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CHAPTER 1

Supersym extended to the Stan-

dard Model (SM) [970s and became popular
because it can provi | ip 5 D f the Standard Model,
such as the hier ol nass Of he Higgs bosons, or

candidates of th ! 3 ) _- - smologl heory. The overview of the

supersymmetry and $omg solutions sed by th -u symmetry will be intro-

brings us to many ques-
tions about its properties, g 2S5 ymmetric particles (known as

proposed to be heavier than their

Standard Model par 1 important qu how gan we discover these
supersymmet 5’"'_ CE Pila ) il “_:..:f particles have been

predicted in t £1é Te ; arge Hadron Collider

(LHC) to create :l-‘- supersymmetric particles in the con ’_ led environment. The

LHC is constructedpt&e European Orgawatlon for Nuclear Research ( CERN)

5112 1 ey L s
tons a he “cente frame er 2009, the LHC

became the worlds highest energy‘partlcle accelerater from the collisién/energy at

VRN AT RIHARS VSIS e

at 7 TeV (3.5 TeV in each beam) for 1-2 years to collect data for physicists. A
long shutdown will come afterward to prepare the machine to run at the designed

energy (14 TeV). To discover the supersymmetric particles, two general purposed



detectors, called ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact Muon
Solenoid), will be used. The details of the LHC and the CMS detector will be de-
scribed in Chapter 3.

Since new physics always comes with some unknown parameters, it opens

to allow physicists to prepare necessar ig'tools. The detail of the CMS

Nowadays, physi ' h can be divided into two
groups by the s an propose the possible

way to correct The supersymmetry

comes out with ne Igs’ which-have the spi by h/2 unit from their
Standard Mod v & portant of this ’s o study the possible
ways to obtain the spint information of S ' mmetric particles if they
exits at the LHC. In | sis7 ‘thte’ offe e spin correlation factor of the
. X/ AL o i . . .
supersymmetric particles einatics/of the decay products is studied with
two decay chains of in '-rufﬁ-..'.’ } qlnem,ljF — qlnearljfmj(? and

tF — b — by — bl=v Lt eter sets (called LM1, LM2, and

LMG6) of the sed. The characteristics

P e Vv
of each set will-hediscuss: ed-in-Chapt eT2 i ‘ ods will be discuss

in Chapter 5. hapter 6.

e extra work on the neutron background of the CMS detector

T A ) DSy g e o

the muom:hambers from neutron&,vvas studied. Not only the physics results come

THINVTTI AT Ta Y

Note that,



CHAPTER 11

of the 19th century when J
= il

seovered the electron and proposed
a model for the, struct atorn. In the ig of the 20th century, the

basic concepts of lopeds including quantum
mechanics and disco , .féa as neutron. In 1964,
the idea of quar jll as proposed by M. Gell-Mann and u weig (independently).

They proposed tha’g‘t e quarks and antlﬂyarks combined in many dierent ways

cles. ese s of constituernts up quark, down-quark and

strange-quark. In 1967, S. Wemﬂerg, S. Glashoﬁcollaboratlon andA. Salam
AR TR A B B e
fMetic and weak nuclear forces together. In 1969, J. Friedman, H. Kendall, and R.
Taylor found the first evidence of quarks. A years after that, the Standard Model
(SM) has been developed. Between 1970 and 2000, the members of the Standard



Model particles had been discovered, i.e. charmed quark (1974), tau lepton (1975),
W and Z bosons (1983) and top quark (1995). The tau neutrino, the last member

of the Standard Model, except Higgs bosons, was discovered in 2000.

In this chapter, the brief review of the Standard Model theory will be intro-

The Standard Model i i o5 which describe the knowledge of
the elementary parti th _ﬂ ffundams ": interactions. At present,
we can describe ’ it interactions by two types of particles, called

bosons and fermions. i are cles w ) obey the Fermi-Dirac statistics.

They have half-integer s int} e | u s of Pla (h). The elementary
constituents of matter Whl' nch e At leptons are in the fermion group.
For the bosons, they are pg;% b r Bose-Einstein statistics, and have
integer spin i .- he - 1 I group are described

as carriers of lr‘%{ ‘\ i etlc force, the weak

he 5t stails mthe matter and forces

will be describe Sections 2.1.2 and 2.1.3, respectively.

B W00 1w 20 4 W

the Weak the strong, and the grafltatlonal forces The electromagneund weak

RIRID IR TN UL

Model is a combination of the gauge field theories which explain electroweak and

nuclear force, a

strong forces, but it does not currently include gravity.



A problem of the Standard Model is the missing description about the mass
of each particle. It is obvious from experiments that most of the Standard Model
particles are massive, but when we put mass terms into the Standard Model La-
gragian, it breaks the gauge invariance and the results is nonrenormalizable. A

popular solution for this problem is the Higgs mechanism which requires spon-

taneous symmetry breaking. f Higgs boson searches is described

ﬁ tandard Model can be found

in Section 2.1.4. A compr

ade of atoms. Atom
- V:,,, ormed by protons and
‘ ws elementary fermionic
Aok mark. In the Standard
ich = e six leptons and six quarks,
] icl ‘An antiparticle is a particle

which has the same mass as’ 3
i '
In the quark model; sk is always ¢ vith o

opposite charge.

er (anti-) quark(s),

we Call the p A [ j:;l-i:-vvllllulrn--unlllnm.i-li-n-iurn- v:rniiiiiii;.-__" & uarks as hadrons

We can separaté the nto thiee groups which are
the baryon Whi s composed O ce quarks, the antib IE on which is composed

of three anti- quark%-and the mesons Whl is composed of quark and anti-quark

Eﬁ"uﬁrw TN
aﬁwmmmummmaﬂ

1 of the forces we know at present are governed by the combination of four
fundamental forces, including gravity, electromagnetism, strong nuclear force, and

weak nuclear force. In the Standard Model, the interactions between particles are



Name Symbol Mass (MeV/c?) Charge (C) Mean life time

Electron e 0.511 -1 > 4.6 x 10%0 yr
Electron neutrino U, < 0.0000022 0 Unknown
Muon u 105.65 -1 219 x 107% s

Muon neutrino vy 0 Unknown

Tau -1 290.6 x 1071° g

Tau neutrino 0 Unknown

Up quark

Down quark ™

, ‘ ‘ N\
Table 2.1: The basic '," C ¢ siand 1 on. Note that, the detail

in neutrino masses gar

\eV/c?) Charge (C)

ﬂﬁ%’h ﬁbﬂ'fﬁmm

QW']ﬁﬁﬂ‘iﬁJﬂJiﬂﬂQﬂmﬂﬂ

Table 2.2: The examples of hadrons.




Type of forces  Range (m) Related Theory Mediators
Electromagnetism 00 Quantum Electrodynamics Photon
Weak 107 Electroweak w=, 20
Strong 1071° Quantum Chromodynamics  gluons
Gravity 1 General relativity graviton

Table 2.3: The pi orties lr e basic forces.

, in the electron repulsion
process, the virtua S sferr ' ween two electrons, and makes them

move conversel : ' - D tures, we describe this

Note that, it 7‘ ‘ \

the gravitational forcg hag'been . propose ‘ c ade in the theory. The

\arge objects.

hich is the mediator of

properties of eac

A remaining question of the ; ses of particles. The mechanism

which can exl s mechanism which

lies in a proce y

The sym y breal onside .r’:j he vacuum state, the

state with no ﬁelds go = 0), of some Lagranglans We found that there are a true

i:;ifmm E3) [k L LT
mmpnmum:mma 8

scale and it has a positive value. The potential is

1 1
—1*p* + Z,\go‘*. (2.2)

Vi(p) = 5



The potential is drawn in Figure 2.1. To find the minimum, we calculate the

derivative of the potential V' with respect to ¢ and set it equal to zero.

0= p(u® +Ap?) (2:3)

If 42 is chosen to be a negative, a non trivial minimum of the potential exists

where

(2.4)
The two possible mi

(2.5)
We can go to one 16 ity breaks the symmetzy. When the perturbation
theory is applied a metr broken and allows the

mass tems to e ig' 15/thie concéptiof the Higy achanism.

©)

(b

L
L)
Figure 2.1: & i (2.1), for the case

of (a) u? >0, (bﬂfz < 0. ' LI]

The Higgs m&lnlsm for the electroweak symmetry breaking can predict

AUV ENE AT

pre 1cth agrees with the experimental results. In addition, the existance of a

) e boson, which is called s boson, is‘also redlcted sent, the
&ﬁmwam Th e b s to

e discovered at the LHC. The previous CERN accelerator LEP had placed the
lower bound on the mass of the Higgs boson of 114.4 GeV /c? at a 95% confidence
limit [8].



2.1.5 Higgs searches at the LHC

As introduced previously, the electroweak gauge bosons and fermions acquire

masses through the interactions with the Higgs field. The unknown parameter

of the Higgs boson is its mass, my. If we can find the Higgs boson productions at

Figure 2.2: The H1gs£son production ni(}lamsms a) gluon fusion, (b) vector

RUHATHNT AT
IR TN AR

1. H— ZZ* — ete putp~: For the integrated luminosity of 30 fb™!, the

50 significance can be expected for the Higgs mass in range 130 < mpy <
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—————
o(pp—~H+X) [pb]
102

Vs=14TeV
M, = 175 GeV
CTEQ6M

g—H
10 £

Figure 2.3: Th

comes from Secti

500 GeV/c2Thid clifndiel is. : 'sg.JrL o with relatively small
background w e same Signat lectrons and two muons.

The examplé | et

‘ . xpected to observe with
the integrated lu S ‘* (Al ; 1ggs mass in range 150 < mpg <
180 GeV/c?. The main backe: mes from diboson events, including
WW, W4, andZZ.

3. H—>r '-§'.-‘ﬁ' .ﬂ-f xpected to observe

with the

: 0gs mass in range 115 <

des QCD (27+2 or 3

‘ I
my < 13 eV/ c”. The considered background inc
jets), boson + J% nd tt + j

4. ua WD INNS. ..o

w1t the integrated luminosity of 30 fb™! foahe Higgs mass in ange 140 <

RO IARTIN I

5. H — ~v: The signal significance is about 3¢ for the integrated luminosity
of 60 fb~! when the mass in range 115 < my < 130 GeV/c?. Then it
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drops to 2.3¢ when the mass in range 130 < my < 150 GeV/c?. The main

background comes from the QCD process.

The comprehensive details for all study channels, including the Monte Carlo study,
the discovery potential, background estimation, and the event selection by the

CMS collaboration, can be found in Note that, searching for the Higgs boson

is also continuing at the Tevatron ex .'_. et and CDF, at the Fermilab.

Even though the Sténdarfd Model is-a success \". Iy, it is not complete by
itself. There are mo 3 njar] ﬂ.,n'r_;‘ parameters, ix quark masses, three

portant questions for

; w Higgs discovery is not

: stion ot the Higgs mass still
remains. Due to the effeg v particles which couple to the Higgs field, the
vill be gotten. After applying the

——

Feynman rules, the Higgs NS {175 )2l

2 ey
given by — - ’k / B

S

1c. quantum corrections (Amy) are

i (2.6)
ol ]B
The Ay is the Yukawa goupling of particles ghat couple to the Higgs field. The Apy
is calleﬂ\eﬂrﬂlﬂuﬂ ﬁ:ﬁﬁlw ﬁlﬁc} ﬂﬁidard Model is
valid. fqe consider at the Planck scale UV~ plN 0! GeV/c?), the Higgs
mass will diverge. This is knovgl as the hieraréliy ﬁ)lem. The Hetv physics

S

NGV Db A IS VN oo

Beyond Standard Model theories, new groups of particles have been predicted.

(2.7)

One theory of the BSM is the supersymmetry. With the supersymmetry, new
predicted particles are proposed to be partners of the Standard Model particles



12

and have the spin difference by g, that is fermions have boson-like partners and vice
versa. These partners of the Standard Model particles are called superpartners
or sparticles. With their existences, the divergent problem of the Higgs mass is
reduced by introducing additional terms which have the Ay in the same order

but different sign in quantum corrections. With the supersymmetry, the three

forces, including strong, ele _r. l ak, have exactly equal strengths
in this theory at a very hig x\ é

Figure 2.4: The,inverse gau; nc 'n of energy (). The
dashed lines a re for the SivL, and the soli "‘: 1al Supersymmetric

Standard Moe '-’W : .m

Not only the 1erarchy problem and the unification of gauge coupling that
can be Fieﬂ jfl- wm Iso candidates
of the da Ejr J is't H ﬂ? ﬂ jscrlbe this, the
R—parlty needed to be defined ﬁlrst The R—parl ) is defined b

’QW']Mﬂ‘iEH%JW}%ﬂEﬂﬂHm

Where B, L and S are Boson number, Lepton number, and spin of the particles,

respectively. This implies that all Standard Model particles have R, = +1 while
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their superpartners have R, = —1. The R, conservation states that, at every ver-
tices, the multiplication product of I, around a vertex must be equal to +1. With
the conservation of the R-parity, sparticles must be produced in pairs. Then, a
massive stable superpartner must be absolutely stable, and it can be a candidate

for the dark matter. We call it the Ii

. supersymmetric particle (LSP). In addi-

tion, if it is electrically neutr eakly with ordinary matter. That

is an excellent candida

be found in [9].

Names of thesu \LGITC: 'rom the fermion name

«,

with a preceding “si" For nple; " s the superpattner of top quark, and it

Is about supersymmetry can

can be written by addii 3 A symbol of “-0 e.g. t. For the case
of the superpartuers of the ndard Model b 0! .‘~ nes of supersymmetric

partners are composeddby fhe name of . 8 -\ appended with “ino”, i.e.

Wino is the superpartig

\ srthe Standard Model

particles and supeérsyiu

\ ¥ 73]
Standard odel particle 4

D er imetric particles

v, 2O i - o DB
W+, i Xi X3

:--r;rg:teﬂﬁ::;‘ .
R I »“ > YT

ARALAIAUYRNANLN AT

The Minimal Supersymmetric Standard Model (MSSM) is the minimal extension
to the Standard Model which incorporates supersymmetry by adding the corre-
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sponding superpartners to the existing Standard Model particles. Even in the
MSSM which is a minimal extension, there still are more than 100 free parame-
ters. We call this unconstrained conditions of MSSM as uMSSM. In the minimal

supergravity (mSUGRA), there are only five parameters which allow us to calcu-

late the MSSM particle mass spectra and their interactions [10]. With different

breaking trilinear H f f

. plings.

\\\ of the two MSSM Higgs

arameter.

doublets. ; ;
J.i'"l [

ssitio-fildss p

e sign(pu): Sign of t

and mSUGRA benchmark points

Figure 2.5 shows the _-im 7
studied by the.CM aboration. The ions can be separated into

three reglons ;mmﬁrp arks [3] The three

regions are -
1. Region 1: m ) The decays of § — qq are e@ected to be dominant.
les o oints include 2 are our study
ﬁmﬂ Viﬁ] il

2. Reglon 2: m(g ¢) The'decays of § — &are expected to bﬁjommant

QWﬂWﬂﬁWNWﬂ’JVIH’]ﬂH

3. Region 3: Some squarks are heavier, others are lighter than gluino. At this
point, gluino will decay to the lighter squarks. An example point in this

region is LMS8 in which by and ¢, are lighter than gluino, but others are not.
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MSUGRA, tanf =10, A; =0, u>0
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Figure 2.5:

.‘ ¢diseo GO Hows blie Sy |-.1"- ‘- benchmark points
studied by the ANIS

El ™ ™

{l
In this thesis, three different benchmark points, called LM1, LM2 and LM6
will be

p el e et e

mSUGRA pa-
rameteralf the decay chain of in .prest at the benchmark points, LMl LM2 and

CLMBNPIVEY N LMY

e LM1: The decays ) — Uiz and X3 — 717, are allowed, while ¥ — II, and

Xy — ToTy are forbidden. About 30 % of the decay products of the gluino
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Model (post-WMAP point [11]) | mqso | mo | Ao | sign p | tan 3
LM1 (B') 250 | 60 | 0 | + | 10
LM2 (I') 350 | 185 0 | + | 35
LM6 (C") 400 | 85 [ 0| + | 10

Table 2.5: mSUGRA parame :
points, LM1, LM2 and

Model : - 159 = M Mot
LM1 178.272 8.114 | 363.395
LM2 |8 265.0 404 | 471.781
LM6 | 93 F 03.985 | 536.692
W
i, M, 4, by my,
LM1 | 5654849 #£530.289 5t 201 | 516.822 | 405.003
M2 | #3018 | 79,4951 75 616 | 577.726
LM6 | 8644770 | 860.8 E“ 86 04.531 | 644.254
et i
My, —— My mg, mg,
LM1_| 541.705/[542:136 | 542,250 | 581.007
LM2.:1. 752.166
LMG6 8 | 844.434
Tﬁ!_LA Mep Mpp e | Miiug ms, M,
| @g7.057 (AT 142189.503
£ NEVA ﬂ.ﬂ ’IT]'@
LM6 | 288.178 | 175.189'| 288.178 170.684

17

. /‘ng branching ratios at benchmark

WA DAAEVATEIAL..

points, LM1, LM2 and LMS.
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are sbottom-bottom pairs. The dominant decay process of the squark is
q— )Zli + g, followed by § — X3 + ¢ except for the # which has a branching
ratio of £ — Y + t comparable with t — Y3 + ¢.

