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Among key scientiÞc goals of LHC:

Energy density of the universe:

!  Pinpoint the nature of dark matter!

Needed: Predictions for possible signatures 
of dark matter models

Planck 2015
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Today

Decisive property:  Dark matter thermalized 
in expanding early Universe? 

Expansion with Hubble rate H

X

X

SM

SM

Rate of thermalizing 
processes:

! ann ! H



Decisive property:  Dark matter thermalized 
in expanding early Universe? 

H ! T2 , ! ann !

!
T , T " m (ultra-rel.)
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!  2 !  2 processes maximum, thermalization processes can remain
   inefÞcient:
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Decisive property:  Dark matter thermalized 
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!  2 !  2 processes maximum, thermalization processes can remain
   inefÞcient:

Non-th. dark sector:
No LHC signal!
[see Kahlhoefer 
1801.07621]



Decisive property:  Dark matter thermalized 
in expanding early Universe? 

H ! T2 , ! ann !

!
T , T " m (ultra-rel.)
e! m/T , T < m (non-rel.)
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!  2 !  2 processes maximum, thermalization processes can remain
   inefÞcient:

At least part of  
dark sector thermalized:
Of interest for LHC
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Vanilla WIMP 
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!  Weak couplings: well thermalized!  "  independent of initial cond.
!  Well-known freeze-out picture: 
   Leaves equilibrium density when              "  cold DM

Yeq

! ! H
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Vanilla WIMP

! h2 0.120
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Results from mono-jet searches at 8 TeV LHC

EFT Limit!  Re-interpret LHC Run I mono-jet + MET searches

   [ATLAS:1502.01518, CMS: 1408. ]

!  Simulation: FeyRules/MadGraph/P ythia/Delphes

SimpliÞed Model 

Limit
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   New P ysics at the LHC, Bonn 

Text

"  talk of Daniel"  talk of Francesco "  talk of  Michael (YSF)
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   New P ysics at the LHC, Bonn 

Text

"  talk of Daniel"  talk of Francesco "  talk of  Michael (YSF)

WIMPs strongly constraint by current searches
Scenarios with other signatures?

Jan Heisig (RWTH Aachen University)                                                                             Moriond, EW session, March 2018



9

so where do we start?

24 April 2017Heather Russell, McGill University

displaced leptons, 
lepton-jets, or 
lepton pairs

displaced 
multitrack vertices

multitrack vertices in the 
muon spectrometer

quasi-stable 
charged particles

trackless, 
low-EMF jets

emerging jets

non-pointing 
(converted) photons

disappearing or 
kinked tracks
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Long-lived particles (LLPs) at the LHC

!  Metastable BSM particles (except neutral detector-stable particles "  MET)

!  Wide range of possible signatures:

!  Many LLP signatures low background "  high sensitivity
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LLP searches at the LHC: challenges

!  Cover spectrum of possible LLP signatures and kinematic
   ranges 
    so far mostly SUSY related scenarios

!  Hard to trigger
   often additional signature needed for triggering

!  Interpretation of results
    applicability for a large set of models required

!  Recasting difÞcult
   exchange of additional information needed
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LLP searches at the LHC: challenges

!  Cover spectrum of possible LLP signatures and kinematic
   ranges 
    so far mostly SUSY related scenarios

!  Hard to trigger
   often additional signature needed for triggering

!  Interpretation of results
    applicability for a large set of models required

!  Recasting difÞcult
   exchange of additional information needed

LHC LLP Community Workshops:
April 2017: https://indico.cern.ch/event/607314/

October 2017: https://indico.cern.ch/event/649760/

Next Workshop: 16-18 May 2018 at CERN
Community white paper in preparation
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https://indico.cern.ch/event/649760/
https://indico.cern.ch/e/LHC_LLP_May_2018


LLPs and dark matter



LLPs and dark matter

X1 X2

" 1 " 2

m1  < m2 dark matter heavier partner

!  Consider Z2-odd dark sector

!  Consider: next heavier state X2 involved in freeze-out!

