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VI. INCLUSIVE DISTRIBUTIONS IN VARIARLES RELATIVE TO THE JET AXIS 

The limiting of, transverse momentum relative to an axis for e+e- hadron pro- 

duction suggests a similarity with hadron-hadron interactions. In addition, if the 

jet structure is related to quark-partons, then one should examine the components 

of particle momenta relative to the parton direction, which is expected to be the 

jet axis, as is done in leptoproduction relative to the virtual photon direction. The 

inclusive hadronic cross section might be expected to be factorizable into a func- 

tion of momentum parallel to the jet axis and a function of momentum perpendicu- 

lar to that axis. 

In order to investigate such ques- 

tions, we have made a preliminary 

attempt to measure inclusive distribu- 

tions of the hadrons in variables rela- 

tive to the jet axis. For each hadronic 

event we reconstruct a jet axis as des- 

scribed in Section IV and calculate the 

components of each particle momentum 

parallel to (p II) and perpendicular to @I) 

the jet axis, as shown in Fig. 23. 

Since the inclusive quantity s da/dx, 

which was shown in Fig. 7, nearly 

scales, we are led to examine the inclu- 

Jet 

I loI*,, 

Fig, 23. Illustration of a hadronic 
event from e+e’ annihilation showing the 
jet axis and the components of the mo- 
mentum of a particle i;: parallel to (pl, ) 
and perpendicular to @I) the jet axis. 

sive distributions for sda/dxll, where xII, or Feynman x, is defined by 

xII = 2pll/Ec.m. ’ (8) 

shown in Fig. 24. These distributions have been corrected for geometric accept- 

ance, trigger bias, and the method of reconstructing the jet axis by using the jet 

model Monte Carlo simulation. (The Monte Carlo corrections used to produce 

Fig. 7 were calculated using the same jet model Monte Carlo simulation as was 
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Special EPS Prize was Awarded for Discovering

Gluons

A Special European Physical Society (EPS) Prize has been awarded by the EPS Executive Committee to the JADE,
MARK-J, PLUTO, and TASSO Collaborations, Deutsches Elektronen-Synchrotron (DESY), Hamburg, each
responsible for one of the four detectors at DESY's PETRA collider whose results independently confirmed the
gluon's existence.

``3-jet events'' such as shown here, where three narrow bundles of particles (jets) emerge from the electron-positron collision, proved

the existence of the gluon (This event was observed by JADE).

Gluons mediate the strong interaction just as photons (electromagnetic waves) mediate the electromagnetic forces.
Quantum chromodynamics (QCD), the theory of the strong interaction, predicts gluon emission by quarks analogous
to photon emission by electrons.

A quark-antiquark pair created at high-energy electron-positron annhilations, convert into two collimated bundles
("jets") of particles outgoing in the opposite directions. If a gluon is emitted by one of the quarks, it also converts
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Figure 11.1: Inclusive jet cross section vs. jet transverse energy at the LHC compared with
the Tevatron [257]. The cross section is 7 orders of magnitude greater at the LHC than at the
Tevatron kinematic limit, and the luminosity will also be more than 2 orders of magnitude
greater.

Optimum performance of higher-level objects reconstructed from calorimeter towers re-
quires careful selection of these inputs because calorimeter noise contributions can have
significant impact on the reconstruction of low-ET jets. Various schemes of suppressing
contributions of noise and pile-up to jet energies have been studied in detail [258], based on
simulation of calorimeter response as implemented in ORCA. These studies include variation
of thresholds on the towers as well as the individual cells which constitute towers.

Usually either a transverse energy cut ET > 0.5 GeV or ET > 0.5 GeV and energy cut
E > 0.8 GeV (scheme T) were applied to all towers used in jet reconstruction. While both
approaches give similar results for high-ET jets, the latter scheme eliminates more noise in
the central η region, and is hence preferred for jet reconstruction at low ET.

To further refine the noise rejection, energy thresholds applied to individual cells were inves-
tigated. It is a natural choice as the noise contribution depends on the type of the calorimeter
compartment. HCAL cells show discrete ADC readout patterns (Fig. 5.8), with 1 ADC count
corresponding to approximately 250 MeV in HB and HO, and 400 MeV HE. This quantiza-
tion must be taken into account when setting thresholds. Three schemes referred to as A, B,
and C in Table 11.1 were designed to increment the thresholds on HCAL cells in steps of an
ADC count. As an example, the scheme A retains 1.4 GeV of noise in the R = 0.5 cone at
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The QIE pulse shape has been studied extensively by using the phase adjusted data in 25 s steps to a make a 1ns
deconvolution. Figure 3 shows the resulting pulse shapes for 30 GeV electrons and 300 GeV pions. The conclusion
from this study is that the signal shape is stable for the energy range 30-300 GeV and doesn’t show a significant
difference due to the beam particle type. The pulse shape also agrees with that measured with a photomultiplier
tube and a 1 ns resolution digital scope [2].
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Figure 3: Pulse shape for 30 GeV electrons and 300 GeV pions.

5 Phase Dependence of the Signal Amplitude
Another issue that was studied in detail during this period is a known time slewing of signals in the QIE. The data
of Fig. 3 already indicate that time slewing is not significant for energy deposits above 30 GeV. The requirement
to minimize the noise of the system has led to the use of an intrinsically slow inverting amplifier with a dynamic
input impedance. The outcome is that higher signals give a faster response time as shown on Fig. 4. The phase
dependence of the signal amplitude was observed and measured directly on the QIE ASIC and compared with test
beam data. Early measurements were optimized for low noise (3800e) which resulted in an unacceptably large
time slewing (up to 16 ns).

After the 2003 test beam measurements, the time slewing was extensive evaluated and adjusted on the bench.
These results of this study are shown in Fig. 5. These measurements showed that it was possible to substantially
reduce the time slewing from 16 ns to a few ns while increasing the electronic noise only modestly. It was further
observed that due to the inherent design of the QIE with four capacitor banks, the noise is correlated in adjacent
time samples so that adding multiple time samples does not significantly increase noise. The time slewing labeled
by ”Noise 5420 e” was chosen for the HCAL production electronics.
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Fig. 5. Example of the 3-parameter fit method to the digitized samples of one
channel. For comparison to the flat filter, the five samples with maximum amplitude
are highlighted.

The initial pulse shape is reconstructed by scanning over multiple events with
varying phase. 2 The shape has been shown to be quite insensitive to the
amount of energy deposited in the calorimeter and to the type of incident
particle. Pulse shapes are derived separately for low and high gain channels,
and separately for physics and calibration (CIS and laser) data. The resulting
pulse shapes have a FWHM of 50 ns for physics events, compared to 45 ns for
calibration triggers.

There is a scale difference among signals reconstructed with the fit and the
flat filter methods; the pC/GeV conversion factor differs by 10% in the two
cases. In test beam data, the fit method gives a minimal offset, typically 0.2 fC
(∼ 0.2 MeV) per PMT, with all channels having an offset smaller than 1 fC.
The Gaussian spread of the noise is 20 fC, which is an improvement of more
than a factor of 2 over that of the flat filter. Furthermore, the fit method has
been shown to give equivalent results whether 9 or 7 samples are recorded.

2.3 Optimal Filtering

The optimal filtering (OF) algorithm reconstructs the amplitude of the signal
using a weighted sum of the digital samples. It also reconstructs the time and

2 The pulse shape was also derived from an electronic simulation of the shaper
circuit, when introducing the standard PMT pulse shape on the input. The resulting
pulse shape on the shaper output corresponds very well to that obtained directly
from the testbeam data [6].
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Calorimeter Performance 
Studied Extensively in Test Beams



Energy fraction in 1x1, 3x3, 5x5 towers
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Figure 37: Transverse containment of a 100 GeV pion shower, in terms of energy fraction observed in a single
(1× 1) tower, a (3× 3) array of 9 towers and a (5× 5) array of 25 towers. The beam is centered on the array.
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Figure 38: Energy distribution in HCAL (5× 5 towers) for 100 GeV pions.
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Figure 6: Energy dependence of the average neutral fraction in a pionic shower. The best 

fit obtained here and 2 well known parameterizations are included for comparison. 

 

Finally the mean electron to pion response as a function of energy is shown in Fig.7. It is 

quite evident that the ECAL is less compensating than the HCAL because of the different 

detection methods applied. Therefore, the need to correct the energy on an event by event 

(ECAL to HCAL energy sharing fluctuations) basis. Note that these corrections are not 

small at 5 GeV. The observed energy is a factor of 2 to 3 below the incident energy. 

Therefore, these corrections should be applied before moving ahead on any analysis of 

the physics of the events in question. 

 

 

 
Figure 7: The mean electron to pion response of the ECAL and HCAL compartments of 

the CMS calorimetry as a function of energy. Note the strong energy dependence. 

Fig. 9. Energy dependent fraction of shower energy from π0s fit from the data and
compared to other parameterizations [18].
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Figure 7: The mean electron to pion response of the ECAL and HCAL compartments of 

the CMS calorimetry as a function of energy. Note the strong energy dependence. 
Fig. 10. Response correction factors for ECAL and HCAL, (e/π)E and (e/π)H, as
a function of beam momenta.
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Fig. 37. An example of the response to 180 GeV pions impinging the calorimeter at
η = 0.35.

cells from the module stack. Three different methods to select these subsets
were studied, with the goal of obtaining a stable mean response and energy
resolution, and are described next:

• Signals from all calorimeter modules are added provided that the individ-
ual PMT signals meet a symmetric threshold condition |Si| > Sthr. For
a symmetric distribution of electronic noise, this cut is expected to avoid
any bias in the signal sum. The cell energy sum is found to be stable for
Sthr = 0.04 pC (∼ 40 MeV), and the energy resolution is independent of
Sthr in this region.

• Signals from all calorimeter modules are added when the PMT signals are
above a positive threshold. This cut must be chosen so as to minimize the
noise contribution, while not creating a bias. A threshold of 0.07 pC above
the pedestal meets this condition.

• The signals from a 3 × 3 tower matrix are added, where each tower spans
∆η × ∆φ = 0.1 × 0.1. The matrix is centered on the cell hit by the beam,
and corresponds to a cone radius R ≈ 0.2. This energy sum is found to be
systematically lower than what is obtained with the other methods by 2%.

The fractional energy resolution is essentially independent of the energy sum-
ming method.

The hadron beam results presented here were all obtained with the positive
threshold cut, which has been more broadly applied in the various test beam
data analyses.

An example of the response to 180 GeV pions impinging on the calorimeter
at η = 0.35 is given in Fig. 37.

47

180 GeV π

1

1.2

1.4

1.6

10 10
2

E
beam

 (GeV)

(e
/!

) L
A

r

Figure 6: The (e/π)LAr ratios as a function of the beam energy. for e/hmethod
(black circles) and for weighting method (open circles for [9] and open squares

for [10]). The lines are the result of a fit of equations (3) and (4) with free e/h
parameter and k = 0.11: solid line is for our data, dashed line is for the [9] data
and dash-doted line is for the [10] data.
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the beam halo events were removed with appropriate cuts on the horizontal and

vertical positions of the incoming track impact point and the space angle with

respect to the beam axis as measured with the beam chambers; a cut on the total

energy rejects incoming muons.

3 The e/hMethod of Energy Reconstruction

An hadronic shower in a calorimeter can be seen as an overlap of a pure elec-

tromagnetic and a pure hadronic component. In this case an incident hadron

energy is E = Ee +Eh. The calorimeter response, R, to these two components
is usually different [18, 19] and can be written as:

R = e · Ee + h · Eh , (1)

where e (h) is a coefficient to rescale the electromagnetic (hadronic) energy
content to the calorimeter response. A fraction of an electromagnetic energy of

a hadronic shower is fπ0 = Ee/E, than R = e · fπ0 · E + h · (E − fπ0 · E) =
e· [1+(e/h−1)·fπ0 ]/(e/h)·E. From this one can gets formulae for an incident
energy

E =
1

e
·
(

e

π

)

· R , (2)

where
(

e

π

)

=
e/h

1 + (e/h − 1) · fπ0

. (3)

The dependence of fπ0 from the incident hadron energy can be parameterized

as in Ref. [20]:

fπ0 = k · ln E . (4)

In the case of the combined setup described in this paper, the total energy

is reconstructed as the sum of the energy deposit in the electromagnetic com-

partment (ELAr), the deposit in the hadronic calorimeter (ET ile), and that in the

passive material between the LAr and Tile calorimeters (Edm). Expression (2)

can then be rewritten as:

E = ELAr +Edm +ET ile =
1

eLAr

(

e

π

)

LAr

RLAr +Edm +
1

eT ile

(

e

π

)

T ile

RT ile ,

(5)

whereRLAr (RT ile) is the measured response of the LAr (Tile) calorimeter com-

partment and 1/eT ile and 1/eLAr are energy calibration constants for the LAr

and Tile calorimeters respectively [11].
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Jet algorithms

iterative cone:
use seed above some threshold and sum up particles in a cone 
of specified size, typically R = (ΔΦ2+Δη2)1/2 = 0.7

midpoint cone:
potential jets within some cone size of each other are either split 
or merged

inclusive kT:

408 Chapter 11. Jets and Missing Transverse Energy

largest transverse energy above a specified seed threshold. The objects inside the cone are
used to calculate a “proto-jet” direction and energy using the ET scheme. The computed
direction is used to seed a new proto-jet. The procedure is repeated until the energy of
the proto-jet changes by less than 1% between iterations and the direction of the proto-jet
changes by ∆R < 0.01. When a stable proto-jet is found, all objects in the proto-jet are
removed from the list of input objects and the stable proto-jet is added to the list of jets. The
whole procedure is repeated until the list contains no more objects with an ET above the seed
threshold. The cone size and the seed threshold are parameters of the algorithm. When the
algorithm is terminated, a different recombination scheme may be applied to jet constituents
to define the final jet kinematic properties.

