UNIVERSITY OF CUKUROVA
INSTITUTE OF NATURAL AND APPLIED SCIENCES

PhD THESIS

Mehmet VERGIL |

SEACRH FOR DARK MATTER AND LARGE EXTRA DIMENSIONS IN
MONOJET EVENTS IN pp COLLISIONS AT /s=7 TeV

DEPARTMENT OF PHYSICS

ADANA, 2012



UNIVERSITY OF CUKUROVA
INSTITUTE OF NATURAL AND APPLIED SCIENCES

SEACRH FOR DARK MATTER AND LARGE EXTRA DIMENSIONS IN
MONOJET EVENTS IN ppCOLLISIONS AT /s=7 TeV

Mehmet VERGIL |
PhD THESIS

DEPARTMENT OF PHYSICS

We certify that the thesis titled above was reviewed and@amgat for the award of degree
of the PhD of Science by the board of jury on ../../....

Profisa DUMANOGLU Prof. Eda ESKUT Prof.Aysel Kayis TOPAKSU

ADVISOR MEMBER MEMBER
Prof. Sefa ERURK Assist. Prof. Bayram TAL
MEMBER MEMBER

This PhD Thesis is performed in Physics Department of thétire of Natural
and Applied Science of Cukurova University
Registration Number:

Prof. Selahattin SERN
Director
The Institute of Natural and Applied Science

Note: The usage of the presented specific declarations tables, figures atod@iphs
either in this thesis or in any other reference without citation is subjected to the
Law of intellectual and Art Products numbered 5846 of Turkish Republic.



To my Daughter Zeynep



ABSTRACT
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Mehmet VERGIL |

DEPARTMENT OF PHYSICS
INSTITUTE OF NATURAL AND APPLIED SCIENCES
UNIVERSITY OF CUKUROVA

Supervisor: Proflsa DUMANOGLU
Year. 2012, Pages: 100
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Assist. Prof. Bayram TAL

A search has been made for events containing an energetindedn imbalance in
transverse momentum using a data samplpm€ollisions at a center-of-mass en-
ergy of 7 TeV. This signature is common to both dark matterextca dimensions
models. The data were collected by the CMS detector at the LidCarrespond to
an integrated luminosity of 5.0 fi3 . The number of observed events is consistent
with the standard model expectation. Constraints on the whatker-nucleon scat-
tering cross sections are determined for both spin-indégeinand spin-dependent
interaction models. For the spin-independent model, taesthe most constraining
limits for a dark matter particle with mass below 3.5 GeA//a region unexplored
by direct detection experiments. For the spin-dependenteimthese are the most
stringent constraints over the 0.1-200 Gé\ttass range. The constraints on the
Arkani-Hamed, Dimopoulos, and Dvali (ADD) model paramdWgs determined
as a function of the number of extra dimensions are also anovement over the
previous results.

Key Words: Dark Matter, Extra Dimension, ADD Model, LHC, CMS, Mono-Jet.



Oz

DOKTORA TEZ i

V/S7 TeV pp CARPISMASINDA TEK-JET OLAYLARINDA KARANLIK
MADDE VE EKSTRA BOYUT ARASTIRMALARI

Mehmet VERGIL |

CUKUROVA UNIVERSITESI
FEN BIL IMLER | ENSTIT USU
Fizik BOLUMU

Danisman: Proflsa DUMANOGLU
Yil: 2012, Sayfa: 100
Juri: Prof. isa DUMANOGLU
Prof. Eda ESKUT
Prof. Aysel KAYIS TOPAKSU
Prof. Sefa ERURK
Assist. Prof. Bayram TAL

Bu tezde 7 TeV ltle merkezi enerjisindepp carpismalarindan alinan veri
ile yuksek enerjili bir jet ve bunu dengeleyen dik momentum egeplaylar
arastinimistir.  Karanhk madde ve extra boyut arasalarinda bu iir olaylar
beklenmektedir. Arastirma yapilirken kullanilan veri CHdeneyindeki CMS
dedekbriinden alinmistir ve toplam 1sikhlik geri 5.0 fo-Y'dir. Gozlemlenen olay
sayisi Standart Model'den beklenen zemin ile uyum igedisdir. Karanlik madde
arastirmasinda karanlik maddeniikieon ile etkilesim tesir kesiti spin Gamh ve
spin bayimsiz durumlar icin ayri ayri incelenmistir. Spingmsiz durum, karanlik
madde kitlesinin 3.5 GeV/€den kiiclik olduju zaman su ana kadar yapiimigim
deneylerden daha iyi sonu¢ vermistir. Spirgbali durum igin ise karanlik madde
kiitlesi igin 0.1-200 GeVFkaral§inda bulunan sonugitiin deneylerden daha iyidir.
Extra boyut arastirmalarinda Arkani-Hamed, DimopoulesDwvali'nin dnerdgi
ADD model,Mp parametresi ekstra boyut sayisinin fonksiyonu olarakl@meis
ve bulunan sonuclar CMS’in daha onceki sonuclarini geigstir.

Anahtar Kelimeler: Karanlik Madde, Eksta Boyut, ADD Model, LHC, CMS,
Tek-Jet.
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1. LHC MACHINE AND CMS DETECTOR

The Large Hadron Collider (LHC) is the world’s largest, mosivediul particle
accelerator. Since the LHC have collisions of such highgnehe hope is that it
will solve the most fundamental questions of physics anéade the understanding
of the deepest laws of nature. Any results from the LHC doltis should have a
major impact on our understanding of physics, either configror refuting the
projections from the Standard Model of particle physics.

The LHC has been built at CERN (European Organization for darcRe-
search) in the already existent 27 km circular LEP (Largetets Proton Collider)
tunnel. It provides the highest energy ever explored wittligda accelerators. This
synchrotron is designed to collide opposing particle beahmgotons at an energy
of 7 teraelectronvolts (7 TeV or 1.12 microjoules) per paeti or lead nuclei at an
energy of 574 TeV (92.0 microjoules) per nucleus.

The protons acceleration are starting a small linear acatelethen protons are
transfering to PS (Positron Synchrotron). PS acceleraetbtons up to 26 GeV
then transver to SPS (Super Positron Synchrotron). SP$eaatethe protons up to
450 GeV and finally transfer the LHC ( Figure 1.1). One of thiaal aspects in
accelerating the protons up to an energy of 7 TeV is the reduiending magnetic
field which, for the LHC bending radius (R 2780 m) is about 8.4 T. 1232 LHC
superconducting 14.2 m long dipole magnets will create riagjnetic field; they
are placed in the eight curved sections which connect tlaégsir sections of the
LHC ring. The super-conducting magnets use a Ni-Ti conductmoled down to

1.9 K by means of super-fluid Helium. (BAYATIAN, 2006)

1.1 The CMS Detector

The Compact Muon Solenoid (CMS) experiment uses a generpbpeardetec-
tor to investigate a wide range of physics, including thedeéor the Higgs boson,

extra dimensions, and particles that could make up darkemddetectors built on
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Figure 1.1 Shematic view of CERN Accelerator setup.

the proton-proton collider LHC at CERN. Although it has thengescientific goals
as the ATLAS experiment, it uses different technical solusi and design of its
detector magnet system to achieve these.

One of the outstanding features of the CMS detector is itsigtsmlenoid mag-
net. It provides 3.8 Tesla axial magnetic field to measurecterged particles
momentum. The bore of the solenoid is instrumented withoweriparticle de-
tection systems, including (from innermost to outermost)pa silicon pixel and
strip tracker, an electromagnetic calorimeter (ECAL) andadrbnic calorimeter
(HCAL). The steel return yoke outside the solenoid is inseated with gas detec-
tors which are used to identify muons. In addition to the &laand endcap detectors,
CMS has extensive forward calorimetry.

Figure 1.2 shows CMS coordinate system, the polar afgke measured
from the positivez-axis and the azimuthal angdeis measured in they-plane. The
pseudorapidityn is defined as) = —log[tan(6/2)]. ‘Transverse’ quantities refer
to the component in the xy-plane perpendicular to the beais1 BBAYATIAN,

2006) After the interaction, the inner tracker quantify e particle trajectories
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Figure 1.2 CMS detector coordinate system.

in the |n| < 2.5. It is developed by 1,440 silicon pixel and 15,148 silicorps
detector modules. It provides an impact parameter resoligbout 1%um and a
transverse momentunp{) resolution better then 1%, for charged particles with
above 40GeV. The ECAL consists of nearly 76,000 lead tungstgistals which
provide coveragén| <1.479 in the barrel region (EB) and4l’'9< |n| < 3.0 in the
two endcap regions (EE). A preshower detector consistingvofplanes of silicon
sensors interleaved with a total of 3 radiation lenghth afilées located in front of
the EE. The ECAL has an ultimate energy resolution better €h&#o for uncon-
verted photons and better than 3% for electrons, in the gradsgve 100GeV. The
hadronic calorimeter is a sampling device with brass/gl@tar as a passive/active
material. The HCAL and ECAL cells are grouped into towers prtjg radially
outward from the origin. In the regiom| <1.74 these calorimeters have width
An = A@ =0.087; then and @ widths increase at higher values ipf ECAL and
HCAL cell energies above noise suppression thresholds anengadl within each
projective tower to define the calorimeter tower energy. Woembined together,
HCAL and ECAL measure jets with a resolutisvE /E ~ 100%/+/E @& 5%. The
energyE and momentunp of a jet are defined as the scalar sum and vector sums,
respectively, of the calorimeter cell energies associatiétuthe jets.

The detector is nearly hermetic, allowing for energy baéanteasurements in
the plane transverse to the beam directions.

Muons are detected in the windowy| <2.4, with detection planes based on

drift tubes, cathode strip chambers, and resistive plasentters. A highpt muon
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originating from the interaction point produces track segis in typically 3-4 muon
stations. Matching these segments to tracks measured inrteetracker results in
a pr resolution between 1% and 5% fpf values up to 100 GeV (CHATRCHYAN,
2008).

Figure 1.3 shows interaction of particles with detectoremats.

¢ Jets which consist of hadrons, can leave very weak signed@keér or ECAL.

However, most of jets energy deposit in the HCAL calorimeter.

¢ High energetic photons can not interact any detector paittthey decay into

a pair of electron positron in ECAL.

e Muons can leave very weak energy in calorimeters but in mases they

only interact in muon chamber.

e Single track of electrons point the part of ECAL and their gra@posit in the

ECAL calorimeter.

e Neutrinos or any weakly interacting particles can not leawg signal on de-
tector. If those patrticles exist in any decay the algorithithealculate miss-

ing momentum which is imbalance with the jets.
The main characteristics of CMS detectors are;

e CMS muon detector allows to identify muons with a high momentasolu-
tion in very wide energy and angular range. These featutessto measure

dimuon mass system with good resolution.

e CMS electromagnetic calorimeter has good energy resolufidte mass of
dielectron and diphoton systems have good resolution. G8agtanularity

for rejection. Good isolated electron and photon identiftca

e Good charged particle momentum resolution and reconsruefficiency

due to very efficient inner tracker.
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Figure 1.3 Interaction of particles with CMS detector materials.

e Good missing transverse energy and dijet mass resolutieny.|&ge geomet-
ric coverage of hadronic calorimeter allows a very efficier@asurements of
the missing energy. This measurements are very importarthé&beyond

standart models.

The first level (L1) of the CMS trigger system, composed of aashardware pro-
cessors, is designed to select the most interesting eveimg informations from
the calorimeters and muon system. The High Level TriggermHirocessor farm
exploits the informations from all subsystems and furthecrdases the event rate

to a few hundred Hz, before data storage.

1.2 The Tracking System

The CMS tracking system is designed to reconstruct high grargrged parti-
cles with high momentum resolution and efficiency. The tesck the subdetector
closer to the interaction point, placed in the supercondesblenoid; it is designed
to determine the interaction vertex, measure the momentuheacharged particles

with good accuracy and identify the presence of secondatgxes. It has a diam-

O Bemay, CERN, Febraay 2004
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Figure 1.4 A schematic view of the CMS detector (Sakuma, 2012).



1. LHC MACHINE AND CMS DETECTOR Mehmet VERIEI

eter of 2.5 m and a length of 5.8 m. Over the tracker, 4 T magfield is provided
homogeneously by the CMS solenoid magnet. The tracker musbleeo operate
without degrading its performances in the hard radiatiorirenment of LHC and
it has to comply with severe material budget (see Figure ¢dh¥traints, in order
not to degrade the excellent energy resolution of the elewignetic calorimeter.

The tracker consists of two parts. One is the silicon pixéed®r and the other

> B Outside
';“- 1 0ther

[ Suppoit

[ Cooling

18 I Cables

[ Electronics
[ Sensitive
Il Beam Ppe

s 3 =2 1 0 1 2 3 4

Figure 1.5 Material budget as a functionmpf The thickness is expressed in terms of
radiation length Xp). The peak around =1.5 corresponds to the cables and services of the
tracker.

is the silicon strip detector. Strip tracker: the barrelioegis divided into 2 parts
TIB (Tracker Inner Barrel) and TOB (Tracker Outer BarrelhelTIB is made of 4
layers and covers up ta| < 65 cm, using silicon sensor with a thickness of 3@0
and a strip pitch which varies from 80 to 1. The TOB comprises 6 layers with
a half- length ofz| < 110 cm. As the radiation levels are smal in this region, t&ick
silicon sensors (50QAm) can be used to maintain a good S/N ratio for longer strip
length and wider pitch. The strip pitch varies from 120 to 180. The endcaps
are divided into the TEC (Tracker End Cap) and TID (Trackerembisk). Each
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TEC comprises 9 disks that extend into the region 120<jz| < 280 cm, and each
TID comprises 3 small disks that fill the gap between the TIB #re TEC Pixel
Tracker: The pixel detector consists of three barrel layetls two endcap disks on
each side of them. The three barrel layers are located at nagldrof 4.4 cm, 7.3
cm and 10.2 cm, and have a length of 53 cm. The two end diskpéixig from 6
to 15 cm in radius, are placed on each sidgjat 34.5 cm and 46.5 cm. It can be

seen shematic view of CMS traking system in Figure 1.6 (BAYXY] 2006).
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Figure 1.6 Schematic cross section through the CMS tracker. Each linesesys a
detector module. Double lines indicate back-to-back modules which delereioshits.

1.3 Calorimeters

A calorimeter measure the energy of particles which intevéth material of
calorimeter and deposit their energy. The CMS calorimetezasure energy of
photons, electrons and hadrons (jets). The CMS calorimeietwo parts: electro-
magnetic calorimeter and hadronic calorimeter and thek®iceters is divided
into central, endcap and forward region. The ECAL calorimeteasures the
energy of particles interacting electromagnetically @oms and electrons). The
HCAL calorimeter measures the energy of strongly intergcparticles, hadrons

(e.g.7th, 7T0,K etc.). Figure 1.7 shows that quadrant of CMS calorimeteresyst
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with tracker (BAYATIAN, 2006).
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Figure 1.7 A shematic view of quadrant of CMS calorimeters.

1.3.1 The Electromagnetic Calorimeter (ECAL)

The electromagnetic calorimeter (ECAL) is placed aroundttheker. It is
aimed at the measurement of the energy of electromagnggctsisuch as elec-
trons and photons including electromagnetic componenadfdnic and-jets. The
design of the CMS ECAL was driven by the requirements imposdtiégearch of
the Higgs boson in the channelH yy, where a peak in the di-photon invariant mass
placed at the Higgs mass has to be distinguished from a eantsbackground. A
good resolution and a fine granularity are therefore requibeth of them improve
the invariant mass resolution on the di-photon system byawipg respectively the
energy and the angle measurement of the two photons. The rimeilgrity also
helps to obtain a good /y separation.

The ECAL is a hermetic homogeneous calorimeter made of 612ad |
tungstatg PbW Q) crystals in the barrel pafEB, |n| < 1.48) and closed by 7324
crystals in each of two endcagEE, 1.5 < |n| < 3.0) (BAYATIAN, 2006). The
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Figure 1.8 Shematic view of the CMS electromagnetic calorimeter.

