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" All evidence for the existence of Dark Matter is purely gravitational.

ΩDM h2 ≃ 0.12
<latexit sha1_base64="CRNJVrNjMegQUrODrE82HUIwiTw=">AAACCXicZVDJSgNBEO1xjYlLVDx5sFEDOYWZiMsxqAcvYgSTCE4MPZ1K0qR7ZuzuEcIQb570B/wGT4KCePUTPPk3djZxeVDweK+KqnpeyJnStv1pjY1PTE5NJ2aSqdm5+YX04lJZBZGkUKIBD+S5RxRw5kNJM83hPJRAhMeh4rUPen7lGqRigX+mOyFUBWn6rMEo0UaqpdfcEwFNUotdKfDhcRe3LvPYVUzAFbZzTr6W3rBzdh/4P3GGZKOw8nB/k91MFWvpD7ce0EiAryknSl04dqirMZGaUQ7dpBspCAltkyZcGOoTAaoa9x/p4oxR6rgRSFO+xn3150RMhFId4ZlOQXRL/fV64reX+bVKN/aqMfPDSINPB5saEcc6wL1YcJ1JoJp3DCFUMnMspi0iCdUmvGQ/hZ3R83/JKIVyPuds5bZPTRz7aIAEWkXrKIsctIsK6AgVUQlRdIse0TN6se6sJ+vVehu0jlnDmWX0C9b7F6cKmok=</latexit>

" The particle physics nature of DM is unknown.!
" Ñ is our main Ônew physicsÕ challenge.

" The energy density of the DM is precisely measured:

Dark Matter

" The thermal freeze-out is attractive scenario for particle dark matter.
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Òfreeze-outÓ 
(decoupling)

WIMP miracle
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g ! 0.1, ! h2 = 0 .12
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m ! 100 GeV
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within the reach of LHC!

something to do with hierarchy problem?
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Figure 12. The current experimental parameter space for spin-independent WIMP-
nucleon cross sections. Not all published results are shown. The space above the
lines is excluded at a 90% conÞdence level. The two contours for DAMA interpret
the observed annual modulation in terms of scattering of iodine (I) and sodium (Na),
respectively [125]. The dashed line limiting the parameter space from below represents
the Òneutrino ßoorÓ [117] from the irreducible background from coherent neutrino-
nucleus scattering (CNNS), see Sect.3.4.

target) are weaker due to their higher threshold and lower exposure.
In a mass range from 1.8 GeV/c2 ! m! ! 5 GeV/c2, the most stringent exclusion

limit was placed by DarkSide-50 using a LAr target depleted in39Ar [126]. The
result from a 0.019 t! y run is a based on using the ionization signal only, which
allowed reducing the analysis threshold to 0.1 keVee. The observed background of
1.5 events/(kg! d ! keVee), corresponding to 5.5 ! 105 events/(t ! y ! keVee), can be
attributed to known background sources above" 1.4 keVnr (corresponding to 8 e! ).

Due to their much smaller total target mass and higher backgrounds, the cryogenic
experiments using Ge-crystals with ionization and phonon readout (EDELWEISS,
(Super)CDMS) or scintillating CaWO4-crystals with light and phonon readout
(CRESST) cannot compete in the search for medium to high-mass WIMPs. However,
due to their ability to reach extremely low thresholds well below 1 keVnr , they are very
sensitive to low-mass WIMPs with masses! 5 GeV/c2. The Germanium-based detectors
SuperCDMS and EDELWEISS could improve their low-mass sensitivity by operating
the detectors with a high bias voltage, converting the ionization signals into Neganov-
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No DM signature is found anywhere.

Why?



Co-annihilation
:  Dark Matter (DM) :!
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:  Co-Annihilation Partner (CAP) :

!  singlet

!  coloured or weakly charged
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Figure 1 . Annihilation and co-annihilation processes.

Unlike the DM pair annihilation, the annihilation of the CAP particles, ! ! ! SM
particles, proceeds via the electromagnetic or weak gauge interactions, as indicated in the
second diagram of Þgure1. As such, the ! ! annihilation can have much larger rates than
the Þrst process in Þgure1 at small gDM . For a small but non-vanishing values ofgDM , there
are transition processes between! and " : ! +SM " " +SM. These processes are in general
much more e! cient than annihilation processes, since the number density of light SM par-
ticles is not Boltzmann suppressed at the time of freeze-out. As long as the mass splitting,
" M , is small, the transition process e#ectively equalises the number densities of" and ! ,
and the DM density (in the unit of the entropy density) freezes out when the annihilation
of ! is decoupled. We therefore Þnd that in the region of smallgDM , the DM relic density
is not sensitive to gDM and determined mainly by " M and #(! ! ! SM particles) # v.

As gDM approaches the U(1)Y gauge coupling,g!, the co-annihilation process" ! !
SM particles becomes important (see, for example, the right diagram in Þgure1). The
rate of this process is proportional tog2

DM
. As in the previous process, this process is only

e#ective when" M is small as we will see below more explicitly.
For even higher values ofgDM , the dark matter pair annihilation, " " ! $+ $" , can

become important, since the annihilation rate is proportional to g4
DM

. However, as we have
discussed above, for" = { " , S} , this process can never become very large because it is
velocity suppressed. However it can be dominant for the vector DM case" = Vµ. Unlike
the other channels, the contribution of this process is independent of" M .

As it is well known, the DM relic abundance scales as

$ DM h2 $ %#e! v&" 1 , (3.1)

where%#e! v&is the thermal average of the e#ective annihilation cross-section that is given
by [66]
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Figure 1 . Annihilation and co-annihilation processes.

Unlike the DM pair annihilation, the annihilation of the CAP particles, ! ! ! SM
particles, proceeds via the electromagnetic or weak gauge interactions, as indicated in the
second diagram of Þgure1. As such, the ! ! annihilation can have much larger rates than
the Þrst process in Þgure1 at small gDM . For a small but non-vanishing values ofgDM , there
are transition processes between! and " : ! +SM " " +SM. These processes are in general
much more e! cient than annihilation processes, since the number density of light SM par-
ticles is not Boltzmann suppressed at the time of freeze-out. As long as the mass splitting,
" M , is small, the transition process e#ectively equalises the number densities of" and ! ,
and the DM density (in the unit of the entropy density) freezes out when the annihilation
of ! is decoupled. We therefore Þnd that in the region of smallgDM , the DM relic density
is not sensitive to gDM and determined mainly by " M and #(! ! ! SM particles) # v.

As gDM approaches the U(1)Y gauge coupling,g!, the co-annihilation process" ! !
SM particles becomes important (see, for example, the right diagram in Þgure1). The
rate of this process is proportional tog2

DM
. As in the previous process, this process is only

e#ective when" M is small as we will see below more explicitly.
For even higher values ofgDM , the dark matter pair annihilation, " " ! $+ $" , can

become important, since the annihilation rate is proportional to g4
DM

. However, as we have
discussed above, for" = { " , S} , this process can never become very large because it is
velocity suppressed. However it can be dominant for the vector DM case" = Vµ. Unlike
the other channels, the contribution of this process is independent of" M .