11.2.2 Midpoint cone

The midpont-cone algorithm was designed to facilitate the splitting and merging of jets. The
midpoint-cone algorithm also uses an iterative procedure to find stable cones (proto-jets)
starting from the cones around objects with an ET above a seed threshold. In contrast to the
iterative cone algorithm described above, no object is removed from the input list. This can
result in overlapping proto-jets (a single input object may belong to several proto-jets). To
ensure the collinear and infrared safety of the algorithm, a second iteration of the list of sta-
ble jets is done. For every pair of proto-jets that are closer than the cone diameter, a midpoint
is calculated as the direction of the combined momentum. These midpoints are then used
as additional seeds to find more proto-jets. When all proto-jets are found, the splitting and
merging procedure is applied, starting with the highest ET proto-jet. If the proto-jet does not
share objects with other proto-jets, it is defined as a jet and removed from the proto-jet list.
Otherwise, the transverse energy shared with the highest ET neighbor proto-jet is compared
to the total transverse energy of this neighbor proto-jet. If the fraction is greater than f (typ-
ically 50%) the proto-jets are merged, otherwise the shared objects are individually assigned
to the proto-jet that is closest in η,φ space. The procedure is repeated, again always starting
with the highest ET proto-jet, until no proto-jets are left. This algorithm implements the en-
ergy scheme to calculate the proto-jet properties but a different recombination scheme may
be used for the final jet. The parameters of the algorithm include a seed threshold, a cone
radius, a threshold f on the shared energy fraction for jet merging, and also a maximum
number of proto-jets that are used to calculate midpoints.

11.2.3 Inclusive kT algorithm

The inclusive kT jet algorithm is a cluster-based jet algorithm. The cluster procedure starts
with a list of input objects, stable particles or calorimeter cells. For each object i and each
pair (i, j) the following distances are calculated:

di = (ET,i)2R2,

dij = min{E2
T,i , E2

T,j}R2
ij with R2

ij = (ηi − ηj)2 + (φi − φj)2,

where R2 is a dimensionless parameter normally set to unity [261]. The algorithm searches
for the smallest di or dij . If a value of type dij is the smallest, the corresponding objects i and
j are removed from the list of input objects. They are merged using one of the recombination
schemes listed below and filled as one new object into the list of input objects. If a distance
of type di is the smallest, then the corresponding object i is removed from the list of input

clustering algorithm, finds hits that have small momentum transverse
to the reconstructed jet axis

now available as “fast kT”  N3 → NlnN 
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objects and filled into the list of final jets. The procedure is repeated until all objects are
included in jets. The algorithm successively merges objects which have a distance Rij < R.
It follows that Rij > R for all final jets i and j.

11.3 Monte Carlo corrections
The jet response was studied with fully simulated QCD dijet events over the range 0 <
p̂T < 4000 GeV/c [264]. Jets were reconstructed using the iterative cone algorithm (R = 0.5),
midpoint cone, and cluster-based kT techniques using the ET scheme. Comparisons be-
tween Monte Carlo simulation particle-level and reconstructed jets were made by applying
the same jet algorithm to stable particles (excluding neutrinos and muons) and calorimeter
cells, respectively. A matching criterion, based on the distance ∆R =

√
∆η2 + ∆φ2 < 0.2,

was used to associate Monte Carlo particle-level and reconstructed jets.

The data were divided into η bins where the ratio of reconstructed jet transverse energy
(Erec

T ) to the Monte Carlo particle-level jet transverse energy (EMC
T ), as a function of EMC

T
was fit using an iterative procedure [264]. Figure 11.4 shows the ratio Rjet as a function of
pseudorapidity for different generated jet pT before Monte Carlo corrections.
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Figure 11.4: The ratio of the reconstructed jet transverse energy Erec
T to the generated trans-

verse energy EMC
T as a function of generated jet η for jets with different EMC

T reconstructed
by the iterative cone R = 0.5 algorithm before Monte Carlo corrections.

11.4 Jet resolution
The jet resolution was determined from a sample of QCD dijet events with parton trans-
verse momenta (p̂T) in the range 0–4000 GeV/c generated with PYTHIA (version 6.226). The
events were fully simulated, digitized, and reconstructed assuming low luminosity condi-
tions (L = 2 × 1033cm−2s−1) [265]. The events were divided into 21 bins of p̂T with a statis-

ΔR = 0.5
Reconstructing the Jet Energy

100 GeV
110 GeV
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Figure 11.7: The jet transverse energy resolution as a function of the generated jet transverse
energy for barrel jets (|η| < 1.4), endcap jets (1.4 < |η| < 3.0) and very forward jets (3.0 <
|η| < 5.0). The jets are reconstructed with the iterative cone R = 0.5 algorithm. The cuts
ET > 0.5 GeV and E > 0.8 GeV are used. The distance between generated and reconstructed
jets is required to be ∆R < 0.2. The Monte Carlo jet calibration has been applied.

Figure 11.8: The jet φ angular resolution as a function of the generated jet transverse energy
for barrel jets (|η| < 1.4), endcap jets (1.4 < |η| < 3.0) and very forward jets (3.0 < |η| < 5.0).
The cuts ET > 0.5 GeV and E > 0.8 GeV are used. The distance between generated and
reconstructed jets is required to be ∆R < 0.2.

Jet Energy Resolution

Can be improved with e/π response calibration.
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of energy AE x is affected by the energy flow escaping 

through the 0 ° singularity of  the collider's beam pipe 

and it cannot be of  much practical use. We remark that,  

like neutrinos, high-energy muons easily penetrate the 

calorimeter and leak out substantial amounts of  energy. 

A muon detector ,  consisting of  stacks of  eight planes 

of  drift chambers, surrounds the whole apparatus and 

has been used to identify such processes, which are oc- 

curring at the level of  1 event per nanobarn for AEy,z 

t> 10 GeV. 

5. Data-taking and initial event selections. The pres- 

ent work is based on data recorded in a 30-day period 

during November and December 1982. The integrated 

luminosity after subtraction of  dead-time and other 

instrumental inefficiencies was 18 nb -1 , corresponding 

to about 109 collisions between protons and antipro- 

tons at x/~ = 540 GeV. 

For each b e a m - b e a m  collision detected by scintil- 

lator hodoscopes,  the energy depositions in all calori- 

meter cells after fast digitization were processed, in the 

time prior to the occurrence of  the next b e a m - b e a m  

crossing, by a fast ari thmetic processor in order to rec- 

ognize the presence of  a localized electromagnetic 

energy deposit ion,  namely of  at least 10 GeV of  trans- 

verse energy either in two gondola elements or in two 

bouchon petals. In addition, we have simultaneously 

operated three other trigger conditions: (i) a jet  trigger, 

with ~>15 GeV of  transverse energy in a localized clus- 

ter ,1 of  electromagnetic and hadron calorimeters; 

(ii) a global E T trigger, with > 4 0  GeV of  total trans- 

verse energy from all calorimeters with 1771 < 1.4; and 

(iii) a muon trigger, namely at least one penetrating 

track with t771 < 1.3 pointing to the diamond. 

The electron trigger rate was about 0.2 event per 

second at the (peak) luminosity L = 5 X 1028 c m - 2 s  -1 

Collisions with residual gas or with vacuum chamber 

walls were completely negligible, and the apparatus in 

normal machine conditions yielded an almost pure 

sample of  b e a m - b e a m  collisions. In total ,  9.75 X 105 

triggers were collected, of  which 1.4 X 105 were char- 

'1 We define a cluster as: (i) a group of eight gondolas and 
the two hadron calorimeter elements immediately behind; 
or (ii) a quadrant of bouchon elements (8) with the corre- 
sponding hadron calorimeters. 
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MB (circles)

QCD (squares)

CMS Fit:

We fit same stochastic
as MB no pileup
(pileup just adds activity)

Soft QCD agrees with MB

ET
miss resolution with pileup

F. Gianotti, ICHEP Moscow (2006)



ET
miss resolution with pileup: hard collisions

QCD, with pileup

900 GeV
jets

340 GeV
jets

performance
tied to UA1/CDF



ET
miss Angular Resolution

HCAL cell

Jet core

Jet cone

With pileup



Data Driven Calibration Strategy
Calorimeter tower calibration:
• Measure noise with beam-crossing triggers to check and 
   adjust thresholds.
•Take data without zero-suppression to study the electronic 
  noise offset.          
• Check and adjust phi symmetry with minimum bias triggers.
• Use isolated muons from W decays to compare the tower-
   to-tower response to radioactive source source measurements 
   and test beam muons.
• Compare isolated high pT charged tracks with test beam data.

Jet calibration:
• Measure the effect of pile-up on clustering algorithms and 
  thresholds.
• Use pT balance in QCD dijet events  to calibrate the jet energy 
  scale vs. eta and verify the resolution.
• Use pT balance in photon+jet events to calibrate the absolute 
  energy scale.         
• Use W mass fitting in tagged top events as to check and fine 
  tune the jet energy scale.



Dijet Balance
One hour of data



Calibration with Photon + Jet

pT balance = 

(pT jet – pT photon)/ pT photon
Fit peak region iterating a gaussian fit 
between ±σ around the most probable value
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Chapter 4

Systematic Uncertainties

In figure 4.1 we summarize our estimates of systematic uncertainties on the dijet cross sec-
tion. The uncertainties presented are discussed in this chapter.
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Figure 4.1: Systematic uncertainty on the dijet cross section due to jet energy scale (solid
curve), parton distributions (dashed curve), and calorimeter energy and η resolution (dotted
curve) are compared to the statistical uncertainties for 10 fb−1(error bars).

4.1 Jet Energy
We divide the determination of the jet energy into the determination of two energy scales,
also known as two energy multiplication factors, necessary to correct from measured jet
energy to true jet energy. The absolute jet energy scale is the energy multiplication factor

16

Expected error on dijet cross section*

statistics

resolution
parton

energy scale

*Does not include luminosity error.
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ITEP Scattering quarks 1986

qq (1986)

αAu (1913)

•
•

•

•

demonstrating:

• 1/r2 strong force
• spin 1 gluon
• pointlike quarks

dσ
d cos θ ∼ α2

s(
!c

ECM
)2 1

(1−cos θ)2

Rohlf/ITEP – p.29/76

ITEP Rutherford scattering

dσ
d cos θ ∼ α2( !c

Ek
)2 1

(1−cos θ)2

(∆p)2 = 2(mv)2(1 − cos θ)

dσ = 2πbdb

Can only happen if:
• force is 1/r2
• nucleus is pointlike
• J=1, m=0 photon

Rohlf/ITEP – p.8/76

ITEP Scattering quarks 1986

qq (1986)

αAu (1913)

•
•

•

•

demonstrating:

• 1/r2 strong force
• spin 1 gluon
• pointlike quarks

dσ
d cos θ ∼ α2

s(
!c

ECM
)2 1

(1−cos θ)2

Rohlf/ITEP – p.29/76

Electromagnetism

QCD

qq (1986)
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History of compositeness

Rutherford:
pointlike nucleus

Hofstadter:
proton

Hofstadter:
quarkUA1:

pointlike quark

J. Rohlf: Modern Physics from α to Z0

epepep

125 MeV
electron

550 MeV
electron

100 GeV
quark

6 MeV
alpha

αAu eAu

ep

qq
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Appendix A: Model and Calculation

This appendix contains details of the contact interaction model and a discussion of the lowest
order QCD and contact interaction calculations.