!  Decay only in Z2-odd states:

X2
SM

X1
" 2" 1

Jan Heisig (RWTH Aachen University)                                  10                                        Moriond, EW session, March 2018



Coannihilation

X1 X2

" 1 " 2

m1  < m2 

"  X2 still "around" during freeze-out 

dark matter heavier partner

Number densities during freeze-out:

e f e

! m/m ! 10% [for an interesting exception 
see D'Agnolo et al. 1803.02901]

Y eq
2

Y eq
1

! e! ! m/T f " e! 25 ! m/m

" 1 ~ " 2

[Griest, Seckel 1991; Edsjo, Gondolo 1997]
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Coannihilation

Number densities "tied" together through efÞcient conversions:

!
Y2

Y1
=

Y eq
2
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1
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SM (SM)
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SM
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SM
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efÞcient annihilation
of dark sector

! ! H

Jan Heisig (RWTH Aachen University)                                  12                                        Moriond, EW session, March 2018



Coannihilation
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Coannihilation and LLPs

300 400 500 600 700 800 900 1000
0

10
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m1/2 (GeV)

A0 = 0

A0 = 2.5 m0

tan "  = 10

!  SUSY: stau coannihilation strip

! h2 ! 0.12

Long-lived staus

Prompt decays

[Citron et al. 1212.2886]
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!  SUSY: stau coannihilation strip
!  Minimal dark matter, e.g. pure wino:
    [Cirelli et al. hep-ph/0512090]

Coannihilation and LLPs

[Cuoco, JH, Korsmeier, KrŠmer 1711.05274]
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!  SUSY: stau coannihilation strip
!  Minimal dark matter e.g. pure wino
    [Cirelli et al. hep-ph/0512090]

!  Pseudo Dirac dark matter
    [De Simone, Sanz, Sato 2010; Davolia, De Simone, Jacquesa, Sanz 2017]   
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"  evade direct and 
indirect detection 
bounds
"  predicts LLPs

Coannihilation and LLPs
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!  SUSY: stau coannihilation strip
!  Minimal dark matter e.g. pure wino
    [Cirelli et al. hep-ph/0512090]

!  Pseudo Dirac dark matter
    [De Simone, Sanz, Sato 2010; Davolia, De Simone, Jacquesa, Sanz 2017]

!  ...

Coannihilation and LLPs

LLP due to small mass splittings
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Small dark matter couplings

X1 X2

" 1 " 2

m1  < m2 dark matter heavier partner

" 1 !  " 2
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conversions efÞcient ! ! H
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Small dark matter couplings

X1 X2

" 1 " 2

m1  < m2 dark matter heavier partner
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conversions efÞcient

annihilation of X2 alone sets relic density

! ! H
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Freeloader's freeze-out
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Even smaller dark matter couplings

X1 X2

" 1 " 2

m1  < m2 dark matter heavier partner

" 1 !  " 2

X1

X1

SM

" 1

SM

" 2" 1

SM
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X1

X2

" 2

SM

SM

X2

X2

X1

SM (SM)

X2
" 2" 1

conversion sets relic density

conversions become 
inefÞcient  

! conv ! H

[Garny, JH, LŸlf,  Vogl 1705.09292; D'Agnolo, Pappadopulo, Ruderman 1705.08450;
 Garny, JH, Hufnagel, LŸlf 1802.00814]
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Conversion-driven freeze-out

! h2 0.120
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!
/H

thermal

non-thermal

H ! T2 , ! dec " const.

!" ! ! !" ! " "#"! ! !"" !" " !" !
!" ! !

!" ! "
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!""

!" "

!" !

(1 TeV)/T

Pheno of conversion-driven freeze-out

!  Consider decay:
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Pheno of conversion-driven freeze-out

!  Consider decay:
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Pheno of conversion-driven freeze-out

!  Consider decay:
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Neither decay nor 2 !  2 scattering can be efÞcient 
around freeze-out: Decay non-prompt!

Pheno of conversion-driven freeze-out
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Co-annihilation without chemical equilibrium

1 2 2 3

1

2

3

L int = |Dµ !q|2 ! " ! !qøq
1 ! #5

2
! + h.c.

A concrete example

!  SpeciÞc model:

!  SUSY-inspired simpliÞed model:

enough to al
en !b anand !

ranges

 Choose Majorana DM and scalar bottom-partner

!  Yukawa-type interaction:

÷b1
SM

!

een!b an
of " !

