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The simple addition of the only allowable(*) kind of 
symmetry not seen in nature can explain…

(*) (HLS theorem)
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Appendix B One loop contributions to neutrino masses

Here we collect the results for the one-loop diagrams that contribute to the neutrino masses but

do not include the new term in Eq. (3) that we have studied in this work. Due to the extra Higgs

fields, the results are not exactly what we have in the MSSM, and thus we show them here.

The contributions coming from trilinear RPV couplings, which have been already studied in the

literature are represented in Fig. 4. Approximate expressions for them, which are enough for our

study are:
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The soft supersymmetric breaking RPV terms combined in B̃ik and B̃i{h,Hj ,Aj}, defined in Eqs.

(39) and (38) respectively, also produce contributions to the neutrino masses at the loop level as

represented in Fig. 5(a).

The one loop contribution is given by
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where I
4

is defined in Eq. (60).
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The soft supersymmetric breaking RPV terms combined in B̃ik and B̃i{h,Hj ,Aj}, defined in Eqs.

(39) and (38) respectively, also produce contributions to the neutrino masses at the loop level as
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S E A R C H E S  F O R  S U P E R S Y M M E T R Y

3

• Despite searching at SPS, LEP, 
Tevatron, LHC, etc 

• No evidence for SUSY! 

• For better or for worst, let’s keep 
looking 

• Large effort at ATLAS to find 
SUSY in many channels 

• Today: Rough overview of our 
program
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BUT WHY HAVEN’T WE FOUND IT YET?
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BUT WHY HAVEN’T WE FOUND IT YET?

1.  It doesn’t exist 

2.  Masses are too high
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S T R O N G  S PA R T I C L E  P R O D U C T I O N

• LHC p-p collider → Copious strong 
production 

• Low mass strongly produced 
sparticles should have been a quick 
discovery 

• Maybe masses just out of reach! 

• Look for heavier strongly 
produced sparticles 

• Squark and gluino production at 
higher mass

7
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I N C L U S I V E  S E A R C H E S

• Start by searching as inclusively as possible for squarks 
and gluinos 

• General search strategy for most ATLAS SUSY searches: 

• Look for high momentum scale objects and large 
missing ET (MET) 

• Define a signal region sensitive to signal 

• Each major BG normalized in dedicated control 
regions 

• Extrapolation to the signal region estimate tested in 
dedicated validation regions 

• Inclusive searches categorized by lepton and jet 
multiplicities

8

Example BG estimation strategy 
from 1-Lepton+Jets+MET
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0 L  S E A R C H E S

• Fully hadronic final states 

• 0L 2-6 Jets uses two methods 

• Recursive Jigsaw Reconstruction and a 
traditional MEff (:= MET+ΣpT) analysis 

• CRs with leptons (W/T/Z), photons (Z), b-jets (T) 

• 0L 8-10 Jets 

• Focus on cascades w multiple vector bosons 

• Assumes MET/√HT invariance for multijet 
background 

• Accidental substructure variable MJ

Σ
 

• Neither sees any significant excess
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1 L ,  2 L  S E A R C H E S
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Unfortunately the 3sigma 
excess from 2012+2015 of 

Z+Jets+MET has gone away

1L+Jets+MET sees nothing 
unexpected
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• Gluino-mediated stop/sbottom production 

• Expect many b-jets in final state 

• Probe regions with 0/1L, ≥3/≥4 BJets, MET 

• Kills most SM background, but some ttbar 
remains 

• 0/1L analyses built to be orthogonal for statistical 
combination
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I N C L U S I V E  S E A R C H E S
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4 0 4 :  S U S Y  N O T  F O U N D
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BUT WHY HAVEN’T WE FOUND IT YET?

1.  It doesn’t exist 

2.  Masses are too high 

3.  Cross sections are too small
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L O W E R  X S  S PA R T I C L E  P R O D U C T I O N

• Maybe the most collider-accessible 
sparticles have lower production XS 

• Single light squark 

• e.g. stop squark as motivated by 
naturalness 

• No squark degen → order of mag 
reduction in squark XS 

• Electroweak production 

• EWKino production even further 
suppressed at pp collider 

• More targeted searches to probe these 
processes

14
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S T O P  S Q U A R K  S E A R C H E S

• To cleanly kill EW fine-tuning, stop 
squarks shouldn’t be too heavy 

• Effectively cancel top-loop 
contributions to mH 

• Looking for them directly 

• Major decay possibilities 

• Stop → t (or c) + neutralino 

• Stop → b + chargino 

• And more!

