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• Recent	
  searches	
  at	
  LHC	
  set	
  stringent	
  limits	
  
on	
  R-­‐parity	
  conserving	
  (RPC)	
  models	
  

• Tension	
  in	
  ability	
  to	
  explain	
  hierarchy	
  problem	
  with	
  
liRle	
  fine	
  tuning	
  

• A	
  way	
  to	
  ease	
  the	
  tension:	
  give	
  up	
  some	
  
assump2ons,	
  e.g.,	
  conserva2on	
  of	
  R-­‐parity	
  

• RPC	
  searches	
  require	
  significant	
  amount	
  of	
  
MET	
  due	
  to	
  undetected	
  LSPs	
  

• In	
  RPV	
  scenarios	
  LSP	
  can	
  decay	
  to	
  SM	
  
par2cles	
  →	
  removes	
  large	
  MET	
  signature	
  

• This	
  disfavors	
  LSP	
  as	
  a	
  DM	
  candidate,	
  but	
  
can	
  weaken	
  constraints	
  from	
  RPC	
  searches
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included

Why	
  R-­‐Parity	
  Viola2ng	
  (RPV)	
  SUSY?
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• CMS	
  has	
  a	
  preliminary	
  result	
  (CMS-­‐PAS-­‐SUS-­‐16-­‐040)	
  

• Will	
  be	
  submiRed	
  to	
  arXiv	
  soon	
  

• Similar	
  search	
  from	
  ATLAS	
  (JHEP09	
  (2017)	
  088)

RPV	
  SUSY	
  in	
  CMS
• RPV	
  allows	
  new	
  interac2ons:	
  lepton	
  and	
  baryon	
  number	
  viola2ng	
  interac2ons

WRPV =
1

2
�ijkLiLjĒk + �0

ijkLiQjD̄k + ✏iLiH2 +
1

2
�00
ijkŪiD̄jD̄k

Baryon	
  number	
  (UDD)Lepton	
  number	
  (LLE,	
  LQD)

http://cds.cern.ch/record/2278270?ln=en
https://doi.org/10.1007/JHEP09(2017)088
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• Target	
  gluino	
  pair	
  produc2on	
  where	
  gluino	
  decays	
  to	
  tbs	
  (via	
  UDD)	
  	
  

• Mo2vated	
  by	
  minimum	
  flavor	
  viola2ng	
  SUSY	
  which	
  makes	
  3rd	
  genera2on	
  couplings	
  large	
  	
  

• 1-­‐lepton	
  final	
  state	
  with	
  large	
  jet	
  and	
  b	
  jet	
  mul2plici2es	
  and	
  no	
  MET	
  requirement	
  

• Generic	
  search	
  sensi2ve	
  to	
  such	
  high-­‐mass	
  signatures	
  

• Backgrounds	
  

• 	
  R	
  (dominant),	
  QCD,	
  W+jets,	
  and	
  other	
  (single	
  top,	
  Drell-­‐Yan,	
  di-­‐boson,	
  etc)	
  	
  

• Previous	
  CMS	
  result	
  (CMS-­‐PAS-­‐SUS-­‐16-­‐013):	
  mg<1360	
  GeV	
  

• mg	
  of	
  interest	
  	
  ~1500	
  GeV	
  	
  →	
  quarks	
  from	
  gluinos	
  significantly	
  boosted	
  

• Expect	
  jets	
  with	
  a	
  few	
  hundred	
  GeV	
  of	
  energy:	
  allows	
  to	
  use	
  fully	
  efficient	
  high	
  HT	
  (ΣpT,jet)	
  trigger

2 2 The CMS detector, samples, and event selection

Figure 1: Example diagram for the simplified model used as the benchmark signal in this anal-
ysis.

a top, bottom, and strange quark, and the gluino decays primarily via eg ! tet ! tbs. Pair43

production of gluinos that decay in this way is used as the benchmark signal for this analysis.44

