh + F is given by

o(pp — hhxix1) = o(pp — ¥TY~) x BRYT — 75x23]% x BR[x2,3 — hx1]*+
o(pp = ¥Fxa3) x BRYT — m5xa3] x BR[x2,3 — hxi]*+
o(pp — x2x3) x BR[x2 = hx1] x BR[x3 = hxi], (5.2)

and analogous expressions can be written for the hZ + ¥ and ZZ + . The production
cross section in each channel is hence a function of the parameter space of the model
through the branching fraction dependence on (yy,yq, i, ms). We multiply these three
type of signal cross sections with the corresponding efficiencies (derived in appendix B)
to obtain the final estimate on the number of expected events. Each efficiency is also a
function of the parameters (yy,yq, 14, ms), since it depends on the mass of the long-lived
particle, which is simply u, and on the decay lengths that follow from egs. (2.12)—(2.15). For
simplicity, we take the average of the decay length of yo and y3 as the mean decay length
setting the displacement. As we have discussed above, this is an excellent approximation as
long as tanf > 1 or p 2 300 GeV (see figure 3). We neglect the extra displacement induced
by the decay of the charged fermion. Note that this is indeed typically a small fraction
of the overall displacement in the relevant portion of the parameter space, as illustrated
by the green contours in the right panel of figure 7. In our estimate we also consider the
same efficiency in the case in which the neutral heavy fermions are directly pair produced
as in the case in which the neutral fermions are produced through the decay of the charged
fermion. We checked this hypothesis on a few benchmark points and it induces an effect
of at most 20%, which is largely negligible for the purpose of our recasting. As for the

12WWe also remark that, as discussed in detail in the appendix B, our implementation of the ATLAS
DV+F ;. analysis tends to overestimate the exclusion in the compressed region (for mass splittings <
100 GeV). The complementarity with the 8 TeV searches is thus welcome.

13 As a rough estimate, we consider to be prompt the events with a total displacement < 0.5 mm that we
compute based on c¢7 only, without taking into account the boost factor.
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Figure 11. Exclusion capability of the 13 TeV ATLAS search for displaced jets + J,. for the
Singlet-Doublet freeze-in model (cyan region labelled as “DV+MET”) on the plane (u, y) with
My, ; = My = p. The dashed cyan line represents the prospected bound with 300 fb=!. The
dot-dashed purple line is our estimate of the limit set by LHC searches for the prompt signature
WZ + Fp (see the text for details). The green contours indicate the average decay length of x»
and x3. The red line corresponds to the correct relic abundance for m,, = 12keV.

case of the simplified models considered in section 5.1, we employ the NLO cross sections
computed by Prospino2 [101] and we calculate 95% CL cross section upper exclusion limits
assuming no background.

Under the above assumptions, we can assess the current limits on the Singlet-Doublet
parameter space from the ATLAS DV+J search. The region excluded according to our
recasting is shown with filled cyan colour in figure 11. Its shape follows from combining
the excluded regions for the simplified models reported in figure 10 with the iso-contours
of the average c7y, , (denoted as c7). The latter are shown with green continuous lines in
figure 11 while the dashed cyan curve gives the estimated reach of an analogous DV+E.
search with a dataset of 300 fb~1.14 The red continuous curve shows the (y, 1) combinations
that account for all the DM for a 12keV DM candidate. Going above the red line, i.e. to
larger values of the coupling y, induces an overabundant dark matter population, while
below the red line it is underabundant; see eq. (3.9). Finally, the dot-dashed line delimits
the region excluded by LHC searches for the prompt signature WZ + F..

" The estimated curve for the DV+F ., search with a dataset of 300 fb~! results from simply rescaling the
luminosity and assuming the signal to remain background free. While this is an optimistic assumption, it
may not be unthinkable that backgrounds can continue to be suppressed at the cost of only a small signal
inefficiency.
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It is remarkable that the sensitivity of the ATLAS DV+F, search extends to heavy
electroweak states and to quite large values of the decay lengths. This is related to the
almost background-free nature of displaced vertices signatures which renders the search
very efficient even for small signal cross section. Note that the largest excluded mediator
mass is about 1.2 TeV, somewhat smaller than for the simplified model analysis of figure 10.
The reason is as follows. In the high mass region, when the lifetime, or equivalently the
coupling y, maximises the experimental sensitivity (y =~ 107%) the branching fraction of
the process 1+ — x1 W is not completely negligible (up to about 10%, see figure 2 left),
and hence the signal yield into long-lived neutral fermion pairs is slightly diminished. In
the case of the DV+F . analysis extrapolation to 300 fb~!, we expect to probe masses of
the neutral fermions up to 1.7 TeV and decay lengths as large as 100 m.

