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İki-Jet Üretimi
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KRD renk yüklü kuark ve gluonların etkileşmelerini 
açıklayan kuvvetli etkileşmelerin teorisidir. 


Son durum partonlar deneysel olarak gözlemlenen 
parçacık jetleri meydana getirirler.


✓Partonlar gluonlar yayımlar ve bu gluonlar kuark 
ve anti-kuark çiftlerine bozunurlar.


✓ Bütün renkli objeler hadronizasyon sonucu 
renksiz parçacıklar oluşturur. 


 İki-jet bir olaydaki en yüksek enerjili ilk iki jettir.
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2.3 Jet Production in a Hadron Collision

The Feynman rules are used to calculate many predictions of QCD,such as, the prob-

ability of a given process between an initial state and a final state. This probability is

called as cross section, ⇥. The cross section for a hard scattering process initiated by two

hadrons with four-momenta P1 and P2 is given by (Ellis, 1996)

⇥(P1,P2) = ⇤
i, j

Z
dx1dx2 fi(x1,µ2

F) f j(x2,µ2
F)⇥̂i j(p1, p2,�s(µ2),Q2/µ2). (2.22)

where the momenta of the partons which are engaged in the hard interaction are p1 = x1P1

and p2 = x2P2, x1 and x2 are fraction of hadron momentum carried by interacting partons.

The function fi(x,µ2
F) are the quark gluon parton destiny functions (PDFs) defined at a

factorization scale µF . Q is a hard scattering scale. ⇥i j is the short-distance (partonic)

cross section for the scattering of partons of type i and j.16

Figure 2–6. Schematic of the QCD factorization theorem. The partonic cross
section must be folded in with the parton density functions of the
hadron.

2.5 Jet Production Cross Sections

Diagrams contributing to jet production at leading order are shown in

figure 2–7 [9]. These diagrams may be read from left to right, or bottom to top.

For example, 2–7(c) can be interpreted as qq̄ � gg when read from left to right, or

it may be interpreted as gq̄ � gq̄ when read from bottom to top.

Lowest order (LO) calculations have uncertainties for multiple reasons. The

leading order result quite often has a large dependence on renormalization and

factorization scales. This dependence is reduced by going to higher order in the

perturbative expansion. Another source of uncertainty on LO predictions is that

additional processes may become possible only when going beyond leading order.

At next to leading order (NLO), all Feynman diagrams which contribute

an additional factor of �s to the scattering amplitude must be considered when

calculating the scattering cross section. Extra factors of the strong coupling

Figure 2.4. Schematic of a hard scattering process.

2.4 Two-Jet Cross Section

Two-jets events result when incoming parton from one hadron scatters from an in-

coming parton from the other hadron to produce two high transverse momentum partons
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and usually µ ⇧ Q. Q is the magnitude of momentum transferred in the interaction. QCD

coupling constant is given by

⇥s(Q2) =
12⇤

(33�2n f ) ln(Q2

�2 )
(2.20)

where

�2 = µ2exp(
�12⇤

(33�2n f )⇥s(µ2)
). (2.21)

At sufficiently short distances or large exchanges of momentum, high values of Q2, ⇥s

becomes arbitrarily small. This is called ”asymptotic freedom”. This indicates that QCD

asymptotically converges to zero at high energies or short distances. When Q2 ⇥ ⌅,

quarks become free particles.
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Figure 2.2. Description of the jet production in a hadron collision.

While the coupling strength decreases with Q2, the color force increases with the dis-

tance between quarks. When two quarks are separated, a new quark-antiquark pair (a

meson) spontaneously is created from vacuum.This phenome is called color confinement
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and usually µ ⇧ Q. Q is the magnitude of momentum transferred in the interaction. QCD

coupling constant is given by

⇥s(Q2) =
12⇤

(33�2n f ) ln(Q2

�2 )
(2.20)

where

�2 = µ2exp(
�12⇤

(33�2n f )⇥s(µ2)
). (2.21)

At sufficiently short distances or large exchanges of momentum, high values of Q2, ⇥s

becomes arbitrarily small. This is called ”asymptotic freedom”. This indicates that QCD

asymptotically converges to zero at high energies or short distances. When Q2 ⇥ ⌅,

quarks become free particles.

p p

q

q

g

Fragmentation

Fragmentation

Jet

Jet

�s

�s

Figure 2.2. Description of the jet production in a hadron collision.

