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FIG. 1. Constraints on the t-channel DM models investigated that emerge from cosmological and astrophysical observables, as
well as from the measured Z-boson visible decay width. The coloured hypersurfaces displayed in the different (MX ,MY /MX�1)
planes correspond to scenarios that satisfy ⌦h2 ' 0.12 for a value of the coupling � reflected by the grey-scale colour map. The
left (right) panels correspond to models with self-conjugate (complex) DM, and we consider a scalar (top row), fermion (central
row), and vector (bottom row) DM candidate. The hatched regions denote exclusions from gamma-ray searches (‘ID gamma
rays’), searches in cosmic-ray antiprotons (‘ID anti-protons’), DM direct detection via spin-independent and spin-dependent
interactions (‘DD SI’ and ‘DD SD’, respectively), and Z-boson visible decays (‘Z decay’). For details we refer to sections II.2.5,
II.2.4 and to the end of section II.2.6.

11

FIG. 3. Exclusion limits at 68% confidence level (1�, dashed lines) and 95% confidence level (2�, solid lines) from the
reinterpretation of the results of the CMS search [17]. We consider the three real DM scenarios described in section II.1,
namely S3M_uR (left), F3S_uR (centre) and F3V_uR (right), and a fixed ratio �Y /MY = 0.05. The dotted grey lines are isolines
of constant � coupling value, and the excluded regions of the parameter space lie at the left of the orange lines. The bounds
from individual processes XX (red), XY (green) and Y Y (dark blue) are also shown to illustrate their relative role, the Y Y
process being further split into its purely QCD part (Y YQCD, teal), and its purely t-channel part (Y Yt, turquoise). The area
highlighted through the yellow gradient indicates when the coupling becomes so large that a perturbative approach becomes
less and less valid.

are shown through solid orange lines, the corresponding
exclusions at 68% confidence level being represented by
dashed orange lines. Scenarios lying on the left of the
lines are excluded. The most striking feature of the ex-
clusion bounds presented in figure 3 is that they are much
higher than those found in our previous study [12]. In the
latter earlier work, we reinterpreted the results of an anal-
ogous inclusive multi-jet plus missing transverse energy
search [109] (whose results have been in the meantime
peer-reviewed in [89]), and obtained bounds of 1.5–2 TeV
in the S3M_uR model and of 2–2.5 TeV in the F3S_uR and
F3V_uR models, regardless of the DM mass. In figure 3,
those bounds are more stringent. They reach 2.2–3.7 TeV
in the S3M_uR model and 3.3–3.8 TeV in the F3S_uR and
F3V_uR models, as depicted by the solid orange lines in
the left, central and right panel of the figure.

In order to understand the origin of this improvement,
we break down the signal into its different contributions,
also shown in figure 3. The bounds given by red lines
are those determined when only the pp ! XX chan-
nel contributes to the signal, whereas those represented
by green lines refer to a signal only emerging from the
pp ! XY + XY

⇤ process. Limits obtained by solely
considering (anti-)mediator pair production are given by
the various blue lines. The darkest shade of blue cor-
responds to a signal including all (QCD and t-channel
exchange) diagrams (Y Ytot), whereas the teal lines are
dedicated to a signal in which only QCD diagrams are
included (Y YQCD). Finally, the turquoise lines (always
almost completely coinciding with the Y Ytot lines) refer
to a signal only including t-channel DM exchanges. For
all individual processes solid lines are again used for ex-
clusions at 95% confidence level, and dashed lines refer
instead to exclusions at 68% confidence level. We ob-
serve that the Y Yt bounds are superimposed with the

‘full’ bounds in most parts of the parameter space, the
only exception being for the S3M_uR model in the low-
mass DM region where the channel XY becomes domi-
nant. This Y Yt dominance is due to the contribution of
the uu-initiated partonic process, uu ! Y Y , that pro-
ceeds via t-channel DM exchange and whose cross sec-
tion is enhanced by the potential presence of two valence
quarks in the initial state (see e.g. [19]). This contri-
bution is peculiar to real DM scenarios as in complex
DM scenarios, it is impossible to produce a pair of me-
diators or of anti-mediators (the only contributing pro-
cess being uū ! Y Y

⇤). However, such a uu-initiated
process has not been included in the experimental anal-
yses of t-channel DM models (as well as in our previ-
ous study [12]). Remarkably, its relevance is way larger
than that of the QCD contribution to the Y Y channel,
that is also initiated by uū. Focusing on a signal driven
by QCD-induced mediator-anti-mediator pair production
(pp ! Y Y

⇤), mediators are enforced to be heavier than
about 800 GeV in the S3M_uR model and 1.5 TeV in the
F3S_uR and F3V_uR models, the bounds first decreasing
with DM masses increasing up to 500-700 GeV before
vanishing entirely. It is worth noting that an analogous
enhancement would be achieved by considering scenar-
ios where the DM interacts with down quarks. However,
due to the smaller contribution of down parton densities,
the numerical relevance of same-sign mediator produc-
tion would be smaller than in the up-quark case.

