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DM Production
• Direct 

• As decay  
product
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Figure 1: Left: A generic diagram for the pair production of squarks with the decay mode q̃ ! q + �̃0
1. Right:

Diagram for the pair production of weakly interacting massive particles, with a leptophobic Z0-like mediator A with
axial-vector couplings exchanged in the s-channel. The presence of a jet from initial-state radiation is indicated for
both processes for illustration purposes.
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is the velocity of the fermion f with

mass m f in the mediator rest frame. The sum runs over all quark flavors. 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. Section 3
provides details of the simulations used in the analysis for background and signal processes. Section 4
discusses the reconstruction of jets, leptons, and missing transverse momentum, while Section 5 describes
the event selection. The estimation of background contributions and the study of systematic uncertainties
are discussed in Sections 6 and 7. The results are presented in Section 8 and are interpreted in terms of
limits in models for ADD LED, SUSY in compressed scenarios, and WIMP pair production. Finally,
Section 9 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 identification, all immersed in a 2 T axial
magnetic field produced by a solenoid. During the first 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 the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and
the y-axis points upward. The azimuthal angle � is measured around the beam axis, and the polar angle ✓ is measured with
respect to the z-axis. The transverse energy is defined as ET = E sin✓, the transverse momentum as pT = p sin✓, and the
pseudorapidity as ⌘ = �ln[tan(✓/2)]. The rapidity is defined as y = 0.5 ⇥ ln[(E + pz)/(E � pz)], where E denotes the energy
and pz is the component of the momentum along the beam direction.
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Direct DM production
• Mono-X 

searches 

• Interpretation  
in simplified models

3
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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

p
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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Figure 1: Left: A generic diagram for the pair production of squarks with the decay mode q̃ ! q + �̃0
1. Right:
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mass m f in the mediator rest frame. The sum runs over all quark flavors. 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. Section 3
provides details of the simulations used in the analysis for background and signal processes. Section 4
discusses the reconstruction of jets, leptons, and missing transverse momentum, while Section 5 describes
the event selection. The estimation of background contributions and the study of systematic uncertainties
are discussed in Sections 6 and 7. The results are presented in Section 8 and are interpreted in terms of
limits in models for ADD LED, SUSY in compressed scenarios, and WIMP pair production. Finally,
Section 9 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 identification, all immersed in a 2 T axial
magnetic field produced by a solenoid. During the first 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 the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and
the y-axis points upward. The azimuthal angle � is measured around the beam axis, and the polar angle ✓ is measured with
respect to the z-axis. The transverse energy is defined as ET = E sin✓, the transverse momentum as pT = p sin✓, and the
pseudorapidity as ⌘ = �ln[tan(✓/2)]. The rapidity is defined as y = 0.5 ⇥ ln[(E + pz)/(E � pz)], where E denotes the energy
and pz is the component of the momentum along the beam direction.

4



Indirect DM production
• DM stability usually from parity symmetry 

• Other parity odd states might be easier to produce 
at collider 

• DM is produced in cascade decays
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SUSY DM Searches
5

Model e, µ, τ, γ Jets Emiss

T

∫
L dt[fb−1] Mass limit Reference

In
cl

u
si

ve
S

e
a

rc
h

e
s

3
rd

g
e

n
.

g̃
m

e
d

.
3

rd
g
e
n
.

sq
u
a
rk

s
d
ir

e
ct

p
ro

d
u
ct

io
n

E
W

d
ir

e
ct

L
o

n
g

-l
iv

e
d

p
a

rt
ic

le
s

R
P

V

Other

MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.85 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2016-0781.35 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0781.86 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<400 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2016-0781.83 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 13.2 m(χ̃
0
1)<400 GeV ATLAS-CONF-2016-0371.7 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1

2 e, µ (SS) 0-3 jets Yes 13.2 m(χ̃
0
1) <500 GeV ATLAS-CONF-2016-0371.6 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.37 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290900 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 14.8 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 14.8 m(χ̃
0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.37 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV 1606.08772840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 13.2 m(χ̃

0
1)<150 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2016-037325-685 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077117-170 GeVt̃1 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 4.7/13.3 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2016-07790-198 GeVt̃1 205-850 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-600 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 13.3 m(χ̃
0
1)<300 GeV ATLAS-CONF-2016-038290-700 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1 e, µ 6 jets + 2 b Yes 20.3 m(χ̃
0
1)=0 GeV 1506.08616320-620 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.529490-335 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 13.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2016-096640 GeVχ̃±

1

χ̃+
1
χ̃−
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1→τ̃ν(τν̃) 2 τ - Yes 14.8 m(χ̃
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1 )) ATLAS-CONF-2016-093580 GeVχ̃±
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1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
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2), m(χ̃

0
1)=0, ℓ̃ decoupled 1403.5294, 1402.7029425 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110270 GeVχ̃±

1 , χ̃
0

2

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086635 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493115-370 GeVW̃

GGM (bino NLSP) weak prod. 2 γ - Yes 20.3 cτ<1 mm 1507.05493590 GeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332495 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584850 GeVg̃

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542440 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.45 TeVq̃, g̃

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 14.8 m(χ̃

0
1)=700 GeV ATLAS-CONF-2016-0941.75 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 14.8 625 GeV<m(t̃1)<850 GeV ATLAS-CONF-2016-0941.4 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325510 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: August 2016

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new
states or phenomena is shown.



Indirect DM production
• Sometimes need to go beyond the usual “energetic 

SM states + MET” searches, e.g. 

• Squeezed spectra 
‣ minimal models, co-annihilation 

‣ freeze-in scenarios 

• Extended dark sectors, with states below MDM 

‣ dark photons 

‣ confining hidden sectors
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Higgsino/Wino DM
• 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
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Table 2 Summary of selection cuts and data reduction. The selection
efficiencies for each AMSB signal model are also shown.