As it is well known, the DM relic abundance scales as

$ DM h2 $ %#e! v&" 1 , (3.1)

where%#e! v&is the thermal average of the e#ective annihilation cross-section that is given
by [66]
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Figure 1 . Annihilation and co-annihilation processes.

Unlike the DM pair annihilation, the annihilation of the CAP particles, ! ! ! SM
particles, proceeds via the electromagnetic or weak gauge interactions, as indicated in the
second diagram of Þgure1. As such, the ! ! annihilation can have much larger rates than
the Þrst process in Þgure1 at small gDM . For a small but non-vanishing values ofgDM , there
are transition processes between! and " : ! +SM " " +SM. These processes are in general
much more e! cient than annihilation processes, since the number density of light SM par-
ticles is not Boltzmann suppressed at the time of freeze-out. As long as the mass splitting,
" M , is small, the transition process e#ectively equalises the number densities of" and ! ,
and the DM density (in the unit of the entropy density) freezes out when the annihilation
of ! is decoupled. We therefore Þnd that in the region of smallgDM , the DM relic density
is not sensitive to gDM and determined mainly by " M and #(! ! ! SM particles) # v.

As gDM approaches the U(1)Y gauge coupling,g!, the co-annihilation process" ! !
SM particles becomes important (see, for example, the right diagram in Þgure1). The
rate of this process is proportional tog2

DM
. As in the previous process, this process is only

e#ective when" M is small as we will see below more explicitly.
For even higher values ofgDM , the dark matter pair annihilation, " " ! $+ $" , can

become important, since the annihilation rate is proportional to g4
DM

. However, as we have
discussed above, for" = { " , S} , this process can never become very large because it is
velocity suppressed. However it can be dominant for the vector DM case" = Vµ. Unlike
the other channels, the contribution of this process is independent of" M .

As it is well known, the DM relic abundance scales as
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Figure 1 . Annihilation and co-annihilation processes.

Unlike the DM pair annihilation, the annihilation of the CAP particles, ! ! ! SM
particles, proceeds via the electromagnetic or weak gauge interactions, as indicated in the
second diagram of Þgure1. As such, the ! ! annihilation can have much larger rates than
the Þrst process in Þgure1 at small gDM . For a small but non-vanishing values ofgDM , there
are transition processes between! and " : ! +SM " " +SM. These processes are in general
much more e! cient than annihilation processes, since the number density of light SM par-
ticles is not Boltzmann suppressed at the time of freeze-out. As long as the mass splitting,
" M , is small, the transition process e#ectively equalises the number densities of" and ! ,
and the DM density (in the unit of the entropy density) freezes out when the annihilation
of ! is decoupled. We therefore Þnd that in the region of smallgDM , the DM relic density
is not sensitive to gDM and determined mainly by " M and #(! ! ! SM particles) # v.

As gDM approaches the U(1)Y gauge coupling,g!, the co-annihilation process" ! !
SM particles becomes important (see, for example, the right diagram in Þgure1). The
rate of this process is proportional tog2
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. As in the previous process, this process is only

e#ective when" M is small as we will see below more explicitly.
For even higher values ofgDM , the dark matter pair annihilation, " " ! $+ $" , can

become important, since the annihilation rate is proportional to g4
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. However, as we have
discussed above, for" = { " , S} , this process can never become very large because it is
velocity suppressed. However it can be dominant for the vector DM case" = Vµ. Unlike
the other channels, the contribution of this process is independent of" M .
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mass degeneracy is required



" For small gDM, the interaction between DM and SM becomes very weak.

L ! gDM á! " (SM)
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" The sensitivities for direct and indirect detections are very low.

" The production rate for direct DM production at the LHC is also very small.

Experimental Signatures

" Since CAP is charged under the SM gauge group, the production rate for CAP is 
unsuppressed at the LHC.
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" Once CAP is produced, it will decay into DM + SM with

Collider Signature
L ! gDM á! " (SM)
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" Since co-annihilation requires small mass di&erence (#m/m % << 4% ), the SM 
particles from the decay is very soft. 

" In this case, the LHC search relies on the mono-jet channel and sensitivity is 
very weak in general.

" If DM is exclusively coupled to the tau-lepton  and !m < m ", the decay is 
further suppressed and CAP becomes long-lived .  
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Figure 13: Expected 95% CL sensitivity (dashed lines) and observed limits (solid lines) for simpliÞed models of
direct slepton production. A Þt of slepton signals to themT2 spectrum is used to derive the limits, which are projected
into the! m(!! , !" 0

1) vs. m(!! ) plane. Slepton!! refers to the scalar partners of left- and right-handed electrons and
muons. The gray region is the!eR limit from LEP [27]. On the left, the sleptons are assumed to be fourfold mass
degeneratem(!eL ) = m(!eR) = m(!µL ) = m(!µR), the expected sensitivity (blue dashed line) is shown with with±1#exp
(yellow band) from experimental systematic uncertainties, the observed limit (red solid line) is shown with±1#theory
(dotted red line) from signal cross section uncertainties, and the blue regions are the fourfold mass degenerate slepton
limits from ATLAS Run 1 [109] and Run 2 [41]. On the right, no degeneracy is assumed on the masses of the
sleptons and the limits are presented separately for!eL , !eR, !µL and!µR.

excluded up to 161GeVfor mass splittings of 5GeV. Right-handed smuons are excluded up to 141GeV
for mass splittings of 10GeV, while left-handed smuons are excluded up to 205GeVfor mass splittings of
10 GeV.

9 Conclusion

Results of searches for electroweak production of supersymmetric particles in models with compressed
mass spectra are presented, using

!
s = 13 TeV proton-proton collision data corresponding to 139fb" 1

collected by the ATLAS experiment at the CERN Large Hadron Collider. Events with missing transverse
momentum, two same-ßavour, oppositely-charged, low transverse momentum leptons, and hadronic activity
from initial state radiation are selected. The data are found to be consistent with predictions from the SM.
Assuming wino production constraints at 95% conÞdence level are placed on the minimum mass of the
!" 0

2 at 205GeV for a mass splitting of 5GeV, and extend down to a mass splitting of 2GeV at the LEP
chargino mass limit. For Higgsino production, the corresponding lower limits are at 162GeVat a mass
splitting of 10GeV, and extending down to a mass splitting of 2.6GeV at the LEP chargino mass limit.
Light-ßavour sleptons are constrained to have masses above 256GeV for a mass splitting of 10GeV, with
constraints extending down to mass splittings of 590 MeV at the LEP slepton limits.
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11 Conclusion

Searches for stau-pair production in events with at least two hadronically decaying! -leptons and missing
transverse momentum were performed using 139 fb! 1 of ppcollision data at

"
s = 13TeV recorded with

the ATLAS detector at the LHC. Agreement between data and SM predictions is observed in two optimized
signal regions. The results are used to set limits on the visible cross section for events beyond the Standard
Model in each signal region.

Exclusion limits are placed on parameters of simpliÞed electroweak supersymmetry models in scenarios of
stau-pair production. Stau masses from 120 GeV to 390 GeV are excluded for a massless lightest neutralino
in the scenario of direct production of stau pairs, with each stau decaying into the lightest neutralino and one
! -lepton. These limits extend signiÞcantly beyond previous results by the ATLAS and CMS experiments
in the high÷! mass region.
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Long-Lived Signatures



¥ A standard signature to search for dark matter at colliders is the mono-X 
(or multi-jets) plus missing energy.  

