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Dark Matter Evidence
• Astrophysical observations and simulations  

• Nature & interactions with visible matter unknown
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What is the Dark Matter?



Allowed Mass Range
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ÒFuzzy DMÓ

M DM ! 10! 22 eV

Hu et al, 2000
Witten et al, 2016

primordial
Black Holes

M DM ! 102M !



WIMP Miracle

• Correct relic abundance for  

• Mass range 
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WIMPs under pressure
• Direct Detection !  L. Baudis talk
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WIMPs @ Colliders
• Collider 

• MET + X (mono-X) signature 
‣ X = jet, photon, W, Z, single-top, tt, hadronic W/Z,…
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• Mono-jet limits from  
ATLAS and CMS

WIMPs @ LHC
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Dark Matter searches at ATLAS and CMS
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Figure 1: Observed and expected exclusion contours on the(mM,m! ) plane (left), for the simpliÞed model
with an axial-vector mediator, and their translation into upper limits on the spin-dependent DM-nucleon
interaction cross-section (right). ATLAS results (top) use the narrow jet analysis alone[8], while the CMS
results (bottom) combine the narrow and large-radius jet results[9].

of magnitude comes from the uncertainty on the modelling of the subleadingtøt background, which
is estimated from simulation. Good agreement is observed between the estimated SM backgrounds
and the data corresponding to an integrated luminosity of 3.2fb! 1 (ATLAS) and 2.3fb! 1 (CMS).

Search results are expressed in Figure1(a)and Figure1(c) in terms of 95% conÞdence level
(CL) exclusion contours in the(mM,m! ) mass plane for the axial-vector simpliÞed model, assum-
ing values of the couplingsg! = 1 andgSM = 0.25 (ATLAS) orgSM = 1.00 (CMS). As it can be seen
from Figure1(b)and Figure1(d), where these contours are translated into 90% CL upper limits on
the spin-dependent DM-nucleon interaction cross-section as a function ofm! , ATLAS and CMS
results provide unique sensitivity with respect to direct detection experiments form! . 10GeV. In
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Figure 1: Observed and expected exclusion contours on the (mM,m! ) plane (left), for the simplified model
with an axial-vector mediator, and their translation into upper limits on the spin-dependent DM-nucleon
interaction cross-section (right). ATLAS results (top) use the narrow jet analysis alone[8], while the CMS
results (bottom) combine the narrow and large-radius jet results[9].

of magnitude comes from the uncertainty on the modelling of the subleading tt̄ background, which
is estimated from simulation. Good agreement is observed between the estimated SM backgrounds
and the data corresponding to an integrated luminosity of 3.2fb! 1 (ATLAS) and 2.3fb! 1 (CMS).

Search results are expressed in Figure 1(a) and Figure 1(c) in terms of 95% confidence level
(CL) exclusion contours in the (mM,m! ) mass plane for the axial-vector simplified model, assum-
ing values of the couplings g! = 1 and gSM = 0.25 (ATLAS) or gSM = 1.00 (CMS). As it can be seen
from Figure 1(b) and Figure 1(d), where these contours are translated into 90% CL upper limits on
the spin-dependent DM-nucleon interaction cross-section as a function of m! , ATLAS and CMS
results provide unique sensitivity with respect to direct detection experiments for m! ! 10GeV. In
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Figure 1: Left: A generic diagram for the pair production of squarks with the decay mode ÷q ! q + ÷! 0
1. Right:

Diagram for the pair production of weakly interacting massive particles, with a leptophobicZ"-like mediatorA with
axial-vector couplings exchanged in thes-channel. The presence of a jet from initial-state radiation is indicated for
both processes for illustration purposes.

are not allowed and the miminal mediator width is taken, deÞned in accord with Ref. [41] as

! min =
g2

! mA

12"
#3

! $(mA # 2m! ) +
!

q

3g2
qmA

12"
#3

q$(mA # 2mq) , (1)

where$(x) denotes the Heaviside step function and#f =

"

1 #
4m2

f

m2
A

is the velocity of the fermionf with

massmf in the mediator rest frame. The sum runs over all quark ßavors. The monojet-like signature in
this model emerges from initial-state radiation of a gluon as shown in Fig.1 (right).

The paper is organized as follows. The ATLAS detector is described in the next section. Section3
provides details of the simulations used in the analysis for background and signal processes. Section4
discusses the reconstruction of jets, leptons, and missing transverse momentum, while Section5 describes
the event selection. The estimation of background contributions and the study of systematic uncertainties
are discussed in Sections6 and7. The results are presented in Section8 and are interpreted in terms of
limits in models for ADD LED, SUSY in compressed scenarios, and WIMP pair production. Finally,
Section9 is devoted to the conclusions.

2 Experimental setup

The ATLAS detector [44] covers almost the whole solid angle2 around the collision point with layers of
tracking detectors, calorimeters, and muon chambers. The ATLAS inner detector covers the pseudora-
pidity range|%| < 2.5. It consists of a silicon pixel detector, a silicon microstrip detector, and a straw
tube tracker that also measures transition radiation for particle identiÞcation, all immersed in a 2 T axial
magnetic Þeld produced by a solenoid. During the Þrst LHC long shutdown, a new tracking layer, known
as the Insertable B-Layer [45], was added at a radius of 33 mm.