— BR(X9 = llz) = 11.2 % (for e and p)

e LM2: The deca ssed by X3 — 7171. The

decay X9 ut 25 % of the squark
(quark) progd m-bottom pairs. The

dominant deg s of jsquark is G = ¥4 ollowed by ¢ — X3 + ¢

except for il an 1ing tio of £ — X3+ ¢ lower than ¢ — X0+t

and t — Y -\ 0 Yorand o of gluine decay are sbottom-bottom
and stop-top p ' \Y

— BR(Y3 — e€) = 0% '
,15*1 e .-L
e LM6: The decay ‘-Hﬁ red for all channels.
The domingt de (1 + c;l ollowed by ¢ — X9 +¢
except for b, and ¢. For sbottom decay, the branch g ratio of b — )@t +1

HanSREAnT

— BR (X9 — 1) = 12 %(for e and )

QWQ@M?W%WTW]EHQH

- BR X2—>7'1’7'1) 14.6 %

aal

— BR()Zg — 72%2) =58 %



— BR({; - ¥{b) = 43.8 %
— BR(f; = %) = 255 %
— BR(Y — 7,7) =244 %
(

— BR(x{ — 1) = 40 % (for e and p)

ﬂ‘LlElI’JVIEWI‘i‘W mm'
ammnmummmaﬂ
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CHAPTER 111

3.1 The ,,

At present, the goal oflexperime ] , L enc \rticle physics is to discover the
remaining particles in the Or i he . odel and particles which
are predicted in the be ng' “'FF“.‘ - Mog eories such as supersymmetry, or

extra-dimensions. To discoyer thes atures, physicists need the collisions at

-n-l"" = -’_"-:.- '

high energies. .. There can build with present

s

technology_ .;"*: " m—-mmm' sir collisions prOVIde

clean signals. '!

drawback of thiind of accelerato

structuireless. However, the
he limited ener that can be obtained
because of synchrotin &diation losses. Thvcond choice is a muon collider. With
presen it'1s u ns before they
decay. %ﬁﬂ q m amﬁmﬂﬁﬁ:ﬁd anti-proton)
colliders have proved to be succegsful. However, anti-proton productionsis not an

REERFURN1IVIE A E

Finally, European physicists have decided to build a proton-proton col-
lider at the European Organization for Nuclear Research (CERN) located on

the French-Swiss border, west of Geneva. This accelerator is named the Large
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Hadron Collider (LHC). This project was approved by the CERN council in De-
cember 1994, and would be built in the same tunnel of the old accelerator, the
Large Electron-Positron collider (LEP). The LHC will be a proton-proton collider
with 14 TeV center-of-mass energy and luminosity of up to 103 cm=2s7!. It is
also a high energy Pb-Pb collider.
LHC.

able 3.1 summarizes the specifications of the

Because the LHC isdocated in the ol el, there is not enough space

to accelerate parti ; posite directions. Therefore
the LHC is designed™with'ty g sf-eoils ar : :hannels sharing the same
mechanical stru‘c 7 . sross-section of the dipole
magnet and a plof of dipolé maguetic : five 12]. Figure 3.3 presents

diagram of the LHQ; acg tations [13].

CYUNDER / HE VESSEL

SHIELD (55 1o 75K)

’QW']ﬂﬂﬂ‘ifUﬂWl']’mEnﬂEJ

1gure 3.1: Cross-sections of the LHC dipole magnet. Two beam lines can be seen

in the central part.
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General details

Name Large Hadron Collider (LHC)
Circumference 26659 m
Number of magnets 9300

Number of dipoles » 1232

Number of qua -,R P 35

’-

proton-pra s.‘,,‘ﬁ_,n H ”"’

NOI’l’liIl cnergy 7 Te\

28"-‘

“.. .
‘.-\_1, .

eI‘ |

buic

No. ©

Designe

Luminosity

Table 3.1:- I of the LHC.

yﬁ_}: HC ring at 10:28

a.m. on Septe : , re.was an accident during
the commissioning (without beam) of the LHC sector 3- ‘J t high current for the

operation at 5 TeVl' er the investigations the LHC experts concluded that a

faulty ﬂ ﬁ ﬂ!ﬂow Ej wﬁgw ﬁﬁtﬂnﬁamwal damage
and releqad the helium into the tunne ter a year of repairs, the LHC started

again on November 20th, 2009. ﬁ“he first collisiofis at 900 GeV, which is equal

¥ B B R B g P

Synchrotron (SPS) to the LHC, were made on November 23rd, 2009. The four
main detectors, ALICE, ATLAS, CMS, and LHCDb could record the data from

these collisions. After a week of operation, the LHC could raise the energy of
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© ALICE LHCb @

neutnnos

— ATLAS - 7 CNGS

Gran Sassn

LINAC 3
lens

ﬂummmﬂmm
LRLIRALL Sy Iner s

energy level for 2-3 years to collect the data before the long shutdown to upgrade
the LHC to reach the designed energy at 14 TeV.
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3.2 Experiments at the LHC

There are seven experiments installed in the four intersect regions of the LHC as

follows:

2. ATLAS (A HC
the LHC. It i et § udd ' Higos sec ﬂ,,{ physics beyond the
5 \ 7 ions. ATLAS infor-

eneral purpose detector for

mation can

' bose detector as the AT-

o1, 'i info.cern.ch/outreach/.

_ lesigned to study b-physics,
i- _;s-*"'.-'.l"'. . .
specially to measure €P-=viclation p: >ters. LHCb information can be

found on http://1heb -'ij,t' ‘, h/lhcb-public/.

5. LHCf ""fﬁ""ﬁ? orwaird): A special-p ¢ eape ." to study forward
high energ v pa é‘ri ons. The results from

the LHCf -E![ be used to tune the simulation for [in ic rays. It is located

near the ATI‘% experiment. formatlon can be found on http:

1) SR

MOEDAL (Monopole ang Exotics Detector at the LHC): The newest

q TSI ST T T

highly ionizing particles. MoEDAL information can be found on http://

web.me.com/jamespinfold/MoEDAL_site/Welcome.html.
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7. TOTEM (Total Cross Section, Elastic Scattering and Diffraction
Dissociation): The experiment which is designed to measure the total
cross section, elastic scattering and diffractive processes at the LHC. It will
be installed near the CMS detector. TOTEM information can be found on

http://cern.ch/totem-experiment/.

3.3 The Co

The Compact Muo : (! dssone of two ge ' | purpose detectors for the
cifications of the CMS detector.
efector is given below. Figures

3.4 and 3.5 show t Ay, the comp te GM _ de tor, respectively.

Silicon Tracker
Very-forward Pixel Detector

Calorimeter

Hadronic |
Calorimeter -
I

RTIN I AR INEN.

Compact Muon Solenoid

\,

Figure 3.4: The complete layout of the CMS detector.
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tector in the experimental hall.

Figure 3.5:4The.¢ 'lete QYMS%

o, ! {4 ..I'J -:;" '-
1. Inner Tracking stem ‘Lhesinne } tracker is designed to precisely mea-
i .J..&J
sure the transverse mo tum of articles, e.g. leptons, which are
”@EB*“_ 5%(} 29.P ti g. lep

bent in the magnetic ﬁe}d—The rﬁo‘f curvature of the particle’s track
allows physmlsts to*deéér-mine ils mdﬁa"éﬂiﬁm We can combine tracker in-
format1qn5v1th information from other detecim_sgzsfeég,se g. calorimeter or

muon S}Giaé{m information, to identify charged partlclﬂsl)f interest.

2. Calorlme&eJr System: The purpose of the calorlmefeer is to precisely mea-
sure the energy of partlcles by absorblng and measurmg the shower from an
1neom1r1g partlcle I A sl*owe? 1§ a cafca&e of seconxliary|partlcles produced
froml a high energy particle when it interacts with a dense matter. When

an mcomlng particle 1nteracts with a dense matter, new partlcles Wlth less

[ I v lenel{ y it p*oduced Sonlle of 1them Whlch halve Ver low energles stop and

are absorbed. The remaining partlcles mteract in the same way. These
processes continue many times until all of secondary particles are absorbed.

The illustration of a shower from a high energy electron is shown in Figure
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3.6. There are two types of calorimeter systems in the CMS:

(a) Electromagnetic Calorimeter (ECAL): An electromagnetic calorime-
ter is optimized for measuring electron and photon energies. The
calorimeter detects an electromagnetic shower produced by a cascade

of bremsstrahlung and, pair production processes. When electrons and

photons pass thrc A that crystal will produce light

hotodetector will then de-

calorimeter is opti-
7 ons, particles made of quarks and
gluoris sugh as *0) :: wrol G -- pfovides indirect mea-
- ant p is inelastic hadron in-
ter. A sampling calorime-
I /OIS he passive layer is re-
¢ active layer is responsible for

ation.

3. Magnet System —‘Eﬁ 15 g solenoid has been chosen to

roduce aur direction of beam axis.
: d
¢ Aduniiorm magnetic eld of'o-orteoIaNINNNR

This maghe

\ﬁ also used as muon

filter. Theﬂlper o 2 1eﬁms of 13 metres long
and inner diameter of 6 metres. '
ﬁiﬂﬂi‘i’] HNIWHAR T
tem, there are
three different technologiesised to detect measure mMuons: g _g

ammnmummmaﬂ

(b) Cathode strip chambers (CSCs) in the endcap region.

(c) Resistive plate chambers (RPCs) in both the barrel and endcap regions.
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L e e gt i et it
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Figure 3.6: The i from a high energy

electron.
Name _ n Solenoid (CMS)
Length
Diamete

Weight

Magnetic Field f‘ﬁs‘ _..l.-

%

Stor e

S

Weight (magnet system) | 14,000 tons
Locationi! - Point 5, Cessy, France

UEIANENINETINS

Table 3.2: The gelﬁral details of thesCMS detector.

QM’]@ SNatRI NN Y

In the coordinate system of CMS, the origin is the point of nominal collision,

the z-axis is defined radially inward toward to the center of the LHC ring, while
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the y-axis is defined vertically upward from the origin. The z-axis is defined
along the beam pipe, direction to the Jura mountain. The transverse direction of
any quantities are calculated from the x and y components of the corresponding

quantities. The coordinate system of the CMS is illustrated in Figure 3.4.

3.3.3 Physics Studie¢ So\ne ollaboration

The CMS detector waS designed to & égose detector, the physics

which will be studied_ateth: _ h -COVET: om the Standard Model to

physics beyond the Samd: 6 le amples of phy sics studies in the CMS are,

1. Standard il ;, f the studies will'eover all existing Stan-
dard Model signatu st 1§ includes RicAOf ug interactions, top quark

: r sl L\ W

2. Higgs Bosons: ég ﬁ:g}m naining
dard Model. This st s/ ot ing! on e Standard Model Higgs

nissing part of the Stan-

bosons, but it als '7 lndes st e Higgs sector for beyond the
Standard Model scenarie Vm-m-m-r.'. al supersymmetric Standard Model

(MSSM) Higgs oiaathor: J""!.-‘L# ,.-'.."'

€]

R,
Supers y ---------------------------- 2.2 1t the ersymmetric parti-
cles exists ablt SE’C
jets, leptons and missing energy should help us to
rameters of thie theory.

. ﬂ UEANUNINYNDT e

the tandard Model theory‘gxcept supersymmetry Examples o udles are

AWTEANT T N“W”T“Wfﬂ’]ﬂ d

5. Heavy-ion physics: The LHC will provide high energy collision of heavy

icle decays, including

nstrain some free pa-

ions, which opens a possibility to study Quantum Chromodynamics (QCD)

in extreme conditions, such as high temperature or high density.
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3.3.4 Detector Components

In this section, each sub-systems of the CMS detector will be described starting

from the part which is closest to the beam pipe and moving radially outwards.

As mentioned above, the n precisely measure the co-

ordinates of charged partic is information, momenta
of particles in the determined. Informa-
tion from the tra ic calorimeter data to

completely identifyphotio , ' ] , s and .5 ombined with the muon
£ ‘H \ 0 identify secondary ver-
tices which help. c ¢'F"v ’\ \\ n be used to estimate

isolation and multiplici i ch Ver impor \ arameters in analyzing the
d J .|-l _
data. The layout of the GMS ,.' "'_J STEL ,3‘&1 Figure 3.7. The CMS

system for muon idex

tracker consists of two

qm T

£3Hsasss5§§§
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Pixel Detector

In the closest section of the CMS detector to the LHC beam line, the interaction
region will be covered by three layers of silicon pixel detectors. These three barrel

layers have mean radii of 4.4 cm, 7.3 cm, and 10.2 cm, respectively. The total

length of the barrel layer is 53 cm. ‘I ’ endcaps, extending from 6 to 15 cm of

radius, will be placed on each and 46.5 cm. Figure 3.8 shows

a three-dimensional view of pixel detector

The cell size of the C ‘tors 15 100 puw i“z_!g___ m, and the resolution is
15 pm using analog re dov \:\‘\\\ of 768 modules of three
barrel layers, and O : S idce _n,\ d: ~ With the pixel detector,
the efficiency of findi ' ] L track is larger than 90% in the
pseudorapidity regig N 7 CMS pixel detector can

be found in [15]:

Suangninenna......

regions.

QW]Nﬂ‘iﬂJ UNIINYAY



32

Silicon Strip Detector

The silicon strip detector is placed around the pixel detector, covers the mean radii
from 20 cm to 110 cm. In the barrel region, the silicon strip tracker is divided into

two parts, the Tracker Inner Barrel (TIB) and the Tracker Outer Barrel (TOB).

The TIB consists of four cylindrica of the silicon sensors with a thickness of

320 pm and covers up to | onsists of six cylindrical layers

of the silicon sensors wit covers up to |z| < 110 cm.

For the endcap:re oloNthe strip 1 ack ed into two parts, the Tracker

Endcap (TEC) and the racker Inn isks ) S ich are arranged in rings,

whose 70 cm < |z| <

-

C, it contains nine disks

centered on the bea
120 cm, the thi

which 120 cm < 2[4

The thickness he three innermost rings

and 500 pm for the six ot or the CMS silicon strip

detector can be found in 4]

The total area of t q ;F{‘iﬂ tgg; | 1 'm?, whilst that of the silicon

strip detectors is 200 m?, p oviding p to [n] < 2.4. The inner tracker

consists of 66-million

R = i

\ 7 )
3.3.4.2 Calorimet Pl .m '
The calorimeters ars.located between the tracker and the superconducting solenoid.
El““ﬂuﬂ”ﬁ n (130 11w | 0 14 1
measu ies igned sure the ener-
gies of ele ctrons and photons itis called electrﬂagnetlc calorlme@ (ECAL)

quter calorime er 1S demgne Sor hajrons ich 1nteract via the strong in-

teraction. It is called hadronic calorimeter (HCAL).
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Electromagnetic Calorimeter (ECAL)

A highly accurate measurement and excellent resolution of the energy and position
of electrons and photons are the design goals of the CMS electromagnetic calorime-
ter. Figures 3.9 and 3.10 show the structure of the electromagnetic calorimeter in

the barrel and the endcap region:

- wgz 140 GeV /c?), a possible

If the Higgs boson

decay channel for it i 3 ho excellent resolution of the
energy measurement, o dm% case. If the mass of the Higgs
is higher, the decay intg s (via Z bosons). comes significant

crystals are: high densit " sinall 3 Al radiation length. Lead-

electromagnetic calorimeter “consists al 80,000 lead-tungsten crystals, in
both barrel and two endes 1-- - _, \ ~of photodiodes and associated
readout elect ww?‘ o Diodes (AVD) is

used while t{‘ :"«J dcap region.

Another pm of the electromagnetic calorimeter is@ pre-shower detector.
It is installed in frqﬂt&f endcaps Its pu@se is to provide separation between

dition, etectors can e position of photons.
The position of the pre-shower 1séhown in Figure:3.11.

9 Wﬂa@gﬁ blhia G o W]QL‘H &J:n]@ e

y the width of gaussian distribution parameters. It can be expressed as

(%E)Q — (%)2 + <%)2 +c (3.1)
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01 O

Figure 3.9:

T,L i i "I’-L'J

J'-'-—

1 TP= i—
G T WA Poes

where tl%lenergy is expressed in @e\/ The paralaer a is called StO@Sth term

JCIANT AR AT INEL AL
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From the testbeam d oy res as a function of electron

energy is shown in Figute 3. ‘he paratn. ers he ECAL energy resolution
are '

(3.5)

,,,,,, (3.6)

(3.7)

Hadro

UL R (AT

jets, and to calculate missing energy. Missing energy is one of key signatures for
PRIRIATHURIGHB F -
1esigned to cover |n| < 5.0.