¥ These searches are being exploited and interpreted in terms of 
simpliÞed dark matter models with mediators.     

     Dark Matter + mediator  +  Standard Model particles    

¥ [A growing number of the analyses are also dedicated to the direct 
search of the mediators which can decay back to the SM .] 

¥ We consider instead an alternative DM scenario  characterised by 
simpliÞed models without mediators.  

     Dark Matter + co-annihilation partner + Standard Model particles   

¥ Our dark sector includes a co-annihilation partner (CAP) particle instead 
of a mediator (in addition to the cosmologically stable DM).

Motivation

3

SimpliÞed Models (SMS)
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Model-1a

Component Field Charge Interaction ( 5.1)

DM Majorana fermion (! ) Y = 0
" ! (!# R) + h .c.

CAP Complex scalar (" ) Y = ! 1

Model-1b

Component Field Charge Interaction ( 5.4)Ð(5.5)

DM Majorana fermion (! ) Q = 0
" ! (!# R) + " ! (!# L ) + h .c.

CAP Complex scalar (" ) Q = ! 1

Model-2

Component Field Charge Interaction ( 5.6)

DM Real scalar (S) Y = 0
S(! PR#) + h .c.

CAP Dirac fermion (! ) Y = ! 1

Model-3

Component Field Charge Interaction ( 5.7)

DM Vector (Vµ) Y = 0
Vµ(! $µPR#) + h .c.

CAP Dirac fermion (! ) Y = ! 1

Table 1 . SimpliÞed Models of DM with a colourless co-annihilation partner (CAP).

are deÞned by the three-point interactions between! , %and the #-lepton of the Standard
Model sector,

L " gDM ! % # + h .c. . (2.1)

Here gDM denotes the dark sector coupling constant which we take to be real and we
also note that %has a non-vanishing#-lepton number. Restricting the particle content
of our simpliÞed models to spins not higher than 1, we consider three possible spin as-
signments2 for the (! , %) pair: ( 1

2, 0), (0, 1
2) and (1, 1

2). The corresponding simpliÞed
DM-co-annihilation models we wish to consider are summarised in table1.

A note on notation: we use! to denote the DM particle and %(or %± ) for the co-
annihilation particle in general. For the simpliÞed models in table1 we have! = { ! , S, Vµ}
and %= { " , ! } depending on the choice of the model.

For the ( 1
2, 0) spin assignment we consider the case where the dark matter is a Majorana

fermion, ! , and the co-annihilation partner is a complex scalar Þeld," , bearing in mind
the similarity of this case with the neutralino-stau co-annihilation picture in SUSY models,

2An additional potential assignment ( 1
2 , 1) leads to ! being an electrically charged vector boson which

prevent us from Þnding an SU(2)L ! U(1) Y invariant operator for eq. ( 2.1). We therefore will not consider
this option further.
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SMS for long-lived coannihilationing DM with tau

3 free parameters: m! , ! m, gDM
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In model-1 and -2, the DM is a Majorana fermion and a real 
scalar, respectively.

DM annihilation

For those dark matters, the initial state is s-wave (spin-0) 
(Pauli blocking for the fermion case), therefore the s-wave 
part of this annihilation cross-section is chiral suppressed 
by the tau-lepton mass.  

(! v)s wave
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g4
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Other than s-wave: 

Coannihilation is very important

[ v/c << 1 at the present Universe ] 

indirect detection not promising(?) 



!
<latexit sha1_base64="2ZMSGBN+Z0+rgyptuVouXHGKo14=">AAAB7HicZVBNS8NAEJ3Ur1q/qh69LJaCp5IqfhyLXjxWsB/QhrLZbtqlm03YnQgl9C94EhTEq3/Ik//GJE3F1gcDj/dmmJnnhlIYtO1vq7C2vrG5Vdwu7ezu7R+UD4/aJog04y0WyEB3XWq4FIq3UKDk3VBz6ruSd9zJXep3nrg2IlCPOA2549OREp5gFFOpjzQalCt2zc5A/pN6TiqQozkof/WHAYt8rpBJakyvbofoxFSjYJLPSv3I8JCyCR3xXkIV9blx4uzWGakmypB4gU5KIcnUvxMx9Y2Z+m7S6VMcm1UvFX+96tIq9G6cWKgwQq7YfJMXSYIBST8nQ6E5QzlNCGVaJMcSNqaaMkzyKWUpXC2eXyWLFNrntfpF7fLBrjRu8zyKcAKncAZ1uIYG3EMTWsBgDM/wCm+Wsl6sd+tj3lqw8pljWIL1+QOof46F</latexit>

!
<latexit sha1_base64="7Wid11JHP06OZcnjUfcuHhnOJhw=">AAAB7HicZVDLSsNAFL2pr1pfVZe6GCwFVyWx+FgW3bisYB/QhjKZTpqhk0mYmQgl9BdcCQri1h9y5d84SVux9cCFwzn3cu89XsyZ0rb9bRXW1jc2t4rbpZ3dvf2D8uFRW0WJJLRFIh7JrocV5UzQlmaa024sKQ49Tjve+C7zO09UKhaJRz2JqRvikWA+I1hnUp8EbFCu2DU7B/pPnDmpNE4hR3NQ/uoPI5KEVGjCsVI9x461m2KpGeF0WuonisaYjPGI9gwVOKTKTfNbp6hqlCHyI2lKaJSrfydSHCo1CT3TGWIdqFUvE3+96tIq7d+4KRNxoqkgs01+wpGOUPY5GjJJieYTQzCRzByLSIAlJtrkU8pTuFo8v0oWKbQvak69dvlg4ridxQFFOIEzOAcHrqEB99CEFhAI4Ble4c0S1ov1bn3MWgvWfOYYlmB9/gAEVY7L</latexit>

!
<latexit sha1_base64="7Wid11JHP06OZcnjUfcuHhnOJhw=">AAAB7HicZVDLSsNAFL2pr1pfVZe6GCwFVyWx+FgW3bisYB/QhjKZTpqhk0mYmQgl9BdcCQri1h9y5d84SVux9cCFwzn3cu89XsyZ0rb9bRXW1jc2t4rbpZ3dvf2D8uFRW0WJJLRFIh7JrocV5UzQlmaa024sKQ49Tjve+C7zO09UKhaJRz2JqRvikWA+I1hnUp8EbFCu2DU7B/pPnDmpNE4hR3NQ/uoPI5KEVGjCsVI9x461m2KpGeF0WuonisaYjPGI9gwVOKTKTfNbp6hqlCHyI2lKaJSrfydSHCo1CT3TGWIdqFUvE3+96tIq7d+4KRNxoqkgs01+wpGOUPY5GjJJieYTQzCRzByLSIAlJtrkU8pTuFo8v0oWKbQvak69dvlg4ridxQFFOIEzOAcHrqEB99CEFhAI4Ble4c0S1ov1bn3MWgvWfOYYlmB9/gAEVY7L</latexit>