2 The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
center of the detector and thez-axis along the beam pipe. Thex-axis points from the IP to the center of the LHC ring, and
they-axis points upward. The azimuthal angle& is measured around the beam axis, and the polar angle$ is measured with
respect to thez-axis. The transverse energy is deÞned asET = E sin$, the transverse momentum aspT = p sin$, and the
pseudorapidity as%= #ln[tan($/ 2)]. The rapidity is deÞned asy = 0.5 $ ln[(E + pz)/ (E # pz)], whereE denotes the energy
andpz is the component of the momentum along the beam direction.

4



WIMPs @ LHC

• Di-jet resonance - expect strong limits from LHC
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Figure 1: Left: A generic diagram for the pair production of squarks with the decay mode ÷q ! q + ÷! 0
1. Right:

Diagram for the pair production of weakly interacting massive particles, with a leptophobicZ"-like mediatorA with
axial-vector couplings exchanged in thes-channel. The presence of a jet from initial-state radiation is indicated for
both processes for illustration purposes.

are not allowed and the miminal mediator width is taken, deÞned in accord with Ref. [41] as

! min =
g2

! mA

12"
#3

! $(mA # 2m! ) +
!

q

3g2
qmA

12"
#3

q$(mA # 2mq) , (1)

where$(x) denotes the Heaviside step function and#f =

"

1 #
4m2

f

m2
A

is the velocity of the fermionf with

massmf in the mediator rest frame. The sum runs over all quark ßavors. The monojet-like signature in
this model emerges from initial-state radiation of a gluon as shown in Fig.1 (right).

The paper is organized as follows. The ATLAS detector is described in the next section. Section3
provides details of the simulations used in the analysis for background and signal processes. Section4
discusses the reconstruction of jets, leptons, and missing transverse momentum, while Section5 describes
the event selection. The estimation of background contributions and the study of systematic uncertainties
are discussed in Sections6 and7. The results are presented in Section8 and are interpreted in terms of
limits in models for ADD LED, SUSY in compressed scenarios, and WIMP pair production. Finally,
Section9 is devoted to the conclusions.

2 Experimental setup

The ATLAS detector [44] covers almost the whole solid angle2 around the collision point with layers of
tracking detectors, calorimeters, and muon chambers. The ATLAS inner detector covers the pseudora-
pidity range|%| < 2.5. It consists of a silicon pixel detector, a silicon microstrip detector, and a straw
tube tracker that also measures transition radiation for particle identiÞcation, all immersed in a 2 T axial
magnetic Þeld produced by a solenoid. During the Þrst LHC long shutdown, a new tracking layer, known
as the Insertable B-Layer [45], was added at a radius of 33 mm.

2 The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
center of the detector and thez-axis along the beam pipe. Thex-axis points from the IP to the center of the LHC ring, and
they-axis points upward. The azimuthal angle& is measured around the beam axis, and the polar angle$ is measured with
respect to thez-axis. The transverse energy is deÞned asET = E sin$, the transverse momentum aspT = p sin$, and the
pseudorapidity as%= #ln[tan($/ 2)]. The rapidity is deÞned asy = 0.5 $ ln[(E + pz)/ (E # pz)], whereE denotes the energy
andpz is the component of the momentum along the beam direction.
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Dark Matter searches at ATLAS and CMS

4. Mediator Searches

Resonances searches in dijet final states have been conducted extensively by the ATLAS and
CMS experiments using

!
s = 8TeV and 13 TeV data[14, 15, 16, 17]. These searches are usually

sensitive to narrow resonances with masses above " 1TeV, where the mass acceptance is deter-
mined mostly by the pT threshold of the single jet triggers used to select events. ATLAS has
provided an interpretation of its dijet search results in the context of the axial-vector model, assum-
ing gSM = 0.25 and gc = 1. Figure 4 shows the corresponding exclusion contours at 95% CL on the
(mM,mc ) plane, where the slight mc dependence of the dijet constraints is due to the fact that the
mediator width increases when approaching the on-shell region. The complementarity between di-
jet and mono-X searches is a function of the chosen couplings: for lower values of gSM, one expects
more stringent limits from mono-X searches, while for larger gSM dijet constraints dominate.
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Figure 4: Observed exclusion contours on the (mM,mc ) plane for the axial-vector simplified model as
obtained from the ATLAS searches in mono-jet, mono-photon and dijet final states, assuming gSM = 0.25
and gc = 1 [29].

Additional sensitivity to lower values of mM may be achieved using data-scouting techniques[17],
for which constraints on the analysis acceptance due to trigger requirements are less stringent.

5. Conclusions

Searches for evidence for DM production in proton-proton collisions collected during the first
LHC Run2 phase by the ATLAS and CMS collaborations have been reported. The ATLAS and
CMS DM searches cover a wide range of final states all involving topologies with large Emiss

T and
additional objects as jets, photons, hadronic-decaying vector bosons, and heavy flavor quarks.

The observed data are consistent with SM expectations in all the channels, and upper limits
at 95% (ATLAS) and 90% (CMS) CL have been set on the DM production cross section consid-
ering simplified models. These models provide a more fair description of the interaction itself and
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Where else to look?

• Non-minimal models 

• Displaced frontier 

• Simplified models for displaced DM  

• Gravitational waves as window to dark sector
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Non-minimal models
• Hidden sectors 

• Asymmetric dark matter 

• SIMP 

• Dark QCD 

• Dynamical Dark Matter 

• Self-interacting DM 

• … 
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Dark QCD
12

GeV

TeV

asymmetry
sharing

annihilation

X d

pD , . . .

! D , . . .