Barrel section (EB) has an inner radius of 129 cm. It is stired as 36 identical
"supermodules” each covering half the barrel length andesponding to a pseu-
dorapidity interval of O< |n| < 1.479. The crystals are quasi-projective (the axes
are tilted at 8 with respect to the line from the nominal vertex position)l @over
0.0174 (i.e. 2) in Ag@andAn.

The endcaps (EE), at a distance of 314 cm from the interagédex and cover-
ing a pseudorapidity range of479< |n| < 3.0, are each structured as two "Dees”,
consisting of semi-circular aluminium plates from whicle aantilevered structural
units of 5x 5 crystals, known as "supercrystal”.

One of the relevant issue in evaluating the performanceseoékectromagnetic
calorimeter is its energy resolution. In the relevant epeange between 25 GeV
and 500 GeV, the energy resolution is usually parametrisgdeasum in quadrature
of three different terms:

G(EE) :%@E@C (1.1)
wherea,b andc are named respectively stochastic, noise and constan} tarth

E is the energy expressed in GeV. The target values for CMS d@eé for a, 200

10
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MeV when adding the signal of & 5 crystals forb, and 0.5% forc. Their relative
contributions are reported in the plot of Figure 1.9. It cembticed that above 50
GeV the resolution is dominated by the constant term. Defieeffects contribute

to the different terms in Eq. (1.1).
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Figure 1.9 The expected ECAL energy resolution versus the energyeadfrpacting
electron. The different contributions are superimposed separatelg. téfim "Intrinsic”
includes the shower containment and a constant term (0.55%).

e The stochastic termreceives a contribution from the fluctuations in the num-
ber of electrons which reaches the preamplifie®). These fluctuations are
proportional to,/ne and therefore proportional to the square root of the de-
posited energy. Contributions to this term come from thetligkld of the
crystals, from the efficiency in collecting light onto thegtbdetector sur-
face and from the quantum efficiency of the photodetector (CRIBHYAN,
2008).

e The noise ternb accounts for all the effects that can alter the measurements

11
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of the energy deposit independently of the energy itselfis Té&rm receives
contributions from the electronic noise and from the pipeavents, whose
contribution are different in the barrel and in the endcapd @an vary with
the luminosity of LHC. The target values for the barrelrfa0) and the end-
caps (an=2) in the low luminosity running are respectively 155 MeWdan
205 MeV while in the high luminosity running they are 210 Mekda245
MeV.

e The constant term determines the energy resolution at hgingg. Many
different effects contribute to this term: the stabilitytbe operating condi-
tions such as the temperature and the high voltage of theogatectors; the
electromagnetic shower containment and the presence afethé material
of the supporting structure between the crystals; the lagiiection unifor-
mity along the crystal axis; the intercalibration betwela thannels which
contributes almost directly to the overall energy resolutsince the most of
the energy is contained into few crystals; the radiation aigeof thePbW Q,

crystals.
1.3.2 Hadronic Calorimeter

The design of the hadron calorimeter (HCAL) is strongly infloed by the
choice of magnet parameters since most of the CMS calorinsdvgated inside the
magnet coil and surrounds the ECAL system. An important requent of HCAL
is to minimize the non-Gaussian tails in the energy resmtudéind to provide good
containment and hermeticity for tHg"sS measurement. Hence, the HCAL design
maximizes material inside the magnet coil in terms of inteom lengths. This is
complemented by an additional layer of scintillators, nefd to as the hadron outer
(HO) detector, lining the outside of the coill.

The Hadron Barrel (HB) part of HCAL consist of 32 towers cougrthe pseu-
dorapidity region—1.4 < n < 1.4, resulting in 2304 towers with a segmentation
An x A@=0.087x 0.087. The HB is constructed in two half barrels.

12
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The Hadron Outer (HO) detector contains scintilators witthiakness of 10
mm, which line the outside of the outer vacuum tank of the eoill cover the
region —1.26 < n < 1.26. The tiles are grouped in 3&ectors, matching the
segmentation of the drift tube chambers. They sample theygh®m penetrating
hadron showers leaking through the rear of the calorimetedsso serve as a "tail-
catcher” after the magnet coil. They increase the effedtiekness of the hadron
calorimeter to over 10 interaction lengths, thus reduchegttils in the energy res-

olution function. The HO also improves tH&"sS resolution of calorimeter. The

Figure 1.10 Longitudinal view of the CMS detector showing the locations dfdueon
barrel (HB), endcap (HE), outer (HO) and forward (HF) calorimeter

Hadron Endcap (HE) consists of howers with ¥ ¢ segmentation, covering the
pseudorapidity region.3 < |n| < 3.0. For the five outermost towers (at smalfer

) the @ segmentation is%and then segmentation is 0.087. For the eight high
the @ segmentation is PQwhilst then segmentation varies from 0.09 to 0.35 at the
highest. The total number of HE towers is 2304.

The Hadron Forward (HF) covers the regio® 3 |n| < 5.19 and it has 13
towers inn. All towers size are given by\n ~ 0.175, except for the lowest-
tower with An = 0.1 and the highest-tower with An =~ 0.3. The@ segmentation
of all towers is 10, except for the highest-one which hag\@ = 20°. This leads

13
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to 900 towers and 1800 channels in the two HF modules.
If we calculate the hadron calorimetgrings we will find 84 according to above
introduction. However hadron calorimeter is divided32egion because HE and

HB overlap in the region.BO5< |n| < 1.392.

1.4 Magnet

At the heart of CMS sits a 13-m-long, 5.9 m inner diameter, QQ,ton, 4 T
superconducting solenoid. The CMS magnet system consistsgberconducting
coil, the magnet yoke (barrel and endcap), a vacuum tank acilaaies such as
cryogenics, power supplies and process controls. Insiglddine of the magnet sit
the inner tracker and the calorimetry, while outside is the fleturn system and
muon detection.

In order to achieve good momentum resolution with a compaettsometer it
is necessary to have a combination of a high magnetic fielchagtdprecision on
the spatial resolution and alignment of the detectors. Thmentum measurement
of charged patrticles in the detector is based on the benditingiv trajectories. The
4T magnetic field also bring benefits for calorimetry - it elesbthe detection of
many isolated electrons produced by the decays of Ws, Zs anaitksy Using
these electrons, the CMS crystal electromagnetic caloenen be calibrated to
an accuracy of a fraction of a percent.

The magnetic flux is returned via a 1.5 m thick saturated i@keyinstrumented
with four stations of muon chambers. The CMS magnet can beiseerrigure
1.11 (CHATRCHYAN, 2008).

1.5 Muon Chamber

Muons are expected to provide clean signatures for a widgerari physics
processes.

The return field of the solenoid is large enough to saturd&enlof iron, allowing

14



1. LHC MACHINE AND CMS DETECTOR Mehmet VERIEI

Figure 1.11 General viev of CMS Superconducting Magnet.

4 muon “stations” to be interleaved with the iron return yqhates of the magnet
system. This provides a muon system with reconstructiogieffcy better than
98% over the full pseudorapidity range.

Each muon station consists of several layers of aluminiuifb tdibes (DT) in
the barrel region and cathode strip chambers (CSCs) in theaprrégion, comple-
mented by resistive plate chambers (RPCs). The muon detemterarranged in
concentric cylinders around the beam line in the barrelmegand in disks perpen-
dicular to the beam line in the endcaps. Muon identificatearisured by the large
thickness of the absorber material (iron), which cannotraeersed by particles
other than neutrinos and muons. The DT and CSC detectors adeta®btain a
precise measurement of the position and thus the momenttme afuons, whereas
the RPC chambers are dedicated to providing fast informdtothe Level-1 trig-
ger (see Figure 1.12). Muon measurements taken in the matars outside
the solenoid are used for fast triggering and standalonennmneiconstruction, but
can also be combined with information from the inner tragkitetectors for more
precise reconstruction and momentum measurement.

Centrally produced muons are measured 3 times: in the inaeker, after the

15
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Figure 1.12 Layout of one quarter of the CMS muon system for initial low lusitgo
running. The RPC system is limited tg| < 1.6 in the endcap, and for the CSC system
only the inner ring of the ME4 chambers have been deployed.

coil, and in the return flux. Measurement of the momentum adnswsing only the
muon system is essentially determined by the muon bendigig anthe exit of the
4 T coill, taking the interaction point (which will be known 4620um) as the origin
of the muon. The resolution of this measurement (labelleddmsystem only” in
Figure 1.13) is dominated by multiple scattering in the matédefore the first
muon station up tgy values of 200 GeV/c, when the chamber spatial resolution
starts to dominate. For low-momentum muons, the best mamergsolution (by
an order of magnitude) is given by the resolution obtainetha silicon tracker
("inner tracker only” in  Figure 1.13). However, the muonjé@tory beyond the
return yoke extrapolates back to the beam-line due to theoeasation of the bend
before and after the coil when multiple scattering and enkrgs can be neglected.
This fact can be used to improve the muon momentum resolatibigh momentum

when combining the inner tracker and muon detector measmeng’full system”

16
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in Figure 1.13). Three types of gaseous detectors are useelttfy and measure

[ --#-- Muon system only [ == Muon system only

Alp)lp,
Alp)lp,

| —— Full system [ Full system

1= _.5- Inner tracker only 1 —.a-. Inner tracker only

0<n <08

1.2<n<24

10 10? 10° 10 10? 10°
p, [GeVic] p, [GeVic]

Figure 1.13 The muon transverse-momentum resolution as a function of tisgdrae-
momentum( pr ) using the muon system only, the inner tracking only, and both. Left panel:
0 < |n| < 0.8, right panel: 12 < |n| < 2.4.

muons. The choice of the detector technologies has beeandby the very large
surface to be covered and by the different radiation enwiremts. In the barrel
region (|n| < 1.2), where the neutron induced background is small, the mai@nis
low and the residual magnetic field in the chambers is lovit tlribe (DT) chambers
are used. In the two endcaps, where the muon rate as well atiieon induced
background rate is high, and the magnetic field is also higtihazle strip chambers
(CSC) are deployed and cover the region uto< 2.4. In addition to this, resistive
plate chambers (RPC) are used in both the barrel and the enelgams. These
RPCs are operated in avalanche mode to ensure good operatarhaates (up
to 10kHz/cn? ) and have double gaps with a gas gap of 2 mm. A change from
the Muon TDR has been the coating of the inner bakelite sesfat the RPC with
linseed oil for good noise performance. RPCs provide a fagiaese with good
time resolution but with a coarser position resolution thi@DTs or CSCs. RPCs

can therefore identify unambiguously the correct bunclssiry (CHATRCHYAN,

17
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2008).

The DTs or CSCs and the RPCs operate within the first level triggstem,
providing two independent and complementary sources ofmétion. The com-
plete system results in a robust, precise and flexible triggeice. In the initial
stages of the experiment, the RPC system will cover the ndgio< 1.6. The cov-
erage will be extended tm| < 2.1 later. In the Muon Barrel (MB) region, four
stations of detectors are arranged in cylinders interl@awh the iron yoke. The
segmentation along the beam direction follows the five whetthe yoke (labeled
YB-2 for the farthest wheel in -z, and YB+2 for the farthest-g). In each of the
endcaps, the CSCs and RPCs are arranged in four disks perdantictihe beam,
and in concentric rings, three rings in the innermost statemd two in the others.
In total, the muon system contains of order 25 @30of active detection planes,

and nearly 1 million electronic channels.

18
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2. LARGE EXTRA DIMENSION WITH ADD MODEL

2.1 The ADD Model
2.1.1 Introduction

Most part of this section comes from refference (GIUDICE, @0@ne of the
most popular theoretical scenarios that predicts the nersgnal is Large Ex-
tra Dimensions (LED) in the framework of the ADD model (ARKANAMED,
1998).

The model aims to solve the hierarchy problem between tharelgeak and
Planck scales by introducing a numideof extra spatial dimensions, which in the
simplest scenario are compactified over a torus and all Hevsame radiuR. In
this framework, the SM patrticles and gauge interactionscardined to the ordi-
nary 3+ 1 space-time dimensions, whereas gravity is free to prdpageough the
entire multidimensional space. The strength of the grteital force is therefore
effectively diluted and the fundamental scale of this (4dimyensional theoryip
is related to the apparent 4-dimensional Planck skleaccording to the formula
M3, ~ M3™RP. The present analysis sets lower limits on the fundamerigaicR
scaleMp for scenarios where the number of extra dimensions is vdireed 2 to 6.

The monojet plus missing energy signature in the contexteMDD model can
arise from the production of a real Gravit@balanced by an energetic hadronic jet
via theqg — gG, qg — qG, andgg — gG processes.

Current experimental constraints allow a scenario With 2, corresponding to
extra dimensions sizes belowlnm if the fundamental scalMp is of the order
of 1 TeV. At that scale, gravity can become stronger than dinary space and
light Kaluza-Klein gravitons could be directly producedn& gravitons are free to
propagate in the extra dimensions, they escape the detaalaran only be inferred
from the amount of missing energy. The large size of the altreensions gives rise

to dense Kaluza-Klein mass modes which for the collider phemology appear
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as a continuous graviton mass spectrum. Due to the large ewaflzontributing
mass states, graviton processes as the real emission, tan sbfficiently large

cross sections to be observed at the LHC.
2.1.2 Kaluza-Klein (KK) theories

KK theory is a model that unifies electromagnetism and gaéien by starting
from a theory of Einstein gravity in five dimensions. The thewas first published
in 1921 by Theodor Kaluza and extended in 1926 by Oscar Klgiweodor Kaluza
extended general relativity to five dimensional space-tifffege outcome is sum of
three different sets, one of which is equivalent to Einstielid equations, the second
set equivalent to Maxwell’s equations for the electromaigrfeeld and the third set
an extra scalar field.

Extra dimensions that are identified by KK has to be cylirmljccompactified
with radiusL. For instance, one extra dimension can be circle with radiushis
space could be a manifold like high dimensional spherestarwetc for more than

one extra dimensions. As general, the total D-dimensiqrete can be written:
K=M31xX%85=D—-4 (2.1)

whereM is the Minkowski spacetime and are the compact manifold of extra
dimensions.

The KK aproach claims that D dimensional space-time haaioedynamics that
gives rise to preferential compactification of the extita— 4)-dimensions leaving
four Minkowskian dimensions intact. The geomety ' x X9 should be a solution
of D-dimensional Einstein equations.

If L is approximately equal to distance scales, new dimersican be visible.
This means that new extra dimension is not visible, if L is mamaller than dis-
tance scale.

We start with simplest example of a real scalar field in 5-disienal space

time to understand the theory. The manif{ds assumed to be a 1-dimensional
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circle St with radiusL. The coordinate system ¥ = (Xu,Y) and a positive metric

[—++++..] is used. The Lagrangian density is:
1
L= —éaAqaaAqa, A=0,1,2,3,5. (2.2)

In this equation scalar field represented®ft,X,y) = ®(x,,y), 1=0,1,2,3, and
depends on both four dimensional coordingteand extra coordinatg. It is as-
sumed that extra dimensions are compactified on a c8ctef radiusL. Thus, the
five-dimensional space-time has a geometryMdfx St. According to new five

dimensional space, scalar field should be periodic that sxeany + 21
P(x,y) = P(x,y+2mL). (2.3)
if we extend this field in the harmonics on a circle

o .
O(xy) = Y ()", G(x) = @n(x) (2.4)

N=—o0

the Lagrangian density can be rewritten as follows;

1t nm :
_ = Men (n+m)y/L
L 2., §_w (au%a O — T2 qh‘ﬂ*n) e , (2.5)

and the action becomes:

2nt 21l iy
_ 4 _ 4
S_/dx/O dyL_——2 /de

n=—oo

(6ucpn6“cpn + pcpn%> . (26)

If it is integrated over the extra dimension coordinate ycan be seen that the

action is composed by infinite number of fielgg(x). Making the substitution

bn = v2rLgn
_ 4 1 4 i * k2 &
S— / d*x [—Eauq)oauq)o} _ / d xk; (au(pka“(g( n pm((g() 2.7)

it can be seen that the compactification transformed theresional scalar field

in:
e A single real massless scalar field, callerkao-modedo;

e An infinite number of massive complex scalar fields with magseersely

proportional to the compactification radius? = k?/L2.
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It can be summarized what explained above, Kaluza and Kieweldped a com-
pactified theory which include single massless and infini@iper of massive com-
plex scalar fields and a massless gauge field, the so called &desn For the
masses hold the relationg = k?/L?(k=0,1,2, ...) the KK tower of massive gravi-
tons. At low energies only the zero mode is essential, foh leigergiesg > 1/L

all the KK modes become important. The compactificationdgel quantisation of

the momentum corresponding to the compactified coordinate.
2.1.3 ADD Framework

ADD model evolved from equation (2.1) fddp ~ Mgw. In this case, gravita-
tional potential changes at small scales due to extra dilmealsnanifold compact-
ified on aMp ~ Mgw. We can write gravitational potential with Gauss Law, if we

assume thak-dimensions have a scaieR (ARKANI-HAMED, 1998);

1 mm

V() ~ MEZ 1571

(r <R (2.8)

It can be seen the general potential behavijort for (r > R) .