Let us add here a remark on the uncertainties on our recasting and their effects on
the estimated limits in figure 11. Given the steep fall of the production cross section as
a function of the mediators’ mass (see figure 6), we expect that even O (1) modifications
of our estimated efficiencies would have a small impact on the mass reach (for instance
a 50% change in the efficiency would only correspond to a change of around 10% in the
mediators’ mass limits).!®

Let us stress that the collider bounds presented in figure 11 are expected to be inde-
pendent of the dark matter mass for m,, below the GeV scale. The only curve that is
affected by the m,, parameter is the relic abundance continuous red contour. Considering
larger values of the dark matter mass the red line would be shifted to lower values of y. As
a result, the dark matter candidates with m, > 12keV (i.e. compatible with the Lyman-o
bound discussed in section 4) are concerned with the excluded region below the red curve
of figure 11. For instance, from the right panel of figure 4, one can deduce that for e.g.
my, ~ 1 MeV the Qh? = 0.12 contour should appear at y ~ 10~ in figure 11. This corre-
sponds to larger values of ¢ where the DV+ . search loses sensitivity in such a way that
no constraint can be set at present.

For completeness, let us briefly discuss the prompt decay constraints. In the upper
part of figure 11, the size of the coupling ¥ is such that the mediators decays are prompt.
In particular, the charged fermion ¥* predominantly decays into W*y;.'6 In order to
estimate the corresponding constraint, we have computed the WZ + . production cross
section in the Singlet-Doublet model multiplied by the probability that both heavy particles
decay promptly, using the same approximations as for the prompt exclusion in figure 10.
Comparing the latter results with the limits on the cross section given in ref. [109] we
exclude the region delimited by the dot dashed purple line of figure 11. As discussed
above, such constraint lies however in a zone of the parameter space where the frozen-in
dark matter scenarios with masses above the Lyman-a bound give an overabundant dark
matter relic density.

5Note in particular that this applies to the possible issues associated with b-jets, discussed at the end of
appendix B, that would at most reduce the signal strength by ~ 25%.

16The other prompt signatures discussed above are less sensitive as the production cross section is sensibly
lower for x2, xs production only. The latter is indeed almost one order of magnitude smaller than the total
doublet production as seen in figure 6.
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Figure 12. Combined constraints on the mediator mass vs DM mass plane (my, , = my = p).
Our estimate of the ATLAS DV + F, exclusion is shaded in cyan (“DV+MET”), the magenta
region is excluded by disappearing tracks (“DT”), the Lyman-« bound is shown in gray (“Ly-o”).
Green contours correspond to the average x2 3 decay length. The cyan dashed line is the estimated
exclusion of LHC with 300 fb~!. The coupling y is fixed such that Q,,h? = 0.12 everywhere.

6 Displaced vertices vs cosmology for freeze-in DM

We can now combine the LHC limits and the cosmological bound derived in the previous
sections, in order to characterise the experimental sensitivity on the viable parameter space
of the freeze-in Singlet-Doublet model. As at the end of section 3, we present our results
in the DM mass vs mediator mass plane fixing in each point the coupling y to the value
that accounts for the observed relic abundance through the freeze-in mechanism. On the
same two dimensional plane, we can show the combination of the existing (and future)
constraints on the model. Our summary plot is shown in figure 12. As before, the green
lines indicate contours of fixed average decay length of the neutral fermions, which controls
the phenomenology at colliders. The magenta shading at low mediator masses represents
the region excluded by searches for disappearing charged tracks (DT) [57, 58]. It does
not depend on the DM mass (or equivalently on the value of the y coupling) since, in this
region, the decay length of the charged fermion is independent of m,,, as can be seen in
the right panel of figure 7. The cyan region and the dashed cyan line are the estimated
exclusion and future prospect of the ATLAS DV+J . search, discussed in section 5. The
gray region, finally, is excluded by the Lyman-« forest data, as discussed in section 4.
Figure 12 summarises the findings of this paper, as it nicely shows the interplay between
collider searches for displaced signatures and cosmological constraints in our freeze-in dark
matter model. On the one side, the observed DM abundance implies a relation among
the parameters of the theory, leaving only two free parameters (plus a third one, tan 6,
that affects the phenomenology of the model very mildly in our limit, as we discussed in
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the previous sections). On the other side, for the range of decay lengths that are a priori
optimal for studying displaced signatures at the LHC (O(10) cm) and fx scales within the
reach of the collider (¢ < O(1) TeV), our dark matter model can leave a testable imprint
on small scale structures. In such a region, we have a complementary constraint from the
Lyman-« forest observations, which is essentially independent of the mediator mass. In
contrast, the reach of LHC searches is intrinsically limited by the production cross section
of the mediators, hence by their mass, and by the size of the detector. Due to the very
low background of the recast search and the large dataset available, the current LHC limit
actually extends to rather large values of the mediators’ lifetime and, likewise, it can probe
DM masses larger than those tested by cosmology, reaching up to m,, = O(1) MeV.