QCD dark QCD

! , K , . . .

p , n
decay

• SU(N) dark sector 
with neutral  
“dark quarks”  

• Confinement scale 

• DM is composite 
“dark proton” 

•  “Dark pions” 
unstable, long 
lived

! darkQCD

Bai, PS, PRD 89, 2014



Dark QCD
13
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Advantages: 

• Alternative 
explanation of relic 
density 

• Avoids stringent 
direct/indirect 
detection limits 

• Self interaction 
solves small scale 
structure problems

Bai, PS, PRD 89, 2014

New Phenomenology!



Dark QCD
• Asymmetric DM motivates 
‣ e.g. 
 
   

• Dark pion lifetime possibly macroscopic
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New signature: Emerging Jets
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Tracking
Volume QCD

hadrons

neutral, SM  
singlet states
(dark pions)

PS, Stolarksi, Weiler, JHEP 2015
Related work: 
Strassler, Zurek, 2006,2007
Han, Strassler, Zurek, 2007



Strategy
16

Veto tracks
here!

PS, Stolarksi, Weiler, JHEP 2015



Reach ATLAS/CMS

• Optimistic scenario (no non-collisional BGs) 

• More realistic studies under way at ATLAS/CMS
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Figure 10: Region of lifetime and mediator mass parameter space probed with 100 fb! 1 (top
row) and 3000 fb! 1 (bottom row) at the 14 TeV LHC. For each model we show 2! (dashed)
and 5! contours (solid) in the M X ! c"0 plane, assuming a systematic uncertainty of 100% on
the background. The di! erent colors correspond to requiringE(1 GeV, 0, 3mm) " 2 (blue) and
E(1 GeV, 0, 100 mm) " 2 (red).

21

PS, Stolarksi, Weiler, JHEP 2015



The displaced frontier 
and dark matter

18



The displaced frontier
• Exotic collider objects: 
‣ Long lived charged particles 

‣ Displaced decays, vertices 

‣ Collimated objects: Dark jets, lepton jets 

• No (intrinsic) SM backgrounds 
‣ Can design BG free searches 

‣ Sensitivity scales linearly with luminosity → great for 
high lumi LHC 
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Minimal example
• Minimal SU(2) doublet or triplet DM (Wino/Higgsino) 

• DM state accompanied with nearly degenerate 
charged state (chargino) 

• Lifetime few cm  
→ disappearing  
charged track 

• Strongest limit on  
Wino DM

20

Decay Lengths (ATLAS)

4

silicon modules along the trajectory between the
Þrst and last hit of the track;

(III) the track must be isolated: it must fulÞll
pcone40

T /p T < 0.04, wherepcone40
T is the sum of pT

of all tracks with pT > 400 MeV, |d0| < 1.5 mm,
and |z0 sin! | < 1.5 mm that lie within a cone of
! R = 0 .4 around the track. There must also be
no jets having pT above 45 GeV within a cone of
! R = 0 .4 around the candidate track;

(IV) the candidate track must have pT above 15 GeV,
and must be the highest-pT isolated track in the
event;

(V) the candidate track must satisfy 0.1 < |" | < 1.9;

(VI) the number of TRT hits associated with the track
(NTRT ), determineed by counting hits lying on the
extrapolated track, must be less than Þve.

Criteria (I) and (II) are applied in order to ensure well-
reconstructed primary tracks. Criteria (III) and (IV) are
employed to select chargino tracks that are isolated and
have in most cases the highestpT . These criteria also
substantially reduce background tracks from the pile-up.
Criterion (V) is used to ensure coverage by the TRT
active region and enhance the rejection of background
tracks. Criterion (VI) helps to remove the majority of
background tracks in SM processes, as shown in Fig.2.
For SM charged particles traversing the TRT detector,
the number of TRT hits is typically NTRT ! 32, whereas
for charginos that decay before reaching the TRT the
expected is NTRT ! 0. Hereafter, Òhigh-pT isolated
track selectionÓ and Òdisappearing-track selectionÓ indi-
cate criteria (I)Ð(V) and (I)Ð(VI), respectively.

Making use of short tracks and the whole TRT detec-
tor for the background track rejection extends the sen-
sitive decay volume inwards and enlarges the region of
signal acceptance in" . This results in better sensitivity
for charginos, especially with small lifetime, than in the
previous search [8] based on the 7 TeV collision data. Fig-
ure 3 shows the tracking e" ciency with the disappearing-
track selection for decaying charginos as a function of the
radius and " of the decay vertex. It is fully e" cient for
charginos that reach the Þrst SCT layer and decay before
reaching the TRT detector. The MC simulation shows
that it is also largely independent of m ÷χ±

1

. A summary
of the kinematic selection criteria, disappearing-track re-
quirements, and data reduction is given in TableI.

V. ESTIMATE OF THE pT SPECTRUM OF
BACKGROUND TRACKS

There are three primary sources of tracks from back-
ground processes that mimic the disappearing-track sig-
nature: charged hadrons interacting with material in
the ID (interacting-hadron tracks), prompt electrons
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or muons failing to satisfy their identiÞcation crite-
ria (lepton tracks) and low-pT charged particles whose
pT is highly mismeasured (pT -mismeasured tracks).
Interacting-hadron and electron tracks are responsible for
the background in the approximate rangepT < 50 GeV,
whereaspT -mismeasured tracks are dominant forpT >
100 GeV. A small contribution from muon tracks is ex-
pected throughout the full pT range. The contribution
of charged-hadron decays is signiÞcantly smaller than
that of interacting hadrons; therefore, such a background
source is neglected. A background estimation based on

7

TABLE II. Summary of systematic uncertainties [%] on the
expected number of signal events for m ÷χ±