Selection Data Signal efficiency [%]
LL01 LL02 LL03

Trigger selection and non-
collision rejection 1491012 90.2 90.2 89.3

e/µ veto 1390171 77.1 75.2 73.7
EmissT > 130 GeV 80971 67.9 68.8 69.4
Jet pT requirements 18345 66.5 68.1 68.8
High-pT isolated track 6042 40.8 42.9 43.5
Disappearing track 185 6.8 7.5 7.4

– Charged hadrons (mostly charged pions) interactingwith
material in the TRT detector.

– Low-pT charged particles whose pT is badly measured
due to scattering in the inner detector material.

The two categories are labelled as “high-pT interacting hadron
track” and “bad track” backgrounds, respectively. Fig. 2 shows
schematically the origins of disappearing high-pT tracks.
According to theMC simulation, high-pT interacting hadron
tracks were responsible for more than 95% of the background
tracks. Electrons having low pT can be classified as disap-
pearing tracks due to bremsstrahlung, however, the contri-
bution of these tracks was negligibly small after the lepton
veto and the track selection criterion (5).

Fig. 2 Origins of disappearing high-pT tracks.

The fraction of events containing these background tracks
is expected to be ∼ 10−4; background estimation based on
the MC simulation would therefore suffer from large uncer-
tainties due to the lack of sufficient MC statistics and also
from the difficulty in simulating the properties of these back-
ground mechanisms. A data-driven background estimation
technique was therefore used to estimate the background
track pT spectrum, which used control samples enriched in
the two background categories. The main contribution to
the high-pT interacting hadron background originated from
charged hadrons in jets and τ hadronic decays. In the pT
range above 10 GeV, where inelastic interactions dominate,

the interaction rate has nearly no pT-dependence [29]. There-
fore, the pT spectrum of interacting hadron tracks was ob-
tained from that of non-interacting hadron tracks. By adopt-
ing the same kinematic selection criteria as those for the
signal and ensuring penetration through the TRT detector
by requiring NouterTRT > 10, a pure sample of high-pT non-
interacting hadron tracks was obtained. The contamination
from bad tracks and any chargino signal was removed by re-
quiring the calorimeter activity associated to the track,∑∆R<0.1
EclusT / ptrackT , to be larger than 0.3, where ptrackT is the pT of
the track and ∑∆R<0.1EclusT is the sum of cluster transverse
energies in a cone of ∆R= 0.1 around the track. Simulation
studies indicated that the pT spectrum of bad tracks depends
little on the production process. A sample with an enhanced
bad track contribution was therefore obtained with the same
track quality requirements as for the chargino track, but re-
quiring EmissT < 100 GeV. The EmissT requirement makes this
sample orthogonal to the signal search sample. In addition,
the number of pixel hits associated to the track was required
to be zero, and ∑∆R<0.1EclusT /ptrackT < 0.3 in order to re-
ject possible contributions from high-pT interacting hadron
tracks and to enhance the purity of bad tracks. The require-
ment on the number of pixel hits had negligible impact on
the shape of the reconstructed pT spectrum. The purity of
bad tracks was close to 100% after these requirements.

An ansatz functional form (1+ x)a0/xa1+a2 ln(x) was fit-
ted to the pT spectrum of the control sample of the high-
pT non-interacting hadron tracks, where x ≡ ptrackT and ai
(i = 0,1,2) are fit parameters. Fig. 3(a) shows the track pT
distribution and the shape derived from a maximum likeli-
hood fit. Alternative fit functions gave shapes that agreed
with each other and with the original form within the fit un-
certainties. The choice of functional form in this analysis
was based on the χ2 values.

Bad tracks could have anomalously high values of pT
and become a significant background. Therefore, for the bad
track background shape, a flat term representing the high-pT
tail was added to give an estimate in the region of interest.
The resulting functional form was (1+x)b0/xb1+b2 ln(x)+b3,
where bi (i = 0,1,2,3) are fit parameters. The shape of the
bad track background is shown in Fig. 3(b).

6 Signal extraction and constraints on the AMSB
chargino

In order to evaluate how well the observed data agree with a
given signal model, a statistical test was performed based on
a maximum likelihood. The likelihood function for the sam-
ple of observed events (nobs), using the track pT, is defined
as:
nobs
∏

µsnexps Ls+ nb{(1− fbad)Lhad+ fbadLbad}
nb+ µsnexps

, (1)

from ATLAS 1202.4847



Higgsino DM

• Assumption: 100% track efficiency at 10cm  
Moriond a week later: 12 cm is possible!
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Figure 9: Reach for a high-luminosity run of LHC14, with L = 3000 fb�1 integrated lu-
minosity in (a) conventional analysis with and without (specified) improvements in tracker
granularity close to the beamline. We assume 50% background systematics , with estimated
uncertainties (details in text) in the 5� exclusion (2� discovery) contours shaded in blue
(green). The yellow shaded region corresponds to the ATLAS 8 TeV limit for pure Wino
states. (b) E↵ective cross section (defined in text) required for 35 charged-track events in
conventional analysis at LHC14-HL, corresponding to a (conservative) 5� discovery reach.
(c) Number of disappearing charged tracks satisfying selection criteria in central TB anal-
ysis. (d) Number of disappearing charged tracks satisfying selection criteria in forward TB
analysis. The dashed line corresponds to the nominal decay length for to pure Higgsino
states.

in figure 9. The backgrounds for the conventional analysis, panel (a), were estimated as
before, with the ATLAS 8 TeV limits on a pure Wino state in the same channel are shaded
in yellow. Recall that that the production cross section of the Wino is larger than that
of the Higgsino by a weak group Casimir factor. We also show our LHC14-HL projection
with unchanged tracking capability in the same plot for reference. We see that increasing
the tracker granularity below r = 10 cm as proposed above can result in a factor of 3
increase in sensitivity at LHC14-HL, extending the discovery reach down to c⌧ ⇠ 20 cm
for m� = 600 GeV. In this lower-energy environment the central TB analysis (figure 9(c))

– 14 –
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Mahbubani, PS, Zurita, 2017



Example of lifetime frontier! 