15
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LET’S HIGHLIGHT A 
FEW REGIONS
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H E A V Y  S T O P S

16

• For heavy stops, few hundred percent 
increase in production XS! 

• No surprise that Run 2 would bring big 
increases in sensitivity in this region

8 TeV

13 TeV

ATLAS-CONF-2016-077 ATLAS-CONF-2016-050

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-077/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-050/
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C O M P R E S S E D  R E G I O N S

17

• However these regions can only be probed with new techniques 

• ∆m ~ mt region covered with Recursive Jigsaw Reconstruction (RJR) 
looking for ISR-boosted stops 

• 0-Lepton Channel 

• Estimate boost from ISR system (pT

ISR
) 

• Sensitive variable RISR ~ Fraction of the signal system’s boost that 
goes to form the measured MET
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ISR S
V I

Lab State

Decay States

Visible States

Invisible States

ATLAS-CONF-2016-077

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-077/
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C O M P R E S S E D  R E G I O N S

18

• ∆m ~ mb+mW region also with RJR 

• 2-Lepton Channel 

• Here, the superrazor subset 

• Look for high mass-scales in WW(→lνlν)-like topologies 

• Carved out two new regions of unique sensitivity!
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E W K I N O S

• Even lower cross sections from EWK 
production modes 

• Reasonably strong limits as of Sept 
2016 

• Three results from ICHEP+SEARCH 

• But the real fun comes with more 
data! 

• Very impactful statements can start to 
be made with forthcoming datasets
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BUT WHY HAVEN’T WE FOUND IT YET?

1.  It doesn’t exist 

2.  Masses are too high 

3.  Cross sections are too small 

4.  Assumptions are wrong
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R - P A R I T Y  V I O L A T I O N

• What if R-Parity is violated and the LSP 
can decay? 

• Assumption of high MET falls apart 
— MET-based searches severely 
weakened! 

• Lightest neutralino probably not DM, 
but naturalness can still be restored!
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ATLAS-CONF-2016-075

L E P T O N  N U M B E R  V I O L A T I O N

• Dedicated search for EWK production with λ≠0 (LLE couplings) 

• 4 reconstructed light leptons 

• Veto any events containing a SF/OS lepton pair consistent with a Z 

• No explicit MET requirement 

• Just cuts on mEff := MET + ΣLeptons,Jets  pT

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-075/
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L E P T O N  N U M B E R  V I O L A T I O N
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STRONG STATEMENTS FROM RUN-1 SUMMARY ON ALL KINDS OF SUSY L-VIOLATION 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-018/
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B A R Y O N  N U M B E R  V I O L A T I O N

ATLAS-CONF-2016-084 ATLAS-CONF-2016-057 ATLAS-CONF-2016-094
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BUT WHY HAVEN’T WE FOUND IT YET?

1.  It doesn’t exist 

2.  Masses are too high 

3.  Cross sections are too small 

4.  Assumptions are wrong 

5.  Lifetimes are too high
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L O N G - L I V E D  S PA R T I C L E S

• Lifetimes of sparticles can easily be significantly nonzero 

• Split SUSY, Hidden Valleys, Very small mass splittings, tiny RPV couplings 

• Example signatures: 

• Highly ionizing particles passing through tracker 

• Slow-moving heavy sparticles arriving at the detector late 

• Disappearing tracks 

• Displaced vertices in tracker 

• If sparticles carry color (squarks/gluinos) and long-lived, 

• Will hadronize with SM particles to form R-Hadrons

26
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M A S S I V E  C H A R G E D  R - H A D R O N S
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• Can look for anomalous dE/dx curves in 
the pixel detector 

• Benefit from a new pixel layer 3.3 cm 
from beam line for Run-2 

• Measure 

• Or combine this with calorimeter timing 
information  

• Search for (high mβ + high mβγ) 

• Since cell-time resolution of 1.3-2.5 ns 

• Calo β resolution < 20-30%

PRD 93, 112015 (2016) PLB  (2016), pp. 647-665
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-02/
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L O N G - L I V E D  S PA R T I C L E S
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U N F O R T U N A T E LY …
We have no evidence of SUSY
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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.
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BUT WHY HAVEN’T WE FOUND IT YET?

1.  It doesn’t exist 

2.  Masses are too high 

3.  Cross sections are too small 

4.  Assumptions are wrong 

5.  Lifetimes are too high



…but stay tuned for more results  
at Moriond in a few weeks!