While the coupling strength decreases with Q2, the color force increases with the dis-

tance between quarks. When two quarks are separated, a new quark-antiquark pair (a

meson) spontaneously is created from vacuum.This phenome is called color confinement

9

Sert saçılma sürecinin tesir kesiti

KRD etkileşim sabiti 
Q2→∞ veya Λ→0, kuarklar 
serbest parçacıklar olurlar. Buna 
“Asimtotik serbestlik” denir. p
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Jet Yapılandırması
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Calorimeter Jets: Energy deposition in the calorimeters cells (HCAL and ECAL)

which is combined into calorimeter towers are used for reconstruction. The calorimeter

towers are the input into jet reconstruction algorithms. A calorimeter tower consists of

HCAL cells and the geometrically corresponding ECAL crystals. The thresholds are

applied on energies of the individual cells to suppress the contribution from calorimeter

readout electronics noise when building calorimeter towers. These threshold values can

be seen in Table 4.1 (Zielinski, 2010). In addition, to suppress contribution from event

pile-up, calorimeter towers with transverse energy of Etowers
T < 0.3 GeV are not used

in jet reconstruction. Fig.4.2 shows an event display of a dijet event. The calorimeter

segmentation in ⇥ and � is shown with energy deposition in calorimeter towers. The blue

part shows energy deposition in HCAL and red part shows energy deposition in ECAL.
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CMS Experiment at LHC, CERN
Run / Event: 140383 / 191703493 
Lumi Section: 211

Jet 1

Jet 2 HCAL

ECAL

Only towers with ET>0.3 GeV are shown

Figure 4.2. An observed dijet event in the CMS calorimeters. Energy deposition in HCAL is
shown by blue and energy deposition in ECAL is shown by red.

Jet-Plus-Tracks: In addition to calorimeter towers, charged particle tracks associated

with jets are used for reconstruction. The associated tracks are projected onto the surface

of the calorimeter. The Jet Plus Tracks algorithm (JPT) corrects the energy of a jet

reconstructed from calorimetric energy depositions, using the momentum of charged

45

Jetler kirli objelerdir.


Detektör bilgileri (izler, kalorimetre kuleleri, vb.) jet 
yapılandırması için girdilerdir.


 Jet yapılandırma algoritmaları jetlerin 4-vektör 
bileşenlerini elde eder.


✓ İnfrared ve collinear güvenilir olmalıdır.


✓ Anti-kt algoritması (R=0.4 ve 0.6) ATLAS ve CMS 
deneylerinin kullandığı jet yapılandırma algoritmasıdır.
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version of the seedless algorithm is named as SISCone and practical at parton, hadron and

detector levels. However SISCone is not recommended as default jet finding algorithm in

CMS experiment since it doesn’t work for the events with high pile-up activity and it is

not CPU efficient. CMS supports SisCone algorithm with cone sizes R = 0.5 and R = 0.7.

4.3.3 Anti-kT Algorithm

The anti-kT algorithm is an infrared and collinear safe algorithm and it is used by CMS

as default jet reconstruction algorithm. The anti-kT is a special form of kT algorithm.

The kT algorithm is based on a pair-wise recombination and combines two particles (or

calorimeter towers) if their relative transverse momentum is less than a given measure.

The distance di j between particle (or calorimeter tower) i and j and diB between i and

beam (B) are defined as

di j = min(p2
Ti, p2

T j)
�R2

i j

R2 (4.9)

diB = p2
Ti (4.10)

�R2
i j = (yi � y j)

2 +(⇥i �⇥ j)
2 (4.11)

where R has a similar role as in the cone algorithm (Salam, 2010). The kT works in

following steps:

1. Make list of particles.

2. Calculate di j and diB.

3. If di j is smallest, combine i and j into a single new particle and return to step 1.

4. Otherwise, it diB is smallest, remove i from the list and return to step 1.

5. Repeat until no particles left.

The distance measurement can be generalized as

di j = min(p2p
Ti , p2p

T j)
�R2

i j

R2 (4.12)
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diB = p2p
Ti (4.13)

where p is a parameter that is 1 for kT algorithm. It means that soft particles are clustered

firstly. If p = �1, anti-kT algorithm is obtained and hard particles are clustered firstly

rather than soft particles (Salam, 2010). If p = 0, an energy dependent clustering algo-

rithm which is called as Cambridge/Aachen (CA) algorithm is obtained. The behaviors

of different jet algorithms are illustrated in Fig.4.6. The anti-kT jet algorithm gives the

best shape of jets. CMS supports kT algorithm with cone sizes R = 0.4 and R = 0.6 and

supports anti-kT algorithm with cone sizes R = 0.5 and R = 0.7.

