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The Large Hadron Collider

L ≈ 1032 cm−2 s−1

√
s = 7 TeV

L ≈ 1034 cm−2 s−1

√
s = 14 TeV

Design

2010-2011
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The Compact Muon Solenoid

Trigger on: calorimeter Deposits & 
Muon Chamber Hits

Global Calorimetry Trigger selects 
Jet candidates and missing energy
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SuperSymmetry

Motivations: Natural Extension to SM
Light SUSY provides 

solution to hierarchy 
problem
Provides a Dark Matter 

candidate
Predictions: Multitude of new particles

If R-Parity conserving, 
large missing energy 
signature
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Kinematic Selection
Miss-measured 

Dijet

�
jets pT �= 0

Fake Missing 
pT

Real Missing   pT

�
jets pT = −/pT

At LHC, primary 
background is QCD. 
How to reduce this 

background?

Ideal Dijet

�
jets pT = 0

∆φ
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Kinematic Selection 2
Define α = pT2

mjj

In the Massless 
limit + Hadron 

machine

αT = 0.5

Ideal Dijet

αT < 0.5

Poor energy 
resolution

(L. Randall & D. Tucker-Smith)

αT =
√

Ej2
T /Ej1

T√
2(1−cos∆φ)

Real Missing
Energy

αT > 0

3 The dijet system - a special case
We now consider the hadronic dijet system of [1] and [2]. The observable used to reject most of the (simulated)
QCD background after event preselection cuts, known as αT , is defined as

αT =
min.

(
Ej1

T , Ej2
T

)

M j1, j2
T

. (4)

We can express this in terms of the variables defined in Section 2 by replacing the numerator with the following,
equivalent, expression:

αT =
1
2

(
Ej1

T + Ej2
T −

∣∣∣Ej1
T − Ej2

T

∣∣∣
)

M j1, j2
T

(5)

=
1
2 (HT − ∆HT )
√

H2
T − |!hT |2

(6)

where∆HT = |Ej1
T −Ej2

T | is the difference between the transverse energies of the jets (which need not necessarily
be ordered in ET ). Thus for a perfect dijet system (e.g. a QCD dijet event recorded with a fully-understood
detector),∆HT = 0,!hT = 0 and so αT = 1/2. In [1] a cut is therefore applied that rejects events with αT < 0.55
to allow for the finite resolution of jet measurements. Conversely, signal-like events with a real, large missing
transverse energy comparable to the HT of the event will produce small MT (Tot.) values, and so will tend to pass
the cut regardless of the difference between the jet transverse energies.

The plot of αT for the low mass SUSY point LM1 [3] and the dominant backgrounds – QCD, Z(→ νν̄) + jets,
(tt̄, Z ,W ) + jets, etc. – for 1 fb−1 after theHT > 500GeV preselection cut is shown in Figure 1. Note the strong
peak and sharp edge at αT = 1/2 for the QCD sample, and the large αT values for the signal (and, to a lesser
extent, the backgrounds with real !hT ).
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Figure 1: Plot of αT for the hadronic dijet system after the preselection cuts up to and includingH T > 500GeV,
as outlined in [1].

Another kinematic variable explored in [1] is ∆φ(j1, j2) = ∆φ
(
pj1

T , pj2
T

)
, the azimuthal angle between the two

jets. This is a measure of the acoplanarity of the system. A further cut is applied after the α T cut such that only
events satisfying

∆φ(j1, j2) <
2π

3
rad. (7)

3

(CMS-AN 2008/114)

pT > 100 GeV

|ηj1| < 2

Cuts
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Njets merged to form 
most conservative dijet

Multi-jet Extension

Ideal Dijet

�
jets pT = 0

Extended up to 6 
Jets

Most conservative
combination selected

pT (jet n > 2) > 50 GeV

+ Additional Cut
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Standard Model Missing Energy 
Signals

Z

νν

Z → νν + Jets

W+W−

� �
ν ν

tt

Miss one lepton/
No tau veto

�
ν

W± Miss Lepton

Can we 
reduce these 
backgrounds?