Contact Interaction Model
We estimate CMS sensitivity to the most commonly used model of contact interactions among
composite quarks [1, 2]. The Lagrangian for this contact interaction is formed by the product
of left-handed electroweak isoscalar quark currents:

L =
2πA

Λ2)

6∑

i,j=1

(q̄iLγµqiL)(q̄jLγµqjL) (1)

Here A = ±1 is the sign of the amplitude, and i and j labels the quark flavors and q is the
quark field. Early limits in the literature only considered two quark flavors, u and d, but at
the Tevatron it has become conventional in dijet searches to consider all quark flavors that
result in two final state jets, which is five quark flavors. This Lagrangian is then added to the
standard model QCD Lagrangian for jet production and the lowest order subprocess cross
sections with quarks in the initial and final state is calculated [2]:
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û2

t̂
+

û2
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û2+ŝ2
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Where
√

ŝ is the sub-process energy in the center of momentum frame (effectively the dijet
mass), t̂ = ŝ(1 − cos θ∗)/2 and û = ŝ(1 + cos θ∗)/2. In equations 2- 6 the terms proportional
to α2

S are from QCD, the terms proportional to 1/Λ4 are from the contact interaction, and
the terms proportional to αS/Λ2 are from the interference between QCD and the contact
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û2
− 2

3
ŝ2
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ŝt̂

]

+
8
9
αS

A

Λ2

[
û2
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2ŝ

{4
9
α2

S

[
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ŝ2

t̂û

]

+
8
9
αS

A

Λ2

[
ŝ2
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ŝt̂

]

+
8
9
αS

A

Λ2

[
û2
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+ ŝ2

Λ4

}
.

(6)

Where
√
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Appendix A: Model and Calculation

This appendix contains details of the contact interaction model and a discussion of the lowest
order QCD and contact interaction calculations.
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ŝ2

t̂
+

ŝ2
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d cos θ∗

=
π

2ŝ

{4
9
α2

S

[
û2 + ŝ2

t̂2

]

+
û2

Λ4

}
; (5)

dσ̂(qiqj → qiqj)

d cos θ = dσ̂(q̄iq̄j→q̄iq̄j)
d cos θ∗ = π

2ŝ

{
4
9α2

S

[
û2+ŝ2

t̂2

]
+ ŝ2

Λ4

}
.

(6)

Where
√

ŝ is the sub-process energy in the center of momentum frame (effectively the dijet
mass), t̂ = ŝ(1 − cos θ∗)/2 and û = ŝ(1 + cos θ∗)/2. In equations 2- 6 the terms proportional
to α2

S are from QCD, the terms proportional to 1/Λ4 are from the contact interaction, and
the terms proportional to αS/Λ2 are from the interference between QCD and the contact
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Figure 3.2: The dijet ratio in the CMS QCD simulation from reconstructed jets (solid circles) is
compared to jets clustered from MC particles before interaction in the detector (open boxes).
They are both compatible with the value 0.6 (solid line). The combined statistical error on
mean ratio from the two measurements is ±0.02 and is shown as dot-dash lines bracketing
the value 0.6

simulation. Instead, to simplify the problem ,we have used our own lowest order analytic
calculation of the dijet ratio versus dijet mass. This is sufficient to determine uncertainties
due to parton distributions for this analysis since our lowest order calculation makes the
same use of the parton distributions as does the Pythia Monte Carlo. For each bin of dijet
mass we calculated the lowest order dijet ratio in that bin, R = N(|η| < 0.5)/N(0.5 < |η| <
1.0), using the default CTEQ6.1 set, and then used equation 3.1 to calculate the uncertainty
in the ratio, ∆R. As shown in figure 3.1, the resulting uncertainty in the dijet ratio peaks at
a value of 0.02 (3%) in the ratio at a mass of around 3.5 Tev, and declines at both lower and
higher masses.

3.4 Luminosity, Efficiency and Acceptance
The luminosity uncertainty on the cross section cancels in the dijet ratio. Efficiency is not an
issue, since at dijet masses greater than 0.33 TeV/c2 there is full efficiency for finding a dijet
in the region |η| < 1 with negligible uncertainty. Acceptance is also not an issue, since our
acceptance for the two leading jets is defined by our cut on |η|. Any measurements made
with an |η| cut must be compared to theoretical predications that also have the same |η| cut.
There is negligible uncertainty in the relative acceptance of the measured and calculated jet
η region.
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Figure 4.2: The significance of the difference between QCD alone and QCD plus a quark
contact interaction for integrated luminosities of 100 pb−1(top plot), 1 fb−1(middle plot), and
10 fb−1(bottom plot), is shown for both statistical uncertainties only (black curve) and for all
uncertainties (red curve). The significance is plotted vs 1/Λ+ and fit with a smooth function.
Horizontal lines show the 5σ and 95% CL levels.
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Table 14.4: Relative systematic uncertainties in percent, arising from an imperfect theoretical
knowledge (parton density functions, hard scale) and the expected luminosity error for an
integrated luminosity of 10 fb−1.

Systematic Uncertainties
Type 1 TeV W ′ 2 TeV W ′ 3 TeV W ′ 4 TeV W ′ 5 TeV W ′

PDF ∆σ/σ +3.6
−4.3

+6.8
−5.9

+6.2
−8.3

+17.1
−10.6

+33.7
−18.9

Hard Scale ∆σ/σ +4.1
−4.1

+7.5
−6.9

+10.4
−9.2

+13.1
−10.3

+14.8
−12.7

Luminosity ∆L/L ±5% ±5% ±5% ±5% ±5%

The steep falling invariant mass distribution especially of the W background holds a po-
tential danger for the detection of W ′ bosons: if only a small fraction of these events is re-
constructed with a by far too large mass, which might result from a mis-measured muon
momentum, the detection of a W ′ becomes extremely difficult. Such a behaviour would be
visible in non-gaussian tails for example in the pT resolution distribution. Using a large sam-
ple of a W events it could be demonstrated, that the alignment precision expected after an
integrated luminosity of 10 fb−1 has only a small influence on the non-gaussian tails of the
muon pT resolution distribution.

The luminosity uncertainty at the considered integrated luminosity of 10 fb−1 is expected
to be 5%, while other experimental errors (neutron background, dead detector components,
etc.) are expected to be negligible.

14.4.6 Summary

For an integrated luminosity of 10 fb−1, W ′ bosons of the Reference Model can be discovered
or excluded up to a mass of 4.5–5 TeV, from an analysis of the muonic decay mode.

14.5 High mass di-jet final states
14.5.1 Di-jet resonances and contact interactions

Di-jet resonances and contact interactions are the two major signals of new physics with
diets. Di-jet resonances are direct and compelling observations of a new physical object at a
mass M , requiring an incoming parton-parton collision energy equal to the mass. Contact
interactions (discussed in section 15.3) are indirect observations of an energy scale of new
physics, Λ, which can be significantly larger than the available collision energy. Resonances
are clear signals but contact interactions are often observed first.

14.5.2 Di-jet resonance search

We search for processes producing narrow resonances, X , decaying to diets: pp → X → jet
+ jet (inclusive) [712]. Our experimental motivation is that LHC is a parton-parton collider,
and resonances made from partons must decay to the same partons giving two jets in the
final state. The theoretical motivation is broad, since there are many models that predict
narrow di-jet resonances.
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14.5.2.1 Di-jet resonance models

In Figure 14.12 we show the cross section times branching ratio times acceptance calculated
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Figure 14.12: (left) The total cross section times branching ratio times acceptance for di-jet
resonances from eight different models (see text). (right) For resonance masses of 0.7, 2.0,
and 5.0 TeV/c2, the fractional difference between an excited quark (solid curve) or an E6 di-
quark (dashed curve) and the QCD di-jet background is compared to the QCD statistical
errors (vertical lines).

to lowest order for eight benchmark models. Here we introduce them in order of descending
cross section at low mass. Excited states of composite quarks [713] are strongly produced
giving large cross sections (qg → q∗). Axigluons (A) [714] or colorons (C) [715] from an
additional colour interaction are also strongly produced, but require an anti-quark in the
initial state (qq̄ → A or C) slightly reducing the cross section compared to excited quarks.
Di-quarks [716] from superstring inspired E6 grand unified models are produced with elec-
tromagnetic coupling from the valence quarks of the proton (ud → D). The cross section
for E6 di-quarks at high mass is the largest of all the models considered, because at high
parton momentum the probability of finding a quark in the proton is significantly larger
than the probability of finding a gluon or anti-quark. Colour octet technirhos [717] from
topcolour-assisted technicolour are produced for either gluons or quark-anti-quark pairs in
the initial state through a vector-dominance model of mixing between the gluon and the
technirho (qq̄, gg → g → ρT8). Randall-Sundrum gravitons [93] from a model of large extra
dimensions are produced with a significant cross section at masses below 1 TeV/c2 primarily
from gluons in the initial state (qq̄, gg → G). Heavy W bosons [718] inspired by left-right
symmetric grand unified models have electroweak couplings and require anti-quarks for
their production(q1q̄2 → W ′) giving small cross sections. Heavy Z bosons [718] inspired
by grand-unified models are widely anticipated by theorists, but they are weakly produced,
and require an anti-quark in the initial state(qq̄ → Z ′), so their production cross section is
around the lowest of the models considered. Lower limits from CDF [119] and D0 [120] on
the mass of these models range from 0.4 to 1.0 TeV/c2.



Calibration with Top

ATLAS preliminary

50 pb-1

W.Verkerke

W+n jets (Alpgen) + 
combinatorial background

4 jets pT > 40 GeV
mjj = mW

isolated lepton pT > 20 GeV

No b tag

ETmiss > 20 GeV

t mass

W mass

textcolorMyDarkGreen f = x
y

t̄t→Wb̄ + Wb→ b!ν + bjj

H→WW→ !±ν + qq̄

H→WW→ e+ν e−ν̄

H→ γγ

H→ Z0Z0 → 4 leptons

√
s = 14 TeV

L = 1034 cm−2 s−1

c = 1√
µ0ε0

= 3.00× 108 m/s

%F = q%v × %B
q%v→ I%L

(250 pb with br)



10.2. Higgs boson channels 267

σ(pp→H+X) [pb]
√s = 14 TeV
Mt = 175 GeV
CTEQ6M

gg→H

qq→Hqqqq
_
’→HW

qq
_
→HZ

gg,qq
_
→Htt

_

MH [GeV]
0 200 400 600 800 1000

10
-4

10
-3

10
-2

10
-1

1

10

10 2

0 200 400 600 800 1000

Figure 10.3: Higgs production cross sections at the LHC for the various production mech-
anisms as a function of the Higgs mass. The full QCD-corrected results for the gluon fu-
sion gg → H , vector-boson fusion qq → V V qq → Hqq, vector-boson bremsstrahlung
qq̄ → V ∗ → HV and associated production gg, qq̄ → Htt̄ are shown.

10.2 Higgs boson channels
10.2.1 Inclusive Higgs boson production with H→ ZZ(∗) → e+e−µ+µ−

10.2.1.1 Introduction

The H→ ZZ(!) → 4! channel has a very clean signature with relatively small backgrounds
and is therefore an important discovery channel for the Higgs boson for a large range of
masses. This channel is also important for the measurement of the mass and width of the
Higgs boson.

10.2.1.2 Event generation

All Monte Carlo event samples used in the analysis were generated using the PYTHIA [68]
event generator, except for the Zbb̄ (e+e−bb and µ+µ−bb) background samples which were
generated with COMPHEP [351].

Higgs-boson production was simulated through leading order gluon-gluon scattering and
vector-boson fusion. Monte Carlo samples were produced for 18 values of the Higgs boson
mass mH ranging from 115 GeV/c2 to 200 GeV/c2 in 10 GeV/c2 steps, and from 200 GeV/c2 to
600 GeV/c2 in 50 GeV/c2 steps.

Three background processes which yield the same signature of two electrons and two muons
in the final state, with significant cross-section times branching ratio, are considered:

1. qq/gg→ tt→W+W−bb→ e+e−µ+µ−

2. qq/gg→ Zbb̄→ e+e−µ+µ−

3. qq→ ZZ!/γ! → e+e−µ+µ−

For the tt and Zbb̄ backgrounds, no restrictions are applied on b decays prior to the pre-
selection. Only events with |ηb| < 2.5 were generated for the Zbb̄ background. For the Zbb̄

Hunting the Higgs
pb
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The direct search in the LEP2 experiments via the process e+e− → ZH yields a lower bound
of 114.4 GeV/c2 on the Higgs mass [61]. After LEP2 the search for the SM Higgs particle is
continued at the Tevatron for Higgs masses up to ∼ 130 GeV/c2 [378] and the LHC for Higgs
masses up to the theoretical upper limit [379, 380].

The Higgs decay modes can be divided into two different mass ranges. For MH ! 135 GeV/c2

the Higgs boson mainly decays into bb̄ and τ+τ− pairs with branching ratios of about 85%
and 8% respectively (see Fig. 10.1, right plot). The decay modes into cc̄ and gluon pairs,
with the latter mediated by top and bottom quark loops, accumulate a branching ratio of
up to about 10%, but do not play a relevant role at the LHC. The QCD corrections to the
Higgs decays into quarks are known up to three-loop order [381–387] and the electroweak
corrections up to NLO [388–391]. The latter are also valid for leptonic decay modes. One
of the most important Higgs decays in this mass range at the LHC is the decay into photon
pairs, which is mediated by W , top and bottom quark loops. It reaches a branching fraction
of up to 2×10−3. The NLO QCD [392–398] and electroweak [399–401] corrections are known.
They are small in the Higgs mass range relevant for the LHC.