The hadronic calorimeter is divided into four regions. The barrel (HB) and

endcap (HE) hadronic calorimeters, which lie inside the solenoid, will cover the
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1.4

1.2

o(E)/E (%)

a=2.8 (%) (GeV)?
b=0.12 (GeV)
c=0.3 (%)
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D

N
< wu
vo

Figure 3.12: . function of electron

energy as measuree

pseudorapidity regio nd covers the pseudora-

pidity region |n| < 1. -k 3\1 cover the pseudorapidity

region 1.3 < |n| < pling -‘t orimeter with brass absorber

plates interlaced with plastigscintillator outer hadronic calorimeter (HO)
is placed outside the solenoid, to extend barrel part of HB and make addi-

_fu

tional sampling,of th ard galorimeters (HF) are

installed outsi kJmE. »gion 3.0 < || < 5.0.

The active ele eTitS S orted in steel absorber
T

plates. Figure 3.13 shows the layout of the S hadron uﬁ alorimeter except the

" autaneningang
qmzmmﬁi I ness.

able 3.3 shows the expected energy resolution of HCAL in any regions.




37

00 01 02 03 04 05 06 07 08 08 10 KR A2 i3
A " i f - i # e P L P -

onic calorimeter.

The CMS magnet! s of a superconducting

S
e‘gokes the vacuum tanks, and supporm systems (cryogenics,
power supplies, etc Iﬁ the largest super@onducting magnet in the world. It will

v 1 PR BT o

resolutl of transverse momentum magnetic field, and tracker radlus

’QW’WMT‘I‘SEN%WD’W]EJ’]Q 4P

Following this equation, the resolution can be improved by increasing the

coil, the magn

radius of tracking system (i.e. a large detector) or by producing a stronger mag-
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netic field. The latter choice has been chosen for CMS. With a strong magnetic
field, physicists and engineers designed CMS to be a compact detector.

The central magnet coil will support the tracker and calorimeter systems.

For the return yoke, it will support the muon system and have a return magnetic

field of 2 Tesla. It will bend muon t ories in the opposite direction compared
Sl / arrel and endcaps. The barrel

to the inner system. The yoke\v:;

wheels are divided into gﬁreels each mposed of three iron layers.
e

Figure 3.14: The complete C'%nag B
e, Fi ; L

magnet return“yloke (red paff it i center).

1 <
7 ;

3.3.4.4 Muoﬁystem -
| R Ll |

The muon system ﬁ d to identify mugns, i.e. to locate their positions, and

to mea w g\}q &iﬁ (Jﬁj ﬁ;‘% chosen which
include: gDrift tubes (DTs) and Cathode Strip Chambers are used for

the trajectory measurement in tHe barrel and endeaps region, respeé€tively. The

AR TR AP SR e b

the Level-1 trigger. The RPC has been installed in both barrel and endcaps

regions. The muon system is located inside the magnet return yoke. Figures 3.15

and 3.16 show the layout of muon stations in the longitudinal and transversal



39

views, respectively. The full detail of the CMS muon detector can be found in

18].

R {:m!

1200
Z (em)

Figure 3.15: Longitudi g_." w. of ‘Ol arter of the CMS detector.

The Drift Tuble 4

In the barrel ’,:io bHe“used because of the

relatively low pa le production rate ¢ central regi and the magnetic field

is mainly contame*-m the iron plates of e magnet return yoke. Figure 3.17

Shmﬁﬁﬂﬂ”ﬁ‘&]ﬂﬁwmﬂ‘ﬁ

n an ionizing particle passes through this part, it will liberate electrons
ic Wlll move alon the electrlgﬁeld to the wifes* The distance of tHe i ionizing
QU ekt Al Ik el ik Hiet ) i
‘of electrons (the time it takes for the ionizating electrons to migrate to the wire)

and the electron drift velocity in the DTs gas. The DTs gas is composed of 85%
of Ar and 15% of CO,. The drift velocity is about 5.6 cm/us.
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C.M.S.

Compact Muon Solenoid
Transversal View

Figure 3.16: Transver: 0N 4, ( r. At present, there are some

changes in details of geo

The muon barrel ‘—r." SYSle lfﬂ' ' to five Whees along the z-axis or

beam line. :I. ch ambers are arranged in
four stations ‘M’_{ nuﬂ » 3.16 , each station
consists of 12 DE except ich ons_ms of 14 DTs. In total,

there are 250 D

mmmmwmm
A priib ey I

acklng detector in thls region. CSCs are multi-wire proportional chambers which

can give a good spatial and a good time resolution in a large inhomogeneous field

18].
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{zube cell.

ks placed between the
, ME3, and ME4 as
rings. ME2 and ME3 are

iron disks of th
shown in Figure 3

composed of two rin

NS

sed of one ring only. In

total there are ’

Each chamber is ¢c \ consists of an array of
anode wires between two ¢ath J-'r-l ATCS \‘ | Figure 3.18. The gas fills in

cathode strip detecs i he m 'JH:; .ES 02 ‘L ", with ratio 30:50:20.

{ . ey ' ,
With the DTs and CS ".:‘;": 3 on system covers the region |n| < 2.4.

" d " 1}
The Resistive-Rlate-Chambers (RPCs)———— =
a0 A
The resistive plaglra hH both barrel and endcap system

il
because they ca glve an excellent time resolution, of order of few nanoseconds.

The i 1n 1on fr s from Beth barrel and endcap will give us the
A WEIAS

The structure of the RPCgis two parallel &enolic resin ( balﬁl}e plates

W] AR AT NEIRE

3% of isobutane.
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cathode with strips

wires

plane cathode

Figure 3.18: ; ) L ERY -p chamber of a trape-
zoidal shape with al ithe adial divectic 'res lie across. (Right)
Orthogonal sec z AR \

3.3.4.5 The 1gger a £Q§' ofe sition (D.

At the nominal luminogity of the LH! = m 25 !, about 20 inelastic proton-

I dfibie - g
proton events occur at the beam crossing 1
LR Eh

rate is about 10° interachiogs per sec #-ﬁé‘-;:__ This rate has to be reduced by the

of 40 MHz. At this level, the input

factor of 107 dueé to the

A :)/ is a few 100 Hz.
The architect &‘r.

i“#. Figure 3.19. The
D otonmanti)proton collider is

Interaction rate ome Se

shown in Figure 3.20.

LR 1) (R 1120 o ot
inspec d informat om éach subsys of ‘the detéctor at the full

crossing frequency and select onl§ the interestinggevents at the maximum rate of
} WA I F UK VT E R B
Qrst step, the Level-1 (L1) system is provided based on customized electronics.
This step has been designed to reduce the rate of events to less than 100 kHz.

The time to perform the accept-reject decision is very limited due to the bunch
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crossing at a rate of 40 MHz, and the total time need for decision of the L1 logic
system is 3.2 ps. The pipe-line buffer has been designed, to store the data for
128 bunch crossings (3.2 us/25 ns) before the decision comes. The L1 trigger uses
information from calorimeter and muon system. The L1 decision is based on the

presence of local objects which include photons, electron, muons and jets.

The second step, the High-Leve LT), is designed to reduce the

maximum rate of data output from L1 t1i e final output rate of 100 Hz

“ remneﬂysis. The decision is

ends of all sub-system

and to decide which.even
done by fast rec
of the detector. g on the computer farm
of commercial process lepends on the number of

CPUs. -

40 MHz

10° Hz

102 Hz

Figﬂ 3 19: The architecture of the CMS Dﬂ system.

ﬂUEﬂ’J‘VlEJ‘V]ﬁWEJ’]ﬂ‘i
QW']@Nﬂ‘iELJ UAIINYAY
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CHAPTER 1V

The CMS computi ' 2 1 .‘ np systems for preparing
physicists to analyze . ‘1 3} ‘ Mc ite=Carlo simulations are used
as samples of ev: | COLleet in ] W% 2N nent. In 2006, a huge
transition from the o 4 3 "l“-'h‘, to the new one, CMSSW
took place. In this : -'-p,._, Lcame {1 »”' fast simulation using
COBRA framework, AMo%ﬁi ‘final, sult came from the CMSSW version

4
2.2 9 and 3.3 4. The ula t““"r ‘amr in the diagram of Figure 4.1.

In principle, the procedurg;to

r nru ficle physics using computer simu-

lation can be diyide le 7
. . a
1. Gener_ 7 - E @arlo event generator
framework which is used for €MS simulation is CKI‘ he CMKIN code has an
interface to ogaer event generators hke PYTHIA [20], HERWIG [21], or ISAJET
les with their
rﬂ\ ﬁ ﬂ ?ﬂﬂeniowﬁ w]bfe]jaujtlts daughters.
SSW most of the standard Monte Carlo&nerators are mod to work

o mtmﬁﬁfﬁeN%ﬂﬂﬂaﬁQﬂ B

2. Simulation of material effects when particles pass through the de-

tector: This level is the simulation of (quasi)-stable particles that propagate
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through subsystems of the detector. This is the most time consuming level.
The particles are allowed to decay via their known branching fractions and
the kinematics of decayed particles will be calculated. In the COBRA frame-
work, this level is done by 0OSCAR which is based on GEANT4. The output

)ed SimHits. SimHits is also created in

converted 0 2 't the high luminesity of the LHC, a sig-

information from this level ar

CMSSW.

3. Simulation of r

when a partic ill convert the energy de-

posited by

‘ e -0 e i . . .
level objects”, su g reconstructed RecHits) of particles in tracker,
olls.  The high-level objects will

be the g} 1 al - f tron identification,

|-‘
Ifi the CMSSW, this step

construct events and

is mergedﬂ a calﬂa
produce pa‘ icle candidates in a single script runninig in CMSSW framework.

5. ﬂ hat come from
uﬂﬁmywzweﬂlﬂj PhysicsTools

pac ages provide the analysis object collec’ﬂls in the meanm@ way and
ARSI IR AT IR TR
n the final step of the analysis chain, the physical quantities, e.g. invariant

masses, and asymmetries are calculated in order to study many topics in

particle physics, e.g. physics of top quarks, CP-violation, supersymmetry or
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extra dimensions. This step can be analyzed on the full framework of CMSSW,
or on the framework-lite library with ROOT. The framework-lite concept will

be also introduced in Section 4.4.1.

6. Visualization: In the COBRA framework, the IGUANA project was created

jects. At present, in the CMSSW, three

Fire ;) ‘Tog, and iSpy, have been devel-
Same GUANA. Figure 4.2 shows the
i ;

:‘v 1-dfﬂi'r:

T \f‘ 'LA-

Fi I'gure 4.1: Diagram of the simulation chains.

ﬂ‘UEJ’WIEJWWEJ']ﬂ‘E

‘Monte-Carlo Eé/ent Generator

’Q mmmmum ANLUNALL..

1. ISAWIG

ISAWIG [23] is software to produce a data file which contains the masses,
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T £t Window  Help EREFIRM OO Y | M T m omarikll & G
aaa ' cmuShine. suyAGDL ot

Papp ssssas
SS90 088

i R R e :

Ll i 3 AMVEIFSRBERTG A L 1S THE RN TR
Figure 4.2: The egxample of Visualizatis)n from a Monte Carlo tt event, using

i
1
1

J

Fireworks.

il all

lifetimes and brahching,ratios; of fhgl,supersyfmmetric particles. Inputs for
the ISAWIG are mSUGRA ~para1'ne{;§é£,su_. The parameters and characteristics

of each study point were discussed in;_Ch@pter A

2. CMKIN-ISAWIG and Herwiglnterface . -

The HERWIG is chosen to use in this study since it contains the spin correlation

algorithin%described in Section 5.4. CMKIN-ISAWIG éﬂd:-‘HerwigGInterface
are the m.odiﬁed HERWIG libraries for working with COBF:{A and CMSSW, respec-
tively. Théy allow to simulate the experimental sighatures from collisions.
The, output contain a list of produeced particles, their momenta, original
vertices and relationship t6 their imaothers ‘and’ daugthers. The output from
HERWIG is then passed to the detector simulation. This step is normally

galled Sgenerator level” or “parton level’
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4.3 Fast Simulating System

Since the full detailed simulation and reconstruction use a lot of CPU time, the fast
simulation and reconstruction are proposed to study large samples of the Monte-
Carlo events. In the fast simulating system of the COBRA framework, simulation

and reconstruction are done by object-oriented software called FAMOS ([24], [25]).

The full details of the FAMOS can be apter 2.6 of [6]. The acronym
FAMOS stands for Fast M QT i . CMSSW, these steps are done
under FastSimulation packa In the begmning, %Her are five processes which

O] § 1
J _:a-"l.‘ -".l"" : |

There are many studies whi .:m... 1 the similarity between results of fast and

- .-l'_:".##.r'

full simulation.in each sub or. The tw are given here, as shown in

Figures 4.3 anawtA———————"—"—"—""—""— %,
Y X
The new FastSi 1 stulation provided by

FAMOS with imp

ovements on the simulated process. E: ples of the improve-

ments are (1) the 8 1mmlation of muon propagation and muon hits since FAMOS

pmwdﬂ e

ing for (3 improvements in tracking, etc. The detail of the improvements

n eac CMSSW release can be gund on httpst//twiki.cern.ch ki/bin/
Piemadalaal) 0 VS G

utput will be written in the same format as the output from the full simulation

or real data event, hence the analysis code can be used transparently for all data

samples.
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Figure 4.3: Reconstrugte ) : © .1."*-; ie energy. The triangles
with error bars comé frof fastsimulatipn, “while "‘ﬂ.,__ togram comes from full

simulation.

mmmw 'a%?a?n B8 B

ars come from fast simulation, while the squares come from full :
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4.4 Physics Analysis Toolkit (PAT)

Physics Analysis Toolkit (PAT) is a part of CMSSW framework which is an in-
terface between the CMS Event Data Model (EDM) and common CMS physics
analysis. The CMS EDM is centered around the concept of an Event. An Event is
; 7 A nstructed data related to a particular
collision. During processing  da e : Lot e module to the next via the
Event, and are accessed on : througl & objects in the Event may

be individually or collective - ) | es, and are thus directly brows-

able in ROOT [26]. Duest6 ase g ' lling some quantities from
candidates of reconstiue At 1 fs, PAT ' ated based on the corre-
sponding reconstrti 8 jand, us n: , 1r ntities of interest by
calling member fuu s P ; T : | 45 sho ws the main data format
‘ | n, pat:Tau, pat::Photon,

pat::Jet, pat:MER Figure 4. s thiel % d %o , low of the PAT objects

from the reconstruction data: ‘thi 4] a as been used to analyze Monte

AR ASATHURIINEANY
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AQD or RECO

aodReco
interface to missing
information in AOD/RECO

IsoDeposits
Isolation
I""!!-! !

' || [Elgetra@iD |
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U \ il & ’ #°
¥ '- F o -
oy, -'.'l o &
PAT trigger producer . ™ R&’/ o
pallrigger Palhs b i | .{ date:

patTrigger Filters
patTrigger Obje

S . e e .
e |
i ‘!rﬂ.l\'ra.{u bl )

Figure 4.6 ;’-cﬁ:mmmu=m-==r.-uAi;ﬁ

biecks—trom the reconstruction
<4

2

P

lﬂis in FWLite

4.4.1 Ana

data.

L

- FHHA A BT HEARG oo

formats qe loaded into ROOT direct users can analyze CMS data without

installing the whole CMS framegork on their computers. FWLite (pronounced
Q‘fr ] vﬁtﬁh&a ﬂuﬁllﬁ%s%ﬁsﬁe@ibﬂe&oj (ﬂ A t mats
foaded. With FWLite, CMS users do not need to install the CERN Scientific
Linux and CMS framework on their own machines, they just install ROOT, which

is supported in wide range of operating systems, and download the appropriate
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FWlLite version. After that, CMS users can analyze the collision or Monte Carlo

data on their own machines.

4.5 The CMS Computing Model

Due to a huge amount of « ‘ a th |_produce each year, in a unit of
pentabyte (PB), the S comp éﬁgiremen’cs would be difficult
to build in one place &b an%:ions, This motivates the
creation of the CN ironme . ich can distribute the computing

AN ehe 08 opt of grid computing.

resources and i ith S : \\ .\
The CMS computi i incliudes data processing

ata processing, data archiving, Monte

Carlo simulation, a j mputing-rela alys1s activities.

\n 1 e world by using distribu-

tion and configur in ati ure tions as a single coherent

system. This tier stru Z \o s of Networked Analysis at
) e tier

ture includes
\

1. Tier-0 (T0): This tieris af.! 1
experiment for I processing an living. The first data that

is directly connected to the CMS
]

come 0 ‘y om CMS online data acqui P ‘ ystem is called raw

data. The=40 de s, e CMS-CAF (CERN

acility) is set up to offer services associated with Tier-1 and Tier-

Analysis
2 centers for ‘e.ﬁfast physics validation and analysis. TO also performs

AUEIRERINE ARG o

) and analysis obJect data (AOD)

A WIRNTIA e PRI b

ond copy of the raw data which is transfered from T0, and for Monte Carlo

events generated by the T2 centres.
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3. Tier-2 (T2): The Tier-2 provides substantial CPU power for user analysis,
calibration studies, and Monte Carlo production. Tier-2 centers provide lim-
ited disk space, and no tape archiving, the generated Monte Carlo events are

sent to an associated Tier-1 site for distribution among the CMS community.

