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Outline

• Motivation for strong SUSY production  

• All-hadronic analysis SUS-16-033 

• Standard Model background estimation 

• Results of 35.9/fb of observed 13 TeV data 
and interpretation
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SUS-16-033

3

CMS Collaboration, “Search for supersymmetry in multijet events

with missing transverse momentum in proton-proton collisions at

13 TeV,” CMS-SUS-16-033, CERN-EP-2017-072.

A search for supersymmetry is presented based on multijet events with large missing 
transverse momentum produced in proton-proton collisions at a center-of-mass energy 
of sqrt(s)=13 TeV. The data, corresponding to an integrated luminosity of 35.9 inverse 
femtobarns, were collected with the CMS detector at the CERN LHC in 2016. The analysis 
utilizes four-dimensional exclusive search regions defined in terms of the number of jets, 
the number of tagged bottom quark jets, the scalar sum of jet transverse momenta, and 
the magnitude of the vector sum of jet transverse momenta. No evidence for a significant 
excess of events is observed relative to the expectation from the standard model. Limits 
on the cross sections for the pair production of gluinos and squarks are derived in the 
context of simplified models. Assuming the lightest supersymmetric particle to be a 
weakly interacting neutralino, 95% confidence level lower limits on the gluino mass as 
large as 1800 to 1960 GeV are derived, and on the squark mass as large as 960 to 1390 
GeV, depending on the production and decay scenario.

arxiv-1704.07781.
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SUSY and fine tuning

4

Big hierarchy problem

Little hierarchy problem
VEV
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Event selection

Object selection

• trigger:Hmiss
T and Emiss

T > 100GeV

• HT =
P

j(pT)j > 300GeV

• Hmiss
T = |�

P
j(~pT)j | > 300GeV

• n(jets) � 2

• n(e), n(µ) = 0

• �! (j1, j2, j3, j4) > (0.5,0.5,0.3,0.3)

• n(iso. track) = 0

• event cleaning, pileup mitigation

• particle candidates (Particle Flow algorithm)

• jets: anti-KT algorithm, |! | < 2.4 (HT , n(jets), ! " ), and |! | < 5.0 (Hmiss
T )

• electrons (muons): isolated, pT > 10GeV, |! | < 2.5 (2.4)

Interaction point
Pixel detector

Strips tracker
EM calorimeter

3.8 T solenoid

hadronic calorimeter

Muon system
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Search regions
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• n(jets) = 2, 3-4, 5-6, 7-8, 9+

• n(b-tags) = 0, 1, 2, 3+

174 search bins
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4 sources:

0 b-jets 1 b-jet 2 b-jets 3+ b-jets

jets
  2

jets
3-4

jets
5-6

jets
7-8

jets
 9+

    tt QCD   Z+jets W+jets Other

CMS            Simulation Supplementary (13 TeV)
 > 300 GeVTH

 < 350 GeVmiss
T300 < H

arXiv:1704.07781

¥ Z ! ! ø! + jets

¥ tøt + jets

¥ W ! l± ! + jets

¥ QCD multi-jet

Backgrounds from SM processes
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Lost Lepton Background Estimation

� Invert lepton veto to define CS

� Scale CS to 0 lepton on per-event 
basis from efficiencies derived 
from MC with SF applied

� Correct for probability event is 
rejected by the isolated track veto 
and 𝑚𝑇 cut efficiency  

� 19% of total pre-fit background prediction

� Largest background in 12% of signal bins

� Importance grows with  𝑁𝑏𝑗𝑒𝑡𝑠 and 𝑁𝐽𝑒𝑡

� Less important at low 𝑁𝐽𝑒𝑡 and high 𝐻𝑇
𝑚𝑖𝑠𝑠

Efficiency Parametrization
Acc. bin-by-bin

Reco. 𝑝𝑇, 𝜂
Iso. 𝑝𝑇, activity

Track veto bin-by-bin

(including Ws from ttbar)

• lost lepton background 

• three possibilities for veto failure 

• invert lepton veto to select single-lepton control sample (CS) 

• scale CS counts to the 0-lepton prediction using efficiencies 
derived in data (reco and iso) and simulation (acceptance) 

W ! e! e(µ! µ ) + jets

ö
N

0`

= ( ✏Nobs

1`

) 1�x

x

, x ! P (acc)P (rec|acc)P (iso|reco,acc)

W ! e! e(µ! µ ) + jets

(+ terms for 2-lepton contamination, iso track veto)
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• Validation: consistency of method performed in simulation

Search region bin number
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W ! e! e(µ! µ ) + jets
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• Hadronically-decaying taus do not trigger the event veto, so 
this background must be carefully estimated. 