Z/ !
<latexit sha1_base64="1OEz2AY0vBLkBoi7F9J2KNE8M6E=">AAAB8HicZVDLSgNBEOyNrxhfUcGLHoaEgKe4q/g4Br14jGAemCxhdjIbh8zsLjOzQljyE54EheDVm9/iyb9xsknExIKGoqqb7i4v4kxp2/62MkvLK6tr2fXcxubW9k5+d6+uwlgSWiMhD2XTw4pyFtCaZprTZiQpFh6nDa9/M/YbT1QqFgb3ehBRV+BewHxGsDZS8+Gk3cNC4E6+aJftFOg/caakWClAZnTweVTt5L/a3ZDEggaacKxUy7Ej7SZYakY4HebasaIRJn3coy1DAyyocpP03iEqGaWL/FCaCjRK1b8TCRZKDYRnOgXWj2rRG4u/Xmlulfav3IQFUaxpQCab/JgjHaLx96jLJCWaDwzBRDJzLCKPWGKiTUa5NIWL2fOLZJZC/bTsnJXP70wc1zBBFg6hAMfgwCVU4BaqUAMCHJ7hFd4sab1YI+t90pqxpjP7MAfr4we7Y5HV</latexit>

!
<latexit sha1_base64="2ZMSGBN+Z0+rgyptuVouXHGKo14=">AAAB7HicZVBNS8NAEJ3Ur1q/qh69LJaCp5IqfhyLXjxWsB/QhrLZbtqlm03YnQgl9C94EhTEq3/Ik//GJE3F1gcDj/dmmJnnhlIYtO1vq7C2vrG5Vdwu7ezu7R+UD4/aJog04y0WyEB3XWq4FIq3UKDk3VBz6ruSd9zJXep3nrg2IlCPOA2549OREp5gFFOpjzQalCt2zc5A/pN6TiqQozkof/WHAYt8rpBJakyvbofoxFSjYJLPSv3I8JCyCR3xXkIV9blx4uzWGakmypB4gU5KIcnUvxMx9Y2Z+m7S6VMcm1UvFX+96tIq9G6cWKgwQq7YfJMXSYIBST8nQ6E5QzlNCGVaJMcSNqaaMkzyKWUpXC2eXyWLFNrntfpF7fLBrjRu8zyKcAKncAZ1uIYG3EMTWsBgDM/wCm+Wsl6sd+tj3lqw8pljWIL1+QOof46F</latexit>

!
<latexit sha1_base64="m498wfq0yd+NZaUVok3w8MatQmc=">AAAB7HicZVBNS8NAEJ34WetX1aMeFkvBU0kUP45FLx4r2A9oQ9lsJ+3SzSbsboQS+hc8CQri1T/kyX9jkrZi64OBx3szzMzzIsG1se1va2V1bX1js7BV3N7Z3dsvHRw2dRgrhg0WilC1PapRcIkNw43AdqSQBp7Alje6y/zWEyrNQ/loxhG6AR1I7nNGTSZ10dBeqWxX7RzkP3FmpFw7gRz1Xumr2w9ZHKA0TFCtO44dGTehynAmcFLsxhojykZ0gJ2UShqgdpP81gmppEqf+KFKSxqSq38nEhpoPQ68tDOgZqiXvUz89SoLq4x/4yZcRrFByaab/FgQE5Lsc9LnCpkR45RQpnh6LGFDqigzaT7FPIWr+fPLZJ5C87zqXFQvH9I4bqdxQAGO4RTOwIFrqME91KEBDIbwDK/wZknrxXq3PqatK9Zs5ggWYH3+AA2DjtE=</latexit> !

<latexit sha1_base64="m498wfq0yd+NZaUVok3w8MatQmc=">AAAB7HicZVBNS8NAEJ34WetX1aMeFkvBU0kUP45FLx4r2A9oQ9lsJ+3SzSbsboQS+hc8CQri1T/kyX9jkrZi64OBx3szzMzzIsG1se1va2V1bX1js7BV3N7Z3dsvHRw2dRgrhg0WilC1PapRcIkNw43AdqSQBp7Alje6y/zWEyrNQ/loxhG6AR1I7nNGTSZ10dBeqWxX7RzkP3FmpFw7gRz1Xumr2w9ZHKA0TFCtO44dGTehynAmcFLsxhojykZ0gJ2UShqgdpP81gmppEqf+KFKSxqSq38nEhpoPQ68tDOgZqiXvUz89SoLq4x/4yZcRrFByaab/FgQE5Lsc9LnCpkR45RQpnh6LGFDqigzaT7FPIWr+fPLZJ5C87zqXFQvH9I4bqdxQAGO4RTOwIFrqME91KEBDIbwDK/wZknrxXq3PqatK9Zs5ggWYH3+AA2DjtE=</latexit>

gDM
<latexit sha1_base64="OKuZCk91GUNnD45ZwrBo/Z8cZG0=">AAAB9XicZVDLSsNAFJ3UV62vqks3o6XgqiSKr13xgW6ECvYBbQiT6aQdOpnEmYlSQr7DlaAgbv0YV36KK52mrdh64MLhnHu59x43ZFQq0/w0MjOzc/ML2cXc0vLK6lp+faMmg0hgUsUBC0TDRZIwyklVUcVIIxQE+S4jdbd3NvDr90RIGvBb1Q+J7aMOpx7FSGnJ7jixE7eED8+vk8TJF8ySmQL+J9aIFMrb31/i8uKk4uQ/Wu0ARz7hCjMkZdMyQ2XHSCiKGUlyrUiSEOEe6pCmphz5RNpxenQCi1ppQy8QuriCqfp3Ika+lH3f1Z0+Ul057Q3EX684sUp5x3ZMeRgpwvFwkxcxqAI4iAC2qSBYsb4mCAuqj4W4iwTCSgeVS1M4HD8/TcYp1PZK1n7p4EbHcQqGyIItsAN2gQWOQBlcgQqoAgzuwCN4Bi/Gg/FkvBpvw9aMMZrZBBMw3n8A+yGVyg==</latexit>
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Indirect Detection

! m
m!

<latexit sha1_base64="e1TRNnLmH664S1kauTUZhiKmU/0=">AAACAXicZZDLSsNAFIYn9VbrLV7AhZvBUnBVEsXLslYXLivYCzQhTKYTO3QmCTMToYTgwkdxJSiIWx/Chau+jdOb2PrDwM9/zuHM+fyYUaksa2DkFhaXllfyq4W19Y3NLXN7pyGjRGBSxxGLRMtHkjAakrqiipFWLAjiPiNNv3c1rDcfiJA0Cu9UPyYuR/chDShGSkeeue8EAuHUuSZMIcizlHsO7tLMM4tW2RoJ/jf2xBQrl4/V3OBrr+aZ304nwgknocIMSdm2rVi5KRKKYkaygpNIEiPcQ/ekrW2IOJFuOjoggyWddGAQCf1CBUfp34kUcSn73NedHKmunK8Nw99aaWaVCi7clIZxokiIx5uChEEVwSEO2KGCYMX62iAsqP4sxF2kkSgNrTCicDY9ft5MKTSOy/ZJ+fRW46iCsfLgAByCI2CDc1ABN6AG6gCDDDyDV/BmPBkvxrvxMW7NGZOZXTAj4/MHm0eZ5Q==</latexit>

Blue points correspond to the parameter region of interest; !m/m "  << 4%.