Explore with simplified models

9



Simplified models for LLPs
• 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”, freeze-in 
DM, twin Higgs dark sectors

10

m2 > mDM

�(�2 ! �1X)

Buchmuller, De Roeck, Hahn,  
McCullough, PS, Sung, Yu, 2017



Signatures

• X can be any set of SM particles 

• Can also imagine SM charged 

• UFO files available in 

11

3

Simplified 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 simplified 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 simplified 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 simplified 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 on s�channel exchanges OB: is this correct?.6566

These parameters are encoded in the central red dot illustrated in Fig. 1 OB: 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 simplified model approach has proved to very useful to perform a systematic and well-defined 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 simplified 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 simplified models strategy may miss signatures that turn out to be the75

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

complete models, but not as a substitute.77

B. Displaced Vertices Simplified Models78

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

now identified 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 state m1 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

Buchmuller, De Roeck, Hahn,  
McCullough, PS, Sung, Yu, 2017

Aoude, Madge, PS, Shepherd 
in progress



Freeze-in DM connection

• Centimetre to metre lifetimes consistent with freeze-
in DM relic abundance (solid lines) 
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Composite dark sectors

13



Dark QCD
14

GeV

TeV

asymmetry
sharing

annihilation

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

X



Dark Pion Lifetime
• Integrate out mediator, match to dark pion current 

• Decay to SM jets (pions)

15

�

q

q Qd

Qd

q

q

⇡d

Dark Pion Lifetime

q

q

⇡d

�(⇡d ! d̄d) ⇡
f2
⇡d
m2

d

32⇡M4
Xd

m⇡d

c⌧ ⇡ 5 cm⇥
✓
1 GeV

f⇡d

◆2 ✓100 MeV

md

◆2 ✓1 GeV

m⇡d

◆✓
MXd

1 TeV

◆4

1

M2
X

Q�µQ d̄R�
µdR

Use chiral Lagrangian to estimate

~ cm Decay in LHC  
detectors!



Emerging Jets at the LHC
• Production of  

mediator, decay 
to dark quarks 

• Characteristic: 
‣ few/no tracks  

in inner tracker 

• New “emerging”  
jet signature 

• Smoking gun of 
composite hidden 
sectors

16

PS, Stolarski, Weiler, 2015



Strategy
17

Veto tracks
here!

PS, Stolarski, Weiler, 2015

tracker

calo

(More refined) searches
ongoing at ATLAS/CMS



Adding flavour
• So far, assumed universal lifetime for dark pions 

• Actually 

• Not all pions are equal:

18

q

q

⇡Dij /
X

q,q0

|�qi�
⇤
q0j |2

�d̄RQL� = �ij d̄RiQLj�

S. Renner, PS, in progress



Flavour matters
19

�ij d̄RiQLj�

q
Qi

q0

� �

q0
Qj

q

�qi �⇤

q0i

�⇤

q0j �qj

Figure 2: Diagram for meson mixing

are the only source of dark chiral symmetry breaking Mass terms are ok as long as all three

Q flavours have the same mass. We cannot allow di↵erent masses without breaking the

symmetry. If there are di↵erent masses, V can’t be rotated away.

An immediate consequence of this is the following: If nd > 3, there is an unbroken

U(nd � 3) symmetry in the dark sector, which makes one or more dark pions stable.1

Therefore, in the following we will restrict ourselves to the case of nd = 3, and leave the

case of flavour stabilised dark pion dark matter for a future study.

What if nd < 3? Does this break SM flavour badly? I guess yes...? Should the

restriction to nd = 3 be done only after looking at the constraints?

The matrix U can be decomposed into three unitary rotation matrices

U = U23U13U12 , (2.4)

where Uij is the matrix that rotates i $ j, so for example U12 can be written like this

U12 =

0

B@
c12 s12e

�i�12 0

�s12e
�i�12 c12 0

0 0 1

1

CA , (2.5)

introducing the mixing angles ✓ij via sij = sin ✓ij , cij = cos ✓ij and CP phases �ij . Fur-

thermore it is convenient to parameterise the diagonal matrix D as follows [3]:

D =
�
3
0

det (�0 · 1 + diag(�1,�2,�(�1 + �2)))

✓
�0 · 1 + diag(�1,�2,�(�1 + �2))

◆
, (2.6)

where the prefactor simply ensures that the norm of the � matrix equals �0, which will

simplify things later. In the limit where D is proportional to the identity matrix, U and

D commute and therefore � / 1 by choosing V = U
†. In other words in this case a full

SU(3) subgroup of the SU(3)d ⇥ SU(3)dark flavour symmetry remains unbroken.

There are two types of flavour observables that constrain �:

1
While this symmetry may be broken by the WZW term, at the lowest order it mediates interactions

between at least five dark pions (since photons don’t couple to dark quarks), so the least suppressed decay

mode of the stable pions will be to 8 SM quarks, suppressed by M�16
� .

3

q Qi

�

q0 Qj

�qi

�⇤

q0j

Figure 3: Diagram for B ! K
(⇤)+ invisible and K ! ⇡+ invisible

• �F = 2 processes, in particular K�K̄ and B�B̄ mixing which receive contributions

from the box diagrams shown in Fig. 2, and depend on the flavour structure of �.

• �F = 1 exotic decays of B and K mesons into dark pions, through a diagram shown

in Fig. 3, which constrain the overall magnitude of � if the dark pion is su�ciently

light.

Let us consider both types of constraints in more detail.

Do we want to put in a discussion of decay modes of the dark pions here? To make

the next section a bit clearer?