Z

Z → µ−µ+ + jets

µ−
µ+
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discovery potentialαT

Henning Flächer 

!! Define signal depleted data control sample: low HT region 

"! Look at !T ratio as function of " of leading jet:  

   

"! Presence of signal established through change in value of R(!T) 
and change in slope with respect to " 

!! Procedure to be carried out directly on data 

!! Statistical procedure to define significance still under 

investigation 
23 Feb. 2010 SUSY Meeting 11 
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Distinguishing a non-SM signal

14 6 Background Estimation from Data

| leading jet!|
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(a) Distribution of the leading jet |η|

|eta| [GeV]
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(b) Normalized distribution of the leading jet |η|

Figure 9: Distribution of |η| of the leading jet for the standard model backgrounds and for
SUSY events. Shown is the expected number of events for a luminosity of 100 pb−1, after all
selection cuts except the cut on αT and |η| of the leading jet.

and one that is signal enriched, i.e. each variable has a signal enriched and a signal depleted309

region. In this case it is possible to determine the number of background events directly from310

the data.311

The two variables in question for our analysis are the pseudo-rapidity |η| of the leading jet and312

αT. As can be seen from Figure 9 the leading jet from a SUSY event is on average more central313

than those from the background processes.314

The forward regions with |η| > 2.0 are considered signal depleted. We define αT > 0.55 as315

signal enriched and αT < 0.55 as signal depleted regions. Furthermore we define Ri
αT

= NαT>0.55
NαT<0.55

316

as the ratio of events with αT > 0.55 over those with αT < 0.55 for a given bin i in |η|. This ratio317

should be constant with η for the method outlined above to be applicable.318

To estimate the number of background events in the |η| < 2.0 regions, Npred(|η|), RαT needs to
be multiplied with the number of of events with αT < 0.55, Nbkgd(|η|), in the corresponding |η|
bin:

Npred(|η|) = RαT · Nbkgd(|η|) .

In order to be able to use the matrix method for all backgrounds combined two further condi-319

tions need to be met:320

1. RαT should be constant over |η| for all the background processes individually. Figure 10321

shows RαT versus |η| for W + jets, tt̄ and Z → νν̄ events. These are the only background322

samples for which a sizable amount of events survives the αT cut. Within the limited323

statistics available (c.f. Table 5) we conclude that the assumption of RαT being constant in324

|η| is valid. A fit of a constant to the histograms in Figure 10 yields χ2 values of 4.9, 5.2325

and 7.3 for W + jets, tt̄ and Z → νν̄, respectively, for 5 degrees of freedom in each case,326

thus justifying the assumption of a constant ratio.327

Parameter to 
test alpha T 
against
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Questions?
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Z

νν

Z → νν + Jets

Z

Z → µ−µ+ + jets

µ−
µ+

Data Driven Background Estimation
1
6

Repeat Analysis with muons ignored offline. 
Gives a clean signal, however low statistics 
with 100pb-1 of data.

γ
Clean signal above Eγ = 100 GeV

γ + jets
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5.4 Event yields after full selection 9
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Figure 5: αT for the dijet case. Left: 0 < αT < 3. Right: a zoomed version for 0.46 < αT < 0.6.
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Figure 6: αT for n = 3..6 jets: Left: 0 < αT < 3. Right: a zoomed version for 0.46 < αT < 0.6.

A breakdown of signal and background into the different jet multiplicities is shown in Figure 7.242

Here, the surviving events from the MadGraph QCD are shown in addition to those from the243

QCD sample obtained with Pythia. As expected, the MadGraph sample extends to higher244

jet multiplicities. For the PTYHIA sample we obtain 8.8 QCD events after application of the245

αT > 0.55 cut and integrated over jet multiplicities n = 3 . . . 6. This number is reduced down246

to 2.4 events after requiring MHTratio < 1.25.247

Back ups 1
Multi-Jet 
Events
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Figure 6: αT for n = 3..6 jets: Left: 0 < αT < 3. Right: a zoomed version for 0.46 < αT < 0.6.

A breakdown of signal and background into the different jet multiplicities is shown in Figure 7.242

Here, the surviving events from the MadGraph QCD are shown in addition to those from the243

QCD sample obtained with Pythia. As expected, the MadGraph sample extends to higher244

jet multiplicities. For the PTYHIA sample we obtain 8.8 QCD events after application of the245

αT > 0.55 cut and integrated over jet multiplicities n = 3 . . . 6. This number is reduced down246

to 2.4 events after requiring MHTratio < 1.25.247

Dijet
Events
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!! Preselection cuts & Trigger (still from 10 TeV studies) 

!! Trigger: jet110. 

