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i Outline

@ Introduction to SUSY search in the fully hadronic channel

» Data-driven background estimation methods: QCD

» Factorization method (ABCD)
» Rebalance and Smear method
» Data-driven background estimation method: tt & W+jets

» Lost Lepton method
* Tag and Probe method

@ Combination of background estimates

@  Summary



i Supersymmetry

At the LHC particles with colour charge are produced dominantly.

The initial states are therefore squark/gluino, 2 squarks or 2 gluinos.

Typical SUSY decay cascade

Example diagram
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Hadronic SUSY

R-parity conservation
-» pair/associated
SUSY production
- stable LSP

Cascade decay of primarily-
produced SUSY particles
- Mmissing ET
-» many Jets
-» possibly leptons




Inclusive Hadronic Analysis

For the inclusive Njet SUSY search the following cuts are a
3 Jets with P >50 GeV , |n| < 2.6
Hr > 300 GeV (scalar sum of jets with P7> 30 GeV )

Missing Hr > 150 GeV (vectorial sum of jets with P> 30 GeV)

Direct Lepton Veto (= no isolated lepton allowed)
AOD >0.3(0.5 Jet2) (A®  (Jetl/2/3, missing Hr))

HT,MHT !
M light SUSY
Lepton Veto W QcD
M ttbar
| WHjets
min Delta Phi E M Zinvisible
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Direct Lepton Veto (DLV) mainly rejects leptonic Ttbar and W+jet events




it Inclusive Hadronic Background

Estimating background in HH:
Factorization-method for QCD

Resolution for jet smearing for QCD
Lost Lepton in ttbar and W+jets
— Limit / reach calculation

Events after selection

» Even if the simulation describes our detector well:
> QCD multijet dynamics poorly modelled

* Lepton isolation/identification (in)efficiencies should
be measured in data




idi Factorization method for QCD (ABCD)

MC
@ In QCD: Missing HT is g~ sE T | I i
produced via jet :E::.- :
mismeasurement ™
= Correlation between :'q")"—
worst measured jet E
and Missing HT vector ¢
£

® Influence on Missing
HT from other jets
approximately
Gaussian (since
coming from
Gaussian part of jet e .
resolution) 100 200 300 400 500 ann

H_l:-'liss [GEV]
Background regions (A,B,D) are QCD dominated




QCD estimation in presence of a SUSY Signal

MC
» Ratio of events that pass the ~ opm—— T T T 1T
min A®-cut to events that A v
fail the cut falls exponentially ’
with HTmiss B _

—
TTTTT

» Example SUSY signal (LMO)
has impact on high Missing

HT region 107

® Control region for the fit -
must be in the QCD 10°E  Egextrapolation

. : -+ QCD
dominated region [+ QCD+ signal (LM0)

'a l l -3I|IIII|§IIII|IIII|IIII|IIII|IIII|II
Variation of upper boundary o R g
shows the influence on the
extrapolation

HT'™* [GeV]



idi Rebalance & Smear

Motivation: Data driven prediction of MHT from QCD

Rebalance & Smear method:

» Rebalance detector level jets Only Gaussian jet
to particle level jets MHT SUSY sel. response used:

» Smear rebalanced jets to 10°

predict MHT ’:’;

Black dots smeared
genjets (with
pTgen>20 GeV )

107
102
» Jet response enters twice  10°
10°
» Non-Gaussian tails are 10°

important for high MHT tail 13::

38
107,

100 200 300 400 500 600 700 800



idi Resolution Measurement

Unbinned maximum likelihood fit of dijet imbalance

Assumption Two jets with equal particle level jet pt
Method Adjust response to describe measured pt imbalance

MC (closure test) Data

E T T T T I T T T T T T T H E '— {}-49 j_ I I I I I I I _:
o~ 0.30f - o = o -1 3
= : MC Statistic, n| < 1.3 ; © e < 22{_'_:::’|jhlj;;3 E
© 025F s Likelihood Fit ] 0.30F L : =
e pa=" Asymmetry 1 Bl s Py Asymmetry 3
020E T i 0251 o Likelihood Fit (Corrected) 3
-20F s Likelihood Fit (Corrected) 3 : T E
G MC Truth Resolution - 0.20 ruth esoltion -
' . 0.15 :
0.10F 0.10 :
0.05 -~ - 0.05F e T :
] - s 0"+ e
- : 1.1F AT

1.1F :
10— :
. - —
— o — Tk 1 1 1 1 1 | 1 &=
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MC Closure of the method — agreement to true resolution