2.2 Exotic decays K ! ⇡⇡D and B ! (K,⇡)⇡D

If the dark pions are light enough to be produced in the decays of B and K mesons, and

are stable on detector scales, then strong constraints can be put on the � coupling from

K ! ⇡⌫̄⌫ and B ! (K(⇤)
,⇡)⌫̄⌫ measurements. The decays are induced by the dimension-5

operator
X

m,n

�im�
⇤
jn
f⇡D

m
2
X

⇣
d̄
i
R�

µ
d
j
R

⌘
@µ⇡D. (2.7)

where i, j are quark flavours and m, n are dark quark flavours. It can be seen from the sum

over dark quark flavours, and the discussion of the structure of � above, that the strength

of this interaction depends only on the overall magnitude of �, as opposed to on the ✓

and � parameters. If we assume that the normalisation is such that tr(�†
�) = �

2
0, then

experimental limits can be phrased as bounds on �
2
0f⇡D/m

2
X . Using Ref. [4], the strongest

current bounds are given in Table 1.

These bounds of course only apply if the dark pions are stable on detector scales, hence

mimicking neutrinos in the relevant experiments. The question is then whether there is

an allowed region for large �
2
0f⇡D/m

2
X in which the dark pions decay quickly enough to be

unconstrained by these limits. But it turns out that if �2
0f⇡D/m

2
X becomes large enough

that the proper decay length c⌧0 of the dark pions is of order of metres or below, the decays

producing dark pions are already contributing more than ⇠20% of the total b-hadron decay

width. ...is this convincing enough? add another sentence in any case

4

ΔF = 1
ΔF = 2

constraints

q

q

⇡Dij

dark pion properties

fixed target experiments

q Qi

�

q0 Qj

�qi

�⇤

q0j

Figure 3: Diagram for B ! K
(⇤)+ invisible and K ! ⇡+ invisible

• �F = 2 processes, in particular K�K̄ and B�B̄ mixing which receive contributions

from the box diagrams shown in Fig. 2, and depend on the flavour structure of �.

• �F = 1 exotic decays of B and K mesons into dark pions, through a diagram shown

in Fig. 3, which constrain the overall magnitude of � if the dark pion is su�ciently

light.

Let us consider both types of constraints in more detail.

Do we want to put in a discussion of decay modes of the dark pions here? To make

the next section a bit clearer?

2.2 Exotic decays K ! ⇡⇡D and B ! (K,⇡)⇡D

If the dark pions are light enough to be produced in the decays of B and K mesons, and

are stable on detector scales, then strong constraints can be put on the � coupling from

K ! ⇡⌫̄⌫ and B ! (K(⇤)
,⇡)⌫̄⌫ measurements. The decays are induced by the dimension-5

operator
X

m,n

�im�
⇤
jn
f⇡D

m
2
X

⇣
d̄
i
R�

µ
d
j
R

⌘
@µ⇡D. (2.7)

where i, j are quark flavours and m, n are dark quark flavours. It can be seen from the sum

over dark quark flavours, and the discussion of the structure of � above, that the strength

of this interaction depends only on the overall magnitude of �, as opposed to on the ✓

and � parameters. If we assume that the normalisation is such that tr(�†
�) = �

2
0, then

experimental limits can be phrased as bounds on �
2
0f⇡D/m

2
X . Using Ref. [4], the strongest

current bounds are given in Table 1.

These bounds of course only apply if the dark pions are stable on detector scales, hence

mimicking neutrinos in the relevant experiments. The question is then whether there is

an allowed region for large �
2
0f⇡D/m

2
X in which the dark pions decay quickly enough to be

unconstrained by these limits. But it turns out that if �2
0f⇡D/m

2
X becomes large enough

that the proper decay length c⌧0 of the dark pions is of order of metres or below, the decays

producing dark pions are already contributing more than ⇠20% of the total b-hadron decay

width. ...is this convincing enough? add another sentence in any case

4

�F = 1

If dark pions are stable on detector scales, can have e.g. B ! K+
invisible or K ! ⇡+ invisible

di Qn

dj

Q̄m

Operator for di ! dj⇡D :

Operator for di ! djQ̄mQn:

Sum over m, n =) amplitude only depends on D (not on ✓ij)

Sophie Renner JGU Mainz Emerging jets with flavour 13 / 24

�F = 2

Meson mixing can be induced by exchange of X and Qs:

q
Qi

q0

X X

q0
Qj

q

Absent in limit where D = �0�ij (⌘ � / unitary):

Sophie Renner JGU Mainz Emerging jets with flavour 15 / 24

S. Renner, PS, in progress



Rare decays
• Allows rare decays  

• Strongest close to  
thresholds:  
                   wins over 

• Don’t vanish in flavour symmetric limit!

20

q Qi

�

q0 Qj

�qi

�⇤

q0j

Figure 3: Diagram for B ! K
(⇤)+ invisible and K ! ⇡+ invisible

• �F = 2 processes, in particular K�K̄ and B�B̄ mixing which receive contributions

from the box diagrams shown in Fig. 2, and depend on the flavour structure of �.

• �F = 1 exotic decays of B and K mesons into dark pions, through a diagram shown

in Fig. 3, which constrain the overall magnitude of � if the dark pion is su�ciently

light.

Let us consider both types of constraints in more detail.

Do we want to put in a discussion of decay modes of the dark pions here? To make

the next section a bit clearer?

2.2 Exotic decays K ! ⇡⇡D and B ! (K,⇡)⇡D

If the dark pions are light enough to be produced in the decays of B and K mesons, and

are stable on detector scales, then strong constraints can be put on the � coupling from

K ! ⇡⌫̄⌫ and B ! (K(⇤)
,⇡)⌫̄⌫ measurements. The decays are induced by the dimension-5

operator
X

m,n

�im�
⇤
jn
f⇡D

m
2
X

⇣
d̄
i
R�

µ
d
j
R

⌘
@µ⇡D. (2.7)

where i, j are quark flavours and m, n are dark quark flavours. It can be seen from the sum

over dark quark flavours, and the discussion of the structure of � above, that the strength

of this interaction depends only on the overall magnitude of �, as opposed to on the ✓

and � parameters. If we assume that the normalisation is such that tr(�†
�) = �

2
0, then

experimental limits can be phrased as bounds on �
2
0f⇡D/m

2
X . Using Ref. [4], the strongest

current bounds are given in Table 1.