1
= 200 GeV and

300 GeV.

200 GeV 300 GeV
(Theoretical uncertainty)
Cross-section 6.4 6.8
(Uncertainty on the acceptance)
Modeling of initial/Þnal-state radiation 14.5 16.4
JES/JER 3.9 6.0
Trigger e! ciency 4.5 4.5
Pile-up modeling 0.5 0.5
Track reconstruction e ! ciency 2.0 2.0
Luminosity 2.8 2.8
Sub-total 16.1 18.4

Þt to the pT spectrum of the disappearing-track candi-
dates. The likelihood function for the track pT consists of
one probability density function for the signal and four
for the di! erent backgrounds derived in Sec.V. In the
Þt, the yields of the signal, interacting-hadron, andpT -
mismeasured tracks are left free. The yields of electron
and muon background tracks are constrained to their es-
timated values within the uncertainties. The e! ects of
systematic uncertainties on the yields and the parameters
describing the pT -distribution shapes of the background
tracks are also incorporated into the likelihood function.

The number of observed events having a high-pT dis-
appearing track above a given threshold and the expec-
tation for the background, derived by the background-
only Þt in the pT range below 75 GeV, are given in
Table III . No signiÞcant deviations from the background
expectations are found. The probability (p0 value) that a
background-only experiment is more signal-like than the
observation and the model-independent upper limit on
the visible cross-section (! 95%

vis ) at 95% conÞdence level
(CL) are also given in the table. Figure 5 shows the
pT distribution for the selected data events compared to
the background model derived by the background-only
Þt in the full pT range: the best-Þt values for the yields
of interacting hadrons, electron tracks, muon tracks and
pT -mismeasured tracks are 2187± 71, 852± 35, 23± 8
and 212± 33, respectively. Three selected examples for
the signal are also shown in the Þgure.

An excess with a corresponding signiÞcance of∼ 2! is
seen in Fig.5 at pT around 90 GeV. Detailed investiga-
tion of the events in this region show no peculiarities or
signiÞcant di! erences in event kinematics or track prop-
erties compared to candidates in nearby track-pT regions.
The discrepancy is also not consistent with any of the
signal hypotheses studied in this article. For the models
considered, high-pT tracks are expected and the best ex-
pected sensitivity derives from the region with pT above
200 GeV, where a deÞcit is observed as reported in Ta-
ble III .

Events with two disappearing-track candidates, being
particularly sensitive to chargino-pair production with a
long lifetime, are also explored. One candidate event is

found; however, the event lacks high-pT disappearing-
track candidates (their pT being 30 GeV and 18 GeV).
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FIG. 5. The pT distribution of disappearing-track candidates.
The solid circles show data and lines show each background
track- pT spectrum obtained by the background-only Þt. The
resulting uncertainties on the pT spectrum for each back-
ground are indicated by the error bands. The signal expecta-
tions are also shown. The ratio of the data to the background
track- pT spectrum is shown at the bottom of the Þgure.

VIII. RESULTS

In the absence of a signal, constraints are set onm ÷! ±
1

and " ÷! ±
1

. The upper limit on the production cross-section
for a given m ÷! ±

1
and " ÷! ±

1
at 95% CL is set at the point

where the CL of the Òsignal+backgroundÓ hypothesis,
based on the proÞle likelihood ratio [35] and the CLs
prescription [36], falls below 5% when scanning the CL
along various values of signal strength. The constraint on
the allowed" ÷! ±

1
Ðm ÷! ±

1
parameter space is shown in Fig.6.

The expected limit is set by the median of the distribu-
tion of 95% CL limits calculated by pseudo-experiments
with the expected background and no signal, where the
systematic parameters are varied according to their sys-
tematic uncertainties. The regions excluded by the pre-
vious ATLAS search [8] and the LEP2 searches are in-
dicated. The example of the exclusion reached by the
ALEPH experiment [9] of 88 GeV at 95% CL that is de-
rived for the chargino mass in the case of heavy sfermions,
irrespective of the chargino-neutralino mass di! erence is
shown as the LEP2 result. This constraint is largely in-
dependent of tan# or the sign of µ.

The analysis is not performed for signals having" ÷! 1 >
10 ns (corresponding" m ÷! 1 being below the charged pion
mass) because a signiÞcant fraction of charginos would
traverse the ID before decaying, thereby reducing the

CERN-PH-EP-2013-155 [CMS: CERN-PH-EP-2013-037]

¥ First tracker layer at 30 cm (why so far away?)

¥ Bckgd: miss-measured tracks [ if pT > O(100 GeV) ]

¥ Require a hard jet to trigger on.
Wednesday, May 27, 2015



Higgsinos
• For doublets: Shorter lifetime! Requiring TRT hits 

(~30 cm transverse distance) not viable 

• Option 1: 
Bring the  
tracker  
closer 

• 14/100 TeV 
analysis in  
progress
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Figure 3 : Distribution of number of charged tracks for pair-produced 1.1 TeV particle at
a 100 TeV centre-of-mass hadron collider, as a function of! and r (mm), for c" = 6 mm.
Details on the model and simulation can be found in the text.

¥ ! #j, MET
min > 1.5 to reduce fake MET;

and add to this a simpliÞed charged track selection, with:

¥ pT,track > 500 GeV;

¥ the number of hits in the TRT, NTRT < 5 to exclude stable tracks and select short
ÔdisappearingÕ tracks;

¥ 0.1 < |! track | < 23.