JHEP04(2008)063

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random
soft “ghosts”, clustered with four di�erent jets algorithms, illustrating the “active” catchment areas
of the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by
the specific set of ghosts used, and change when the ghosts are modified.

have more varied shapes. Finally with the anti-kt algorithm, the hard jets are all circular

with a radius R, and only the softer jets have more complex shapes. The pair of jets near

� = 5 and y = 2 provides an interesting example in this respect. The left-hand one is much

softer than the right-hand one. SISCone (and Cam/Aachen) place the boundary between

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which

clips a lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various

quantitative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet bound-

aries for di�erent algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures

a jet’s susceptibility to point-like radiation, and the active area (A) which measures its

susceptibility to di�use radiation. The simplest place to observe the impact of soft resilience

is in the passive area for a jet consisting of a hard particle p1 and a soft one p2, separated

– 4 –

Figure 4.6 The behaviors of different jet algorithms in parton level (Salam, 2010).

4.4 Jet Energy Calibration

Jet energy measurement is typically different from the corresponding particle jet en-

ergy. The main reason for this energy inconsistency is the non-uniform and non-linear

response of the CMS calorimeters. In addition, electronic noise and event pile-up can

cause extra unwanted energy. The aim of jet energy correction is to relate, on average, the
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p=1:  “kT” (düşük pT parçacıklar)!
!
p=0:  “Cambridge-Aachen” (mesafe)!
!
p=-1: “anti-kT” (yüksek pT parçacıklar)

Doğrultu
Düşük veya Yüksek 
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İki-Jet Rezonansı
İki-jet olayları yeni fizik araştırmaları için oldukça 
kullanışlıdır. 


Öngörülen bir çok yeni parçacık kuarklar ve gluonlarla 
bağlaşım yapar.


✓ Son durumda iki-jet olaylı olaylar meydana gelir.


 KRD olaylarını bir ardalan oluşturur.


 Yeni fizik sinyalinin araştırılması

5
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‣ Dijet mass distribution is a simple check of rate vs dijet 
mass from QCD and PDFs.
‣ Dijet centrality ratio is a detailed measure of QCD 
dynamics from angular distribution. 

Motivation

• We search for quark contact interactions and  dijet resonances (s-channel):
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4Monday, July 5, 2010 ‣ Dijet mass provides most sensitive “bump” hunt for new 
particles decaying to dijets.
‣ Dijet centrality ratio can confirm that a “bump” is not QCD 
fluctuation. 
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‣ Dijet centrality ratio is more sensitive than the dijet mass to 
contact interactions from quark compositeness.
- when all experimental uncertainties are considered. 
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" We study the inclusive dijet final state using the dijet mass 
spectrum and the dijet centrality ratio observables.
" Together the Dijet Mass and Ratio provide a test of QCD and a 
sensitive search for new physics beyond the Standard Model.
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Figure 2.6. Feynman diagram of dijet resonance.

Model Name X Color JP �/(2M) Chan

Excited Quark q* Triplet 1/2+ 0.02 qg

E6 Diquark D Triplet 0+ 0.004 qq

Axigluon A Octet 1+ 0.05 qq̄

Coloron C Octet 1� 0.05 qq̄

RS Graviton G Singlet 2+ 0.01 qq̄ , gg

Heavy W W’ Singlet 1� 0.01 qq̄

Heavy Z Z’ Singlet 1� 0.01 qq̄

String S mixed mixed 0.003�0.037 qg, qq̄, gg

Table 2.4. Properties of some resonance models.