1 m My
Mg+2R6 r

V(r) ,(r>R) (2.9)

if we useM3, ~ M3H2R?

1 mm

M3, T

(2.10)

Equation (2.10) shows that the ratio between Fundamenadé smd Plank scale
relates to the extension of extra dimensions and the nunmfbexta dimensions.
With this simple relationship it is also possible to retedied-dimensions order of

magnitude, given the two fundamental parameters. For ebealliip ~ Megw

2
1TeV\ 13
© ) (2.11)

30
R~ 105 cmx (
Mew

Because deviation was not found in the motions of planets@r d0'3 cm scale

by solar system gravitational measurements,&hg case is excluded. SM fields
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are restricted on a 3-dimensional brane, that is calleddwarid, with thickness-
Mew. The SM fields’ space has also almost flat geometry. The sgasecalled
bulk, and it is presumed that just gravitons can propagateAnmore detailed study
can be found in (DVALI G. and SHIFMAN M.). An example of loczdition of a
fermionic field is discussed here. The most common mechatusionstrain fields
on a brane uses topological defects. A scalar theory withubleéovell potential is

investigated to explain the mechanism of constrain fieldaguie 2.1).

—_ rTr(rrrrJjrrr1ryr1rrr 7 rr 1 1T [T 1T T T [ T T T T [ TJrrT

25
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Figure 2.1 The double well potential.
4 1
S— [ d'xdy| 5(0m ~V(9) (2.12)
IERRPY: '5 ’
Vo) = 02~ 213)
The solution depends on tlyecoordinate;
U
Otanh( — 2.14
dely) Otann( -1y ) 2.14)
This solution is asymptotic to the classical vacua’s of tloalet:
M
(L) W (2.15)
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It can be seen from Eq. (2.15) that the results break the latimisal invariance
along the fifth dimension, leaving 4-dimensional Poincaraiiance intact. The
solution is called kink which is shown in  Figure 2.2. Let uscd&e a fermionic

field coupled with Yukawa interaction for the scalar field.
S— / dxdz(iWroaw —howw) (2.16)
with the 5-dimensional gamma-matrices defined as:

M=\ pu=0,123 (2.17)

Y= —iy (2.18)
The equation of motion of the kink ( 2.14) is described by:
ir9aW — hpez¥ = 0 (2.19)

Due to Poincare invariance, a 4-dimensional momengypt = m? can be de-
fined. The solution fom= 0 is called zero mode (JACKIW, 1976). In this case

YWpuWo is equal zero and Dirac equation becomes;
ys0yWo = hdc(y)WPo (2.20)

The zero mode is left handed from the 4-dimensional viewtduécausg®y® = —1

and takes form:
Wo = elo YMeey)y, (p) (2.21)

WL(p) represents 4-dimensional Weyl equation. Eq. (2.21) shtasthe zero
mode is localized neay = 0 and exponentially largg. In these modes, matter
can freely travel in the braneworld in the directionxaf x», x3 but it is not moving
through toy direction. At high energies a continuum of modes would ap[@sing
the fermions unbounded from braneworld andisappearing from our world.
Consequently, we can mention about few results of ADD modeiceferated
gauge coupling unification: Altough the renormalizatioogp for running cou-

pling constants is logarithmic in 4-dimensional theoribss behaviour changes in
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Figure 2.2 The kink solution.

higher dimensions (TAYLOR, 1988). It was shown that thisegivise to an ac-
celerated unification at energy Mp for strong, electromagnetic and weak forces.
Excess of missing energy in collider experiments: The SMigas disappearing
phenomenon would lead to an excess of missing energy irdeoléxperiments,
provided that the particle energy is enough. This effectlmaralso given by the

direct production of KK gravitons.
2.1.4 The KK Excitations of the Graviton

In this section, we discuss the equations that charactdre&aluza-Klein ex-
citation of the graviton and describe the physical degréégedom in the effective
theory. The equation of motion can be written as the Eingqumation inrD =4+ 06
dimension, at low energy and small curvature, (GIUDICE, 2000

1 TaB
gABEKAB_EgABK:_@ A,B:].,‘..,D7 (222)

whereMp is the reduced Planck mass of thedimensional theory.
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Generally, the brane on which we live creates a non-trivigibensional metric
background. But, it is quite reasonable to assume that lsariace tension does
not exceed the fundamental scMé. Thus, the metrigag will be flat, when the
distance from brane gets much bigger thaiMy. After definition of assumptions,

the metric tensor can be written as:
——1-8/2
gae = Nag+2Mp " ¥ ?hag (2.23)
wherenag the D-dimensional Minkowski metric. If we keep only the fipstwer of

hag, EQ. (2.22) becomes

M5 ¥%Gas = Ohag—0a0%hce — 980%hca +0ad8hS

— nasdhE +napd©aPhcp = —Mp 18/2 g, (2.24)

A point in the D-dimensional space is described by the setoofdinatesz =
(z1,...,2p). With this information, we can separate the ordinary foimehsional

coordinates from the Minkowski ones:

z=(xy) X=(X0,%X),y=(¥1,---,¥5), 0=D—-4 (2.25)

We want periodicity of the fields under the following trartgda in the compactified

space
yi oy +2mR j=1,....9, (2.26)

whereR is the compactification radius. For convenience we presinaethe com-
pactified space is a torus, but our considerations are validlifferent compact

spaces. Equation (2.26) emphasizes

+00 +00 h(n)AB(X) ,njyj
hAB(Z) = s —e'T, (2.27)
DI W
wheren = (ny,...,ns) andVy is the volume of the compactified space,
Vs = (2rR)°. (2.28)
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The tensoih(z) is broken up an infinite sum of KK modes on the 4-dimensional
space. It is assumed that SM is confined in the braneworldeithit of weak

gravitational field, the energy-momentum tensor becomes;

Tag(2) = NANETw(08(Y) RV =0,...,3. (2.29)

The singularity of thed function in Eq. (2.29) will assumably be smoothed by ef-
fects of the finite brane-size in the transverse direction. tki® other hand, these
effects are important only in the short-distance regime. (B®9) shows that the
Kaluza-Klein modes of the energy-momentum tensor are iegieggnt ofn, in the
low-energy region, whera is smaller tharMpR. This result is important for this
analysis, because it requires a universal coupling of kdleat Kaluza-Klein gravi-
tons to ordinary matter, hence provide us to make definitdigtiens on their pro-
duction cross-sections. Notice that Eq. (2.29) can momndtly be obtained via

the induced metrig,, on the brane
G () = gaglY (9]0 ()Y B (x) (2.30)

YA represents the background fields defining the position obthee. The metric
g measures distances on the brane and should be used to wataraat action.
In the static gaugeYH = x* for u=0,...,3 andY; =0 fori =4,...,D—1) one
simply hasgyy = g, and the above coupling to bulk,v) gravitons follows. We
should remember that there might also be coupling§,tp gravitons (polarized
orthogonal to the brane). Above all, if the fieSis dynamical, the field couple to
gravitons viahj;0,Y'd,Y 'n*. Furthermore, in the case of D-branes there are also
fermions (the partners of') that couple to the perpendicularly polarized gravitons
hij, while gauge bosons obviously cannot. The coupling;tds evidently model
dependent, and it does not seem incompatible to presumd traatishes for the
Standard Model degrees of freedom. Our analysis estaldlisitbis assumption on
the basis of Eq. (2.29).

Emission and absorption of gravitons by the brane, is stbljeKlebanov and

Gubser, in the context of D branes (KLEBANOV, 1997 and GUBSE®97). In
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this case, ify/sis larger than the string scale, one can even perform theiledion
in the high-energy region, using string theory. It is worthiding out that the low-
energy (soft gravitons) limit of that calculation agreeshathe result obtained by
an effective theory, where the bulk gravitons propagate flatabackground and
couple to the fields on the brane via the induced metric (HABBITO, 1996). If
we go back to the equations of motion, we get the followingo$etquations, after
multiplying both sides of the Kaluza-Klein expansion of £224) bye—infg'y and

integrating over the extra-dimensional coordinates:

) j
G (¥) = O+, — [0,050"5 +ifah™ + (o v)| +

3,0y M O+ )] [+ h]] 4

N [aha°h<”>m+2iﬁ,-ahh<”>i —ﬁjﬁkh(”)jk} — —:A—“:, (2.31)
. A k..
M, = (@+)h"y—0,.0h"] —ifdh™] —ifa,hM,
AN+ iR W)+ R = o, (2.32)
A A A l .
g(”)jk(x) = (O+n/)hMy — [mjauh(”)t— A+ (j & k)]

— AP N0+ )] [+ RO +

Nik [a“thm)uv +2iA, "™ — AATH(O) gm] —0. (2.33)

Here the D’Alambertian operatof{= 0"d,) acts on the four-dimensional space,
and we have definédfi = n/R i = —Alf; = 32_,|Aj|2 We are able to rewrite

the quantity.

Mp = VsMSTY2 = (2rR)Y/2M5 /2 = RO/ L0/ (2.34)

as the ordinary reduced Planck masép = Mp/v/8T = 2.4 x 108 GeV. It is
also described the D-dimensional Planck mass, relevanhdoréduced Planck

mass, by the equatiodp = (2m)%/ (29 M, for future convenience. Starting from

L In conventions, the flat metric i = diag(+, —, —, —) andn jx = —Jj.
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Eq. (2.34) and using the point of view of general relatiwiy have obtained the re-
lation, (ARKANI-HAMED, 1998) betweeMp andMp previously obtained in ref.
(LYKKEN, 1996). In order to solve the system of coupled défietial equations it

is useful to rewrite them in terms of the following new dynaalivariables:

Gy = hy g (nw N %) H _ 3,0,P™ 4
0,Q)" +a,Q (2.35)
VO = [ -0 —A Q" (2.36)
SV = hMWy — 6%1 (ﬂjk+ ﬁri]r;k) H 4 ﬁjPﬁn) +
AP" — ;AP (2.37)
HO = % [h“’)} + ﬁ2P<”>} (2.38)
QU = —i%h% (2.39)
P, = %h(n)lj(-l- A; P (2.40)
p) %h(m . (2.41)

The degrees of freedom contained Gy, V™, SV HM QM PM; pn)
correctly match the number of degrees of freedor4p without giving a redun-
dant description, because of the identitie¥ (" ,;; = 0, AISM = 0, S“‘)j: =0,
AlP(W; = 0. For convenience, we choose
30-1)
0+2 '

in order to have a canonical normalization of the field). Notice that, ford = 1,

(2.42)

our parametrization is singular, since the fieR®;, P, andH are no longer
independent. However, we will be interested only in the dasel.
By agreeing the free indices of eqs. (2.31)—(2.33) eitheh whe flat metric

tensor or witho" andri! (j = 1,....d), it is obtained three constraiftson the

2 The constraints come from the equatiog¥);, = —T}/Mp, *G™ , =0, andri g™, =
0. Notice that the conditiona! G ., = 0 andd"G™ ,; = 0 do not provide further constraints
because they identically follow from the previous equatiamd energy-momentum conservation

in D dimensions. Finally the information of the equatigﬁm} = 0 is directly contained in the
equations of motion.
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Kaluza-Klein components of the tendofn # 0):

oV Ty
bgm - Nl
MG,y M (2.43)
vl
ot _ _Tu
G = v (2.44)
v = 0. (2.45)

Replacing in egs. (2.31)—(2.33) the constraints given & €2}43)—(2.45), we can

rewrite the equations of motion for each of the Kaluza-Kleindesn # 0 as

T)\
oot St [ (o) ] o
P
(O+m) viW,=0 (2.47)
(O+@) SV=0 (2.48)
A2) H — X qu
(O+/) H T (2.49)

These equations show that 0@V, V",,;, SV ., H(™ describe propagating par-
ticles, whileQ™,,,P(" ;. P(" do not appear in the equations of motions. This result
can be understood by studying the transformation progedig¢he different fields
under coordinate reparametrization. Let us consider argéneordinate transfor-

mation

Zn — Zpn = Zn+€A(2), (2.50)

wheredgea is at most of the same order of magnitudehas. This transformation

induces a variation of the metric such that
O:hag = —0aER — OBEA. (2.51)

Using a Kaluza-Klein mode expansion for the gauge pararaeter

400 —+00 _njy]-
D= Y Y EPAxE R, 252)
ni=-—oo Ng=—00

the diffeomorphism in Eq. (2.51) induces the following strmation laws for the
fields defined in egs. (2.35)—(2.41),

56",y =0, &VM,; =0, &SV =0 &HM =0, (2.53)
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53Q(n)u _ %auésp(n)+€(n)u (2.54)
5P, — _%ﬁjapm)_is(n)j (2.55)
5PN — z%gmﬁ (2.56)

Thus, whileG™,, V1 ;;, SV H™ are gauge-invariant fieldQ™, P ;, P
are gauge-dependent and do not describe physical partlol@articular, they can
all be simultaneously set to zero at any four-dimensionategime point for any
n# 0. We will refer to the gauge choice in whi€",, =0, P"; = 0,P" =0 as
the unitary gauge.

We now want to identify the physical content of the gaugeiiant fields. The

free propagation o&(",, is given by egs. (2.43) and (2.46) in the lirfjt, = 0,

O+ Gy =0 (2.57)
MG,y =0 (2.58)
G =o. (2.59)

Equation (2.57) describes the free propagation of the b'osnodesG(”)w having
squared masses equalrta For any givem, the constraints in egs. (2.58)—(2.59)
eliminate 5 degrees of freedom out of the 10 contained in yimensetric tensor
G(“)W. This leaves 5 propagating modes corresponding to the gdilydegrees
of freedom of a massive spin-two particle, theh Kaluza-Klein excitation of the
graviton. The condition of the unitary gauge correspondslitoinating the spin-
zero P") and spin-one@") particles eaten by the massless graviton to form a
spin-two massive multiplet.