The simplified model [24, 25] that is used in the interpretation makes several assumptions45

about the SUSY mass spectrum. It is assumed that squarks other than the top squark are much46

heavier than the gluino, so they do not affect the gluino decay, and the branching ratio of47

eg ! tet ! tbs is 100%. The top squark is assumed to be off-shell in its decay. This results48

in a three-body decay, so searches for dijet resonances, i.e., et ! bs, are not applicable in this49

scenario. It is further assumed that the gluinos decay promptly. An example diagram for50

this simplified model is shown in Fig. 1. Although this benchmark is used for interpreting51

results, the search is structured to be generically sensitive to high-mass signatures with large52

jet and bottom quark jet multiplicities and either little or no pmiss
T , which are potential features53

of other models of physics beyond the SM. Previous limits on MFV models were obtained by54

the ATLAS and CMS Collaborations at
p

s = 8 TeV [26–28] and by the ATLAS Collaboration at55 p
s = 13 TeV [29].56

This analysis searches in a single-lepton (electron or muon) final state for an excess of events57

with a large number of identified bottom quark (b-tagged) jets in regions determined as a func-58

tion of the jet multiplicity and the sum of masses of large-radius jets, MJ. Signal events are59

expected to contribute to this final state through the leptonic decay of one of the top quarks60

while populating the high jet multiplicity and high MJ kinematic regions due to the hadronic61

decay of the second top quark and the additional bottom and strange quark jets. The four b62

quarks, two from the top quark decays and two from the top squark decays, provide a high63

b-tagged jet multiplicity signature. The quantity MJ was proposed in phenomenological stud-64

ies [30–32] and was used for RPC SUSY searches by the ATLAS Collaboration in all-hadronic65

final states [33, 34] and by the CMS Collaboration in single-lepton events [21, 35].66

2 The CMS detector, samples, and event selection67

This search uses a sample of proton-proton collision data at a center-of-mass energy of
p

s =68

13 TeV corresponding to an integrated luminosity of 35.9 fb�1, which was collected by the CMS69

experiment during 2016. The central feature of the CMS detector is a superconducting solenoid70

of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are71

the charged particle tracking systems, composed of silicon-pixel and silicon-strip detectors,72

4

RPV	
  SUSY	
  in	
  CMS

~

~

https://cds.cern.ch/record/2205147/files/SUS-16-013-pas.pdf
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  three	
  variables	
  to	
  dis2nguish	
  signal	
  from	
  background:	
  MJ,	
  Njet	
  and	
  Nb
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• MJ:	
  scalar	
  sum	
  of	
  masses	
  of	
  large-­‐R	
  (R=1.2)	
  jets	
  

• To	
  form	
  a	
  large-­‐R	
  jet,	
  regular	
  (R=0.4)	
  jets	
  and	
  
leptons	
  are	
  clustered	
  together

Analysis	
  strategy

6

Use	
  three	
  variables	
  to	
  dis2nguish	
  signal	
  from	
  background:	
  MJ,	
  Njet	
  and	
  Nb

lepton

R=0.4
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Use	
  three	
  variables	
  to	
  dis2nguish	
  signal	
  from	
  background:	
  MJ,	
  Njet	
  and	
  Nb

• MJ:	
  scalar	
  sum	
  of	
  masses	
  of	
  large-­‐R	
  (R=1.2)	
  jets	
  

• To	
  form	
  a	
  large-­‐R	
  jet,	
  regular	
  (R=0.4)	
  jets	
  and	
  
leptons	
  are	
  clustered	
  together

lepton

R=0.4

R=1.2
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Use	
  three	
  variables	
  to	
  dis2nguish	
  signal	
  from	
  background:	
  MJ,	
  Njet	
  and	
  Nb

m(J1)
m(J2)

m(J3) MJ	
  =	
  m(J1)+m(J2)+m(J3)

• MJ:	
  scalar	
  sum	
  of	
  masses	
  of	
  large-­‐R	
  (R=1.2)	
  jets	
  

• To	
  form	
  a	
  large-­‐R	
  jet,	
  regular	
  (R=0.4)	
  jets	
  and	
  
leptons	
  are	
  clustered	
  together

lepton

R=0.4

R=1.2
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Use	
  three	
  variables	
  to	
  dis2nguish	
  signal	
  from	
  background:	
  MJ,	
  Njet	
  and	
  Nb