For Higgs masses above 135 GeV/c2 the main decay modes are those into WW and ZZ pairs,
where one of the vector bosons is off-shell below the corresponding kinematical threshold.
These decay modes dominate over the decay into tt̄ pairs, the branching ratio of which does
not exceed ∼ 20% as can be inferred from Fig. 10.1 (right plot). The electroweak corrections
to the WW,ZZ decays are of moderate size [388, 389, 402, 403]. The total decay width of
the Higgs boson, shown in Fig. 10.1 (left plot), does not exceed about 1 GeV/c2 below the
WW threshold. For very large Higgs masses the total decay width grows up to the order of
the Higgs mass itself so that the interpretation of the Higgs boson as a resonance becomes
questionable. This Higgs mass range coincides with the upper bound of the Higgs mass from
triviality.
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Figure 10.1: Left plot: total decay width (in GeV/c2) of the SM Higgs boson as a function of
its mass. Right plot: Branching ratios of the dominant decay modes of the SM Higgs particle.
All relevant higher-order corrections are taken into account

The dominant Higgs production mechanism at the LHC will be the gluon-fusion process
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[404]
pp→ gg → H ,

which provides the largest production cross section for the whole Higgs mass range of inter-
est. This process is mediated by top and bottom quark loops (Fig. 10.2a). Due to the large size
of the top Yukawa couplings and the gluon densities gluon fusion comprises the dominant
Higgs boson production mechanism for the whole Higgs mass range.
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Figure 1: Typical diagrams for all relevant Higgs boson production mecha-
nisms at leading order: (a) gluon fusion, (b) vector boson fusion, (c) Higgs-
strahlung, (d) Higgs bremsstrahlung off top quarks.

1

Figure 10.2: Typical diagrams for all relevant Higgs boson production mechanisms at
leading order: (a) gluon fusion, (b) vector boson fusion, (c) Higgs-strahlung, (d) Higgs
bremsstrahlung off top quarks.

The QCD corrections to the top and bottom quark loops have been known a long time in-
cluding the full Higgs and quark mass dependences [405–407]. They increase the total cross
section by 50− 100%. The limit of very heavy top quarks provides an approximation within
∼ 10% for all Higgs masses [20, 365, 366, 405–408]. In this limit the NLO QCD corrections
have been calculated before [405–407, 409–412] and recently the NNLO QCD corrections
[413–416] with the latter increasing the total cross section further by ∼ 20%. A full massive
NNLO calculation is not available, so that the NNLO results can only be trusted for small
and intermediate Higgs masses. The approximate NNLO results have been improved by
a soft-gluon resummation at the next-to-next-to-leading log (NNLL) level, which yields an-
other increase of the total cross section by ∼ 10% [417]. Electroweak corrections have been
computed, too, and turn out to be small [399, 418–421]. The theoretical uncertainties of the
total cross section can be estimated as∼ 20% at NNLO due to the residual scale dependence,
the uncertainties of the parton densities and due to neglected quark mass effects.

At LO the Higgs boson does not acquire any transverse momentum in the gluon fusion
process, so that Higgs bosons with non-vanishing transverse momentum can only be pro-
duced in the gluon fusion process, if an additional gluon is radiated. This contribution is
part of the real NLO corrections to the total gluon fusion cross section. The LO pT distribu-
tion of the Higgs boson is known including the full quark mass dependence [422, 423]. The
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2 Signal and Background

2.1 Physics Channels

The signal of VBF Higgs boson in this analysis is qqH → qqW+W− → qq!±νjj with mass range from 120 to
250 GeV/c2. The cross section and branching ratio for this range of mass is included in Table 1. The signature of
the signal is:

• One lepton. Only muon and electron are considered in the reconstruction.

• Large Emiss
T from the unobserved neutrino.

• At least four jets, including two forwards jets, two central jets, and possible extra jets from initial state
radiation (ISR) and final state radiation (FSR).

Table 1: VBF Higgs branching ratio with W leptonic decay, cross section, and event simulated in !νjj final states

mH BR (H → WW(∗)) σ(!νjj) (pb) Events in 60 fb−1 Generated
120 0.122 0.1789 10734 465.8 %
130 0.279 0.3623 21738 230.0 %
140 0.480 0.5520 33120 150.9 %
150 0.685 0.7037 42222 118.4 %
160 0.918 0.8530 51180 97.70 %
170 0.967 0.8489 50934 98.17 %
180 0.929 0.7639 45834 109.1 %
190 0.778 0.5995 35970 139.0 %
200 0.735 0.5287 31704 157.7 %
210 0.727 0.4895 29370 170.2 %
220 0.719 0.4539 27234 183.6 %
250 0.700 0.3701 22206 225.2 %

Those physics channels that have similar final states in detector level are considered as background processes:

• t̄t + jets. t quark almost exclusively decays to W + b quark. This process is one of the serious background
for many new physics because of its large cross section and abundant leptons + multiple jets in the final
states that fake the signature of the signal.

• W + jets. Leptons come from W semi-leptonic decay. Based on the signal signature, W + 4jets is the main
background process. But in the parton level, W + Njets (N=1,2,3,4 ...) can all contribute to detector level
lepton + 4jets due to ISR and FSR. In this study, we take parton level W + Njets (N=3,4) as main background
processes that are generated by the calculation of tree level matrix elements.
There is a potential over-estimation of the background due to the higher order correction of W + 3jets (based
on ISR and FSR) partially overlapping with W + 4jets. A complete treatment of correlated background
processes is largely beyond the scope of this analysis and under a separate study. But it should be emphasized
that the Higgs discovery potential in the presence of both W + 3jets and W + 4jets backgrounds is more
conservative than that of using only W + 4jets.

• Z(γ∗) + jets. Z leptonic decay leads to a di-lepton pair but experimentally contributes to one lepton signature
(e.g. one lepton in the forward region can’t be identified, or one lepton of relatively low pT can’t be well
reconstructed). Especially the electron in the forward region is mis-reconstructed as a forward jet.
In this analysis, Z + Njets (N=3,4) are considered as the main background processes. The cross section of Z
+ jets that gives lepton + jets final state is∼ two orders of magnitude lower than that of W + jets, but its cross
section can be measured precisely and is almost free from the background, which can be used to estimate W
+ jets cross section experimentally.

• WW + jets. There are two main sources in WW production, electroweak (EW) and QCD. In the EW mode,
WW bremsstrahlung comes from t-channel initial quark radiation without color flow. In the QCD mode, the
W pair comes from the continuum productionwith color flow between the initial and final partons. Although
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the cross section of the EW process is much less, it has the very similar signature as that of the VBF Higgs
boson signal.

• ZZ + jets and ZW + jets. In these processes, one vector boson decays hadronically and another decays
leptonically, thus may faking the signature of the signal. The jet energy resolution is not good enough to
reject hadronic Z events. Mainly QCD production are considered, because the EW production cross section
is too small for these two processes.

• W + t + jets. This process is part of the inclusive W + jets, but t quark decay leading to W + b quark can
fake a signal signature. In this study, W + tb̄ (̄tb) + jets is considered as main background process with
significant cross section of lepton + Njets (N=2,3,4 ...) final states.
W + tb̄(̄tb) has the same final states of tt̄. In the event generation of W + tb̄(̄tb), the Feynman diagrams that
contain t̄t are excluded. The gluon-gluon fusion dominates the cross section of W + tb̄(̄tb), which is about
60 pb in the leading order of matrix elements. The fusion of uū and dd̄ for W + tb̄(̄tb) is negligible. But the
interference between W + tb̄(̄tb) processes and tt̄ production processes must be considered since they are
not in the calculation of tt̄ production, which is at the order of ∼ 10 pb for gluon-gluon fusion and each of
quark-quark fusion. The overall cross section of W + tb̄(̄tb) is estimated as ∼ 100 pb, which is still much
smaller than that of tt̄ + jets and W + jets.

The cross section of above background processes are listed in Table 2. W + jets, Z + jets, W + tb̄(̄tb) + jets and
WW + 2jets (EW) have parton level pre-selection, which is explained in section 2.3.

Table 2: Major background cross section and event generated (W + jets, Z + jets, W + tb̄(̄tb) + jets, and WW +
2jets (EW) include parton level pre-selection)

Channels σ (pb) Events in 60 fb−1 Generated
t t̄ + jets 840 50.4 million 6.9 %
W + t b̄ (̄tb) 100 6.0 million 57.6 %
WW + jets (QCD) 73.1 4.39 million 3.95 %
WW + 2jets (EW) 1.26 75600 113.0 %
WZ + jets 27.2 1.63 million 15%
ZZ + jets 10.7 0.642 million 68.1 %
W + 4 jets 677.4 (e/µ/τ + ν) 40.7 million 1.95 %
W + 3 jets 1689.7 (e/µ/τ + ν) 101.3 million 1.04 %
Z + 4 jets 44.6 (ee/µµ) 2.68 million 11.2 %
Z + 3 jets 112.1 (ee/µµ) 6.73 million 8.91 %

2.2 Overview of Background Cross Section Measurement

The systematic uncertainty of the theoretical prediction and detector reconstruction is significant in the current
level of analysis mainly based on the Monte Carlo simulation. In general, the cross section of most background
processes will be measured in a good statistic precision at LHC, due to their large cross section. After LHC takes
data, a better understanding of the background processes and precise measurement of their quantities play a big role
in the search of VBF Higgs boson. Many systematic uncertainties related to next-to-leading order (NLO) prediction
and detector efficiency will be resolved experimentally. Measuring the cross section of those background processes
is a non-trivial task. Two common issues need to be handled:

1. Multiple background processes have similar final states (e.g., tt̄ + jets and W + jets contribute to lepton +
jets signature with large cross section). In order to highly suppress certain background processes, some hard
cuts are inevitable, which introduce systematic uncertainty in the reconstruction and selection. It is possible
to measure the overall cross section of several background processes together and compare to the theoretical
prediction. The feasibility needs be investigated.

2. The impact of the fluctuation of the energy deposit of minimum bias events on jet energy scale is very strong
for the low ET jet. Clearly identifying soft jets from the physics events and faked jets from various detector
effects is another reconstruction challenge.

4

Rates and Backgrounds
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Figure 27: VBF Higgs mass reconstructed from VBF Higgs events withmH = 170GeV/c2

Table 7: Summary of basic event selection cuts

Selection Configuration
Electron: EHcal

T /EEcal
T < 0.05

0.9 < E/p < 1.8
|E0.2

T − Ee
T| < 5.0 GeV

|(E0.2
T − Ee

T)/Ee
T| < 0.3

E0.2−0.4
T /Ee

T| < 0.3
Lepton selection Muon : |E0.2

T − pµ
T| < 9.0 GeV

(L-S) |(E0.2
T − pe

T)/pµ
T| < 0.3

E0.4
T /Eµ

T| < 0.3
30 < pT < 120 GeV/c
∆R!−j > 0.5

Event selection Njet > 4 jets with ET > 25 GeV
(E-S) Emiss

T > 30 GeV
ET > 30 GeV

Forward jet tagging η1 · η2 < 0
(FJT) |η1 − η2| > 3.8

mqq > 800GeV/c2

Hadronic W reco ∆wM < 25GeV/c2 (mH ≥ 160GeV/c2)
(H-W) 30 < mjj < 90GeV/c2 (mH < 160GeV/c2)

select di-jet with least ∆wM for multiple ones
Leptonic W reco select leptonic W candidates of smaller∆R with hadronic W
(L-W)
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Selection Cuts (I)

but it also results in the reduction of overall tagging efficiency, as shown in Fig. 15.
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Figure 15: Forward Jet Tagging efficiency for different threshold of η distance in VBF Higgs events with mH =
170GeV/c2

4.2.2 Hadronic W Reconstruction

In this section, jets are matched with two quarks from W hadronic decay. The detector W mass reconstructed
from quark-jet is shown in Fig. 16, which provides a basic hadronic W mass resolution of ∼ 14.8 GeV/c2. The
reconstruction efficiency is very sensitive to jet ET threshold as shown in Fig. 11. A threshold higher than 30
GeV will have serious impact on the signal selection efficiency due to the low mass of Higgs boson studied in this
analysis.
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Figure 16: mW using quark-jet that two quarks are identified from hadronic W decay in VBF Higgs events with
mH = 170 GeV/c2

The di-jet mass scale and resolution are sensitive to the jet cone size. The results of average reconstructed W mass
(< mW >) and W mass resolution (σ(mW)) for three jet cone sizes (0.4, 0.6, and 0.8) are summarized in Table 4.