These

enough to al
en !b an

and !
ranges

!b
een!b an
of " !

These
is a free parameter here [see Ibarra et al. 2009 for SUSY realization] 
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Allowed parameter space
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! 4-body decay
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! h2 = 0 .12

!  Require Planck relic density

<z Decay length: O(1-100cm) 

! h2 = 0 .12

[Garny, JH, LŸlf,  Vogl 2017]
1

! ! / 10! 7

WIMP region

"Freeloader's
 freeze-out"

Conversion-driven
freeze-out
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LHC constraints

LLP Workshop | Karri Folan DiPetrillo  | 18.10.2017

The ATLAS Detector 12

Many thanks to  
Heather Russell for the 
ATLAS and LLP figures!
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LHC constraints

LLP Workshop | Karri Folan DiPetrillo  | 18.10.2017

The ATLAS Detector 12

Many thanks to  
Heather Russell for the 
ATLAS and LLP figures!
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FIG. 6. Constraints on the coupling as a function of the DM mass for two slices in parameter space, GeV
(left panel) and (right panel). The green curve and green shaded band denotesthe coupling that provides a thermal
relic with and its theoretical uncertainty, respectively, assuming a relative error of 10% on the prediction for .
We show 95% CL upper limits on from indirect detection searches from Fermi-LAT dwarfs (li ght red curves), AMS-02
antiprotons (dark red curves) and projections for CTA (orang e dashed curve; right panel only). 90% CL upper limits from
direct detection are shown in purple. We display limits from r ecent (2017) Xenon1T data (solid curves) and projections for
the LZ experiment (dashed curves). Searches at the LHC and LEP constrain the model towards both large and small . We
therefore show shaded 95% CL exclusion limits labeled accordingly. The dark blue dashed curve (right panel only) shows the
projection for the upper limit on for the loop-induced DM production channel at the LHC (see Se c. IV D for details).

match the respective object reconstruction criteria (see
below for details).

We consider various 13 TeV analyses, in particular the
CMS fully hadronic [81, 82], CMS single lepton [83],
ATLAS fully hadronic [ 84], ATLAS single lepton [85] and
ATLAS two leptons [ 86] analyses. For large the CMS
single lepton search [83] provides the strongest bound on
the mediator mass reaching TeV. For smaller

each of the above analyses exhibit certain domains
for where it exclusively provides sensitivity. In Fig. 8 we
show the 95% CL exclusion region from the uniÞcation
of all analyses listed above (cyan shaded region labeled
by ÔLHC stop IÕ). For only the leptonic
searches are relevant, which, however, typically require
a small impact parameter of the primary vertex for lep-
ton reconstruction. In order to take this into account we
cut the respective limits at a that corresponds to
a proper decay length of m, see gray short dashed
curve that partly marks the lower boundary of the LHC
exclusion region in Fig. 8. The gray short dashed curve
that partly cuts the exclusion region from above denotes

.

In addition to the above analysis monojet searches ex-
ist that only rely on the missing transverse momentum
carried away by recoiling against initial state radia-
tion. We consider the 13 TeV ATLAS monojet analy-
sis presented in [87] where it is interpreted within the

neutralino-stop simpliÞed model. However, the respec-
tive limits are only presented for GeV. We do
not assume that the limit extends to smaller masses as
the region may involve further complications
due to similarities of stop and top signals.4 Hence, the
search only constraints a very small fraction of the al-
lowed WIMP parameter space for GeV and

GeV GeV, see Fig.8 (light gray shaded
region denote by ÔLHC stop IIÕ).

In addition to the LHC limits discussed above limits
from LEP provide robust constraints in the region of very
small . We superimpose the 95% CL constraints from
data collected by the ALEPH detector presented in [91]
which covers the hole range of relevant lifetimes (see [92]
for further details). The excluded region is labeled by
ÔLEPÕ in Fig.8.