The fieldsV(",; (satisfyingr?V (" ;; = 0) described — 1 spin-one particles
which form massive multiplets by absorbing the fieRi8);. These vector parti-
cles satisfy the Lorentz condition, see Eq. (2.45), and eadlains three physical
degrees of freedom. They are not coupled to the energy-mimetensor in the

weak-field limit, see Eq. (2.47), and therefore will play maerin this analysis of
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collider experiments. Next, fay > 2, there ardd® — & — 2) /2 massive real scalars
described by the symmetric tens8P) ., which satisfies the relatiom$ S™ j = 0,
S<”)j: = 0. These scalars are also not coupled to matter, see Eq).(Eiaally, there

is the scalaH (" which is coupled only to the trace of the energy-momenturaden
see EQ. (2.49). If we impose the equations of motilqihyanishes for conformally-
invariant theories. Thuid (™ does not participate in any tree-level process involving
massless matter field. The scati”) can only couple to ordinary particles at tree
level proportionally to their masses. These couplings @ivective interactions at
best of ordeM%/Mz, which are negligible for our considerations. Indeed ong ma
worry about the existence of a massless mode associatedtWithwhich would
lead to unwanted violations of the Equivalence Principldiference in Newton’s
constant characterizing the coupling to photons and toretativistic matter). The
mode in question corresponds to a fluctuation, named radioafi (ARKANI-
HAMED, 1998), of the volume of thé compactified dimensions. Thus, whatever
mechanism stabilizes the radius of the extra dimensions)ligive a mass to the
radion. In ref. (ARKANI-HAMED, 1998) several mechanismsratiius stabiliza-
tion were described and it was shown that it is not difficulyitee the radion a mass
larger than(1 mm)~1 ~ 2 x 10~% eV. This is sufficient to satisfy the present ex-
perimental bounds. Such a tiny massftf) affects our previous analysis only for
the lowest Kaluza-Klein modes. As a final remark, the radiomesponds to the
zero mode oh}. Sincen = 0, this mode cannot be gauged away even in the special
case od =1, in which the radion Kaluza-Klein excitations are eatemHgmassive
spin-2 graviton.

Adding the numbers of physical degrees of freedomG8P y, V"5, SV,
andH™ we obtain a total of4+ 8)(1+8)/2. It is interesting to do the same
counting from the point of view of thB-dimensional theory. The symmetric tensor
hag containsD(D + 1) /2 massless components. In order to compute the physical
degrees of freedom, we first need to fix the gauge, say by thradmac condition
0ahg = 0. Analogously to the case of QED, we then discover that, foaagn

less graviton, we still have residual freedom to make gatayestormations with

32



2. LARGE EXTRA DIMENSION WITH ADD MODEL Mehmet VER@L |

gauge parameteig subject to the conditioflea = 0. In total we eliminate
components frong, leavingD (D — 3) /2 physical states. F@ = 4 we find the 2
degrees of freedom of a massless graviton, andfer 4+ & we recover the same

result previously obtained from a four-dimensional Kahikdain point of view.
2.2 Graviton Production Processes

In this thesis it is consider to observe monojgtd MET) signature. To
observe this signal irpp collision there are 3 ADD model production process
which are shown in ( Figure 2.3). In addition to those prodéss considered

photon+ MET signature to compare results wijet + MET signature.
e g+g—g+G
e g+q—0q+G
e g+q—9g+G
e q+q—y+G

where G is tensor fieldsl(f,) obtained in previous section. The graviton mass splits

q G

Figure 2.3 Production channels for the emission of a real graviton at ti LH
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up for different excitation in Kaluza-Klein modes becausesses are equal o/ /R.

5+2

1 Mp \ /2 Mp\ 2  15a
Am~ = =Mp (22} (2B 105 eV, 2.60
M~R D(Mp> Tev € (2.60)

It has been used relation between the effective Planck nid&slonensional theory
Mp and the compactification radil® Eq. (2.34). IfMp is to be defined as 1 TeV
andd = 4, 6,8, thenAmis equal to 20 keV, 7 MeV, and 0.1 GeV, respectively. Only
for a large number of extra dimensions does the mass splitiédtome comparable
with the experimental energy resolution. However, for édgonly a small number
of Kaluza-Klein modes can be produced and the total crossesds negligible. We
are interested in the case in whigls not too large (sag < 6), where the enormous
number of accessible Kaluza-Klein modes can compensatk/Mg factor in the
scattering amplitude.

For experimental applications, it can be explained theigyawroduction rate
in terms of inclusive cross section, where the contribigiohthe different Kaluza-
Klein modes have been summed upd I§ not too large the mass splittidgn is so
small. So we can replace sum over the different Kaluza-Kdtates by a continuous
integration. The number of modes with Kaluza-Klein indet@en|n| and|n|+dn

is given by

/2
dN=S_4|n°dn, S ;= %, (2.61)

whereSs_; is the surface of a unit-radius sphersdidimensiond . Using Eq. (2.34)

and the expressiom = |n|/R for the Kaluza-Klein excitation mass, we can rewrite

the measure in Eq. (2.61) as

M2
AN=Ss Mzié m*tdm (2.62)
D

Thus we explain the differential cross section for inclesyraviton production as

d%o M3 5 ; dom
=S m ,
-1 M2+o dt

(2.63)

3 For & = 2n andn integer, we find_; = 21"/(n—1)! and, ford = 2n+1, we findS_; =
2 /MRS (k+ ).
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wheredon,/dt is the differential cross-section for producing a singlduga-Klein
graviton of massn. Since the graviton interaction vertex is suppressedelwe
can anticipate thady, [ M; 2 and the factoMFz, appearing from the phase-space
summation exactly cancels the Planck mass dependence {8.E8).

The same result can also be obtained from the point of viewhefD-
dimensional theory. Here, the canonically normalized foavhag has a coupling

—145/2

to matterLp = —TABhag/Mp ' “. The graviton phase space is

d®kp d5kT d3k
(2mP-12/kp-kp  (2m)® (2m)32V/K2 + 1P

where we have decomposkslin the componentkr andk respectively orthogonal

dodg = (2.64)

and parallel to the brane. Graviton emission from the braneni lowest order,
independent of the orientation & so we can trivially integrate on itd®kr =
S_1m?ldm The cross section for an initial brane stagg, p2) to go in a final

brane statef) plus a bulk gravitonG) is then

Séflma_ldm 2 4s4 dq)f
do = 21 Tk GITWhy|py, o454 (P —Pf)—— . (2.65
s (1Ol o) (205 R P P 269

whered®; is the brane final state phase space, lfph, p2) is just the usual flux
factor for two particle collision. This equation agreeshwiq. (2.63).

We now give the differential cross-sections for producirggduza-Klein gravi-
ton of masan in processes which are relevant to the high-energy collger-
iments. The cross-section for producing a graviton and agsho a fermion-
antifermion collision is

don . — aQ?
gt (F—ve) = 16N¢ s|\/|2

Here Qs andN; are the electric charge and number of colours of the fernfion

Fi(t/s,m?/s). (2.66)

andF;. The cross-sections for the parton processes relevantatotgn plus jet
production in hadron collisions are
dom

T(qﬁeg@)%—gs—M-g 1(t/s,mP/s) (2.67)
dom oas 1
“at 997 90) = gg g Ft/s /9 (2.68)
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dom

——(99—gG)

m (t/s,m?/s) (2.69)

305 1
— 1_GS M_% =
We want to stress again that our calculation of graviton sioisis based on an
effective low-energy theory, valid below the scéligy. Of course, we cannot de-
termine the precise scale at which our effective low-endlgpory breaks down.
Nevertheless, we can use naive dimensional analysis toastithe energy scale at
which perturbation theory breaks down. If we analyse goawvlbop corrections in
D dimensions, we observe that the expansion parameter io@hoe, 1995)
D-2
2(523—;; (M£D> . (2.70)

Here,S_1 is the surface of th®-sphere given in Eq. (2.61), arkdis the relevant
energy of the process. Requiring that the expansion paearngetess than unity,
we obtain an estimate of the maximum energy at which we cat &rperturbative

expansion in the effective theory
1 443
Emax= [ (2+8/2)]2+3 (411) 472 Mp. (2.71)

Numerically, one finds always th&mnax > 7.2Mp. Although perturbativity can be
trusted up tEmnax NEW quantum-gravity effects may appear much sooner.

The total jet nothing cross-section at the LHC integrated fortale > E{‘jigt
with the requirement thanjet| < 3.0 is shown in  Figure 2.4. The Standard
Model background is the dash-dotted line, and the signalategul as solid and
dashed lines for fixetlp = 5TeV with d = 2 and 4 extra dimensions. Tlae(b)

lines are constructed by integrating the cross-section &veM3
2.2.1 Current Collider Constraints for ADD Model

The current collider constraints are shown in  Figure 2.51f®8TLAS (AAD,
2011), CDF (AALTONEN, 2008), DO (ABAZQV, 2008) and LEP (HEIER,
2003). In order to produce ADD model graviton in the dete¢hmre are several

production process which are used in previous studies. & s
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Figure 2.4 The total jet+nothing cross section at the LHC integrated for aHE{{ﬂe>

min, jet
ET

§< M3 (Giudice, 2000).

e e e — VG

e qq—YG

e g0 — 9G,qg— qG,99 — 9G

and|njet| < 3. The a (b) lines are constructed by integrating the cross section over

Since graviton is very weakly interacting particle, it caot teaves any kind of

signal in the detector in all production process. Insteadiitbe observed as missing

transverse energy which is imbalanced with a photon or aTjabse two kind of

signal (a photon +Met and a jet + Met) are studieda" , pp andpp colliders.
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.............. ATLAS (LO) 33 pb™!

M, (TeV/c?)
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5 ---- CDF
D&
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3

Figure 2.5 95% confidence level lower limit on fundamental mass $¢alas a function
of number of extra dimensions in ADD model (ATLAS, CDF, DO and LEP).
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3. DARK MATTER WITH MONOJET

3.1 Introduction

According to astrophysical and cosmological aspect, dakten(DM) is a type
of matter hypothesized to explain a large part of the totadgna the Universe.

Since it cannot emits or absorbs light or other electromaigmadiation at any
significant level DM cannot be seen directly like baryondwmatiescopes. Althought
a small proportion of DM may be baryonic DM which emit little mo electromag-
netic radiation, study of nucleosynthesis in the Big Bangdpices an upper bound
on the amount of baryonic matter in the Universe, (TRIMBLES8T) which indi-
cates that the vast majority of DM in the Universe cannot bediss. In astro-
physical research, DM existence and properties are irddrmm its gravitational
effects on visible matter, radiation, and the large scalectire of the Universe.
The current understanding of the Universe shows that ab®ut @f its mass is
non-baryonic and non-relativistic DM, arround 73% of masmithe form of dark
energy and only a remaining fraction, below 4%, is ordinaayybnic matter with
a very little amount of antimatter (BERTONE, 2005). The uokn dark energy
and DM component is the most important missing piece in odeustanding of the
Universe.

Due to huge discrepancies between DM and normal matter susthis, gas and
dust, DM search comes to the attention of astrophysicistgas first postulated by
Jan Oort in 1932 to account for the orbital velocities of ster the Milky Way
and Fritz Zwicky in 1933 to account for evidence of "missingss” in the orbital
velocities of galaxies in clusters. Subsequently, otheseolations have indicated
the presence of DM in the Universe, including the rotatiamededs of galaxies (see
Figure 3.1), gravitational lensing of background (see FeguB.2), objects by
galaxy clusters such as the Bullet Cluster (see Figure 3mB)tl@e temperature
distribution of hot gas in galaxies and clusters of galaxies

According to consensus among cosmologists, DM is composetaply of a
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new, not yet characterized, type of subatomic nonbaryoaitgle. The search for
this particle, by a variety of means, is one of the major é$fan particle physics
today (BERTONE, 2005).

There are three prominent hypotheses on nonbaryonic DNcfgrealled Hot
Dark Matter (HDM), Warm Dark Matter (WDM), and Cold Dark MattécDM);
some combination of these is also possible. The most widislyudsed models
for nonbaryonic dark matter are based on the Cold Dark Matgeothnesis, and
the corresponding particle is most commonly assumed to beakly interacting
massive particle (WIMP). Hot dark matter might consist of égi@e) neutrinos. The
WIMPs when produced non-thermally could be candidates fomagdark matter
such as axions. In general, however the thermally producedR®¥lare cold dark
matter candidates.

Detection of WIMP have been considered in 3 nonastrophysixpériments
classification which consider to observe DM-nucleon crasgisn (direct detec-
tion), anhilation products of DM (indirect detection) amdg@uction of DM (collider
search).

In this thesis it considers to observe WIMPs at CMS detectadn ®@itnodels
which produce monojet and balanced missing transversegmemproton-proton

collision.
3.2 Weakly Interacting Massive Particles (WIMPS)

Suppose that in addition to the SM particles, there is ag@anwhich is undis-
covered, stable (or long-lived) weakly interacting masgarticle (WIMP). WIMPs
are cold DM which is the simplest explanation for most cosigaal observations.
Itis currently the area of greatest interest for DM reseaasthot DM does not seem
to be viable for galaxy and galaxy cluster formation, and hpasticle candidates
become non-relativistic at very early times, hence aresdiag as cold.

At very early times DM mass less than temperaturag < T), the equilibrium

number density of such particlesrig [l T3, but once Universe comes to low temper-
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Figure 3.1 An example of a galaxy rotation curve. The solid line is the theoretica
rotation curve and the dots with error bars the measured object speed. siidsvn are
the contributions made to the curve by gas, luminous matter and dark matter (B&S,E
1991).

atures ny > T), the equilibrium density is exponentially suppressed] e M/T,

If thermal equilibrium was maintained, the number of WIMPd&ayp would be in-
finitesimal. However, the Universe is not static, so todaygerature of Universe is
much lower than early times (GRIEST, 2000).

At high temperaturesnf, < T), the number density of DM’s is very high and
it is rapidly converting to lighter particles or lighter pates produce DM. Once
temperature drops below DM mags(>> T), the number density of DM’s drops
exponentially and WIMPs cannot self-annihilate any moretaeyg freeze-out from
equilibrium, that is, their co-moving number density rengafixed. Under some
simplifying assumptions (BERTONE, 2005), the relic aburzia of WIMPS in

the Universe Q) can be simply expressed in terms of the self-annihilatioss-
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Figure 3.2 A cluster of galaxies with its huge mass of invisible dark matter makes an
easily-identifiable gravitational lens, since it has so much mass that it behdsajg from
other galaxies by about half a degree, producing a strong warp in thegesnd his artist’s
rendering of the process shows how multiple images of the same distant galaxXye
formed. This is often called "strong gravitational lensing. "A straight-tigtoimage, as
well as several arrayed around an "Einstein ring” are formed. Note th@ images of
the source galaxy which appear around the Einstein ring are distortethgitiealong the
ring. This tangential distortion is readily visible in strong lensing, but it haggdso in the
general case where the lensing is so weak that it merely moves backigyalaxy images to
a new place on the sky. In either case, computer analysis of the resultkgrband galaxy
distortion patterns enables the mapping of the foreground mass concerg@MbSM).

section,oav:

, myny 3x10 ?cns !
= o T (owy) G4

whereh is the Hubble parameter, which encodes the expansion r#te afniverse,
the self-annihilation cross-sectigaav) =3 x10-25cm’s~. Although in this sim-
plified calculation the relic density does not depend stiypog the mass of the dark
matter particlemy, the maximum and minimum annihilation cross-sections ef th
most common candidates do depend on it, therefore conisigatine values ofny

(in GeV) to the range 18 my <10° (BERTONE, 2005).

Figure 3.4 shows numerical solutions to the Boltzmann eguavhich de-
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Figure 3.3 A powerful collision of galaxy clusters has been captured witSAs Chan-
dra X-ray Observatory and Hubble Space Telescope. Like its famasim;dhe so-called
Bullet Cluster, this clash of clusters provides striking evidence for dartemand insight
into its properties. Like the Bullet Cluster, this newly studied cluster, officiatipwn
as MACSJ0025.4-1222, shows a clear separation between dark @old@ydinary matter
(red). This helps answer a crucial question about whether dark matiteadts with itself
in ways other than via gravitational forces (NASA-1, 2008).

termines the WIMP abundance. The equilibrium (solid line)l actual (dashed
lines) abundances per comoving volume are plotted as aifumeot my /T (which
increases with increasing time). As the annihilation cresstion is increased the
WIMPs stay in equilibrium longer, and we are left with a smatkdic abundance.
Because WIMPs may only interact through gravitational andkiferces, they
are extremely difficult to detect. However, there are manyeexnents underway
to attempt to detect WIMPs both directly and indirectly. Altlgh predicted scat-
tering rates for WIMPs from nuclei are significant for largdetgor target masses,

prediction that halo WIMPs may, as they pass through the Sweract with solar
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Figure 3.4 Comoving number density of a thermal relic WIMP in the early Usaer
The dashed curves indicate the expected abundance, and the sofidsctire equilibrium
abundance.

protons and helium nuclei. Such an interaction would caus#NAP to lose energy
and become "captured” by the Sun. As more and more WIMPs tHzenaside
the Sun, they begin to annihilate with each other, forminguaety of particles in-
cluding high-energy neutrinos (BENVENUTI, 1975). Thesaitn@os may then
travel to the Earth to be detected in one of the many neutetestopes, such as
the Super-Kamiokande detector in Japan. The number ofinewdvents detected
per day at these detectors depends upon the properties @fIti€, as well as on
the mass of the Higgs boson. Similar experiments are ungetiovdetect neutrinos
from WIMP annihilations within the Earth (JUNGMAN, 1994) aftrdm within the
galactic center (REID, 1993).
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Although the existence of WIMPs in nature is hypotheticahg point, it would
resolve a number of astrophysical and cosmological probletated to dark matter.
The main theoretical characteristics of a WIMP are:

Interaction only through the weak nuclear force and grawtyat least with
interaction cross-sections no higher than the weak scale;

Large mass compared to standard particles (WIMPs with sib+@a&sses may
be considered to be light dark matter).

