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Abstra
t

The CMS-B2G-15-007 analysis was 
arried out to investigate the pp → bb+DM

pro
ess, whi
h is a 
andidate pro
ess of dire
t Dark Matter produ
tion. In

this parti
ular work, this pro
ess is simulated and analyzed for 13 TeV LHC

experiment using MadGraph, Pythia 8 and MadAnalysis C++ API. The re
ast


ode is written to reprodu
e the results obtained by the experimentalists in

CMS-B2G-15-007 analysis. The result is interpreted within simpli�ed s
alar

model in terms of the 
oupling between the mediator and the DM 
andidate

and evaluated based on the MET distribution.

CMS-B2G-15-007 uses a dataset of 2.17fb−1
of data 
olle
ted by the CMS

experiment in

√
s = 13TeV proton-proton 
ollisions at LHC. This analysis

is sensitive also to DM produ
tion pro
esses in asso
iation with top quarks.

Results are reported as upper limits on the 
ross se
tion for the b quark and top

quark asso
iated produ
tion independently, and interpreted within simpli�ed

models in terms of the 
oupling between the mediator and the DM 
andidate,

for di�erent mediator and DM 
andidate masses. In this parti
ular re
asting

the mediator mass is 
hosen to be 100GeV and the DM 
andidate is 
hosen to

be 1GeV .
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Chapter 1

Introdu
tion

One of the most important questions in parti
le physi
s is the understanding

of Dark Matter. Although various astrophysi
al sour
es point to an invisible

gravitationally intera
ting substan
e in the Universe, no eviden
e for su
h a

parti
le has been seen in dire
t dete
tion experiments. Given the CERN LHC

proton-proton 
ollision energy in
rease to 13 TeV, and the absen
e of any 
lear

signatures beyond the standard model of parti
le physi
s (SM) in Run-1, the

sear
h for the produ
tion of DM in 13 TeV proton-proton 
ollisions will be the

primary interest for the LHC Run-2.

MadAnalysis is a tool for analyzing parti
le a

elerator data and re
asting

results obtained in some parti
le physi
s experiment. In this proje
t the CMS

data for pp → bb + DM 
ollision is simulated using MadGraph and further

analyzed using the MadAnalysis C++ API. Event samples are generated using

MadGraph 5, hadronization is 
arried out using Pythia 8 and re
asting 
ode is

written using MadAnalysis 1.3 with ROOT 5 as 
omputational engine.

1.1 Overview of the CMS-B2G-15-007 (bb+DM)

Analysis

The pro
ess investigated here is a 
andidate model of Dark Matter produ
tion

along with bottom quarks[1℄. It is experimentally done in LHC experiment and

the produ
ts are dete
ted using CMS dete
tor. The 
ollision is between two high

energy (6.5 TeV) proton beams. In this pro
ess bottom and anti-bottom quarks

are produ
ed along with some BSM parti
le, whi
h might be a 
andidate for

Dark Matter. The MET (missing transverse momentum/energy) is 
al
ulated

for this pro
ess and non-zero value of MET may 
orrespond to the momentum


arried out by the Dark Matter parti
les.

pp → bb+ χχ

There are two important sub-pro
esses to simulate -
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• p p > b b~ 
hi 
hi~

• p p > b b~ 
hi 
hi~ j

The 
hi and 
hi~ are the 
andidate Dark Matter parti
les.

The Feynman diagrams of the involved pro
esses are given below -

Fig 1: Feynman diagrams involved in the pro
ess

1.2 What is a Re
ast Code?

Re
ast 
ode is a way to enable theorists and phenomenologists to reprodu
e the

same result obtained by experimentalists using simulated data.

So, for re
asting an LHC analysis, we need the following things -

• An event generator

• A dete
tor simulator

• An analysis framework

1.3 Software Setup for this Re
asting

For this re
asting of CMS-B2G-15-007 analysis, the following softwares has been

used -

• Event generator � MadGraph (as MC generator) & Pythia (as hadronizer)

• Dete
tor Simulator � Delphes (with proper CMS 
ard)

• Analysis Framework � MadAnalysis (in expert mode)

The overview of the whole pro
ess is shown in the following diagram -
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Fig 2: The 
omplete work�ow diagram

Re
ast Plots

Neither, every plot obtained in real analysis 
an be obtained from simulated

data, nor every plot obtained in real analysis is interesting to theorists or phe-

nomenologists.

So, re
ast plots are limited � only MET distribution (in our 
ase), as this is

a Dark Matter Sear
h.

An elaborated explanation for 
hoosing the re
ast plot is given in the analysis

se
tion.
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Chapter 2

Event Generation

TheMonte Carlo generator used for event generation is MadGraph5_aMC�NLO.

It is a framework that aims at providing all the elements ne
essary for SM and

BSM phenomenology, su
h as the 
omputations of 
ross se
tions, the genera-

tion of hard events and their mat
hing with event generators, and the use of

a variety of tools relevant to event manipulation and analysis. Pro
esses 
an

be simulated to LO a

ura
y for any user-de�ned Lagrangian, and the NLO

a

ura
y in the 
ase of QCD 
orre
tions to SM pro
esses. Matrix elements at

the tree and one-loop level 
an also be obtained[2℄.

MadGraph takes inputs in the form of several 
ards -

• pro
_
ard.dat � des
ription of the pro
esses

• param_
ard.dat � mass, de
ay and other model parameters

• run_
ard.dat � beam energy, pdfset and other 
ollider 
on�guration

pro
_
ard.dat is a
tually made intera
tively using the following 
ommands -

> import model DMS
alar

> generate p p > b b~ 
h i 
h i~

> add pro
e s s p p > b b~ 
h i 
h i~ j

2.1 Parameter Card

There are two `unknown' parti
les involved in the whole pro
ess �

• The Dark Matter 
andidates (χ and χ̄)

• The mediator (φ) that splits into χ and χ̄

The mass of phi is set to 100 GeV for this simulation. The mass of χ ( and χ̄)

is set to 1 GeV.