Figure 4.7: Detector data: ( ._s_ﬁa, =

ARIMINTHNRIINGIA
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...........................

Figure 4.9: Themr structure of the CMS collboration. l\ﬁ that, this figure does
not represent the ailﬁT2 groupings un(ﬁythe T1s.
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CHAPTER V

/)orrelat ions in

cay chains

The study o

the properties of t
will be determined. A fal question, he f be whether the newly pro-

duced superpartners of the S fAnd articles will have the correct spin as

ot e S o1 the,s

predicted by he supe perpartners of the

fermions. In 'l < o.the spin of the produced

.\
by 'S GRA) benchmark

J

In this sectiof, we,study two supersymimetric decay chains of interest, ¢ —

- RUBVIININT

mininal ﬂpergra\nty (mSUGRA) benchmark points, LM1, LM2 and LM6. The

first eca chain was studied in [27 “WUsing the termino of [28],
T B 43 EJ%”@HS

qapton from the decay of slepton Wlth the spin correlation, it is shown that the

particle will be b di
points, discussed I Chapter

kinematics of final particles, which are composed of two leptons, a quark jet and

missing energy, can show a lepton charge asymmetry of invariant masses between
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CMS Experiment al LHC, CERN
Daia recorded: Sun Jul 18 11:13:22 2010 CEST
Run/Event; 110373-’136350865
Lumi section: 1

OrbitCrossing: 4mm.'1n1

in CMS from data in

Figure 5.1: A ca d A \ pal
2010 [4]. The result shows anc l b \ wo jets (orange cones)
tagged as b-jets. F | \

quark-lepton (plus) a 0 For the second decay chain, the

spin correlation affects the cl he invariant mass between b-quark
and lepton. For our dies and we cover all three
generations of '__——'———— ienis, such as CMS and

N
ATLAS, have y 3 Ve ‘ leptons and b-jets
Il

- .
among the reco J ructed jets. Both of them are impor t for discovering new

hysics phenomena such as Higgs bosons or supersymmetric particles. Figure 5.1
phy p ‘G = g8 | &; p ,y p | g

[4]. Both to deeay to n ks, th W decay to muons and
neutrinos (as missing energy). Ingthis thesis, Sta rd Model processes were also

FRARIAFRY W’W%&ﬂdﬁ i

The parton (generator) distributions, the distributions of interesting quanti-

ties of parton objects, and event selection method at the parton level are presented
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using the CMSSW_3_3_4. We used the benefits of the new framework to generate
a huge Monte Carlo data sample, including supersymmetry and Standard Model
background, using the HERWIG6 interface module. Since this study started in 2005,
when the fast simulation was done by FAMOS_1_6_0, hence the results will be pre-
sented from both FAMOS_1_6_0 and CMSSW_3_3_4. One can see the evolution of the

rated lumin 1ty (fb~1)

547, | I
A /7 E t\b&\ CMSSW_3_3 4

LA Aﬂ/ (BTN &\\\;\ 100
e T g fPAZSBNRNRD, | 20
sl il | .dr‘ b o N o
i | ol I oosl T I 2
w7 5’ ﬂm hd \ N 2
W7 m \ | -
77 ,,zz, ‘_ 100
DY 7612.0 et 1.04 ]
Z4-Jets 35 "'Ff”lw“"" T
W Jef EEE—_-ﬁ 3 01
Table 5.1: The (BS'SGCHOHS and the mtegrated uminos@s of generated events.

L ANENINEINT
PN T UM INY N Y

In experimental particle physics, two important angles, the azimuthal angle (¢)

and the pseudorapidity (n) are introduced. The azimuthal angle is the angle
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which is measured in the transverse plane (XY-plane) while the pseudorapidity
describes the particle’s direction relative to the beam axis. The pseudorapidity is

defined as
n=—lIn {tan g} (5.1)

where 0 is the angle between the par

omentum and the beam axis. One may

(5.2)

The name “pseuc“ imes is confused “rapidity (y)” which is

(5.3)

The value of rapi rapidity he san en the particle travels
ompared to its momentum.

The energy can be approximated as the. ude ¢ i' omentum.

Normally in exper al particle p » describe the directions of par-
ticles with the azimut ;f 1 psot ity. To measure the difference of

the particle directions in t JOT( eter AR or d is defined in the

s 1 coordlnate system.

i

same way as thediff

(5.4)

f"
The AR value Wm be used in our data analysw to deﬁne olated objects.

522ﬂfu211¥l8ﬂ§ﬂﬂ’1ﬂ‘i
T SN Au TN

1n Figure 5.3. In this frame, the kinematic freedom is the angle # between ¢ and

p.
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Figure 5.2: Two successive two ‘..I i Arrows indicate the directions of

motion of particles.

the b rest frame.

\\N ame, we find

> Equation (5.5) as follows,

Figure 5.3;
Consider the deéay,
(5.5)

Applying conservation ¢

+ B, (5.6)

We then write the energy in terms of momentum and mass, Equation (5.6) can

" ﬁ (5.7)

m—l—mb-l—m#—meg—Z 2 —2m2mj

mmﬂ D ANENA L.

frame, the maximum invariant mass (m,,)mae can be calculated from

be written as

(mPQ)?'nam = m;z; + mg + 2(Equ + |Pp||Pq|) (5.9)
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We can find |P,||P,| from Equations (5.7) and (5.8). Finally, we will get

o _ (me—mi)(mi —mg)

(mPQ)max = mg . (510)

Equation (5.10) comes with the condition from the order of the decaying particles

shown in Figure 5.2. ¢ decays into ¢ and b and then b decays into a and p, so the

condition on masses of r_;':_ n- dgcay c in can be written as m. > my >
M.

We can use ] ‘z". to'e terumum invariant masses of
Standard Model produ wthe ddea '.""—1. 1S : -~~ est. For example, we can
treat two leptons(plus and u as .%\:ﬁ\\%\ 0
a. The maximum i ; )/ an be written as

‘\. and g as ¢, [ as b, and Y? as
1

N
AN
Y

\ )
AN

f2558

) (5.11)
i&

5.2.3 Three sugcessive &

The diagram of the thuee suceessive two _decays is shown in Figure 5.4. To

calculate the maximum inverien ( 1q2), it can be solved using two

successive two body decays«" two ejected particles as an
effective particle with a mass equals to the invariant mas ;‘of its constituents. In
— Y |

Figure 5.5, wetzeat 1 coiresponds to particle

¢1 and ¢».

U ¢ h
ﬂ‘igure :] ahrSsQesswe;ybcg H}g Qows inﬂmtg\ﬁregons of

motion of particles.
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Figure 5.5: Three successive -\\n 'y decays with an effective particle q.

‘ ass of particle ¢ as
0,1] (5.12)

If we put Equation ) , we Ca nd the maximum invariant

mass of particles ¢, ggy ang

(mQIq2p)72naa:: g + 2(Ep Ly FAIT) (5.13)

From the massléss comditi - the (Ste \ 5s, a mass of p can be
approximated to he zer@ (1 S The 7 nomentum of the particles p
and ¢ can be calculatd fontl "' ns'{5.7) s 5.8). Note that, in this case,

the calculation is done in

(5.14)

- 2012
- mEma) s 1)

' : ' '!- (5.16)

(5.17)

e ummm PR F o 019
RTINS R S

To solve Equation (5.18), we have to maximize it into three cases, when A = 0,

A=1,and 0 < A < 1.
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For convenience, we use a notation x instead of m? in our equation, for

example, m? will be written as c.

1. For A =0 (or ¢ = 0) the Equation (5.18) becomes

(Margsp)inas = N\ ' \ (C +a)? —dac+ /(e — a)2:|

(5.19)

2. For 0 <\ <1 *-.,_H_ h respect to ¢, and set

the derivative 0
(5.20)

1t is not possible to use
N < (c—b)b(b—a)

For the condition
this conditio of Equation
(5.10). To prove —y/a)? and then determine

whether (y/c — \/a)? is g hai )y, assuming that

From the last‘qﬂlon we can concliidé that c—a > ( > (c=b)b=a)

HUBRVEERREANT
qwﬁqaﬁh% URYTAETRY "
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and rearrange the equation. We get

(a+z)+(a—z){L}

u? — 4ac
u? (a+ z)?

‘ (5.21)
One may wondek.wheth ir: @ gives a stationary point,
maximum i ase, we do not need to

calculate t that the stationary point
is maximum oFfiiniiny A om the condition A > 0 or
q > 0, tha : f 7 2 )il o . 7 e and it is a single value
in the regio 3 ) i [t ca ‘- > in any case. We now

would conside icoudi : \\o\ ion (5.21).

mator term that me.m, > m2.

With ¢mae. (Equation 5.12).

)
(mem; — 2)(mc —m,)

(5.22)

my, il eIz
|l

Combine the ‘!ogtlons A > 0 and b< 1, we get mj > mem, > m2 and

o (5:1 ariant’ mass of ¢, ¢o, and p

can be written as

QW']Nﬂ‘iMH%’TW]EI']ﬁ e

3. For A =1, the equation can be written as

(Morgap) e = 1 + =) [wq e aP —dae+ g (em W]

2a
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We then substitute ¢ = w into the equation, and use the fact that
q < ¢ — a, the solution can be written as
2 1 2 2
(Mgrgop) ez = b [2a(c —b)(b—a)+ (a — 2){|b° — ac| + b° — 2ab + ac}}

If b > ac, the solution can be written as

(5.24)

(5.25)

Finally, we can't

(5.19) - (5.25) i

1+1-¢ from Equations

(5.26)

5.2.4 *-__‘

The idea of hemghere separation was proposed by F. Ll rtgat and L. Pape [3].

In summary, if R-[fra is conserved, suwymmetric particles are produced in

B AR AW
electro int t helps ducing the fake

rate of palrlng the unmatched objects in the eventyselection. For exa”le if one

TN AN INBTR
oul fe]:)ng to the same hemisphere. In ::d]ltlon isphere separation can

also reduce the factor of combinatorial background of Standard Model processes.

In brief, the calculation steps of hemisphere separation are as follows,
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1. Selecting two initial axes: This step is normally called “Seeding” method.
At present, two seeding methods exist. For the first one, the first axis is
chosen from the highest momentum object, and the second axis is chosen
from the object which has the largest value of pAR with AR calculated

with respect to the first axis. For the second method, the axes are chosen

sociation” metHod. Thiterassc ion metl were studied for the physics

analysis.

(a) The sealar pro -t for nentum £ the object and the initial axis

(b) The hemisp ; IAssesa o minimized. This requires that
(5.27)
From the above « ?‘f on, ob al _l k is associated with hemi-
sphere 7 rather than-h remispher
(c¢) The Ance measure is Lhis requires that
\ (i — pi 008 O) ——— A 1! (5.28)

J + Ek)
t with label k will be

As fome previous assoclation method, the oﬂ

associated ﬂh hemisphere ¢ r r than hemisphere j.

s b i S04 SHYIAT e

e same axis: This st&p will be done after the completlon of previous

9 W”Tﬁaﬁtﬂ'im um'mma ¢

4. Iterating the pairing again with the new axes: This step will last until

no objects change their axes.



67

From the studies, it was found that the second seeding method (seeded by
the invariant mass) and the Lund distance measure as the association method gives
the best efficiency for the hemisphere algorithm. In this thesis, this configuration

will be used when we discuss that the hemisphere separation.

qs which will be used to
\\ methods, each selected
\\;\‘Q\\t d in this section. The
\\\ n object in our decay

photon will be igméred in oty dis _
L TE AR\ N
chains of interest. & ‘ F Saaall % ‘ :

5.3.1 Elect_

study the decay cha
object will be re

When electrons emi leave tracks in the inner
tracking system and then L 7' he ies in the crystals of ECAL. The
ECAL material can cause bremsstralilung rons. It means a single electron
can be detectedyas ¢ of o Vi he bremsstrahlung. Due
to the :T_F will spread as
clusters. The “supere 1S :l-" he individual cluster,

said otherwise, t !I econstruct electron. Details of the supercluster algorithms and

energy corrections f) e CMS detector gan be found in [6]. The requirements

Selﬁgﬁ%}’d W“EWI?W Teiib

|77|<25

9 RIAINTUURIINENAE

> 0.85

3. PT+Tracker Isolation
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The “electron tracker isolation” is the summation of the transverse momenta
of tracks around the supercluster in a defined cone size, which is 0.35, 0.4 in
FAMOS_ 1. 6.0, and CMSSW_3_3_4, respectively. This summation excludes the elec-
tron track candidate. To select electrons, not only the basic kinematic cuts are

applied, but also the electron identification methods are included.

5.3.1.1 Electron identificatic ///

The electron identification i { ds are uscd to 7 slect the good quality electrons,

it means we can trust_tk Sele C -real electrons from the in-
ions, Talsé elecrons, ' \ o e from, i.e. hadron
fro 1 sem \.\‘o

or electrons from cg 101 conversions i .' "‘h. material. In this thesis,

overlaps in jets, j of most ¢ or b quarks,

selection, electron likeli-
hood ratio, and ropust glect 'ﬂf ¢ "he two methods were used
g ning of the analysis using

f Ately 1Y
CMSSW, while the last me en: used with \L‘l results from CMSSW_3_3_4 or

-

later. Three electron identifica i ‘méﬁ O

1. Manualsselect: che y a reconstructed track

(AT A

of selection variables

'k
the background. A set of

s

were defined 1

ables listed in Table 5.2, are

Q 1

selection

FLﬁElTJMaEI W

he supercluster axis ex‘gludmg the electron track candldate divided by

Q I |: m:omc energm ectromagnealc energy ( @ Q:trons

should lose most of their energies in the electromagnetic calorimeter

(ECAL), therefore the ratio between the detected energy in the hadronic
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calorimeter and electromagnetic calorimeter, called “HOE”, should be

closed to zero.

l.c Electromagnetic energy over track momentum (EOP): The mo-
mentum of the matched track should be almost equal to the deposit

energy of electron in the ¢ agnetic calorimeter. The ratio of these

quantities should

1.d The ratio o . : lectron in the crystal size
3X3 overvir 17 ﬁm): As described in (b),
' gies in electromagnetic
oy in the 3X3 crystals
ited between 3X3 arrays and

S surement 1S sometimes

le we oA ke the concept of the shower

e narrow in the 7 direction, while

it may extend in th 'his measurement will measure the

p=
differences )

1.f L_yf,"' i 1 : n the track and su-

perclu ce in the n direction

‘ﬂ ) v 1ﬂ‘ﬁ‘
betwee matched track and corresponding supercluster of electron can-

ﬂiwgem HNIHYANT e

ercluster (Ag): Th&. same as An, but this will measure in the ¢

AR 3 EM UNIAINYNA Y

Electrons whose their identification variables agree with cuts shown in Table

5.2 are considered to be electron candidates for further analyses.
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variable cut

1S5S0 uster < 0.2
HOE < 0.05
EOP > 0.8

Table 5.2:+1 " var ' d in this thesis.
9. Electron likeli ra u wcept of a likelihood ratio
test.