These bounds of course only apply if the dark pions are stable on detector scales, hence

mimicking neutrinos in the relevant experiments. The question is then whether there is

an allowed region for large �
2
0f⇡D/m

2
X in which the dark pions decay quickly enough to be

unconstrained by these limits. But it turns out that if �2
0f⇡D/m

2
X becomes large enough

that the proper decay length c⌧0 of the dark pions is of order of metres or below, the decays

producing dark pions are already contributing more than ⇠20% of the total b-hadron decay

width. ...is this convincing enough? add another sentence in any case

4

B ! (K,⇡) + invisible

K ! ⇡ + invisible

K ! ⇡ ⇡D K ! ⇡QQ̄

great resource:
Kamenik, Smith, 2011

�F = 1

If dark pions are stable on detector scales, can have e.g. B ! K+
invisible or K ! ⇡+ invisible

di Qn

dj

Q̄m

Operator for di ! dj⇡D :

Operator for di ! djQ̄mQn:

Sum over m, n =) amplitude only depends on D (not on ✓ij)

Sophie Renner JGU Mainz Emerging jets with flavour 13 / 24S. Renner, PS, in progress



Figure 4: This would look nicer on a log scale. I know - but mathematica doesnt do

regionplots on log scales. Any ideas? I can try with pyplot

calculation), and similarly for cases where the 13 or 23 components of D are degenerate.

Thus the �F = 2 constraints can be satisfied if either all Uij are small or if only those Uij

are large for which the corresponding entries in D are almost degenerate.

Compared with the analysis of [3], an additional complication in evaluating the numer-

ical constraints coming from neutral meson mixing is that dark gluons can be exchanged

between the Q and � fields in Fig. 2. Since ⇤d is often above the QCD scale, this introduces

a large non-perturbative uncertainty. What do we do about this? Just say that we leave

room for a factor 2 correction and thus weaken our bounds by that much? This seems a

sensible plan to me. I will do this for the bounds plots.

Got up to here - PS

2.4 Up portal

???

2.5 Comparison with s-channel portals

(maybe this is only needed later, when we discuss the lifetimes (and stability) of dark pions

3 Dark Mesonology

We will assume a hierarchy mQD < ⇤D. This implies that the Goldstone bosons (dark

pions) are parametrically lighter than other composite mesons, and that the all heavier

6

Bounds from rare decays�F = 1 constraints
[Calculated using formulae from Kamenik & Smith 2011]

f⇡D = m⇡D , mX = 1 TeV. Assuming �1,�2 ⌧ �0 so D ⇡ �0 · 1
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Fixed target
• My simplified NA62/SHiP:
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Fixed target reach
• Including  

bounds  
from  
cosmology
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Summary
• Search for the dark matter is ongoing, activity on 

many fronts 

‣ Direct/indirect production at colliders well covered 

‣ New(er) frontier: Long lived particle searches 

• New signatures from richer dark sectors:  

‣ Emerging jets at ATLAS/CMS (searched for!) 

‣ Long lived mediators at NA62/SHiP
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Thank You



Particles and symmetries
26

Symmetries and particles

Ldark � i Q̄i /@Qi +M2Q̄iQi + �ijQ̄iPRdjX

Ansatz: 3 dark quark flavours Qi

U(3)L ⇥ U(3)R ! SU(3)V ⇥ U(1)B

=) 8 DARK PIONS

Lightest baryon “dark proton”
Charged under U(1)B =) stable

Dark quark flavour symmetry broken only by �ij

Sophie Renner JGU Mainz Emerging jets with flavour 7 / 24



Dark Pion Lifetime
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Dark Pion Lifetime

q

q

⇡d

�(⇡d ! d̄d) ⇡
f2
⇡d
m2

d

32⇡M4
Xd

m⇡d

c⌧ ⇡ 5 cm⇥
✓
1 GeV

f⇡d

◆2 ✓100 MeV

md

◆2 ✓1 GeV

m⇡d

◆✓
MXd

1 TeV

◆4

1

M2
X

Q�µQ d̄R�
µdR

Use chiral Lagrangian to estimate

Decay in LHC detectors!



Flavour constraints
• Parameterise 

• For degenerate dark quark masses, can absorb V 

• If           , SM flavour symmetry unbroken 

• Write 

28

� = UDV

unitary

diagonal

D / 1

q
Qi

q0

� �

q0
Qj

q

�qi �⇤

q0i

�⇤

q0j �qj

Figure 2: Diagram for meson mixing

are the only source of dark chiral symmetry breaking Mass terms are ok as long as all three

Q flavours have the same mass. We cannot allow di↵erent masses without breaking the

symmetry. If there are di↵erent masses, V can’t be rotated away.

An immediate consequence of this is the following: If nd > 3, there is an unbroken

U(nd � 3) symmetry in the dark sector, which makes one or more dark pions stable.1

Therefore, in the following we will restrict ourselves to the case of nd = 3, and leave the

case of flavour stabilised dark pion dark matter for a future study.

What if nd < 3? Does this break SM flavour badly? I guess yes...? Should the

restriction to nd = 3 be done only after looking at the constraints?

