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Abstract

If the large extra dimensions scenario |1, 2| is correct, the string scale M, of string theory
can be of the order of a few TeV; a theory known as low-scale string theory. In the D-brane
[3, 4] formulation of low-scale string theory, string resonances (Regge excitations) can be pro-
duced in proton-proton collisions through 2-parton scatterings, and furthermore, in the limit
M, — oo these scattering amplitudes match the tree-level scattering amplitudes derived in
QCD. Using the cross-sections and decay widths of the string resonances, we write a Monte
Carlo event generator, STRINGS-1.00, for the production and decay of the first and second
string resonances, such that colour, quark flavour, baryon number, electric charge and total
angular momentum are conserved. STRINGS is also capable of generating QCD tree-level
scatterings in proton-proton collisions. We study the discovery potential of the first string
resonance at the LHC (luminosity = 140 fb~!) and the upcoming HL-LHC run (luminosity =
3000 fb~!) with a centre-of-mass energy of y/s = 13 TeV. This is done by using STRINGS to
generate events for different string scales and studying the significance of the signals over the
background in the dijet invariant mass distribution. For luminosities of 140 fb~! and 3000
fb~1, we find the maximum detectable string scales to be 8.4 TeV and 9.1 TeV, respectively.
We also use results from an ATLAS paper [5] to set upper limits on the cross-section and
lower limits on string scale of the first string resonance. We find with 95% confidence level
that string resonances with string scales lower than 7.4 TeV do not exist in ATLAS results

with an integrated luminosity of 37 fb~!.
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Chapter 1

Introduction

The Standard Model (SM) is the most complete model that describes matter and forces,
and the interactions between them. However, some problems in the SM, like the inconsis-
tency between the strengths of gravity and the electromagnetic force, known as the hierarchy
problem [1], cause physicists to think about new theories. One of these theories is string
theory, which can be considered as a candidate for a quantum field theory for gravity. In
string theory, instead of zero-dimensional SM particles, there are one-dimensional strings
that can be either closed or open. At low energies, strings behave like zero-dimensional SM
particles and the excitations of strings from the energy ground state determine the properties
of the SM particles. One way to describe SM particles in string theory is using a framework
known as D-brane model [3, 4]. Based on the D-brane model, closed strings propagate in
the ten-dimensional space-time, while open strings are attached to the D-brane at their end
points, figure 1.1 [6]. According to the D-brane model, fermions of the SM are due to the
open strings ending on stacks of D-brane and bosons are due to the open strings stretching

between D-brane.

The distance scale of string theory is generally of the order of the Planck length, about
1073 m, which corresponds to energy scales of the order of 10! TeV, far beyond energies
accessible by current colliders. However, if the large extra dimension scenario |1, 2] is correct,
the string energy scale can be of the order of a few TeV. This model, with a few TeV string

scale, is called low-scale string theory.

In Chapter 2 we discuss the theoretical background of low-scale string theory and how
one can use the scattering amplitudes to look for string resonances in the data produced by
colliders. Chapter 3 is dedicated to the phenomenological aspects of proton-proton collisions
and the mechanism with which we study the scattering amplitudes to detect new physics in
the invariant mass distribution of the outgoing jets. Chapter 4 describes the STRINGS Monte

Carlo event generator for the production and decay of the string resonances in proton-proton
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Figure 1.1: D-branes are the hosts for the end-points of the open strings. This figure is
taken from |[6].

collisions. We perform a comparison of QCD predictions between STRINGS and another
Monte Carlo event generator, Pythia [7], and also the data recorded by ATLAS experiment
at CERN [5]. In Chapter 5, we study the discovery potential of string resonances at the
LHC, using the STRINGS Monte Carlo event generator. In Chapter 6, we use the data
recorded by ATLAS to set upper limits on the cross-section and lower limits on the string

scale of the first string resonance.



Chapter 2

Low-Scale String Theory

As was stated in the previous section, string theory implies a higher dimensional space-time.
In order for string theory to be consistent with SM physics, the compactification of the extra
dimensions in string theory should produce the physics of four-dimensional space-time. The

Planck scale in four dimensions is given by [8]

8 Ve
M2 — _M8
Pl gg s (271')6’

(2.1)

where V4 is the volume of the extra six-dimensional compactified space. According to the
large extra dimension scenario |1, 2|, if the size of the extra dimensions Vj is large and the
theory is weakly coupled (gs < 1), the string scale can be of the order of a few TeV; limits

on gs [9] and the size of the extra dimensions [10] are set experimentally.