The that -' ,- an e ; on candidate, we can find

probability is e \

n experimen as discussed previously in

a fake electron. The

¢ probabilities of the

manual selecti' The ik hood ratio can b -. r1bed mathematically as

(5.29)

where P;(x;; 1) i ion for variable 7 having value

x;, with a-given hypothesis 1). The likelihood ratio uséd-to separate between

real an .&'_,

-
L(7; Elec)
ec) + L(Z; Jet)

ﬁ?ﬂ‘ﬂ‘ﬁ MENIWEIAS

dlS ibutions for QCD and W+jet events. Ehls thesis, electrilj with the

ARIRINIU AR TINDTRE

3. Robust Tight/Loose electrons: The robust tight/loose electron identi-

Electrorﬂentlﬁcatlon (likelihood rat1o) (5.30)

L(7;

fication is the method which contains the basic identifications as described

previously in the manual selection. For CMS, robust electron means that
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Figure 5.6: The

red curve) and W+jef

the electron idghtifiéati udes\fotir sin 7 \: namely HOE, An, Ag,
and oy, ' me refers to the tighter and
looser thresholds u' 1 for t 163 pective \' I'he cut values are shown

in Table 5.3. In this electron identification was used

- -

with the electron collee ::.f:"-“._ﬁu s

0.020 | 0.
Robust Loose Ea!tron Cuts

AUBSNEN NG

ble 5.3: The selection glterla for robust-electron identification

QW]Nﬂ‘iﬂJ AN1INEIaE
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5.3.2 Muons

The muon reconstruction begins with the local reconstruction from hits in the
muon systems, which includes DTs, CSCs, and RPCs. The details of the muon

system are given in Section 3.3.4.4. The local reconstruction will collect the hits

and form track segments. Then, ¢ and combining the track segments,
the muon trajectories and transverse ill be predicted. These muon
) ecise measurement, the hit
information from the C 1 : Lhis, the muon trajectories
from the innermost systcuns ; »th er part of silicon tracker.
Energy losses and' e extrapolated tracks will
be matched witl ombination, a better
determination o the Kinem s i \: candidates from this

step are called glob ents for the muons are,

1. Muons are g oba
2. |n <21

3. Pr>T7GeV/c

i “','. previous section. The

I

tracker and ECAL isolation are just the summation of th

The meaning o
> transverse momenta

and energies of recd‘iwcted charged particle tracks around the muon candidate

~ARUYINERINRBIRT
W'fmmm ITANYA Y

The missing transverse energy (MET, E ) is one of the important quantities used
for separating Standard Model background from new physics. In an electron-

positron accelerator, the total energy of the collision is the sum of the energy from
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the electron and positron. In this case, the missing energy mostly comes from
undetectable particles, such as neutrinos, which will escape from the detector.
However, this concept cannot be used in a hadron collider, such as the LHC.
The hadron has an internal structure, hence we cannot determine the energy of

the collision because the energy is shared among the components of the hadron.

transverse energy is 7
I 4 f W M ST ) (5.31)

where the sum 1 for dete : “stable particl - at the parton level, or the
detected objects for t Fdg eGlic _. Ol > experiment. (‘The ¢, and 7, repre-
sent the azimuthal angle he particles or reconstructed
objects, respectively. ' i o
/ &'; =¥
To determine fhe proper sélecti -F"- J eria for the missing transverse energy,

its distributions in the'Supgi ﬁg( ti_—g:- s and the Standard Model back-

ground processes are compa od—The ut is set-at the value which can reject most

- ‘.-, - ﬂ"lr J"} e ;‘, -
of the Standard, Moc yund and keep statistics for analyzing the
interesting p ’5ﬁiﬁﬁﬁﬁm'ﬁﬁ'ﬁ 5.4.2.1 for the SUSY
decay chain with nev forthe SUSY decay chain

with chargino-1 |

‘o v
T i ‘ F
s34 B IVEVIINEINT
U
A jet is one of the most importaﬁ objects used to'search for phﬁsic ond the
Qit | en

R T tati TaTat T
‘gluons. According to the quark confinement, if we give energy to the quark or

gluon to escape from the hadrons, it will create a pair of quark-antiquark, and

the process will continue if the remaining energy in the system is enough to create



74

more pairs. This process is called “hadronization”. Finally, we will observe a
group of mesons and baryons that travel inside a cone which is called a “jet”.
The mesons and baryons will deposit their energies in the HCAL. The HCAL will
measure the energy deposits and shows a hit pattern in (7, ¢) space. Figure 5.7
shows an example of the tower pattern in the (1, ¢) space, while the Figure 5.8

shows in the (p, ¢) space of the same event.

Figure 5.7: TheTepresentation of energy deposit in the }'(17, ¢) space from a tt
sample. The blué¢towers come from the HCAL readout célls, while the red towers
come from the ECAL#réadout cells. The height of towers represents the amount

of energy deposited.

The requirements for the jdfs are as followsy

1. n| < 50

2. Pr > 50 GeV/c
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-100

Figure 5.8: The represéntation of encrgy.deposit in the (p, ») space using the same

event with Figure 5.7.

Note that, in CMSSW framework, the jet correction is divided into several
sub-corrections depending-on-parts of detector and physics effects. In this thesis,
energy of jets.ate corrected based on the default jet corréction of CMS. These

corrections are

1. Level 1 - Offset: To reduce effects from pile-up events and electronic noise.
Pile-up event§ atéwevents which are produced as separate events in a single
bunch lcrossing. In the high luminosity aceelerator, they aré non-negligible

effects.

2. Level 2.+ JRelativer =t has been found that the! jet response,depends on

pseudorapidity. This correction is added in order to rémove this variation.

3. Level 3 - Absolute: This step aims to correct the observed calorimeter jet

energy back to the true jet energy of the stable particles in the jet in the
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barrel region (|n| < 1.3).

The detail of jet corrections can be found in [30].

In this thesis, two algorithms of jet reconstruction which are the “Iterative

cone” and the “Inclusive kp” al

5 are used. These two algorithms will be
presented in this section. both algorithms are particles or
calorimeter towers. One n ithms to reconstruct parton

jets from hadrons in the ha izatio @; generators. The parton

jets is the best recous ted g€l whi € ear o1 parton level data. The

iterative cone algori 15811 3 '

i i it Ll el the offline & sis. The detail of CMS
4 i 1 N ‘H.

jet algorithms 1 bedbund in he details o th general jet algorithms

od in the trigger, while the

can be found at

In this algorithm, the i d by the transverse energy. The cone
size R and the energy | hold ha ) ed. Starting from the highest Ep

object with an energy above a its direction and energy will be

used as the priman : < Jfo
. ——

inside the defincd "{;! : of the axis will be

objects which lay

recalculated. Wil the me sstart again from the beginning,

but using the reﬂts from the previous calculation. The process will be repeated

until t irection changes by
AR < ﬁg hetern 1l a ec removed from

the 1npuﬂ)bject list, and the Jet ill be added to the jet list. The procedure will

o) ammmmw N ﬁ“ i
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5.3.4.2 Inclusive kr algorithm

For each object i of the input objects, two parameters are calculated as follows,

d; = P, (5.32)
(5.33)

(5.34)

~~, the object i and j will be

‘ \\\\% wo objects, a new object
\A

(l
removed from thed | '\‘\; \.\"' €
Tnthe ¢ \ ~ allest, the object 7 will

be removed from th ek ' e ad "' the list of final jets.

The tau is an importa 1gs ject for searching for new physics such as

5.3.5 r7-Tag

Higgs bosons, or supersy mofry 200 an algorithm to find tau from jet

objects. About 65% of the taus will de , 'dronically, and produce jets, we

called these jets “hadroni€ 7 jet™ Abeve dronic tau decay will give one

charged hadrgn_and a number of ne atral pions (#%), thig g.called “one-prong”
\YA e A

decay. In add y 0. ' hree-prong” decay

which consists OE’II‘GG charged pions and a number of . Table 5.4 shows the

branching ratios of Ii,au decay. From the 7 jet decay product, most of the tau jet

L=
h plﬁcﬁa“ﬂj walwﬁ n‘ﬂ ’] ﬂ i
wssi e way to 1dentify tau object is to use ECAL isolation, since the 7 jet

products will deposit their energ‘s in the electrefiagnetic calorimetéts In CMS,

R 0N B B VM e
<0.4 AR<O. ‘ -

‘over all calorimeter cells inside the cone limit with respect to the jet direction. Jets

with Pis, < P2 are tagged as 7 candidates. The full details of tau reconstruction

and identification in CMS can be found in [33].



78

TT = e Ve, 17.85%
TT — WUy 17.36%

TT ST, 10.91%
7™ = 1 1%, 25.52%
9.49%
1.00%

5.3.6 b-Tagg

thu jet reconstruction, to

A b-tagging algo _ \:‘
determine whethew the jet iy ' \' decay. The key point

jet gar god as b-jet con -.w.,' rom the spatial resolution

in determining whic
of charged particle tracks 5 a '.\u‘ esentation of a hadronic jet

originating from a B-had

In this study, the “Irack counting o” algorithm was used to de-

ithin a jet are used to

-
-

gt ’ parameter used to

termine the flavo

compute an it

the track 1ary interaction or from the decay

b

of particle which ¢ can travel with a significant distance from the vertex. As shown

S

deﬁned impact parameter divi éed by its uncertamty, exceeding a given value

3 ﬁfm NTAR RN RN IFAM IR

e bDiscriminator was defined as the impact parameter significance of the n-

determine whet

in Fig
B-had

th track, where tracks were ordered by decreasing impact parameter significance.
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-~ -

impact
parameter

P Jet direction

Figure 5.9: Repr rom a B-hadron (not to
scale). In this fighte, the de it fer is shown. It is the
parameter used fe 7 7 are at primary vertex
or at the secondary of particle that can travel

with asignicant «

Figure 5.10 shows the bDis iminator distributic lated from “track counting
7 , if the 2"¢ track of a jet has
/i as a function of bDiscriminator.

MS detector, see [34].

the impact parameter signif; -':—,~ 553 agged as b-jet. In the figure,
the fraction ratio of various type o

For more details on the &

In thlS :".‘ ,Jm

y-the-requireme :‘- ollows,

- H i) ww%’wmm
WA DA e rae

of tracker is 2.4, as discussed previously in Section 3.3.4.1.

U
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1 . r ‘r.-"i-—_—_i—.—_— - O 13 _
Figure 5.10: 1 y‘ vek for the “track count

AUEINENINYINS
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5.4 Spin correlations via neutralino-2 decay chain

In this section, we analyze the decay chain, shown in Figure 5.11,

QB - qu - qlnearl; - qlnearlfarf(l (535)

Figure 5.11: The decay i« ‘ St hicl ‘ a neutralino-i. The [,,0q,
is the lepton fr'.m the 1 i il e 7 he [f,, lepton comes from the

slepton decay.

The suffixes , are the mass eigenstates
of squark, neutralino, a ;;'.. . Tespe 7 Sin > the branching ratios of the

decay chain of interest via Y3 and v are Ly suppressed by X3, so we consider

only for ¢ = 2.in the rétical” distribt or, contaminations from Y3
and YJ are als e parton leyvel and d plevel analyses.
A h L]

U

5.4.1 The(ﬂtical angular distribution

s L) ﬂﬁﬂﬁﬂmﬂ? e
chain describin gular variables, 0, 0;0, and

- It is given by

0 mmmm UAINLIRY

x [1 £ A(l)cos 6;] (5.36)
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where 0; is the angle between momenta of the quark and the [,,cq, in the X9 rest
frame, 0o is the angle between two lepton momenta in the slepton rest frame, and

¢z is the angle between the planes of g5 — ql= l~ and ¥y — £ 1 farf(l The

near near

asymmetry term A(l) is written as
2
il

L = 1R, P
)
Loy |* + [R5, |

where the definition of bo _‘\:t uark and lepton sectors, ng, RS/;, L,

ﬂquaﬂ{ and charged lepton

at, the left-right mixing

(5.37)

of squarks (gz) wi dominant decay of the

qr. to X9. The fi proximated to be unity.

For the charge lepto

Ly, = — (Uy)23sin 6y, (5.38)
Ly, = (U;{,)gg cosf;, (5.39)
Ry = (5.40)
Ry = , (5.41)
W o i
where 0y is the Weinberg a tiele of weal <1 angle and 6, is the slepton mixing
angle, defined by |
. _______E— - (5.42)

The slepton mi d onﬂing the slepton mass

matrix which is

- HUEIHEN e

of 9; for each lepton in ea& study point dré*shown in Table 5.5/ One ca
ol ﬁ'le@ O\ g e o o i} ﬂd&l
spectlvely Consequently, the Lisl r-like, while I is [;-like. The slepton mixing
angle will become significant when stau is considered. Uy is a unitary matrix

calculated from U*M;, UT = diagonal (see Appendix C).
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Model Particle cos 0, |LL, | |RL,| | LL,| | RL,|
LM1 e 7.632 x 1075 9.700 x 10™® 0.117 0.952 3.315 x 107°
W 0.015 0.019 0.117 0.952 0.007
T 0.268 0.337 0.090 0.895 0.113
LM2 T 0.429 06 ‘8 0.045 0.779 0.227

LM6 e 4633 x107° ¢

208 /; 10.052 0.976 1.921 x 1073
o 9.696.% 01

0.975 0.004
= 0.949 0.066

, oL/
~U.U

T

Table 5.5:¢ ged lepton sectors

5.4.1.1 The m(l,.

To study the spin cefrelation offéctsw st -‘ : : ing the decay of interest
according to phase-space Sp £or E ded in the calculation).

The invariant masgiof quark and can be calculated from

(mlr i ‘q]cos 0;). (5.44)

Since considered parti¢les are high particles, one can ignore their rest
Ll ¢ i s .
masses. The total energy.can be appro by a magnitude of momentum.

With this approki

g

o (5.45)
U

1||pg|- The maximum invariant mass can be obtained when

where (my4)2,0: = 2|
the lep X2 rest frame.
The raﬂou deﬁne as [28]
€T ‘ mlq mlq maﬁ

AR AL m.l adl.

of the phase-space decay can be written as

dl'pg
dzx

= 2z = 2sin(6;/2). (5.47)
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dry *
dx

(eI 15 of rescale invariant

mass x defined in i 3 “he sp \ o \\
range of [-1,1]. 7 g adf(B) dTy/di \

or A(l) is varied in the

om the integration of

Equation (5.36) with ues o L " ) ] ' e spin correlation factor

comes from the extrd fagbor 1 =AM e 1‘ pi bability density function

of m(lyearq) of the samg si epton and quark, (i, q) and m(l,. ) can be

written as |

LA(1)2?, (5.48)

and for the oppesite sign lepton and quark, m(l.,.q) and m (L5 ,,7), the probability
density functis ‘n‘f_ .
o g 1]

——21— x+4A()z?. (5.49)

igure . § on N
GV LY 1) [ LT

Equations (5.48) and (5.49) can Be rewritten as

AR a@mm NN B

dr
—2 = z(1 — 2? for 1,...9,
dx

I (5.51)

near q

This case was first studied in [28].
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To calculate the maximum invariant mass of m(l,eqrq), it can also be calcu-

lated from Equation (5.10) as

(m2 —m?2,)(m2, — m?)
2 (Incar) = ood T (5.52)

max

(5.53)

The probability dens ons Hd oh th helicity of the far-lepton

and the quark [35, 36, ' ar- on and quark, m(l Jard) and
m(l]?arq) the probability de f:{{_,_m 1 > written as

(5.54)

and for the oppos I |' nd m(lfar(j) it can be

i¥

written as
AUt Ingndneing -
where y = / m?2 9 and z; is rescéle parameter ed by

QWL@NHNJ RINYINY

= 2 [(1+y)(1 — cosbcosbyo) + (1 — y)(cos b — cos bso)

—92./y sin 7 sin 0.0 cos ¢o] /2. 5.56
l X1 X1
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Figure 5.13: The m(g Tms. of rescale invariant mass x¢
defined in Equatio | ith m; = mg, = 118.88

GeV/c? and myy =

The probability densi 5.55) are written when

we assume that’

t-handed far-lepton,
the probability demsi 1etions; need, \-\ Figure 5.13 shows the
m(l tarq) distribution_ Calg

1d e' 5 'V'g,‘ and (5.55) using the LM1

. i { l"’.-"'- J’ , . .
To determine the maXimum invaria 1ss of Equation (5.53), we examine

parameters.

the calculation when ¢go-are-0. ..é "'Zﬂ' m the contour plots shown in

Figure 5.14, w._-.‘;-', ximum value of Equation (5.53) rs when 6; goes to

—

e

-
zero and 92(1) OGS, l" 'l‘ maximum value of
m?(lsarq) can bﬁaprox . r;j
!

~—m0

(5.57)

AUt NS RENnS

- 5.4.1.3 Lepton charge asynﬁletry

ORI AN IAY..

distributions have to be calculated in forms of m(IT¢) and m(l~q). These dis-

tributions can be described by the sum of the probability density functions in
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wm 312D 43N\ i ke

Whlthyx shows in 050

awwmmm UANINYAY
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Equations (5.48), (5.49), (5.54), and (5.55), which are [36]

dr f, (dTy dTy\ | fy (dTs dTy

dmpr, (daz d:cf) o\ T dry)’ (5.58)
a0 f, (dTs dTy\ f, (dTy  dTy

dmi-, 2 <d:1: N d:cf> o\ dey )’ (5.59)

The factor 1/2 in Equations (5. d (5.59) is normalization factors. The

i ‘fractions, respectively. The spin-
‘dr. If the production rates of
17), weeanmotrobtain the spin information

from experiments: PLG g oduction rate are expected to be

higher than anti- 7 ‘-'- ) rok E" -‘%\. O ance quarks of protons

\. the squark and anti-

e probability density functions

factors f, and f; are the qua
dependent factors are hic

quark and anti-qua

This is due to th
squark productions ¥
in Equations (5.48) ang £0)which 2 . vs us to obta 't spin information from
the decay chain of ' ‘ be seen only through
the first generati'nov : : quarks of protons are u
and d. Figure 5.15 s ‘o'.' e invar it di ons of m(lyearq), M(lneard),

and their sum when t others.

The lepton charge a; ' 8] is sensitive to the imbalance

.59). It was defined

of the probability de e d

(5.60)

Figure 5.16 Shows the calculated m( lJr and m(l~q) dlstrlbutlons and their

Le;t;m 10N (D38 ¥ 11012 e

generatl of squarks is used in éhe calculation of the edge limits of Equations

WA AN R

which are

e The anti-squark production.
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e The contamination of reconstructed jets from the second and the third gen-

erations.

e The contamination of wrong reconstructed jets.