• single-muon sample obtained by applying a single-muon selection on 
events collected with single muon trigger (online pT > 27-30 GeV) 

W ! ⌧⌫⌧ + jets, ⌧ ! hadrons

• muon events are reweighted 
by efficiencies derived from 
data-corrected simulation; 
muons are smeared according 
to tau response templates - 
templates derived in simulation
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• Validation: consistency of method performed in simulation

Search region bin number
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W ! ⌧⌫⌧ + jets, ⌧ ! hadrons
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• Z+jets proxy samples: 

• photon+jets sample obtained by applying a                                                            
single-photon selection to the events, excising                                                                   
photons from events 

• di-lepton+jets sample obtained by requiring 2 opposite-sign electrons or muons with 
an invariant mass consistent with the Z, excising leptons from events 

• photon+jets sample transformed by the Z/photon ratio to yield prediction 
in 0 b-tag category, di-lepton sample used for n(b)>0 

• Z/photon ratio obtained from simulation, calibrated using data/simulation 
scale factor RR

Z ! ⌫⌫̄ + jets

(for 0 b-tags)
N̂Z!! ø! = RR obs

sim á Rsim [Z (⌫⌫̄/ �)] á✏ áN obs
"

14

2/1/2017 14

The double ratio (𝜌)
� Explicit definition:

� Table of approximate values: 

◦ Average value using formula above and table: 〈𝜌〉 = 1.00±0.02±0.06
◦ 1 dimensional projections in analysis variables:

mailto:samuel.bein@desy.de


Sam Bein; ICNFP2017 samuel.bein@desy.de

• Validation: consistency of method performed in simulation
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Z ! ⌫⌫̄ + jets
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QCDmulti-jet

QCD background estimation - method 1

QCD multijet events with mismeasured jets:

Invert ��(Hmiss
T , j1,2,3,4) cut

Parametrize �� high/low ratio

Ratios used to extrapolate from ”low-” to ”high” �� in data

4 / 10

• Two independent, data-driven 
QCD estimation methods: 

• Low-delta phi extrapolation 
method 

• Rebalance and smear 
method

QCD background estimation - method 1

QCD multijet events with mismeasured jets:

Invert ��(Hmiss
T , j1,2,3,4) cut

Parametrize �� high/low ratio

Ratios used to extrapolate from ”low-” to ”high” �� in data

4 / 10
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Method 1: delta-phi extrapolation

• Essentially an ABCD 
method using the low-
delta phi and low-MHT 
control regions (right) 

• Extrapolation factors 
from low- to high-delta 
phi obtained from data 

• Extrapolation of delta 
phi ratio from low- to 
high-MHT modeled in 
simulation

QCDmulti-jet

A B
C D

MHT

delta-phi

CR

CR

SR

CR

17
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Method 1: delta-phi extrapolation

• Validation: consistency of method performed in simulation

QCDmulti-jet

Search region bin number
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Method 2: rebalance and smear

• Remove electroweak contribution from a mostly-QCD control region via a 
two step process: 

1. rebalance: force all events in the control region into an orientation that 
resembles QCD events at the particle level (low-MHT); 

2. smear: rescale the particle-level jets by randomly sampling jet response

QCDmulti-jet

19
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Method 2: rebalance and smear

particle-level jet collection
reconstructed jet collection

pT= 

P( ~Jpart| ~Jmeas) ⇠ P( ~Jmeas| ~Jpart) · ⇡( ~Jpart)

• Rebalance by maximizing the posterior density:

QCDmulti-jet

20
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Method 2: rebalance and smear

QCDmulti-jet

P( ~Jmeas| ~Jpart ) =
! njet

i=1 P(pµi,meas | pµi,part ) =
! njet

i=1 P(ci | pµi,part )
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T
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P( ~Jpart| ~Jmeas) ⇠ P( ~Jmeas| ~Jpart) · ⇡( ~Jpart)