16

σ = 15 GeV

W
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Figure 20: Normalized lepton pT distribution (a) and normalized lepton η distribution (b) of VBF Higgs with
mH = 170 GeV/c2 (solid), t̄t + jets (dash), and W + 4jets (dot) respectively

5.3 Event Selection of Jet Counting and Emiss
T (E-S)

Four jets are necessary for forward jet tagging and hadronic W reconstruction. In this step, a minimum number
of four jets with ET > 25 GeV are required. The jets below the threshold will not be treated as a reconstruction
object due to large number of detector level jet that actually come from the fluctuation of electronic noise, pileup
and underlying event.
TheEmiss

T is required to be above 30 GeV. If jet energy correction is applied forEmiss
T , non-trivial systematic effects

will be caused by the significant difference in the generator level Emiss
T spectrum and detector jet ET spectrum

between VBF Higgs and several main background processes as shown in Fig. 21. So no jet energy correction is
used for Emiss

T . This will be further discussed in the summary.
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Figure 21: NormalizedEmiss
T distribution (a) and normalized Jet ET distribution (b) of VBF Higgs withmH = 170

GeV/c2 (solid), t̄t + jets (dash), and W + 4jets (dot) respectively
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Figure 33: Nextra of background and VBF Higgs signal (mH =170GeV/c2). Major background processes include
W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow)
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Figure 34:WM of background and VBF Higgs signal (mH = 170GeV/c2). Major background processes include
W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow).

Table 10: Selection efficiency with various jet ET threshold for Conservative (c) and Optimistic Scenario (o)

EFH
T EFL

T S/B (c) S/B (o) Signal efficiency
30 25 0.0131 0.0164 0.707
30 30 0.0127 0.0156 0.498
35 25 0.0125 0.0155 0.649
35 30 0.0125 0.0153 0.480
35 35 0.0111 0.0133 0.310
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Figure 36: Emiss
T in qqWW system of background (a) and VBF Higgs signal (mH = 170GeV/c2) (b)
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Figure 37: S/B (a) and significance (b) with respect to Emiss
T cut in qqWW system. The higher (lower) S/B and

significance curves correspond to optimistic (conservative) scenario respectively
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Figure 38: ∆R between leptonic and hadronicW of background (a) and VBF Higgs signal withmH = 170GeV/c2

(b). Major background include W + 4jets (red), W + 3jets (green), tt̄ + jets (blue), and W + tb̄ (̄tb)(yellow). In
these plots, Loose Extra Jet Veto Scheme in Step-2 is used.
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Figure 39: S/B (a) and significance (b) with respect to ∆R cut and Emiss
T < 40 GeV in qqWW system. In these

plots, Loose Extra Jet Veto Scheme in Step-2 is used. Due to strong suppression of the W + 3jets background from
combining∆R and Emiss

T cuts, the difference between Conservative and Optimistic Scenario is negligible.
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Figure 43: Results of VBF Higgs mass reconstruction based on signal (blue) and projected background (black)39
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Figure 10.39: The signal significance as a function of the Higgs boson mass for 30 fb−1 of the
integrated luminosity for the different Higgs boson production and decay channels

10.3.3 Study of CP properties of the Higgs boson using angle correlation in
the Φ→ ZZ → e+e−µ+µ− process

The most general ΦV V coupling (V =W±,Z0) for spin-0 Higgs boson Φ (Φ means the Higgs
particle with unspecified CP -parity, while H (h) and A mean the scalar and pseudoscalar
Higgs particles, respectively) looks as follows [501–504]:

CJ=0
ΦV V = κ · gµν +

ζ

m2
V

· pµpν +
η

m2
V

· εµνρσk1ρk2σ, (10.5)

where k1, k2 are four-momenta of vector bosons V and p≡ k1+k2 is four-momentum of the
Higgs boson. In the present analysis a simplified version of above ΦV V coupling (Eq. 10.5)
is studied with a Standard-Model-like scalar and a pseudoscalar contributions (i.e. κ, η #= 0
and ζ = 0). To study deviations from the Standard Model ΦZZ coupling we take κ=1¶. The
decay width for the Φ→ZZ→(%1%̄1)(%2%̄2) process consists now of three terms: a scalar one
(denoted by H), a pseudoscalar one ∼η2 (denoted by A) and the interference term violating
CP ∼η (denoted by I):

dΓ(η) ∼ H + η I + η2A. (10.6)

This way the Standard-Model scalar (η =0) and the pseudoscalar (in the limit |η|→∞) con-
tributions could be recovered. It is convenient to introduce a new parameter ξ, defined by
tan ξ≡ η, which is finite and has values between −π/2 and π/2. Expressions for H , A and I
can be found in article [502].

In study of the CP-parity of the Higgs boson two angular distributions were used. The first
one is a distribution of the angle ϕ (called plane or azimuthal angle) between the planes of
two decaying Z’s in the Higgs boson rest frame. The negatively charged leptons were used
to fix plane orientations. The second one is a distribution of the polar angle θ, in the Z rest

¶The ΦV V coupling with κ=1 and arbitrary η is implemented in the PYTHIA generator.

170 GeV
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where the gluino gives rise to a three-body decay mediated by a virtual squark.

They will cascade down to the LSP, here assumed to be stable. In mSUGRA, the lightest two
neutralinos are χ̃0

1, which is dominantly bino-like, and χ̃0
2, which is dominantly wino-like.

The q̃R then decays almost exclusively directly into qχ̃0
1. But the q̃L have usually a non-

negligible branching ratio to decay via the χ̃0
2 or χ̃±1 . The decay of the χ̃0

2 will then provide
an excellent signature for the events which can be observed in inclusive searches.

The main decay modes of the χ̃0
2, and hence the signatures, are

χ̃0
2 → l̃l, (13.8)

χ̃0
2 → ν̃ν, (13.9)

χ̃0
2 → h0χ̃0

1, (13.10)
χ̃0

2 → Z0χ̃0
1, (13.11)

χ̃0
2 → l+l−χ̃0

1 (13.12)

where the last decay is mediated by the exchange of an off-shell Z0 or l̃. The first decay
corresponds to a gauge interaction coupling a Wino to a slepton-lepton pair and dominates
if it is kinematically allowed. When this decay is kinematically forbidden and m1/2 is large
enough, so that m(χ̃0

2)−m(χ̃0
1) > m(h0), the next preferred decay is to h0. This corresponds to

a gaugino-Higgsino transition and thus requires a non-zero Higgsino component in at least
one of the two neutralinos. If also this decay is kinematically forbidden and the neutralino
mass difference is sufficient, the χ̃0

2 decays to a Z0 which is suppressed compared to the h0

decay because it couples to the Higgsino component of both neutralinos. When also this
decay is kinematically forbidden, direct three-body decays take place. The corresponding
regions in the m0 versus m1/2 plane are illustrated for a mSUGRA case in Figure 13.2 (left).
The exact boundaries of the areas depend on the assumptions (mSUGRA) and on the value
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Figure 13.2: Regions of the m0 versus m1/2 plane with main χ0
2 decays (left) and main decays

of χ̃±1 (right).

of tanβ and the parameter A, but their existence is rather generic. It should be emphasised
that the existence of these decay modes is a direct consequence of the gauge structure of

stable

Possible decays 
of light sparticles

 ➯ produces ETmiss 

(and jets)

13.3. Scope of present searches 397

the theory and is therefore independent of the model details. Their relative importance at a
given SUSY point is, however, model dependent.

In addition to the decays via a χ̃0
2, a large fraction of squark decays will proceed via a χ̃±1

decay, which may lead to

χ̃±1 → l̃ν, (13.13)
χ̃±1 → ν̃l, (13.14)
χ̃±1 → W±χ̃0

1, (13.15)
χ̃±1 → H±χ̃0

1, (13.16)
χ̃±1 → l±νχ̃0

1, (13.17)

where the last decay is mediated by the exchange of an off-shell W , ν̃ or l̃. The localisation of
the chargino decay modes in the (m0,m1/2) plane is illustrated for a mSUGRA case in Figure
13.2 (right).

Further constraints beyond the mSUGRA ones can be imposed, for example the compat-
ibility with the measured relic density. These limit very severely the available parameter
space. However, the lack of knowledge of the SUSY breaking mechanism encourages the
future experiments to prepare themselves to cope with the broadest possible spectrum of
situations. Rather than restricting oneself to a very constrained model, it will be important
to understand how to detect departures from the SM in a large variety of topologies and to
investigate how to reconstruct the sparticle masses and other SUSY parameters. Of course,
there is more information available in the events than just the end points, e.g. momentum
asymmetries of the decay leptons, branching ratios and total cross section measurements.
This additional information have so far not been used to a large extent.

13.3.2 Test points for mSUGRA

To cover the significantly different experimental signatures, a set of mSUGRA test points
have been defined and will be used in the subsequent analyses. First, low mass (LM1 to
LM9) test points were chosen to evaluate the sensitivity to SUSY signals in the early period
of the LHC but above the Tevatron reach. Then, some high mass test points (HM1 to HM4)
near the ultimate reach of the LHC were included.

Their parameters are defined in Table 13.1 and their position in the (m0,m1/2) plane is shown
in Figure 13.3. Points LM1, LM2 and LM6 are compatible with WMAP Cold Dark Matter lim-
its in a strict mSUGRA scenario. The other points are not, but can be made compatible with
CDM if universality of the Higgs mass parameters is abandoned (NUHM). Quoted branch-
ing ratios are from ISASUGRA7.69 [658] (lepton is e or µ). The post-WMAP benchmark
points are found in [619], the NUHM points in [659] and the CMS DAQ TDR points in [75].

• Point LM1 :
• Same as post-WMAP benchmark point B’ and near DAQ TDR point 4.
• m(g̃) ≥ m(q̃), hence g̃ → q̃q is dominant
• B(χ̃0

2 → l̃Rl) = 11.2%, B(χ̃0
2 → τ̃1τ) = 46%, B(χ̃±1 → ν̃ll) = 36%

• Point LM2 :
• Almost identical to post-WMAP benchmark point I’.
• m(g̃) ≥ m(q̃), hence g̃ → q̃q is dominant (b̃1b is 25%)
• B(χ̃0

2 → τ̃1τ) = 96% B(χ̃±1 → τ̃ ν) = 95%
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Table 13.2: Cross sections for the test points in pb at NLO (LO) from PROSPINO1.

Point M(q̃) M(g̃) g̃g̃ g̃q̃ q̃ ¯̃q q̃q̃ Total
LM1 558.61 611.32 10.55 28.56 8.851 6.901 54.86

(6.489) (24.18) (6.369) (6.238) (43.28)
LM2 778.86 833.87 1.443 4.950 1.405 1.608 9.41

(0.829) (3.980) (1.013) (1.447) (7.27)
LM3 625.65 602.15 12.12 23.99 4.811 4.554 45.47

(7.098) (19.42) (3.583) (4.098) (34.20)
LM4 660.54 695.05 4.756 13.26 3.631 3.459 25.11

(2.839) (10.91) (2.598) (3.082) (19.43)
LM5 809.66 858.37 1.185 4.089 1.123 1.352 7.75

(0.675) (3.264) (0.809) (1.213) (5.96)
LM6 859.93 939.79 0.629 2.560 0.768 0.986 4.94

(0.352) (2.031) (0.559) (0.896) (3.84)
LM7 3004.3 677.65 6.749 0.042 0.000 0.000 6.79

(3.796) (0.028) (0.000) (0.000) (3.82)
LM8 820.46 745.14 3.241 6.530 1.030 1.385 12.19

(1.780) (5.021) (0.778) (1.230) (8.81)
LM9 1480.6 506.92 36.97 2.729 0.018 0.074 39.79

(21.44) (1.762) (0.015) (0.063) (23.28)
LM10 3132.8 1294.8 0.071 0.005 0.000 0.000 0.076

(0.037) (0.004) (0.000) (0.000) (0.041)
HM1 1721.4 1885.9 0.002 0.018 0.005 0.020 0.045

(0.001) (0.016) (0.005) (0.021) (0.043)
HM2 1655.8 1785.4 0.003 0.027 0.008 0.027 0.065

(0.002) (0.024) (0.007) (0.028) (0.061)
HM3 1762.1 1804.4 0.003 0.021 0.005 0.018 0.047

(0.002) (0.018) (0.004) (0.019) (0.043)
HM4 1815.8 1433.9 0.026 0.056 0.003 0.017 0.102

(0.014) (0.043) (0.003) (0.017) (0.077)

criterion (hemisphere association method).
• Recalculating the axes as the sum of the momenta of all the connected objects.

In order to converge to a stable solution, the axes are only updated after a full
iteration is performed.

• Iterating the association until no objects switch from one group to the other.

13.4.2 Seeding methods

Two seeding methods have been tested:

1. the first axis is chosen as the direction of the highest momentum object and the second
axis as the direction of the object with the largest p · ∆R with respect to the first axis,
where ∆R is defined as

∆R =
√

∆φ2 + ∆η2 (13.18)

Sparticles are pair-produced with 
(possibly) large cross sections
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where the gluino gives rise to a three-body decay mediated by a virtual squark.

They will cascade down to the LSP, here assumed to be stable. In mSUGRA, the lightest two
neutralinos are χ̃0

1, which is dominantly bino-like, and χ̃0
2, which is dominantly wino-like.