Axigluons (Bagger, 1998) or colorons (Chivikula, 1996) are the consequence of an

additional color interaction. Compositeness explains the reason behind quark families by

proposing a composite structure for quarks and postulates the existence of excited quarks

(Baur, 1990). Grand unified theories address the question why there are different forces

and require new heavy Z and W bosons. The unification of gravity with other fundamental

forces is generally deal with by string theories. Some superstring models predict that at

low energies the SM originates from the E6 gauge group that contains diquarks (Hewett,

1989). The theory of extra dimensions attempts to explain the reason why gravity is

so weak. It postulates that the strength of gravity is reduced by leaking into an extra

dimension and predicts a new particle called Randall-Sudrum graviton (Randall, 1999),

with coupling k/MPL = 0.1. The model of string resonances is Regge excitations of the

quarks and gluons in open string theory, which includes resonances in three parton-parton
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CMS Deneyinde İki-Jet Rezonansı

6

İki-jet son durum kanalında yeni parçacıkların araştırılmaktadır.


✓ İki-jet kütle dağılımı ölçülür ve dağılımda tümseklik aranır.


 |η|<2.5 and |Δη|<1.3


✓ Sinyal şiddetini arttırmak ve ardalan olayları azaltmak için


 Geniş (şişman) jet yapılandırma metodu kullanıldı.


✓ En yüksek dik momentumlu iki AK5 PF jetleri merkez olarak al 
ve  pT>30 GeV,  |η|<2.5 ve ΔR<1.1  olan jetleri ekle.


 Kütle dışarlama limit değerleri elde edildi.

1.8) Search for heavy resonances

18/09/2012 M. Gouzevitch. Search for Hadronic Resonances in CMS 13

 We developed a specific “FSR recovery” algorithm: Wide jets.

Take 2 calibrated leading jets (anti-k
T
) R = 0.5.

Collect calibrated jets with p
T
 > 30 GeV with R = 1.1.

Improve the signal shape reconstruction but increase background. 
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b-jet Etiketleme ile İki-Jet Rezonansı 

b-kuarkların bozunma süreleri hafif kuarklara kıyasla daha uzundur.


✓b-kuark jetleri etiketlemeyi mümkün kılar.


İki-jet rezonans çalışmasının b-jet etiketleme yöntemi ile daha hassas hale getirilebilir.


✓b-jete bozunan modellerin duyarlılığının arttırılması


0, 1 ve 2 b-jet etiketleme oranlarının MC dan elde edilmesi


✓Taralı alan b-jet etiketlemedeki SF belirsizliği


Uyarılmış b-quark için kütle dışarlama değeri elde edildi.


Benzer yaklaşım W/Z etiketleme metodu ile yapıldı (q*→qW/Z , RSG→WW/ZZ vb.)
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B-Quark Signatures

B-quarks hadronize in B-hadrons, 
forming jets.

Sizable lifetime B-hadron:
➔ secondary vertex;
➔ tracks with large impact 

parameter.

Large mass, ~5 GeV: decay products 
have large p

Trel
, transverse momentum 

relative to jet-axis.

B-quark fragmentation function: high p
T
 of the b-hadron 

relatively to the jet p
T
.

The B-decay produces often leptons: soft muon or electron 
within jet.
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Sertaç Öztürk İki-jet Olaylarında Parton Çiftinin Belirlenmesi

Motivasyon

Sinyal gözlemlenmesi durumunda 
sinyalin kaynağı belirlenebilir mi?


Bir iki-jet olayında parton çiftini 
belirlemek mümkün olabilir mi?


✓ Bunun için bir olay ayıracı 
nasıl olmalıdır?


İki-jet kütle dağılımını parton 
çiftlerine göre sınıflandırmak 
yeni fizik araştırmalarına ne 
kadar bir katkı yapar?
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Sertaç Öztürk İki-jet Olaylarında Parton Çiftinin Belirlenmesi

Kuark/Gluon Jet Etiketleme

9
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Quark vs gluon jets

Compared to gluon jets, quark jets have:

● Fewer constituents

● Narrower shape

● Harder fragmentation function and less 

symmetric energy sharing among 

constituents

Multiplicity variables
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Kuark jetler

Gluon jetler

Kuarklar ile gluonlar arasında gözlemlenebilir farklılıklar vardır.