Thanks for your attention



Backup Slides
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0 L  2 - 6  J E T S
CR SR background CR process CR selection CR selection

(Me↵-based) (RJR-based)

Me↵/RJR-CR� Z(! ⌫⌫̄)+jets �+jets Isolated photon Isolated photon

Me↵/RJR-CRQ Multi-jet Multi-jet SR with reversed requirements on �QCD < 0

(i) ��(jet,Emiss
T )min and (ii) Emiss

T /meff (Nj) reversed requirement on

or Emiss
T /

p
HT H PP

1,1 (RJR-S/G)

or RISR < 0.5 (RJR-C)

Me↵/RJR-CRW W (! `⌫)+jets W (! `⌫)+jets 30 GeV < mT(`, Emiss
T ) < 100 GeV, b-veto

Me↵/RJR-CRT t¯t(+EW) and single top t¯t ! b¯bqq0`⌫ 30 GeV < mT(`, Emiss
T ) < 100 GeV, b-tag

Targeted signal q̃q̃, q̃ ! q�̃0
1

Requirement

Signal Region

RJR-S1 RJR-S2 RJR-S3
H PP

1,1 /H PP
2,1 � 0.6 0.55 0.5

H PP
1,1 /H PP

2,1  0.95 0.96 0.98

p lab
PP, z/

⇣
p lab
PP, z +H PP

T 2,1

⌘
 0.5 0.55 0.6

p PP
j2, T/H

PP
T 2,1 � 0.16 0.15 0.13

�QCD > 0.001

RJR-S1a RJR-S1b RJR-S2a RJR-S2b RJR-S3a RJR-S3b
H PP

T 2,1 [GeV] > 1000 1200 1400 1600 1800 2000

H PP
1,1 [GeV] > 1000 1400 1600

Targeted signal g̃g̃, g̃ ! qq̄�̃0
1

Requirement

Signal Region

RJR-G1 RJR-G2 RJR-G3
H PP

1,1 /H PP
4,1 � 0.35 0.25 0.2

H PP
T 4,1/H

PP
4,1 � 0.8 0.75 0.65

p lab
PP, z/

⇣
p lab
PP, z +H PP

T 4,1

⌘
 0.5 0.55 0.6

min

⇣
p PP
j2 T i/H

PP
T 2,1 i

⌘
� 0.12 0.1 0.08

max

⇣
H Pi

1, 0/H
Pi
2, 0

⌘
 0.95 0.97 0.98

| 23��PP
V,P � 1

3 cos ✓p|  0.5 –

�QCD > 0

RJR-G1a RJR-G1b RJR-G2a RJR-G2b RJR-G3a RJR-G3b
H PP

T 4,1 [GeV] > 1000 1200 1500 1900 2300 2800

H PP
1,1 [GeV] > 600 800 900

Targeted signal compressed spectra in q̃q̃ (q̃ ! q�̃0
1); g̃g̃ (g̃ ! qq̄�̃0

1)