[Giacchino, Lopez-Honorez, Tytgat Õ13]

The DM can be converted into a slightly o&-shell CAP 
by emitting a soft tau, the CAP then co-annihilates with 
another DM into a pair of SM particles.!

This channel is not chiral suppressed and turns out to 
be the dominant annihilation channel.

scalar DM Majorana DM
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Vµ
<latexit sha1_base64="53lLUVdJj8XNAUvkmk8LwTOyTJQ=">AAAB7XicZVDJSgNBEO1xjXGLevTSGAOewozicgx68RjBSQLJEHo6PUmTXobuHiGM+QTxJBgRr36A3+HJk39jZxMTHxQ83quiql4YM6qN6347C4tLyyurmbXs+sbm1nZuZ7eiZaIw8bFkUtVCpAmjgviGGkZqsSKIh4xUw+7V0K/eEaWpFLemF5OAo7agEcXIWMmvNBs8aebybtEdAf4n3oTkS4eDh8+P+5dyM/fVaEmccCIMZkjruufGJkiRMhQz0s82Ek1ihLuoTeqWCsSJDtLRsX1YsEoLRlLZEgaO1L8TKeJa93hoOzkyHT3vDcVfrzCzykQXQUpFnBgi8HhTlDBoJBy+DltUEWxYzxKEFbXHQtxBCmFjA8qOUjibPj9PpilUjoveSfH0xsZxCcbIgH1wAI6AB85BCVyDMvABBhQ8gmcwcKTz5Lw6b+PWBWcyswdm4Lz/ANLUkvw=</latexit>

Vµ
<latexit sha1_base64="53lLUVdJj8XNAUvkmk8LwTOyTJQ=">AAAB7XicZVDJSgNBEO1xjXGLevTSGAOewozicgx68RjBSQLJEHo6PUmTXobuHiGM+QTxJBgRr36A3+HJk39jZxMTHxQ83quiql4YM6qN6347C4tLyyurmbXs+sbm1nZuZ7eiZaIw8bFkUtVCpAmjgviGGkZqsSKIh4xUw+7V0K/eEaWpFLemF5OAo7agEcXIWMmvNBs8aebybtEdAf4n3oTkS4eDh8+P+5dyM/fVaEmccCIMZkjruufGJkiRMhQz0s82Ek1ihLuoTeqWCsSJDtLRsX1YsEoLRlLZEgaO1L8TKeJa93hoOzkyHT3vDcVfrzCzykQXQUpFnBgi8HhTlDBoJBy+DltUEWxYzxKEFbXHQtxBCmFjA8qOUjibPj9PpilUjoveSfH0xsZxCcbIgH1wAI6AB85BCVyDMvABBhQ8gmcwcKTz5Lw6b+PWBWcyswdm4Lz/ANLUkvw=</latexit>

Indirect Detection

Vector DM annihilation is not chiral suppressed.

Khoze, Plascencia, KS Ô17

! m ! (0, 3) GeV
<latexit sha1_base64="lAulO8tU/AdkD0KdxnkY9Y9iYLA=">AAACC3icZVDLSgNBEOyNrxhfUcGLHkZFUJCwUXwcgwp6VDBRyIYwO+no4MzsMjMrhCVnT36DX+BBBAXx6hd48m+cJCoaCxqKqm66u8JYcGN9/8PLDAwODY9kR3Nj4xOTU/npmYqJEs2wzCIR6fOQGhRcYdlyK/A81khlKPAsvNrv+GfXqA2P1KltxViT9ELxJmfUOqmeXwwOUFhKJAm4IqvEXyebZI0E62mgJTnESrueX/YLfhfkPyl+keXSEmTu5h4Wjuv596ARsUSiskxQY6pFP7a1lGrLmcB2LkgMxpRd0QusOqqoRFNLu6+0yYpTGqQZaVfKkq76eyKl0piWDF2npPbS9Hsd8cdb+bPKNndrKVdxYlGx3qZmIoiNSCcY0uAamRUtRyjT3B1L2CXVlFkXX66bwvb38/3kO4XKRqG4Wdg6cXHsQQ9ZmIclWIUi7EAJjuAYysDgBu7hCZ69W+/Re/Fee60Z72tmFv7Ae/sEbGyZmw==</latexit>

Excluded by Fermi-LAT

! Vµ h2 > 0.12
<latexit sha1_base64="UvtjF3ytgVJYMrVHyOAckX3UbuU="></latexit>



!
<latexit sha1_base64="7Wid11JHP06OZcnjUfcuHhnOJhw=">AAAB7HicZVDLSsNAFL2pr1pfVZe6GCwFVyWx+FgW3bisYB/QhjKZTpqhk0mYmQgl9BdcCQri1h9y5d84SVux9cCFwzn3cu89XsyZ0rb9bRXW1jc2t4rbpZ3dvf2D8uFRW0WJJLRFIh7JrocV5UzQlmaa024sKQ49Tjve+C7zO09UKhaJRz2JqRvikWA+I1hnUp8EbFCu2DU7B/pPnDmpNE4hR3NQ/uoPI5KEVGjCsVI9x461m2KpGeF0WuonisaYjPGI9gwVOKTKTfNbp6hqlCHyI2lKaJSrfydSHCo1CT3TGWIdqFUvE3+96tIq7d+4KRNxoqkgs01+wpGOUPY5GjJJieYTQzCRzByLSIAlJtrkU8pTuFo8v0oWKbQvak69dvlg4ridxQFFOIEzOAcHrqEB99CEFhAI4Ble4c0S1ov1bn3MWgvWfOYYlmB9/gAEVY7L</latexit>

!
<latexit sha1_base64="7Wid11JHP06OZcnjUfcuHhnOJhw=">AAAB7HicZVDLSsNAFL2pr1pfVZe6GCwFVyWx+FgW3bisYB/QhjKZTpqhk0mYmQgl9BdcCQri1h9y5d84SVux9cCFwzn3cu89XsyZ0rb9bRXW1jc2t4rbpZ3dvf2D8uFRW0WJJLRFIh7JrocV5UzQlmaa024sKQ49Tjve+C7zO09UKhaJRz2JqRvikWA+I1hnUp8EbFCu2DU7B/pPnDmpNE4hR3NQ/uoPI5KEVGjCsVI9x461m2KpGeF0WuonisaYjPGI9gwVOKTKTfNbp6hqlCHyI2lKaJSrfydSHCo1CT3TGWIdqFUvE3+96tIq7d+4KRNxoqkgs01+wpGOUPY5GjJJieYTQzCRzByLSIAlJtrkU8pTuFo8v0oWKbQvak69dvlg4ridxQFFOIEzOAcHrqEB99CEFhAI4Ble4c0S1ov1bn3MWgvWfOYYlmB9/gAEVY7L</latexit>!