A further noticeable feature of the bounds obtained in
the three models is that they (relatively) weakly depend
on MX , especially in scenarios with a fermionic mediator.
This is rather counter-intuitive, as in a class of scenarios
with a fixed �Y /MY value, for constant MY the coupling
should decrease with MX . This behaviour is illustrated
by the grey isolines in figure 3 that represent sets of sce-
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⇤). However, such a uu-initiated
process has not been included in the experimental anal-
yses of t-channel DM models (as well as in our previ-
ous study [12]). Remarkably, its relevance is way larger
than that of the QCD contribution to the Y Y channel,
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.

Z2-odd Z2-even

Minimal t-channel mediator models

Dark Matter Color mediator

X
1

X
2

¨ ¨ ¨

¨ ¨ ¨

B

g C
⌫

F
ig
u
re
1
a
.
T
h
e
am
p
litu
d
e
for
th
e
rad
iative
cap
tu
re
con
sists
of
th
e
(n
on
-p
ertu
rb
ative)
in
itial
an
d

fi
n
al
state
w
avefu
n
ction
s,
an
d
th
e
p
ertu
rb
ative
5-p
oint
fu
n
ction
th
at
in
clu
d
es
th
e
rad
iative
vertices.

i j

⌘
1K
`
q

⌘
2K
´
q

a, ⌫

b, ⇢
c, µ

P
g

⌘
1P
`
p

⌘
2P
´
p

i1 j1
`

`

F
ig
u
re
1
b
.
T
h
e
lead
in
g
ord
er
d
iagram
s
contrib
u
tin
g
to
C

⌫ .
T
h
e
extern
al-m
om
entu
m
,
colou
r-in
d
ex

an
d
sp
ace-tim
e-in
d
ex
assign
m
ents
are
th
e
sam
e
in
all
th
ree
d
iagram
s.

E
m
issio
n
fro
m

th
e
m
ed
ia
to
r

ipC
⌫ m
edq

a ii1 ,jj1“

“
S
1p⌘
1P
`
pq” ´
ig
spT

b 1q i1 ip⌘
1K
`
⌘
1P
`
q `
pq ⇢ı
S
1p⌘
1K
`
qq

´
i

p⌘
1K
`
q ´
⌘
1P
´
pq
2

ˆ
S
2p⌘
2P
´
pq“ ´
ig
spT

c 2q j1 jp⌘
2K
`
⌘
2P
´
q ´
pq µ‰
S
2p⌘
2K
´
qq

´
i

p⌘
2K
´
q ´
⌘
2P
`
pq
2

ˆ
p´
g

B
S
F

s

f
a
bc q
tg

⇢
µ rp⌘
1K
`
q ´
⌘
1P
´
pq ´
p⌘
2K
´
q ´
⌘
2P
`
pqs⌫

`
g

⌫
⇢ r´
P
g´
p⌘
1K
`
q ´
⌘
1P
´
pqsµ `
g

µ
⌫ rp⌘
2K
´
q ´
⌘
2P
`
pq `
P
gs⇢ u
,

(2.21a)

E
m
issio
n
fro
m

X
1

ipC
⌫ 1q
a ii1 ,jj1“
�
j1 j
S
2p⌘
2K
´
qq ˆ
S
1p⌘
1P
`
pq
S
1p⌘
1K
`
qq

ˆ
“ ´
ig

B
S
F

s

pT
a 1q i1 ip⌘
1K
`
⌘
1P
`
q `
pq

⌫ p2⇡q
4 �
4 p⌘
1K
`
q ´
⌘
1P
´
p´
P
gq‰
,

(2.21b
)

E
m
issio
n
fro
m

X
2

ipC
⌫ 2q
a ii1 ,jj1“
�
i1 i
S
1p⌘
1K
`
qq ˆ
S
2p⌘
2P
´
pq
S
2p⌘
2K
´
qq

ˆ
“ ´
ig

B
S
F

s

pT
a 2q j1 jp⌘
2K
`
⌘
2P
´
q ´
pq

⌫ p2⇡q
4 �
4 p⌘
2K
´
q ´
⌘
2P
`
p´
P
gq‰
.