The matrix U can be decomposed into three unitary rotation matrices

U = U23U13U12 , (2.4)

where Uij is the matrix that rotates i $ j, so for example U12 can be written like this

U12 =

0

B@
c12 s12e

�i�12 0

�s12e
�i�12 c12 0

0 0 1

1

CA , (2.5)

introducing the mixing angles ✓ij via sij = sin ✓ij , cij = cos ✓ij and CP phases �ij . Fur-

thermore it is convenient to parameterise the diagonal matrix D as follows [3]:

D =

✓
�0 · 1 + diag(�1,�2,�(�1 + �2))

◆
, (2.6)

In the limit whereD is proportional to the identity matrix, U andD commute and therefore

� / 1 by choosing V = U
†. In other words in this case a full SU(3) subgroup of the

SU(3)d ⇥ SU(3)dark flavour symmetry remains unbroken.

There are two types of flavour observables that constrain �:

1
While this symmetry may be broken by the WZW term, at the lowest order it mediates interactions

between at least five dark pions (since photons don’t couple to dark quarks), so the least suppressed decay

mode of the stable pions will be to 8 SM quarks, suppressed by M�16
� .

3

Parameterisation from
Agrawal, Blanke, 
Gemmler, 2014

S. Renner, PS, in progress



ΔF=2

• Absent in                  limit!
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What if nd < 3? Does this break SM flavour badly? I guess yes...? Should the
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The matrix U can be decomposed into three unitary rotation matrices

U = U23U13U12 , (2.4)

where Uij is the matrix that rotates i $ j, so for example U12 can be written like this

U12 =

0

B@
c12 s12e

�i�12 0

�s12e
�i�12 c12 0

0 0 1

1

CA , (2.5)

introducing the mixing angles ✓ij via sij = sin ✓ij , cij = cos ✓ij and CP phases �ij . Fur-

thermore it is convenient to parameterise the diagonal matrix D as follows [3]:

D =
�
3
0

det (�0 · 1 + diag(�1,�2,�(�1 + �2)))

✓
�0 · 1 + diag(�1,�2,�(�1 + �2))

◆
, (2.6)

where the prefactor simply ensures that the norm of the � matrix equals �0, which will

simplify things later. In the limit where D is proportional to the identity matrix, U and

D commute and therefore � / 1 by choosing V = U
†. In other words in this case a full

SU(3) subgroup of the SU(3)d ⇥ SU(3)dark flavour symmetry remains unbroken.

There are two types of flavour observables that constrain �:

1
While this symmetry may be broken by the WZW term, at the lowest order it mediates interactions

between at least five dark pions (since photons don’t couple to dark quarks), so the least suppressed decay

mode of the stable pions will be to 8 SM quarks, suppressed by M�16
� .

3

Measurement or Bound (in TeV�1) on

Observable measured bound �
2
0f⇡D/m

2
X m

max
⇡D

Ref.

B(K+
! ⇡

+
⌫̄⌫) (1.73+1.15

�1.05)⇥ 10�10
< 9.8⇥ 10�10 2m⇡ (exp. cut) [9]

B(B0
! ⇡

0
⌫̄⌫) < 6.9⇥ 10�5

< 1.1⇥ 10�5
mB �m⇡ [10]*

B(B+
! K

+
⌫̄⌫) < 1.6⇥ 10�5

< 6.4⇥ 10�6
mB �mK [11]*

Table 1: Bounds on the parameters of the model from semi-invisible meson decays, found

from the results of Ref. [4]. Experimental upper bounds are given at 90% CL. These

constraints only apply if the dark pion is kinematically accessible in decays, however the

maximum accessible mass mmax
⇡D

given here is indicative only, as the bounds were calculated

assuming m⇡D = 0. In cases where newer experimental results than those used in Ref. [4]

have become available, the bounds have been rescaled and there is an asterisk next to the

experimental reference.

Taking f⇡D = m⇡D and mX = 1 TeV, the excluded regions are shown in Fig. 4. While

these constraints severely limit the magnitude of � in the case of low confinement scales in

the dark sector, there are some welcome consequences. First, in coming years, the NA62

experiment will measure B(K+
! ⇡

+
⌫̄⌫) to within 10% of the SM value [5], while Belle II

should be sensitive to the SM B ! K
(⇤)

⌫̄⌫ branching ratios at 30% accuracy with 50ab�1

of data [6–8]. These will provide opportunities to either discover or further constrain the

model. The projected reach of these measurements is shown in Fig. 4. Furthermore heavy

flavour mesons are produced ubiquitously at fixed target experiments, and therefore these

decays can contribute to the total dark pion yield. In fact they will turn out to be the

dominant source of dark pions in the region of parameter space where those decays are

allowed, as we discuss in more detail in Sec. ??.

2.3 Meson mixing constraints

From Fig. 2 we can read o↵ that the contribution to meson mixing are proportional to

(assuming equal masses for all dark quarks):
 

3X

i=1

�qi�
⇤
q0i

!2

, (2.8)

with e.g. q = s and q
0 = d for Kaon mixing and q = b, q0 = (s, d) for neutral B meson

mixing. It is easy to see that this contribution vanishes in the flavour universal limit,

�1 = �2 = 0:
 

3X

i=1

�qi�
⇤
q0i

!2

=
⇣
[UD(UD)†]qq0

⌘2
= �

4
0

⇣
[UU

†]qq0
⌘2

= 0 for q 6= q
0, (2.9)

leaving �0 unconstrained in this case.2 Away from the universal limit, one can see that e.g.

if �1 = �2, the dependence of the mixing amplitude on U12 drops out (see Appendix for full

2
The coupling to the first generation quarks is also constrained by measurements of angular correlations

in di-jet events at LHC [], however in general for TeV scale � order one couplings are still allowed.

