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Intentions

and disclaimers

Intentions:

I Show the breadth of program
at the LHC looking for DM

I Try to give everyone
something:

I Half of you work on the LHC

I Half of you do not

I Focus on more recent results

Disclaimers:

I With a very wide DM program,
it is impossible to cover all
searches in 45 minutes

I I will not have time to go into
much detail, links to full
papers/notes throughout!

I The two LHC experiments with
the biggest DM programs are
ATLAS and CMS, and they’re
quite similar ⇒ strong bias
towards ATLAS in results
shown (sorry, Finland. . . )
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Bullet Cluster (astro-ph/0608407)

Table 1

Visible Matter Dark Matter

0.155 0.845

�1

(Planck: 1502.01589)

I Strong evidence for Dark Matter
from astronomy and observational
cosmology

I What is it made up of?
We don’t know.

I Can we produce it at the LHC?



BSM results from ATLAS and CMS - many DM related!
Model ℓ, γ Jets† Emiss

T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 ATLAS-CONF-2017-0607.75 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO CERN-EP-2017-1328.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑

pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 CERN-EP-2017-1324.1 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 36.1 k/MPl = 1.0 ATLAS-CONF-2017-0511.75 TeVGKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 Tier (1,1), B(A(1,1) → tt) = 1 ATLAS-CONF-2016-1041.6 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 ATLAS-CONF-2017-0274.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 ATLAS-CONF-2017-0502.4 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass
Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 3.2 Γ/m = 3% ATLAS-CONF-2016-0142.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 36.1 1706.047865.1 TeVW′ mass
HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 36.7 gV = 3 CERN-EP-2017-1473.5 TeVV′ mass
HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 ATLAS-CONF-2017-0552.93 TeVV′ mass
LRSM W ′

R → tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass
LRSM W ′

R → tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL ATLAS-CONF-2017-02740.1 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 400 GeV ATLAS-CONF-2017-0601.5 TeVmmed

Vector mediator (Dirac DM) 0 e, µ, 1 γ ≤ 1 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 480 GeV 1704.038481.2 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 0 or 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 B(T → Ht) = 1 ATLAS-CONF-2016-1041.2 TeVT mass

VLQ TT → Zt + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 36.1 B(T → Zt) = 1 1705.107511.16 TeVT mass

VLQ TT →Wb + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(T →Wb) = 1 CERN-EP-2017-0941.35 TeVT mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 B(B → Hb) = 1 1505.04306700 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B(B → Zb) = 1 1409.5500790 GeVB mass

VLQ BB →Wt + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(B →Wt) = 1 CERN-EP-2017-0941.25 TeVB mass
VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) CERN-EP-2017-1485.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 13.3 ATLAS-CONF-2016-0602.3 TeVb∗ mass
Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass
Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production ATLAS-CONF-2017-053870 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2017

ATLAS Preliminary∫
L dt = (3.2 – 37.0) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
†Small-radius (large-radius) jets are denoted by the letter j (J).

Model e, µ, τ, γ Jets Emiss
T

∫
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q̃q̃, q̃→qχ̃0
1 0 2-6 jets Yes 36.1 m(χ̃0

1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1712.023321.57 TeVq̃

q̃q̃, q̃→qχ̃0
1 (compressed) mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃0

1)<5 GeV 1711.03301710 GeVq̃

g̃g̃, g̃→qq̄χ̃0
1 0 2-6 jets Yes 36.1 m(χ̃0

1)<200 GeV 1712.023322.02 TeVg̃

g̃g̃, g̃→qqχ̃±1→qqW±χ̃0
1 0 2-6 jets Yes 36.1 m(χ̃0

1)<200 GeV, m(χ̃±)=0.5(m(χ̃0
1)+m(g̃)) 1712.023322.01 TeVg̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃0
1

ee, µµ 2 jets Yes 14.7 m(χ̃0
1)<300 GeV, 1611.057911.7 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃0
1 3 e, µ 4 jets - 36.1 m(χ̃0

