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Introduction

Theoretical Motivation

Dark Matter

I No particle evidence

Supersymmetry

I Mitigates t corrections to mH

I Provides dark matter

I Also no evidence
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Introduction

Dark Matter: Simplified Models

I Introduce a collection of simplified models
I Mediators stand in for more complex theories
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q/V

I Signature is Emiss
T + associated particles

I Bonus: we can look for the visible mediator decay products!

I At LHC, grouped into mono-X, di-X searches

I Formalized via the LHC Dark Matter Forum (arXiv:1507.00966,
arXiv:1603.04156, arXiv:1705.04664)
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Introduction

SUSY: Less simplified models

I Some are more model based, use
SUSY variables

I mT2, mCT, etc
I Used to extract SUSY with multiple

DM particles in final state
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I Some complicated enough that the
signature becomes generic, e.g.

I Multijet + Emiss
T : SUSY-2016-13

I Multijet: SUS-16-040
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Mono-Everything (Photon Shown)
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-32/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-32/


Signature-based DM Mono-Everything

The “Easy” Final States: Mono-γ, Mono-jet

Mono-γ (arXiv:1704.03848)
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I Many interpretations

Monojet (PAS: EXO-16-048)
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Signature-based DM Mono-Everything

Next in Line: Mono Boson

Mono-W/Z
(PAS: B2G-17-005)
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Mono-H (arXiv:1707.01302)
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I Rely heavily on large-R “fat” jets

I Include subjet b-tagging, substructure
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Signature-based DM Mono-Everything

Mono Top, Hadronic (PAS: EXO-16-051)

I Trigger: Hmiss
T > x ∩ Emiss

T > x
I x ∈ {90, 100, 110, 120}, depending on

lumi

I Veto leptons, extra b-jets

I One R = 1.4 jet passing top selection

I Two production modes: resonant and
non-resonant

ATLAS Result

I Similar signal model at
√
s = 8 TeV

I Single lepton, mT-based selection

I arXiv:1410.5404
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Signature-based DM Mono-Everything

CMS Mono Top: Top Tagger

I Soft Drop Mass 110–210 GeV

I b tagged subjet

I Top BDT:
I HEPTopTaggerV2
I τ32
I 11 ECF ratios

I Similar to ATLAS approach
I ATLAS-CONF-2017-064

Control Regions

I tt̄ (mu + had), 6%

I Z → µµ + jets, 7%
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Signature-based DM Mono-Everything

Mono Top
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I No deviation from standard model

I Previous limits on on similar models: Mφ . 700 GeV
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Two-body Decays
https://cds.cern.ch/record/2203615

https://cds.cern.ch/record/2203615


Signature-based DM Two-body Decays

2 ` (ATLAS: arXiv:1707.02424, CMS: EXO-16-031)
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I Look for bumps on a smooth background

I Rules lots of (simplified) parameter space
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Signature-based DM Two-body Decays

Dijet (ATLAS: arXiv:1703.09127, CMS: EXO-16-056)

 [TeV]
jj

Reconstructed m
2 3 4 5 6 7 8 9

E
ve

nt
s 

/ B
in

1−10

1

10

210

310

410

510

610

710

|y*| < 0.6
Fit Range: 1.1 - 8.2 TeV

-value = 0.63p
 10× σ*,  q

 [TeV]jjm
2 3 4 5 6 7 8 9

S
ig

ni
fic

an
ce

2−
0
2

 [TeV]jjm
2 3 4 5 6 7 8 9

M
C

D
at

a-
M

C

0.5−
0

0.5 JES Uncertainty

ATLAS
-1=13 TeV, 37.0 fbs

Data
Background fit
BumpHunter interval

 = 4.0 TeV
*q

*, mq
 = 5.0 TeV

*q
*, mq

600 800 1000 1200 1400 1600 1800 2000

 [p
b/

T
eV

]
jj

/d
m

σd

 (13 TeV)-127 fb

CMSPreliminary Data
Fit
gg (0.75 TeV)
qg (1.20 TeV)
qq (1.60 TeV)