5

D = �0 · 1

S. Renner, PS, in progress



ΔF=2
• Otherwise  

bounds on  
mixing 
matrix
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Figure 6: Fraction of undecayed dark pions in the jet as a function of transverse distance

from the interaction point,for the aligned scenario and with m⇡D = 10 GeV.
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Figure 7: Reproducing figure 5 of 1405.6709, but with parameters as given in the text
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U = U12U13U23

⇠ �1

�F = 2 constraints

� = U12U23U13D
�ij ⌘ |Dii � Djj |
�0 = 1
mX = 1 TeV

[Calculated using formulae from Agrawal & al. 1405.6709, data on Bs and K mixing from UTFit]

Sophie Renner JGU Mainz Emerging jets with flavour 16 / 24

S. Renner, PS, in progress
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Figure 4: This would look nicer on a log scale. I know - but mathematica doesnt do

regionplots on log scales. Any ideas? I can try with pyplot

calculation), and similarly for cases where the 13 or 23 components of D are degenerate.

Thus the �F = 2 constraints can be satisfied if either all Uij are small or if only those Uij

are large for which the corresponding entries in D are almost degenerate.

Compared with the analysis of [3], an additional complication in evaluating the numer-

ical constraints coming from neutral meson mixing is that dark gluons can be exchanged

between the Q and � fields in Fig. 2. Since ⇤d is often above the QCD scale, this introduces

a large non-perturbative uncertainty. What do we do about this? Just say that we leave

room for a factor 2 correction and thus weaken our bounds by that much? This seems a

sensible plan to me. I will do this for the bounds plots.

Got up to here - PS

2.4 Up portal

???

2.5 Comparison with s-channel portals

(maybe this is only needed later, when we discuss the lifetimes (and stability) of dark pions

3 Dark Mesonology

We will assume a hierarchy mQD < ⇤D. This implies that the Goldstone bosons (dark

pions) are parametrically lighter than other composite mesons, and that the all heavier

6

ΔF=1�F = 1 constraints
[Calculated using formulae from Kamenik & Smith 2011]

f⇡D = m⇡D , mX = 1 TeV. Assuming �1,�2 ⌧ �0 so D ⇡ �0 · 1
Sophie Renner JGU Mainz Emerging jets with flavour 14 / 24

• Best bound 
on couplings 
for very  
light dark 
pions

31

K
!
⇡
+
in
vi
sib
le

B ! (K,⇡) + invisible

NA62 projection

Belle II projection

S. Renner, PS, in progress



LHCb opportunities
• Z’ mediator is difficult to trigger at ATLAS/CMS  

Same if dominant production is off-shell  

•  Reconstruct individual dark pions, differentiate  
  using lifetime, mass, decay products 

• Emerging jets without (hard) trigger requirements?

32

q

q

qD

qD

DANIEL STOLARSKI     October 3, 2014      ATLAS Kickoff

HEAVY MEDIATOR

6

Final state is  

• 2 QCD jets 

• 2 emerging jets

Cross section is stop-like

� ⇡ few ⇥ �(pp ! t̃1t̃1)

�(M� = 1TeV) ⇡ 10 fb

@ LHC14

pp ! ��† ! q̄ Qd Qd q

Collider Signature
• Pair production of heavy bi-fundamental fields:  

!

• Decay to quark - dark quark pairs 

‣ two QCD-jets 

‣ two “Emerging Jets”:  
dark quarks shower and hadronize in dark sector  
decay back to SM jets with displaced vertices

16

�q

q̄ �⇤

Also “Hidden Valley” signature!
Strassler, Zurek, 2007; …!
related: SIMP dark matter!
Bai, Rajaraman, 2011

q

q

qD

qD

Z 0

PS, Stolarski, Weiler, in progress



Off-shell production

• Total rate: 
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L = 5 TeV
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Figure 10: Dark quark invariant mass distribution for di↵erent values of the cut-o↵ ⇤ at the 14 TeV
LHC. The total integrated cross section for the process pp ! QDQ̄D is 14 fb for ⇤ = 5 TeV and 0.9 fb
for ⇤ = 10 TeV.

dominate. Still as far as LHCb is concerned, the e↵ective operator description is su�cient, since only

part of the event is reconstructed, and we are mostly interested in the fraction of events where one or

more dark pions enter the LHCb detector.4

In Fig. 11 we show the fraction of events where one or more dark pions end up in the LHCb

detector. For both benchmark models, about half of all QDQ̄D events have one or more dark pions

in the pseudo-rapidity range of LHCb. Also shown is the momentum distribution of dark pions in

the LHCb detector, where we see that model A produces a harder spectrum, due to the overall larger

mass scale in that model.

Obtaining precise predictions for the decay modes and branching ratios of ⇡D to SM hadrons is

di�cult, since it depends on non-perturbative QCD fragmentation, as well as on the flavour structure

of the couplings. In the PYTHIA implementation, those decays are simulated using the LUND string

fragmentation model [84], which is successful at modelling QCD fragmentation. For dark pion masses

in the few GeV range, exclusive hadronic processes already become rare. Instead in order to get an

idea about the characteristics of the signal, in Fig. 12 we show the multiplicity of prompt (with respect

to the decay vertex) charged tracks from decays of dark pions. We see that up to 10 charged tracks

appear regularly for the case of a 5 GeV dark pion, while fewer tracks are expected for lighter ⇡D.

For the figure we assume 100% decays of dark pions into down quarks. If decays into heavier quarks

4
Additional care would be necessary in order to convert a limit on ⇤ into a bound on the Z0

mass, since that limit

will depend on the couplings and branching ratios of the Z0
as well as on the relative contributions of on and o↵-shell

production of QD, due to the scaling of the produced dark meson number with

p
ŝ.
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5 Prospects at LHCb

Our proposed analyses for the ATLAS and CMS detectors rely on on-shell production of heavy medi-

ators, whose decay give rise to emerging jets. The reach of those searches is limited by the kinematic

reach of the LHC experiment. However even if the mediators are too heavy to be produced directly

at the LHC, dark quark pairs can still be produced through e↵ective operators of the form

L �
1

⇤2
(q̄�qq)(Q̄D�DQD) , (9)

with appropriate Dirac structures �. Above we already made use of such an operator to understand

the decays of dark pions. Events induced by these operators will not necessarily have large HT , so they

might be di�cult to trigger on at ATLAS and CMS. Nevertheless they can lead to sizeable production

rates for dark pions. The idea then would be to search directly for these dark pions in the LHCb

detector, from their decay to SM mesons.