(2.21c)

W
e
are
interested
on
ly
in
th
e
sp
atial
com
p
on
ents
of C
⌫ ,
⌫
“
1, 2, 3,

C
a ii1 ,jj1“
pC
m
edq

a ii1 ,jj1`
pC
1q

a ii1 ,jj1`
pC
2q

a ii1 ,jj1.

(2.22)

–
8
–g

Jan Heisig                                                                                                                                                                   10

X Y

Rates for standard coupling (� = �0)

j
i SM

SM SM

� b̃1
SM b̃1

SM
�

Freeze out!

CE satisfied!

�
H = 1

DPG Münster 2017 - Benedikt Lülf Coupled BMEs 6/10

q

X
Y

Y

Y

� gs

mX < mY



Two distinct regions for LLPs



Non-thermalized

Two distinct regions for LLPs



Non-thermalized Thermalized

Two distinct regions for LLPs



LHC R-hadronsLHC DV

Ly
-
α

1% SW

50%
SW

-
4

-
6

-
9

Ωh2= 0.12
— log10λχ

cτ =
1mm

cτ =
10m

10-5 0.01 10 104
100

104

106

108

1010

mχ [GeV]

Δ
m

[G
eV

]
Non-thermalized

Two distinct regions for LLPs

[D
ecant et al. 2111.09321]



LHC R-hadronsLHC DV

Ly
-
α

1% SW

50%
SW

-
4

-
6

-
9

Ωh2= 0.12
— log10λχ

cτ =
1mm

cτ =
10m

10-5 0.01 10 104
100

104

106

108

1010

mχ [GeV]

Δ
m

[G
eV

]

7

FIG. 1. Constraints on the t-channel DM models investigated that emerge from cosmological and astrophysical observables, as
well as from the measured Z-boson visible decay width. The coloured hypersurfaces displayed in the different (MX ,MY /MX�1)
planes correspond to scenarios that satisfy ⌦h2 ' 0.12 for a value of the coupling � reflected by the grey-scale colour map. The
left (right) panels correspond to models with self-conjugate (complex) DM, and we consider a scalar (top row), fermion (central
row), and vector (bottom row) DM candidate. The hatched regions denote exclusions from gamma-ray searches (‘ID gamma
rays’), searches in cosmic-ray antiprotons (‘ID anti-protons’), DM direct detection via spin-independent and spin-dependent
interactions (‘DD SI’ and ‘DD SD’, respectively), and Z-boson visible decays (‘Z decay’). For details we refer to sections II.2.5,
II.2.4 and to the end of section II.2.6.
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▪ up to few TeV
⇒ testable at colliders!

▪ up to 109 GeV
⇒ bulk out of reach 

Masses:
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▪ up to few TeV
⇒ testable at colliders!

 ▪ soft
⇒ current gaps 

▪ up to 109 GeV
⇒ bulk out of reach 

▪ hard 
⇒ covered yet 

Masses:

Visible 
decay 
products:
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Example I
X: Majorana dark matter
Y: Scalar mediator (bottom-partner)

Conversion-driven freeze-out (CDFO):

Rates for standard coupling (� = �0)
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
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that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
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Search requires:
▪ Number of displaced tracks:
▪ Invariant mass of displaced vertex:

Potential of displaced vertices search
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Table 2: The observed number of vertices for the control and validation regions are shown along with the back-
ground expectations. The last row shows the expected and observed signal region event yields.

Selection Subregion Estimated Observed

Event preselection
ntrk = 3, mDV > 10 GeV 3093

Event preselection
ntrk = 4, mDV > 10 GeV

vrlm 9 ± 2 9
vrm 150 +60

�30 177

Event preselection
ntrk � 5, mDV > 10 GeV

5-tracks 2.2 +2.8
�0.9 1

6-tracks 0.6 +0.6
�0.2 1

�7-tracks 1 +3
�1 3

Total 4.2 +4.1
�1.4 5

Full SR selection Total 0.02 +0.02
�0.01 0
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Figure 7: Two-dimensional distributions of mDV and track multiplicity are shown for DVs in events that satisfy
all signal region event selection criteria. Bin numbers correspond to the observations in data, while the color-
representation shows example distributions for two R-hadron signals used as benchmark models in this search. The
dashed line represents the boundary of the signal region requirements, and the expected signal yield in this region
is shown.
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Figure 3: Expected (dashed black line) and observed (solid red line) 95% CL exclusion limits on the higgsino
simplified model being considered. These are shown with ±1fexp (yellow band) from experimental systematic and
statistical uncertainties, and with ±1fSUSY

theory (red dotted lines) from signal cross-section uncertainties, respectively.
The limits set by the latest ATLAS searches using the soft lepton [17, 18] and disappearing track [15] signatures are
illustrated by the blue and green regions, respectively, while the limit imposed by the LEP experiments [20] is shown
in gray. The dot-dashed gray line indicates the predicted mass-splitting for the pure higgsino scenario [58].