4 2 The CMS detector, samples, and event selection

The pT-dependent cone size reduces the rate of accidental overlaps between the lepton and jets109

in high-multiplicity or highly Lorentz-boosted events, particularly overlaps between bottom110

quark jets and leptons originating from a boosted top quark. Relative isolation is computed111

as Irel = Imini/p`T after subtraction of the average contribution from additional proton-proton112

collisions in the same bunch-crossing (pileup). To be considered isolated, electrons (muons)113

must satisfy Irel < 0.1 (0.2).114

The combined efficiency for the electron reconstruction, identification, and isolation require-115

ments is about 50% at p`T of 20 GeV, increasing to 65% at 50 GeV, and reaching a plateau of 80%116

above 200 GeV. The corresponding efficiency for muons is about 70% at p`T of 20 GeV, increas-117

ing to 80% at 50 GeV, and reaching a plateau of 95% for p`T > 200 GeV. Data-to-simulation118

corrections (scale factors) are applied for both electrons and muons to correct the simulated119

lepton selection efficiency to match that observed in data.120

The charged PF candidates associated with the PV and the neutral PF candidates are clustered121

into jets using the anti-kT algorithm [47] with distance parameter R = 0.4, as implemented in122

the FASTJET package [48]. The estimated contribution to the jet pT from neutral PF candidates123

produced by pileup is removed with a correction based on the area of the jet and the average124

energy density of the event [52]. The jet energy is calibrated using pT- and h-dependent correc-125

tions; the resulting calibrated jets are selected if they satisfy pT > 30 GeV and |h|  2.4. Each126

jet must also meet loose identification requirements [53] to suppress, for example, calorimeter127

noise. Finally, jets that have PF constituents matched to the selected lepton are removed from128

the jet collection. These resulting jets are considered to be “small-R” jets.129

The combined secondary vertex algorithm [54, 55] is applied to each jet to create a subset of130

b-tagged jets. The tagging efficiency for b jets in the range pT = 30 to 50 GeV is 60–67% (51–131

57%) in the barrel (endcap) and increases with pT. Above pT ⇡ 150 GeV the efficiency decreases132

to ⇡ 50%. The probability to misidentify jets arising from c quarks is 13–15% (11–13%) in the133

barrel (endcap), while the misidentification probability for light-flavor quarks or gluons is 1–134

2%. Data-derived scale factors for the b tag efficiency and mistag rate are applied to simulation135

such that the simulated b tagging performance matches that observed in data.136

“Large-R” (R = 1.2) jets are created by clustering small-R jets and the selected lepton using137

the anti-kT algorithm. Leptons are included to encompass the full kinematics of the event.138

Clustering small-R jets instead of PF candidates incorporates the jet pileup corrections, thereby139

reducing the dependence of the large-R jet mass on pileup. This technique of clustering small-140

R jets into large-R jets has been used previously in Refs. [35, 56]. The variable MJ is defined as141

the sum of all large-R jet masses, where m(J) is the mass of a single large-R jet:142

MJ = Â
Ji2large-R jets

m(Ji). (3)

The quantity MJ is used as a measure of the mass-scale of an event. Signal events tend to143

have large MJ as the large-R jets capture the kinematic information of the high-mass gluinos.144

Comparatively, SM background processes tend to have smaller values of MJ due to their lower145

mass-scales. SM events, however, can have large values of MJ in the presence of significant146

initial-state-radiation (ISR). For example, in tt events, ISR jets can either overlap with tt daugh-147

ter jets or boost the tt system such that the system is collimated, both of which result in high-148

mass large-R jets and, correspondingly, high MJ. The MJ distributions for tt and signal are149

shown in Fig. 2.150

Events are selected with triggers [57] that require either at least one jet with pT > 450 GeV or151

the scalar sum of the pT of all small-R jets (HT) above 900 GeV. Trigger efficiencies are over 99%152

 [GeV]JM
500 1000 1500 2000 2500

%
 e

ve
nt

s 
/ (

10
0 

G
eV

)

1−10

1

10

210

Simulation CMS 13 TeVSimulation CMS 13 TeV

t t  = 1000 GeVg~ m
 = 1600 GeVg~ m

m(J1)
m(J2)

m(J3) MJ	
  =	
  m(J1)+m(J2)+m(J3)

• MJ:	
  scalar	
  sum	
  of	
  masses	
  of	
  large-­‐R	
  (R=1.2)	
  jets	
  

• To	
  form	
  a	
  large-­‐R	
  jet,	
  regular	
  (R=0.4)	
  jets	
  and	
  
leptons	
  are	
  clustered	
  together

lepton

R=0.4

R=1.2

jetN
0 5 10 15

Ev
en

ts
 / 

bi
n

1

10

210

310

410

Simulation Preliminary CMS  (13 TeV)-135.9 fb

t t
 QCD
 W+jets

 Other
 = 1000 GeVg~ m
 = 1600 GeVg~ m

Fr
ac

tio
n 

of
 e

ve
nt

s 
[%

] /
 (1

00
 G

eV
)