Reconstructed dark pions can be di↵erentiated from SM mesons by their invariant mass, by their

lifetime and by their decay products and branching ratios. While a full simulation is beyond the scope

of this paper, in the following we will estimate the event rate that can be expected at LHCb and

show some kinematic properties of the produced dark pions. For definiteness, we will consider the

operator Ou = 1/⇤2(ū�µu)(Q̄D�
µ
QD), which can originate from integrating out either a Z

0 boson or a

bi-fundamental scalar, as discussed in Sec. 2. Coupling to up-quarks yields the largest cross sections,

which should give the strongest constraints. At the 14 TeV LHC, we find

�(pp ! Q̄DQD) ⇡ 8.2 pb⇥

✓
TeV

⇤

◆4

(10)

Nf , Nc dependence? for the tree level cross section (with a cut of
p
ŝ > 50 GeV), which scales as

1/⇤4, as long as the EFT description is valid. If instead we consider the operator from Eq. (4) with

⇤ = /MXd , the cross section is about a factor 8 smaller due to the smaller down quark pdfs and due

to the chiral structure of the couplings.

When comparing with the direct on-shell production of mediators, a few comments are in order.

First, if we consider a t-channel mediator like Xd, the on and o↵-shell contributions are independent

of each other, and controlled by di↵erent parameters, since the direct production of the mediator is

fully determined by the QCD coupling. While the o↵-shell production of QD pairs can be larger, it

is important to realize that it now has to compete with QCD di-jet production, and it is unclear how

an emerging di-jet signal could be triggered on e�ciently at ATLAS and CMS.

Instead if the operators would originate from integrating out a Z
0 boson, the on-shell production

and e↵ective operator would contribute to the same final state, and direct Z 0 production could easily
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Forward region

• Fraction of all signal 
events with N dark 
pions in  

• Momentum (not pT) 
distribution of dark 
pions in 
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Figure 11: Left: Fraction of QDQ̄D events with N⇡D dark pions inside the LHCb detector. About
45% of all events have at least one dark pion in LHCb, and almost 30% have three or more. Right:
Momentum distribution of dark pions in the LHCb detector.

would dominate, we would instead to find fewer charged tracks, since for example charged Kaons can

carry away a larger fraction of the particle’s rest mass.

The trigger thresholds at LHCb [87] are very loose when compared with ATLAS or CMS. At the

level of the hardware trigger L0, a deposition of transverse energy ET of 3.7 GeV in the hadronic

calorimeter or 3 GeV in the electromagnetic calorimeter are required. Next the high level triggers

start with the reconstruction of tracks in the vertex locator (VELO). In total a few tracks in the

VELO and a moderate energy deposit in the calorimeters are enough for events to be recorded and

analyzed.5 We can therefore expect that most events with one or more dark pions can be captured.

Events with three or more reconstructed displaced dark pions might look su�ciently di↵erent from

QCD backgrounds for the search to be background free. Then if we assume a reconstruction e�ciency

of 10%, with 20 fb�1 one could probe cross sections for �(pp ! Q̄DQD) as low as 10 fb, corresponding

to scales ⇤ ⇠ 5 TeV. While this is just a very crude estimate, the reach seems promising enough to

warrant a more careful analysis.

6 Sensitivity to other long lived new physics scenarios

Long lived particles decaying with displaced vertices are well motivated in many extensions of the SM.

A well known example is the case of R-parity violating (RPV) supersymmetry [73]. There the LSP is

allowed to decay to SM particles, however bounds from non-observation of baryon and lepton number

violation typically constrain the involved couplings to be tiny, such that their decay length can be

5
We would like to thank Victor Coco for discussion on these points.
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Decay characteristics

• Number of charged tracks from dark pion decays 

• Also depend on flavour structure - some more work!
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Figure 12: Multiplicity of charged tracks in ⇡D decays, assuming 100% decay to down quarks, and
with the fragmentation process simulated using PYTHIA.

macroscopic.

Other more recent examples where displaced decays are motivated include... Long lived Higgs [56,

69,70] or late Higgs production [74], Baryogenesis [73,75], keV dark matter [76], heavy neutrinos [71]

and right-handed sneutrinos [77].

When considering a specific model, a dedicated search will most likely deliver optimal results. For

instance, if muons are likely to appear in the final state, those can be used for triggering purposes and

to suppress backgrounds. On the other hand, given the variety of models on the market, it is also

desirable to have searches which are more model independent, and thus will allow one to place bounds

on multiple new physics scenarios.

In the following we will demonstrate that the emerging jet analysis can easily be used to obtain

bounds on other new physics scenarios with displaced decays, even if their signature will appear

di↵erent at first sight. As an example, we will use a supersymmetric scenario where the neutralino

LSP decays through a UDD type RPV operator.

Add more details if we decide to keep this

7 Conclusions

Awesome work :)

29

PS, Stolarski, Weiler, in progress



Very very (very) rough estimate
• 20 inverse fb 

• Assume that events with 3 or more reconstructed 
dark pions are significantly different from QCD (i.e. 
no background) 

• 10% reconstruction efficiency 

➡ Sensitivity to               , corresponds to  
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� = 8 fb ⇤ ⇡ 5 TeV
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Reach ATLAS/CMS

• Optimistic scenario (no non-collisional BGs) 

• Also sensitive to some RPV SUSY models etc
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Model A, 14 TeV, 3000 fb-1
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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 MX � c⌧0 plane, assuming a systematic uncertainty of 100% on
the background. The di↵erent colors correspond to requiring E(1 GeV, 0, 3 mm) � 2 (blue) and
E(1 GeV, 0, 100 mm) � 2 (red).
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