In addition ATLAS require at least 5 hits in the inner tracker layers, 3 in the pixel and 2
in the (double-sided) SCT in order to allow for a good track reconstruction. This implies
a charged track must reach a transverse distance of 30 cm in order to satisfy this criterion,
severely compromising the sensitivity to intermediate-lifetime particles. Instead, we will
allow the radius at which 100% e" ciency is reached for a disappearing charged track to
vary, and show how this a#ects the sensitivity for di#erent masses and lifetimes of the
charged state. We will also comment on the variation of the sensitivity with changes in the
leading jet pT and MET cuts, and the ! range.

We show in Figs. ?? how the total number of charged tracks satisfying given cuts
changes with transverse distance from the interaction point for two di#erent pT cuts:
pT (j 1), MET � 500 GeV and 1 TeV, respectively. We normalize to the NLO produc-
tion cross section for a weak doublet$, and take c" for the charged state to equal 6.6 mm
for illustration. 4 Putting aside the issue of backgrounds for the moment, note Þrst that
the total number of events at r ⇠ O(10cm) seems relatively insensitive to thepT and MET
cuts, as one might expect, given that only particles with large transverse boost will survive

3
The ! range is limited to the extent of the TRT, which is used to exclude stable tracks and select short

‘disappearing’ tracks.

4
This is the computed lifetime for a charged-neutral splitting, ! + = 0.344 GeV, which corresponds to

the nominal EW loop-induced splitting in the limit mz ! µ.

Ð 6 Ð
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Higgsinos
• For doublets: Shorter lifetime! Requiring TRT hits 

(~30 cm transverse distance) not viable 

• Option 2: 
Use forward 
direction

22

Mahbubani, PS, Zurita, in progress
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Figure 6

compare the sensitivity of this analyis to the more conventional one at the level of number
of charged tracks.

We focus on charged tracks with|p| > 8 TeV and large pseudorapidity 3! |! | ! ! max

and plot in Fig. 6, left panel, the number of such tracks as a function of the distance from
the interaction point, for the charged component of a weak doublet, with c" = 6 .6 mm
as before. We allow for two di! erent values of the upper limit for ! , ! max = 3 .5 and 4,
which correspond to transverse distances from the beamline of approximately 2.4 and 1.5
cm, respectively, at z = 40 cm.5

We now choose a particular hypothetical large-! tracker setup, as shown in the right
panel of Fig. 6. We use two wide ÔendcapsÕ one atz = 40 cm and the other at z = 65 cm,
and we assume each one contains a su" cient number of tracker layers within a distance of 5
cm, in order to reconstruct at 100% e" ciency a charged track that spans its width. We use
the Þrst to identify and reconstruct the track, and the second to veto stable charged tracks,
taking over the function of the TRT in the 8 TeV analysis. In Fig. 7, we show contours of
the number of disappearing tracks as a function of weak doublet mass and lifetime, for the
same two choices of! extent.

5We do not impose any MET cut, but one could imagine employing the usual cut for MET, if present,
that is close to any hadronic activity. It is also plausible that a veto on additional hard radiation might
help reduce the QCD background, but this is di ! cult to quantify without a good understanding of the
backgrounds.

Ð 9 Ð



Simplified models for 
displaced DM
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Simplified models
• Successful way to present collider searches in a 

less model dependent way 
‣ Two masses (DM & mediator) and two couplings 

• Minimal extension to include displaced decays 
‣ Add second “dark” state with mass 

‣ Lifetime 

• Underlying models e.g. “GMSB SUSY” and “split 
Higgs portal”

24

Buchmueller, De Roeck, McCullough, PS, Yu, in progress

m2 > m DM

! (! 2 ! ! 1X )



Signatures

• X can be any set of SM particles 

• Can also imagine charged 

• Use ISR (jets, Z, photon) + MET to trigger 
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3

SimpliÞed DM Models

Variables DM candidate Interaction
m! Dirac Vector
m1 Majorana Axial-Vector
g" Scalar-real Scalar
g! Scalar-complex Pseudoscalar

Extension Displaced Signature
! , m2 Decay of " 2 ! " 1X

TABLE I. Overview of the di ! erent building blocks that form simpliÞed DM models. The lower part of this table lists the
kinematic variables, lifetime ( ! ) and mass (m2) of the excited state " 2 and its decay " 2 ! " 1X , which are required to add the
displaced signature to the standard simpliÞed DM models.

! 2

! 1

X

X

! 2

! 1

! 2

! 1

X

X

! 2

! 1

(a) (b)

FIG. 1. Collider signatures of displaced DM. (a) A pair of displaced vertices is observed with a single state X produced at
each vertex. (b) A pair of displaced vertices is observed with a collection of states X produced at each vertex. In both cases
the DM will typically carry away missing energy, which is a smoking gun for displaced DM production.

structure of the mediator is chosen to be either a Vector, Axial-Vector, Scalar or Pseudoscalar interaction. Table II A62

gives an overview of the di! erent building blocks that form simpliÞed DM models that are currently used to interpret63

DM searches at colliders (see [1, 2] for further details). In this paper we assume that the DM particle! 1 is a Dirac64

fermion and focus ons! channel exchangesOB: is this correct? .6566

These parameters are encoded in the central red dot illustrated in Fig. 1OB: not sure I understand what is67

meant here? Seems not really to ref to Fig 1 and capture the relevant properties of the production of the68

long-lived neutral particle. Importantly for triggering considerations, this also economically allows for the inclusion69

of initial state radiation in the same way as for the mono-X signatures required of DM searches.70