<latexit sha1_base64="m498wfq0yd+NZaUVok3w8MatQmc=">AAAB7HicZVBNS8NAEJ34WetX1aMeFkvBU0kUP45FLx4r2A9oQ9lsJ+3SzSbsboQS+hc8CQri1T/kyX9jkrZi64OBx3szzMzzIsG1se1va2V1bX1js7BV3N7Z3dsvHRw2dRgrhg0WilC1PapRcIkNw43AdqSQBp7Alje6y/zWEyrNQ/loxhG6AR1I7nNGTSZ10dBeqWxX7RzkP3FmpFw7gRz1Xumr2w9ZHKA0TFCtO44dGTehynAmcFLsxhojykZ0gJ2UShqgdpP81gmppEqf+KFKSxqSq38nEhpoPQ68tDOgZqiXvUz89SoLq4x/4yZcRrFByaab/FgQE5Lsc9LnCpkR45RQpnh6LGFDqigzaT7FPIWr+fPLZJ5C87zqXFQvH9I4bqdxQAGO4RTOwIFrqME91KEBDIbwDK/wZknrxXq3PqatK9Zs5ggWYH3+AA2DjtE=</latexit>

!
<latexit sha1_base64="2ZMSGBN+Z0+rgyptuVouXHGKo14=">AAAB7HicZVBNS8NAEJ3Ur1q/qh69LJaCp5IqfhyLXjxWsB/QhrLZbtqlm03YnQgl9C94EhTEq3/Ik//GJE3F1gcDj/dmmJnnhlIYtO1vq7C2vrG5Vdwu7ezu7R+UD4/aJog04y0WyEB3XWq4FIq3UKDk3VBz6ruSd9zJXep3nrg2IlCPOA2549OREp5gFFOpjzQalCt2zc5A/pN6TiqQozkof/WHAYt8rpBJakyvbofoxFSjYJLPSv3I8JCyCR3xXkIV9blx4uzWGakmypB4gU5KIcnUvxMx9Y2Z+m7S6VMcm1UvFX+96tIq9G6cWKgwQq7YfJMXSYIBST8nQ6E5QzlNCGVaJMcSNqaaMkzyKWUpXC2eXyWLFNrntfpF7fLBrjRu8zyKcAKncAZ1uIYG3EMTWsBgDM/wCm+Wsl6sd+tj3lqw8pljWIL1+QOof46F</latexit>

Z/ !
<latexit sha1_base64="1OEz2AY0vBLkBoi7F9J2KNE8M6E=">AAAB8HicZVDLSgNBEOyNrxhfUcGLHoaEgKe4q/g4Br14jGAemCxhdjIbh8zsLjOzQljyE54EheDVm9/iyb9xsknExIKGoqqb7i4v4kxp2/62MkvLK6tr2fXcxubW9k5+d6+uwlgSWiMhD2XTw4pyFtCaZprTZiQpFh6nDa9/M/YbT1QqFgb3ehBRV+BewHxGsDZS8+Gk3cNC4E6+aJftFOg/caakWClAZnTweVTt5L/a3ZDEggaacKxUy7Ej7SZYakY4HebasaIRJn3coy1DAyyocpP03iEqGaWL/FCaCjRK1b8TCRZKDYRnOgXWj2rRG4u/Xmlulfav3IQFUaxpQCab/JgjHaLx96jLJCWaDwzBRDJzLCKPWGKiTUa5NIWL2fOLZJZC/bTsnJXP70wc1zBBFg6hAMfgwCVU4BaqUAMCHJ7hFd4sab1YI+t90pqxpjP7MAfr4we7Y5HV</latexit>

!
<latexit sha1_base64="2ZMSGBN+Z0+rgyptuVouXHGKo14=">AAAB7HicZVBNS8NAEJ3Ur1q/qh69LJaCp5IqfhyLXjxWsB/QhrLZbtqlm03YnQgl9C94EhTEq3/Ik//GJE3F1gcDj/dmmJnnhlIYtO1vq7C2vrG5Vdwu7ezu7R+UD4/aJog04y0WyEB3XWq4FIq3UKDk3VBz6ruSd9zJXep3nrg2IlCPOA2549OREp5gFFOpjzQalCt2zc5A/pN6TiqQozkof/WHAYt8rpBJakyvbofoxFSjYJLPSv3I8JCyCR3xXkIV9blx4uzWGakmypB4gU5KIcnUvxMx9Y2Z+m7S6VMcm1UvFX+96tIq9G6cWKgwQq7YfJMXSYIBST8nQ6E5QzlNCGVaJMcSNqaaMkzyKWUpXC2eXyWLFNrntfpF7fLBrjRu8zyKcAKncAZ1uIYG3EMTWsBgDM/wCm+Wsl6sd+tj3lqw8pljWIL1+QOof46F</latexit>

q
<latexit sha1_base64="GIOVEeIbQxNcyb0Hy4xxoLpA1Qk=">AAAB6XicZVDJSgNBEK1xjXGLetRDYwh4CjOKyzHoxWMCZoFkCD2dmqRJz2J3jxCGfIEnQUG8+kme/Bs7k0RMfFDweK+KqnpeLLjStv1trayurW9s5rby2zu7e/uFg8OGihLJsM4iEcmWRxUKHmJdcy2wFUukgSew6Q3vJn7zCaXiUfigRzG6Ae2H3OeMaiPVHruFol22M5D/xJmRYuUEMlS7ha9OL2JJgKFmgirVduxYuymVmjOB43wnURhTNqR9bBsa0gCVm2aHjknJKD3iR9JUqEmm/p1IaaDUKPBMZ0D1QC17E/HXKy2s0v6Nm/IwTjSGbLrJTwTREZm8TXpcItNiZAhlkptjCRtQSZk24eSzFK7mzy+TeQqN87JzUb6smThup3FADo7hFM7AgWuowD1UoQ4MEJ7hFd6sofVivVsf09YVazZzBAuwPn8A3xaNjg==</latexit>

q
<latexit sha1_base64="GIOVEeIbQxNcyb0Hy4xxoLpA1Qk=">AAAB6XicZVDJSgNBEK1xjXGLetRDYwh4CjOKyzHoxWMCZoFkCD2dmqRJz2J3jxCGfIEnQUG8+kme/Bs7k0RMfFDweK+KqnpeLLjStv1trayurW9s5rby2zu7e/uFg8OGihLJsM4iEcmWRxUKHmJdcy2wFUukgSew6Q3vJn7zCaXiUfigRzG6Ae2H3OeMaiPVHruFol22M5D/xJmRYuUEMlS7ha9OL2JJgKFmgirVduxYuymVmjOB43wnURhTNqR9bBsa0gCVm2aHjknJKD3iR9JUqEmm/p1IaaDUKPBMZ0D1QC17E/HXKy2s0v6Nm/IwTjSGbLrJTwTREZm8TXpcItNiZAhlkptjCRtQSZk24eSzFK7mzy+TeQqN87JzUb6smThup3FADo7hFM7AgWuowD1UoQ4MEJ7hFd6sofVivVsf09YVazZzBAuwPn8A3xaNjg==</latexit>
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where g! and g" denote the degrees of freedom of the Þelds! and " , respectively, and
should not be confused with the dark sector couplinggDM . Their explicit values are given
as (gS , g! , g" , gVµ

, g! ) = (1 , 2, 2, 3, 4). Each line of eq. (3.2) corresponds to the di! erent
contribution discussed above and depicted in Þgure1. The dependence of these contribu-
tions on " M can be found through g" . Since the freeze-out occurs aroundT ! mDM / 25,
" M ! mDM / 25 is required in order not to have large suppressions for the processes
! " " SM particles and " " " SM particles. In this study we are interested in the regime
where the co-annihilation is operative, and we demand" M to be small. In our numer-
ical study we compute # DM h2 using MicrOMEGAs 4.1.5[67] implementing the simpliÞed
models with help of FeynRules 2.0 [68] and LanHEP 3.2[69].