Requirement

Signal Region

RJR-C1 RJR-C2 RJR-C3 RJR-C4 RJR-C5
RISR � 0.9 0.85 0.8 0.75 0.70

��ISR, I � 3.1 3.07 2.95 2.95 2.95

��(jet1,2,E
miss
T )min > - - - 0.4 0.4

MTS [GeV] � 100 100 200 500 500

p CM
TS [GeV] � 800 800 600 600 600

N V
jet � 1 1 2 2 3

Targeted signal q̃q̃, q̃ ! q�̃0
1

Requirement

Signal Region

Me↵-2j-800 Me↵-2j-1200 Me↵-2j-1600 Me↵-2j-2000 Me↵-3j-1200

Emiss
T [GeV] > 250

pT(j1) [GeV] > 200 250 600

pT(j2) [GeV] > 200 250 50

pT(j3) [GeV] > – 50

|⌘(j1,2)| < 0.8 1.2 –

��(jet1,2,(3),E
miss
T )min > 0.8 0.4

��(jeti>3,E
miss
T )min > 0.4 0.2

Emiss
T /

p
HT [GeV

1/2
] > 14 16 18 20 16

me↵(incl.) [GeV] > 800 1200 1600 2000 1200

Targeted signal g̃g̃, g̃ ! qq̄�̃0
1

Requirement

Signal Region

Me↵-4j-1000 Me↵-4j-1400 Me↵-4j-1800 Me↵-4j-2200 Me↵-4j-2600 Me↵-5j-1400

Emiss
T [GeV] > 250

pT(j1) [GeV] > 200 500

pT(j4) [GeV] > 100 150 50

pT(j5) [GeV] > – 50

|⌘(j1,2,3,4)| < 1.2 2.0 –

��(jet1,2,(3),E
miss
T )min > 0.4

��(jeti>3,E
miss
T )min > 0.4 0.2

Aplanarity > 0.04 –

Emiss
T /me↵(Nj) > 0.25 0.2 0.3

me↵(incl.) [GeV] > 1000 1400 1800 2200 2600 1400

Targeted signal g̃g̃, g̃ ! qq̄W �̃0
1

Requirement

Signal Region

Me↵-6j-1800 Me↵-6j-2200

Emiss
T [GeV] > 250

pT(j1) [GeV] > 200

pT(j6) [GeV] > 50 100

|⌘(j1,...,6)| < 2.0 –

��(jet1,2,(3),E
miss
T )min > 0.4

��(jeti>3,E
miss
T )min > 0.2

Aplanarity > 0.08

Emiss
T /me↵(Nj) > 0.2 0.15

me↵(incl.) [GeV] > 1800 2200
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ATLAS Preliminary 1− = 13 TeV, 18.2 fbs

Signal region 8j50 9j50 10j50

R = 0.4 jet |⌘| < 2.0 for all SRs

R = 0.4 jet pT > 50GeV for all SRs

Njet �8 �9 �10

M⌃
J > 340GeV or> 500GeV

Emiss
T /

p
HT > 4GeV

1/2
for all SRs
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1 L + J E T S + M E T

GG 6J bulk GG 6J high-mass GG 4J low-x GG 4J low-x b-veto GG 4J high-x

Nlep (preselected) = 1

p`T (GeV) > 35 > 35 > 7(6) > 7(6) > 35

for electron (muon) for electron (muon)

Njet � 6 � 6 � 4 � 4 � 4

pjet1T (GeV) > 125 > 125 > 100 > 100 > 400

pjet2,3T (GeV) > 30 > 30 > 100 > 100 > 30

pjet4T (GeV) > 30 > 30 > 100 > 100 [30, 100]
pjet5,6T (GeV) > 30 > 30 - - -

Nb�jet - - - = 0 -

mT (GeV) > 225 > 225 > 125 > 125 > 475

Emiss
T (GeV) > 250 > 250 > 250 > 250 > 250

minc
e↵ (GeV) > 1000 > 2000 > 2000 > 2000 > 1600

Emiss
T /minc

e↵ > 0.2 > 0.1 - - > 0.3
Jet aplanarity > 0.04 > 0.04 > 0.06 > 0.03 -
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S S  2 L ,  3 L  +  J E T S  +  M E T

Signal region N signal
lept N20

b�jets Njets pT,jets [GeV] Emiss
T [GeV] me↵ [GeV] Other

SR3L1 � 3 = 0 � 4 40 > 150 - -

SR3L2 � 3 = 0 � 4 40 > 200 > 1500 -

SR0b1 � 2 = 0 � 6 25 > 150 > 500 -

SR0b2 � 2 = 0 � 6 40 > 150 > 900 -

SR1b � 2 � 1 � 6 25 > 200 > 650 -

SR3b � 2 � 3 � 6 25 > 150 > 600 -

SR1b-DD � 2 � 1 � 4 50 - > 1200 � 2 negatively-charged leptons

SR3b-DD � 2 � 3 � 4 50 - > 1000 � 2 negatively-charged leptons

SR1b-GG � 2 � 1 � 6 50 - > 1800 -

 [GeV]miss
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S F,  O S  2 L  +  J E T S  +  M E T

	HT  [GeV]	

	E
T			

			
	 [G

eV
]	

200 

100 

400 700 

m
iss
		

SR-low	 SR-medium	 SR-high	

VR-low	 VR-medium	 VR-high	

60 
CRZ-low	 CRZ-medium	 CRZ-high	

VRT	
	

VR-S	
	

VRT	
		

	mll  [GeV]	

	E
T			

			
	 [G

eV
]	

101 

200 

225 

100 

81 

Valida.on	of	sideband	fit	

61 121 

m
iss
		

CRT	
	Sideband	fit	 Sideband	fit	

CRT	
	

Flavour-symmetry	method	

SRZ	
	Signal	region	

CR-FS	
	eμ	channel	

On-shell Z Emiss
T H incl

T njets m`` SF/DF ��(jet12,p
miss
T ) mT(`3, E

miss
T ) nb-jets

regions [GeV] [GeV] [GeV] [GeV ]

Signal region

SRZ > 225 > 600 � 2 81 < m`` < 101 SF > 0.4 � �

Control regions

CRZ < 60 > 600 � 2 81 < m`` < 101 SF > 0.4 � �
CR-FS > 225 > 600 � 2 61 < m`` < 121 DF > 0.4 � �
CRT > 225 > 600 � 2 > 40, m`` /2 [81,101] SF > 0.4 � �
CR� � > 600 � 2 � 0`, 1� � � �

Validation regions

VRZ < 225 > 600 � 2 81 < m`` < 101 SF > 0.4 � �
VRT 100–200 > 600 � 2 > 40, m`` /2 [81,101] SF > 0.4 � �
VR-S 100–200 > 600 � 2 81 < m`` < 101 SF > 0.4 � �
VR-FS 100–200 > 600 � 2 61 < m`` < 121 DF > 0.4 � �
VR-WZ 100–200 � � � 3` � < 100 0

VR-ZZ < 100 � � � 4` � � 0

VR-3L 60–100 > 200 � 2 81 < m`` < 101 3` > 0.4 � �
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M U LT I - B

SR_Gbb_A SR_Gbb_B SR_Gtt_0l_A SR_Gtt_0l_B SR_Gtt_1l_A SR_Gtt_1l_B SR_Gtt_1l_C
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en

ts
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30 Data Total background
tt Single top
 + Xtt W+jets

Z+jets Diboson

-1=13 TeV, 14.8 fbs
 PreliminaryATLAS

SR-Gbb-A SR-Gbb-B SR-Gtt-0L-A SR-Gtt-0L-B SR-Gtt-1L-A SR-Gtt-1L-B SR-Gtt-1L-C

to
t

σ
) /

 
pr

ed
 - 

n
ob

s
(n

2−
0
2

VR2_Gbb_A
VR2_Gbb_B

VR1_Gtt_0l_A

VR2_Gtt_0l_A

VR1_Gtt_0l_B

VR2_Gtt_0l_B

VR1_Gtt_1l_A

VR2_Gtt_1l_A

VR1_Gtt_1l_B

VR2_Gtt_1l_B

VR1_Gtt_1l_C

VR2_Gtt_1l_C

Ev
en

ts

20

40

60

80

100

120 Data Total background
tt Single top
 + Xtt W+jets

Z+jets Diboson

-1=13 TeV, 14.8 fbs
 PreliminaryATLAS

VR0L-Gbb-A
VR0L-Gbb-B

VR1L-Gtt-0L-A

VR0L-Gtt-0L-A

VR1L-Gtt-0L-B

VR0L-Gtt-0L-B
-Gtt-1L-A

T
VR-m

-Gtt-1L-A

b-jets
T,min

VR-m -Gtt-1L-B
T

VR-m
-Gtt-1L-B

b-jets
T,min

VR-m -Gtt-1L-C
T

VR-m
-Gtt-1L-C

b-jets
T,min

VR-m

to
t

σ
) /

 
pr

ed
 - 

n
ob

s
(n

2−
0
2

Criteria common to all Gtt 1-lepton regions: � 1 signal lepton, pTjet > 30 GeV

Variable Signal region Control region VR-mT VR-mb-jets
T,min

Region A

(Large mass

splitting)

N jet � 6 = 6 � 5 � 6

Nb-jets � 3 � 3 � 3 � 3

mT > 200 < 200 > 200 < 200

mb-jets
T,min > 120 � � > 120

Emiss
T > 200 > 200 > 200 > 200

mincl
e↵ > 2000 > 1500 > 1350 > 1500

M⌃
J > 200 > 200 < 200 > 200

Region B

(Moderate mass

splitting)

N jet � 6 = 6 � 5 � 6

Nb-jets � 3 � 3 � 3 � 3

mT > 200 < 200 > 200 < 200

mb-jets
T,min > 120 � � > 120

Emiss
T > 350 > 300 > 250 > 300

mincl
e↵ > 1500 > 1250 > 1100 > 1500

M⌃
J > 150 > 150 < 150 > 150

Region C

(Small mass

splitting)

N jet � 6 = 6 � 6 � 6

Nb-jets � 4 � 4 � 3 � 4

mT > 150 < 150 > 150 < 150

mb-jets
T,min > 80 � < 80 > 80

Emiss
T > 200 > 200 > 200 > 200

mincl
e↵ > 500 > 500 > 500 > 500

Criterion common to all Gbb regions: N jet � 4

Variable Signal region Control region Validation region

Criteria common

to all regions of the

same type

NCandidate Lepton

= 0 � = 0

NSignal Lepton � = 1 �

��4j

min

> 0.4 � > 0.4

m
T

� < 150 �

Region A

(Large mass splitting)

p
T

jet > 70 > 70 > 70

Nb-jets � 3 � 3 � 3

Emiss

T

> 450 > 350 > 450

m4j

e↵

> 1900 > 1750 < 1900

Region B

(Small mass splitting)

p
T

jet > 30 > 30 > 30

Nb-jets � 4 � 4 � 4

Emiss

T

> 300 > 300 > 275

m4j

e↵

> 1000 > 1000 < 1000
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0 L  S T O P  -  C O M P R E S S E D