Because of their lack of interaction with normal matterytieuld be dark and
invisible through normal electromagnetic observationscduse of their large mass,
they would be relatively moving slowly and therefore coldAZEK, 2007). As a
result they would tend to remain clumpy. Simulations of audrse full of cold
dark matter produce galaxy distributions that are rouginyilar to that which is
observed (CONROQY, 2006). WIMPs are considered one of the naaididates for
cold dark matter, the others being massive compact halactsbh{MACHOSs) and
axions. (These names were deliberately chosen for convaestMACHOs named
later than WIMPs (GRIEST, 1991).) Also, in contrast to MACH®re are no
known stable particles within the standard model of patmhysics that have all
the properties of WIMPs. The patrticles that have little wedkraction with normal
matter, such as neutrinos, are all very light, and hence avoelfast moving or hot.
Hot dark matter would smear out the large-scale structurgatdxies and thus is
not considered a viable cosmological model. WIMP-like gée8 are predicted
by R-parity-conserving supersymmetry, a popular type ¢¢esion to the standard
model, although none of the large number of new particlesipessymmetry have

been observed.

3.3 Detection of WIMPs and Current Limits

To detect WIMPs there are many experiments which are clagsiith their
detection methods.

Figure 3.5 shows that classification of those experimentetect WIMPs. In
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all idea DM interact with SM particles.

Accelerator production

DM — SM

Direct
detection

DM SM

Indirect detection

Figure 3.5 Feyman digaram of different ideas for DM particle detectiomeding on
the direction of the time axis, different type of a search can be recogn&kldstands for
the Standard Model particle, DM for the dark matter particle (MIJAKOWSXi1.1).

3.3.1 Direct Detection

If WIMPs exist within our galaxy then many of WIMPs must pas®tigh the
Earth. The experimental idea of direct detection is basethenobservation of
WIMP scattering with nuclei. The expected recoils energyapahd on WIMP
mass and type of nuclei which is used in the detector. Sinreexpected number
of WIMP-nuclei scattering is very low the experiments is vegnsitive to back-
grounds which are mostly produced via cosmic rays and rathoty. The experi-
ments typically operate in deep underground laboratodesduce the background
from cosmic rays and natural radioactivity.

Figure 3.6 shows that various experimental methods whielusing different
detection techniques. Each techniques are using diffeneciei to perform their
best method. Figure 3.7 presents current results of variinget detection

experiments.
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Given the low velocity and subsequent momentum transfenterations be-
tween the WIMPs and nuclei in a direct detection experimdrd, dominant in-
teraction mechanism is expected to be elastic scatteriegtaspin-independent
interactions.

For spin-independent scattering, WIMP-nucleus cross@ediapproximately
proportional to the WIMP-proton scattering cross-sectibims relationship empha-
sizes the dependence of the interaction rate on the size ofutieusA. Of course,
one could consider other mechanisms that may contributeetanteraction cross-
section such spin- dependent interaction terms. In tha, ¢as dependence on the
target’s nuclear properties is proportional to the totahsprather thanA?. All of
the other factors relevant to calculating the interactmie are unchanged (T.Saab,
2012).

.
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@ HEAT/PHONONS

Semi-conductors Ge, Si: CoGeNT \
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Figure 3.6 Shematic view of classification of various direct detection expatameeth-
ods to measure recoil energy (MIJAKOWSKI, 2011).
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Figure 3.7 WIMP nucleon cross section vs Dark Matter mass for varioastdietection
experiments.

3.3.2 Indirect Detection

Indirect detection experiments search for the products d¥/i®/knnihilation.
In this search the value of DM self-annihilation cross sectis constrained (M-
JAKOWSKI, 2011). If WIMPs are Majorana particles (the padiahd antiparticle
are the same) colliding of two WIMPs could annihilate to proglgamma rays or
particle-antiparticle pairs. This could produce a sigaifithnumber of gamma rays,
antiprotons or positrons in the galactic halo. The detactibsuch a signal is not
conclusive evidence for dark matter, as the production afrga rays from other
sources are not fully understood. The most recent indiretéadion experiment
results from iceCube and Super-Kamiokande can be foundexrerafe (ABBASI,
2012 and TANAKA, 2011).

3.3.3 Collider Detection

Recently, there has been considerable interest in seafchéise production
of dark matter at the LHC using one of the more model-indepandignatures
of a single energetic jet with large missing energy. In thespnt analysis, we

have interpreted our results in the context of two modelARNIK, 2010) and
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(BELTRAN, 2010). Both models work in the context of an effeetfield theory
framework, assuming that the interactions between the dwtter and Standard
Model particles are mediated by very heavy particles. Hegeegonsider models in
which the dark matter particleis a Dirac fermion and set bounds on the production
of dark matter with mass between 1 and 1000 GeV where the dattentouplings
are vector and axial-vector mediated interactions with ng down quarks. The

following effective operators have been considered (HARNIO10),

Oy = W”X/)\w, (vector,s-channel) (3.2
Opnv = <Xy”y5x/)\(2qy“y5q) , (axial vector,s-channel) (3.3)

where A = M/, /GxTq, With M denoting the mass of the mediatgy, and gq its
coupling to dark matter and Standard Model quarks respadgtiv

Previous collider searches in the monojet plus missingstrarse momentum
channel have been interpreted in (HARNIK, 2010) and traedlanto limits on
the dark-matter nucleon scattering cross-section whiochbeacompared with those
from dedicated direct detection experiments. The LHC bswnere found to be the
most powerful for low mass dark matter and spin dependerloays with a heavy
mediator.

The pair production of dark matter particles at a hadronigdetl can occur
through a diagram like that in Figure 3.8, where the emissiba single jet in
the initial state and the interpretation of the dark mattatiples as missing energy

would manifest itself as an excess of events in the monagpetiagy.

q

X

q X
Figure 3.8 The pair production of dark matter particles in association with &getgn
a hadron collider.

We use MADGRAPH to evaluate the acceptance of the vector and axial-vector
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couplings to up and down quarks for our monojet event selectetting the media-
tor mass to a very large value and varying the dark matter inetsgeen 1 GeV and
1000 GeV. We present limits on the cross-section and showttikae can be trans-
lated to bounds o\ and the dark matter-nucleon scattering cross-sectionhwhic

can be compared to the direct detection limits.
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4. THE SEARCH FOR MONOJET

This thesis describes a search for new physics in the migsieggy plus sin-
gle jet final state, with collisions at a centre-of-mass gyaf 7 TeVprovided by
the Large Hadron Collider (LHC) at CERN. The data were colle¢tech March
to November 2011 by the Compact Muon Solenoid (CMS) experiyaard corre-
spond to an integrated luminosity of 5th

The analysis is an update of previous work (CMS AN-11-024,12@hd fol-
lows the same format as AN-11-024, beginning with triggdicesncy of data in
Section 4.1, followed by details of the data, signal and gemknd samples in Sec-
tion 4.2. The trigger and offline selection are presentecertin 4.3 and the impact
of the major systematic effects on signal is discussed iti@ed.5. A data-driven
estimation of the most relevant backgrounds is made in &@eeti4. The results
are interpreted in the context of new physics models in 8eeti6 and conclusions
follow in Section 4.7.

Small changes have been made to the analysis from the pgengsult. These

are described as follows:

e The threshold for thE{“iSSin our trigger was increased from 80 GeV to 95
GeV in the latter half of data taking. However, the triggestii almost fully
efficient for our previous jepr cut of 110 GeV andE™sS cut of 200 GeV, so

these remain unchanged.

e The monojet event selection is almost identical to that enghevious result.
A small change was made in the criteria used to select elextay the lepton
veto. Previously, the multi variate analysis (MVA) cut wased to select
particle flow (PF) electrons, however now the standard vdxxison task force
80% working point (WP80) is used. Since the monojet sampldréady

depleted in electrons, this change has little effect.

e The method for calculating théf-, + jets background includes more de-

tails as compared to the previous analysis. We useé\thg + jets control
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sample and correct for the inefficiencies of the detectoeptance and lep-
ton selection to obtain the number of remainWg:,, + jets events where
the electron or muon is ‘lost’. Whereas the fiNl-,, + jets estimate is the
same as that using the method from the previous analysisawedxplicitly

stated the (in)efficiency factors that are used in the catmrn and included
a breakdown of the estimated background in the electron ar@hrohannels
and into events in which the lepton is out of the acceptanceobirrecon-

structed/isolated.

e The results have been interpreted in the context of the ADDehas be-
fore. In addition to these models, the results have also lmeerpreted in the
context of dark matter models predicting the pair productid dark matter

particles and the emission of a jet from the initial state.
4.1 Trigger and Data Samples

The data for this search was collected ugthg_Cent r al Jet 80_MET80 for the
earlier half of the year andlLT_Cent r al Jet 80_MET95 for the 2011B running. The
triggers require a Level 1 seed will{"'sS larger than 30 GeVL(_ETMBO0).

At the high level trigger (HLT), the primary requirements the E"sSand lead-

ing jet (j1) are as follows:

EMISS ~  80,95GeV (4.1)
pr(j1) > 80GeV (4.2)
In(iy)| < 26 (4.3)
EMF(j;) > 001 (4.4)

The trigger turn-on curves as a function Bf''SS and thepr of the leading jet is
shown in Figure 4.1. The trigger efficiency is calculatedriran independent
sample of events collected using tHel Mu30 or HLT_Mi40 trigger path (the latter
unprescaled path was used when the former became presadalee)-dimensional

plot of the trigger efficiency foHLT Central Jet 80_MET80 is shown as a function
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Figure 4.1 Trigger efficiency turn-on curve fot. T _Central Jet 80_MET80 and HLT_
Cent ral Jet 80_MET95 as a function oEMsSand pr of the leading jet.
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Figure 4.2 The trigger efficiency faiLT_Cent ral Jet 80_MET80 as a function of the
EMISS and pr of the leading jet.

Table 4.1 Datasets used in this analysis, with integrated luminosity of 50 fb

Year Run Range DBS Location Int. Lumi. [ph
2011A 160404 - 163869 /METBTag/Run2011A-Mayl0ReReco-v1 30 2
2011A 165088 -167913 /MET/Run2011A-PromptReco-v4 995
2011A 170249-172619 /MET/Run2011A-AugO05ReReco 396
2011A 172620-173692 /MET/Run2011A-PromptReco-v6 700
2011B 175832 -179431 /MET/Run2011B-PromptReco-v1 2659

of the EfMSSand leading jepr in Figure 4.2. The plots show that the triggerpaths
becomes fully efficient at110GeV forpr(j1) and~200GeV forEMss,

The data are reconstructed with tGBeSSW 4 2 8 release. The good-run list

and luminosity have been obtained by using the JSON filesdlist (JSON, 2011),

with all subsystems marked “GOOD".

The data is collected on a combination of METBTag and MET prindatasets,

and the specific data reprocessing and luminosity used snatmalysis is listed in
Table 4.1.
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4.2 Signal and Background MC Samples

The ADD-model signals are produced with theTHIA 8.130 Monte Carlo
(MC) generator (SJOSTRAND, 2008). We use the current defauttiA8 tune
(4C). The CTEQ-6.6 Parton Density Functions (PDF) (PUMPLIDO2) were used
for ADD.

Details of therYTHIA8 signal samples used for ADD are given in (APPENDIX
A). The cross sections hayg > 80GeV. The next-to-leading order QCD correc-
tions to the graviton plus jet production are sizable (KARB10) and dependent
on thepr of the recoiling parton. As a simple approach we chd¢dactors of 15
ford=2,3 and 14 for 6 =4,5,6.

The dark matter signal samples were produced using MRAPH for vector
couplings to up and down quarks (V-u, V-d) and axial-vectouplings to up and
down quarks (AV-u, AV-d), foMy, ranging between 0.01 and 1000 GeV. The details
of this production are shown in (APPENDIX A).

The primary Standard Model processes considered include, @pRjuark pair
production, and the production @ or Z in association with jets. MC simulation
samples used in this analysis to model the backgroundssteel in (APPENDIX
B).

The Z+,- + jets MADGRAPH sample contains only events where théoson
decays into electrons, muons or taus. Thg+ jetsMAD GRAPH sample contains
only events where the Z boson decays into the three genesationeutrinos. The
hadronization and fragmentation of quarks and gluons ¢pleith the underlying
event) are performed usirgyTHIA with the MLM shower matching prescription
(HOUCHE, 2006) to avoid double counting due to the parton gnmg, and the
PYTHIA Tune Z2 (WEB REF-1) is used for each sample, unless othenpessfged.

Pile-up effects have been included and the MC samples hae regveighted
according to the 3D pileup reweighting scheme (CMS Twiki-Be effect of the
pileup reweighting can be seen in Figure 4.3 where a congaiis made af-

ter basic selection cutEf"ss > 350GeV, noise cleaningpr(j1) > 110GeV/c,
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Figure 4.3 Effect of pile-up re-weighting scheme on MC simulation, compatitcdata.

IN(j1)| < 2.4, Njets< 2, AD(j1, j2) < 2.5, and nopr (e or y) > 10GeVic).
4.3 Event Selection

We describe below the set of criteria used to select monugaits.

The real data events passing the above mentioned triggeegqueed to pass a
set of event cleaning cuts. Events are required to have stt ¢ee primary vertex
(CMS TRK-10-005, 2010) reconstructed withint24 cm window along the beam
axis around the detector center, and a transverse disteorodlie beam axis of less
than 2cm. Signals in the calorimeter that are not associattd pp interactions
are identified based either on energy sharing between neigigochannels or tim-
ing requirements and are excluded from further reconstn¢CMS JME-10-004,
2010).

To suppress the remaining instrumental and beam-relatekbbzunds, events
are rejected if less than 20% of the energy of the highe$et is carried by charged

hadrons or more than 70% of this energy is carried by eithetrakhadrons or pho-
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particles, before cleanup cuts on these quantities are applied, with SM lismthto the
data. We require the charged hadronic fraction of the jet to be abovea?@the neutral
hadronic, neutral electromagnetic and charged electromagnetic frattidmesbelow 70%
of the total jet energy.

tons. Events are also rejected if more than 70% ofgghef the second highegtr
jetis carried by neutral hadrons. Such spurious jets pilgnarise from instrumen-
tal noise, where the energy deposition is limited to one detector. Jets resulting
from energy deposition by beam halo or cosmic-ray muons ddaee associated
tracks and are also rejected by these selections. All eyaEs#sing these selection
requirements and WitE{“i53> 500 GeV/c were visually inspected and found to be
consistent withpp collision events. The distributions for the neutral andrged
energy fractions of the leading jet before and after the atéshown in  Figure 4.4
and Figure 4.5. The application of these data cleanup rexpgnts would reject

approximately 2% of the dark matter signal and 3% of the ADgnal. Detail of
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Figure 4.5 Hadronic and electromagnetic energy fractions from chaagddneutral
particles, after cleanup cuts on these quantities are applied, with SM nordialidee data.

rejection can be seen in Table 4.2 for each cut. JetsEdf are reconstructed

Table 4.2 Cut Efficiency table for data, backgrounds and both AM¥>2 TeV, =3 and
Dark MatterA=599 GeV,m=1 GeV signals.