✓ Renk yükü (CF=4/3, CA=3)


✓ Elektrik yükü (±1/3 ve ±2/3 , 0)


✓ Spin (1/2 , 1)


Bu farlılık kuark-jetleri, gluon-jetlerden ayırmayı mümkün kılar.


 Gluon jetlere kıyasla, kuark jetler:


✓ Daha az KRD radyasyonu yayınlar. 


✓ Daha az bileşene sahiptir


✓ Şekli daha dardır.


✓  Bileşenler boyunca enerji paylaşımı daha az simetriktir.


Kuark/gluon jet etiketleme bir çok fizik analizine önemli katkılar 
yapabilir.


✓ Higgs araştırmaları (vektör bozon füzyonu)


✓ SUSY 


✓ İki-jet rezonansı


✓ …..
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Sertaç Öztürk İki-jet Olaylarında Parton Çiftinin Belirlenmesi

Olay Üretimi ve Seçimi
Olay Üretimi


✓ Pythia8 (v8.180) 


✓ q*→qg ve RSG→qq (q=u,d,s,g) 


‣ Sadece hafif kuarklar düşünüldü. b-quark jetler, hafif kuark jetlere kıyasla 
gluon jetler ile daha fazla benzerlik göstermektedir.


✓ M = 1,2,3,…, 7 TeV


 Jet Yapılandırma


✓ Fastjet (v3.5.5)


✓ pT<1 GeV olan yüklü parçacıklar dışarlandı. 


✓ Anti-kt , R=0.5


 Olay Seçimi


✓ En yüksek enerjili iki jet


✓ |η|<2.5 ve |Δη|<1.3


 Çoklu değişken analizi


✓ TMVA (v4.1.3)
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Sertaç Öztürk İki-jet Olaylarında Parton Çiftinin Belirlenmesi

Jet Değişkenleri - I

 Kuarlar tek renk yükü taşırken, gluonlar iki renk 
yükü taşır.


 Gluonlar daha fazla QCD radyasyon yayımlar.


✓ Belli bir türdeki parçacık sayıları farklılıklar 
gösterir.


‣ Jet içerisindeki yüklü parçacık sayısı 
farklılık gösterir.


 Bir jetin kütlesi renk yükü faktörü ile orantılıdır.


 Jet Kütlesi/Dik Momentum oranı dağılımları 
farklılıklar gösterir.


✓ R=0.3 değeri en iyi sonucu vermektedir. 
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Brief QCD Showering Theory

Gluon has a greater effective color charge (squared) than quark:

Gluon adjoint’s CA vs Quark fundamental’s CF

CA

CF
=

9

4

Jet Mass in the small angle limit:

〈

M2
〉

= C
αs

π
p2T R2

where C ∼ CA for gluon jets, and ∼ CF for quark jets.

Jason Gallicchio (Harvard) Gluon Tagging and Quark & Gluon Samples 12 April 2011 10 / 70
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Sertaç Öztürk İki-jet Olaylarında Parton Çiftinin Belirlenmesi

Jet Değişkenleri - II

 Kuark-jet ile gluon-jetlerin şekilleri farklıdır.


Kuark-jetler gluon-jetlere kıyasla daha dardır.


!
!
!

Kuark jetlerde enerji dağılımı gluon-jetlere 
göre daha simetriktir.


✓ Merkezi bölgedeki jet dik momentum 
miktarı kesri dağılımı farklılıklar gösterir.


✓ R=0.2 altjet yarıçapı değerinin en iyi sonucu 
vermektedir.
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b-quark originated jets, is performed categorizing the invari-
ant dijet mass distribution with zero, one, and two b-jets
tagged. This additional requirement results in an increased
search sensitivity to narrow resonances preferentially decay-
ing into pairs of b quarks.

Similarly, several advantages may be gained by categoriz-
ing the dijet mass distribution based on parton pair tagging.
It allows classifying dijet events to be able to search for
particular parton final states, which may increase the signal
sensitivity significantly. In the case of existence of a signal in
a dijet mass spectrum, parton pairs tagging of the signal helps
us to understand the theoretical origin of the signal.

In this paper, mainly two researches are performed. First,
the performance of parton pair separation in a dijet event is
investigated in Section 2. Second, the effects of parton pair
separation for dijet resonance searches at LHC are studied in
Section 3.