1)=0 GeV 1706.037311.87 TeVg̃

g̃g̃, g̃→qqWZχ̃0
1 0 7-11 jets Yes 36.1 m(χ̃0

1) <400 GeV 1708.027941.8 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 36.1 cτ(NLSP)<0.1 mm ATLAS-CONF-2017-0802.15 TeVg̃
GGM (higgsino-bino NLSP) γ 2 jets Yes 36.1 m(χ̃0

1)=1700 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2017-0802.05 TeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃0
1 0 3 b Yes 36.1 m(χ̃0

1)<600 GeV 1711.019011.92 TeVg̃

g̃g̃, g̃→tt̄χ̃0
1 0-1 e, µ 3 b Yes 36.1 m(χ̃0

1)<200 GeV 1711.019011.97 TeVg̃

b̃1b̃1, b̃1→bχ̃0
1 0 2 b Yes 36.1 m(χ̃0

1)<420 GeV 1708.09266950 GeVb̃1

b̃1b̃1, b̃1→tχ̃±1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃0
1)<200 GeV, m(χ̃±1 )= m(χ̃0

1)+100 GeV 1706.03731275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃±1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃±1 ) = 2m(χ̃0
1), m(χ̃0

1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃0
1 or tχ̃0

1 0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃0
1)=1 GeV 1506.08616, 1709.04183, 1711.11520t̃1 90-198 GeV 0.195-1.0 TeVt̃1

t̃1 t̃1, t̃1→cχ̃0
1 0 mono-jet Yes 36.1 m(t̃1)-m(χ̃0

1)=5 GeV 1711.0330190-430 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃0
1)=0 GeV 1706.03986290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃0
1)=0 GeV 1706.03986320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃0
1 2 e, µ 0 Yes 36.1 m(χ̃0

1)=0 ATLAS-CONF-2017-03990-500 GeVℓ̃

χ̃+1 χ̃
−
1 , χ̃+1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃0

1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0
1 )) ATLAS-CONF-2017-039750 GeVχ̃±

1

χ̃±1 χ̃
∓
1 /χ̃

0
2, χ̃+1→τ̃ν(τν̃), χ̃0

2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0

1)) 1708.07875760 GeVχ̃±
1

χ̃±1 χ̃
0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃±1 )=m(χ̃0

2), m(χ̃0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0

1)) ATLAS-CONF-2017-0391.13 TeVχ̃±
1 , χ̃

0
2

χ̃±1 χ̃
0
2→Wχ̃0

1Zχ̃0
1 2-3 e, µ 0-2 jets Yes 36.1 m(χ̃±1 )=m(χ̃0

2), m(χ̃0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→Wχ̃0

1h χ̃0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃±1 )=m(χ̃0

2), m(χ̃0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0
2 270 GeV

χ̃0
2χ̃

0
3, χ̃0

2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃0
2)=m(χ̃0

3), m(χ̃0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃0

2)+m(χ̃0
1)) 1405.5086χ̃0

2,3 635 GeV
GGM (wino NLSP) weak prod., χ̃0

1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV
GGM (bino NLSP) weak prod., χ̃0

1→γG̃ 2 γ - Yes 36.1 cτ<1 mm ATLAS-CONF-2017-0801.06 TeVW̃

Direct χ̃+1 χ̃
−
1 prod., long-lived χ̃±1 Disapp. trk 1 jet Yes 36.1 m(χ̃±1 )-m(χ̃0

1)∼160 MeV, τ(χ̃±1 )=0.2 ns 1712.02118460 GeVχ̃±
1

Direct χ̃+1 χ̃
−
1 prod., long-lived χ̃±1 dE/dx trk - Yes 18.4 m(χ̃±1 )-m(χ̃0

1)∼160 MeV, τ(χ̃±1 )<15 ns 1506.05332χ̃±
1 495 GeV

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃
Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃0

1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

Metastable g̃ R-hadron, g̃→qqχ̃0
1 displ. vtx - Yes 32.8 τ(g̃)=0.17 ns, m(χ̃0

1) = 100 GeV 1710.049012.37 TeVg̃

GMSB, stable τ̃, χ̃0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV
GMSB, χ̃0