Other settings in the param_
ard_default.dat are kept un
hanged.
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2.2 Run Card

The following 
hanges are made in run_
ard.dat -

• 10000 = nevents

• 6500 = ebeam1

• 6500 = ebeam2

• lhapdf = pd�abel

• 262400 = lhaid

• 1 = i
kkw

• 4 = maxjet�avor

• 20 = xq
ut

2.3 Hadronization with Pythia 8

The Pythia program is a standard tool for the generation of events in high-

energy 
ollisions between elementary parti
les, 
omprising a 
oherent set of

physi
s models for the evolution from a few-body hard-s
attering pro
ess to a


omplex multiparti
le �nal state. Parts of the physi
s have been rigorously de-

rived from theory, while other parts are based on phenomenologi
al models, with

parameters to be determined from data. Currently the largest user 
ommunity


an be found among the LHC experimentalists, but the program is also used

for a multitude of other phenomenologi
al or experimental studies. Main tasks

performed by the program in
lude the exploration of experimental 
onsequen
es

of theoreti
al models, the development of sear
h strategies, the interpretation

of experimental data, and the study of dete
tor performan
e. Thereby it spans

the whole lifetime of an experiment, from early design 
on
epts for the dete
tor

to �nal presentation of data. In this parti
ular 
ase, however, Pythia is only

used for hadronizing the MC sample produ
ed by MadGraph.

For this purpose, Pythia 8 is 
ompiled with HEPMC2 support. The main89.



example program is used to hadronize the .lhe �le (MadGraph output) to .hepm


�le. main89 takes a 
on�guration 
ard (.
mnd �le), a part of it is given below -

• 9100000:new = MED MED 3 0 0 100 0 0 0 99999

• 9100022:new = DM DM 2 0 0 1 0 0 0 99999

• 9100022:mayDe
ay = o�

• Tune:ee = 3

• Tune:pp = 5
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The 
omplete listing of the Pythia 8 
on�guration 
ard (DM_settings.
mnd) is

given in the Appendix I.

The .hepm
 �le is produ
ed by invoking the following 
ommand -

$ ./main89 DM_settings.
mnd pythia_output.hepm


2.4 Dete
tor Simulation with Delphes 3

DelphesHepMC exe
utable takes a 
on�guration �le delphes_
ard_CMS.t
l

and performs dete
tor simulation on the .hepm
 �le. Information about var-

ious MC obje
ts (parti
les) and Re
onstru
ted obje
ts (jets, re
. parti
les) are

saved in a .root �le in form of Delphes trees.

Delphes 3 uses fastjet internally for jet re
onstru
tion. The .root �le 
an

be opened using root itself. However, we write the MadAnalysis C++ 
ode to

analyze the .root �le and produ
e plot.

The Delphes tree 
an be produ
ed by invoking the following 
ommand -

$ ./DelphesHepMC 
ards/delphes_
ard_CMS.t
l DM.root pythia_output.hepm


This produ
es a �le 
alled DM.root, whi
h 
ontains the Delphes tree and will

be used in the further analysis.
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Chapter 3

LHE Analysis

LHE (or LHEF) stands for Les Hou
hes Event File. It is the primary output

that we get from a MC generator like MadGraph. It 
ontains various kine-

mati
 parameters of all the parti
les involved in the pro
esses along with the

des
ription of simulated pro
esses, model parameters and run 
onditions[3℄.

LHE Analysis is performed to understand various basi
 kinemati
 properties

of the produ
ed MC sample. The kinemati
 variables asso
iated with di�erent

parti
les of the event 
an be obtained using this method.

3.1 Stru
ture of a LHE File

Every event 
ontains a line (�rst line), whi
h has the information about number

of parti
les involved in the pro
ess and the weight of the pro
ess.

The next lines are the des
riptions for ea
h parti
le involved. The kinemati


variables asso
iated with ea
h parti
le is present in tab separated 
olumns -

• Col 1: ID 
ode of the parti
le. This number determines the identity and


harge of the parti
le.

• Col 2-6: Unused, might be used in future LHE versions.

• Col 7-9: px, py and pz of the parti
le in GeV.

• Col 10: Energy E of the parti
le in GeV.

• Col 11: Mass m of the parti
le in GeV.

• Col 12: Unused, might be used in future LHE versions.

• Col 13: Spin of the parti
le.

Also, in the beginning of the LHE �le, all the details of run_
ard, param_
ard

and pro
_
ard are also provided.
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A small portion of produ
ed LHE �le is given below -

3.2 LHE Analysis Code

First, the LHE �le is opened and read line by line. The text pro
essing advan-

tage of Python is used to extra
t the a
tual event part from the LHE �le. This

list of events is saved in the events variable.

f = open ( "unweighted_events . l h e " )

l i n e=""

events =[ ℄


urrEvent=""

addLine=False

for l i n e in f :

i f l i n e . s t r i p ( )=='<event>' :


urrEvent=""

addLine=True

e l i f l i n e . s t r i p ( ) . s t a r t sw i t h ( "<s 
 a l e s " ) :

events . append ( 
urrEvent . s t r i p ( ) )

addLine=False

e l i f addLine :


urrEvent+=l i n e . s t r i p ( )+' \n '

f . 
 l o s e ( )

Then various parti
les 
an be extra
ted by mat
hing the PDG-id.

phi=[ s for s in event . s p l i t ( ' \n ' ) i f s . s p l i t ( ) [0℄== '

9100000 ' ℄


h i=[ s for s in event . s p l i t ( ' \n ' ) i f s . s p l i t ( ) [0℄== '

9100022 ' ℄


h ibar =[ s for s in event . s p l i t ( ' \n ' ) i f s . s p l i t ( ) [0℄== '

−9100022 ' ℄

11



Whether a parti
ular parti
le really exists 
an be 
he
ked using the if state-

ment on list. An empty list is evaluated False in Python.

i f phi :

mass_phi . append ( f loat ( phi [ 0 ℄ . s p l i t ( ) [ 1 0 ℄ ) )

px=f loat ( phi [ 0 ℄ . s p l i t ( ) [ 6 ℄ )

py=f loat ( phi [ 0 ℄ . s p l i t ( ) [ 7 ℄ )

pz=f loat ( phi [ 0 ℄ . s p l i t ( ) [ 8 ℄ )

e=f loat ( phi [ 0 ℄ . s p l i t ( ) [ 9 ℄ )

p=TLorentzVe
tor (px , py , pz , e )

pt_phi . append (p . Pt ( ) )

eta_phi . append (p . Eta ( ) )

Finally, these 
an be plotted using TH1F 
lass given by ROOT library on

TCanvas and saved as .png �les.