DATA(%) Backgrounds(%) ADD(%) Dark Matter(%)
Ef"5>200 GeMVc 88.9 85.3 58.6 93.1
Noise Clean 88.3 3.8 2.7 21
pr(j1) > 110GeVc 2.3 6.0 5.0 4.2
Nyed pT > 30GeVig < 2 32.2 32.8 32.4 30.7
A@(j1,]2) <2.5 34.3 42.2 10.1 7.5
Lepton Veto 13.6 10.7 55 5.6

using a particle flow technique (CMS PFT-09-001, 2009). Therghm produces a
unique list of particles in each event, using the combiné&rmation from all CMS

subdetectors. This list is then used as input to the jetelung}, which reconstructs
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jets using the antikr algorithm (CACCIARI, 2008) with a distance parameter of
0.5. The missing transverse energy vector is computed aseative vector sum
of the transverse momenta of all particles reconstructekarevent.

Jet energies are corrected to establish a uniform calogimesponse in and an
absolute response iy calibrated at the particle level. Jet-energy-scale ctiors
are derived from MC simulation, and a residual correctiodasved from the data
by measuring ther balance in dijet events (CMS JME-10-010, 2010).

The signal sample is selected by requirlB§'ss > 200 GeV/c and the jet with
the highest transverse momentun) (o havepr(j1) > 110 GeV/c andn(j1)| <
2.4. The triggers used to collect these data are fully effid@ng¢vents passing these
selection cuts. Events with more than two je¥k > 2) with pr below 30 GeV/c
are discarded.

As signal events typically contain jets from initial- or flretate radiation, a
second jet (§) is allowed, provided\@(j1,j2) < 2.5. This angular requirement sup-
presses QCD dijet events. Approximately 60% of the selectedts have two jets.

Thepr(j1), N(j1), Njets andAq(j1, j2) distributions are shown in  Figure 4.6,
for the signal region oE!"SS > 350 GeV.

To reduce background from Z and W production and top-quadaye, lepton
candidates (electron and muon) are required to have- 10GeVic, to originate
within 2 mm of the beam axis in the transverse plane, and tphgally separated
from jets by at leasfR = /(An)2 + (Ag)2 = 0.3 in order to remove leptons fak-
ing jets. HereAn andAg are the pseudorapidity and azimuthal angle difference
between the lepton track and other reconstructed tracks ifnithe calorimeter),
respectively.

Muon candidates withinn| < 2.1 and electron candidates withjn| < 1.44
or 1.56 < |n| < 2.5 (to avoid poorly-instrumented regions) are identifiedhvitie
particle flow technique (CMS PFT-09-001, 2009).

The lepton candidates are also required to be isolated a&ekitive combined
isolationR is defined as the sum of thg of the charged hadrons, neutral hadrons

and photon contributions computed in a cone of radius 0.dratahe lepton direc-
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tion, divided by the leptompr,

R ZilPri(chargedHadrop+ pri(neutralHadron + pri(Photon)]
or :

Electron and muon candidates withbelow 0.20 are considered isolated. An

(4.5)

electron candidate is further identified using the standator Boson Task Force

WP80. A muon candidate is additionally required to satisg/fthllowing criteria:
e Global and Tracker,
e x?/ndof< 10,
e Tracks associated to muons must satisfy:

— at least one pixel hit,
— at least ten total hits (strip + pixel),

— at least two matches in the muon stations.

Remaining events with an isolated track are eliminatedy@gs¢ome primarily from

T decays. To measure the isolation, a hollow cofi2& AR < 0.3 is defined around
each track withpr > 10GeV. The scalar sum of thg of all tracks withpt > 1 GeV
inside the cone is calculated and the event is vetoed if thrsis smaller than 1% of
the pt of the original track. The distribution of the track isotati veto (TIV) ratio

is shown in Figure 4.7 for data, the SM backgrounds and a septative signal
point for the ADD and dark matter models.  The distributionE¥'ss for data
and background after all selections is shown in Figure 4.8.0éfine the above
described event selection with tB&"SScut of 200 GeV as the baseline selection and
subsequently apply tight&"ss selections oSS = 250,300,350 400 to obtain
our search regions. Optimisation studies have been peefbfor each of our signal
samples to find the value of tHEM"'sS cut that gives the best expected limit. The
study is documented in (APPENDIX C). For both the ADD and daskter signal
points, the optimaE%niSS cut is found to be 350 GeV.

Table 4.3 lists the numbers of data and SM background eveeigch step of the

analysis. Efficiencies for representative dark matter ambDAmodels relative to
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Figure 4.6 Plots of basic selection variables for jets. The figures are shvithrall
analysis cuts applied, and fEfr”iSS> 350GeV. SM backgrounds are normalised to data
where available.
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Figure 4.7 Additional cleanup variables investigated. We reject events witinsnor

electrons above 10 GeV and apply the TIV as described in the text.

the event yield passinB"sS > 200 GeVlc selection are also shown. The dominant

background i<,y + jetsand the next largest source of backgroun®/is,, + jets

The event yields foE?“SS> 250, 300 350, and 400 GeV/c are also shown.

The EMMSSand pr(j1) distributions are shown in  Figure 4.8, where #hg +

jetsandW:, + jetsbackgrounds are normalized to the rate determined from data

(data driven) and other backgrounds are normalized to tiegiated luminosity.
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Figure 4.8 The distribution of (aMsSand (b)pr(j1) for data (black full points with
error bars) and simulation (histograms) fﬂf“ss> 350 GeV/c after the full event selection
criteria are applied. Thé&,y + jetsandWx, + jets backgrounds are normalized to their
estimates from data. An example of a dark matter signal (for axial-vectgliogs and
My = 1GeVI®) is shown as a dashed blue histogram and an ADD signal (Mith= 2 TeV,

0 = 3) is shown as a dotted red histogram.
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Table 4.3 Event yields at different stages of the event selection faaf@us SM processes from simulation, (b) sum of all SM processés, an
the data, corresponding to an integrated luminosity of 5:0.ftDnly statistical uncertainties are shown, which in most cases are smalleththan
associated systematic uncertainties. Lepton removal eliminates events withdsdéatteons, muons, or tracks wit > 10 GeVic. Efficiencies for
representative dark matter and ADD models relative to the event yield gdS8i¥f > 200 GeVic selection are also given.

@

Requirement Z(vv) W(ev, v, v) Z(¢0) tt Singlet QCD
+ jets + jets +jets Multijet
EMISS>200 GeVic (324+1) x 10? (591+1) x 10° 5255+47 (133+1)x10° 1165+7 (160+1)x 107
pr(j1) > 110GeMc (302+1) x 10?  (5574+1) x 10> 4908+45 (119+1)x10° 1035+6 (158+1) x 107
Njed pr > 30GeVig <2 (2274+1) x 107 (397+1) x 10> 3453+38 1587+ 20 27443 5296+ 14
Ag(jety, jety) <2.5 (2114+1) x 10?  (354+1) x 10*> 3139+ 36 1344+ 19 237+3 62+5
Lepton Removal (198+1) x 10  (97+1) x10* 8146 214+7 35+1 2+1
EMiss> 250 GeVic 7306-23 2951419 22+3 70+4 10+05 2+1
EMs$~ 300 GeVic 2932-14 967+ 11 6+1.7 23+2 3+0.2 1407
EMiss> 350 GeVlc 13089 362+ 7 2409 9+16 140.2 1407
EMisS> 400 GeVic 6287 148+ 4 1404 3+0.8 04+0.1 14+0.7
(b)
Requirement Total Data DM (%) ADD (%)
Simulated SM My, =1GeVIié Mp=2TeVid,5 =3

EMISS>200 GeVic 127% 107 1045x 107 1000 1000

pr(j1) > 110GeVic 1195 10*  1007x 10  952+0.71 928+1.03

Njed pr >30GeVig <2  730x 107 624x 10  69.8+0.60 615+ 0.84

£@(j1,j2) <2.5 613x 107 538x10°  66.8+0.59 5804 0.81

Lepton Removal 298 107 238x 10°  63.7+0.58 5484 0.79

EMiss>250 GeVlc 104« 107 76x 107  341+042 325+0.61

EMsS>300 GeVlc 3932 2774 18+0.31 199+0.48

EMisS>350 GeMlc 1683 1142 18+0.24 125+0.38

EMISS>400 GeMic 782 522 8+0.18 79+0.30

13fONOIN 404 HOYVAS IHL ¥

DTN 19Wya N
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4.4 Data Driven Background Estimation

Table 4.3 shows that the SM backgrounds remaining afteruthevent selec-
tion are dominated by the following processg&s; + jetswith the Z boson decay-
ing into a pair of neutrinos andj-+, + jetswith theW boson decaying leptonically.
These backgrounds are estimated from data utilizing a absimple ofu+ jet
events, where,+ - + jetsevents are used to estimate #g + jets background
andW+, + jetsevents are used to estimate the remaiivhg, + jetsbackground.
The control sample is derived from the same set of triggeth@se used to collect
the signal sample by applying the full event selection datexcept for the vetoes
on electrons, muons, and isolated tracks. One or more egbtations withpr > 20
GeV/c andn| < 2.1 are required.

To obtain a sample df,+ - + jetsevents, two well reconstructed and isolated
muons are required, with opposite sign charge and an imianiess between 60
and 120 GeV. A sample &, + jetsis similarly obtained by requiring one muon
passing the selection criteria and with a reconstrutetlansverse mass between
50 and 100 GeV.

Table 4.4 and Table 4.5 show the event yields and Figure 4.Bjurdé
4.10, Figure 4.11 show the event distributions obtainedHe, + jetsand

Z,+ + jetscontrol samples and the predicted backgrounds from MC.

Table 4.4 Event yields for th&,: - + jetsdata control samples and the backgrounds
from MC.

Z+-+jets t Singlet | AlMC Data
ET"SS> 200 1803 15 2 1820 1537

EMiss > 250 707 5 1 713 593
EMss>300| 318 2 0 320 235
EMiss > 350 135 0 0 135 111
EMisS > 400 68 0 0 68 56
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Figure 4.9 The shape and yield of the distributions observed in data asestmn with
expectation from the SM,.+ - + jetssample, proving the good understanding of the control
sample.
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Figure 4.10 The shape and yield of the distributions observed in datarsestant with
expectation from the SMY;+, + jetssample, proving the good understanding of the control
sample.
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Figure 4.11 The shape and yield of the distributions observed in datarsestant with
expectation from the SMY,-,, + jetssample, proving the good understanding of the control
sample.
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Table 4.5 Eventyields for thé/.-, + jetsdata control samples and the backgrounds from
MC.

W+, + jets Z+ -+ jets t  Singlet | AlMC Data
E?’f55> 200 8165 253 332 60 8810 8666
EF'SS> 250 3146 68 129 24 3367 3012
E?“fss> 300 1304 22 52 11 1389 1179
E?’fss> 350 580 6 23 4 613 531
ET"S> 400 271 1 13 2 287 261

4.4.1 Estimation ofZ,y; + jetsBackground

The Z,+,- + jetsandZ,y + jetsevents share similar kinematic characteristics
and by interpreting the pair of muons as missing energy,dpelbgy of the process
in which theZ boson decays to neutrinos can be reproduced. The missigyg&ese
energy in theZ+ - + jets event is redefined as the vector sum of the transverse
momentum of the muons and tEé“ss. The number o,y + jetsevents can then

be predicted using:
NObS_ Nbgd R Zw

Axeg . Z|+|—
whereN°Ps is the number of observed dimuon evet€99 is the number of esti-

N(Zvw) = ) (4.6)

mated background events contributing to the dimuon sandpie the fiducial and
kinematic acceptance of the detector and the efficiencyeZ timass window cut,
€ is the selection efficiency of the muon aRds the ratio of branching fractions
for the Z decay to neutrinos and a pair of muons. These factors arentietl as

follows:

® Nygd : The dimuon sample comprises predominanthZpf,- + jets events
with less than 1% contamination from background. The bamkgis are

estimated from MC and a 100% uncertainty is assigned to theeu

e A: The acceptancA is defined as the fraction of all generated events where
the muons are reconstructed wjgh > 20 GeV andn| < 2.1 and the invariant
mass of the muons is within 60 GeV and 120 GeV. This is obtainau

Z,+ + jetsMC using generator level information.
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Table 4.6 Summary of th&, - + jetsevent yields and the efficiency factors used to
predict theZ,; + jetsbackground.

EMSS> 200 EMSS> 250 EMSS> 300 EMSS> 350 EMSS> 400
N©Ps 1537 593 235 111 56
NPad 17.5 6.3 2.2 0.2 0.2
Acceptanced 0.590 0.649 0.685 0.694 0.734
Efficiencye 0.981 0.987 0.993 0.991 0.983
R 5.942 5.942 5.942 5.942 5.942
N(Zy + jet9 15600 5442 2034 957 460
N(Z,y + jets(after TIV)) 14653 5102 1907 900 433

e ¢ : The muon selection efficieneyis defined as the efficiency of selecting a
muon passing all the identification and isolation critegiaen that it is within
the detector acceptance. This efficiency has been studied e Tag and
Probe method by other groups for both data and MC and theM€@&tacale
factor is found to be very close to 1.0. We therefore estiniageselection
efficiency usingZ;+,- + jetsMC and assign a systematic of 2% to cover the
variation of the data-MC scale factor from 1.0, measuredBERRYHILL,
2011).

e R: The ratio of the branching fractidRis obtained from (PDG, 2008) and is
5.9424+0.019 when = .

Table 4.6 shows the observéy: - + jets event yields and the correction fac-
tors for the baseline selection wil{"'sS > 200 GeV and the search selections with
higher EIMSS cuts. Also shown is the predictetiy + jets background before the
TIV cut is applied. Since the control sample for this backg estimation is ob-
tained by relaxing the TIV, we estimate the TIV efficiencyrfréIC for all theETsS
regions and apply this efficiency to obtain the fida} + jetsprediction.

A summary of the relative size of the contributing uncetti@sto thez,; + jets
estimation is shown in Table 4.7. The dominant systematid itne EI"'S regions

is the size of th&,,+,- + jetscontrol sample.

Figure 4.12 shows the invariant mass and transverse momehstribution of

the dimuon pair of the control sample compared to MC.
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Table 4.7 Summary of the contributions to the total uncertaintg,@r- jetsbackground
from the various factors used in the data-driven estimation.

Source of Uncertainty | Ef"°>200 E{"°>250 ET°>300 E{*°>350 E{°>400
Statistics (Npg) 2.6% 4.1% 6.6% 9.5% 13.4%
Background (Ngd) 1.1% 1.0% 0.9% 0.2% 0.4%
Acceptance (A) 2.2% 2.5% 2.9% 3.7% 4.6%
Selection efficiencys 2.1% 2.0% 2.0% 2.1% 2.3%
Ratio (R) 0.3% 0.3% 0.3% 0.3% 0.3%
Total 4.1% 5.3% 7.5% 10.4% 14.4%
N84O?CN‘IS‘ \\+ P Ng (‘ZMS‘H“H+‘
% 35 Vs=7TeV Oz-pp 4 % [ s=7Tev BZ-pu
2 3O;ILdt=5.0fbl * bata E gloz;J'Ldms.Ofbl EgCD 7
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Figure 4.12 Invariant mass and transverse momentuiz cdndidates in the dimuon
sample, forE?“SS> 350 GeV with mass windows 60,120 GeV/c and without mass window.
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4.4.2 Estimation ofW+, + jetsBackground

The second most dominant background arises Mg + jetsevents that are
not removed by the explicit lepton veto cut. These can coora taus which decay
hadronically or events in which the lepton (electron or musmot identified, not
isolated or not within the acceptance region. The latteheté events where the
lepton is ‘lost’ are estimated by using th¥-, + jets control sample. The data
sample is first corrected for the acceptanéd @nd efficiency of reconstructing
the eventsq) in the detector to obtain the total number of generated tev@).
This is subsequently weighted by the inefficiency factorslttain the predicted
number of events that would not be rejected by the lepton amtbthus remain in
the monojet sample.