The q̃R then decays almost exclusively directly into qχ̃0
1. But the q̃L have usually a non-

negligible branching ratio to decay via the χ̃0
2 or χ̃±1 . The decay of the χ̃0

2 will then provide
an excellent signature for the events which can be observed in inclusive searches.

The main decay modes of the χ̃0
2, and hence the signatures, are

χ̃0
2 → l̃l, (13.8)

χ̃0
2 → ν̃ν, (13.9)

χ̃0
2 → h0χ̃0

1, (13.10)
χ̃0

2 → Z0χ̃0
1, (13.11)

χ̃0
2 → l+l−χ̃0

1 (13.12)

where the last decay is mediated by the exchange of an off-shell Z0 or l̃. The first decay
corresponds to a gauge interaction coupling a Wino to a slepton-lepton pair and dominates
if it is kinematically allowed. When this decay is kinematically forbidden and m1/2 is large
enough, so that m(χ̃0

2)−m(χ̃0
1) > m(h0), the next preferred decay is to h0. This corresponds to

a gaugino-Higgsino transition and thus requires a non-zero Higgsino component in at least
one of the two neutralinos. If also this decay is kinematically forbidden and the neutralino
mass difference is sufficient, the χ̃0

2 decays to a Z0 which is suppressed compared to the h0

decay because it couples to the Higgsino component of both neutralinos. When also this
decay is kinematically forbidden, direct three-body decays take place. The corresponding
regions in the m0 versus m1/2 plane are illustrated for a mSUGRA case in Figure 13.2 (left).
The exact boundaries of the areas depend on the assumptions (mSUGRA) and on the value
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Figure 13.2: Regions of the m0 versus m1/2 plane with main χ0
2 decays (left) and main decays

of χ̃±1 (right).

of tanβ and the parameter A, but their existence is rather generic. It should be emphasised
that the existence of these decay modes is a direct consequence of the gauge structure of
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13.3 Scope of present searches
13.3.1 Sparticle production and cascade decays

If we assume that Supersymmetry is discovered at the LHC, most likely from fully inclusive
studies based on large missing energy and jets, it will be very important to investigate all the
typical SUSY signatures to help pin down the underlying model.

If the squarks and/or gluinos are kinematically accessible at the LHC, they are expected to
have large production rates. The cross sections for the production of a squark (excluding
stop) or a gluino at the LHC are displayed in Figure 13.1. The nearly diagonal lines delimit

Figure 13.1: Regions of the m0 versus m1/2 plane showing the production cross-sections and
with main squark and gluino decays.

three regions:

• Region 1: in this region, the gluinos are heavier than any of the squarks. The decay
chains of the produced sparticles are expected to be

g̃ → q̃q̄ , q̃ → qχ (13.5)

• Region 2: in this region some squarks are heavier, other are lighter than the gluino.
Hence, rather complicated decay chains are possible, for instance

q̃L → g̃q , g̃ → b̃b̄ , b̃→ bχ (13.6)

as the q̃L of the first two generations are expected to be among the heaviest squarks
and the b̃1 (and t̃1) among the lightest.

• Region 3: in this region, the gluinos are lighter than any of the squarks. A typical
decay chain is then

q̃ → g̃q , g̃ → qq̄χ (13.7)

heavy gluino
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13.5 Inclusive analysis with missing transverse energy and jets
The missing transverse energy plus multi-jets final state has been a canonical signature for
SUSY searches. This study is a search for the production and decay of gluinos and scalar
quarks in ≥3-jet events with large missing transverse energy. The large missing energy
originates from the two LSPs in the final states of the squark and gluino decays. The three or
more hadronic jets result from the hadronic decays of the squarks and/or gluinos. The full
analysis is presented in section 4.2. The analysis uses the LM1 test-point at which squark and
gluino production has a LO cross section of 49 pb. The major Standard Model background
components include production of Z+jets with the Z decaying invisibly, W+jets, top-anti-top
pairs, di-bosons, single top and QCD jets. The trigger path used is the missing energy plus
jets both at Level-1 and at HLT.

13.5.1 Analysis path and results

Events that are accepted after clean-up pre-selection requirements, proceed through the analy-
sis path if they have missing transverse energy Emiss

T > 200 GeV and at least three jets with
ET ≥ 30 GeV within |η| < 3. In addition the leading jet is required to be within the central
tracker fiducial volume i.e. |η| < 1.7. These requirements directly define the searched for
signal signature. The rest of the analysis path is designed based on elimination of the major
classes of backgrounds: the QCD production, top-anti-top pairs and the W/Z-QCD associ-
ated production. In Table 13.5 the path is shown with a remark indicating the reason and
aim of each selection step.

Table 13.5: The Emiss
T + multi-jet SUSY search analysis path

Requirement Remark
Level 1 Level-1 trigger efficiency parametrisation
HLT, Emiss

T > 200 GeV trigger/signal signature
primary vertex ≥ 1 primary cleanup
Fem ≥ 0.175, Fch ≥ 0.1 primary cleanup
Nj ≥ 3,|η1j

d | < 1.7 signal signature
δφmin(Emiss

T − jet) ≥ 0.3 rad, R1, R2 > 0.5 rad,
δφ(Emiss

T − j(2)) > 20◦ QCD rejection
Isolead trk = 0 ILV (I) W/Z/tt̄ rejection
fem(j(1)), fem(j(2)) < 0.9 ILV (II), W/Z/tt̄ rejection
ET,j(1) > 180 GeV,ET,j(2) > 110 GeV signal/background optimisation
HT ≡ ET (2) + ET (3) + ET (4) + Emiss

T > 500 GeV signal/background optimisation
SUSY LM1 signal efficiency 13%

A detailed explanation of the analysis path requirements and variables used is given in sec-
tion 4.2. The global signal efficiency for the analysis is 13% while the signal to background
ratio is ∼ 26. The results are shown in Table 13.6 for 1 fb−1.

In summary the major background components and their uncertainties are as follows:

Table 13.6: Selected SUSY and Standard Model background events for 1 fb−1

Signal tt̄ single t Z(→ νν̄)+ jets (W/Z,WW/ZZ/ZW ) + jets QCD
6319 53.9 2.6 48 33 107
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ET,j(1) > 180 GeV,ET,j(2) > 110 GeV signal/background optimisation
HT ≡ ET (2) + ET (3) + ET (4) + Emiss

T > 500 GeV signal/background optimisation
SUSY LM1 signal efficiency 13%

A detailed explanation of the analysis path requirements and variables used is given in sec-
tion 4.2. The global signal efficiency for the analysis is 13% while the signal to background
ratio is ∼ 26. The results are shown in Table 13.6 for 1 fb−1.

In summary the major background components and their uncertainties are as follows:

Table 13.6: Selected SUSY and Standard Model background events for 1 fb−1

Signal tt̄ single t Z(→ νν̄)+ jets (W/Z,WW/ZZ/ZW ) + jets QCD
6319 53.9 2.6 48 33 107
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Table 13.7: Standard Model background components and uncertainties for 1 fb−1

tt̄,single top Z(→ νν̄)+ jets (W/Z,WW/ZZ/ZW ) + jets QCD
56 ± 11(sys) ± 7.5(stat) 48 ± 3.5 (all) 33 ± 2.5 (all) 107 ± 25(sys) ±10(stat)

• tt̄ uncertainties: 7% Emiss
T shape, 22% JES, 13% statistical;

• Z −→ νν̄+jets, W/Z+jets: 5% Luminosity (direct candle normalisation to the data
(cf. section 4.2);

• QCD: Emiss
T 7% shape, 22% JES, 10% statistical.

The number of backgrounds events per background component and their uncertainties are
tabulated in Table 13.7. Based on the Standard Model background estimates and their uncer-
tainties, a 5 σ observation of low mass SUSY at LM1 (gluino mass 600 GeV/c2) is achievable
with ∼6 pb−1 in events with large missing energy plus multi-jets, using a significance com-
puted with ScPf, defined in Appendix A.1. After ∼ 1.5 fb−1 the W/Z+jets backgrounds, in-
cluding the invisible decays of the Z boson which constitutes a large irreducible background
component, can be reliably normalised using the Z → µµ and Z → ee + multi-jet data can-
dle. The comparison of the signal, total background estimated and its components for the
Meff ≡ ET (1) + ET (2) + ET (3) + ET (4) + Emiss

T can be found in section 4.2.

To perform the 5 sigma reach scan (figure 13.5) in the mSUGRA parameter space, the HM1
test point is used as optimisation reference and the Emiss

T and HT requirements are raised to
600 GeV and 1500 GeV correspondingly. The analysis efficiency for HM1 is ∼12% while the
total Standard Model background for 1 fb−1 is 4.36 events with a total uncertainty of 7% .
The background composition is 67% Z invisible decays, 19% QCD jets and 14% W/Z+jets.
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Figure 13.5: 5 sigma reach for 1 and 10 fb−1 using multi-jets and missing transverse energy
final state.
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13.5 Inclusive analysis with missing transverse energy and jets
The missing transverse energy plus multi-jets final state has been a canonical signature for
SUSY searches. This study is a search for the production and decay of gluinos and scalar
quarks in ≥3-jet events with large missing transverse energy. The large missing energy
originates from the two LSPs in the final states of the squark and gluino decays. The three or
more hadronic jets result from the hadronic decays of the squarks and/or gluinos. The full
analysis is presented in section 4.2. The analysis uses the LM1 test-point at which squark and
gluino production has a LO cross section of 49 pb. The major Standard Model background
components include production of Z+jets with the Z decaying invisibly, W+jets, top-anti-top
pairs, di-bosons, single top and QCD jets. The trigger path used is the missing energy plus
jets both at Level-1 and at HLT.

13.5.1 Analysis path and results

Events that are accepted after clean-up pre-selection requirements, proceed through the analy-
sis path if they have missing transverse energy Emiss

T > 200 GeV and at least three jets with
ET ≥ 30 GeV within |η| < 3. In addition the leading jet is required to be within the central
tracker fiducial volume i.e. |η| < 1.7. These requirements directly define the searched for
signal signature. The rest of the analysis path is designed based on elimination of the major
classes of backgrounds: the QCD production, top-anti-top pairs and the W/Z-QCD associ-
ated production. In Table 13.5 the path is shown with a remark indicating the reason and
aim of each selection step.

Table 13.5: The Emiss
T + multi-jet SUSY search analysis path

Requirement Remark
Level 1 Level-1 trigger efficiency parametrisation
HLT, Emiss

T > 200 GeV trigger/signal signature
primary vertex ≥ 1 primary cleanup
Fem ≥ 0.175, Fch ≥ 0.1 primary cleanup
Nj ≥ 3,|η1j

d | < 1.7 signal signature
δφmin(Emiss

T − jet) ≥ 0.3 rad, R1, R2 > 0.5 rad,
δφ(Emiss

T − j(2)) > 20◦ QCD rejection
Isolead trk = 0 ILV (I) W/Z/tt̄ rejection
fem(j(1)), fem(j(2)) < 0.9 ILV (II), W/Z/tt̄ rejection
ET,j(1) > 180 GeV,ET,j(2) > 110 GeV signal/background optimisation
HT ≡ ET (2) + ET (3) + ET (4) + Emiss

T > 500 GeV signal/background optimisation
SUSY LM1 signal efficiency 13%

A detailed explanation of the analysis path requirements and variables used is given in sec-
tion 4.2. The global signal efficiency for the analysis is 13% while the signal to background
ratio is ∼ 26. The results are shown in Table 13.6 for 1 fb−1.

In summary the major background components and their uncertainties are as follows:

Table 13.6: Selected SUSY and Standard Model background events for 1 fb−1

Signal tt̄ single t Z(→ νν̄)+ jets (W/Z,WW/ZZ/ZW ) + jets QCD
6319 53.9 2.6 48 33 107

Not easy!
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13.6.3 CMS Reach using inclusive muons with jets and missing energy

Since CMS will have either discovered or excluded the lower mass region well in advance
of the time required to collect 10 fb−1 of data, the selection cuts for 30 fb−1 and 60 fb−1 are
re-optimised using GARCON to select the HM1 mSUGRA point : Emiss

T > 210 GeV, Ej1
T >

730 GeV, Ej2
T > 730 GeV, cos

[
∆φ(j1, j2)

]
< 0.95, cos

[
∆φ(Emiss

T , j1)
]

< −0.2, cos
[
∆φ(Emiss

T , j2)
]

<

0.95. To estimate the reach for 30 fb−1 and 60 fb−1, this same cut-set is applied in both cases
and results in an estimated Standard Model background yield of NB = 0.25 for 30 fb−1, and
NB = 0.49 for 60 fb−1. In both cases the uncertainty on the background levels is ≈ 71%,
primarily due to a limited number of simulated events; if one neglects that uncertainty, the
systematic uncertainty is ≈19%.