2. Identification of Parton Pairs

A dijet event may consist of three types of parton pair final
states, which are quark-quark, quark-gluon, and gluon-gluon.
Two different theoretical models of dijet resonance are used
to obtain the three types of final state parton pairs. The
Randall-Sundrum Graviton model [13] with !/"Pl = 0.1 is
used to obtain quark-quark and gluon-gluon parton pairs,
where"Pl is the reduced Planck scale and ! is the unknown
curvature scale of the extra dimension. The excited quark
model [14, 15], with the compositeness scale set equal to the
excited quark mass, is used to obtain quark-gluon parton
pairs. Only light quarks in resonance decays are considered,
since it was shown in [16, 17] that b-quark jets have properties
that are more similar to gluon jets than to light quark jets.
QCD could also be used to generate dijet events to obtain
different types of parton pairs. I see that there is no effect on
the results of parton pair separation whether dijet events are
produced in s-channel (via resonances) or mainly t-channel
(via QCD).

The events are generated using PYTHIA v8.180 [18] con-
sidering 14TeV proton-proton collisions at various resonance
masses, from 1TeV to 7TeV, to have a wide spectrum of
the jets #!. The jets are reconstructed using FASTJET v3.5.5
[19]. The charged particles with #! < 1GeV are rejected
and not used in the jet reconstruction to emulate detector
effects. Anti-!$ jet reconstruction algorithm [20] with cone
size % = 0.5 is used and two leading jets in an event are
considered. Both leading jets were required to satisfy the &
cuts which are |&1, &2| < 2.5 and |Δ&| < 1.3, which are
the standard kinematic cuts of ATLAS and CMS for dijet
resonance searches. This kinematic selection is optimal for
enhancing isotropic signals over the QCD dijet background.

To be able to distinguish parton pair types in a dijet
event, we can use several observable jet variables, which
show variation due to various differences between quarks and
gluons. Basically, there are two types of observable variables
for quark/gluon jet tagging: discrete variables and continuous
variables. Charged particle multiplicity is an example of a
discrete variable which is sensitive to the color factor of

quarks ((" = 4/3) and gluons ((# = 3). In addition, number
of subjets above a particular #! threshold, #! fraction of Nth
subjet, average distance from jet axis, and charge-weighted#!
sum of tracks are the other examples of discrete variables.The
continuous observables include jet mass, jet broadening, and
jet angularities.The details of these observables are reported
in [3].

Usually, using several variables at the same time can
improve tagging results significantly. TMVA v4.1.3 package
[21] part of ROOT v34.02 [22] is used to combine the observ-
able variables. The combination of the following variables
from two leading jets is found to be optimal for distinguishing
parton pairs: Jet Mass/#!with% = 0.3,#! fraction of jet with% = 0.2, charged particle multiplicity, and jet girth [3, 23],
which is defined as ) = 1#jet! ∑$∈jet#$!√,$, (1)

where ,$ = √(Δ&$)2 + (Δ.$)2. Since charged particle mul-
tiplicity and jet mass are proportional to the color factor,
charged particle multiplicity and Jet Mass/#! ratio of gluon
jets are greater than quark jets. Quark jets are narrower than
gluon jets and jet energy fraction near the center of gluon jets
is less than quark jets.

Figure 1 shows the considered jet observable distributions
of two leading jets at the resonance mass of 3TeV, for which
jet #! varies between 100GeV and 2TeV. Similar distribu-
tions are also observed at the different values of resonance
masses. The distributions show good separation between
quark-quark and gluon-gluon final states. As expected, the
distributions of quark-gluon fall between quark-quark and
gluon-gluon.

Considering two leading jets, a total of eight jet variables
are found as the inputs for an event. Boosted Decision Trees
(BDT) method is chosen as a multivariate discriminator.
Likelihood and Artificial Neural Networks methods are also
considered. But it is found that BDT has the highest back-
ground rejection at any signal efficiency and it behaves more
stably for all resonance masses than the other techniques.
Figure 2 presents BDT output distributions for each type
of parton pair separation. Since there are three types of
parton pairs that can produce a dijet event, the contributions
to background should come from the other two different
parton pair types. For example, if we are interested in quark-
quark parton pair separation, the background should be
combination of quark-gluon and gluon-gluon parton pairs.
The author notes that, although these BDTs were trained and
measured using parton pairs from dijet resonance Monte
Carlo, performance on parton pairs coming from QCD
events is expected to be similar.