The 
omplete 
ode listing for LHE Analysis is given in Appendix II.

3.3 LHE Analysis Plots

The following plots are obtained using the above method -

Fig 3: Histogram showing the mass distribution of φ

12



Fig 4: Histogram showing the distribution of invariant mass of φ

Fig 5: Histogram showing the distribution of transverse momentum of φ
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Fig 6: Histogram showing the distribution of net transverse momentum of χ

and χ̄

Fig 7: Histogram showing the distribution of η of φ

14



3.4 Con
lusions from LHE Analysis Plots

From the plots obtained by LHE Analysis, we 
an 
on
lude the following -

• The a
tual mass and the invariant mass of the mediator (φ) are indeed

identi
al.

• The transverse momentum of the mediator (φ) is equal to the sum of the

transverse momenta of the dark matter 
andidates (χ and χ̄) produ
ed

from the mediator.

• The mass distribution of the mediator has a peak at 100GeV , whi
h is the

mass point we had 
hosen for φ.

• Two peaks of the η distribution of φ lies well within -4 and 4.
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Chapter 4

Analysis with MadAnalysis

The MadAnalysis 5 program provides to the user a platform in
luding a wide


lass of fun
tionalities allowing one to perform sophisti
ated physi
s analyses.

Even if the existing possibilities are rather large, implementing an analysis

within the MadAnalysis 5 framework always follows the same steps, ea
h of

these steps being linked to one or several of the key features of the program.

These key features[4℄ are brie�y des
ribed in the following se
tions.

4.1 Sample De
laration

Sample de
laration in MadAnalysis is done in terms of Datasets.

When implementing an analysis within the framework of MadAnalysis 5, the

�rst task whi
h is asked of the user is to indi
ate the Monte Carlo event �les

to be pro
essed on run-time. In general, a full Monte Carlo event generation

requires the simulation of several physi
al pro
esses, su
h as the signal under


onsideration and the asso
iated sour
es of ba
kground. Furthermore, for the

pro
esses with the highest 
ross se
tions, more than one event sample may have

to be generated in order to get enough statisti
al signi�
an
e. The user then

requires these samples, des
ribing the same physi
s, to be treated on the same

footing. In MadAnalysis 5, this 
an be performed in a very natural way. The

event �les to be merged are gathered under the form of an obje
t dubbed a

dataset. When the analysis is e�e
tively exe
uted by the C++ 
ore of the

program, datasets, i.e., 
olle
tions of event �les, are pro
essed rather than the

event �les individually.

4.2 The Content of the Events

Parti
les and multiparti
les (along with the re
onstru
ted obje
ts) make up an

event in MadAnalysis.

A

ording to the 
onventions of the di�erent event formats introdu
ed above,

the parti
les des
ribed in the events are de�ned, in an unambiguous way, through

16



their Parti
le Data Group identi�er (PDG-id). Similarly, the algorithms gen-

erated by MadAnalysis 5 are widely based on this 
on
ept to distinguish the

various parti
le spe
ies. The drawba
k is obviously that this identi�er is most

of the time non-intuitive for the user and 
an even be
ome unreadable when the

set of parti
les in
luded in the events be
omes large. For instan
e, the parti
le


ontent of hadron-level events 
onsists in 12 hundreds of di�erent parti
les, ea
h

of them being identi�ed by a di�erent PDG-id. In the spirit of the MadGraph

program, MadAnalysis 5 alleviates this issue by allowing us to asso
iate a par-

ti
le label to a given PDG-id. Hen
e, instead of representing an ele
tron and a

positron by the integer numbers 11 and -11, one 
an 
reate the (more intuitive)

labels e- and e+ and asso
iate them to the PDG-ids 11 and -11, respe
tively. It

is also possible to 
olle
t labels together through the 
on
ept of multiparti
les.

Hen
e, one 
ould de�ne a label e referring to both the ele
tron and the positron.

In order to implement an analysis in an e�
ient way, it is re
ommended to the

user to de�ne, in a �rst step, a series of parti
le and multiparti
le labels fa
ili-

tating the readability (and then the validation) of the analysis.

4.3 De�nition of the Analysis

An analysis is de�ned in terms of several sele
tion 
uts. They are either 
ontrol

sele
tion or region sele
tion 
uts.

Implementing the analysis is the 
ore task of the user. It 
onsists in de�ning

the histograms that have to be generated and the sele
tion 
uts that need to

be applied. These two types of obje
ts, i.e. histograms and 
uts, are uniquely

dubbed sele
tions. It 
an be noted that even if asking for the generation of

several histograms is a 
ommutative operation, the ordering of the sele
tion


uts is in 
ontrast important. Applying the 
uts in a di�erent order indeed

leads to the produ
tion of di�erent (intermediate) histograms and e�
ien
y

tables.

4.4 Running the Analysis

When an analysis is run, it is done in terms of several jobs.

After having 
reated a series of dataset obje
ts and de�ned the analysis to

be performed, i.e. having implemented the histograms and sele
tion 
uts of

interest, the user needs to exe
ute the analysis on the datasets. Contrary to

the previous steps whi
h rely on the Python module of MadAnalysis 5, this

task is built, for e�
ien
y reasons, upon a C++ 
ode whi
h is generated by

MadAnalysis 5 and denoted as a job. After MadAnalysis 5 
reates the job, it

has to be exe
uted by the SampleAnalyzer kernel for ea
h of the prede�ned

datasets. On
e the analysis has been performed, the results are subsequently

imported in the Python module and re-interpreted by MadAnalysis 5.
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4.5 Display of the Results

The result is displayed in terms of report in intera
tive mode.