The number of+, + jets events that are out of the acceptaniig] and not

identified/isolatedNi¢) can be written as:
Nia = Neot * (1 —A) (4.7)

Nig = Neot * Ax (1 —€) (4.8)

whereNot = (Nobs— Nogd) /(A * €’), Ais the acceptance arwds the selection ef-
ficiency of the muon selection used in the lepton veto definitiThe total back-

ground from events where the muon is ‘lost’ is then given by,
Niosty= Nia+ Nig. (4.9)

Similarly, for an estimation of the ‘lost’ electron backgred, we start with the
W=y + jetsdata sample, correct for the muon acceptance and seledtioercy

to obtain the total number of generaté{l-, + jetsevents. The ratio of the gen-
eratedW+, + jets andWe+, + jets events is taken from MC and used to obtain
Niot for electrons. The same procedure as that outlined in th@eabquations
is then followed to obtain the number of events where thetelads not recon-
structed/isolated or out of the acceptance. The electroepance is obtained us-

ing generator level MC and the selection efficiency is als@ioled from MC with
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Figure 4.13 Transverse mass and momenturwgf, + jets candidates in the single-
muon sample, foE!'SS > 350 GeV.

an assigned systematic that covers the variation in efigibetween data and MC
(BERRYHILL, 2011).

A comparison between data and MC for some of the kinematitilligions
for the W+, + jets control sample are shown in Figure 4.13, where the missing
transverse energy is redefined as the vector sum of the maonsverse momen-
tum and missing transverse energy to emulate the missingyireevents where
the lepton is lost. A summary of the estimated remainig, + jets events in
the monojet sample, with a breakdown into those events wheréeptons are not
reconstructed and those in which the lepton is outside tbhepance is shown in
Table 4.8. A more detailed version of this table showing takies of all the rel-

evant factors that are used to estimate\hg, + jets background can be found in
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Table 4.8 Estimation of the remainii+, + jetsbackground from the lost electron and

muon contributions.

EFS>200 EF>250 EF>300 EF™°>350 EF™> 400

N 3168.4 835.4 238.2 84.0 35.4
N!‘f 587.4 153.7 45.2 17.4 7.2
Niosty 3755.7 989.0 283.5 101.4 42.6
NE, 2571.5 748.9 238.1 88.6 39.3
NE 1272.3 3227 105.9 45.3 18.3
Nioste 3843.8 1071.6 344.0 133.9 57.6
Nhadronict 3807.6 1080.1 353.7 145.3 65.2
N, + jets 11407 3141 981 381 165
Ny, + jets (after TIV) 9513 2619 812 310 134
Prediction from\W-, + jetsMC |  9047.7 2759.5 904.7 338.5 138.5

Table 4.9 Summary of the contributions to the total uncertaintyegp+ jetsbackground

from the various factors used in the data-driven estimation.

Source of Uncertainty

EFSS>200 EP™>250 EF>300 EF™>350 EF'™>400

Statistics (N9 0.8% 1.3% 2.0% 2.9% 4.0%
Background (Ngq) 5.0% 4.8% 4.6% 3.9% 3.7%
Acceptance (A) 4.8% 5.7% 6.7% 7.7% 8.7%
Selection efficiencys| 4.1% 4.9% 5.9% 6.8% 7.7%
Total 8.1% 9.0% 10.2% 11.3% 12.8%

(APPENDIX D). The remaining component of thi¢-, + jets background which

is not accounted for by this method is that from hadronicdlygaying tau. This

is taken fromW+, + jetsMC and corrected for the data/MC scale factor obtained

from W, + jetsevents.

Since the control sample for this background estimatiorbtaioed by relaxing

the TIV, we estimate the TIV efficiency from MC for all tH&"'S regions and apply

this efficiency to obtain the finalM+, + jets prediction. The uncertainty on the

W+, + jetsestimation includes; the statistical uncertainty on theaber of single-

muon events in the data, a conservative 100% uncertaintyeobackground events

obtained from MC, an acceptance uncertainty from partonitefusiction (PDF)

(2%) and MC statistics and an uncertainty on the selectibaieficy € from the

variation in the data/MC scale factor and MC statistics.

A summary of the fractional contributions of these uncetias to the total error

on theW+, + jetsbackground is shown in Table 4.9.
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The remaining backgrounds to the monojet sample filgr@®CD, singlet and
Z+|- + jetsevents are found to be at the 1% level. These are taken frommdC a

assigned a 100% systematic uncertainty.

4.5 Systematic Uncertainties on Signal

The systematic uncertainties on the background eventsg/ieve been de-
scribed in detail in the previous section. The sources oetamties contributing

to the signal are:

1. The jet energy scale (JES) uncertainty, estimated byirslithe four-vectors
of the jets by am- andpr-dependent factor (CMS JME-10-010, 2010), yield-
ing a variation of 8—11% (8—13%) for the dark matter (ADD)rag) Detail of
systematic errors from jet energy scale can be seen in Talile ahd Table

4.11 for dark matter and ADD models respectively.

2. The noise cleaning uncertainty, obtained by assigniaduh effect of noise

cleaning as systematic uncertainty, 2% (3%) for dark m@#&emD) signal.

3. PDF uncertainties evaluated using the PDF4LHC (BOTJELpPPrescription
and resulting in a systematic uncertainty of 1-7% (1-4%]jtierdark matter
(ADD) signal. Detail of systematic errors from PDF can bersige Table

4.10 and Table 4.11 for dark matter and ADD models.

4. The renormalization/factorization scale uncertaietgluated by varying the
scale up and down by a factor of two, 5% for both dark matter AB®D

signals.

5. ISR uncertainty, estimated by changmgTHIA parameters, yielding a vari-

ation of 15% for both dark matter and ADD signals.

6. Uncertainty on the pileup simulation, 3% for both dark t@aand ADD sig-

nals.
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7. The limited statistics of the simulated sample yieldingaaation of 2—5%
(2—4%) on the dark matter (ADD) signal.

The total uncertainty on the signal for the DM (ADD) models llese sources
of uncertainty is 20% (21%). In addition, a 2.2% uncertaiaty the integrated
luminosity measurement (CMS SMP-12-008, 2012) is included.

4.6 Results Interpretation and Exclusion Limits

The total number of events observed is compared with thérnataber of esti-
mated background events in Table 4.12, together with thakol@vn of this back-
ground into separate subprocesses. Contribution #gmt- jets andW,+, + jets
processes are determined from the data. Contributions ftp#),- + jets sin-
glet, and QCD multijet processes are determined from simulatiohegie assumed
to have 100% uncertainty. The number of events observednsistent with the
number of events expected from SM backgrounds. To intetheetonsistency of
the observed number of events with the background expentatithe context of a
model, and also to facilitate comparison with previous ltsswe set exclusion lim-
its for the ADD model and the dark matter models. The CLs me(MAQHETA,
2010) is used for calculating the upper limits on the numbesignal events, and
systematic uncertainties are modeled by log-normal distions.

In Figure 4.14 and Table 4.13 we show the expected limit ocithes-section
as a function oMp for the data and SM expectations along with the observed 95%
CL in 1 and 20, for differentd values. The signal processes, generated at Leading
Order (LO) and corrected to Next-to-leading order (NLO)ss®ections, are used
to calculate the expected and observed exclusion curvestel@gtic uncertainties
on the NLO predictions due to the choice of the renormalisatind factorization
scale have been taken into account. K-factors chosen anenshoTable 4.14 .

The 95% CL exclusion region comprises those valudd®for which the cross-
section is less than the 95% limit. Results for ADD are shawrTable 4.14 as a

function of d, with and without K-factors applied. We compare our curnesiults
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Table 4.10 Dark Matter Axial-Vector and Vector models Acceptance antefysic

Uncertainity on JES and PDF f&'ss > 350.

Signal X mass[GeV] Acceptance % JES % PDF %
DM Av-d 0.01 2.518 -11.831/10.143 -0.032/0.041
DM Av-d 0.1 2.551 -9.815/9.892 -0.053/0.051
DM Av-d 1 2.588 -10.887/9.662 -0.097/0.111
DM Av-d 10 2.583 -9.700/9.817 -0.121/0.133
DM AV-d 100 3.103 -10.024/9.751 -0.322/0.359
DM AV-d 200 3.731 -8.440/9.176 -0.734/0.804
DM Av-d 300 4.077 -9.260/9.087 -1.140/1.264
DM Av-d 400 4,251 -8.016/8.111 -1.448/1.627
DM Av-d 700 4.892 -7.210/7.603 -2.413/2.742
DM Av-d 1000 4.827 -9.031/7.679 -4.217/4.551
DM AV-u 0.01 3.049 -9.950/8.023 -0.061/0.043
DM AV-u 0.1 3.055 -10.197/9.648 -0.043/0.054
DM AV-u 1 3.076 -10.010/8.648 -0.096/0.111
DM AV-u 10 3.135 -9.521/9.358 -0.106/0.121
DM AV-u 100 3.664 -10.134/8.792 -0.255/0.300
DM AV-u 200 4,535 -7.631/7.634 -0.477/0.546
DM AV-u 300 5.019 -8.002/8.773 -0.728/0.794
DM AV-u 400 5.137 -8.609/8.247 -1.068/1.096
DM AV-u 700 5.637 -8.615/6.833 -1.886/2.011
DM AV-u 1000 5.807 -7.786/7.166 -3.039/3.276
DM V-d 0.01 3.131 -10.568/8.582 -0.088/0.083
DM V-d 0.1 2.988 -9.363/8.467 -0.091/0.092
DM Vv-d 1 3.047 -9.223/8.018 -0.115/0.121
DM V-d 10 3.066 -9.845/10.568 -0.114/0.126
DM V-d 100 3.504 -8.142/8.267 -0.262/0.288
DM V-d 200 4.021 -9.426/8.449 -0.529/0.581
DM V-d 300 4.500 -9.549/8.124 -0.856/0.952
DM Vv-d 400 4,954 -8.104/8.393 -1.141/1.271
DM V-d 700 5.755 -8.857/7.153 -2.193/2.465
DM V-d 1000 5.935 -7.883/8.314 -3.713/4.102
DM V-u 0.01 2.483 -11.027/8.991 -0.102/0.111
DM V-u 0.1 2.503 -11.203/8.806 -0.103/0.108
DM V-u 1 2.517 -9.186/9.379 -0.101/0.116
DM V-u 10 2.541 -10.404/9.982 -0.100/0.114
DM V-u 100 2.860 -9.945/10.581 -0.204/0.238
DM V-u 200 3.392 -9.072/9.714 -0.444/0.518
DM V-u 300 3.856 -8.312/7.906 -0.655/0.723
DM V-u 400 4.073 -9.758/9.038 -0.971/1.014
DM V-u 700 4,711 -7.991/8.726 -1.848/1.910
DM V-u 1000 4.925 -8.590/8.337 -2.875/3.127

with previous results from CMS, ATLAS, CDF and LEP in Figure 8.1 We
can also interpret our results in the context of the dark enattodels described in
Section 3. In Figure 4.16 and Table 4.15 we show the expected-section

limit as a function ofly for the data and SM expectations along with the observed
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Figure 4.14 95% CL upper limits on the ADD production rate in pb. The median 1
and 20 values are obtained from the distribution of upper limits obtained in 1000 pseud
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Table 4.11 ADD Models Acceptance and Systematic Uncertainity on JES aRdd?D
EMiss > 350.

Signal Acceptance (%) JES (%) PDF(%)
Mp=20=2 2.378 -10.846/9.047 -6.073/7.585
Mp=30=2 2.447 -12.737/ 7.353 -6.002/7.395
Mp=406=2 2.330 -11.445/9.654 -6.981/8.821
Mp=10=3 1.687 -13.58/9.238 -6.351/8.074
Mp=206=3 3.139 -9.781/10.600 -4.395/5.585
Mp=30=3 3.310 -9.271/10.877 -4.350/5.429
Mp=40=3 3.324 -10.642/9.834 -5.170/6.582
Mp=106=4 1.645 -13.686/ 15.536 -2.547/3.366
Mp=206=4 3.555 -10.085/8.603 -2.601/3.087
Mp=30=4 3.617 -10.315/9.180 -3.869/4.747
Mp=40=4 3.825 -9.418/10.005 -3.346/4.025
Mp=10=5 1.767 -13.418/9.285 -1.948/2.451
Mp=206=5 3.202 -10.673/9.660 -2.440/2.263
Mp=30=5 3.819 -8.647/8.676 -2.551/2.596
Mp=40=5 4.175 -8.620/8.582 -2.988/2.847
Mp=10=6 1.808 -6.560/10.805 -2.461/2.962
Mp=20=6 3.039 -11.307/11.919 -2.669/2.555
Mp=30=6 3.793 -8.660/9.676 -2.936/2.742

90% CL values in 1 and &, for the Vector (V) and Axial-Vector (AV) couplings to
up and down quarks.

Since the upper limit on the cross-section depends on oifgpevent produc-
tion criteria such apr, we convert these limits into limits on the dark matter spin
independent (SI) and spin dependent (SD) nucleon scajteross section using
the formulae outlined below. This can then be compared tactmstraints from

direct detection experiments.

N = NG+ N (4.10)
2
Os1=9_15 (4.11)
2
Osp= 0.33W (4.12)
My Mp
H= e (4.13)

whereag is S| cross sectiorgspis SD cross section angdis reduced mass of dark

matter and nucleon (proton) system. In the following refese(HARNIK, 2010),
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Table 4.12 SM background predictions compared with data passing thé@eleguire-

ments for variousl::_{niss thresholds, corresponding to integrated luminosity of 5:8ffThe

uncertainties include both statistical and systematic terms. In the last two nopes;ted
and observed 95% confidence level upper limits on possible contributmmsfew physics
passing the selection requirements are given.

ET"SY GeVic) — > 250 > 300 > 350 > 400
Process Events
Zyy+ jets 51064271 1908+ 143 900+ 94 433462
W=, + jets 2632+ 237 816+ 83 312+ 35 135+ 17
tt 69.8+69.8 22.6+226 85+85 3.0+3.0
Zi+- + jets 22.3+22.3 6.1+6.1 2.0+£2.0 0.6=0.6
Singlet 10.2410.2 2.7+ 2.7 1.1+£11 0.4+04
QCD Multijets 22422 1.3+1.3 1.3+1.3 1.3+1.3
Total SM 78424367 2757+ 167 1225+101 573k65
Data 7584 2774 1142 522
Expected upper limit non-SM 779 325 200 118
Observed upper limit non-SM 600 368 158 95
& F T T T T =
o - CMS —— CMS (NLO) 5.0 fb* 4
> oF s=7Tev e CMS (LO)5.0fb™ 1
L - L e ATLAS (LO) 33 pb* A
\-; - IL dt=5.0fb LEP .
s 5; --== CDF .
= DO ]
4 }. ............ {
3 =
2

Figure 4.15 Comparison of lower limits dWip versus the number of extra dimensions
with ATLAS, LEP, CDF, and DO .
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Table 4.13 95% CL upper limits on the ADD production rate in pb. The median 1
and 20 values are obtained from the distribution of upper limits obtained in 1000 pseud
experiments performed at each model point.