In conclusion, this Letter reports the results of a search for the pair production of nearly mass-degenerate
higgsinos using 140 fb�1 of ?? collision data at

p
B = 13 TeV collected with the ATLAS detector at

the LHC. A novel signature is explored for the first time in LHC searches. It features the use of a
low-?T displaced track to achieve sensitivity to a largely unconstrained region of the 0.3–1 GeV higgsino
mass-splitting parameter range, which is challenging to probe with direct DM search experiments. No
excess above the SM expectation is observed and mass limits are set at 95% CL within a simplified higgsino
model, where higgsino masses of up to about 170 GeV are excluded, exceeding the limit set by the LEP
experiments for the first time. This result bridges a long-standing blind spot in the sensitivity of higgsino
searches, and establishes prospects for a conclusive test of the natural SUSY scenario, which predicts an
electroweak-scale higgsino mass.
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Low-momentum 
mildly-displaced tracks
[ATLAS 2401.14046] 

transverse momentum (denoted as pmiss
T along with its magnitude ⇢

miss
T ). Moreover, the additional Lorentz

boost by the ISR recoil enhances both ?T and ((30), so that more decay charged particles get mildly
displaced, which increases the sensitivity to even smaller mass-splitting values. While the conventional
mono-jet searches [23, 24] that probe this ISR event topology for generic DM production at the LHC
do not provide significant sensitivity to higgsino production due to the overwhelming Standard Model
(SM) background, the inclusion of a displaced track requirement allows for a significant reduction of these
backgrounds, which allows the exploration of this range of mass-splitting values for the first time since
LEP. This search uses the ?? collision data collected at the LHC during 2015–2018 at a center-of-mass
energy of

p
B = 13 TeV, corresponding to an integrated luminosity of 140 fb�1.

An example signal diagram of the target signature is shown in Figure 1. The same '-parity conserving
higgsino simplified model is considered as in Ref. [17, 18] where the mass of the ej±

1 is halfway between
that of the ej0

2 and the ej0
1 , i.e. <(ej0

2) � <(ej±

1 ) = <(ej±

1 ) � <(ej0
1). The higgsino-pair production modes

considered are ej+

1 ej�

1 , ej±

1 ej0
1 , ej±

1 ej0
2 , and ej0

2ej0
1 . The largest branching ratio of ej±

1 (ej0
2) decays is to a single

c
± (c0) when �<(ej±

1 , ej0
1) = 0.3–1 GeV [25]. The identified displaced track in signal events therefore

typically corresponds to a c
± from a ej±

1 decay, but a small fraction can also arise from ej±

1 ! 4aej0
1 ,ej±

1 ! `aej0
1 , ej0

2 ! 4
+
4
�ej0

1 , ej0
2 ! `

+
`
�ej0

1 and ej0
2 ! c

+
c
�ej0

1 decays; all are taken into account as
signal in the analysis.

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

jet

Figure 1: Example signal diagram for the targeted signature featuring a jet from initial-state radiation. For illustration,
the ej±

1 ej0
1 process is shown, while the production of ej+

1 ej�

1 , ej±

1 ej0
2 , and ej0

2 ej0
1 is considered in the search as well.

The ATLAS experiment is a multipurpose particle detector with a forward–backward symmetric cylindrical
geometry and nearly 4c coverage in solid angle. It consists of an inner tracking detector (ID) surrounded
by a superconducting solenoid, sampling electromagnetic (EM) and hadronic calorimeters, and a muon
spectrometer (MS) with three toroidal superconducting magnets. Charged particle tracks are reconstructed
using the hits in the ID and are required to have ?T > 500 MeV. For tracks with ?T = 2 GeV, the intrinsic
resolution on 30 is approximately 0.05 mm, which improves to 0.03 mm at ?T = 5 GeV and 0.01 mm at
?T > 10 GeV [26]. A two-level trigger system is used to select events for storage. The events in the main
dataset used in this analysis relied on the ⇢

miss
T trigger [27], while the auxiliary dataset for the background

estimation and validation was collected using the single-electron [28] or single-photon triggers [28]. An
extensive software suite [29] is used in data simulation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data acquisition systems of the experiment.

The ?? interaction vertex with the highest ?2
T sum of associated tracks is selected as the hard-scatter vertex

of interest. Hadronic jets are reconstructed from particle-flow objects [30] calibrated at the EM scale using

3

Delayed jets and MET
[CMS 1906.06441]

12

20, 21].