4 Experimental signatures

4.1 Direct detection

Since the DM couples to the SM sector only through the interaction term eq. (2.1), the
strength of experimental signatures is rather weak in general for the simpliÞed models
introduced in section 2. Direct detection experiments measure the nuclei recoil resulting
from their interaction with dark matter, but such interactions involving DM with quarks
and gluons are absent at tree-level in our simpliÞed models. At one-loop level, the relevant
operators may be generated. The Higgs mediating contributions are too small because
the amplitude is suppressed by the product of the tau Yukawa coupling and the Yukawa
coupling in the hadron sector. The relevant operators describing the interactions between
the DM and the neutral gauge bosons are generated at dimension 6 at the lowest and
suppressed by 1/M 2

" . For example, for the Majorana DM case, such an operator is given
by the anapole moment operatorA ø!# µ#5!$ #Fµ#. For mDM # 500 GeV and" M/m $ < 1,
the anapole moment is roughly given byA /g 2

DM
! 8á10! 7 [µN áfm] [70], which is more than

one order of magnitude smaller than the current limit obtained by LUX [71] and also smaller
than the projected sensitivity of LZ [72], even for g2

DM
= 1. 3 Although a dedicated study

may shed some light on the future direct detection prospects for our simpliÞed models, we
shall postpone such a study to a future work.

4.2 Indirect detection

Indirect detection experiments are looking for high energy cosmic rays or neutrinos orig-
inated from the DM pair annihilation (or decay) in the present Universe. For the 2 " 2
topology, the only relevant process is! ! " %+ %! shown by the right diagram of Þgure1.
As mentioned in the previous section, for! = { ! , S} this process su! ers from the chiral
suppression, and the signal rate for the indirect detection goes below the experimental sen-
sitivity. The chiral suppression is absent for ! = Vµ (Model-3). In appendix A we compare
the annihilation rate of Vµ Vµ " %+ %! with the current limit obtained by Fermi-LAT [ 76],

3The limits mentioned here assume the observed energy density of the DM. On the other hand, for
mDM ! 500 GeV and gDM ! 1, all of our simpliÞed models underproduce the ! particles. The actual
constraints would therefore be even milder if this e ! ect is taken into account.

Ð 7 Ð

Direct Detection
" The anapole operator for direct detection is generated at 1-loop.

" The current limit is more than one order of magnitude smaller.
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Figure A.1: Values taken by the probability Pon(k) as a function of the true particle-variables
pT, ! , and |" |. The binning in pT in these Þgures is coarser than the one used in the study.

Recasting HSCP analysis
" In order to constrain the long-lived coaanihilating DM simpliÞed models, we 

recast the heavy stable charged particle (HSCP) analysis by CMS (8TeV, 18.8 fb-1) 
[1305.0491].

" We used the recipe provided by CMS [1502.02522] for recasting the HSCP 
analysis and used the e'ciency maps provided in the paper.8 5 Background prediction

Table 1: Preselection criteria on the inner tracker track used in the various analyses as defined
in the text.

|Q| < 1e tracker+TOF tracker-only |Q| > 1e

|! | < 2.1
pT (GeV/c) > 45
dz and dxy (cm) < 0.5
" pT /pT < 0.25
Track #2/nd < 5
# Pixel hits > 1
# Tracker hits > 7
Frac. Valid hits > 0.8
! p

trk
T (" R < 0.3) (GeV/c) < 50

# dE/dx measurements > 5
dE/dx strip shape test yes no
Ecal(" R < 0.3)/p < 0.3 �
Ih (MeV/cm) < 2.8 > 3.0
" R to another track < $ � 0.3 �

Table 2: Preselection criteria on the muon system track used in the various analyses as defined
in the text.

tracker+TOF |Q| > 1e muon-only
# TOF measurements > 7
" 1/% < 0.07
1/% > 1
|! | � < 2.1
pT ( GeV/c) � > 80
dz and dxy (cm) � < 15
# DT or CSC stations � > 1
Opp. segment |! | difference � > 0.1
|&| � < 1.2 OR > 1.9
|' t| to another beam crossing (ns) � > 5

The multiply charged particle search uses the same preselection as the tracker+TOF analysis
except that the E/p selection is removed. Furthermore, given that a multiply charged parti-
cle might have a cluster shape different from that of a |Q| = 1e particle, the cluster cleaning
procedure is not applied for the multiply charged analysis.

The preselection criteria applied on the inner tracker track for the analyses are summarized in
Table 1 while the criteria on the muon system track are summarized in Table 2.

5 Background prediction
Candidates passing the preselection criteria (Section 4) are subject to two (or three) additional
selection criteria to further improve the signal-to-background ratio. For all of the analyses,
results are based upon a comparison of the number of candidates passing the final section
criteria with the number of background events estimated from the numbers of events that fail
combinations of the criteria.
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Figure A.1: Values taken by the probability P
on(k) as a function of the true particle-variables

pT, b, and |h|. The binning in pT in these Þgures is coarser than the one used in the study.
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Figure A.1: Values taken by the probability Pon(k) as a function of the true particle-variables
pT, ! , and |" |. The binning in pT in these Þgures is coarser than the one used in the study.
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Figure 15 . The 8 TeV (solid) and projected 13 TeV (dashed) limits from HSCP searches at the
LHC for pair-production of the scalar co-annihilation partner, ! ± . The projected limits correspond
to the 13 TeV LHC with 30, 300 and 3000 fb! 1 integrated luminosities.