The generated results 
an be 
olle
ted and displayed in a syntheti
 report.

This report is given either under the html format, as a webpage, or as a latex

do
ument that has to be further 
ompiled. The report 
ontains the histograms

whi
h have been generated and the e�
ien
y tables related to the implemented

sele
tion 
uts. Furthermore, a signal over ba
kground table is generated pro-

vided the datasets de�ned by the user have been tagged as signal and ba
kground

samples.

However, in expert mode the result is generally saved or plotted using the

help of di�erent 
lasses of the ROOT library.
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Chapter 5

Re
asting of bb+DM Analysis

For the produ
tion of DM at the LHC, simpli�ed mediator models have been

re
ently agreed upon by the ATLAS and CMS Collaborations to fa
ilitate the


omparison of the results and the subsequent 
ombination of the sear
h data.

In su
h 
ase a mediator, φ, between the Standard Model parti
les and the DM

parti
les, χ, would be too heavy to be dire
tly produ
ed at the LHC, an E�e
tive

Field Theory des
ription of its intera
tion would su�
e. In 
ase the mass of

this mediator is in rea
h of the LHC, this produ
tion 
an be des
ribed by the

produ
tion of bbφ, with the subsequent de
ay φ → χχ̄.

As mediators of the s
alar and pseudos
alar types are expe
ted to have

Yukawa-like 
ouplings to the Standard Model quarks, the �nal state missing

transverse energy (MET) with heavy �avor (HF) quarks represents an important

signature to probe at hadroni
 
olliders.

The strategy to sear
h for this signature relies on the re
onstru
tion of

MET as well as the identi�
ation of jets originating from the fragmentation

and hadronization of bottom quarks. The des
ription of the MET observable

is 
ontrolled by using dedi
ated 
ontrol regions in data. In the bbφ three-body

produ
tion pro
ess, one of the a

ompanying b quarks is often not re
onstru
ted

due to its small transverse momentum or large produ
tion angle. The dominant

signature of the signal is then a large amount of E miss T with one b jet, owing to

dete
tor a

eptan
e and minimum jet pT requirements. Besides from DM+bb

produ
tion, this sear
h is also sensitive to possible 
ontributions from DM+tt

produ
tion, where the b quarks are produ
ed in top quark de
ays. In order to

target also the possibility that the two b quarks from DM+bb or DM+tt are

visible in the dete
tor, this analysis in
ludes a se
ond 
ategory for the MET+bb

jets �nal state. Due to the soft momenta of the two b quarks, an additional jet

with large transverse momentum and not originating from heavy-�avor quarks,

is allowed to retain events with initial state gluon radiation.

As mentioned earlier, MadAnalysis, in general, 
an be used in two modes -

• Intera
tive mode (using Python shell)

• Expert mode (writing C++ 
ode)
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Re
asting a LHC analysis is done in expert mode. Ea
h analysis is implemented

as a 
lass. MadAnalysis C++ API provides PHYSICS, SORTER et
. servi
es

and various 
lasses to work easily with event obje
ts. Complete ROOT sup-

port is automati
ally in
luded. No additional header �le or manual 
ompiler


on�guration is needed.

5.1 Basi
 Stru
ture of an Analysis

An analysis written using MadAnalysis expert mode has 3 member fun
tions -

• bool 
ms_pp_bbdm::Initialize(
onst MA5::Con�guration& 
fg, 
onst std::map<std::string,

std::string>& parameters)

• void 
ms_pp_bbdm::Finalize(
onst SampleFormat& summary, 
onst std::ve
tor<SampleFormat>&

�les)

• bool 
ms_pp_bbdm::Exe
ute(SampleFormat& sample, 
onst EventFor-

mat& event)

Initialize and Finalize are 
alled only on
e, during the start and the end of the

analysis run respe
tively.

Exe
ute is 
alled for ea
h event. Most of the implementation is a
tually

inside this fun
tion.

MadAnalysis automati
ally 
reates EventFormat obje
ts from .lhe/.hep/.root

�le(s) and passes its referen
e to the Exe
ute method while 
alling.

5.2 Signal Regions and Sele
tion Cuts

To make an analysis easier to understand/implement, it is often divided into

various Signal Regions.

The Signal Regions are generally disjoint sets and sele
ted using event prop-

erties. Ea
h Signal Region has its own set of plots.

To e�
iently distribute events among Signal Regions, various bounds or


omparison on event properties are needed. These rules are 
alled Sele
tion

Cuts.

The sequen
e of the number of events surviving the in
remental set of applied

Sele
tion Cuts is 
alled Cut�ow.

5.3 Presele
tion Plots

Before going into the details of CMS-B2G-15-007, using MadAnalysis intera
tive

mode, several presele
tion plots are made to understand the sample, whi
h also

helps to validate the analysis.

The presele
tion plots are given below -
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Fig 8: Histogram showing the MET distribution of the events

Fig 9: Histogram showing the distribution of the transverse momentum of the

leading jet
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Fig 10: Histogram showing the distribution of the transverse momentum of

the se
ond leading jet

Fig 11: Histogram showing the distribution of the transverse momentum of

the third jet
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Fig 12: Histogram showing the distribution of the transverse momentum of

the fourth jet

Fig 13: S
atter plot showing the relationship between total number of jets and

number of b-tagged jets per event
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5.4 Details of CMS-B2G-15-007

Events in the signal region are sele
ted by MET triggers and are required to

have an o�ine re
onstru
ted MET > 200 GeV.

Events that 
ontain at least one re
onstru
ted and identi�ed isolated ele
-

tron, muon, tau-lepton or photon 
andidates with pT > 10 GeV (e and µ), pT

> 15 GeV (γ), pT > 18 GeV (τ) are reje
ted.

Two ex
lusive 
ategories, based on the number of b-tagged jets in the events,

are de�ned as below -

In the single b-tagged 
ategory (SR1) one jet with pT > 50 GeV and sat-

isfying tight quality sele
tions (
harged hadron fra
tion > 0.1, neutral hadron

fra
tion < 0.8) is required.

• An additional jet is allowed if its pT > 30GeV .