Fast simulation and reconstruction was also performed in order to scan the plane of universal
scalar (m0) and gaugino (m1/2) masses for fixed mSUGRA parameters: tanβ =10, µ>0 and
A0 = 0. Points were generated on a coarse grid with ∆m0 = 100 GeV/c2 and ∆m1/2 =
100 GeV/c2, starting from the point m0 = 100 GeV, m1/2 = 100 GeV. Figure 13.6 shows the
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Figure 13.6: CMS discovery reach contours in the m0−m1/2 plane using inclusive muons with
jets and missing energy for 10 fb−1 (lower contour), 30 fb−1 (middle contour), and 60 fb−1

(upper contour) including systematics.

discovery reach of this analysis (contours correspond to a significance value of 5), plotted in
the mSUGRA m0−m1/2 plane. Assuming 10 fb−1 of data, CMS can observe SUSY mass scales
of over≈1.5 TeV/c2; assuming 30 fb−1 of integrated luminosity, several of the high mass CMS
SUSY benchmark points become interesting for possible discovery; and, assuming 60 fb−1

of integrated luminosity, CMS is able to reach in this channel SUSY mass scales of up to
≈2 TeV/c2.

Lepton + jets + ETmiss
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An earlier summary of the potentialities of the CMS experiment at LHC for the discovery of
Supersymmetry has been published in 1998 [657]. The potential of the ATLAS experiment
for the discovery of supersymmetry was analysed in [482].

13.2.2 mSUGRA parameters and spectrum

The mSUGRA model of supersymmetry is determined by 5 free parameters defined at the
Grand Unification (GUT) scale. If it is assumed that the spontaneous gauge symmetry break-
ing is induced by radiative corrections, the absolute value of µ is determined from the Z0

mass. The free parameters are then:

m0 , m1/2 , A0 , tanβ , sign(µ) (13.1)

They are run down to the electroweak scale by Renormalisation Group Equations (RGE)
from which the sparticle spectrum, decay branching ratios and production cross sections can
be derived.

The gaugino mass parameters Ma at the electroweak scale are approximately :

M3 ≡Mg̃ " 2.7m1/2

M2(MZ) " 0.8m1/2

M1(MZ) " 0.4m1/2 (13.2)

The parameter M3 determines the gluino mass (after QCD corrections). The masses of neu-
tralinos χ̃0

i (i = 1 - 4) and charginos χ̃±i (i = 1, 2) are obtained after diagonalising their mass
matrices which are a function of M1, M2 and µ. In the mSUGRA framework, the lightest
chargino and the two lightest neutralinos are dominantly gaugino-like with masses close to
M1 and M2.

The sfermions of the first two generations have masses given approximately by:

m2
ũL
" m2

0 + 5.0m2
1/2 + 0.35cos2βM2

Z

m2
d̃L
" m2

0 + 5.0m2
1/2 − 0.42cos2βM2

Z

m2
ũR
" m2

0 + 4.5m2
1/2 + 0.15cos2βM2

Z

m2
d̃R
" m2

0 + 4.4m2
1/2 − 0.07cos2βM2

Z

m2
ẽL
" m2

0 + 0.49m2
1/2 − 0.27cos2βM2

Z

m2
ν̃ " m2

0 + 0.49m2
1/2 + 0.50cos2βM2

Z

m2
ẽR
" m2

0 + 0.15m2
1/2 − 0.23cos2βM2

Z (13.3)

By comparing with the gluino mass, these relations show that the latter cannot be much
larger than the squark mass:

Mg̃ ! 1.2mq̃ (13.4)

This relation (obtained for m0 = 0) is not restricted to the mSUGRA case, as it depends
primarily on the αS contributions to the running down of the mass parameters from the
GUT scale.

The masses of the third family scalars are more complicated as the contributions from Yukawa
couplings can no longer be neglected and non-negligible off-diagonal elements between left
and right states appear (they are proportional to the fermion masses).

Also not easy!
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effects on the background. The resulting 5σ contours over the mSUGRA (m0,m1/2) para-
meter plane obtained with Scl for several integrated luminosities between 0.1 and 30 fb−1

are shown in figures 13.12 and 13.13 for tanβ = 10 and tanβ = 35, respectively. Results
obtained with Scp are shown in figures 13.14 and 13.15. The region where a 5σ discovery
is possible is somewhat shrunk, especially for the very early measurement at 0.1 fb−1 as a
precise knowledge of the jet energy scale and of the measurement of the Emiss

T will still be
limited. However, a large region is accessible with larger integrated luminosities.

 (GeV)0m
0 200 400 600 800 1000 1200 1400

 (G
eV

)
1/

2
m

0

100

200

300

400

500

600

700

800
-1 0.1 fb

-1 1 fb
-1 10 fb

CMS
>0µ=10   β=0   tan0A

Teva
tron

 = 114 GeVhm

 = 103 GeV χm

l~

LM1

LM2

LM3
LM4

LM5
LM6

LM8

LM9

 LSP1τ∼

NO EWSB 

 (GeV)0m
0 200 400 600 800 1000 1200 1400

 (G
eV

)
1/

2
m

0

100

200

300

400

500

600

700

800
-1 0.1 fb

-1 1 fb
-1 10 fb

CMS

>0µ=35   β=0   tan0A

Teva
tron

 = 114 GeVhm

 = 103 GeV χm

l~

LM1

LM2

LM3
LM4

LM5
LM6

LM8

LM9

 LSP1τ∼

NO EWSB 

Figure 13.12: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 10 including only
statistical uncertainties.

Figure 13.13: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 35 including only
statistical uncertainties.
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Figure 13.14: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 10 where both
statistical and systematic uncertainties are
taken into account.

Figure 13.15: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 35 where both
statistical and systematic uncertainties are
taken into account.

13.10 Inclusive analyses with Higgs
This section describes the potential of the CMS experiment to discover a light supersymmet-
ric Higgs boson (h0) produced at the end of a cascade of supersymmetric particles starting
with the strong production of squarks (q̃) and gluinos (g̃). Because of the cascade produc-
tion mechanism, the events can be efficiently triggered using inclusive SUSY triggers such as
jet+Emiss

T , and the dominant h0 → bb decay mode of the Higgs boson can be exploited.
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effects on the background. The resulting 5σ contours over the mSUGRA (m0,m1/2) para-
meter plane obtained with Scl for several integrated luminosities between 0.1 and 30 fb−1

are shown in figures 13.12 and 13.13 for tanβ = 10 and tanβ = 35, respectively. Results
obtained with Scp are shown in figures 13.14 and 13.15. The region where a 5σ discovery
is possible is somewhat shrunk, especially for the very early measurement at 0.1 fb−1 as a
precise knowledge of the jet energy scale and of the measurement of the Emiss

T will still be
limited. However, a large region is accessible with larger integrated luminosities.
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Figure 13.12: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 10 including only
statistical uncertainties.

Figure 13.13: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 35 including only
statistical uncertainties.
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Figure 13.14: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 10 where both
statistical and systematic uncertainties are
taken into account.

Figure 13.15: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 35 where both
statistical and systematic uncertainties are
taken into account.

13.10 Inclusive analyses with Higgs
This section describes the potential of the CMS experiment to discover a light supersymmet-
ric Higgs boson (h0) produced at the end of a cascade of supersymmetric particles starting
with the strong production of squarks (q̃) and gluinos (g̃). Because of the cascade produc-
tion mechanism, the events can be efficiently triggered using inclusive SUSY triggers such as
jet+Emiss

T , and the dominant h0 → bb decay mode of the Higgs boson can be exploited.
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effects on the background. The resulting 5σ contours over the mSUGRA (m0,m1/2) para-
meter plane obtained with Scl for several integrated luminosities between 0.1 and 30 fb−1

are shown in figures 13.12 and 13.13 for tanβ = 10 and tanβ = 35, respectively. Results
obtained with Scp are shown in figures 13.14 and 13.15. The region where a 5σ discovery
is possible is somewhat shrunk, especially for the very early measurement at 0.1 fb−1 as a
precise knowledge of the jet energy scale and of the measurement of the Emiss

T will still be
limited. However, a large region is accessible with larger integrated luminosities.
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Figure 13.12: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 10 including only
statistical uncertainties.

Figure 13.13: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 35 including only
statistical uncertainties.
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Figure 13.14: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 10 where both
statistical and systematic uncertainties are
taken into account.

Figure 13.15: Inclusive di-tau analysis dis-
covery potential for mSUGRA between 0.1
and 30 fb−1 for tanβ = 35 where both
statistical and systematic uncertainties are
taken into account.

13.10 Inclusive analyses with Higgs
This section describes the potential of the CMS experiment to discover a light supersymmet-
ric Higgs boson (h0) produced at the end of a cascade of supersymmetric particles starting
with the strong production of squarks (q̃) and gluinos (g̃). Because of the cascade produc-
tion mechanism, the events can be efficiently triggered using inclusive SUSY triggers such as
jet+Emiss

T , and the dominant h0 → bb decay mode of the Higgs boson can be exploited.
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Jet+Emiss
T trigger, is close to 4.6 · 104. No Z+jets, W+jets nor QCD events from the full simu-

lation samples pass the previously described series of cuts, hence the only remaining back-
ground is from tt. The resulting SUSY signal over SM background ratio is >70. 61% of the
SUSY signal comes from events with a true h0, but only part of those have the correct b-jet
pairing with both jets from the h0.

13.10.2 Results at LM5 and systematics

The resulting invariant mass distribution, after the selection cuts described above, is shown
in Figure 13.16. The plot corresponds to the expected statistics equivalent to 1 fb−1 of inte-
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Figure 13.16: Invariant mass distribution of bb̄ jets for
the search of Higgs final states with 1 fb−1.

grated luminosity. A peak around 116 GeV/c2 is visible. The main background is due to the
remaining SUSY background events and some tt events.

A fit was performed representing the background by a fifth order polynomial and approxi-
mating the Higgs signal by a Gaussian. The r.m.s of the Gaussian has been fixed to 18 GeV,
which is the Higgs mass resolution estimated using the Monte Carlo truth. In real data,
this number will be determined from studying b-rich samples such as tt. The results of the
fit for the equivalent of 1 fb−1 of data are the following : the Higgs mass is found to be
(112.9 ± 6.6) GeV/c2 (for a generated mass of 116 GeV/c2) and the fraction of signal in the
distribution is evaluated to be 0.28 ± 0.08. The significance SCL, directly extracted from the
fraction of signal in the histogram, is found to be 4.5. A significance of 5 should be achieved
with approximately 1.5 fb−1 luminosity.

For 1 fb−1, the jet energy scale and Emiss
T uncertainties have been estimated assuming a linear

evolution from ±15 % to ±5 % for low energy jets (below 50 GeV) and then fixed at ±5 % for
higher energy jets. As the Emiss

T is computed from the jets, a correction on the jet energy is
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Figure 13.17: Higgs discovery reach in SUSY cascades
for 2, 10 and 30 fb−1.

13.11 Inclusive SUSY search with Z0

13.11.1 Topology of the signal

SUSY processes leading to final states with Z0 can be detected in CMS using the Z0 decays
into same flavour opposite sign (SFOS) lepton pairs. The detection of SUSY in the mSUGRA
framework through the decay χ̃0

2 → Z0 + χ̃0
1 is the scope of this study. The mSUGRA test-

point LM4 with the parameters described in Section 13.3 is chosen. The χ̃0
2 is produced

mainly through the cascade decays of gluinos (Mg̃ = 695 GeV) and squarks (mainly the b̃1

with Mb̃1
= 601 GeV.) The decays of the second neutralino to Z0 have a large branching ratio

(∼ 100%). The signal events are characterised by large missing ET (due to the undetectable
LSP) and the SFOS lepton pair from Z0.
The main Standard Model backgrounds originate from the production of one or more Z0

bosons in association with jets as well as tt̄. In addition SUSY events contain di-leptons
that do not originate from the above neutralino decay chain and large missing transverse
energy. These events are considered as signal for SUSY detection but as background for
the χ̃0

2 detection. The following backgrounds were considered in this study: di-bosons
(ZZ+j, ZW +j, WW +j), inclusive top (tt) and Z+jets. The signal events were generated in-
terfacing ISAJET 7.69 with PYTHIA. Unless otherwise stated all events are fully simulated and
analysed using the CMS full detector simulation [8] and reconstruction [10] packages. The
next to leading order (NLO) cross sections of the relevant processes are shown in Table 13.11.

13.11.2 Event selection

The following requirements are imposed in order to efficiently select the signal and reject
the background events. All criteria were chosen so that the final SUSY search significance
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Figure 13.20: Reconstructed masses for (left) e+e− and (right)µ+µ− pairs for the background
and for the signal (shaded) events after the cut on Emiss

T . SUSY events not involving χ̃0
2 are

considered signal.

independent of the background channel. The significance was recomputed after including
the systematic uncertainties using Sc12s (see Appendix A.1), which increases the required
integrated luminosity for a 5σ discovery to ∼0.1 fb−1.