1→γG̃, long-lived χ̃0
1 2 γ - Yes 20.3 1<τ(χ̃0

1)<3 ns, SPS8 model 1409.5542χ̃0
1 440 GeV

g̃g̃, χ̃0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃0

1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0
1 1.0 TeV

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 1404.2500q̃, g̃ 1.45 TeV
χ̃+1 χ̃

−
1 , χ̃+1→Wχ̃0

1, χ̃
0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃0

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

χ̃+1 χ̃
−
1 , χ̃+1→Wχ̃0

1, χ̃
0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃0

1)>0.2×m(χ̃±1 ), λ133,0 1405.5086χ̃±
1 450 GeV

g̃g̃, g̃→qqχ̃0
1, χ̃0

1 → qqq 0 4-5 large-R jets - 36.1 m(χ̃0
1)=1075 GeV SUSY-2016-221.875 TeVg̃

g̃g̃, g̃→tt̄χ̃0
1, χ̃0

1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃0
1)= 1 TeV, λ112,0 1704.084932.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323,0 1704.084931.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.07171100-470 GeVt̃1 480-610 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% 1710.055440.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃0
1 0 2 c Yes 20.3 m(χ̃0

1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
December 2017

ATLAS Preliminary√
s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

CMS Exotica Physics Group Summary – ICHEP, 2016	
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ATLAS Run II 13 TeV dataset

The LHC has performed extremely well in Run II,
2017 was certainly no exception!
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Assumptions we make about the Dark Matter

WIMP:

I Weakly interacting (WI)

I Massive (M) ⇒ v << c, “cold”

I Particle (P)

If not interacting via weak force, it needs to have some
small (“feeble”) coupling to be produced at the LHC
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What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two massesLook for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

SM

SM

χ

χ

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two massesLook for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

SM

SM

χ

χ

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two massesLook for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

SM

SM

χ

χ

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two massesLook for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

SM

SM

χ

χ

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two massesLook for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

SM

SM

χ

χ

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two massesLook for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

SM

SM

χ

χ

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!

Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two massesLook for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

SM

SM

χ

χ

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!

Beyond-SM physics

Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two massesLook for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

SM

SM

χ

χ

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!

Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two massesLook for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

Mediator

SM

SM

χ

χ

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator

Parameters: two couplings, two massesLook for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

Mediator

SM

SM

gSM

χ

χ

gDM

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two masses

Look for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions

Mediator

SM

SM

gSM

SM

SM

gSM

D
ir

ec
t

d
et

ec
ti

on

What Jan just told us about!

Indirect detection

E.g. IceCube, AMS, Fermi LAT, . . .

Collider!

Produce our own DM!Beyond-SM physics
Easiest implementation: EFT “blob”
Valid for q2 << µcutoff ⇒ problematic in Run 2

Simplified model with mediator
Parameters: two couplings, two masses

Look for decay of mediator back to SM

7 / 44

https://indico.cern.ch/event/666278/contributions/2830621/


SM-DM interactions
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SM-DM interactions

Higgs

SM

SM

χ

χ

gDM

Invisible decay of H(125)

CMS: BR(H →inv) < 24%, 1610.09218
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10 s description of most relevant simplified DM models

DM particle:

I Dirac Fermion DM

Mediator particle options:

I Spin-1: vector or axial-vector

I Spin-0: scalar or pseudo-scalar

⇒ Four parameters + mediator:
mχ, mmed., gSM, gDM

(See 1507.00966 for details)

11 / 44

https://arxiv.org/abs/1507.00966


Emiss
T +X searches

Target: DM production via mediator

Mediator

SM

SM

gSM

χ

χ

gDM
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How to measure the invisible

I DM particles weakly interacting
⇒ not detected!