The exclusion regions are also superimposed in Fig.6
for GeV (left panel) and (right
panel). Note the existence of certain gaps in the low mass
region. For GeV the stop-searches are not ex-
pected to apply to the thermal scenario as a consequence
of the required maximum decay length. Although the ex-
act boundary of the region of applicability is subject to

4 See [88Ð90] for further attempt to exclude the region of small
and small .

[Garny, JH, Hufnagel, LŸlf 1802.00814]
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Summary

!  Vanilla WIMP strongly constrained: Watch out for 
   new avenues beyond WIMPs
!  Variety long-lived particle signatures: Exploit LHC 
   potential 
!  Coannihilation with small mass splitting or couplings
!  Coincidence: weak scale decays "  detector size 

!  Conversion-driven freeze-out: 
  !  Shares nice features of WIMPs!

  !  Accommodates null-results from WIMP-searches

  !  Dedicated searches needed

Jan Heisig (RWTH Aachen University)                                                                             Moriond, EW session, March 2018



Thanks for your attention!
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Coupled set of Boltzmann equations
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Numerical solution of full coupled system

!  SUSY coupling                :

1
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!  Very small coupling                          :
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Numerical solution of full coupled system
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!  Scan of the coupling:

Numerical solution of full coupled system
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Scrutinizing some assumptions



Dependence on Initial Conditions

!
h2
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!  Does DM thermalize? 1
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!  Insensitive in range 
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<z Independent of thermal history prior to freeze-out!



Kinetic equilibrium

[cf. Chen, Kamionkowski, Zhang 2001, 
Bringmann, Hofmann 2006; 
Borzumati, Bringmann, Ullio 2007]

!  Assumption of thermal distributions (via kinetic equilibrium) 

1

f ! (t, p) = f eq(t, p)
n(t)

neq(t)

!  WIMPs: kinetic equilibrium established through efÞcient 
  elastic scatterings with SM particles:

X

SM SM

X (kinetic decoupling
takes place well after 
freeze-out)



Kinetic equilibrium

!  Assumption of thermal distributions (via kinetic equilibrium) 

1

f ! (t, p) = f eq(t, p)
n(t)

neq(t)

!  WIMPs: kinetic equilibrium established through efÞcient 
  elastic scatterings with SM particles:

X

SM SM

X

!  InefÞcient for DM in conversion-driven freeze-out!

!  Mediator is in kinetic equilibrium

1

! ! 4
!



Boltzmann equations for particle densities 1

E ! (! t ! Hp ! p) f ! (p, t) = C [f ! ]
Relativistic Liouville operator for
homogeneous, isotropic Universe Collision operator

DM distribution functions

Cosmology Particle Physics

[Lee, Weinberg 1977; Binetruy, Girardi, Salati 1984; Bernstein, Brown, Feinberg 1985; Srednicki, Watkins, 
Olive 1988; Kolb, Turner 1990; Griest, Seckel 1991; Gondolo, Gelmini 1991; Edsjo, Gondolo 1997]



Unintegrated Boltzmann equation
1

Hx ! x f ! (q, x) = !C(q, x)

"

f eq
!

Y÷b

Y eq
÷b

! f !

#
!  Consider unintegrated Boltzmann equation for   :     

1

!

!  Conversion only: linear in     

1

f ! 1

f ! (q, x) = f eq
! (q, x)

Y÷b

Y eq
÷b

!
! x

x 0

d
"
f eq

! (q, y) Y÷b(y)/Y eq
÷b

(y)
#

dy
" exp

$

!
! x

y

%C(q, z)
zH (z)

dz

&

dy

!  Can be solved by separation of variables and variation of constants:

1

Y÷bInvolves     "  still coupled system 



Y!

Y÷b

f!

Y 0
÷b

Y
Y

di
!

!
/Y

in
t

!

x

Y !

Y !b

! h 2 = 0 . 12

initial guess

int. BME

integration

di! . BME

Iterative solution
!  Do not solve coupled system at once but iteratively 

!  Start with "guess" for      : solution of integrated equations

1

Y!b

B
. L

Ÿ
lf



Deviation from thermal distribution

! C
12

/H

q
2f

!
"

#
q

2f
di!
!

dq

x = 15

! C
12

/H

q
2f

!
"

#
q

2f
di!
!

dq

x = 63

q

! C
12

/H

q
2f

!
"

#
q

2f
di!
!

dq

x = 100

!  small x: redshift only

!  Conversion inset: 
   thermalization starts

!  Close-to-thermal
   distribution



Y

x

! h 2 = 0 . 12

Y
x

! h 2 = 0 . 12

Y!Y÷b

f!