• Both jets have to ful�ll the ∆φ(jet,MET ) > 0.5 requirement.

• Exa
tly one of the two jets has to pass the b-tagging requirement.

The double b-tagged 
ategory (SR2) 
ontains events with two jets with pT >

50GeV , or with an additional third jet with pT > 30GeV .

• The leading jet is required to pass the same quality 
riteria as in SR1.

• Exa
tly two of the three jets are required to be b-tagged.

• All the jets have to ful�ll the ∆φ(jet,MET ) > 0.5 requirement.

The double b-tagged 
ategory (SR2) is introdu
ed to re
over part of the e�-


ien
y of the DM produ
tion in asso
iation to top quarks, where two genuine,

high-pT quarks are present.

These details are summarized in the following table -
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Fig 14: Sele
tion 
uts for the signal regions

5.5 The Re
asting Code

Various parts of the re
asting 
ode is listed below a

ording to their purposes.

Most of this 
ode is part of the Analyze() fun
tion. The 
omplete program

listing for 
ms_pp_bbdm.h and 
ms_pp_bbdm.
pp is given in Appendix III.

5.5.1 Keeping Tra
k of Event Weights

double myEventWeight ;

i f ( Conf igurat ion ( ) . IsNoEventWeight ( ) )

myEventWeight = 1 ;

else i f ( event .m
( )−>weight ( ) != 0)

myEventWeight = event .m
( )−>weight ( ) ;
else {

WARNING << "Found one event with a zero weight .

Skipping . . . " << endmsg ;

return fa l se ;

}

Manager ( )−>Init ia l i zeForNewEvent (myEventWeight ) ;

ve
tor<
onst Re
JetFormat∗> S igna l J e t s ;

TLorentzVe
tor pTmiss = event . r e 
 ( )−>MET( ) .momentum( ) ;

double MET = pTmiss . Pt ( ) ;

5.5.2 Find the Jets

s i ze_t noOfJets = event . r e 
 ( )−>j e t s ( ) . s i z e ( ) ;
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for ( s i ze_t i = 0 ; i < noOfJets ; i++) {


onst Re
JetFormat ∗ CurrentJet = &(event . r e 
 ( )−>
j e t s ( ) [ i ℄ ) ;

S i gna l J e t s . push_ba
k ( CurrentJet ) ;

}

5.5.3 Find Event for Any Ele
tron with pt>10

bool noEle
tron = true ;

for ( s i ze_t i = 0 ; i < event . r e 
 ( )−>e l e 
 t r o n s ( ) . s i z e ( ) ; i

++) {


onst Re
LeptonFormat ∗ CurrentEle
tron = &(event

. r e 
 ( )−>e l e 
 t r o n s ( ) [ i ℄ ) ;

i f ( CurrentEle
tron−>pt ( ) > 10.0 &&

CurrentEle
tron−>i s o l a t e d ( ) )

noEle
tron = fa l se ;

}

• Similar 
ode is added for �nding isolated muon, tauon and photon a

ord-

ing the the 
onditions dis
ussed above.

5.5.4 Applying Common Cuts

SORTER−>so r t ( S igna lJe t s , PTordering ) ;

// Cut : MET > 200

i f (MET <= 200)

return fa l se ;

// Cut : No o f Je t s <= 3

i f ( noOfJets > 3)

return fa l se ;

// Cut : At l e a s t 1 j e t

i f ( noOfJets < 1)

return fa l se ;

// Cut : 1 s t Je t has pt > 50

i f ( S i gna l J e t s [0℄−>pt ( ) <= 50)

return fa l se ;

// Cut : 1 s t Je t has de l ta_phi wi th MET > 0.5

i f ( S i gna l J e t s [0℄−>dphi_0_pi( pTmiss ) <= 0 . 5 )

return fa l se ;
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5.5.5 Signal Region 1 Conditions

bool SR1 = true ;

i f ( noOfJets == 3)

SR1 = fa l se ;

i f ( noOfJets == 2) {

i f ( S i gna l J e t s [1℄−>pt ( ) <= 30 | | S i gna l J e t s [1℄−>

dphi_0_pi( pTmiss ) <= 0 . 5 )

SR1 = fa l se ;

i f ( S i gna l J e t s [0℄−>btag ( ) && S i gna l J e t s [1℄−>btag

( ) )

SR1 = fa l se ;

}

i f ( noOfJets == 1)

i f ( ! S i gna l J e t s [0℄−>btag ( ) )

SR1 = fa l se ;

5.5.6 Signal Region 2 Conditions

bool SR2 = true ;

i f ( noOfJets < 2)

SR2 = fa l se ;

i f ( noOfJets == 2) {

i f ( S i gna l J e t s [1℄−>pt ( ) <= 50 | | S i gna l J e t s [1℄−>

dphi_0_pi( pTmiss ) <= 0 . 5 )

SR1 = fa l se ;

i f ( ! ( S i gna l J e t s [0℄−>btag ( ) && S i gna l J e t s [1℄−>

btag ( ) ) )

SR2 = fa l se ;

}

i f ( noOfJets == 3) {

i f ( S i gna l J e t s [2℄−>pt ( ) <= 30 | | S i gna l J e t s [2℄−>

dphi_0_pi( pTmiss ) <= 0 . 5 )

SR1 = fa l se ;

s i ze_t noBtaggedJets = 0 ;

for ( s i ze_t i = 0 ; i < 3 ; i++)

i f ( S i gna l J e t s [ i ℄−>btag ( ) )

noBtaggedJets++;

i f ( noOfJets != 2)

SR2 = fa l se ;
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}

5.5.7 Filling Histograms

// Cut : No l ep ton or photon

i f ( ! ( noEle
tron && noMuon && noTau && noPhoton ) )

return fa l se ;

// F i l l the h i s tograms

i f (SR1)

MET_SR1−>F i l l (MET, myEventWeight ) ;

i f (SR2)

MET_SR2−>F i l l (MET, myEventWeight ) ;

return (SR1 | | SR2) ;

The 
ode is 
ompiled and built using the Make�le in the Build dire
tory of

the analysis using the following 
ommands -

$ sour
e setup.sh

$ make

This 
reates an exe
utable 
alled MadAnalysisJob, whi
h is run like this -

$ ./MadAnalysisJob ../Input/input.txt

The input.txt �le 
ontains the path to the .root �le produ
ed by Delphes.
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Chapter 6

Con
lusion

MET plots for the SR1 is shown below. The �rst one is obtained in the original

CMS experiment. The se
ond one is 
reated by running the MadAnalysis re
ast


ode.