Jae	
  Hyeok	
  Yoo	
  (UCSB) SUSY	
  17	
  in	
  Mumbai	
  (12/11/2017)

Analysis	
  strategy

10

Use	
  three	
  variables	
  to	
  dis2nguish	
  signal	
  from	
  background:	
  MJ,	
  Njet	
  and	
  Nb

 [GeV]JM
500 1000 1500 2000 2500

%
 e

ve
nt

s 
/ (

10
0 

G
eV

)

1−10

1

10

210

Simulation CMS 13 TeVSimulation CMS 13 TeV

t t  = 1000 GeVg~ m
 = 1600 GeVg~ m

bN
1 2 3 4 5

%
 e

ve
nt

s

1−10

1

10

210

Simulation CMS 13 TeVSimulation CMS 13 TeV

t t  = 1000 GeVg~ m
 = 1600 GeVg~ m

jetN
4 6 8 10 12 14

%
 e

ve
nt

s
1−10

1

10

210

Simulation CMS 13 TeVSimulation CMS 13 TeV

t t  = 1000 GeVg~ m
 = 1600 GeVg~ m

jetN
0 5 10 15

Ev
en

ts
 / 

bi
n

1

10

210

310

410

Simulation Preliminary CMS  (13 TeV)-135.9 fb

t t
 QCD
 W+jets

 Other
 = 1000 GeVg~ m
 = 1600 GeVg~ m

jetN
0 5 10 15

Ev
en

ts
 / 

bi
n

1

10

210

310

410

Simulation Preliminary CMS  (13 TeV)-135.9 fb

t t
 QCD
 W+jets

 Other
 = 1000 GeVg~ m
 = 1600 GeVg~ m

jetN
0 5 10 15

Ev
en

ts
 / 

bi
n

1

10

210

310

410

Simulation Preliminary CMS  (13 TeV)-135.9 fb

t t
 QCD
 W+jets

 Other
 = 1000 GeVg~ m
 = 1600 GeVg~ m

Fr
ac

tio
n 

of
 e

ve
nt

s 
[%

] /
 (1

00
 G

eV
)

Fr
ac

tio
n 

of
 e

ve
nt

s 
[%

]

Fr
ac

tio
n 

of
 e

ve
nt

s 
[%

]



Jae	
  Hyeok	
  Yoo	
  (UCSB) SUSY	
  17	
  in	
  Mumbai	
  (12/11/2017)

 [GeV]JM
500 1000 1500 2000 2500

%
 e

ve
nt

s 
/ (

10
0 

G
eV

)

1−10

1

10

210

Simulation CMS 13 TeVSimulation CMS 13 TeV

t t  = 1000 GeVg~ m
 = 1600 GeVg~ m

bN
1 2 3 4 5

%
 e

ve
nt

s

1−10

1

10

210

Simulation CMS 13 TeVSimulation CMS 13 TeV

t t  = 1000 GeVg~ m
 = 1600 GeVg~ m

jetN
4 6 8 10 12 14

%
 e

ve
nt

s
1−10

1

10

210

Simulation CMS 13 TeVSimulation CMS 13 TeV

t t  = 1000 GeVg~ m
 = 1600 GeVg~ m

Analysis	
  strategy

11

Make	
  bins	
  of	
  (Njet,	
  MJ)	
  and	
  use	
  
Nb	
  distribu2on	
  in	
  each	
  bin

500-­‐800	
  GeV 800-­‐1000	
  GeV >1000	
  GeV 4-­‐5 6-­‐7 ≥8

Use	
  three	
  variables	
  to	
  dis2nguish	
  signal	
  from	
  background:	
  MJ,	
  Njet	
  and	
  Nb

*	
  Baseline	
  selec2on:	
  Nlep=1,	
  HT>1200	
  GeV,	
  MJ>500	
  GeV,	
  Njet≥4	
  and	
  Nb≥1
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4-­‐5 6-­‐7 ≥8