Y eq
÷b

Y eq
! (1)

Testing initial guess
!  Extreme cases for initial evolutions of abundances
!  Converge to same solution:

B
. L

Ÿ
lf



!  All initial guesses converge to the same solution

!  Difference to integrated treatment below 10%
!  Solution of coupled system more important

!
h

2

number of iterations

Iterative solution

[cf. DÕAgnolo, Pappadopulo, Ruderman, 2017]



Annihilation: Conversion:          +     Co-annihilation:

+
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superWIMP scenario
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superWIMP scenario
4

where , and

(10)

Note that the e! ective coupling is regular for , and
the expansion is in for and in for

. This approximate form of the coupling is accurate
to better than for all values GeV,

, and better than for ,
GeV. For the relic density computation

we use the full expressions for the loop-induced coupling
, evaluated at max . Analytical ex-

pressions for the limit of the Passarino-Veltman
functions entering in (8) (relevant for direct detection
rates discussed in Sec.IV A ) are given in Appendix A
of Ref. [49] with , and

for and
can be found in Appendix C of

Ref. [50].
For each pair of masses we Þx the coupling
such that the relic density resulting from freeze-out

matches the measured DM density
[1]. In Fig. 1 we show the resulting contour lines of

constant coupling , where we use the DM mass and the
mass splitting as independent parame-
ters. We also indicate explicitly the contour for which
matches the bino-stop-top coupling within the MSSM. If
we restrict the coupling to be less than , the relic den-
sity exceeds the measured value within the grey-shaded
region, and we therefore disregard it in the following.
Below the thick black line coannihilations are so e" cient
that the relic density resulting from the freeze-out com-
putation described above would lie below the measured
value. This parameter domain is discussed in detail be-
low. The remaining part of parameter space corresponds
to the ÒWIMP regionÓ.

The kinematic threshold for annihilation is clearly
visible in the contours shown in Fig.1, and leads to the
sharp drop for . For the annihilation
channel as well as the Boltzmann tail of the
DM distribution allowing for yield a sizeable
contribution, and slightly smoothen the step-like behav-
ior of the contour lines. Coannihilations start to play a
role for , and allow for larger DM masses
for a given coupling. Additionally, for very small masses,
the contours feature a ÔspikeÕ at as well as a
ÔbumpÕ for . The ÔspikeÕ can be explained
by the Higgs resonance in the loop-induced annihilation
channels , and the ÔbumpÕ at
slightly higher mass is related to a top resonance in the
coannihilation process .
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FIG. 1. Viable parameter space in the plane spanned by
and . For each point we adjust such that

. Above the thick black curve chemical equilibrium
holds (WIMP region), while below this curve chemical equi-
librium breaks down and solutions for the conversion-driven
freeze-out exist. The green solid curves denote contours in
the coupling . For comparison, the black dot ted curve
shows the allowed parameter slice for a realization of a super-
WIMP scenario within the model (see comment at the end of
Sec. III B ).

B. Conversion-driven freeze-out solutions

As mentioned above, up to a DM mass of around
2 TeV we encounter a region in parameter space with
small where the e! ective, thermally averaged cross
section for mediator-pair annihilation alone Ð which is
Þxed for a given DM mass and mass splitting Ð is so
large that one undershoots the measured relic density,
seemingly regardless of the coupling . However, this
conclusion hinges on the assumption of chemical equilib-
rium between DM and the mediator, i.e. the condition

, which does not hold once decreases
beyond a certain value. In fact, dropping this assumption
one can Þnd solutions with small where the relic den-
sity is governed by the mechanism of conversion-driven
freeze-out [30]. In the following we will Þrst outline the
computational steps of the relic density calculation be-
fore we discuss the phenomenological aspects in the cor-
responding region in parameter space.

1. Boltzmann equation and conversion rate

In the absence of chemical equilibrium between DM
and the mediator the computation of the relic density
requires to solve the coupled set of Boltzmann equations

superWIMP
zero initial 
abundance