Variable SRD1 SRD2 SRD3 SRD4 SRD5 SRD6 SRD7 SRD8

min RISR 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

max RISR 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75

b-tagged jets � 2 � 1

NS
jet � 5

pISRT > 400 GeV

pb-tag,ST > 40 GeV

pjet 4,ST > 50 GeV

MS
T > 300 GeV

��ISR > 3.0 radians

SRD5 SRD6 SRD7 SRD8
Observed 11 6 5 1
Total SM 11.6 ± 3.6 8.6 ± 3.5 5.2 ± 2.1 2.56± 0.86

tt̄ 9.7 ± 3.7 6.8 ± 3.5 4.0 ± 2.0 1.77± 0.67
W + jets 0.68± 0.40 0.68± 0.23 0.37± 0.22 0.25± 0.18
Z + jets 0.27 + 0.52

� 0.27 0.23 + 0.43
� 0.23 0.36± 0.13 0.30± 0.13

tt̄+W/Z 0.26± 0.06 0.16± 0.11 0.08 + 0.09
� 0.08 0.02 + 0.02

� 0.02

Single top 0.54 + 0.64
� 0.54 0.48 + 0.56

� 0.48 0.31 + 0.35
� 0.31 0.22 + 0.25

� 0.22

Dibosons 0.16± 0.13 0.16± 0.11 0.16± 0.14 ��
Multijets 0.03 + 0.06

� 0.03 0.02 + 0.03
� 0.02 0.01 + 0.01

� 0.01 ��
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2 L  S T O P  -  C O M P R E S S E D

DRAFT

In the same-flavour channels, the invariant mass m`` of the two-lepton system is required to be outside of252

the 81–101 window3.253

Two orthogonal signal regions, SR3�body
W and SR3�body

t , are defined as summarised in Table 2. Both regions254

make use of a common set of requirements on RpT , 1/�R+1, and in the two-dimensional (cos ✓b , ��R� )255

plane, to reject background while retaining as much signal as possible regardless of the exact stop decay256

topology. In addition, SR3�body
W requires exactly zero b-jets and MR

� > 95 GeV. It targets the region where257

�m(t̃, �̃0
1) ⇠ mW by exploiting the fact that in such a scenario the b-jets in the stop decay chain have soft258

pT spectra and hence are often not reconstructed. The large MR
� requirement suppresses the top-quark and259

diboson production processes and enhances the signal sensitivity. A requirement of at least one b-jet and260

MR
� > 110 GeV is instead applied in SR3�body

t . It targets the region where �m(t̃, �̃0
1) ⇠ mt by selecting261

b-jets. This requirement allows it to be disjoint to SR3�body
W but a slightly tighter MR

� requirement is262

necessary to eliminate the additional background that originates from top-quark production processes.263

Table 2: Signal region definitions for the three-body search. SF refers to same-flavour (ee and µµ), and DF to
di�erent-flavour (eµ) lepton pairs. The trigger, trigger-related cuts on lepton pT, and invariant mass cuts described
in the text are always applied. The criteria on |m`` � mZ | are applied only to same-flavour events.

Common selection

Lepton flavour SF, DF
|m`` � mZ | [GeV] (SF only) >10
RpT >0.5
1/�R+1 >0.8
��R� > 0.85 |cos ✓b | + 1.8

Region specific SR3�body
W SR3�body

t

b-jet multiplicity = 0 > 0
MR
� [GeV] > 95 > 110

4.4 Dark Matter Selection264

The search for dark matter targets the process shown in Fig. 1c. Since this produces two top quarks265

and two invisible particles, the final state contains the same objects of the signals targeted by the other266

searches when the W bosons produced by both top quarks decay leptonically. The kinematic depends267

on the value of the mediator mass, so di�erent selections are developed to target low and high mediator268

mass scenarios, called DM-SRL and DM-SRH respectively. The di�erences between the pseudoscalar269

and scalar mediator kinematics are comparatively minor and do not require a separate optimisation (there270

is, however, a significant di�erence in the production cross section).271

The selection criteria for the dark matter signal regions are shown in Table 3. Events with same-flavour272

leptons compatible with the decay of a Z boson are vetoed if 71 < m`` < 111 GeV. At least one jet is273

required to be identified as a b-jet, and the angle between the missing transverse momentum and p``
Tboost274

has to be smaller than 1.0 radians. This requirement is especially helpful in reducing the Z/�⇤+jets275

background. The mll
T2 is required to be larger than 120 GeV, and Emiss

T must be larger than is required to276

be larger than 180 GeVand 260 GeVfor SRL and SRH, respectively.277

3 The range of the m`` window has been separately optimised in the three-body search.
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6.2 Three-body background estimate406