	
  MJ

500-­‐800	
  GeV

800-­‐1000	
  GeV

>1000	
  GeV

3	
  Njet	
  and	
  3	
  MJ	
  bins	
  
with	
  two	
  high	
  MJ	
  bins	
  
merged	
  for	
  Njet=4-­‐5	
  
due	
  to	
  limited	
  size	
  of	
  
data	
  sample	
  in	
  the	
  
MJ>1000	
  GeV	
  bin
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4-­‐5 6-­‐7 ≥8

	
  MJ

500-­‐800	
  GeV CR CR SR

800-­‐1000	
  GeV

CR
SR SR

>1000	
  GeV SR SR	
  
most	
  sensi2ve

Low	
  Njet,	
  low	
  MJ	
  region	
  
used	
  to	
  validate	
  the	
  
analysis	
  procedure	
  

Sensi2vity	
  driven	
  by	
  
Njet≥8	
  and	
  MJ>1000	
  

GeV	
  bin
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.

•	
  Nb	
  shapes	
  for	
  each	
  process	
  taken	
  
from	
  simula2on,	
  but	
  varied	
  to	
  
assess	
  poten2al	
  mis-­‐modeling	
  
•	
  Appropriate	
  range	
  measured	
  in	
  
dedicated	
  control	
  samples	
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.

•	
  R	
  normaliza2on	
  determined	
  
using	
  the	
  total	
  yield	
  in	
  each	
  
(Njet,MJ)	
  bin	
  (dominated	
  by	
  Nb≤2	
  )

•	
  Nb	
  shapes	
  for	
  each	
  process	
  taken	
  
from	
  simula2on,	
  but	
  varied	
  to	
  
assess	
  poten2al	
  mis-­‐modeling	
  
•	
  Appropriate	
  range	
  measured	
  in	
  
dedicated	
  control	
  samples	
  

-­‐



Jae	
  Hyeok	
  Yoo	
  (UCSB) SUSY	
  17	
  in	
  Mumbai	
  (12/11/2017)

How	
  the	
  fit	
  works

17

9

bN

Ev
en

ts
1−10

1

10

210

310

410

510

610 Data
tt

QCD
W+jets
Other

 (13 TeV)-135.9 fbPreliminaryCMS 

 = 1lepN
 5≤ jet N≤4 

 800 GeV≤ J500 < M

bN
1 2 3  4≥

D
at

a/
Fi

t

0.5
1

1.5 bN

Ev
en

ts

1−10

1

10

210

310

410

510 Data
tt

QCD
W+jets
Other

 (13 TeV)-135.9 fbPreliminaryCMS 

 = 1lepN
 5≤ jet N≤4 

 > 800 GeVJM

bN
1 2 3  4≥

D
at

a/
Fi

t

0.5
1

1.5

bN

Ev
en

ts

1−10

1

10

210

310

410

510

610 Data
tt

QCD
W+jets
Other

 (13 TeV)-135.9 fbPreliminaryCMS 

 = 1lepN
 7≤ jet N≤6 

 800 GeV≤ J500 < M

bN
1 2 3  4≥

D
at

a/
Fi

t

0.5
1

1.5 bN
Ev

en
ts

1−10

1

10

210

310

410

510

610 Data
tt

QCD
W+jets
Other

 (13 TeV)-135.9 fbPreliminaryCMS 

 = 1lepN
 8≥ jetN

 800 GeV≤ J500 < M

bN
1 2 3  4≥

D
at

a/
Fi

t
0.5

1
1.5

Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.

•	
  R	
  normaliza2on	
  determined	
  
using	
  the	
  total	
  yield	
  in	
  each	
  
(Njet,MJ)	
  bin	
  (dominated	
  by	
  Nb≤2	
  )

•	
  Nb	
  shapes	
  for	
  each	
  process	
  taken	
  
from	
  simula2on,	
  but	
  varied	
  to	
  
assess	
  poten2al	
  mis-­‐modeling	
  
•	
  Appropriate	
  range	
  measured	
  in	
  
dedicated	
  control	
  samples	
  

•	
  QCD	
  normaliza2on	
  determined	
  
by	
  0-­‐lepton	
  region	
  for	
  each	
  
(Njet,MJ)	
  bin	
  
•	
  0-­‐lepton	
  region	
  included	
  in	
  the	
  
simultaneous	
  fit	
  	
  

-­‐



Jae	
  Hyeok	
  Yoo	
  (UCSB) SUSY	
  17	
  in	
  Mumbai	
  (12/11/2017)