8 Summary

An inclusive search for long-lived particles has been presented, based on a data sample of
proton-proton collisions collected at

p
s = 13 TeV by the CMS experiment, corresponding to

an integrated luminosity of 137 fb�1. The search uses the timing of energy deposits in the
electromagnetic calorimeter to select delayed jets from the decays of heavy long-lived particles,
with residual background contributions estimated using measurements in control regions in
the data. The results are interpreted using the gluino gauge-mediated supersymmetry breaking
signal model and gluino masses up to 2100, 2500, and 1900 GeV are excluded at 95% confidence
level for proper decay lengths of 0.3, 1, and 100 m, respectively. The reach for models that
predict significant missing transverse momentum in the final state is significantly extended
beyond all previous searches, for proper decay lengths greater than ⇠0.5 m.
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theoryσ 1 ±95% CL observed 

experimentσ 1 ±95% CL expected 

Figure 4: The observed upper limits at 95% CL for the gluino pair production cross section in
the GMSB model, shown in the plane of meg and ct0. A branching fraction of 100% for the gluino
decay to a gluon and a gravitino is assumed. The area below the thick black curve represents
the observed exclusion region, while the dashed red lines indicate the expected limits and
their ±1 standard deviation ranges. The thin black lines show the effect of the theoretical
uncertainties on the signal cross section.

1

1 Introduction

A large number of models for physics beyond the standard model predict long-lived parti-
cles that may be produced at the CERN LHC and decay into final states containing jets with
missing transverse momentum, p

miss
T [1]. These models include supersymmetry (SUSY) with

gauge-mediated SUSY breaking (GMSB) [2], split and stealth SUSY [3–5], and hidden valley
models [6]. The p

miss
T may arise from a stable neutral weakly interacting particle in the final

state or from a heavy neutral long-lived particle that decays outside the detector.

The timing capabilities of the CMS electromagnetic calorimeter (ECAL) [7] are used to identify
nonprompt or “delayed” jets produced by the displaced decays of heavy long-lived particles
within the ECAL volume or within the tracking volume bounded by the ECAL. The delay is
expected to be a few ns for a TeV scale particle that travels ⇠1 m before decaying. A repre-
sentative GMSB model is used as a benchmark to quantify the sensitivity of the search. In
this model, pair-produced long-lived gluinos each decay into a gluon, which forms a jet, and a
gravitino, which escapes the detector causing significant p

miss
T in the event. A diagram showing

the benchmark model is shown in Fig. 1 (left figure).
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Figure 1: Diagram showing the GMSB signal model (left figure), and diagram of a typical
event (right figure), expected to pass the signal region selection. The event has delayed energy
depositions in the calorimeters but no tracks from a primary vertex.

There have been multiple searches for long-lived particles decaying to jets by the ATLAS [8],
CMS [9] and LHCb [10] Collaborations at

p
s = 7 TeV,

p
s = 8 TeV and

p
s = 13 TeV [11–25].

The use of calorimeter timing has so far been limited to searches targeting displaced photons
at

p
s = 8 TeV [26, 27]. The present study represents the first application of ECAL timing to a

search for nonprompt jets from long-lived particle decays. This technique allows the reduction
of background contributions to the few event level, while retaining high efficiency for signal
signatures of one or more displaced jets and p

miss
T in the final state. As detailed in Ref. [28],

this approach brings significant new sensitivity to long-lived particle searches. A diagram of
a characteristic event targeted by this analysis is shown in Fig. 1 (right figure). Such an event
would escape reconstruction in a tracker-based search because of the difficulty in reconstruct-
ing tracks that originate from decay points separated from the primary vertex by more than
⇠50 cm in the plane perpendicular to the beam axis. There are two effects that contribute to
the time delay of jets from the decay of heavy long-lived particles. First, the indirect path, com-
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point

⇥
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1
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decay only

�h2 = 0.12

FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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Further motivation:  
Simultaneously explain DM and the baryon asymmetry 

via conversion-driven leptogenesis
[JH 2404.12428]
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Conclusion

▪ WIMP parameter space (MET signatures) 
   highly constrain within minimal models
▪ Parameter region evading bound ↔ small 
   couplings ↔ long-lived particles
▪ Great potential for (non-)thermalized case
▪ Non-thermalized case draws particular attention: 
   ▪ accessible parameter space
   ▪ soft displaced objects, not yet well covered
   ⇒ prime target for future investigations

▪ Combine primary and displaced track information 
   (‘kinked tracks’)