Although the simpliÞed model approach has proved to very useful to perform a systematic and well-deÞned chara-71

teristation of DM searches at colliders, there are well-known limitations to this framework that will also apply to72

the displaced vertices framework studied here. inparticular, comparing simpliÞed models with more UV-complete73

models, if there are any signatures present in the complete model as a result of the richer spectrum of states, such as74

cascade decays in SUSY scenarios, then the simpliÞed models strategy may miss signatures that turn out to be the75

most constraining. As a result we would advocate the simpliÞed models approach as complementary to the study of76

complete models, but not as a substitute.77

B. Displaced Vertices SimpliÞed Models78

In this section we will will augment the simpliÞed DM models. The usual DM candidate in simpliÞed models is79

now identiÞed as an excited dark sector state! " ! 2. We then add to the model the true stable DM state ! 1,80

with an additional coupling to ! 2 and SM states, to allow the decay! 2 " ! 1 + X , where X is a SM object, which81

could be individual or multiple particles. This setup is depicted in Figure 1. We have now introduced two additional82

parameters: the mass of the DM statem1 and the coupling g12 which enables the decay of! 2. However, we will now83

argue that the latter should be traded instead for the more physical parameter" , which describes the lifetime of the84

excited state.85

! 2

Buchmueller, De Roeck, McCullough, PS, Yu, in progress



Gravitational Waves and DM
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Dark QCD
• Remember that model from before! 

• Nonabelian SU(N) dark sector, confinement scale 

•       light/massless flavours

27

! d

nf

nf = 0 nf > 0

Glueball DM 
 

PT from center 
symmetry restoration

Dark Baryons  
or Dark Pions 

Chiral Symmetry Breaking



Phase Transition
• Confinement/chiral symmetry breaking phase 

transition at scale  
‣ DM:                      (MeV - 100 TeV) 

‣ Naturalness:   

• First order PT in large class of models 

• Still possible if LHC finds no new physics 

28
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Phase Diagram
29

Strong
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First Order

SM

W
eakCross! over

0 "
0

"

mu,d

m
s

Figure 1: Phase diagram of QCD at zero chemical potential (schematic). The dashed region
represents our current lack of knowledge about the order of the PT in the limit of two massless
ßavours.

chemical potential could be su! cient to provide a strong Þrst order PT [25]. The resulting signal
was studied in [26].

The aim of this work is to point out that gravitational waves could also be produced by a
strong PT in a dark or hidden sector. The particular scenario we have in mind is a dark sector
with a new SU(Nd) gauge interaction which conÞnes at some scale" d. Such models have recently
received renewed interest either as models of dark matter [27Ð42] or as part of the low energy
sector of so called Twin Higgs models [43Ð48]. Di#erent from generic hidden sectors [49], these
models provide a preferred mass range and some restrictions on the particle content, such that
the frequency range of the potential GW signal can be predicted.

Given that the SM QCD transition is not Þrst order, we will review the known results on the
order of the PT in strongly coupled gauge theories in the next section, followed by a discussion of
models that fall into this category. In Sec. 3 we calculate the GW spectra that can be produced
in these models, and compare them to the sensitivity of current and planned GW detection
experiments in Sec.4. We discuss the complementarity of GW experiments with other searches
for dark sectors in Sec.5, before presenting our conclusions.

2 Models with First Order Phase Transition

Near the QCD conÞnement scale" QCD , the dynamics of QCD is governed by three ßavours,
two of which are almost massless, while the strange quark mass is of order" QCD . Lattice
studies [5,6,50] have shown that for these values of the quark masses, the QCD PT is a weak
cross-over.

However this is not a generic result for QCD and similar theories, but more a consequence
of the precise values ofmu ! md and ms in the SM. The QCD phase diagram for arbitrary
mu,d and ms can be summarised in the so called Columbia plot, which is reproduced in Fig.1,
based on [51]. The pure Yang-Mills limit mu,d, ms " # is known to have a strong Þrst order
PT [52] from the restoration of a global Z3 center symmetry at low temperatures. The opposite
mu,d, ms " 0 limit, i.e. theories with three exactly massless quarks, also feature a strong Þrst
order transition, related to the breakdown of the SU(3) $ SU(3) chiral symmetry [53].

2
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Dark QCD
SIMP models 

Glueball DM

PS, 2016



Cosmological Phase Transitions
• Early Universe in symmetric phase (e.g. unbroken 

electroweak symmetry)

30
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GWs from PTs
31

First order PT !  Bubbles nucleate, expand

Bubble collisions !  Gravitational Waves



Peak Frequency
• Redshift:  

• Peak regions:

32

and gi counts the internal degrees of freedom of the i-th particle. It follows that the frequency
today can be expressed as

f =
a!

a0
H!

f !

H !
= 1 .59! 10" 7 Hz !

! g!

80

" 1
6 !

#
T!

1 GeV

$
!

f !

H !
, (3)

where we have used the Hubble rate at time of production,H! =
%

4! 3g!
45

T 2
!

M Pl
, and assumed that

all species are in thermal equilibrium atT = T! , i.e. g! = g! ,s. For the fraction of energy density
in gravitational waves today we similarly obtain

! GW =
!

! crit
=

#
a!

a0

$ 4 H 2
!

H 2
0

! ! GW = 1 .77! 10" 5h" 2
#

80
g!

$ 1
3

! ! GW , (4)

where we used that! crit / ! ! crit = H 2
0 /H 2

! and H0 = 2 .13! h ! 10" 42 GeV. It is noteworthy that
the intensity of the GW signal is independent of the production temperature T! (except for the
implicit dependence ofg! on T! ).