• Rebalance by maximizing the posterior density:

pT= 
29 GeV

pT= 
250 GeV

Illustrations of likelihood binned in jet eta, pT
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Method 2: rebalance and smear

QCDmulti-jet

P( ~Jpart| ~Jmeas) ⇠ P( ~Jmeas| ~Jpart) · ⇡( ~Jpart)

• Rebalance by maximizing the posterior density:
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Method 2: rebalance and smear

QCDmulti-jet

pT= 

• Validation: consistency of method performed in simulation:
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Method 2: rebalance and smear

QCDmulti-jet

pT= 

• Validation: consistency of method performed in simulation:
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Method 2: rebalance and smear

QCDmulti-jet

pT= 

• Validation: consistency between prediction and data in each LDP search bin

25
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Method 2: rebalance and smear

QCDmulti-jet

pT= 

• Validation: consistency between prediction and data in each LDP search bin

26
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pT= 

Interpretation
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pT= 
29

JHEP10(2016)129

• 19-dimensional 
random scan of 7200 
SUSY points within 3 
TeV mass box 

• Minimal assumptions 
made on the SUSY-
breaking parameters 

• Bayesian significance/
exclusion interpretation
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pT= 
30

pMSSM Interpretation
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Summary
• Data-driven search for supersymmetry in the all-

hadronic channel presented 

• No significant excess BSM prediction is observed 

• Interpretation in terms of simplified models sets 
upper limits on the gluino mass of 1800-2000 GeV, 
depending on the model (assuming a light LSP). 

• Large portions of the pMSSM parameter space 
excluded w.r.t. Run 1 searches.
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pT= 

Model 
(T1bbbb)

Interpretation
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pT= 

Model 
(T5qqqqVV)

Interpretation
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pT= 

Model 
(T2tt)

Interpretation
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(including Ws from ttbar)

• SUSY models may 
abundantly populate 
the single-lepton 
control region (SC) 

• Ceiling threshold of 
100 GeV placed on the 
transverse mass of the 
leptons in CR to 
mitigate potential BSM 
contamination
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2/1/2017 11

Lost Lepton Background Estimation

� Invert lepton veto to define CS

� Scale CS to 0 lepton on per-event 
basis from efficiencies derived 
from MC with SF applied

� Correct for probability event is 
rejected by the isolated track veto 
and 𝑚𝑇 cut efficiency  

� 19% of total pre-fit background prediction

� Largest background in 12% of signal bins

� Importance grows with  𝑁𝑏𝑗𝑒𝑡𝑠 and 𝑁𝐽𝑒𝑡

� Less important at low 𝑁𝐽𝑒𝑡 and high 𝐻𝑇
𝑚𝑖𝑠𝑠

Efficiency Parametrization
Acc. bin-by-bin

Reco. 𝑝𝑇, 𝜂
Iso. 𝑝𝑇, activity

Track veto bin-by-bin

W ! e! e(µ! µ ) + jets

SC < 0.1% in most bins
SC ~ 60% in a few bins
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• Procedure carried out in a simulated single-muon event sample, 
and compared with the expected result obtained from a 
simulated had-tau event sample. 

• Cross check shows agreement within ~15%

W ! ⌧⌫⌧ + jets, ⌧ ! hadrons

2/1/2017 8

Hadronic Tau Estimation: Method

� Replace μ in CS by a τ-jet using response template derived from MC.

� “Bootstrap" response template multiple times, emulate multiple τ events with different 
jet responses

◦ Recalculate HT, MHT, Njets with 𝜏 replacing the 𝜇

� Recompute number of b-tagged jets (to account for τ mistagging). 

� Correct for μ acceptance, ID and reconstruction, isolation efficiencies; BR W→μ or τ + ν.

Reasonable overall 
agreement between 
predicted and expected 
distributions in MC.

� 16% of total pre-fit background prediction

� Largest background in 21% of signal bins

� Importance grows with  𝑁𝑏𝑗𝑒𝑡𝑠 and 𝑁𝐽𝑒𝑡

� Less important at low 𝑁𝐽𝑒𝑡 and high 𝐻𝑇
𝑚𝑖𝑠𝑠

𝐻𝑇 𝐻𝑇 𝑁𝐽𝑒𝑡
miss
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