Fig 15: The experimental (left) and the re
asted (right) plots for the MET

distributions in SR 1

The solid red line in the left �gure 
orresponds to the 
hosen mass point, i.e.

mχ = 1GeV and mφ = 100GeV .

Unfortunately, due to limited number of events in the generated sample,

there are only 8 entries in the re
asted MET plot for SR1. Also be
ause of the

same reason, no meaningful re
asted plot was obtained for SR2.

A

ording to the CADI line of this analysis[5℄, the 
ross se
tion for our

sele
ted mas point is -

σNLO = 1.263± 5.970× 10−3pb

So, out integrated luminosity will be -

L =
Nevents

σNLO

= 2.92× 103pb−1 = 2.92fb−1
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The integrated luminosity of the of the LHC experiment dataset is 2.17fb−1
.

So, our s
aling fa
tor will be

2.17
2.92

= 0.743.
This means that the number of events obtained in the ea
h of the signal

regions has to be s
aled down by a fa
tor of 0.743, whi
h further redu
es the

number of entries in the histogram.

30



A
knowledgement

I am really grateful to my MS thesis advisor Dr. Jyothsna Komaragiri to let

me work on the re
asting proje
t. She helped me in every possible way while

performing the re
asting of CMG-B2G-15-007 analysis. I would also like to

thank Siew Yan from University of Malaya, who was involved in the original

CMS analysis and helped me by providing valuable inputs regarding the sample

generation pro
ess.

31



Bibliography

[1℄ Sear
h for Dark Matter produ
ed in asso
iation with bottom quarks -

http://
ms-results.web.
ern.
h/
ms-results/publi
-

results/preliminaryresults/B2G-15-007/index.html

[2℄ MadGraph5_aMC�NLO tutorial - https://indi
o.
ern.
h/event/555228/

[3℄ A Hit
hhiker's guide to High Energy Physi
s -

http://www.phy.duke.edu/~dmb60/the-guide/

[4℄ An Introdu
tion to MadAnalysis5 and Re
asting LHC Results -

https://madanalysis.irmp.u
l.a
.be/wiki/Ma5PadStepByStep

[5℄ CADI line for CMS-B2G-15-007 Analysis (restri
ted) -

http://
ms.
ern.
h/iCMS/analysisadmin/
adilines?line=B2G-15-007

32



Appendix I

DM_settings.
mnd

! main89mlm . 
mnd ( modi f i ed )

! Spe
 i f y s t a t i s t i 
 s parameters .

Main : numberOfEvents = −1 ! number o f events

generated

! Te l l Pythia that LHEF input i s used

Beams : frameType = 4

! Use same PDFs and alpha_s as in ME 
a l 
 u l a t i o n .

!PDF: pSet = LHAPDF5:CT10 . LHgrid

! Spa
eShower : a lphaSvalue = 0.118

! TimeShower : a lphaSvalue = 0.118

! Spe
 i f y j e t mat
hing parameters f o r MLM

! Note : Some o f the s e s e t t i n g s might be read d i r e 
 t l y

from the input LHE f i l e .

JetMat
hing : merge = on

JetMat
hing : s
heme = 1

JetMat
hing : qCut = 30.0

JetMat
hing : nJetMax = 4

! Be more f o r g i v i n g with momentum mismat
hes .

Che
k : epTolErr = 1e−2

! Subruns f o r MLM j e t mat
hing

LHEFInputs : nSubruns = 1

Main : subrun = 0

9100000:new = MED MED 3 0 0 100 0 0 0 99999

9100022:new = DM DM 2 0 0 1 0 0 0 99999

9100022:mayDe
ay = o f f

Tune : ee = 3

Tune : pp = 5

Beams :LHEF = unweighted_events . l h e
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Appendix II

LHA_Analysis.py

from ROOT import TCanvas , TH1F, TLorentzVe
tor

f = open ( "unweighted_events . l h e " )

l i n e=""

events =[ ℄


urrEvent=""

addLine=False

for l i n e in f :

i f l i n e . s t r i p ( )=='<event>' :


urrEvent=""

addLine=True

e l i f l i n e . s t r i p ( ) . s t a r t sw i t h ( "<s 
 a l e s " ) :

events . append ( 
urrEvent . s t r i p ( ) )

addLine=False

e l i f addLine :


urrEvent+=l i n e . s t r i p ( )+' \n '

f . 
 l o s e ( )

print ( len ( events ) )

mass_phi=[ ℄

pt_phi=[ ℄

eta_phi =[ ℄

invm_phi=[ ℄

pt_
hi_
hibar=[ ℄

for event in events :

phi=[ s for s in event . s p l i t ( ' \n ' ) i f s . s p l i t ( ) [0℄=="

9100000" ℄


h i=[ s for s in event . s p l i t ( ' \n ' ) i f s . s p l i t ( ) [0℄=="

9100022" ℄


h ibar =[ s for s in event . s p l i t ( ' \n ' ) i f s . s p l i t ( )