7 Summary and conclusions

Despite many experimental and theoretical efforts, the nature of dark matter remains a
mystery. It is thus timely to look for DM beyond the most popular paradigms. In this work,
we considered the case of a dark matter candidate with such a tiny coupling that it never
reaches thermal equilibrium with the SM in the early universe. It is well known that, despite
such suppressed interactions, the observed dark matter density can be accounted for by
the freeze-in mechanism, with the dark matter being produced, for instance, via the decay
of thermalised mediators. Within this context, we studied the case of the Singlet-Doublet
dark matter model that consists in extending the SM with a pair of Weyl electroweak
doublet fermions and a singlet Majorana fermion. The new fermions interact with the
SM through gauge interactions and/or the Higgs portal induced by Yukawa interaction
terms that couple the doublet and the singlet fermions to the Higgs particle. The Singlet-
Doublet model rests thus on 4 free parameters only: 2 new mass scales (the doublet mass
scale p and the singlet mass scale mg), and two Yukawa couplings (y,, and yg). We have
shown that, considering these couplings in the range [1078,1071] together with a doublet
mass scale p larger than the Higgs mass, the lightest neutral fermion, which is essentially
the singlet Majorana fermion, can account for the whole dark matter abundance via the
freeze-in mechanism. In this regime, the DM is light with a mass between a few keV up to
hundreds of MeV.

Such a dark matter scenario could seem hopelessly beyond the reach of any dark matter
experimental search. We show instead that the range of model parameters required for a
successful freeze-in naturally gives rise to long-lived/displaced collider signatures that are
already strongly bounded by the present LHC data. In addition, it is well know that
thermal warm dark matter candidates of a few keV are also constrained by cosmology
due to their free-streaming suppressing the growth of small scale structure. Even though
frozen-in dark matter was never in thermal equilibrium in the early universe, Lyman-«
bounds turn out to constrain the dark matter to be always heavier than 12keV. In the low
dark matter mass region, the model features thus both exotic LHC signals and a testable
imprint on cosmology providing two complementary handles to probe the same scenario.

Concerning the collider searches, the relevant signatures of this model consist of disap-
pearing charged tracks, related to the production of the charged component of the doublet
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¢*, and displaced h and/or Z + B, associated to the decay of the two neutral fermions
X2,3- In the first case, ¢* decays with a small displacement (about 1cm) and our scenario
is essentially the case of pure Higgsino DM in supersymmetric models. Current searches
for disappearing tracks thus constrain the doublet mass scale p to be larger than 150 GeV.
In the second case, the x2 3 fermions decay with displacements in a wide range, from cen-
timetres to kilometres, depending on the point of the viable parameter space of interest
(i.e. for y,, yq giving rise to the right relic abundance through freeze-in). We have argued
that, at present, the most constraining search was provided by ATLAS in ref. [53] and we
have reinterpreted its results in the framework of the Singlet-Doublet dark matter model.
According to our recasting, this analysis can exclude scenarios with a decay length of the
heavy neutral mediators as large as ~ 50 m, mediator masses as large as 1.2 TeV, and dark
matter candidates with masses as large as 500 keV.

In figure 12, we have brought together all the experimental signatures which can probe
the viable parameter space where the freeze-in production mechanism gives rise to the cor-
rect dark matter abundance. This nicely illustrates the interplay between collider searches
and cosmology for frozen-in dark matter.