If recoiling against visible system
⇒ Emiss

T , need additional radiation (ISR)

I Most ISR from strong radiation at
hadron collider, only “pay” αs

q g

q̄

gq
ZA

χ

χ̄

gχ

Missing transverse momentum Emiss
T :

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2

where Emiss
x(y) = −∑

Ex(y)

summed over all calibrated
e, γ, µ, τ and jets plus a
track-based “soft” term
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Emiss
T +jet (aka “mono-jet”), 1711.03301

Selection:

I One jet pT > 250 GeV

I Emiss
T > 250 GeV (no

close jets)

17

MET+jet searches

Signal Backgrounds

Inclusive and Exclusive signal regions 
 with successively larger 

 MET requirements

(ATLAS cuts)

arXiv:1604.07773CMS-PAS-EXO-16-013
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Main backgrounds:

I High-pT W/Z+jets dominant

I Strategy: measure visible W/Z in
data, normalize invisible MC
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Emiss
T +γ, 1704.03848

Cleaner final state, at

higher cost for ISR (αEM)

Selection:

I Photon trigger threshold
⇒ reach lower Emiss

T

I One photon
pT > 150 GeV

I Emiss
T > 150 GeV
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Clean signature, lower cross section

✤ triggering on ! → access lower MET  

Main backgrounds:
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✤ Jets and electrons faking photons                   → 
data driven estimation

Mono-! Search
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up to 1 jet
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Main backgrounds:

I W/Z+γ measured in lepton CRs

I Fake-photon bg from e/jet measured
in data
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Emiss
T +γ, 1704.03848

Cleaner final state, at

higher cost for ISR (αEM)

Selection:

I Photon trigger threshold
⇒ reach lower Emiss

T

I One photon
pT > 150 GeV

I Emiss
T > 150 GeV
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Emiss
T +H(γγ), 1706.03948 (also bb̄, 1707.01302)
Use Higgs in same way!

Couples to mass:

I ISR dramatically suppressed

I Heavy mediator ⇒ Higgs-strahlung

Even cleaner!
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You get the picture.

Skipping:

I Emiss
T +Z(``) with 36 fb−1, 1708.09624

I Emiss
T +V (had) with 3.2 fb−1, 1608.02372

(. . . and the corresponding CMS results . . . )

19 / 44

https://arxiv.org/abs/1708.09624
https://arxiv.org/abs/1608.02372


Di-X resonance searches

Target: DM mediator

Mediator

SM

SM

gSM

SM

SM

gSM
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Dijet resonance searches

1. Standard (1703.09127):
I Leading jet pT > 440 GeV

I |y∗| = |y1 − y2|/2 < 0.6

I mjj > 1.1 TeV

2. ISR-assisted
(ATLAS-CONF-2016-070/):
Trigger on jet/γ from ISR
⇒ access lower mjj

3. Trigger-level analysis (TLA):
Only write out trigger jets
⇒ Small per-event size
⇒ afford lower threshold

⇒ access lower mjj

I Search for bump in mjj spectrum

I Vector Z ′ mediator, strongly

dependent on gq
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95% CL upper limits

Expected
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Skipping dilepton (1707.02424) and tt̄ (ATLAS-CONF-2016-014/) Z ′ searches
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Combining the exclusion limits
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Combined exclusions: vector mediator
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Comparing to direct-detection results (spin-independent)
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Comparing to direct-detection results (spin-dependent)
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Higgsino-like LSP as DM - brand new results for SUSY17

Francesca Ungaro - DM Working Group Public Meeting - 18th of December 2017
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down to pT 4.5/4 GeV for e/mu
(lowest threshold!)

hits only in the inner detector
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Dark Matter via long-lived particles

and Dark Sectors
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What if things are more complicated?

Instead start from a well-motivated theory, e.g. SUSY:

I Split SUSY: long-lived gluinos (e.g.
hep-th/0405159, 1212.6971)

I GMSB: displaced Z decays (hep-ph/9601367)

I Co-annihilation: displaced vertices, B̃-g̃
(1504.00504), B̃-W̃ (1506.08206)
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Or models with a Hidden Valley (hep-ph/0604261)
that does not take part in the SM gauge
interactions but exert gravitational pull.

Couples to the SM via a portal particle, e.g.

Higgs-like heavy scalar to LLPs
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Example: displaced vertices + Emiss
T , 1710.04901

I Problem: Tracking most
CPU-intensive in offline reco
⇒ limited to prompt tracks
⇒ displaced vertices missed!