 / ndf = 20.3 / 20 = 1.02χ
Wide Calo-jets

 < 2.04 TeVjj0.49 < m
| < 1.3η∆| < 2.5, |η|

610

510

410

310

210

10

1

1−10

Dijet mass [TeV]

U
nc

er
ta

in
ty

(D
at

a-
F

it)

3−
2−
1−
0
1
2
3

0.6 0.8 1 1.2 1.4 1.6 1.8 2

I Low mass: both experiments use “trigger scouting” and ISR
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SUSY Searches
https://cds.cern.ch/record/2113241

https://cds.cern.ch/record/2113241


Model-based DM t̃ Searches

2t̃→ 2`+ 2b+ Emiss
T (arXiv:1708.03247)
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I Separate from tt̄ by cutting hard on mT2 (arXiv:hep-ph/0304226)

I Still leaves “gaps” e.g. where mt̃ −mt ≈ mχ̃0
1
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Model-based DM t̃ Searches

Full Hadronic t̃→ t+ Emiss
T (arXiv:1707.03316)

2 1 Introduction

the basis for our searches are displayed in Fig. 1.
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Figure 1: Feynman diagrams for pair production of top squarks with the decay modes of the
simplified models that are studied in this analysis. An asterisk indicates the particle may be
produced off-shell.

The search regions (SR) are optimized for different models and ranges of Dm. The simplest
decays that we consider are et1 ! t(⇤) ec0

1, denoted “T2tt”, and et1 ! bec±
1 ! bW± ec0

1, denoted
“T2bW”, under the assumption that the ec±

1 mass lies halfway between the et1 and ec0
1 masses.

The choice of moderate ec±
1 mass in the latter model permits high momentum objects in the

final state. The ec±
1 represents the lightest chargino, and ec0

1 is the stable LSP, which escapes
detection to produce a large transverse momentum imbalance in the event. Another model,
denoted “T2tb”, is considered under the assumption of equal branching fractions of the two
aforementioned decay modes. This model, however, assumes a compressed mass spectrum in
which the mass of the ec±

1 is only 5 GeV greater than that of the ec0
1. As a result, the W bosons

from chargino decays are produced far off-shell.

In models with Dm less than the W boson mass mW, the et1 can decay through the T2tt decay
mode with off-shell t and W, through the same decay chain as in the T2bW model, via off-
shell W bosons, or decay through a flavor changing neutral current process (et1 ! cec0

1, where
c is the charm quark). These will be referred to as the “T2ttC”, “T2bWC”, and “T2cc” models,
respectively, where C denotes the hypothesis of a compressed mass spectrum in the first two
cases. Observations in such low Dm models are experimentally challenging since the visible
decay products are typically very soft (low-momentum), and therefore often evade identifi-
cation. Nevertheless, such models are particularly interesting because their dark matter relic
density is predicted to be consistent with the cosmological observations [49]. Specialized jet
reconstruction tools and event selection criteria are therefore developed to enhance sensitivity
to these signals.

This paper is organized as follows. A brief description of the CMS detector is presented in
Section 2, while Section 3 discusses the simulation of background and signal processes. Event
reconstruction is presented in Section 4, followed by a description of the search strategy in Sec-
tion 5. Methods employed to estimate the SM backgrounds and their corresponding systematic
uncertainties are detailed in Sections 6 and 7, respectively. The discussion of the systematic un-
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I Focus on “compressed”: small ∆m ≡ mt̃ −mχ̃0
1

I Custom SV-based discriminant to identify b-jets with pT < 20 GeV
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Model-based DM t̃ Searches

3rd Generation Squark → c, b (arXiv:1707.07274)
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I Similar final state to arXiv:1407.0608
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Summary Dark Matter

Summary: Simplified Mediator (gq = 0.25, g` = 0.0)
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Simplified Mediator (gq = 0.1, gA
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Summary Dark Matter