An interesting extension of our work is to enlarge the experimental reach on the pa-
rameter space of the model. The LHC sensitivity, shown in figure 12, could be improved
towards large mediator masses, or towards small or large decay lengths. This is possible
on all these three fronts by exploiting the presence of a displaced Z or h resonance, both in
hadronic and leptonic decay channels, such that some of the event selection requirements
that currently limit selection efficiencies can be relaxed, while keeping backgrounds to a
negligible level. Also, at higher luminosities a dedicated event selection would help to sup-
press the increasing backgrounds. As a result of our study, we thus advocate dedicated
experimental searches for displaced Z + . or h + [ signatures, potentially in associa-
tion with an extra identified Z or h boson. On the other hand, it would be interesting to
also probe the case with large/moderate dark matter mass and very long-lived mediators
(upper part of figure 12). For this purpose, one could for instance estimate the reach of
the proposed detector MATHUSLA [126] on this scenario.

Finally, we stress again that interplay between exotic collider signatures and cosmology
constraints go beyond the Singlet-Doublet model and apply to a large class of simplified
models of freeze-in dark matter where the production occurs through decays of heavy me-
diators in thermal equilibrium with the SM bath. From the model building perspective,
it would be interesting to investigate such complementarity in other models, also includ-
ing those where the freeze-in is not realised through the decays of heavy mediators, but
via scattering processes and/or via non-renormalisable interactions [127]. We leave these
interesting possibilities for future works.
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A Yukawa interactions and mixing matrix

A.1 Yukawa interactions

For the contraction of the indeces in the Lagrangian of eq. (2.2), we follow the conventions
of refs. [47, 50]. In particular, the Yukawa interactions

— ya Va - Hbs — yu H'py s + hec. (A1)
can be explicitly written as
~yd YaiHje” Ys — yu Yui " s + hoc. (A-2)
where ¢ and j are SU(2), indices.

A.2 Approximate expression of the rotation matrix

In the limit (2.6), the mass eigenvalues at the first order in the couplings yi 4 result as
shown in eq. (2.7). We report here the rotation matrix, defined as in eq. (2.5), at leading
order in y, and yg:

1 _ v Yu—Yd YutYd v Yu—Yd _ YutYd
2v2 \ ptms p—ms | 24/2 \ ptms H—Tms
= U Yu—Yd 1 1 A
_ Vv Yutya _ 1 _ 1
2 p—ms V2 V2

We omit the (’)(yiy ) terms that are needed in order to diagonalise correctly the mass matrix
M obtaining the eigenvalues shown in eq. (2.7). In fact, in our parameter regime, the above
expression suffices to reproduce the rotations resulting from numerical diagonalisation to
high accuracy. Hence, we employ it to derive the expressions for the decay widths of the
heavy particles reported in section 2.2.

B Recasting of the ATLAS search

In this appendix, we provide details about the recasting of the ATLAS search of ref. [53]
that we employed in order to set limits on the Singlet-Doublet model and in particular on
displaced neutral bosons + F. final states.

The signature that we consider both in the validation (gluino-neutralino simplified
model) and in the Singlet-Doublet model is constituted by a pair of heavy long-lived par-
ticles decaying into charged tracks plus missing energy. For the case of two neutral heavy
fermions, the process is depicted in figure 8, with the long-lived particle highlighted in red.

We first review the selection cuts of the search, we then validate our simulation with
the simplified model studied in the ATLAS analysis, and then we apply the same recasting
to our dark matter model.
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Selection criteria of the ATLAS DV+F,. search [53]. The ATLAS analysis [53] is
explained in detail in the auxiliary material in [122]. The search targets displaced vertices
and missing transverse momentum.

The displaced vertices are identified by analysing the associated displaced tracks. First,
a selected displaced track should satisfy the following requirements:

e The track is associated to a stable particle;

e The particle has a transverse momenta pr > 1 GeV;

e The transverse impact parameter dy = Rgecay Sin A¢ > 2mm, where Rgecay is the
transverse decay length and A¢ is the azimuthal angle between the heavy decaying

particle momentum and the track momentum.

With the following selected tracks, one can construct a candidate displaced vertex which

should satisfy the following criteria:
e The transverse displacement Rgyecay should be within 4 and 300 mm;
e The longitudinal displacement should be smaller than |2gecay| < 300 mm;

e The number of associated charged tracks should be ngyacks = 5;

e The invariant mass of the vertex should be larger than 10 GeV (a pion mass for the
tracks is assumed).

Given the previous strategy to select displaced tracks and displaced vertices, events
are hence required to satisfy the following conditions.

1. Ef‘,fmh > 200 GeV where Eli,futh is the missing energy at truth level, here interpreted
as the magnitude of the transverse component of the vector sum of the dark matter
momenta.