The ROC (receiver operating characteristic) curves that
describe the signal efficiency versus background rejection are
shown in Figure 3 for each type of pairs.The best background
rejection in a given signal efficiency point is obtained for
quark-quark parton pair. Since the jet variables of quark-
gluon parton pair fall between quark-quark and gluon-gluon
decays, it is the hardest parton pair type to distinguish from
other parton pair types. As an example, an inclusive QCD
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Çoklu Değişken Analizi

Tek bir değişken yerine birden fazla değişken kullanmak olay ayrımını kolaylaştırabilir.


 Değişkenler jet niceliklerinden gelmektedir.


✓ Birinci jetden 4 tane değişken ve ikinci jetden 4 tane değişken. Tek bir olay için toplamda 
8 değişken.


TMVA programı çoklu değişken analizi için kullanıldı 
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Sertaç Öztürk İki-jet Olaylarında Parton Çiftinin Belirlenmesi

En Uygun Ayıracın Seçilmesi

 Sinyal ayrıştırılmak istenen parton çifti olup (qq) , Ardalan ise diğer 
parton çiftlerinden (qg+gg) gelmektedir. 


 Farklı ayrıştırma methodları denendi.


 Her bir sinyal durumu için en iyi olay ayrıştırma ötelenmiş karar ağacı 
(Boosted Decision Tree) metodu ile elde edildi.
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Parton Çiftinin Belirlenmesi

Her bir parton çifti için ROC eğrileri gösterilmektedir.


En iyi ayrıştırma kuark-kuark parton çifti için elde edildi.


✓ Bir iki-jet olay dağılımında kuark-kuark parton çiftinin meydana 
getirdiği olayların %60 lık kısmı tutulurker, kuark-gluon ve gluon-
gluon parton çiftlerinin meydana getirdiği olayların %90 lık bir kısmı 
dışarlanabilir.  

15
BDT response

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

dx / 
(1

/N
) d

N

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5 Signal (qq)

Background (qg + gg)

U
/O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

TMVA response for classifier: BDT

Signal Efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ba
ck

gr
ou

nd
 R

ej
ec

tio
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Quark-Quark

Quark-Gluon

Gluon-Gluon

MVA_BDT

50/50

BDT response
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2

dx / 
(1

/N
) d

N

0

1

2

3

4

5

6

7

8

9 Signal (qg)

Background (qq + gg)

U
/O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

TMVA response for classifier: BDT BDT response
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1

dx / 
(1

/N
) d

N

0

1

2

3

4

5

6

7
Signal (gg)

Background (qq + qg)

U
/O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

TMVA response for classifier: BDT

İçerik

İki-Jet Rezonansı
Parton Çiftinin Belirlenmesi

SM İki-Jet  
Özet Motivasyon

Q/G Jet Ayrımı
Olay Üretimi ve Seçimi

Jet Değişkenleri
Çoklu Değişken Analizi
Yeni Fiziğe Katkısı



Sertaç Öztürk İki-jet Olaylarında Parton Çiftinin Belirlenmesi

Farklı Rezonans Kütlelerinde ROC Eğrileri

 Farklı rezonans kütleleri için ROC eğrileri gösterilmektedir.


 Rezonans kütle değeri arttıkça (jetlerin pt değerleri arttıkça) daha iyi ROC eğrileri elde 
edildi.


✓ Daha iyi kuark/gluon jet ayrımı


 Verilen bir sinyal verimliliği için ardalan dışarladaki değişim


✓   qq için %7 ,  gg için %2.
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İki-Jet Rezonansına Etkisi - I

 Parton çifti etiketlemenin iki-jet 
resonansı çalışmalarına etkisi 
araştırıldı.


 KRD ardalan dağılımı Pythia8 ile 
üretildi.


✓ Farklı pT değerleri.


Ardalan parton çifti etiketlenmesi 
metodu ile 3 kısma ayrıldı. (qq, qg, 
gg)


Sinyal/√Ardalalan oranına bakıldı.
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İki-Jet Rezonansına Etkisi - II

 Parton çifti etiketleme metodu kullanıldıktan sonra S/√B oranındaki iyileştirme 
gösterilmektedir.	