Data Measured resolution 10% larger than simulated




idi Test of Rebalance and Smear

mn
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» (Good agreement between Prediction and MC for HT and MHT
@ Shown after jet- and cleaning-cuts
» Resolution taken from MC with tails



a (Semi-)leptonic tt & W+jet background

Most important reasons why no lepton is identified:

» Lepton Is a tau that decays hadronically
» Lepton is out of acceptance (pt or eta)

» Lepton Is not reconstructed

» | epton is reconstructed, but not isolated

Fraction of ttbar background:

ctecton /Muon || ~orsion of

Lepton Veto

Tau smearing method — not covered here

other
- Hadronic part covered by QCD estimate

0 0.1 0.2 0.3 0.4 0.5 0.6
Also tau -> electron/muon in Lost Lepton method — hadronic tau may also be present



M Lepton Veto-Cut Inversion (e/mu - channel)

Lepton isolation Reconstruction efficiencies (€ ):
Control-sample tt, W :
with well identified, Signal-region: * function of Pr andn
well isolated leptons. Non-isolated
5 » from tag and probe method Z—li
®
O . _ .
= e Isolation efficiencies (€_):
E S0
=) Eiso . .
5 E—— * function Qf AR(lep,jet) and Prto
© 1 1% ' resolve differences between
Er’so E}'a’ n .
Tl A tt, W+jet and Z-events
Signal region: Acceptance:
Non-identified o _ _ _
@ Pr/m distribution from simulation

(small uncertainties)

Total tt and W+jets background =
Bkg(non-isolated) + Bkg(non-identified) + Bkg(out of acceptance)



idi Tag & Probe Muon Isolation Efficiency
3: failed
15/pb - data >
| o] I
0: r ll ".0
passed mass
passed + failed
Gauss fit to Z-peak for passed and P Lo
failed isolation I '
Sideband subtraction of background w

60

Low statistic for small AR(lep.jet) in
Z-Sample : I
0.86

20

High efficiency except for small AR 0 05 T 18 2 25 8 S5 4 45 S
and PT AR(lep,jet)



it Closure Test: tt/w+jets
m T TTT | TTTT | TTTT |||||||||||||| |||||||||||||| TTTT1] 14 |||| TTT1 | T 1171 I T T 11 | T T 17T | TTT1 I TTr 11T | TT1T II IIIIIII
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» Shape and predicted number of events agree within uncertainties

» |argest systematic uncertainty comes from the efficiency
measurements

» Full statistic in control sample used (it ~ a few fb’
W+jets ~400pb™), but #events rescaled to 100 pb™



it Combination of Results (MC)
1% = & Al MG backarounds
5 - e
Rl ™ e o e o
gm == — Scaled to
0 e h 100/pb
- é_
1 i 722 % 2zl
2z
101
10550 200 250 300 350 400

MHT [GeV]

@ Comparison between pure MC and data driven methods on MC

@ Systematic uncertainies used for MC: Jet Energy Scale, Luminosity,
Lepton Isolation

» Main Systematic uncertainties from data driven methods: JES (QCD), Tag
& Probe efficiencies (lost lepton), Error from fit (ABCD)



i Combination of Results (Data) ,,Z

w & Data, 31 pb™
c 102 LMo
F
g E I Z—vv (MC)
1) & [ 1 Hadronic t (MC)
= BN i, W+jets (LL data-driven)
- . [ ] QCD (ABCD data-driven)
10 SN [——] total sys. uncert.
1
107
-2 | 2 X
1 0 NSRS A ‘\_\-\_:\\\%- N
1.5} 4 D A T A A I A TN
P SEREERSS e
¢ B N T A A A A A A A N
osf* ° AR AN
1 | [| 1 | 1 1 | 1 | | 1 | I- ) I | N I\ \I o l\\\}‘ \‘I I'\\\l\ \I'-“x\'h
150 200 250 300 50 400
MHT [GeV]

» Use data driven methods where highest uncertainties in MC expected
» Add estimation methods from other groups
@ Result not public, yet



i Summary

= QCD, tt and W+jets are very important backgrounds, data-driven
estimation methods are in place (@Hamburg)

@ No overlap between methods — complementary
@ Search is running and first results will be available soon

@ Full hadronic channel has best reach for SUSY searches if
backgrounds can be estimated robustly



idi BACKUP

BACKUP
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Factorization method for QCD in Data

Data (1. 25/pb)

mﬁ; I T T 11 TGO | T 111 | T 111 | T 111 | T 111 | T 111 | T | g i | LI L | I I | I B | | L L |
- ~— fit derived from Gaussian model - E:I:._ I === Extrapolation from data |
S —— exponential fit o  data