2. On 3/4 of the events, the ATLAS analysis also demands the presence of either

e One jet with ppr > 70 GeV

e Two jets with pr > 25 GeV
These jets should satisfy the requirement that the scalar sum of the pp of the
charged particles that are not displaced (according to the previous selection) should

not exceed 5 GeV.

3. The events must contain at least one displaced vertex which has passed the selection.
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Figure 13. Comparison between the result of our simulation and the excluded cross section

reported in the ATLAS paper [53] for a long-lived gluino simplified model. The ATLAS results are
shown as red lines, while our analysis corresponds to the blue bands. In order to draw our bands,
we considered variation of the efficiency of +50%. The upper plots show the excluded cross section
as a function of cr for a fixed neutralino mass m, = 100GeV and two benchmark values for the
gluino mass, mgz = 1400, 2000 GeV. The lower plots show the excluded cross section as a function
of m,, fixing 7 = 1ns and the same two benchmarks for my.

Recasting and validation. On the selected events, one can then apply the efficiency as
reported in the auxiliary material. Indeed, the ATLAS collaboration provides the efficiency
for reconstructing the displaced vertices as a function of the number of displaced tracks
and of their invariant mass. They also provides the efficiency tables as a function of the
missing energy at truth level.

In order to recast this analysis, we have simulated LO events of the new physics process
with MadGraph5 + Pythia8 + Delphes3 with standard minimal cuts, default parameters
for MC and detector simulator (we used the default ATLAS card), assuming prompt decays
of the heavy pair-produced particles. We employed generator level information in order to
extract the momenta of the two heavy particles and of their associated tracks and in order
to introduce the displacement by hand, including the boost factor of the heavy decaying
particle. The decay time was generated through an exponential distribution with a mean
lifetime 7. With this information we derived the impact parameter of each track and
the other relevant geometrical properties. Then we processed the output following the
ATLAS selection cuts strategy, including the reconstruction efficiencies. We first applied
this procedure to a simplified model analogous to the one considered in the ATLAS paper,
by considering gluino pair production followed by displaced decays into gq plus neutralino.
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Figure 14. Efficiencies for the simplified final states with hh + ., hZ + Fp, ZZ + E,. Left:
efficiencies as a function of cr for m,, = m,, = 300, 500, 1000 GeV. Right: efficiencies as a function
of the mass m,, = m,, for cr =1, 10, 100 cm.

In figure 13 we show our estimated cross section exclusion compared to the ATLAS
results. We find a good agreement in the region of un-compressed spectrum, while our
simulation overestimate the exclusion power in the compressed spectrum case. We argue
that this is due to our implementation of the jet cut (number 2. in the list above), for which
we have only a limited amount of information provided by the ATLAS documentation. The
plots of figure 13 shows that, on the other hand, our simulation consistently reproduces the
ATLAS analysis for a mass difference between the heavy particle and its decay products
larger than ~ 100 GeV, taking into account an uncertainty of +£50% on the efficiency.

In figure 14 we display the result of our recasting: the efficiency curves for the final
states characterising the Singlet-Doublet model. The samples have been generated at LO
with MadGraph5 + Pythia3 + Delphes3 after implementing the model in FeynRules. We
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simulated the following three cases

PP — X2X3 — ZZX1X1, pp — X2Xx3 — hhxixi, pp — X2X3 — hZx1x1,

where the decay of the bosons is performed in Pythia. We then processed the output with
the selection procedures explained above to extract the efficiencies as a function of the
mean lifetime c7 and the mass of the decaying heavy particles m,, = m,,.

As a final remark, let us notice that the efficiencies displayed in figure 14 have been
obtained by treating displaced heavy flavour jets like light-flavour ones. However, the
case of Z or h decaying into bb pairs requires in principle additional care, since the recast
DV+F . search associates tracks to a displaced vertex based on track-vertex compatibility
requirements, and merges displaced vertices if within 1 mm. For displaced b jets, these
requirements are difficult to recast. As we mentioned, we choose to neglect this possible
issue (an interesting discussion of which can be found in ref. [128]). We argue that this
simplification has a limited impact on our estimated exclusions (shown in figures 11 and 12)
for the following reasons: (i) Only one DV is enough to satisfy the analysis’ requirements,
thus there is no loss of sensitivity if at least one of the pair-produced heavy particles decays
into a Z decaying into light flavours (and the DV is reconstructed); (ii) Due to the gluons
radiated by the b quarks, a DV can still be formed on the tracks not coming from the
b-decay vertex; (iii) Part of the b decays will still happen within the required 1 mm.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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