The most sensitive frequency regions of pulsar timing arrays and satellite based experiments
are in the nano-Hz and milli-Hz range, respectively. To get an idea about the detectability of
GWs from a strong dark PT we will therefore need to understand the spectrum of the produced
GWs. For this, we will closely follow the discussion of [26].

Gravitational Waves are sourced by tensor ßuctuations of the energy momentum tensor of
the primordial plasma. During Þrst order phase transitions both bubble collisions [61,62] and
magnetohydrodynamical (MHD) turbulence [63Ð66] provide sources of gravitational waves. As
functions of the conformal wave numberk = 2 " af , the GW spectra produced by either source
can be approximated by [26]

d! (B )
GW h2

d logk
"

2
3"

h2! r 0

#
H !

#

$ 2

! 2
S! v3 (k/ #)3

1 + ( k/ #)4 , (5)

d! (MHD )
GW h2

d logk
"

8
" 6 h2! r 0

#
H !

#

$
! 3/ 2

S! v4 (k/ #)3

(1 + 4k/ H ! ) (1 + ( v/ " 2)(k/ #))11/ 3
. (6)

Eqn. (5) is based on [67,68] while Eqn. (6) is a Þt to the numerical results of [69]. Here H ! is
the conformal Hubble parameterH = Ha at T = T! , and ! r 0 is the radiation energy density
today. The quantities that determine the GW spectrum are the bubble nucleation rate # (the
duration of the PT is #" 1), the bubble velocity v and the relative energy density in the source,
! S! = ! S! / ! ! ,crit = ! ! GW . Dependence on the temperature of the PT enters through the
dependence ofH ! on T! .

The duration of the PT is usually taken as (1 # 10)% of a Hubble time, and therefore
# = (10 # 100)H [2]. To understand the relation with the physical frequency, remember that
the conformal frequency is related to the conformal wave number viaaf = k/ (2" ). Furthermore
using H = Ha we see thatf ! /H ! = F! / H ! = ( k/ H ! )/ (2" ), which together with Eqn. ( 3) allows
us to translate the GW spectra into physical frequencies.

In a given theory, the dynamics of the phase transition, and therefore the parameters#, v
and ! S! are in principle calculable. For the strongly coupled models considered here they are
however not known, and can only be estimated using lattice simulations. We will therefore take
# and v as additional input parameters, with values motivated by results of analyses in weakly
coupled models.

Following [26], we will use ! S! = 0 .1 and # = 10H ! , but v = 1 .0 instead of 0.7. We are now in
a position to study the location of the peaks of the GW signals from bubble collisions and MHD
turbulence. The bubble collision signal is triangular shaped with a maximum atk/ # = 4

$
3 % 1.3,

5

k/ ! ! (1 " 10)
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Figure 2: Left: Peak frequencies of the GW spectra (in mHz) from bubble collisions (blue,solid)
and MHD turbulence (red, dashed) in the T! ! ! plane, for v = 1 .0. Right: GW spectrum from
bubble collisions (blue, solid) and turbulence (red, dashed) as well as the combined spectrum
(black, thick), as a function of conformal wave numberk, for v = 1 .0 and ! = 10H ! .

while the MHD turbulence peaks at somewhat larger wave numbersk/ ! " " 2/v . To obtain
physical frequencies, we use Eqn. (3) and f ! /H ! = ( ! / (2" H))( k/ ! ). Then the peak locations are

f (B )
peak = 3 .33# 10" 8 Hz #

! g!

80

" 1
6

#
T!

1 GeV

$ #
!

H !

$
, f (MHD )

peak " 10f (B )
peak . (7)

In Fig. 2 we show the location of the frequency peaks as function of the PT temperatureT!

and ! . As expected from Eqn. (3), the peak frequencies increase linearly with the transition
temperature T! and with ! / H ! .

The source term! S! can be di" erent for bubble collision and turbulence. Here we will assume
that equal amounts of energy act as source for! (B )

GW and ! (MHD )
GW . In this case the turbulence

signal dominates over the one from bubble collisions over most of the relevant frequency range,
see Fig.2. The intensity of both signals decreases as (! / H ! )" 2, therefore smaller values of!
are preferable. From Eqn. (6) it might appear that the turbulence signal only decreases as! " 1,
however thek/ H ! term in the denominator gives another power ofH ! / ! for k ! 1.

Recent simulations of Þrst order PTs suggest that sound waves generated by the expansion
of bubbles could be the dominant source of GWs from these transitions [70Ð72]. Sound waves
continue propagating through the early universe after the PT is Þnished, and decay on a timescale
H ! . Compared to the above discussed spectra, they will therefore not be suppressed as much by
the velocity of the transition ! , and the signal could be increased by a factor (! / H ! ) compared
to the bubble collision signal, but with a spectrum decaying ask" 3. This could potentially boost
the signal, in particular for cases where the PT is fast, i.e.! / H $ 1.

4 Detectability

In the previous section, we have seen that the peak frequencies of GW signals from GeV-TeV
scale PTs are of order (10" 6 ! 10" 3) Hz. Furthermore it is important to note that a broad
spectral region around the peak is populated by GWs, from (10" 10 ! 1) Hz.