The double peaks of m(I*q ibutions shown in Figure 5.16 can be easily

understood. They come fr q) and m(lfarq). To see clearly,

the distributions of m q) + m(l]jfarcj) will be shown

separately in the n

erator level. We, first,
level, then the distri-

7 ( -\ \ metry, are considered.
Finally, the event sele is ied 10 see 1 \ v1 v of the distributions of
interest. - |
1e parton level
To define the event selection, the

missing transy e "; some of Standard

ulated from Equation

Model processesB plotted fo KT can be

(5.31). Since the cro s- sectlons of Standard Model processes are higher than SUSY

fﬁZCZSFl e ﬂ”’lﬂﬁﬁfiwgﬂﬂ p N

Table 5

A WG FRAURATNY BB ju

@vents which survive from the pre-selection cuts. From the figure, it is shown that
we can set the missing transverse energy cut around 300 GeV to reject most on

the Standard Model background, except Z + jet and tf. It is noted that this cut
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Cut Threshold

(1) nguar (Pr > 50 GeV/c) >3

(2) Mp—quark (Pr > 50 GeV/c) <1

(3) The highest Pr quark Pr > 100 GeV/c

(4) The type of highest Py qua not b-quark

(3) Leptons (Pr > 10 G _a pair of SFOS leptons exist.

Table 5.6: The pre-seléction cuts. ; stands for “Same Flavor and
Opposite Sign” lepto : are ounted before hadronization step

in parton level.

is approximate. ( bion ahd /6 real data analysis, there
are many selection ' ¢ -' ject St n\ Model background and

the missing tra dcan Th 0 b to be somewhat lower than 300

r ol

‘| rnnl

ml = ol

ﬂ u 8 ul: Hl 0 50

M|ssm Transverse Energy [GeV]

TR mw’rm R Bl

and Standard Model events which pass the pre-selection criteria, described in

Section 5.4.2.1.
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5.4.2.2 Parton distributions

Figures 5.18 - 5.22 show the parton distributions of our three study mSUGRA
points, LM1, LM2 and LM6. Each of the figures, (a) - (d) show the invariant
mass distribution of lyearq, lhear@s Lfarq + lLiard, [*q, respectively. (e) shows the
parton asymmetry plot and (f,_ » '

o ymmetry after event selection. (g)

and (h) show the invaria \QR o/ » i-), and the dilepton plus
jet (my+1-4). An event selection was apph trate the sensitivity of the

charge asymmetry. The event selectio are

1. The parto

ger than 100 and 20

S t he basic object selection

F 7-57 ‘nmuons| < 21; |ntaus| <
2.4, and [Njess litnit of 3 a' ut is based on the CMS.

8

4. The AR, calculated n,.-‘itﬁ_nj_

TN T

ween each pair of selected objects
is larger than 0.3.
5. There are ‘—"“—’"’"m'“"":.‘r“'.“':;.;i 0S) leptons.

A

P

To be explicit about the e lept ixing, shown in Fig-

ure 5.21(g), the dlle ton invariant mass is shown separately, where the red line

) "I«Lﬂﬁ Vb2V 1110 Vi B

The double peaks of m( liﬁ distributions gan be seen clearlyfin’ this sec-

PGSRBS

1150 see the double or triple peaks in m(l£,,.q(g)) or m( l farq ), i.e. in Figures

5.21(c), 5.22(a) and 5.22(b). To understand these, Equations (5.52) and (5.53)

are considered. The maximum invariant masses of m(l£, ¢) and m(! fmq) depend
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refe harge tron-

‘uon charge asymmetry distributions without (e) and Wlth ) kinematic cuts.

The invariant mass distributions of (g) m(l*l_), (h) m(l*l_q). The red dashed

line is for leptons coming from right-handed slepton, while the blue dotted line

is for leptons coming from left-handed slepton. The solid line is the sum of all

leptons.
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on masses of squark and slepton. They also depend on masses of neutralinos, but
we consider the decay chain via neutralino-2. The peaks in the distributions come
from different types of squark and slepton under consideration. Note that, the
mixing of left- and right- handed sleptons in the LM6 case causes the different

peaks since their masses are not equa

In addition, one can alsc - tail , *q) distributions, for examples,

These tails come from two

reasons. First, the ' ot : ingﬂnd right-handed sleptons

as discussed previeus 0 ' umber of events oOf st is suppressed by one
1 Figure 5.21(a,b) where the
number of right-handed siepgou produetion is suppressed by left-handed slepton.

AN
' .X

..,“- nted igure 5.16. The applied
WY /) |

of X2 and Y9 decays. These
WG 0(¢), and 5.22(c).

om the parton level analysis

o
kinematics cuts mainly affect N nt mass region, loss of asymmetry is

expected to be observed in# ':.1;;:' :

LRI I J

o bt

5.4.3 Detec aisi v

Y )
In this section, we de fo USY events to study
the decay chain mnterest, q— g8 — ql=, 17 — gl ;EO The final products

near near’ far\A1-

of this decay chainiﬂﬂerest are di-leptoiis) jets, and missing transverse energy

o LR B B R

simulatéqata from detector and to reconstruct particles from simulation results.

TR T T
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5.4.3.1 Detector level analysis using simulated data from FAMOS_1.6_0

Since this study was done in the beginning of the study, event selection was tested
based on previous study in [28]. Note that, for this version of the detector simula-

tion, the supersymmetric processes were generated at the benchmark points LM1

Electrons whi s all &uts, arecalled “g " clectrons. Events which

charge were selected (SFOS

have at least two

electrons).

2. Muons -

a) T l-r

(
(b) The LE betwee

) The EPT‘of the tracks Wlthln = (.25 around the muon is less than

ﬂTJ%J’NIEW]’iWEJ’]ﬂ'i

s which pass all cuts are called “good” muons. Events which have at

aﬁjmhﬁrﬁwﬁﬁ*ﬁ oy

(a) An iterative cone algorithm with AR = 0.5 was used to reconstruct

‘f“ﬁ han 10 GeV/c.

jets.
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(b) At least two jets are required. The highest (2nd highest) leading Pr
jets has Pr larger than 100 (50) GeV/c.

(c) The leading Pr jet was selected to calculate the invariant mass with

the selected lepton.

d ( GCA ( y O LI§ .
5. Edge cuts: Fro 7 mematics de@tiom 5.2.2 and 5.2.3, the
invariant m d I*17q mus . be less than or equal to limits shown

in Table 5.7_® /, \X =
R NN
F RE T AR \

Table 5.7: The maximum inva; 'V /c?) of 171~ and It~ q calculated

(5.

from Equation aid muon limits are used in

FAMOS_ 1. 6.0 s Egn)n_;:;;m;;mg;;::::l’-"-_: values, since there
is mixing betweén le 7 o‘;l:" .; alue is used as cut
in this study, beEse the fraction of the right-handed sle n is suppressed by the
left-handed slepton fs one can see in Flg e 5.21 (g). In addition, one can avoid

e 173 [ A LCF e
ARIRIATAUBII YA

‘dombinations will be used for later analysis. In the invariant mass my, calculation,

the leading Pr jet was used. Note that in this study, if both electrons and muons
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in an event can pass the event selection, they were combined in the results since

the appropriate lepton selection came after this study.

Results of the LM1 study

Figure 5.23 shows the results from fed or simulated data using FAMOS_1_6_0

at the 65 fb™! of supersyin etric evenfsfaifhe hmark point LM1 and the ¢t
WM ,

background. The yellow — les of the'charge asymmetry distributions show
the asymmetry of the pa Lon. distribu chain of interest. It was

scaled down by a factor of0.G

a
butie - \

pphed to the asymmetry

of the parton dist reasons, as discussed

in Section 5.4.1.

Only the tf L 1e numbers of surviving events

from other Standard/Mode CeSSes Were ely suppressed by the number
of surviving even{gof the sup metric e 5. Table 5.8 shows the comparison

of the surviving eve M1 study.

Process

SUSY (LML)

ber of surviving events
25420
- 968

Table MT e numbers of surviving events smg the even selectlon with detector
ARSI Al A Inenan

From the result (Figure 5.23), the charge asymmetry showed up clearly at

the collected data at 65 fb~!, specially on the high invariant mass region (> 250

GeV/c?). The asymmetry is diluted in the low invariant mass region due to the
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number of surviving events from other supersymmetric decay chain and the Stan-
dard Model background. To improve the event selection, one may consider includ-
ing the b-jet rejection, lepton selection method, pairing method to the algorithm.

The improvement of the event selection will be discussed in Section 5.4.3.2.

Results of the LM6 stud \ "//

The study of the charge.asymmetry at th

enchmark point LM6 was
toward the end of the COBRA-framework. ortant problem found in this
study point was the ba

ISy e

o o/u 0 t npersymmetric decay processes. The
2 ®

as, all the interesting signal
\.‘ i\\ .. .

number of the und eveént

events. At an integrate ‘- O ty,o 400° \ \ the surviving signal
4 A %

event to the surviving supers ‘gﬂ’ -7' a Was 1:1.5. In addition,

this ratio does mot imclude $nu@5 i urviving events from Standard
Model backgroundéprogessa suchj@ti ) Z+jets. |
[ 1 occoma \'\\

In this situation, th even$ selection needs to, ade tighter. During this

alese ‘
study, it was finally dg de to migrs L e new framework where b and 7

taggings were introduced. W -;“'-= henefit ‘b and 7 tagging algorithms, we can
reject jets comlng from B-ha (i e lepton charge asymmetry
from 7 candidates. The hemisphere separation was also plat d to include in the
analysis of the me 7“‘ ay help us to pair
the correct obje  and redue bamj aton@m e.g. tt where two

leptons could come from different hemlspheres

@ﬁﬁ Pl 121 100 12141 e e

These results mixed with the ¢t bﬁkground The lepton charge asymmnietry can be
NSRRI N 1R By
ass region (< 100 GeV/c?), the dilution of asymmetry showed up as what we
saw from the parton level study. This is due to the sensitivity of the invariant

mass with the kinematic cuts applied in the event selection. The kinematic cuts
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include cuts in the transverse momentum and the missing transverse energy.

In conclusion, we studied the decay of interest, § — ¢¥3 — ¢l IF —
qlfearl}:wi?, using electron and muon signals. Most of Standard Background pro-

cesses can be ignored, except tf. In this section, the fast detector simulation

he asymmetry appears in the
low invariant mass region 50 Ge 7 : pton charge asymmetry
& the LM6, the number of
of other SUSY events

shows up clearly i
surviving SUSY
and tt, this leads etry. The new event

selection and new tag@ing ed and be applied to the new

Ny
T

simulated data using 1 : is will be introduced

in the next section.

AU INENTNYINS
ARIANTAUNNIINGIAY
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‘ umnanm LA T4 e S

a) the

events, and (c) the combinatorial events of non-matched events and the ¢¢ events.

The integrated luminosity of this data is 65 fb ~1
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U ANENNeINg.... .

a) the

events, and (c) the combinatorial events of non-matched events and the ¢¢ events.

The integrated luminosity of this data is 400 fb=1.
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5.4.3.2 Detector level analysis using simulated data from CMSSW_3_3_4

In this section, the analysis method for simulated data from CMSSW_3_3_4 will be
discussed. SUSY processes were generated at the LM1, LM2, and LM6 bench-

mark points. Electrons, muons, and taus were included to calculate lepton charge

In this section, we tive way t lect the physics objects, such
as leptons and ol il € r,‘ - L. One million events of LM1 was
used as a sample s y ‘ nto four cases (1) Using
the highest Pr jet, (2) | : 2 ‘f Prjet, ) Using the hemisphere

e F 1 \ . . .
method to choos ; 5 with Using invariant mass of

lepton and jet to se ' j ase, the analysis will be devided

e Step 0: Determine whetl ven ains the decay chain of interest or

not.
—

e Step 1: *!-“’ C 11 d mber of b-quarks is
zero, and tﬁmm ﬂ MET threshold is set
based on the study discussed in Section 5.4.2.1. h the MET threshold

ﬁ N E N kh ki -

) Step 2: Search for the highest Pr reconstru(ﬂi lepton. From T 5.9, one

ARTRIATH 1A AN TR

in signal events.

e Step 3: Search for the appropriate jet from the four selection methods as

mentioned previously. In the fourth case, the jet will be selected if the
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invariant mass of jet and highest Pr lepton is smallest among the possible

combinations.

e Step 4: Search for SFOS lepton(s). In the hemisphere case, the SFOS lepton
has to be in the same hemisphere with the highest Pr lepton.

Case 1: H1 st }d ;’ ase 2: 2nd Highest Pr jet
Signa \\;:;ﬂ 1."!: Signal Background
(Al l—vm?;.:'f (Match)
Step 0 GBB2F 1) 820118 || 10882 829118
v 1| g, | o
Step 2 | 11919 #1638 A/ F24303 | 11019} s 24303
Step 3 21466
Step 4 it
nvar1ant mass
Background
Step 0 829118
Step 1 91714
Step 2 24303
Step 3 21898
Step 4 817

Table 5.9: The table ﬂws the compans@etween different selection methods,
in ord The “Signal
(All)” ﬁuﬂ;@ ﬂ\ﬂ yl %ﬂmﬁﬁ while “Signal
(Match)” means the “Signal (All)” which the seléated objects are miatéhed with

QW@@@%?}%H AN1INETIQE

From Table 5.9, we can compare the efficiency for each case from the ratio

of the matched events with total surviving events. The efficiencies of each case are
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53.84%, 48.74%, 58.90%, and 53.80%, respectively. From this result, it is shown
that the hemisphere method is a good choice to select and to pair the physics
objects. We will use the hemisphere method to find the appropriate jet in the
event selection. In addition, the hemisphere method also helps us to reject the

, where the SFOS lepton comes from a

Standard Model background, such as #f

different hemisphere.

Event selection

The event selection is baseé he/physics objec on discussed previously.

In brief, the eve -r 0

1. Missing transyers
2. nje(Pr > 0 G /) and fthe hig PN larer than 100 GeV/c.

3. nb_jet(PT 0 e i / i v 7‘7 }

4. The pseudorapidity cut of jet follows the basic object selection

discussed in Section 5. ;L':.-{u ] s| < 2.5, [Mmuons| < 2.1, [Mtaus| <

2.4, and |njers| < 5.0 3

5. At leas - coupie O the same Havor ana opposite-si ':.‘r’";. exists. Both
leptons have tl cctron-muon and 10
GeV/c in E case of tau. If there are more than ['I opposite sign leptons

passing cuts, IE,ll possible comblnatlons will be used for the analysis. The

B PYap6N 1130 1113001 e

hest P and the 2nd hi

v S

applied. If both of them are on the same hemisphere with selected lepton,

st Pr jet.

ley was

the highest Pr jet will be chosen. In the case of tau, the highest Pr jet will

be chosen.
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7. my < mp®. The mj* is shown in Table 5.7.

max

8. myy < my™. The my' is shown in Table 5.7.

Tables. 5.10, 5.14, 5.15 show the number of surviving events at each step

of event selection of the studied 1, LM2 and LMG6, respectively. Note

that, the number of tf survivi 8€ ront s also shown in these tables. One can

see that the number of sur ents OfAL4€ i y suppressed by the number

Step-0:

Step-1:

Step-2:

Step-3:

Step-4: Object is

Step-5: Searching for SEOS lepton( ich match with the selected lepton
from Steps2. Bl 7

y_

Results at theﬂ\/’ 5

Electron—Muon charge asymmet . Results for electrons and muons at

e il WEL, N H‘ﬂ’i“ﬂ’ilfﬂifﬁ?ﬁiﬁiﬁ

The asymmetries when the spin @orrelation is C(Edered (called “s on”) can
RGNS RV

To show the tendency of the lepton charge asymmetries, they are fitted with

the linear and quadratic polynomials. The fitting parameters and the chi-square
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statistics (discussed in Appendix. D) are shown in Tables 5.11 and 5.12 for linear
and quadratic fittings, respectively. The fitting lines are shown with asymmetries

in Figures 5.26 and 5.27 for data at integrated luminosity of 50 fb=! and 100 fb—!,

respectively.

When the spin correlatlon ed, the fitting line, which is described
by a linear polynomials, ten lope, while the slope is close to
zero when the spin cor om the chi-square statistics

variance of the ﬁr ) ¢ 'Me tight event selection

which can cause ‘ i d lolw niass gic 10 a8 we saw from the result of

e
‘Fﬁg' -
Tau charge asy mi if_" o2 .ge asymmetries are shown in the

right side of Figures. 5 26 a -=:...._ or & "‘

itegrated luminosity at 50 fb=! and

100 b, respectively

The fittir s with the linear polyno -rity when the data

is collected at 50+b symmetry distributions

have a negativeslope and their magnitudes are close t ch other. To see the

asymmetry tendency atthigh integrated luniinosity, the Monte Carlo data had been

A IR TR e

to s OWND clearer than before. The fitting line of “spin-on” data can maintain

a negative slope while for the “s n—off’ data. thé®lope of the fittingSine goes to
ptiab bbbt illar i
®in. This behavior can also be seen at the parton level analysis in Figure 5.19.