13.11.4 CMS reach for inclusive Z0 search

A scan was performed over the mSUGRA m0,m1/2 parameter space in order to determine
the range over which the above analysis can reveal new physics. The test points were taken
at high density in the area where the Z0 has high production cross section (especially due
to the decay χ̃0

2 → Z0 + χ̃0
1). This is an almost horizontal band in the m0 − m1/2 plane

between m1/2 ∼240 GeV/c2 and m1/2 ∼340 GeV/c2. Points were also taken at higher and
lower m1/2 values, because there is an excess of lepton pairs created due to SUSY processes.
These may have invariant mass close to the Z0 mass and pass analysis cuts assisting in the
detection of SUSY. For each point 2000 events were produced with an OS lepton pair close to
the Z0 mass. The events were generated interfacing ISAJET 7.69 with PYTHIA 6.227 and they
were simulated, reconstructed and analysed using the FAMOS fast simulation package [11].
Systematic uncertainties were taken into account. The 5 σ significance contour is shown for
integrated luminosities of 1 fb−1 and 10 fb−1 in Fig. 13.21.

13.12 Inclusive analyses with top
The supersymmetric partner of the top quark in most of the supersymmetric scenarios is the
lightest squark. Finding evidence of its existence can be a clear signature for supersymmetry.
In the main part of the allowed m0−m1/2 plane, the stop can decay to a top plus a neutralino.
This neutralino can be either the LSP (χ̃0

1) or a heavier neutralino which decays in turn to a
LSP which appears as missing transverse energy (Emiss

T ). Hence in the final state there is at
least a top quark plus large Emiss

T .
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Figure 13.21: The 5 σ significance contours of final states with Z0 for 1 fb−1 (dashed line) and
10 fb−1 (full line) integrated luminosities, taking into account systematic uncertainties, in the
region where the χ̃0

2 → Z0χ̃0
1 decay takes place. Also indicated as dotted and short dashed

lines are the extensions at higher and lower m1/2 where the Z0 is off-shell.

The search for top was tuned on test point LM1, where the stop decays according to

t̃1 → tχ̃0
2 → tll̃R → tllχ̃0

1 (13.20)

giving rise to a final state which also contains two leptons. Although this analysis consists
primarily in a search for an excess of top quarks from any SUSY origin with respect to its SM
production, it was also optimised for the selection of events where the top results from the
production of t̃.

13.12.1 Top quark and lepton reconstruction and identification

Electrons and muons are requested to have pT ≥ 5 GeV/c and η ≤ 2.5.

Electrons are separated from jets by requiring that the ratio of energy deposited in the HCAL
to the ECAL ≤ 0.1, the absolute difference in η between the electromagnetic cluster in the
ECAL and the associated track ∆η ≤ 0.006 and the energy weighted spread of the electron
shower in η be σηη ≤ 0.015.

Leptons were required to be isolated, namely that the ratio of pT of the lepton to the pT sum
of other particles inside a cone of size ∆R = 0.1 around the lepton track be greater than 2.
Jets were reconstructed from ECAL and HCAL towers using an Iterative cone algorithm with
cone size ∆R = 0.5 and were selected if their uncalibrated transverse energy ET ≥ 30 GeV
in the acceptance of η ≤ 2.5. Their energy was calibrated using corrections from photon-jet
balancing studies presented in Vol.1 Section 11.6.3.

In this analysis only hadronic decays of the top quark were considered. A kinematic fit with
constraints is utilised to find the best combination of jets to make the top quark. Since the
purpose of this analysis is not to measure the top quark mass, its known value was used
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Table 13.12: Effect of different cuts on different samples. In every row, the number of the
remaining events after that cut is shown. “No.of.used.events” shows the number of events
used in this analysis, “NEve(Nor.xsec)1 fb−1” is the same number after normalising to the
cross section times 1 fb−1 and “wT/noT” means SUSY (withTop)

SUSY (noTop) .

cut SUSY SUSY ttInc WW ZW Single t wT/noT
(withTop) (noTop)

x-sec(pb) NLO 52 830 269.91 51.5 250 -
No.of.used.events 494261 1674500 305000 70000 100000 -
NEve(Nor.xsec)1 fb−1 8375 43625 830000 269910 51500 250000 0.19
L1T (Jet/Met) 6269 33582 75806 18498 598 10875 0.19
HLT (Jet/Met) 5070 29427 14430 4733 142 1750 0.17
MET≥ 150 GeV 4183 25677 4930 2312 99 653 0.16
nbj ≥ 1 3457 14388 3718 792 32 355 0.24
nb or light

j ≥ 4 1789 4576 769 25 0 33 0.39
A convergent Fit 1335 3062 557 12 0 28 0.44
χ2 probability >0.1 105 69 56 0 0 5 1.52
∆φ <2.6 79 52 12 0 0 5 1.51
nl > 0 38 17 5 0 0 0 2.19
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Figure 13.22: (left) Distributions of Emiss
T and (right) fitted top mass after all selection criteria

are applied.

this formula, the integrated luminosity required to make a discovery at point LM1 with a
significance of 5 amounts to ∼210 pb−1.

Many systematic uncertainties (cross section, showering, ISR/FSR, ...) will be rendered very
small by using real data. The main uncertainties remaining will be the absolute jet energy
scale (estimated to 5% for jets and MET in 1 fb−1), which leads to 5.1% from jets and 18.3%
from MET in the tt̄ sample and the b-tagging efficiency estimated to 8% for 1 fb−1. Adding
them in quadrature yields a total systematic uncertainty of 21%, considered common to all
backgrounds. It is seen that this remains negligible compared to the statistical uncertainty.
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Figure 13.20: Reconstructed masses for (left) e+e− and (right)µ+µ− pairs for the background
and for the signal (shaded) events after the cut on Emiss

T . SUSY events not involving χ̃0
2 are

considered signal.

independent of the background channel. The significance was recomputed after including
the systematic uncertainties using Sc12s (see Appendix A.1), which increases the required
integrated luminosity for a 5σ discovery to ∼0.1 fb−1.

13.11.4 CMS reach for inclusive Z0 search

A scan was performed over the mSUGRA m0,m1/2 parameter space in order to determine
the range over which the above analysis can reveal new physics. The test points were taken
at high density in the area where the Z0 has high production cross section (especially due
to the decay χ̃0

2 → Z0 + χ̃0
1). This is an almost horizontal band in the m0 − m1/2 plane

between m1/2 ∼240 GeV/c2 and m1/2 ∼340 GeV/c2. Points were also taken at higher and
lower m1/2 values, because there is an excess of lepton pairs created due to SUSY processes.
These may have invariant mass close to the Z0 mass and pass analysis cuts assisting in the
detection of SUSY. For each point 2000 events were produced with an OS lepton pair close to
the Z0 mass. The events were generated interfacing ISAJET 7.69 with PYTHIA 6.227 and they
were simulated, reconstructed and analysed using the FAMOS fast simulation package [11].
Systematic uncertainties were taken into account. The 5 σ significance contour is shown for
integrated luminosities of 1 fb−1 and 10 fb−1 in Fig. 13.21.

13.12 Inclusive analyses with top
The supersymmetric partner of the top quark in most of the supersymmetric scenarios is the
lightest squark. Finding evidence of its existence can be a clear signature for supersymmetry.
In the main part of the allowed m0−m1/2 plane, the stop can decay to a top plus a neutralino.
This neutralino can be either the LSP (χ̃0

1) or a heavier neutralino which decays in turn to a
LSP which appears as missing transverse energy (Emiss

T ). Hence in the final state there is at
least a top quark plus large Emiss

T .
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(few years of LHC running) over a sizeable part of the parameter space, extending well
beyond the Tevatron reach.

The curves in Figure 13.32 summarise the reach estimated for the various topologies of the
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Figure 13.32: Regions of the m0 versus m1/2 plane showing CMS the reach when only sta-
tistical uncertainties are taken into account. (left) for 1 fb−1 integrated luminosity, except the
Higgs case which assumes 2 fb−1. (right) for 10 fb−1.

preceding sections for integrated luminosities of 1 and 10 fb−1 when only statistical uncer-
tainties are taken into account. The same results are shown in Figure 13.33 when systematic
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Figure 13.33: Regions of the m0 versus m1/2 plane showing CMS the reach when systematic
uncertainties are included. (left) for 1 fb−1 integrated luminosity, except the Higgs case which
assumes 2 fb−1. (right) for 10 fb−1.

uncertainties are included. It is seen that the systematic uncertainties do not degrade the
reach very much for integrated luminosities up to 10 fb−1. It should be noted that the analy-
ses have not been reoptimised for the inclusion of systematics nor for higher masses which
could be reached with higher luminosity. Moreover, the reach will be further improved by
the addition of topologies with electrons, which are presently missing for the muon+jet+MET
and same sign di-muon searches.

The best reach is obtained with the most inclusive channels, the jets+MET and muons+jet+MET.
The range of gluino and squark masses up to about 1.5 TeV can be probed with an integrated
luminosity of only 1 fb−1 and is extended to about 2 TeV with 10 fb−1. Moreover, a large part
of the area is covered by several search topologies. The simultaneous observation of a signal

SUSY Reach: Summary



! !

!"#$%&'()&*"#+,-".&/001

! *2324#+&,56.&7(+&6-"&68&,-#99"4&#.&:;*

! <=

" :-#+>"?&4")6(9&@
'
A&BCC&D"E

" B&=F"6&G26-&@
'
A&HCC&D"E

" I(&3(+"&6-#9&H&F"6.&G26-&@
'
A&JC&D"E

" K2F"6&3#..&A&BCC&D"E

" ;2..29>&@
'
A&BCC&D"E

'LA<=

'LA86 MCC&7=LB

N5+O&@-%.2,.&P(5+9#4&&:&MQ&*H&/HCCJ1&.BML.HR

K. Black, PASCOS 2006

Little Higgs ATLAS



!"#$%&'(()*&+,-.,/ 012344,.5&&67+8--9 :0+&0;8<.=;-&8>&>=;&?#"&&@A

Resonant Vector Boson Scattering

! !"#"$%&'()* +*,'-./-0*1"%2*3*$"(%-/#*1"%2*/(04'-*#"5%'(2

3*6&22&(7*89 :,'-*;*" ! ν<
=">?&-"*('*/00&%&'(/#*$"(%-/#*1"%*@*AB1"%*C"%'*:,'-*1"%*6'0"2<*

! DE7)*7#?'(*/(0*γ4F*"G$H/(7"*.&%H*;*/(0*F*-/0&/%&'(
/#2'*%*%**@**;3I*1"%2**:(""0*6'-"*2%/%2<

! 8G5% &22?"2)

! J"-7&(7*',*1"%2*,-'6*H&7HB59

;*'-*F*0"$/K*:(""0*$'("*∆=*L*MN+<

! O65/$%*',*5&#"?5*'(*,'-./-0

1"%*%/77&(7P

! Q-'6&2&(7*2"(2&%&C&%K*,'-*

1"%*6'0"2*/%*RMM*,ABR

:(""0*SMM*,ABR ,'-*;F*" !ν !!<

" 2%?0K*&2*'(7'&(7

BC?D"E+D%#F0D'(()D(A@

2&G&" HH !!

@((&IJD@



!"#$%&'(()*&+,-.,/ 012344,.5&&67+8--9 :0+&0;8<.=;-&8>&>=;&?#"&&@A

Doubly-Charged Higgs in LR Symmetric Model

! !"#$%&'()$*+,--"$.'/*012"3*456"2*17*+89:;! ⊗ +89:;& ⊗ 89<;=%!
! >"5$?."6*$.'@3"$*1#*A'((6*#'"326*9∆&BC*∆&DC*∆&DD;*D*$E1*21?43"$6*φ

! F."2'/$6*7"E*(5?("*416176*9G& 572*H&;*I*7"E*#".-'176*9ν&;

! J22."66"6*1.'('7*1#*@?."*3"#$%)572"2*/)5.("2*E"5K*'7$".5/$'17

D*1.'('7*1#*3'()$*7"?$.'71*-566"6*9L'5*6""%65E*-"/)M*I*)"5L,*ν&;

! F.12?/$'17N OO " OPOP G&C!
D G&C!

D " OPOP ∆&C!DD

OO " γQRHRH&C! " ∆&C!DD*∆&C!%%

! S"/5,N**∆&C!DD*" 3D 3D

! +"3"/$'17*9GG*#?6'17;N

:*3'K"%6'(7*3"@$176*9"C*µC*τ;
D*T#1.E5.2U V"$6

! =K(N*GD GD O*OC*G*$*$

@((&BCD@

0EDFG?F0D'((AD(HI

CJK

∆L*?MM " 4M 4M

KL N&K?
O62L9&N&KL PL Q&!'



Summary
Response of ATLAS and CMS calorimeters to single particles is 
well understood from years of test beam work 

Expected Jet and ETmiss performance is well studied by MC 
(and tied to TB work) ETmiss will be a tremendous challenge at startup

Measurement QCD jet rates will be a prerequiste for verifying 
detector functionality and will provide the first glimpse of the new 
energy frontier 

Jets and ETmiss will play a major role, especially in combination with 
a lepton trigger, in the search for Higgs and Supersymmetry 