 Yüksek kütlelerde en iyi iyileştirme gluon-gluon rezonansı için elde edildi.	


 Düşük kütlelerde en iyi iyileştirme kuark-kuark rezonansında gözlemlendi.	


 Sinyal verimliliğinin değiştirilmesi S/√B oranındaki iyileştirmeyi biraz değiştirmektedir.
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Özet
 İki-jet olaylarını oluşturan parton çiftlerini ayrıştırmak için en 
uygun değişkenler ve method seçilerek bir olay ayıracı geliştirildi.


 Bu olay ayıracı ile en iyi verimli parton çifti etiketlemenin kuark-
kuark için olduğu gözlemlenirken, en verimsiz etiketlemenin kuark-
gluon parton çifti için olduğu belirlendi.


 Parton çifti etiketleme methodu ile sinyal büyüklülüğü değeri 
gluon-gluon rezonansı için ∼4 kat artmaktadır.


 LHC bu yaz 13 TeV lik kütle merkezi enerjisinde veri alımına tekrar 
başlayacak. İki-jet rezonansı analizi CMS deneyinin en öncelikli 
araştırma konusu olarak seçilmiştir.


✓ Sunulan sonuçlar çerçeversinde CMS deneyinde parton çifti 
etiketleme metodu ile iki-jet rezonansı analizi geliştirilmeye 
başlanmış ve ilk sonuçların bu yıl sonuna kadar sunulması 
beklenmektedir.
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Kaynak
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Being able to distinguish parton pair type in a dijet event could significantly improve the search for new particles that are predicted
by the theories beyond the Standard Model at the Large Hadron Collider. To explore whether parton pair types manifesting
themselves as a dijet event could be distinguished on an event-by-event basis, I performed a simulation based study considering
observable jet variables. I found that using a multivariate approach can filter out about 80% of the other parton pairs while keeping
more than half of the quark-quark or gluon-gluon parton pairs in an inclusive QCD dijet distribution.The effects of event-by-event
parton pair tagging for dijet resonance searches were also investigated and I found that improvement on signal significance after
applying parton pair tagging can reach up to 4 times for gluon-gluon resonances.

1. Introduction

A huge amount of jets is produced in the Large Hadron
Collider (LHC) at CERN, mostly from QCD parton-parton
scattering.The outgoing partons are observed as particle jets
in a detector. The type of parton the jet came from can be
determined using some properties of the initiating parton.
This information is useful for many physics analyses.

Identification of a b-quark [1] is necessary for recon-
struction of many physics processes, such as top quark decay
or Higgs boson decay. Compared with the light quarks,
the b-quark is heavier and has a long lifetime. In addition,
its decays are mostly semileptonic. These properties cause
some differences in observable variables, such as the impact
parameter of charged tracks, reconstruction of the secondary
vertex, and the absence or presence of a lepton inside the jet.

Distinguishing quark-initiated jets from gluon-initiated
jets is possible due to several differences between quarks
and gluons, which lead to differences in observable variables
in jets [2, 3]. Quark/gluon jet separation is very useful to
search for particular physics processes. For example, many
supersymmetric models produce quark jets with missing

transverse energy. In addition, vector boson fusion produces
forward jets, which are always quark-initiated.

There are many theories to extend the Standard Model
that predicts short-lived massive new particles coupling to
quarks and gluons. These new particles are produced as
narrow resonances, decaying to dijets and may show up as a
bump in the invariant dijet mass distribution, emerging from
the steeply falling distribution of the QCD dijet background.
The decay of a dijet resonance can leave a final state consisting
of quark-quark, quark-gluon, and gluon-gluon parton pairs,
which manifest themselves as a dijet event. A review of
experimental searches for dijet resonances can be seen in [4].

Dijet resonance searches are one of the high priority
physics topics of ATLAS [5–8] and CMS [9–12] experiments.
In CMS experiment, dijet resonance signals are classified
according to parton pair types and 95% cross section upper
limits are set separately on each parton pair type. While
the same observed dijet invariant mass spectrum is used,
different signal shapes are chosen based on simulations of
dijet resonances.

The search for b-tagged dijet resonance [11], exploiting
a b-tagging algorithm from reconstructed objects to select
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