How	
  the	
  fit	
  works

18

9

bN

Ev
en

ts
1−10

1

10

210

310

410

510

610 Data
tt

QCD
W+jets
Other

 (13 TeV)-135.9 fbPreliminaryCMS 

 = 1lepN
 5≤ jet N≤4 

 800 GeV≤ J500 < M

bN
1 2 3  4≥

D
at

a/
Fi

t

0.5
1

1.5 bN

Ev
en

ts

1−10

1

10

210

310

410

510 Data
tt

QCD
W+jets
Other

 (13 TeV)-135.9 fbPreliminaryCMS 

 = 1lepN
 5≤ jet N≤4 

 > 800 GeVJM

bN
1 2 3  4≥

D
at

a/
Fi

t

0.5
1

1.5

bN

Ev
en

ts

1−10

1

10

210

310

410

510

610 Data
tt

QCD
W+jets
Other

 (13 TeV)-135.9 fbPreliminaryCMS 

 = 1lepN
 7≤ jet N≤6 

 800 GeV≤ J500 < M

bN
1 2 3  4≥

D
at

a/
Fi

t

0.5
1

1.5 bN
Ev

en
ts

1−10

1

10

210

310

410

510

610 Data
tt

QCD
W+jets
Other

 (13 TeV)-135.9 fbPreliminaryCMS 

 = 1lepN
 8≥ jetN

 800 GeV≤ J500 < M

bN
1 2 3  4≥

D
at

a/
Fi

t
0.5

1
1.5

Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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Figure 1: Comparison of data and MC simulation yields in a Z+jets control sample selected by
requiring Nlep = 2, HT > 1200 GeV, Nb = 1, and 80 < m`` < 100 GeV. The total yield of MC
is normalized to the number of events in data. The uncertainty on the ratio of data to total MC
(Data/MC) is from the statistics of the data sample.

The tt and QCD normalizations are allowed to float in each (Njet,MJ) bin. Contributions from
QCD multijet events with a misidentified lepton are constrained using control regions with no
identified leptons (Nlep = 0). These control regions are integrated in Nb for Nb � 1, and higher
Njet bins in the Nlep = 0 regions are used to constrain the next lower Njet bins to account for jets
being misidentified as a lepton. The small contribution of tt to the Nlep = 0 control regions is
included using the normalization from the corresponding Nlep = 1 bins.

The Njet shape of W+jets events is taken from simulation and allowed to vary based on the
data-to-simulation agreement in a kinematically similar Z+jets sample selected with Nlep = 2,
HT > 1200 GeV, Nb = 1, and 80 < m`` < 100 GeV where m`` is the invariant mass of the
two leptons. Figure 1 shows this sample’s Njet distribution and the data/MC scale factors. The
W+jets background is then determined in the fit with one global normalization parameter and
two parameters to adjust the bin to bin normalization based on the difference between scale
factors in adjacent Njet bins (17% between 4  Njet  5 and 6  Njet  7 and 62% between
6  Njet  7 and Njet � 8.) After correcting the Njet spectrum, residual MJ mismodelling is
expected to be small, and so the MJ shape is taken from simulation.

The “Other” component is estimated from simulation. Its contribution is less than 15% of the
total backgrounds in all kinematic regions considered.