6

PT Temperature
~ DM Mass



GW Soundscape
33

Satellite based
eLISA: 2028/2032

Pulsar timing arrays
Data already available

Ground based

PS, 2017
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SIMP

Composite ADM
Twin Higgs Composite

WIMP-y

DM
Unitarity

B-L breaking,
Hidden Sectors,

Strings

PS, 2017
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Summary
• Quest for dark matter is more pressing than ever 

• Non-minimal models can motivate new collider 
searches 
‣ Emerging jets 

‣ Displaced frontier - new simplified models 

• GWs could be unique window into the physics of 
dark sector 

35
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Primordial BH Dark Matter
37
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FIG. 1. Limits on the abundance of PBH today, from ex-
tragalactic photon background (orange), femto-lensing (r ed),
micro-lensing by MACHO (green) and EROS (blue) and
CMB distortions by FIRAS (cyan) and WMAP3 (purple).
The constraints from star formation and capture by neu-
tron stars in globular clusters are displayed for ! Glob .Cl .

DM =
2! 103 GeVcm! 3 (brown). The black dashed line corresponds
to a particular realization of our scenario of PBH formation .
Figure adapted from [56].

of the star in presence of the PBH gravitational Þeld.
PBH of masses larger than 1018 kg are potentially ob-
servable [62]. Even if highly unlikely (1 event in ! 107

years for ρPBH = ρDM with M PBH ! 1012 kg), the
transit of PBH of massesM PBH >! 1012 kg through or
nearby the Earth could be detected because of the seis-
mic waves they induce [63]. X-rays photons emitted by
non-evaporating PBH should ionize and heat the nearby
intergalactic medium at high redshifts. This produces
speciÞc signatures in the 21cm angular power spectrum
from reionization, which could be detected with the SKA
radio-telescope [64]. For PBH of masses from 102M !

to 108M ! , densities down to ! PBH >! 10" 9 could be
seen. A PBH transiting nearby a pulsar gives an impulse
acceleration which results in residuals on normally or-
derly pulsar timing data [65, 66]. Those timing residuals
could be detected with future giant radio-telescope like
the SKA. The signal induced by PBH in the mass range
1019 kg <! M PBH

<! 1025 kg and contributing to more
than one percent to dark matter should be detected [66].
Binaries of PBH forming a fraction of DM should emit
gravitational waves; this results in a background of grav-
itational waves that could be observed by LIGO, DE-
CIGO and LISA [67, 68].

Finally, the recent discovery by CHANDRA of tens of
black hole candidates in the central region of the An-
dromeda (M31) galaxy [42Ð46] provides a hint in favor
of models of PBH with stellar masses. As detailed later
in the paper, such massive PBH can be produced in our
model. The CMB distortions and micro-lensing limits
could be evaded if PBH were less massive at the epoch of

recombination and then have grown mostly by merging
to form black holes with stellar masses today.

III. HYBRID-WATERFALL INFLATION

It has been shown recently that the original non-
supersymmetric hybrid model [31, 32] and its most well-
known supersymmetric realizations, the F-term and D-
term models [69, 70], own a regime of mild waterfall [36Ð
40]. Initially the Þeld trajectories are slowly rolling along
a nearly ßat valley of the multi-Þeld potential. When tra-
jectories cross a critical Þeld value, denotedφc, the po-
tential becomes tachyonic in the orthogonal direction to
the valley. In the mild-waterfall case, inßation continues
for more than 50 e-folds of expansion after crossing the
critical instability point and before tachyonic preheat-
ing [33] is triggered. This scenario has the advantage
that topological defects formed at the instability point
are stretched outside our observable patch of the Uni-
verse by the subsequent inßation.

According to Refs. [37Ð39], the mild waterfall can be
decomposed in two phases (called phase-1 and phase-2).
During the Þrst one, inßation is driven only by the inßa-
ton, whereas the terms involving the auxiliary Þeld can be
neglected. At some point, these terms become dominant
and trajectories enter in a second phase. When the wa-
terfall lasts for much more than 50e-folds, the observable
scales exit the Hubble radius in the second phase, when
trajectories are e" ectively single Þeld and curvature per-
turbations are generated by adiabatic modes only. For
the three hybrid models mentioned above (original, F-
term and D-term), the observable predictions are conse-
quently modiÞed and a red scalar spectral index is pre-
dicted (instead of a blue one for the original model fol-
lowed by a nearly instantaneous waterfall). If one denotes
by N# the number of e-folds between horizon exit of the
pivot scale k# = 0 .05Mpc" 1 and the end of inßation, the
scalar spectral index is given byns = 1 " 4/N #, too low
for being within the 95% C.L. limits of Planck. Only
a low, non-detectable, level of local non-gaussianitiy is
produced, characterized byf NL # " 1/N # [37].

When inßation continues during the waterfall for a
number of e-folds close but larger than 50e-folds, the
pivot scale becomes super-Hubble during the phase-1.
Trajectories are not e" ectively single-Þeld, and entropic
perturbations source the curvature perturbations [37].
This leads to a strong enhancement in the scalar power
spectrum amplitude, whose thus cannot be in agreement
with observations.

In this paper, we focus on an intermediate case, be-
tween fast and mild waterfall. We consider the regime
where inßation continues for a number of e-folds be-
tween about 20 and 40 after crossing the instability point.
There is a major di" erence with the previous case: ob-
servable scales leave the Hubble radius when Þeld tra-
jectories are still evolving along the valley, when the
usual single-Þeld slow-roll formalism can be used to de-
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SU(N) - PT
• Consider              with      massless flavours  

• PT is first order for  
‣               , 

‣               , 

• Not for: 
‣               (no global symmetry, no PT) 

‣               (not yet known) 
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SU(Nd) nf

Nd ! 3 nf = 0 Svetitsky, Yaffe, 1982
M. Panero, 2009

Nd ! 3 3 ! nf < 4Nd Pisarski, Wilczek, 1983

nf = 1

nf = 2