Figure 16 . The 8 TeV (solid) and projected 13 TeV (dashed) limits from HSCP searches at the LHC
for pair-production of the fermionic co-annihilation partner, Ψ± . The projected limits correspond
to the 13 TeV LHC with 30, 300 and 3000 fb! 1 integrated luminosities.

on the mass vs lifetime plane. The plots in Þgure15 shows the 8 TeV (solid) and projected
(dashed) limits for the pair-production of long-lived complex scalar Þeld,! , as a function of
the mass,M! , and the lifetime times the speed of light,c" . The left plot assumes! has the
same quantum number as the right-handed" corresponding to SimpliÞed Model 1a. In the
right plot, on the other hand, the interaction of ! is obtained by the procedure explained
in section 5.2 (SimpliÞed Model 1b) and taking # = 0. The co-annihilation partner ! in
this case corresponds to the purely left-handed stau in SUSY theories. Figure16 shows
the same limits for the fermionic co-annihilation partner, Ψ. These limits are applicable
for both SimpliÞed Model 2 and 3 discussed in this paper.
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for pair-production of the fermionic co-annihilation partner, ! ± . The projected limits correspond
to the 13 TeV LHC with 30, 300 and 3000 fb! 1 integrated luminosities.

on the mass vs lifetime plane. The plots in Þgure15 shows the 8 TeV (solid) and projected
(dashed) limits for the pair-production of long-lived complex scalar Þeld,! , as a function of
the mass,M ! , and the lifetime times the speed of light,c" . The left plot assumes! has the
same quantum number as the right-handed" corresponding to SimpliÞed Model 1a. In the
right plot, on the other hand, the interaction of ! is obtained by the procedure explained
in section 5.2 (SimpliÞed Model 1b) and taking # = 0. The co-annihilation partner ! in
this case corresponds to the purely left-handed stau in SUSY theories. Figure16 shows
the same limits for the fermionic co-annihilation partner, ! . These limits are applicable
for both SimpliÞed Model 2 and 3 discussed in this paper.
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Recasting HSCP analysis
" In order to constrain the long-lived coaanihilating DM simpliÞed models, we 

recast the heavy stable charged particle (HSCP) analysis by CMS (8TeV, 18.8 fb-1) 
[1305.0491].

" We used the recipe provided by CMS [1502.02522] for recasting the HSCP 
analysis and used the e'ciency maps provided in the paper.
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Figure 2: The cross-sections for pair production of coannihilation partners. The scenario with
Dirac fermion (complex scalar) as the coannihilation partner correspond to red (blue) curves.

3 Expected sensitivity at CLIC

As mentioned above, thee+ e! collider can create pairs of coannihilation partners (! ) via a neutral
gauge boson exchange. The produced CAPs then decay into the DM particle" and a tau lepton:

e+ e! ! ! + ! ! ! #+ #! " " . (3.1)

We focus our study on the signal coming from prompt decays of! ± and hence we study the region
of parameter space with! M > m ! . The opposite case (! M " m! ) may be probed at the LHC by
looking for anomalous charged track signatures since! can be long-lived in this region [26].

The production cross-sections for scalar ($) and fermionic (" ) CAPs with Y = # 1 are given
by [41Ð43]
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Figure 2: The cross-sections for pair production of coannihilation partners. The scenario with
Dirac fermion (complex scalar) as the coannihilation partner correspond to red (blue) curves.
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This recasting method has been commonly used in the literature [24,26,47] and proved to work well
empirically.

200 400 600 800 1000 1200 1400
M! [GeV]

0

5

10

15

20
!

M
[G

eV
]

!
s = 380 GeV

(500 fb! 1)

(1 ab! 1)

!
s = 1 .5 TeV

(1.5 ab! 1)

(3 ab! 1)

!
s = 3 TeV

(3 ab! 1)

gDM =0 .5

gDM =1 .0

HL LHC (3 ab ! 1)

Model 1

Figure 3: The DM coannihilation strip and the projected exclusion limits at CLIC for the three
models presented in Table1. Di! erent colours correspond to di! erent centre-of-mass energies

!
s

as shown in the plot. Solid, dashed, dot-dashed and dotted lines correspond to 500 fb! 1, 1 ab! 1,
1.5 ab! 1 and 3 ab! 1 for the integrated luminosities respectively. The region coloured in magenta
corresponds to projected limits for long-lived charged particles searches at the high luminosity stage
of the LHC; namely, centre-of-mass energy of 13 TeV and 3 ab! 1 [26]. The horizontal grey line
indicates the mass of the! lepton. The blue regions satisfy the correct dark matter relic abundance
within 3 " for di! erent values of the couplinggDM .

Result : We present our results in Fig. 3 where the projected sensitivity of 95 % CL are shown
for various assumptions on the collider energy and luminosity. The blue bands show the region
corresponding to the DM relic density observed by the Planck satellite mission [48], within 3 " , for
several values ofgDM . The region above the blue band is excluded due to overproduction of DM,
unless the thermal history of the Universe is modiÞed. These plots illustrate the complementarity
between the projected limits for CLIC and the ones corresponding to searches for long-lived charged
particles at the LHC, the latter correspond to the region coloured in magenta.

The upper panel shows the projected sensitivity for Model-1 in which DM is a Majorana fermion.
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particles at the LHC, the latter correspond to the region coloured in magenta.
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Model-1a

Component Field Charge Interaction ( 5.1)

DM Majorana fermion (! ) Y = 0
" ! (!# R) + h .c.

CAP Complex scalar (" ) Y = ! 1

Model-1b

Component Field Charge Interaction ( 5.4)Ð(5.5)

DM Majorana fermion (! ) Q = 0
" ! (!# R) + " ! (!# L ) + h .c.

CAP Complex scalar (" ) Q = ! 1

Model-2

Component Field Charge Interaction ( 5.6)

DM Real scalar (S) Y = 0
S(! PR#) + h .c.

CAP Dirac fermion (! ) Y = ! 1

Model-3

Component Field Charge Interaction ( 5.7)

DM Vector (Vµ) Y = 0
Vµ(! $µPR#) + h .c.

CAP Dirac fermion (! ) Y = ! 1

Table 1 . SimpliÞed Models of DM with a colourless co-annihilation partner (CAP).

are deÞned by the three-point interactions between! , %and the #-lepton of the Standard
Model sector,

L " gDM ! % # + h .c. . (2.1)

Here gDM denotes the dark sector coupling constant which we take to be real and we
also note that %has a non-vanishing#-lepton number. Restricting the particle content
of our simpliÞed models to spins not higher than 1, we consider three possible spin as-
signments2 for the (! , %) pair: ( 1

2, 0), (0, 1
2) and (1, 1

2). The corresponding simpliÞed
DM-co-annihilation models we wish to consider are summarised in table1.

A note on notation: we use! to denote the DM particle and %(or %± ) for the co-
annihilation particle in general. For the simpliÞed models in table1 we have! = { ! , S, Vµ}
and %= { " , ! } depending on the choice of the model.

For the ( 1
2, 0) spin assignment we consider the case where the dark matter is a Majorana

fermion, ! , and the co-annihilation partner is a complex scalar Þeld," , bearing in mind
the similarity of this case with the neutralino-stau co-annihilation picture in SUSY models,

2An additional potential assignment ( 1
2 , 1) leads to ! being an electrically charged vector boson which

prevent us from Þnding an SU(2)L ! U(1) Y invariant operator for eq. ( 2.1). We therefore will not consider
this option further.
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fermonic DM , scalar CAP 

e.g. neutralino-stau (SUSY) 

scalar DM , fermonic CAP  

e.g. dilaton, KK-tau (extra-dim) 

vector DM , fermonic CAP  

e.g. KK-photon, KK-tau (UED) 

Conclusion
" We presented co-annihilating dark matter simpliÞed models with long-lived 

signatures.  There are 3-parameters: 

" In this class of models, direct detection is 1-loop suppressed, indirect detection 
is velocity suppressed (for Model-1 and 2).  The collider has the best chance of 
detecting it, but it needs #m < m ( to have long-lived signature.

" These models can be used by ATLAS and CMS to present their results.