[0℄=="−9100022" ℄
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i f phi :

mass_phi . append ( f loat ( phi [ 0 ℄ . s p l i t ( ) [ 1 0 ℄ ) )

px=f loat ( phi [ 0 ℄ . s p l i t ( ) [ 6 ℄ )

py=f loat ( phi [ 0 ℄ . s p l i t ( ) [ 7 ℄ )

pz=f loat ( phi [ 0 ℄ . s p l i t ( ) [ 8 ℄ )

e=f loat ( phi [ 0 ℄ . s p l i t ( ) [ 9 ℄ )

p=TLorentzVe
tor (px , py , pz , e )

pt_phi . append (p . Pt ( ) )

eta_phi . append (p . Eta ( ) )

px1=f loat ( 
h i [ 0 ℄ . s p l i t ( ) [ 6 ℄ )

py1=f loat ( 
h i [ 0 ℄ . s p l i t ( ) [ 7 ℄ )

pz1=f loat ( 
h i [ 0 ℄ . s p l i t ( ) [ 8 ℄ )

e1=f loat ( 
h i [ 0 ℄ . s p l i t ( ) [ 9 ℄ )

px2=f loat ( 
h ibar [ 0 ℄ . s p l i t ( ) [ 6 ℄ )

py2=f loat ( 
h ibar [ 0 ℄ . s p l i t ( ) [ 7 ℄ )

pz2=f loat ( 
h ibar [ 0 ℄ . s p l i t ( ) [ 8 ℄ )

e2=f loat ( 
h ibar [ 0 ℄ . s p l i t ( ) [ 9 ℄ )

p1=TLorentzVe
tor ( px1 , py1 , pz1 , e1 )

p2=TLorentzVe
tor ( px2 , py2 , pz2 , e2 )

p=p1+p2

invm_phi . append (p .M( ) )

pt_
hi_
hibar . append (p . Pt ( ) )

hist_mass_phi=TH1F( "Mass_phi" , "Mass o f Phi" , 50 , 0 , 200 )

for i in mass_phi :

hist_mass_phi . F i l l ( i )

hist_pt_phi=TH1F( "Pt_phi" , "Pt o f Phi" ,50 ,0 ,1000)

for i in pt_phi :

hist_pt_phi . F i l l ( i )

hist_eta_phi=TH1F( "Eta_phi" , "Eta o f Phi" ,50 ,−6 ,6)

for i in eta_phi :

hist_eta_phi . F i l l ( i )

hist_invm_phi=TH1F( "InvM_phi" , " Invar i an t Mass o f Phi"

, 50 , 0 , 200 )

for i in invm_phi :

hist_invm_phi . F i l l ( i )

hist_pt_
hi_
hibar=TH1F( "Pt_
hi_
hibar" , "Pt o f Chi+Chibar

" ,50 ,0 ,1000)

for i in pt_
hi_
hibar :

hist_pt_
hi_
hibar . F i l l ( i )
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=TCanvas ( )


 . SetLogy ( )

hist_mass_phi .Draw ( )


 . SaveAs ( "mass_phi . png" )

hist_pt_phi . Draw( )


 . SaveAs ( "pt_phi . png" )

hist_eta_phi . Draw( )


 . SaveAs ( "eta_phi . png" )

hist_invm_phi .Draw ( )


 . SaveAs ( "invm_phi . png" )

hist_pt_
hi_
hibar .Draw ( )


 . SaveAs ( "pt_
hi_
hibar . png" )
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Appendix III


ms_pp_bbdm.h

#ifndef analysis_
ms_pp_bbdm_h

#define analysis_
ms_pp_bbdm_h

#in
lude "SampleAnalyzer /Pro
ess /Analyzer /AnalyzerBase . h"

namespa
e MA5 {


lass 
ms_pp_bbdm : publi
 AnalyzerBase {

INIT_ANALYSIS (
ms_pp_bbdm , "
ms_pp_bbdm" )

publi
 :

virtual bool I n i t i a l i z e ( 
onst MA5: : Conf igurat ion&


fg , 
onst s td : : map<std : : s t r ing , s td : : s t r ing

>& parameters ) ;

virtual void F i n a l i z e ( 
onst SampleFormat& summary

, 
onst s td : : ve
tor<SampleFormat>& f i l e s ) ;

virtual bool Exe
ute ( SampleFormat& sample , 
onst

EventFormat& event ) ;

private :

TH1F ∗MET_SR1;
TH1F ∗MET_SR2;

} ;

}

#endif
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ms_pp_bbdm.
pp

#in
lude "SampleAnalyzer /User/Analyzer /
ms_pp_bbdm . h"

using namespa
e MA5;

using namespa
e s td ;

//

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// I n i t i a l i z e

// fun
 t i on 
 a l l e d one time at the beg inning o f the

ana l y s i s

//

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

bool 
ms_pp_bbdm : : I n i t i a l i z e ( 
onst MA5: : Conf igurat ion&


fg , 
onst s td : : map<std : : s t r ing , s td : : s t r ing>&

parameters ) {

// Information on Analys i s

INFO<<"Analys i s : pp −> bb~ + DM"<<endmsg ;


out << "BEGIN I n i t i a l i z a t i o n " << endl ;

// De
 lar ing a l l s i g n a l r eg i ons

// De
 lar ing p r e s e l e 
 t i o n 
u t s

// Other 
u t s

MET_SR1=new TH1F( "MET_SR1" , "MET f o r SR1"

,8 ,200 ,1000) ;

MET_SR2=new TH1F( "MET_SR2" , "MET f o r SR2"

,8 ,200 ,1000) ;


out << "END I n i t i a l i z a t i o n " << endl ;

return true ;

}

//

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// F ina l i z e

// fun
 t i on 
 a l l e d one time at the end o f the ana l y s i s

//

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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void 
ms_pp_bbdm : : F i n a l i z e ( 
onst SampleFormat& summary ,


onst s td : : ve
tor<SampleFormat>& f i l e s ) {


out << "BEGIN F i n a l i z a t i o n " << endl ;

TCanvas 
 ;


 . SetLogy ( ) ;

MET_SR1−>Draw( ) ;


 . SaveAs ( "MET_SR1. png" ) ;

MET_SR2−>Draw( ) ;


 . SaveAs ( "MET_SR2. png" ) ;


out << "END F i n a l i z a t i o n " << endl ;

}

//

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Exe
ute

// fun
 t i on 
 a l l e d ea
h time one event i s read

//

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

bool 
ms_pp_bbdm : : Exe
ute ( SampleFormat& sample , 
onst

EventFormat& event ) {

// Keeping t ra
k o f event we i gh t s .