This asymmetry dilution comes from the kinematics cuts which mostly effect the

low invariant mass region.
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SUSY (LM1) t
Signal | Background | Signal | Background

Step 0 (Spin-On) | 304919 1659081 0 10M

Step 0 (Spin-Off) | 341536 1658464 0 10M

Step 1(Spin-On) 69310 63457 0 4689

Step 1(Spin-Off) x ST 0 4769

Step 2 (Spin-Ox -::::;h:?‘-w 4 0 898

Step 2 (Spin-Of) =311 948

(Sala@m™ 618

( 642

( N | as2

b\ | s

_ N N 29

Step 5 (Spin-Off 1653 \ -'\“‘u » 37
Table 5.10: The nun .rr ‘ %r i ough each step of event
selection. The number of saniple of sip etrie events (LM1) is 2M events

which correspond to ~50 r"'."Eﬁ;;ﬁ e the - of tt events is 10M events which

correspond to ~25 fb~1. - _____ "":;j" :l"r .r -

Note thiat; with-the-LHC-data-in-201¢ _ﬁ._.s,,‘ — 35 pb™!) the

L

LM1 benchmar '3'; P , . experiment.

| 1
AT vENg. .

is shown in Figure 5.28. Table 5i13 shows the linear fitting parameters and the

WAKINIUHRINE IR

this study point, the branching ratio of the decay of neutralino-2
to electrons and muons is completely suppressed by taus, hence we will limit the

scope our study to the tau lepton only. Some branching ratios of SUSY decay
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Electron-Muon

Tau

LM1 (Spin-On)

LM1 (Spin-Off)

LM1 (Spin-On)

LM1 (Spin-Off)

the chi-square statistics fri

processes at L'.'y’}_'-"——::*

The tau a

.i' T
Table 5.11: The fitting parameters f1

metry

owr the LM 1 da

50 fbh!
Po —0.181 £ 0.025 | —0.004 +0.026 | 0.107+0.040 | 0.063 % 0.041
pi(1079) | 93.79£1202 | 217241243 | —54.79419.27 | —32.70  19.42
v \ll!/
X 4.736
X /v 0.677
Q2 v) B, 0.0 S S— 0.692
M‘l\\ \
po | —0.196 M% gﬂ\\ M 0,028 | 0012+ 0.028
p1(107%) I G \ \ ~ 1 3 | —6.48+13.65
1%
X 9.408
/v 3.67 l 1.568
QX*,v) 0.000 0.225

OW

ear ]_:;olynomial (degree = 1) and

fh=! and 100 fb~ 1.

quite '

arly that the linear fit

has a negative slope For the first few bins, the asymmetry is lower than what we

expect. n Figure 5.20,
which ungj tr m EI ‘ﬁ’ects For the

linear ﬁtﬂf the asymmetry When‘the spin correlatlon function is notu}nmdered

it to go to zero when higher statistics of data are used.
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Electron ,,_l‘ 101 I ,

Tau

LM1 (Spln Or AL 1»

(Spin-On)

LM1 (Spin-Off)

S ;-"';

O _Ll

po | —0.070+0. ﬂﬁ’m mﬁi‘:&_ 0.093 | —0.086 % 0.094
pr(1074) | —3.15 =’ /‘7! m{\h 9.14 12.62 +9.23
pa(10°%) | 207+ 108 A SA0uc % 120 | 0 R —3.66 + 2.08

: Illsﬁ PUUNONL

SR/ AN

X* /v ( 0.27
Q0 v) 3 | 0.950
. A0,

po | —0.047 % 0,08 L0032, 0.185=0.066 | —0.115 0065
pr(107%) | —6.60 + 3.66 -:- 9244650 | 13.0£6.38
p2(107%) | 394408474 ity ;__’ 101+ 1.46 ~3.17+1.45

. | CA £

X -;jh A J 4.61

X2 /v 0.60 0.8 0.77
Q2 v) 0. 727 0.567 0. 532 0.598

s A HSINHN I WEIAT e

and the U1 square statistics from the LM1 data at 50 fb~! and 100 fb L

QW]?Nﬂ‘iﬂJ UNIINYIAY
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trlanglesalmfter the event selection ‘usmg the fast snrnulatlon data for the LM1 point

TAIANT TR TN

yellow rectangles represent the idealized distribution after Pr selection is applied,

they are scaled down by a factor of 0.5. The black and violet circles represent
charge asymmetry after event selection of detector simulation data when the spin
correlation is and is not considered, respectively. The data is fitted with linear

polynomials. (c) The same as (b) but fitted with the quadratic polynomials.
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AT NS

represent the idealized distribution after Pr selection is applied, they are scaled
down by a factor of 0.5. The black and violet circles represent charge asymmetry
after event selection of detector simulation data when the spin correlation is and
is not considered, respectively. The data is fitted with linear polynomials. (c¢) The

same as (b) but fitted with the quadratic polynomials.
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Tau

LM2 (Spin-On) | LM2 (Spin-Off)

0.134 £ 0.019 0.019 £ 0.019

—5.40 x 107* —7.70 x 107°

the chi-square statisies f

Step 4 (Spin-On
Step 4 (Spin-Off

‘al a

Step b ( Spln-Off

)
)
) |
)

= L — - f VV : r
Table 5.13: Th T % . lines lynomial (degree = 1) and
,, 3 1 ~.- S

A\
/f JLES !nﬂtu\‘\\\ tt

Step 0 (Spin- \ }t 10M
Step 0 (Spin %\ \\" ' 10M
Step 1 (Sp / "'ll_ 0 4689
Step 1 (Spin-Of Jle | 4769
Step 2 (Spm—On f’”' e ] 898
Step 2(Spi ' 948

'::::7 278 : 618

-,
ﬁ E \\"n‘t\ al Background

, 642
31539 20906 : 482
31797 mz 510

WU

6239 5200 46

AR AR RIHAAG N A Y

Belection. The number of sample of supersymmetric events (LM2) is 2M events

which correspond to ~250 b~}
correspond to ~25 fb~1.

, while the number of tf events is 10M events which
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(a

(b)

Figure 5.28: (a) The inyari =t s of q (red circles) and [~ ¢ (blue
e
triangles) after the event seléctionusing tl “simulation data for the LM6 point

at the 250 fb~!. The le

muons, while the right side is

for taus. (b),Fhelepton charge asymmetry distributions. “Fhe yellow rectangles
* #

represent the: "f lized distrit A} # ed, they are scaled

down by a factor o cs represent charge asymmetry

P v
(!
after event selectlon of detector simulation data when the spin correlation is and

‘S ““FTTfET%"VT E“Wl'ﬁ“/ WETT™
AMIAINTAUMIINGIAY
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Results at the LM6 benchmark point

For the study point LM6, 1000 fb~! of simulated data was assumed. The number
of the surviving events from the event selection is shown in Table 5.15, and the

fitting parameters for the linear and quartic polynomials are shown in Table 5.16.
Figure 5.29 shows the lepton charg etries. The charge asymmetry from
electrons and muons does 1 ot \. y an asymmetry distribution is

A clue of the spin corzelation can 1s1ng of the asymmetry

in a specific region wheré the contaminati d right-handed sleptons

goes to the end. ' o. theoretically calculated from

the maximum va sses of left- and right-

Flgure 5.21 shows this

handed sleptons. *'\.

clue clearly. A / al gion 00 GeV/c?), the asymme-

try depends mostly ¢ n the ft h nde qﬂ! ton ¢ to 1t8 higher production rate

compared with right-ha “8lép orai r"r! o high invariant mass region (> 300
£/ W3 .' .

GeV/c?), one can s nxm i oy, 1t rises up and stays close

to zero afterward. Wit th v.» ﬁ-‘t's-' o m” ‘nd “spin-oft” data shown in
Figure 5.29(c), we can sepa -F' e rising of the asymmetry of the

invariant mass metry at this point of

study.

For the ta nalysis, e he significant difference when the

linear fit is apphed but the error bars are still large.

“Hy Inananeng ...

benchmark point, we then propos‘ another supersymmetric decay chaih hich can

LA 1 RIS o B

Statistics at this benchmark point. It will be discussed in the next section.

The higher statistics is
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tt
- Background
Step 0 (Spn— 2720 10M
Step 0 (SpinOff) 10M

Step 1 (Oping "%\\ 4689
Step 1.(Sp n \\\ 4769

Step 2 (Spin-O 10 ? 898
Step 2 p1 Of | .':;,.- sw6\ | 0, 048

36
50

Step 3 (f 618

Step 3 (Spin=O 642

Step 4 (Spm— ) f;i'd' 482

Step 4 (Spm—ff) -22599 0 510
(

Step 5 (Spin-On ﬁﬁ, el

Table 5.15: Ther

—, mbe ;In- gh each step of event
.1 ‘

selection. The (LM6) is 2M events
which correspond t‘ ~500 fb~', while the fiuhber of t£ events is 10M events which

mesﬁumwﬂmw g1
QW]Mﬂ‘iﬂJlHﬂﬂﬂEl’]ﬂﬂ

] . ? L
ber of sample of supersymmetric event
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Electron-Muon

LM6 (Spin-On) | L 7

Tau

LM6 (Spin-On)

LMG6 (Spin-Off)

polynomial (degree = 4)

Do —0.069 H0:067. 0:227 +£0.215 | 0.441 +0.212
pr(1079) | 272 w104+ 113  832+ 344 | —7.25£3.36
pa(1075) | —2.27 //Aﬂ@mx 29+ 1. 3.84 + 1.81
po(107%) | 615 =280 #1048 70k "s‘\\- =109 | 80T+
pa(10711) M‘! lgﬁv \\N ' 5.89 4 2.98

14

X2 2.88

X2 /v 0.41
Q(2, v) L Ods 0.896
ced with lin ool (degree = 1)

- =% 1 —0.165£0.056 | —0.034 £ 0.057
p1(1074) 553+ 174 1.16 + 1.76

14

X 3.69

XQ/V 0.74
Q2 0. 567 0.532 0.598

ﬂ b &J ANYNITWHAD o0

linear p(”nomlal (degree = 1), f?d the chl—square statistics from the LM6 data

TRIANN I UANINYAY
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ﬂ U INYNIHYIAT o

trlangles fter the event selectlorkusmg the fast snnulatlon data of th LM6 point

TR TN T

ide is

ngles

represent the idealized distribution after Pr selection is applied, they are scaled

down by a factor of 0.4. The black and violet circles represent charge asymmetry

after event selection of detector simulation data when the spin correlation is and is

not considered, respectively. The data is fitted with quartic polynomials (degree

= 4).
200,500].

(¢) The same as (b) but fitted with the linear polynomials in the range
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5.5 Spin correlations via chargino-1 decay chain

In this section, we consider the decay chain of stop (superpartner of top quark) via
chargino-1 (Y{), shown in Equation (5.61) and Figure 5.30. To determine spins

of sparticles using lepton charge as etry which was discussed in the previous

section, a high statistics of date ‘1'5, ‘ ad, specially for the LM6. In this study,
we will study instead the inva ‘H..‘ and the b-jet from the decay
chain of interest. Note that, in thlS e(:a&nterest the lepton charge

asymmetry should not be £ dete imn_ the spin of chargino since the number

of stop production s 1o i e'the sa 1S b ntl -stop production.

(5.61)

Flgure a’_::-l-II-lrnv--,rlll--l-lllndl-ﬁiﬁ’.’imzn-‘r n:.-' Sl Charglno 1

S

U

5.5.1 Partq level analysis

B YRRV WA s

con81de first. The event selection is applied to the parton distributions, to

O GERE AU Gl

nergy of SUSY and Standard Model processes.
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5.5.1.1 Missing transverse energy at the parton level

To calculate missing transverse energy at the parton level, we apply pre-selection

cuts as follows,

onsider that most of

‘I." Ve
\ e to the efficiency of b-

ve will set the minimum number

the decay chain of i
tagging we may 1ose son

of b-quark to 1.

Figure 5.31 shows the e ‘; ,_ ‘erse enes istribution of SUSY and
Standard Model events w ich-Surviy : .f. o pre-S ction cuts. From the distri-
bution, it is shown that we “-‘" -p'ﬁ‘: ther o transverse energy criteria around
300 GeV to reject most of _ntf‘.-n @ ard ackground except tt. Some of

Z+jet event‘ ) ng events is suppressed

by SUSY andy/jprocesses, so we igr S dy,

U

5.5.1.2 Parton (}}strlbutlons

S ETC RTINS TETES S

to the p%on distributions in order to check the sen31t1V1ty For this decay chain

a@fﬁﬁﬁﬁ“ﬁﬁmﬁmnﬂmaa

1. The MET is greater than 300 GeV.

2. The highest Pr of lepton is larger than 15 GeV/c.
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g = LM1 3
S ~LM2 ]
8 —LM6
g 10 -t
~ =
2 —Z+Jet
% ) —WZ
s 10%EF ¥ 4 E
o ]
Ke] .
£ i
Z -1
l!_'l - E
044 00 1000
ing Trahsv se Ener: GeV]
Figure 5.31: The nt irlq is'sin ansverse energy distribution, using pre-
selection cuts listed Seeti '&5 1 . N

ﬂh..i
3. The highest” P of b- ﬂ-k :

el |
4. The pseudorapidity cut Qw n f s the basic object selection

discussed in Section 580 -

5. The AR between : @ Pt than 0.3.
The partolis 1 istributi 7 b-quark are shown
in Figure 5.3 considered) and off (not

considered). T gure on the right represents the distribution after the event

selection. One Canﬁeﬁhat the figures o‘both sides show the same shape, the

ﬁgure % q W ﬂﬁ}ﬂﬁ In summary,
with theﬂ/ent selection, the invariant mass distribution o on and b-quark can

maintain the shape of original pgrton distributiefits In the supersynimétry case,
VRARNATTUHAAI N E IR
‘opposite-sign lepton and jet which we used to describe the SUSY decay chain via

neutralino-2 [38].

= 4z(1 — 2?), (5.62)

M| =
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8000F
F - - Spin Corr. On
— Spin Corr. Off

£ -~ Spin Corr. On ]
7000F — Spin Corr. Off ]
6000F

5000F

4000F

3000F

Number of events / 20 GeV / 250 fb™
Number of events / 20 GeV / 250 fb™

2000 -

1

1

1

¥
1000F ; !
ol

m(lq) [GeV/c?]

(b)

ass distributions. The dotted

line represents the i iaht 4 , A 9 '\\o‘\n\ is considered, and the
dashed line is o 7 - relatio ERE | S}\u ered. The left side shows
the parton distribi ouflat Al ‘.- - . - 1 \\;\ , ow the distributions
after the event sele al - 7 _7 : ra \\H ' .

where  is defined by, 98t ' ’:_ e spin-off case, the distribution can be
described by the phase-gpace d sibition 1\“ by Equation (5.44).

5.5.1.3 Event selectior the ) i
o ,.

Due to the limited-constrainis-on-the-products-from-the-d iy chain of interest,
one would ex oi" a roducts of other supersym-
metric particles or-quarks. The mismatch could happen !JJ 1en b-jets coming from
decays of gluinos olﬁﬂarks and leptons Wing from neutralino decay. To show
how tﬂaﬁoﬂ %Wt %ﬁ%l ) cﬂcﬂﬁcamdard Model
backgromd, and mis-selection affect the parton distribution, we apply the event

selection to the general SUSY a‘dVStandard Model events. In briéfthe event
AN T T HATIVIE A &
q ,
1. MET > 300GeV.

2. nquark(PT > 50 GGV/C) > 3.
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3. nb_quark(PT > 50 GeV/c) >1
4. The highest Pr b-quark (> 160 GeV/c) is selected.

5. The highest Pi""" (> 15 GeV/c) is selected.

8. To avoid the b-quarks f1 , : erofquarksorleptons
within th&Coneglbe 047 | he sele 7- ' ‘1‘ is equal to 0. To compare

the efficiengy f tils dutdthes step is also shown.

Note that, the effic discr ered in the parton level.