4 Systematic Uncertainties

4.1 Background systematic uncertainties

The nominal simulated shape of the Nb distribution is allowed to vary by the inclusion of sys-
tematic uncertainties. Each uncertainty is incorporated in the fit with template Nb histograms
to account for the effects of the systematic variation and a nuisance parameter to control the
variation amplitude. The nuisance parameters are subject to Gaussian constraints, normalized
so that µ = 0 corresponds to the nominal Nb shape and µ = ±1 corresponds to ±1 standard
deviation variation of the systematic uncertainty. These uncertainties affect only the Nb shape
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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Figure 4: Data and the background-only post-fit Nb distribution for bins with low expected
signal contribution: 500 < MJ  800 GeV, 4  Njet  5 (top-left), MJ > 800 GeV, 4  Njet  5
(top-right), 500 < MJ  800 GeV, 6  Njet  7 (bottom-left), and 500 < MJ  800 GeV, Njet �
8 (bottom-right). The uncertainty on the ratio of data to total background (Data/Fit) is from
the statistics of the data sample.
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  (lew)	
  and	
  ≥8	
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  with	
  background-­‐only	
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Figure 5: Data and the background-only post-fit Nb distribution for bins with large expected
signal contribution: 800 < MJ  1000 GeV, 6  Njet  7 (top-left), 800 < MJ 
1000 GeV, Njet � 8 (top-right), MJ > 1000 GeV, 6  Njet  7 (bottom-left), and MJ >
1000 GeV, Njet � 8 (bottom-right). The uncertainty on the ratio of data to total background
(Data/Fit) is from the statistics of the data sample.
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Figure 5: Data and the background-only post-fit Nb distribution for bins with large expected
signal contribution: 800 < MJ  1000 GeV, 6  Njet  7 (top-left), 800 < MJ 
1000 GeV, Njet � 8 (top-right), MJ > 1000 GeV, 6  Njet  7 (bottom-left), and MJ >
1000 GeV, Njet � 8 (bottom-right). The uncertainty on the ratio of data to total background
(Data/Fit) is from the statistics of the data sample.
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• RPV	
  SUSY	
  can	
  evade	
  the	
  constraints	
  from	
  RPC	
  SUSY	
  searches	
  by	
  allowing	
  
LSP	
  to	
  decay	
  to	
  SM	
  par2cles	
  resul2ng	
  in	
  signatures	
  without	
  MET	
  

• CMS	
  performed	
  a	
  search	
  in	
  the	
  single-­‐lepton	
  final	
  state	
  targe2ng	
  gluino	
  
pair	
  produc2on	
  where	
  gluino	
  decays	
  to	
  tbs	
  

• No	
  significant	
  excess	
  was	
  observed	
  and	
  set	
  the	
  limit	
  of	
  1610	
  GeV	
  at	
  95%	
  
CL	
  for	
  gluino	
  mass	
  in	
  this	
  scenario
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4.2 Signal systematic uncertainties 7
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Figure 2: Post-fit DRbb distributions in a selection with Nlep = 0, Nb = 2, Njet � 4 and MJ >
500 GeV and HT > 1500 GeV. The ratio of data to simulation is shown at the bottom, and the fit
uncertainty is represented by the gray band.
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Figure 3: Background (left) and meg = 1600 GeV signal (right) systematic uncertainties on the
Njet � 8 and MJ � 1000 GeV bin. SF in the label means scale factor.

are incorporated by considering variations in the NNPDF 3.0 scheme [50]. The size of these un-
certainties is typically small as the effect of these variations is largely to vary the cross sections
of processes, which is constrained by data for the main background processes.

The background systematics for the most sensitive search bin are shown in Fig. 3 (left).

4.2 Signal systematic uncertainties

Several of the systematic uncertainties affecting the signal yield are evaluated in the same way
as the background yield. These are the uncertainties due to gluon splitting, lepton efficiency, jet
energy scale, jet energy resolution, b-tag scale factors, simulation sample size, and theoretical
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Table 1: Table of the post-fit yields for the background-only fit, observed data, and expected
yields for meg = 1600 GeV in each search bin.

Nb QCD tt W+jets Other All bkg. Data Expected meg = 1600 GeV
4  Njet  5, 500 < MJ < 800 GeV

1 148 340 196 91 775 ± 43 777 0.50 ± 0.13
2 29 175 30 31 264 ± 17 264 0.39 ± 0.11
3 4.3 24.8 2.5 4.4 36 ± 4 34 0.18 ± 0.08
� 4 0.0 2.2 0.3 0.2 2.7 ± 0.4 3 0.04 ± 0.04

4  Njet  5, MJ > 800 GeV
1 16.5 26.3 22.5 11.0 76 ± 6 77 0.32 ± 0.11
2 1.1 10.6 3.4 3.8 19 ± 2 18 0.40 ± 0.12
3 0.7 1.3 0.3 0.3 2.7 ± 0.5 3 0.13 ± 0.06
� 4 0.00 0.09 0.03 0.01 0.13 ± 0.03 0 0.03 ± 0.03

6  Njet  7, 500 < MJ < 800 GeV
1 197 620 169 120 1106 ± 48 1105 2.5 ± 0.3
2 49 440 36 66 591 ± 21 588 3.1 ± 0.3
3 6.4 89.2 4.6 13.4 114 ± 8 112 1.4 ± 0.2
� 4 1.9 11.4 0.6 2.1 16 ± 2 21 0.25 ± 0.09