Signal Obs. Limit  Exp. Limit -& +1o -20 +20
Mp=206=2 1.229 1.637 1.121 2.182 0.909 2.379
Mp=30=2 1.195 1.591 1.089 2.121 0.883 2.275
Mp=40=2 1.255 1.671 1.144 2227 0.928 2.386
Mp=50=2 1.168 1.555 1.065 2.073 0.864 2.221
Mp=106=3 1.733 2.308 1580 3.076 1.281 3.353
Mp=206=3 0.931 1.239 0.849 1653 0.688 1.771
Mp=30=3 0.883 1.176 0.805 1568 0.653 1.679
Mp=40=3 0.879 1171 0.801 1561 0.650 1.672
Mp=106=4 1.777 2.367 1.620 3.155 1.314 3.379
Mp=20=4 0.822 1.095 0.749 1459 0.608 1.566
Mp=30=4 0.808 1.076 0.737 1.434 0.597 1537
Mp=40=14 0.764 1.018 0.696 1.356 0.565 1.479
Mp=106=5 1.654 2.203 1.508 2937 1.223 3.201
Mp=206=5 0.913 1.216 0.832 1.620 0.675 1.736
Mp=30=5 0.765 1.019 0.697 1.359 0.566 1.481
Mp=406=5 0.700 0.932 0.638 1.243 0.517 1.355
Mp=10=6 1.617 2.153 1474 2870 1.196 3.075
Mp=20=6 0.962 1.281 0.877 1.707 0.711 1.829
Mp=30=6 0.770 1.026 0.702 1.368 0.570 1.468
Mp=406=6 0.761 1.013 0.694 1.351 0.563 1.473

Sl cross section corresponds to Vector model, and SD crasi®seorresponds to
Axial-Vector model. In Figure 4.17 we compare S| and SD mdideits in cn?

with results from various direct and indirect detection exqments.

Table 4.14 Observed and expected 95% CL lower limits on the ADD model ptgame
Mp (in TeVi&®) as a function ob, with and without NLOK-factors applied.

LO NLO

0 | Exp. Limit Obs. Limit| Exp. Limit Obs. Limit

(TeVicd®) (TeVId®) (TeVid®) (TeVicd®)

2 3.81 4.08 4.20 4.54
3 3.06 3.24 3.32 3.51
4 2.69 2.81 2.84 2.98
5 2.44 2.52 2.59 2.71
6 2.28 2.38 2.40 2.51
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Figure 4.16 90% CL upper limits on the dark matter production rate in pb for 40 Te
Mediator mass. The median 1 and2ralues are obtained from the distribution of upper
limits obtained in 1000 pseudo-experiments performed at each model point.
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Figure 4.17 Comparison of the 90% CL upper limits on the dark matter-nuclexdn sc
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Table 4.15 90% CL upper limits on the dark matter production rate in pb for 40 TeV
Mediator mass. The median 1 andy2/alues are obtained from the distribution of upper

limits obtained in 1000 pseudo-experiments performed at each model point.
Signal  x mass[GeV] Obs. Limit Exp. Limit -6 +1o -20 +20

DM AV-d 0.01 0.961 1.332 1.028 1911 0.681 2.427
DM Av-d 0.1 0.949 1.314 0.962 1.900 0.673 2.389
DM Av-d 1 0.935 1.295 0.948 1.862 0.663 2.385
DM Av-d 10 0.937 1.298 0.950 1.865 0.664 2.323
DM AV-d 100 0.780 1.080 0.790 1.552 0.553 1.993
DM AV-d 200 0.649 0.898 0.657 1.291 0.460 1.657
DM Av-d 300 0.594 0.849 0.635 1.197 0.411 1.435
DM Av-d 400 0.570 0.815 0.609 1.147 0.394 1.376
DM Av-d 700 0.495 0.685 0.501 0.985 0.350 1.240
DM Av-d 1000 0.501 0.694 0.508 0.998 0.355 1.243
DM AV-u 0.01 0.794 1.100 0.849 1.604 0.563 1.989
DM AV-u 0.1 0.793 1.134 0.848 1596 0.548 1.915
DM AV-u 1 0.787 1.090 0.842 1568 0.558 1.987
DM AV-u 10 0.772 1.069 0.825 1560 0.547 1.935
DM AV-u 100 0.661 0.945 0.707 1.326 0.457 1.597
DM AV-u 200 0.534 0.764 0.571 1.071 0.369 1.290
DM AV-u 300 0.483 0.690 0.516 0.957 0.334 1.165
DM AV-u 400 0.472 0.674 0.504 0.948 0.326 1.139
DM AV-u 700 0.429 0.595 0.429 0.867 0.304 1.076
DM AV-u 1000 0.417 0.596 0.446 0.827 0.288 1.007
DM V-d 0.01 0.773 1.071 0.774 1565 0.548 1.937
DM V-d 0.1 0.811 1.159 0.867 1.626 0.561 1.958
DM Vv-d 1 0.794 1.100 0.795 1.605 0.563 1.991
DM V-d 10 0.790 1.130 0.845 1.585 0.546 1.908
DM V-d 100 0.691 0.957 0.700 1.390 0.489 1.739
DM V-d 200 0.602 0.834 0.602 1.198 0.426 1.508
DM V-d 300 0.538 0.745 0.545 1.086 0.381 1.348
DM Vv-d 400 0.489 0.699 0.523 0.986 0.338 1.181
DM V-d 700 0.421 0.602 0.450 0.844 0.291 1.016
DM V-d 1000 0.408 0.565 0.436 0.824 0.289 1.022
DM V-u 0.01 0.975 1.350 0.988 1.940 0.691 2491
DM V-u 0.1 0.967 1.340 0.968 1.953 0.685 2.423
DM V-u 1 0.962 1.332 1.029 1912 0.682 2.428
DM V-u 10 0.953 1.319 0.965 1.896 0.675 2.434
DM V-u 100 0.846 1172 0.858 1.685 0.600 2.162
DM V-u 200 0.713 0.988 0.723 1.420 0.506 1.823
DM V-u 300 0.628 0.869 0.636 1.250 0.445 1.604
DM V-u 400 0.595 0.850 0.636 1.199 0.411 1.436
DM V-u 700 0.514 0.735 0.550 1.035 0.355 1.242
DM V-u 1000 0.492 0.703 0.526 0.991 0.340 1.188

4.7 Conclusions

A search has been performed for signatures of new physitdiryiean excess

of events in the monojet arEfMSchannel. The results have been used to constrain
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Table 4.16 Observed 90% CL limits on the dark matter-nucleon cross secti@ifantive
contact interaction scalk for the spin-dependent and spin-independent interactions.

Spin Dependent Spin Independent

My (GeVIA®) | A (GeV) oy (cm?) | A(GeV) oy (cnP)
0.01 753 125x 1044 | 753 339x 103
0.1 754 103x 104 | 749  290x 1041
1 755 294x 104 | 751 821x 1040
10 765  879x 104 | 760 247x10°%°
100 736 121x 10740 | 764 283x 1073
200 677 170x 10749 | 736 331x 103
300 602 273x104| 690 430x10°3°
400 524  474x10°%°| 631 615x 103
700 341  265x10°3°| 455  228x10°3®
1000 206 198x 10738 | 302 118x 1037

the pair production of dark matter particles in models withesmvy mediator, and
large extra dimensions in the context of the Arkani-Hamedy@poulos, and Dvali
model. The data sample corresponds to an integrated luityinufs5.0fb~tand
includes events containing a jet with transverse momentoovea110 GeV/c and
EMSS above 350 GeV/c. Many standard model processes also hasaresigna-
ture. The QCD multijet contribution is reduced by severaleosthbf magnitude to a
negligible level using topological selections. The domirtaackgroundsZ,y+ jets
andW+, + jets are estimated from data samples enriched jn,- + jets and
Wy + jetsevents. The data are found to be in good agreement with thecesg
contributions from standard model processes.

A dark matter-nucleon scattering cross section in the fiaonk of an effective
theory is excluded aboved3x 10742 (1.21x 1049 cnm? and 290x 104! (2.83x
10-39) cn? for a dark matter particle with mass 0.1 (100) Ged/at the 90% CL
for the spin dependent and spin independent models, reaggct For the spin
independent model, these are the best limits for dark matercles with mass
below 3.5 GeV/é, a region as yet unexplored by the direct detection experisne
For the spin dependent model, these limits represent thé strosgent constraints
over the 0.1-200 GeV#anass range.

Values for the large extra dimensions ADD model paramktgrsmaller than
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4.54,3.51, 2.98, 2.71, and 2.51 Te¥Aare excluded for a number of extra dimen-
sionsd =2, 3, 4, 5, and 6, respectively, representing a significapravement (1

TeV/c?) over the previous limits.
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1. APPENDIX-A

1.1 ADD and Dark Matter Models Cross Section and Number of Evets

Table 1.1 Signal datasets used for ADD signal, with>"80GeV and Tune 4C from
PYTHIA8 at LO.

0 Mp [TeV] o [pb] # Events
2 2 22.37+ 0.04 53536
2 3 4.456+ 0.009 54085
2 4 1.411 0.003 53902
2 5 0.577% 0.0011 101572
3 1 210.5- 0.5 10676
3 2 9.894+ 0.052 53719
3 3 1.356+ 0.005 53090
3 4 0.3241+ 0.0012 101572
4 1 178.4+ 0.6 54085
4 2 5.889+ 0.030 53719
4 3 0.5719+ 0.0027 106983
4 4 0.1032+ 0.0005 102528
5 1 169.2+ 1.0 48910
5 2 4.081+ 0.018 53719
5 3 0.2928+ 0.0014 105992
5 4 0.04003+ 0.00019 102879
6 1 1775+ 1.1 10784
6 2 3.107+ 0.012 52987
6 3 0.1693+ 0.0008 95726
6 4 0.01778+ 0.00006 14616
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Table 1.2 Signal datasets used for Dark Matter signal, fronbKARAPH at LO.

Model My [GeV] o [pb] Number of Events
AvV-d 0.1 0.402E-7 +/- 3.2e-11 100000
AV-d 1 0.396E-7 +/- 3.1e-11 100000
AV-d 10 0.411E-7 +/- 2.9e-11 100000
AV-d 100 0.289E-7 +/- 2.3e-11 100000
AV-d 200 0.164E-7 +/- 2.4e-11 100000
Av-d 300 0.897E-8 +/- 2.1e-11 100000
AV-d 400 0.476E-8 +/- 2.9e-12 100000
AV-d 700 0.609E-9 +/- 4.0e-13 100000
AV-d 1000 0.600E-10 +/-3.9e-14 100000
AV-u 0.1 0.719E-7 +/- 4.9e-11 100000
AV-u 1 0.719E-7 +/- 5.4e-11 100000
AV-u 10 0.755E-7 +/- 5.3e-11 100000
AV-u 100 0.552E-7 +/- 3.6e-11 100000
AV-u 200 0.333E-7 +/- 3.7e-11 100000
AV-u 300 0.194E-7 +/- 3.9e-11 100000
AV-u 400 0.111E-7 +/- 7.4e-12 100000
AV-u 700 0.192E-8 +/- 1.2e-12 100000
AV-u 1000 0.284E-9 +/- 2.8e-13 100000
V-d 0.1 0.393E-7 +/- 2.4e-13 100000
V-d 1 0.394E-7 +/- 2.7e-11 100000
V-d 10 0.414E-7 +/- 2.8e-11 100000
V-d 100 0.365E-7 +/- 2.0e-11 100000
V-d 200 0.261E-7 +/- 2.0e-11 100000
V-d 300 0.173E-7 +/- 2.0e-11 100000
V-d 400 0.109E-7 +/- 6.2e-12 100000
V-d 700 0.215E-8 +/-1.1e-12 100000
V-d 1000 0.305E-9 +/- 3.7e-13 100000
V-u 0.1 0.720E-7 +/- 4.5e-11 100000
V-u 1 0.719E-7 +/- 4.6e-11 100000
V-u 10 0.740E-7 +/- 4.6e-11 100000
V-u 100 0.680E-7 +/- 4.6e-11 100000
V-u 200 0.509E-7 +/- 3.3e-11 100000
V-u 300 0.354E-7 +/- 2.1e-11 100000
V-u 400 0.237E-7 +/- 1.1e-11 100000
V-u 700 0.600E-8 +/- 3.0e-12 100000
V-u 1000 0.123E-8 +/- 5.7e-13 100000
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2. APPENDIX-B

2.1 Monte Carlo Background Simulation Samples

Table 2.1 Standard Model Monte Carlo simulation samples. Each sample is $om:-*
merll” production and usaesrTHIAG for showering. The cross-sections quoted are at LO
for QCD and LO/NLO for the other processes.

Dataset Details L@ [fb] NLO o [fb]

Zyy+ jets50>Ht >100 MADGRAPH 0.3095 0.4124

Z,y+ jets 100> Hr > 200 MADGRAPH  0.1252 0.1668

Zyy+ jets Ht > 200 MADGRAPH 0.03292 0.04386
W=, + jets MADGRAPH  24.640 31.634
Z+- + jets MADGRAPH 2.321 3.093
tt MADGRAPH  0.121 0.203
QCD, 170> Ht > 300 PYTHIA 0.255

QCD, 300> Ht > 470 PYTHIA 5.495

QCD, 470> Ht > 600 PYTHIA 56.82

QCD, 600> Ht > 800 PYTHIA 273.0

QCD, 800> Ht > 1000 PYTHIA 2193

QCD, 1000> Ht > 1400 PYTHIA 6302

QCD, 1400> Ht > 1800 PYTHIA 202042

QCD, 1800> Hy > o PYTHIA 818355

97



3. APPENDIX-C

Mehmet VERGL |

3. APPENDIX-C

3.1 Optimisation of MET Cut for Limit Setting

Table 3.1 Optimisation 0EMSS cut for various ADD models limits ipb~2.

E%”'SSGeV Mp = 4,6 =2 Mp = 2,6 =3

200
250
300
350
400

3.89
2.59
1.71
1.86
1.92

3.90
2.21
1.37
1.38
1.39

Table 3.2 Optimisation dETSS cut for various DM models limits ipb~2.

Ef'*°GeV Avd 10 AVd400 Avu400 Vd400 Vu400

200
225
250
275
300
325
350
375
400
425
450
475
500
525
550
575

4.03
3.19
2.61
2.18
1.86
1.86
1.88
2.03
2.21
2.38
2.47
251
2.72
2.90
3.01
3.06

3.11
2.36
1.87
151
1.26
1.23
1.20
1.23
1.25
1.32
1.32
1.33
1.36
1.52
1.58
1.58

2.93
1.94
1.66
1.30
1.06
1.02
0.95
0.98
0.97
1.00
0.97
0.94
0.94
1.01
1.01
1.04

3.33
2.39
1.96
1.59
1.32
1.30
1.26
1.35
1.38
1.47
1.44
1.46
1.52
1.62
1.61
1.60

3.02
2.17
1.72
1.38
1.13
1.08
1.02
1.03
1.01
1.05
1.05
1.01
1.00
1.06
1.04
1.03
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4. APPENDIX-D

4.1 W=, + jetsEstimation

Table 4.1 Estimation of the remainify-, + jetsbackground from the lost electron and

muon contributions.

EFS>200 EF™>250 EF™>300 EF™>350 EF™>400

Nobs 8666 3012 1179 531 261
Npgd 616.2 205.8 78.1 31.3 14.9
A 0.786 0.824 0.853 0.873 0.890
¢ 0.435 0.415 0.429 0.450 0.414
Niot 23556 8219 3009 1271 667
A 0.851 0.878 0.906 0.928 0.938
£ 0.972 0.980 0.981 0.975 0.969
\fy 3168.4 835.4 238.2 84.0 35.4
N!‘{\ 587.4 153.7 45.2 17.4 7.2
Niosty 3755.7 989.0 283.5 101.4 42.6
A® 0.509 0.476 0.475 0.495 0.518
€® 0.546 0.546 0.555 0.975 0.507
NFs 2571.5 748.9 238.1 88.6 39.3
NF, 1272.3 322.7 105.9 45.3 18.3
Nioste 3843.8 1071.6 344.0 133.9 57.6
Nhadronicr 3807.6 1080.1 353.7 145.3 65.2
N+ jets 11407 3141 981 381 165
Nw. +jets (after TIV) 9513 2619 812 310 134
Prediction from\{+, + jetsMC 9047.7 2759.5 904.7 338.5 138.5
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