The parton I i ‘ =c -quark distributions are
shown in Figure 5.33. j€ani7see tha op rejection (the eighth cut) can
reduce the number of ¢t sigiil tly = distributions are presented as the

stacked histograms, the mea figs of cribed.in the caption of the

ﬁgure_ One A1) [_r_-nllul-lln.-;l‘lll_-nlvi-lula-;mni;iiiii--umz,;, ain]_y Coming from

the red layer, wrhicl stht do not contain the

'!lw est. 7 .'

decay chain of it

From the resﬂtﬂne can see that ifi.the newly produced particles are not

oS AR WRR o

an extra ak which corresponds with the maximum invariant mass of lepton and

RSBl .
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SPIN-Off, With top rejection

SPIN-On, With top rejection
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| S
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o a
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B i skG
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i

-
)
Y

—i -
Figure 5.33: Thfjtacked distributi and b—@rk invariant mass for
the LM6 data at 250 fb~! when the top rejection is included (a), is not included

e By o e

surv1v1ng"gUSY events which do BOt contain the decay chain of mtereaJThe blue

BTNV T P PR 1M R

correct selection from both lepton and jet.
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5.5.2 Detector level analysis
5.5.2.1 Detector level analysis using simulated data from CMSSW_ 3.3 4

The study of this decay chain started after the fast simulation of the CMSSW_2_2_6

came out, so FAMOS_1_6_0 results are not available. The results which are shown
here are summarized from " latio and physics analysis tools packages
for CMSSW_3_3.4. The LM6 d: 3l at 250 b~ is used in this analysis. The
event selection is as . ,

1. MET > 300

6. The number of 5 -:. LoTs. (OPE arge with the selected lepton) is

required to be zero.

7. The pseudor : he'basic object selection

, -
discusse! .‘],r—, :ﬂ"ﬂ' ons| < 2.1, |77taus| <
2.4, and |77

U

8. The number g jets or leptons Wlthl e cone size of 0.7 from the selected

@ﬂ 8 ‘WH m AR e
PRIRINI AN

correlation function is not considered (newly produced particles are not supersym-

| <

metry), the peak of the distribution locates between 200 and 250 GeV/c?. This
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1000 T T T T T T[T YT
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[ susY SIG NOTMATCH
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B i skc

8001~
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N
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S

50" 100 150 200,250 300350 /
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m(lq) [GeV/c?

—

Jil'-'f'

the peak of the invariant fr.fa?SS beﬁwee@d lépton and b-jet should locate
between 150 and 200 GeV_‘/e:, 5 peak; nds with the peak calculated by

probability derﬁty function descmbecfr by Equatlﬂm !

With t&ﬁecay chain of interest, on
il

data is lower than the requir

1e required statistics of
e decaﬁham via neutralino-2.

As discussed prev10usly, the main background is not Standard Model processes,

o Eﬁﬂﬂ QZW“EWT? WEmT
AR ANNIUNNRIINYIAE



CHAPTER VI

Outlook

In this thesi as alh on angular correlations

Model background by app! ___f- ;_> L0 ¢ sing transverse energy.

For the'f "! 4 _:F = Qlyearlfo XY, the
imbalance of the pro > and negative sign leptons-
near can lead EI,I fo observe the spin correlation effect ul he complicated part
of this decay chaln‘e(ﬂes from the ex1stw of the lepton-far which cannot be
distin e try parameter
to inv ﬂu\ﬂﬂ ‘ﬂ ﬁﬁj mﬁj‘ﬁiﬂﬂ‘i with the spin
of X9. For the LM1 benchmark ﬁ)lnt the leptonseharge asymmetryi¢ah be seen

PRARAF AR DA
s about 65 tb™", which is about the expected nominal LHC luminosity. Note
that, for the LHC Data in 2010 (/s = 7 TeV, [Ldt = 35 pb™!), the LM1
benchmark point LM1 is excluded at 99.2% from the CMS experiment [39]. For
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the LM2 benchmark point where the electron and muon production rate from
the neutralino is compressed by tau, the asymmetry can be seen with 250 fb=?.
For the LM6 benchmark point, higher statistics is needed in order to extract the
spin information by using a lepton charge asymmetry. The background which

dilutes a lepton charge study comes from other supersymmetric decay chains. For

both the LM2 and LM6, they are hallen; sisince both of them have lower cross-
sections than LM1’s. The third ger 0 lions play an important role in
supersymmetry. W'Et' 500d. i tagging algorithms, it is
possible to make a i eme ‘t of- the'new. physics.

For the sec nyof interest, + q o bTIED — biFyyY, it
is another possible ' i | i ] thie -.,\* ormation for the LM6
benchmark point. 2 ass-of leptor 1. jet is used to extract the
7 edi the lepton and b-jet
invariant mass whei fhoft i - ela LIS an l\ onsidered. The expected
integrated lumino 1y F 3 50 7" - ‘.‘__, e that, in this thesis, the distribution
when the spin correlation i | } idered repr nt other groups of theories

which expect the same partner he dard Model particles, e.g. universal

ﬂ‘lJEJ’JTﬂEJVIﬁWEJ’]ﬂ‘i
AR AINIUNRIINYIANY
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APPENDIX A

!
e CMS: Compact

e COBRA: Coheren Ol Reconstruction, Analysis and

. I' 1
simulatiorn

\"7 Y )
e CSCs: Cathode -_—

| i)
e CSEWG: Cros ‘s Section Evaluation Workmg Group

'ﬂﬁ%}@“‘ﬂﬂﬂﬁwmﬂi

Drlft Tube chambers

QWR{WW@M@JWTMEI’]QH

e ENDF': Evaluated Nuclear Data File

e EOP: Electromagnetic energy over track momentum
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e FAMOS: FAst MOnte Carlo Simulation for CMS
e FWLite: Framework-light

e GANDL: GEANT4 Neutron Data Library

sion Reactions With

3"

[ ) L E P : L ‘: ‘:'4,‘- H locli ol QSiibLrolnl _olllidel

e LHC: ;'"I adro

e LHCb: Large‘Hadron Collider beaut&jxperlment

-ﬂu%wmwmm

LS : Lightest Supersymmeftic Particle

ammmmumqwmaa

e ME: Muon Endcap

e MET: Missing transverse energy



141

e MONARC: Models of Networked Analysis at Regional Centres
e MSSM: Minimal Supersymmetric Standard Model

e mSUGRA: Minimal Supergravity

e TID: Tracker Inner Di "ﬁ

: Eﬂ»‘ : .,vf-

e TEC: Tracker E

e TriDAS: Tyi

-' )
e TOB: Trac ‘I Outer Barre

BUEHANER NN
aﬂ“ﬁé&ﬁ%ﬂﬁﬁﬁﬁﬁ%



APPENDIX B

At high luminosi e inelastic interactions of

neutrons can be as hig as‘ 0 # e a;t:u ond [40]. One of the neutron

inelastic interactions which needs to be cor red is neutron capture. The neutron
ﬂ,f.ﬁ'"“ !Ur ﬂ" '
can be captured b { ission. These photons can

produce elec .*g:;—.ﬁ:m?-

electric processes in

i
detector materials |
chambers. Thesﬂits can cause noise

also take a long tlnie &mpare with the b&}n crossing time, to thermalize, or in

- BRI ARG
3 b KL (aTK I haK VX 1

SCAR package was used. This study has the benefit of the new simulation module,

t‘;s'- o hits in the muon

€ muon signa In addition, neutrons

including ion simulation and a new physics package for the thermal neutron. In

!This work had been done under supervised of P. Arce and P. T. Cox.
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this study, the physics model QGSP_BERT_HP was used [41]. This physics model
is suitable for background radiation studies, including neutron production and
transport. In this work, the minimum bias events are generated as the neutron

background source.

In the results, the number o

he muon chambers by the interaction

products of neutron. iu x-axis and y-axis of the
plot represents t . me of flight"of particles in the log scale,

\ \\z‘\:;\.\\ mple from the PYTHIAG
A AR

2 per event in this results
he”of Hight oreater than 250 ns.

-~ \\ \\ ‘2001/03/21 17.22
2 ‘, ) ) \,\ ocME all

respectively. This plot was / i

generator and CMS

is 1.1 in the endcaps |

Neutron
Bkgd

(100 Me V) log , KE(MeV)

%ﬂ'] ASNIURIINLIAL..

hambers simulated by CMSIM_1 2 1. Note that, the gamma in this plot came from
the bug of GEANT3.
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To compare with the previous results, the simulation of the hits from inter-
action products of neutrons was simulated using 0SCAR_3_3_2. Figures B.2, B.3
and B.4, show the number of hits from the interaction products of neutron in all
muon chambers, CSC volumes, and RPC volumes, respectively. Note that, the

components of the CSC material was discussed in Section 3.3.4.4. The numbers of

ity between OSCAR_3_3_2 study (Figure

PC volumes, the numbers of
- 1is is a problem we investi-
———

gated
| Energy and TOF T LAY 7» . 4+ Proton
7 - s 7/ ' N e+/-
E O mu+/-

¥ Pi+f-
i alpha

log10 TOF (ns)
(2]
|

) 2 3 4
0g10 KE (MeV)
=
d
Figure B.2: 1t .‘ in all muon cham-

U

I 01 3laN 147K [y LT o

ion prodﬁ!’mon from neutron cam?dlrectly from the material effect. Two methods

SR MI G ) b

method was to run Monte-Carlo simulation using 0SCAR_3_3_2 with modified CMS

bers (DTs, RPC SCs) simulated by OSCAR_ 3.2,

material.
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4+ Proton
e+/-

log10 TOF (ns)
[=1]

[y

'Lo

Figure B.3: The nu

chambers simulaged

o mu+/-
% Pi+f/-

2

m [

5 L

TR —

O 6B oA LT

= :

=) _

g’ L P FRRERERRITET _LPPRr e PPN  §2 7o SOREE TP EP TPV RITPPRETPPRIPP
4:_ ......................................................................
3} ............................
2:_ ................
1:_ .............

03 a2

ﬂuﬂﬁﬂﬂﬂ

Bqﬁ?mw

Figure Em The number of hits from the daughters of neutrons in the muon RPC

Q ; lat dﬁ %m?u w
] or th rst meth ree simple geome@s 1ncl§ng a Q lﬂox of

CSC gas, RPC gas and a simple box of CSC gas with six small layers of RPC

gas, were created to use with GEANT4 and QGSP_BERT HP 1.0 physics model. The
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CSC and RPC gas components were shown in Table B.1. The energy of the
incoming neutrons varied between 107% - 1072 MeV. The result of the Monte-
Carlo simulation with 100,000 events is shown in Table B.2. In this table, the

number of protons and ions coming from neutron interactions are shown.

Y 3 95900
I 36500

3 36800

Table B.2: meutron interaction.

et
{7 X
For the Se€ond | al was separated into two

I

ar

versions, the firs H ersion used - muon systems, while the second one

was used RPC gas ?stead Figure B.5 Sho s the number of fluorine ion hits when

o ‘E’@Jﬁ?‘ﬁ BTN T

om the results of both meﬁmds we can cofielude that the strangeé behavior

oV BERRET po L or O
‘effects. The results showed that, with the pure CSC gas, the number of hits is
very small compared to the number of hits when the RPC gas was used. Thus the

number of neutron interactions in CSC gas is much smaller than the interactions
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| Position where neutrons stop -> produce F19 (2Kk) | Muon Station
—~700 7 =_ :_ e — x ME
5 . : ; P I B [B=
600 RPC
5“ :_ .................................................
400 :— ......
300 A S
200
100

I vl 'l il 'l
1200 1400
z (cm.)

Figure B.5: T

hit Posigi muom en lcay tations when the RPC gas
were used in all volumes. 7

in the RPC gas. Oue ca alslg the n or of

aifr"""

hits from the fluorine gas

in the RPC material i aterial, this result contradicted

gases are the same

to the problem Ea huge eractloa We then considered

the reaction nj + 0117 — p1 + S, After dlscussmg with the neutron experts

in the ﬂ:ﬂm ﬁr the inelastic
procesﬁ l\uﬁqon a ﬁcﬂﬁzj’: ] lues at certain

energy | els This caused an meeasmg of the t&ml cross section 0 e gas. It

WIASILAD R LANIEEY gy

fix of this bug was released in the GANDL 3.8. The result of GEANT4 simulation

with simple geometries is shown in Table B.3. Note that the GEANT4 neutron
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| Position where neutrons stop -> produce F19 (2k) | Muon Station
0 f S ME
3 E i i i i o MB
=600 — RPC
500 (—
400
300
200
100

Figure B.6: The

used in all volume '
.ﬂla.l d

data library (G4ND ) wh 'ﬁ'@ 1al neutron interaction is mainly
: N &lhe ENDF is developed and
kmg Group (CSEWG), National

based on the Evaluated Nuclear Data

TP s e
maintained by the Cross  Séetion-E ‘l‘ at;
Nuclear Data Center, _ﬁﬁ; 1o oratory. With the new neutron
data library, thei ' eI Was determined and
shown in Fig 'y’ "u d study by CMSIM in
which the averaﬁ\um be 1e end ce@ is equal to 0.82 which

is lower than previous study

EF’TIIH NN I

average number of hits is 0.82 m‘Che CSC volunﬁcompared with 1ts from

WARINTREMATNE IR

LHC. Figure B.7 shows the hits in the CSC volumes using the corrected chlorine
data with CMSSW_1_0_0.
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Mix Pure | Pure

Table B.3: The number of protons ;r d lons eeg ea om neutron interactions
with G4NDL 3.8. Notaahfilefhis result came from 1,000,000 events simulation.

q

Electron

-e— Muon

= == Pion
== Proton

log10 TOF (ns)
)]

a1

a4
3

2 o :'... . T

: o " :

4
Iog1 0 KE (MeV)

wn AN IR NRIINYING...

ata with CMSSW_1_0_0.



APPENDIX C

In this chap ; L to calculate the mixing
matrix U whic 12 ghof - -. ~. VoUT = diag (mg).

This analytical s wag dis _ '1 \ e

[ 1ma1 Supersymmetric

Standard Model (ML ) e : ] € - ites come from the mix of
the neutral gauge bosons, V 0 ".A , Th \ 0 mass matrix can be
written as ‘

m;S3Sw

—m,SgCw

where sy = sint ‘i , C B In this paper, we
|

consider when M{, M2, and p? are much larger than m?% and all of them are real.

For the general caSJ itwas discussed in [44).'The mixing matrix U can be written
mtoaﬁ%e&lm? NENINEANS
U MDP (C.2)

Q‘W']Nﬂ‘iﬁu UNIINYIAY
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where

1 0 1 1 -1
;O

P — 10y = — , (C.3)
0 O, V21 1
M = diag(1,1,1,1), (C.4)
(C.5)
The components._ of
S12 + ,LL825),
513
S23 =
S24
519 3514 + 523524,
ap = M1 i od 1 s33) (1 — 534),
as 1 —s7y)(1— s3y) (C.6)
where s, and’¢, arc — e v v cctively. The ms is defined
in Equation i--;, biesented above, one can
1 ri
see that |[UUT|; '! 1 and [UU'; . The -:‘.-‘ ralino masses can be
calculated from U *yﬂt = diag (mgo) masses of neutralinos are as follows,
my p— (Micyy + Mosiy — p) (C.7)

2(My — p) (M — p)



APPENDIX D

The chi-square dist: ) ' : icule ‘w esting the goodness-of-
fit of theoretical formmlac ¢ o St \::"t fo cxperimental data. Math-
ematically, the chi-sguia |

(D.1)

where N is the nt iance which relates to the

measurement error of g;. (90Z is predicted mean.

In this study, es the assumed functional rela-

tionship between the in pé dent variable on z-axis) and

the lepton charge asymmet T (as Gh :; variable on y-axis). The fitting
o e T
dacc y yution at each data point,

y ’j /ith the variance of

function sho

then the estl y S e i e

0.
v x?/v where v is called degree of 1

freedom can be caldﬂﬂd by

ﬂﬂﬂ?ﬂﬂﬂﬁﬂﬂﬂﬂi

?—N P—l D.2)

PRI NI~

The value of x?/v is sometimes called “reduced chi-square”, “normalized chi-

the data at tha S¢ 7o) ie. The ratio of s%/0?

can be estimat edom. The degree of

square”, or “chi-square per degree of freedom”.
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The chi-square has the probability distribution given by

FO0) = e O 03

This is know as the “y?-distribution with v degree of freedom”. T'(z) is the

“Gamma function”, defined by

(D.4)

Probability Distribution

Figure D.1: Th it mu .L.£.)70f chi-square when the

are equal to 5, 10, 15, 20, 25, and 30."

degrees of freedon

i) LR wffmfi wm fge
YRALRIA T NMIINUIRY.

ommon value for ay,; is 0.05. Or on the other hand, we can calculate numerically
X2.; which corresponds with a,,;, then compare x2.,/v with x?/v from our data.

We can interpret the comparison between x?,/v and x?/v as follows,
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o If x? is too small (x*/v < x3_,/v):

1. The fitting function is valid but a statistically improbable value of x?

occurs.

2. The values of o; are over—estimated.

// o be true).

verpreighat the fitting function is a poor

3. The experlmenta da

Note that, in this ¢

2

model. A pooi.ino e of x°.

o If X*/v > X7,/ vidilic_fitting functio is a del, then a large value of

X? occurs. jgifasg e ‘ NN o to reject our fitting function.

Generally spea ] 1By 2 /v should be close to

1 or a should bé'closd to 0. the i‘fl- ‘ sy are falls in the “fat

region” of the probabilit

ﬂ‘UEJ'WIEW]ﬁWEJ’]ﬂ?
ammnimumaﬂmaﬂ
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