I Solution: preselect small
sample at raw-data level and
run more expensive processing

1. tracking with relaxed cuts

2. special vertexing alg for
displaced vertices

Selection

I Emiss
T > 250 GeV (trigger)

I Vertex in R < 300 mm

m > 10 GeV, ntrk ≥ 5
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Parameterized sel. effs available for reinterpretation!
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1. tracking with relaxed cuts

2. special vertexing alg for
displaced vertices

Selection

I Emiss
T > 250 GeV (trigger)

I Vertex in R < 300 mm

m > 10 GeV, ntrk ≥ 5
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Parameterized sel. effs available for reinterpretation!
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What about LHCb?

LHCb specializes in low-mass resonances - can do decaying LLPs!
Hidden Valley: LLPs in decays of Higgs(-like) particles:

Search for long-lived particles at LHCb Search for long-lived particles to jet pairs

Updated search for long-lived particles decaying to jet pairs

I search for H ! ıV ıV ; ıV ! 2 jets with displaced vertex
require detection of just one ıV : much larger acceptance but higher background

H

ıV

b

b

ıV
b

b

I dataset:

p
s integrated luminosity

[TeV] [fb�1]
7 0.62
8 1.38

(limited by availability of required triggers)

I updates previous search on 0.62 fb�1of data at
p
s = 7 TeV

Alberto Lusiani, SNS – EPS-HEP 2017, 5-12 July 2017, Venice, Italy 10 / 26

1705.07332

Search for long-lived particles at LHCb Search for Higgs-like bosons decaying into long-lived exotic particles

Search for Higgs-like bosons
decaying into long-lived exotic particles

I search for mSUGRA neutralino pair-produced in Higgs decay H ! �0�0

where each neutralino decays in three quarks �0 ! qqq (baryon number violating)
I look for pairs of high-multiplicity displaced vertices

H

�0

q

q

q

�0

q

q

q

I dataset: 0.62 fb�1at 7 Tev

Alberto Lusiani, SNS – EPS-HEP 2017, 5-12 July 2017, Venice, Italy 16 / 26

1609.03124

Search for long-lived particles at LHCb Search for massive long-lived particles decaying semileptonically

Search for massive long-lived particles decaying semileptonically

I search for one long-lived mSUGRA neutralino (LLP) decaying into muon and two quarks
I several different production mechanisms for single or double neutralinos considered

some production mechanisms have a Higgs decaying into two neutralinos

H

�0

u

d
—

�0

I dataset:

p
s integrated luminosity

[TeV] [fb�1]
7 1
8 2

Alberto Lusiani, SNS – EPS-HEP 2017, 5-12 July 2017, Venice, Italy 19 / 26

1612.00945

Complements ATLAS/CMS:

I Lifetimes down to ∼1 ps

I Lower mass LLPs

Limits on σ ×BR (95% CL) ⇒

Search for long-lived particles at LHCb Search for massive long-lived particles decaying semileptonically

Results, Eur.Phys.J. C (2017) 77:224, arXiv:1612.00945

I no excess found, 95% CL upper limits set on the production cross-sections times
branching fraction for each considered model using the CLs method
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Figure 6: Expected (open dots with 1� and 2� bands) and observed (full dots) cross-section
times branching fraction upper limits (95% CL) for the processes PC as a function of the LLP
mass; the LLP lifetime �LLP is indicated in each plot, mh0 = 125 GeV/c2. The results correspond
to the 8 TeV dataset.

13

95% CL limits for model with
125Gev Higgs decaying to two
mSUGRA neutralinos

h0

�̃

�̃

at mLLP = 50 GeV
and fiLLP = 10 ps
reject B(H ! ��) > 1%
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A few words about LHC-wide organization
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LPCC Dark Matter Working Group (LPCC website)
“Theorists and experimentalists define guidelines and
recommendations for the benchmark models, interpretation, and
characterisation necessary for broad and systematic searches for
DM at the LHC”

I MO: Focused efforts leading to arxiv write-ups:

I Summer 2015: Dark Matter Benchmark Models for Early LHC
Run-2 Searches, 1507.00966