Njet � 8, 500 < MJ < 800 GeV
1 130 574 53 68 825 ± 38 821 3.5 ± 0.3
2 45 478 14 49 586 ± 20 603 5.4 ± 0.4
3 6.3 138.1 2.5 16.7 164 ± 9 148 3.0 ± 0.3
� 4 2.8 29.8 0.4 4.8 38 ± 4 40 1.4 ± 0.2

6  Njet  7, 800 < MJ < 1000 GeV
1 17.3 48.4 19.2 12.3 97 ± 8 105 1.2 ± 0.2
2 6.6 30.1 4.3 7.3 48 ± 4 37 2.0 ± 0.3
3 0.8 6.6 0.5 1.3 9.3 ± 1.0 12 1.0 ± 0.2
� 4 0.0 0.9 0.1 0.2 1.1 ± 0.2 2 0.31 ± 0.09

Njet � 8, 800 < MJ < 1000 GeV
1 17.0 58.7 10.3 10.2 96 ± 8 90 4.2 ± 0.4
2 5.8 47.5 2.5 6.8 63 ± 5 65 5.3 ± 0.4
3 1.1 15.0 0.4 2.0 19 ± 2 22 2.6 ± 0.3
� 4 0.2 3.4 0.1 0.9 4.6 ± 0.6 5 1.3 ± 0.2

6  Njet  7, MJ > 1000 GeV
1 4.4 8.7 6.0 4.1 23 ± 2 21 2.0 ± 0.3
2 0.7 5.0 1.4 1.6 8.8 ± 1.2 11 2.3 ± 0.3
3 0.1 1.2 0.2 0.5 1.9 ± 0.3 2 1.0 ± 0.2
� 4 0.00 0.13 0.01 0.05 0.19 ± 0.04 0 0.23 ± 0.08

Njet � 8, MJ > 1000 GeV
1 6.4 16.7 3.5 4.1 31 ± 3 28 5.4 ± 0.4
2 1.6 13.1 1.1 2.1 18 ± 2 21 8.2 ± 0.5
3 0.6 4.2 0.2 1.0 6.0 ± 0.8 5 5.7 ± 0.4
� 4 0.0 1.2 0.0 0.2 1.4 ± 0.3 2 3.2 ± 0.3
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� 4 2.8 29.8 0.4 4.8 38 ± 4 40 1.4 ± 0.2

6  Njet  7, 800 < MJ < 1000 GeV
1 17.3 48.4 19.2 12.3 97 ± 8 105 1.2 ± 0.2
2 6.6 30.1 4.3 7.3 48 ± 4 37 2.0 ± 0.3
3 0.8 6.6 0.5 1.3 9.3 ± 1.0 12 1.0 ± 0.2
� 4 0.0 0.9 0.1 0.2 1.1 ± 0.2 2 0.31 ± 0.09

Njet � 8, 800 < MJ < 1000 GeV
1 17.0 58.7 10.3 10.2 96 ± 8 90 4.2 ± 0.4
2 5.8 47.5 2.5 6.8 63 ± 5 65 5.3 ± 0.4
3 1.1 15.0 0.4 2.0 19 ± 2 22 2.6 ± 0.3
� 4 0.2 3.4 0.1 0.9 4.6 ± 0.6 5 1.3 ± 0.2

6  Njet  7, MJ > 1000 GeV
1 4.4 8.7 6.0 4.1 23 ± 2 21 2.0 ± 0.3
2 0.7 5.0 1.4 1.6 8.8 ± 1.2 11 2.3 ± 0.3
3 0.1 1.2 0.2 0.5 1.9 ± 0.3 2 1.0 ± 0.2
� 4 0.00 0.13 0.01 0.05 0.19 ± 0.04 0 0.23 ± 0.08

Njet � 8, MJ > 1000 GeV
1 6.4 16.7 3.5 4.1 31 ± 3 28 5.4 ± 0.4
2 1.6 13.1 1.1 2.1 18 ± 2 21 8.2 ± 0.5
3 0.6 4.2 0.2 1.0 6.0 ± 0.8 5 5.7 ± 0.4
� 4 0.0 1.2 0.0 0.2 1.4 ± 0.3 2 3.2 ± 0.3

Post-­‐fit	
  yields