double myEventWeight ;

i f ( Conf igurat ion ( ) . IsNoEventWeight ( ) )

myEventWeight = 1 ;

else i f ( event .m
( )−>weight ( ) != 0)

myEventWeight = event .m
( )−>weight ( ) ;
else {

WARNING<< "Found one event with a zero

weight . Skipping . . . " << endmsg ;

return fa l se ;

}

Manager ( )−>Init ia l i zeForNewEvent (myEventWeight ) ;

ve
tor<
onst Re
JetFormat∗> S igna l J e t s ;

TLorentzVe
tor pTmiss = event . r e 
 ( )−>MET( ) .
momentum( ) ;

double MET = pTmiss . Pt ( ) ;

// f i nd the j e t s

s i ze_t noOfJets = event . r e 
 ( )−>j e t s ( ) . s i z e ( ) ;

for ( s i ze_t i = 0 ; i < noOfJets ; i++) {

39




onst Re
JetFormat ∗ CurrentJet = &(event

. r e 
 ( )−>j e t s ( ) [ i ℄ ) ;

S i gna l J e t s . push_ba
k ( CurrentJet ) ;

}

// f i nd event f o r any e l e 
 t r on wi th pt >10

bool noEle
tron = true ;

for ( s i ze_t i = 0 ; i < event . r e 
 ( )−>e l e 
 t r o n s ( ) .

s i z e ( ) ; i++) {


onst Re
LeptonFormat ∗ CurrentEle
tron =

&(event . r e 
 ( )−>e l e 
 t r o n s ( ) [ i ℄ ) ;

i f ( CurrentEle
tron−>pt ( ) > 10.0 &&

CurrentEle
tron−>i s o l a t e d ( ) )

noEle
tron = fa l se ;

}

// f i nd event f o r any muon wi th pT>10

bool noMuon = true ;

for ( s i ze_t i = 0 ; i < event . r e 
 ( )−>muons ( ) . s i z e

( ) ; i++) {


onst Re
LeptonFormat ∗ CurrentMuon = &(

event . r e 
 ( )−>muons ( ) [ i ℄ ) ;

i f (CurrentMuon−>pt ( ) > 10 && CurrentMuon

−>i s o l a t e d ( ) )

noMuon = fa l se ;

}

// f i nd event f o r any tau wi th pT>18

bool noTau = true ;

for ( s i ze_t i = 0 ; i < event . r e 
 ( )−>taus ( ) . s i z e ( )
; i++) {


onst Re
TauFormat ∗ CurrentTau = &(event

. r e 
 ( )−>taus ( ) [ i ℄ ) ;
i f ( CurrentTau−>pt ( ) > 18 && CurrentTau−>

i s o l a t e d ( ) )

noTau = fa l se ;

}

// f i nd event f o r any photon wi th pT>15

bool noPhoton = true ;

for ( s i ze_t i = 0 ; i < event . r e 
 ( )−>photons ( ) .
s i z e ( ) ; i++) {


onst Re
PhotonFormat ∗ CurrentPhoton =

&(event . r e 
 ( )−>photons ( ) [ i ℄ ) ;
i f ( CurrentPhoton−>pt ( ) > 15 &&

CurrentPhoton−>i s o l a t e d ( ) )
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noPhoton = fa l se ;

}

SORTER−>so r t ( S igna lJe t s , PTordering ) ;

// Applying the Cuts

// Cut : MET > 200

i f (MET <= 200)

return fa l se ;

// Cut : No o f Je t s <= 3

i f ( noOfJets > 3)

return fa l se ;

// Cut : At l e a s t 1 j e t

i f ( noOfJets < 1)

return fa l se ;

// Cut : 1 s t Je t has pt > 50

i f ( S i gna l J e t s [0℄−>pt ( ) <= 50)

return fa l se ;

// Cut : 1 s t Je t has de l ta_phi wi th MET > 0.5

i f ( S i gna l J e t s [0℄−>dphi_0_pi( pTmiss ) <= 0 . 5 )

return fa l se ;

// Che
k i f the event s a t i s f i e s SR1 
ond i t i on s

bool SR1 = true ;

i f ( noOfJets == 3)

SR1 = fa l se ;

i f ( noOfJets == 2) {

i f ( S i gna l J e t s [1℄−>pt ( ) <= 30 | |

S i gna l J e t s [1℄−>dphi_0_pi ( pTmiss ) <=

0 . 5 )

SR1 = fa l se ;

i f ( S i gna l J e t s [0℄−>btag ( ) && S i gna l J e t s

[1℄−>btag ( ) )

SR1 = fa l se ;

}

i f ( noOfJets == 1)

i f ( ! S i gna l J e t s [0℄−>btag ( ) )

SR1 = fa l se ;

// Che
k i f the event s a t i s f i e s SR2 
ond i t i on s

bool SR2 = true ;

i f ( noOfJets < 2)

SR2 = fa l se ;

i f ( noOfJets == 2) {

i f ( S i gna l J e t s [1℄−>pt ( ) <= 50 | |
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S i gna l J e t s [1℄−>dphi_0_pi ( pTmiss ) <=

0 . 5 )

SR1 = fa l se ;

i f ( ! ( S i gna l J e t s [0℄−>btag ( ) && S i gna l J e t s

[1℄−>btag ( ) ) )

SR2 = fa l se ;

}

i f ( noOfJets == 3) {

i f ( S i gna l J e t s [2℄−>pt ( ) <= 30 | |

S i gna l J e t s [2℄−>dphi_0_pi ( pTmiss ) <=

0 . 5 )

SR1 = fa l se ;

s i ze_t noBtaggedJets = 0 ;

for ( s i ze_t i = 0 ; i < 3 ; i++)

i f ( S i gna l J e t s [ i ℄−>btag ( ) )

noBtaggedJets++;

i f ( noOfJets != 2)

SR2 = fa l se ;

}

// Cut : No l ep ton or photon

i f ( ! ( noEle
tron && noMuon && noTau && noPhoton ) )

return fa l se ;

// F i l l the h i s tograms

i f (SR1)

MET_SR1−>F i l l (MET, myEventWeight ) ;

i f (SR2)

MET_SR2−>F i l l (MET, myEventWeight ) ;

return (SR1 && SR2) ;

}
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