- - - MC (QCD)

o * data g

© = 1 . - g

: Preliminary

signal region

~ Control region
~pure QCD

-1 o
80 85 90 95 100105 110115 120 10150 130 140 150 160 170 180
HT'*® [GeV] HT'*® [GeV]

An exponential function approximates the Gaussian model in the region

where it is valid (left), and the extrapolation to higher Missing Hr (right)
approximates the influence of the tail
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UH } ]
A Factorization method forGCOIMBEEIN ™,

Relaxed
Selection cuts: 3 WE T T T T
= & * All MC Bkgr (norm.) -
Jet, > 90 Gev (instead of HT cut) & 3;,'\ -
e OF o data (1.25/pb)
Jet, . > 50 GeV g | W :
| 5 107} R g
|eta|1,2,3 <2.5 " é % ;
Lepton Veto 10f i .
3 L
HLT JetS0U trigger — il ‘ T
1 e S T
: A i |..|‘ “|H

DI | 50 | 100 150 | 200 250 500

s Tail in data (high Missing HT): jet resolutions ~10% higher
than expected, other detector issues, physics?

* First look: Signal region Missing HT > 120 GeV



.min A@ in Missing HT slices

UH 1 ]
! Factorization method for GCOMIMM .
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» Tail coming from most mismeasured jet not aligned with
Missing HT vector

* Exponential function approximates the Gaussian model
where it is valid and is able to describe the tail



UH ] ;
A Factorization methodforaoD DRI

min A@ in Missing HT slices
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UH
it Rebalance & Smear

Motivation: data driven prediction of MHT from QCD

@ Rebalance+Smear Inclusive -
Qcp AR
method p— U i hac?.m?n :
t
» Rebalance detector sl
level jets to particle

level jets [Qcm]

I rebalance
» Smear rebalanced jets Lot \
to predict MHT particlelet recolet event

event (LHC)
@ Response enters twice [Qﬁf*f;;"fq*z] DATA
[ MHT SUSY sel. | [ﬂc?f ;;,’:',1"2]
10° ] _ :
102 MC Histo — calojets @ Sim ple exam ple
10& : s
: Bt ARt A = Gau55|_an MC truth resolution
10" genjets (with » Smearing of Genlets
10': pTgen>20 GeV)
10°

10
10®
10°
107
-3 P
10 0

Prediction of high MHT requires
knowledge of full response function
incl. non-Gaussian tails

500 600 700 800

100 200 300 400



i Rebalance & Smear I

How to Measure the Jet pt Resolution?

~-+jet event
Response R = ,t::u-r/,c.w-‘g,:-Erl :g o 4 J\'mn

Resolution o = 1/ V/(R) & |

& . Anti-ky 0.5 PF.Jet
._ \ —— n-=T?3uEE-_.-E
P Particle Jet  Calorimeter Jet @ =-12rd

@ Measurement using pt balance

» Balancing of jet and well
measured object e.g. y+jet IC, CERN
» Imbalance of dijets SLlll

.06 CEST

— A
A:PT,I PT2  APT

Pri+pPria pPT'c

o(A) = o(R)/V2, for pie = p |




— pythia
— tauola

0.1: T T T T T T T T T T T T T I

E . . . ! . . . | . . ) ) . .
—%.5 0] 0.5 1 1.5
pt(taudet)/pt(taulLept)

v | 77y | 777 % | mrme | ey

BR 11% | 25% | 9% 10% | 4%
expected visible fraction | 0.5 | 0.66 | 0.75 0.75 | 0.80

/, Construct a control sample with jets and one clean muon \
@ Correct for the different branching fractions of hadronic T and p
@ Correct for reconstruction- / isolation efficiency, acceptance and u from 1
» Replace the muon by a jet and missing Et from the neutrino

! Perform selection on new HT and MHT distributions /




UH

.i.ti.
n

DR(lep,jet)
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Events after selection
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Problem:

Different topology in Ttbar and
W+ijet events:
Boosted top emits W (and
therefore lepton) and b close to
each other
= Closest jet is in most cases
the associated b-jet
- |solation efficiency lower for
Ttbar events

-» Efficiency in bins of AR

Low statistic in control sample in
bins of small AR
- Only a very rough binning
In Pt possible
- Increased uncertainties




Efficiency vs DrVsPtRel

\4

Z-Resonance
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b
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<] E _
) 120 :_ gauccMean = B1.080 + 0.082
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ifi Data:
n
passing failed
A RooPlot of "Probe p_ " ()