In the three-body signal regions defined in Section 4.3, the SM background is dominated by diboson and407

tt̄ production. The SM predictions are taken from simulation for the most significant backgrounds are408

normalised to data in dedicated control regions. The major contribution to diboson production in the409

same-flavour (SF) regions is coming from ZV production, whereas in the di�erent-flavour (DF) regions it410

is coming from WW production. Therefore, one dedicated control region is constructed for each dilepton411

flavour. Conversely, the tt̄ production is flavour symmetric, for which only a single control region is412

used. The FNP background is estimated using the matrix method described earlier. Finally, contributions413

from remaining sources of SM background, which include Higgs boson production and Z/�⇤+jets, are414

small and are estimated from samples of simulated events. The background predictions are tested in415

validation regions that are defined to be kinematically adjacent to, yet disjoint from, the signal regions.416

The definitions of the control and validation regions are shown in Table 6. In all control and validation417

regions the largest signal contamination is less than 17%.418

Table 6: Definitions of the control and validation regions for the three-body search. SF refers to same-flavour (ee
and µµ), and DF to di�erent-flavour (eµ) lepton pairs.. The common selection defined in Section 4.3 also applies
to all regions.

Selection CR-Top CR-VV-DF CR-VV-SF VR-Top VR-VV-DF VR-VV-SF

Lepton flavour DF DF SF DF DF SF
b�jet multiplicity >0 == 0 == 0 == 0 == 0 == 0
MR
�

[GeV] > 80 > 30 > 30 > 80 (30, 80) (30, 80)
RpT > 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5
1/�R+1 – > 0.8 > 0.8 – > 0.8 > 0.8
Emiss

T [GeV] – – > 70 – – > 70
(cos ✓b , ��R� ) ��R� < (0.85 ⇥ | cos ✓b | + 1.8) ��R� > (0.85 ⇥ | cos ✓b | + 1.8)

Table 7 shows the expected and observed number of events in each of the control and validation regions419

after the background fit. As can be seen, the number of total fitted background events in the validation420

regions is in agreement with the observed number of data events. Figure 3 shows a selected number of421

distributions in the control regions for this analysis422
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χ∼, 0

1
χ∼qq→g~ production, g~-g~
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0

1χ
∼

 qq
→g~

Region M⌃
J cut observed SM predicted

mg̃ =1600 GeV

mg̃ = 1200 GeV

m�̃0
1
= 650 GeV

4jSRb1

> 0.8 TeV

46 61 ± 10 ± 6 ± 12 25.6 ± 2.8 32.4 ± 6.0

4jSR 122 151 ± 15 ± 17 ± 20 32.9 ± 3.0 43.6 ± 4.0

5jSRb1

> 0.6 TeV

30 18.2 ± 4.2 ± 2.5 ± 3.0 20.2 ± 2.3 21.6 ± 5.0

5jSR 64 51.4 ± 7.7 ± 7.2 ± 6.5 25.9 ± 2.8 27.6 ± 5.6

njet
b-tag b-veto inclusive

|�⌘12| > 1.4 |�⌘12| < 1.4 - |�⌘12| > 1.4 |�⌘12| < 1.4

= 3 3jCRb1 4j - 3jCRb0 4j 3jCR 5j
� 4 4jVRb1 4jSRb1 - 4jVR 4jSR
� 5 5jVRb1 5jSRb1 - 5jVR 5jSR

Gluino cascade (via �̃0
1) Gluino direct

[g̃,�̃0
1] : [1600, 650] [GeV] g̃ : 1100 [GeV]

Trigger 120 2401

pleadT > 440GeV 119 2236

njet � 4 97.1 1159

M⌃
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|�⌘12| < 1.4 33.0 56.6

b-tag 25.7 43.3

njet � 5 50.2 296

M⌃
J > 0.6 TeV 28.7 41.6

|�⌘12| < 1.4 25.9 35.0

b-tag 20.3 26.7
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Jet pT > 40 GeV � 8 Jets � 9 Jets � 10 Jets