I Winter 2015/2016: Recommendations on presenting LHC searches

for Emiss
T signals using simplified s-channel models of DM,

1603.04156

I Winter 2016/2017: Comparing LHC searches for heavy mediators of
DM production in visible and invisible decay channels, 1703.05703

I Spring 2017: Precise predictions for V+jets DM backgrounds,
1705.04664

I Recent meeting on Dec 18 (indico)
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Dirac WIMP mediators:

t- and s-channel exchange


vector/axial-vector/scalar/pseudo-scalar (MFV) 

MET+heavy flavor, W, Z, and Higgs





Summary

I The LHC searches for Dark Matter in a lot of different ways:

I Production of DM in association with visible SM particles (Emiss
T +X)

I Mediator: di-X resonance

I SUSY search program (R-parity conserving scenarios ⇒ DM)

I Dedicated efforts for DM-motivated but experimentally challenging
scenarios: LLPs (Dark Sector models, SUSY, . . . )

I Exclusion limits for simplified DM models can be compared with
direct-detection experiments

I Complementary sensitivity for both SI/SD if mχ . 10 GeV

I Improved sensitivity for SD for O(1) GeV< mχ < O(1) TeV

I Insensitive to: local DM distribution, fraction of DM made of WIMPs

I Found nothing yet ⇒ exclusion limits! But more data coming,

5x shown today end 2018, 100x with HL-LHC
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H → invisible: CMS
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 (8 TeV)-1 (7 TeV) + 19.7 fb-14.9 fb
 (13 TeV)-1+ 2.3 fb

CMS

 inv) < 0.20→B(H

90% CL limits

I CMS: BR(H →inv) < 24%,
1610.09218

I Combines 7, 8 and 13 TeV
data and ggF, VBF and V H
production

I ATLAS paper on 13 TeV data,
only for ZH production
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H → invisible: ATLAS

 [GeV]χm
1 10 210 310 410

]
2

-p
ro

to
n)

 [c
m

χ
 (

S
D

σ

42−10

41−10

40−10

39−10

38−10

37−10

36−10

35−10

34−10

Observed 90% CL
LUX 2013+2014-16
PICO-2L 2016
PICO-60 2017

ATLAS
-1 = 13 TeV, 36.1 fbs

Axial-vector, Dirac
 = 1.0

χ
 = 0.25, g

q
g

Axial-vector mediator,
spin-dependent

 [GeV]χm
1 10 210 310 410

]
2

-p
ro

to
n)

 [c
m

χ
 (

S
I

σ

47−10

46−10

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10

36−10

35−10

Observed 90% CL
CRESST-II 2015
CDMSlite 2015
PandaX-II 2016
LUX 2013+2014-16
XENON1T 2017

ATLAS
-1 = 13 TeV, 36.1 fbs

Vector, Dirac
 = 1.0

χ
 = 0.25, g

q
g

Vector mediator,
spin-independent

I ATLAS paper 1708.09624 only on 13 TeV data and ZH prod.

I Excludes BR(H →inv) < 67% (39% expected)
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Projecting to direct-detection planeImplicaXons for direct detecXon

V. Ippolito - How dark is Dark? - Nov 20rd, 2017

mediator mass

DM mass
searches for DM 

producXon 
(invisible final states) searches for 

mediators 
(resonance searches)

1-

0+

1+

1-

0- (suppressed by velocity dependent terms)

1. take LHC results (high Q2) at fixed values of the couplings

3. compare2. extrapolate to low Q2 of 
direct detecXon (EFT)

DM mass

DM-
nucleon 

scaHering 
cross-

secIon ?
!

nucleon

caveat: 1605.04917



SUSY production of DM in association with HF

Francesca Ungaro - DM Working Group Public Meeting - 18th of December 2017

DM plus heavy quarks

14

Search for dark matter produced in association with top or bottom quarks

Favoured if couplings are Yukawa-like
Scalar or pseudo-scalar mediators

SUSY-2016-16
SUSY-2016-18

directly, leading to a di↵erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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Figure 1: Representative Feynman diagram showing the pair production of Dark
Matter particles in association with tt̄ (or bb̄).
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