!! Define clean jet environment: 

!! Veto electrons or global muons with P
T
 > 10 GeV 

!! Veto Photons with PT > 25 GeV 

!! Jets P
T
 > 50 GeV, |!| jets < 3  (F

em
 < 0.9) 

!! No jet candidate with P
T
 > 50 GeV which was not selected. 

We cannot affort to have unidentified high pT objects in the 

detector => MET! 

!! Two jets with  p
T 

 > 100 GeV. 

!! |!| leading jet < 2. 

This selection also defines the jet multiplicity. 

Event Selection 

! 

HT = pT
jet i

i=1

n

" > 350 GeV
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10 5 Analysis Method and Results

jet multiplicity 
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Figure 7: Jet-multiplicity after final selection.
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(a) Distribution of the leading jet |η|

|eta| [GeV]
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(b) Normalized distribution of the leading jet |η|
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3

3 Monte Carlo Data Samples
The data for this analysis has been taken from the CSA07 data challenge [6]. Several data sets

have been used in this analysis. The background data can be divided into three main data sets.

Two of these are the ‘gumbo’ and ‘chowder’ soups, the third is the background contribution

from Z→ νν̄ events.

• Gumbo contains the basic QCD processes generated using Pythia [7], split into min-

imum bias and high-energy jet data.

• Chowder includes tt̄+jet, W+jet, and Z+jet channels simulated using ALPGEN [8]

to more accurately model higher-order QCD corrections. In addition to the events

included in the soups, we include additional W+jet and Z+jet MC samples produced

in bins of the W/Z pT between 300 − 3200 GeV for jet multiplicities ranging from

1− 5 [9].

• The third data set is a Pythia-generated Z → νν̄ sample, generated in 21 bins of p̂T

ranging from 0− 15 GeV to > 3500 GeV [9]. This process represents an important

irreducible background in this analysis, as discussed later in this note.

In addition, single top, γ + jets and bb̄ + jets background samples were investigated. It was

found, however, that they only play a negligible role in the presented search.

The low mass mSuGra SUSY test points are used to estimate signal significance for various

points in the SUSY parameter space. A summary of these parameters is shown in Table 1.

Table 1: Definition of low mass SUSY points. Cross sections were estimated using

PROSPINO1 [10]. The last two columns give the masses of the lightest squark and the lightest

neutralino, χ0

1
.

Sample m0 m1/2 A0 tan β sign(µ) σ NLO (LO) lightest q̃ χ0

1

( GeV) ( GeV) (pb) (pb) ( GeV) ( GeV)

LM1 60 250 0 10 + 54.86 (43.28) 410 (t̃1) 97

LM2 185 350 0 35 + 9.41 (7.27) 582 (t̃1) 141

LM3 330 240 0 20 + 45.47 (34.20) 446 (t̃1) 94

LM4 210 285 0 10 + 25.11 (19.43) 483 (t̃1) 112

LM5 230 360 0 10 + 7.75 (5.96) 603 (t̃1) 145

LM6 85 400 0 10 + 4.94 (3.84) 649 (t̃1) 162

LM7 3000 230 0 10 + 6.79 (3.82)

LM8 500 300 -300 10 + 12.19 (8.81) 546 (t̃1) 121

LM9 1450 175 0 50 + 39.79 (23.28)

To summarise, the datasets used are:

• QCD (Pythia).

• tt̄+jet,W+jet,Z+jet including W,Z samples with pT > 300 GeV (ALPGEN).

• Z→ νν̄ (Pythia).

• SUSY LM1-9 (Pythia).
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Henning Flächer 

Robustness: Extreme Mis-measurements  

     
!! In EACH event one jet is rescaled by a extreme factor of 0.3 (0.5, 2, 3) 

!! This is on top off the uncertainty already modelled in MC. 

 The tail still QCD free and 

completely different shapes. 

Overwhelming QCD background at 

all MHT values. Similar shape at large MHT. 

Worst case (0.3 scale): 

!! ~0.3% of the events would need to have one jet catastrophically mis-measured   

   (70% loss), in order to have QCD and other background of similar size. 

!! Can easily be spotted with 100000 QCD di-jet events. 

2-6 jets 

2-6 jets 

23 Feb. 2010 9 SUSY Meeting 

One random jet in 
each event rescaled

Robustness