Process 0b � 3 b 0b � 3 b 0b � 3 b

tt̄+jets 69± 35 301± 30 19± 8 90± 12 3.4± 1.6 23± 6

W+jets 150± 50 1.5± 1.3 20± 7 0.7± 0.7 3.3± 1.5 < 0.1

Others 30± 13 27± 12 7± 4 8.1± 2.9 1.5± 0.7 2.4± 0.8

Z+jets 22± 4 0.61± 0.10 3.0± 0.8 0.32± 0.08 0.47± 0.16 < 0.1

Multijet 19± 9 3.1± 1.3 1.3± 0.7 3.3± 1.8 0.9± 0.5 1.7± 0.9

Total Bkd. 286± 20 333± 29 50± 4 102± 12 9.6± 1.1 27± 6

Data 252 400 50 115 8 29

p0 (�) 0.5 (0) 0.03 (1.9) 0.5 (0) 0.20 (0.8) 0.5 (0) 0.39 (0.3)

Jet pT > 60 GeV � 8 Jets � 9 Jets � 10 Jets

Process 0b � 3 b 0b � 3 b 0b � 3 b

tt̄+jets 4± 4 32± 8 0.4± 0.6 10± 6 < 0.1 3.1± 3.1

W+jets 22± 7 0.33± 0.32 3.2± 1.6 0.11± 0.11 0.41± 0.26 < 0.1

Others 5.0± 2.3 4.2± 1.6 0.75± 0.30 1.1± 0.4 < 0.1 0.30± 0.09

Z+jets 1.7± 0.4 < 0.1 0.29± 0.08 < 0.1 0.110± 0.035 < 0.1

Multijet 2.1± 1.1 1.2± 0.6 0.15± 0.08 0.43± 0.22 0.0 0.0

Total Bkd. 34± 5 38± 8 4.7± 1.3 12± 6 0.55± 0.28 3.4± 3.1

Data 37 40 12 5 1 1

p0 (�) 0.35 (0.4) 0.41 (0.2) 0.01 (2.3) 0.5 (0) 0.31 (0.5) 0.5 (0)

Jet requirement b-tag jet requirement Bins excluded from fit to avoid signal contamination

� 8 = 0 � 8 jet 0 b-tag
� 8 � 3 � 8 jet � 3 b-tag and � 8 jet 2 b-tag
� 9 = 0 � 9 jet 0 b-tag
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Figure 1: Distribution of the dE/dx computed with the Pixel algorithm in data (black dots) and Pixel without IBL
(red triangles) for minimum bias event tracks selected as in Ref. [34], with the additional requirements of p > 3 GeV
and at least two associated pixel clusters. The corresponding dE/dx distributions for simulation with and without
the IBL are also plotted, respectively, as dashed and dotted lines. The simulation overestimates the dE/dx, which
is taken into account in the systematic uncertainty evaluation. The addition of IBL clusters reduces the tails at both
low and high dE/dx. The fraction of tracks with dE/dx <0.5 (>1.8) MeV g�1 cm2 decreases with the use of the
IBL charge information from 0.065% to 0.018% (from 0.89% to 0.44%).

is obtained with a gaussian fit to the data using the complete Pixel detector (see Figure 1); the variance
of the gaussian fit is 0.13 MeV g�1 cm2. The �� measurable with the current dE/dx method cannot be
smaller than approximately 0.3 for particles with unit charge because of the ToT dynamic range.

3 Mass Calculation

The average energy loss of massive, charged particles in matter is expected to follow the Bethe–Bloch
distribution, which can be expressed as a function of the �� of the LLPs. Their mass can be derived from
a fit of the measured specific energy loss and the reconstructed momentum to a parametric Bethe-Bloch
distribution in the range 0.3 < �� < 1.5. This range overlaps the expected average �� of LLPs produced at
the LHC, which decreases with the particle mass from h��i ⇡ 2.0 at 100 GeV to h��i ⇡ 0.5 at 1600 GeV.
The parametric function describing the relationship between the most probable value of the energy loss
(dE/dx)MPV and �� is:

(dE/dx)MPV(��) =
p1

�p3
ln(1 + [p2��]p5 ) � p4 (1)

The pi, with i = 1 . . . 5, calibration constants were measured in this data set using low-momentum pions,
kaons and protons reconstructed in ATLAS as described in Ref. [35].

The distribution of the dE/dx versus momentum is shown in Figure 2 together with the fits to the pion,
kaon and proton masses. The mass calculation performed through the dE/dx method is monitored by
checking the stability of the proton mass measurement during the data taking.

4

Low momentum pions, kaons, and protons 
used to calibrate constants pn
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