Comparison to direct detection
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I In the low energy limit, we can compare to direct detection
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Summary Dark Matter

Bonus Exclusions: Mono-H

q

q̄
Z

′ h

A
χ

χ̄

 [GeV]Z’m

500 1000 1500 2000 2500

 [
G

e
V

]
A

m

300

400

500

600

700

800

900

1000

h

 -
 m

Z
’

 =
 m

A

K
in

. 
lim

it 
: 
m

Observed limit

σ1±Expected limit 
-1s = 13 TeV, 3.2 fb 

ATLAS
-1 = 13 TeV, 36.1 fbs

, all limits at 95% CL
miss

T
h(bb) + E
Z’-2HDM

 = 100 GeV
χ

 = 0.8, m
Z

 = 1, gβtan

 = 300 GeV±H = mHm

I Showing ATLAS H → bb (arXiv:1707.01302)

I CMS results in backup
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*Observed limits at 95% C.L. - theory uncertainties not included
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.05525q̃, g̃ 1.85 TeV
q̃q̃, q̃→qχ̃0

1 0 2-6 jets Yes 36.1 m(χ̃0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2017-0221.57 TeVq̃

q̃q̃, q̃→qχ̃0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃0

1)<5 GeV 1604.07773608 GeVq̃

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

1)<200 GeV ATLAS-CONF-2017-0222.02 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)) ATLAS-CONF-2017-0222.01 TeVg̃

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

1)<400 GeV ATLAS-CONF-2017-0301.825 TeVg̃

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

1) <400 GeV ATLAS-CONF-2017-0331.8 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 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃
GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃0

1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.05493g̃ 1.37 TeV
GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃0

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 1503.03290g̃ 900 GeV
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 ATLAS-CONF-2017-0211.92 TeVg̃

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

1)<200 GeV ATLAS-CONF-2017-0211.97 TeVg̃
g̃g̃, g̃→bt̄χ̃+1 0-1 e, µ 3 b Yes 20.1 m(χ̃0
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1)+100 GeV ATLAS-CONF-2017-030275-700 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, ATLAS-CONF-2017-020t̃1 90-198 GeV 205-950 GeVt̃1

t̃1 t̃1, t̃1→cχ̃0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃0

1)=5 GeV 1604.0777390-323 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 ATLAS-CONF-2017-019290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃0
1)=0 GeV ATLAS-CONF-2017-019320-880 GeVt̃2

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

1)=0 ATLAS-CONF-2017-03990-440 GeVℓ̃
χ̃+1 χ̃

−
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1 )) ATLAS-CONF-2017-039710 GeVχ̃±

1
χ̃±1 χ̃

∓
1 /χ̃

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

1)) ATLAS-CONF-2017-035760 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-2017-0391.16 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 20.3 cτ<1 mm 1507.05493W̃ 590 GeV

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 ATLAS-CONF-2017-017430 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

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

GGM g̃g̃, χ̃0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃0

1)< 480 mm, m(g̃)=1.1 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→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃0
1, χ̃0

1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃0
1)=800 GeV ATLAS-CONF-2016-0571.55 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 ATLAS-CONF-2017-0132.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323,0 ATLAS-CONF-2017-0131.65 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 - 36.1 BR(t̃1→be/µ)>20% ATLAS-CONF-2017-0360.4-1.45 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
May 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.
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Summary Conclusions

Wrap Up

I No new physics, but. . .

I Lots of new ways to look for physics
I Mono-X searches: Mono-t, Mono-H
I Two body decays from simplified DM models

I Trigger scouting
I ISR + dijet

I Also many new SUSY searches

I A lot has happened since EPS 2017
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Summary Conclusions

BONUS
SLIDES
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Backup Multibody Decays

Multijet + Large R Jet
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Backup Multibody Decays

γ + Emiss
T + HT (arXiv:1707.06193)
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Backup Multibody Decays

CMS Mono-H

H → γγ (EXO-16-054)
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