[ i | L
8 0o 1
_l; O.BE ! E .
S 0.8F :
= =
'§. uv?f_ e |!:|'||| ] |||I||' " '
5 06F izl
1y E Tog-Probe Wass (GeWic)
g 0.5 3
£ 04 —
7] I eicieney = 088 000

0.3 :_ fran = 83082 02 T

02 ey

0.1F

bt . vy 1
20 40 60 100 120
Probe p_(GeV/c)
Mass

» Example: Tag & Probe Method for reconstruction Efficiency
@ All steps tested on data, but rough binning due to low statistic

» ~ 30-50 pb™integrated Luminosity needed for useful estimate



idi Data:

l l g :I T 1T TTTT TTTT TTTT TTTT | S I | T TTT | T T | TT T | T |:
LePtcinlsoIat|on Relaxe.d E 2:_ Mean 9982 _:
Control-sample tt, W . = } —
e s SelectiOnCUts:  F gp L=838nb*  |RMS  52.71|
| (= Integral 1.256 |3
g Scale by Jet >90 Gev s =
E 1.4 Mean 96.23 |
A E T Jet, ;> 20 Gev .=y RMS  49.91|7
4 = W — |eta|123 <2.5 15 Integral 0.8728 | -
Non-donid MHT > 60 GeV s BE— E
Lepton Veto i3 Estimate (data) E
0'45_ Expectation (MC) 1
Control Sample: 02l * =
:I 111 | I | | | [ | 1 1 |4Ié| 111 | | Iil | I | | (Y N | | (I N N | | |:

Same as selection cut % 100 200 300 200 500 600 700 800 900

MHT [GeV]
But exactly one good muon

» ~ 30% QCD contamination in control sample expected

@ Only a problem with relaxed cuts

» Efficiencies taken from T&P method on large MC sample
@ Waiting for more data...



i Unce

Lost Lepton Method:

» Low statistics in control sample in small AR-bins - these events get
a large correction factor
@ This can be reduced by binning in jet multiplicity but an error
has to be assigned to the differences in the samples
» Uncertainty of the isolation efficiency
» To a large extend this Is a statistical uncertainty with T&P
@ Can also be reduced using jet multiplicity
@ Uncertainty of the electron reconstruction efficiency
@ Overestimated at the moment
@ Change binning
@ Acceptance from MC
» Treatment of BSM contamination (e.g. Reshuffling method)




UH .
idi Resolution Measurement

Unbinned maximum likelihood fit of dijet imbalance

Assumption Two jets with equal particle level jet pt
Method Adjust response to describe measured pt imbalance

Probability density (pdf) of dijet event

-
gb(pTvl’pTvg) =:x:f dp‘rme f( tme) b (PT 1|Ptme) (PTE PEF”E)
0

o ny(pr.ilpt"®): pdf of the jet pr
o f(pT"®): pdf of the particle jet pr

@ Biases from additional jets — correction by extrapolation

Q@ (pT"°) estimator for (p§") — compensation of selection biases

@ Fit of response ry(pr.i|pT"¢)

» Results for Gau55|an response
» Strategy to measure full response function




Resolution Measurement

Resolution Measurement with Unbinned Fit

Example: Gaussian Response

Resolution from Unbinned Fit in MC Simulation and Data

MC Simulation (closure test)

e
L
'

o}

@ Measured resolution as function of py
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MC Simulation Closure of the method — agreement to true resolution

Data Measured resolution 10% larger than simulated

(as observed before)




i Supersymme

To cover all possible basic SUSY signatures CMS
divides its searches in the following Reference Analyses:

RA1 | Exclusive (mainly dijets)

Hadronic search RA2 Inclusive

RA3 Photon +X (gauge med. SUSY breaking)
RA4 | Single lepton

_ RAS5 | Same sign dilepton

Leptonic search pag  Opposite sign dilepton

RA7 | Trilepton

RA8  Dilepton + Photon

has the best reach for most of the

SUSY parameter space

RA2 contribution from HH: for
QCD and Ttbar/W+jets and these




" Direct Lef

Direct Lepton Veto: no lepton in event with:

Muon:

Pr> 10 GeV }acceptance

In| <2.4 . .
relative isolation < 0.15 } ISsolation
rel isolation = (tracklso + Ecallso + Hcallso) / Pr

‘globalMuonPromtTight' (e.g. Cut on X2 of track fit)
|d0] < 0.2 cm reco
# Hits in tracker = 11

Electron:

:DTl > ;5569V ]—acceptance

nf <2 . .
relative isolation < 0.15 } ISolation
‘elDloose’

1dO[ < 0.2 cm } reco
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