Having a low string scale makes it possible to look for evidence of string states at the
LHC by looking for deviations from the SM. This can be done by comparing the invariant

mass and angular distributions resulting from this theory to the data produced at the LHC.

The string scattering amplitudes of the n-gluon or quark-gluon scatterings, with at most
two quarks among incoming and outgoing partons, i.e. g9 — g9, 99 — qq, 99 — 4gq,
979 — 94, q@ — 99, g9 — g7 and gq — ¢, are not dependent on the compactification and
the geometry of higher dimensions, i.e. they are model-independent, thus they are called
universal amplitudes [11, 12]. On the other hand, string scattering amplitudes with more
than two quarks (or anti-quarks) among incoming and outgoing partons could lead to a set
of Kaluza-Klein states [13], such as massive gravitations, which are model-dependent, since

they depend on the geometry and compactification of the extra dimensions.
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Generally, due to the parton distribution function (PDF) of the gluons, chapter 3.1, two-
gluon and quark-gluon scatterings have the largest contribution to the total cross-section of
the string resonances at low masses. However, at large masses, the contribution from qq scat-
tering becomes significant. In order to calculate the contributions from the model-dependent
scatterings, one needs to consider a specific model and calculate the scattering amplitudes
in that model, which is beyond the scope of this thesis. Thus, in our studies we consider
the universal amplitudes and the model-dependent scattering amplitudes, i.e. g¢ — ¢qq and
qq — qq scatterings, will be ignored. Note that since we consider the model-independent

scatterings, g5 and Vg in equation (2.1) do not enter our calculations [11].

The model of intersecting D-branes leads to a proliferation of U(1) fields [8]. While the
treatment of these gauge fields is model dependent, not all can be accommodated within the
standard model and at least one will manifest itself as a heavy beyond-SM 7', i.e. gauge
boson corresponding to U(1), that could have significant coupling to the SM particles. The
models do not predict the mass of these extra gauge bosons but they cannot be very light or
they would violate electroweak constraints [8]. Previous experiment searches limit a heavy
Z' to more than about 6 TeV [14]. The mass of the Z’ in our model could be expected to be
of the order of the string scale, and would be related to g5 and Vg [8].

2.1 String Resonances

Low-scale string resonances can be produced in proton-proton collisions [11, 12]. Since pro-
tons are made of partons, i.e. gluons and quarks, we study the production of the string
resonances in parton-parton scatterings. If the incoming partons have four-momenta P; and
P, and the outgoing partons have four-momenta P; and P, the partonic Mandelstam scalar

variables (3,7, 1) are defined as [14]

(P + P)? = (P3+P4)2>
(P — P3)? = (P, — P)?, (2.2)
(P, — Py)? = (P3— Py)%

~> >
(I

U

Conventionally, the polar angle 6 of the outgoing partons in the centre-of-mass frame is mea-
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Py P

L

—

Ps

Figure 2.1: In parton-parton scattering incoming partons have three-momenta p; and ps
and outgoing partons have three-momenta p3 and ps. The polar angle of the outgoing partons
0 is measured with respect to the direction in which the incoming partons collide.

sured with respect to the direction in which incoming partons collide, such that § < /2,
figure 2.1. Furthermore, the invariant mass of the incoming (or outgoing) partons is defined
as [14]

M =53, (2.3)

which, as is suggested by its name, is invariant under any Lorentz transformation. In order
to study the phenomenological aspects of low-scale string resonances at the LHC, we sim-
ulate the partons’ four-vector kinematics. Using the partons’ four-kinematics, we calculate
the di-parton invariant mass distribution and look for deviations from the QCD background.
Furthermore, due to the Veneziano factors, that will be defined shortly, the angular dis-
tribution of the string resonances are different from the angular distribution of the QCD
background. Thus, the angular distribution can be used as a signature for string resonances,

chapter 5.

According to Regge theory [15], during the partonic scattering, intermediate states can
be formed in the s-channel. Thus, the production of the string resonance in proton-proton

collision can be expressed in terms of Regge excitations. The scattering amplitudes of the
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model-independent parton-parton scatterings, with exchanges of excited string states (Regge

excitations), are calculated in superconformal field theory [11] as

1 1 1 1 N
|M(gg — g9)|* = g* < + =+ —) P(éQVf + 2V +0PV2) — §(§VS +tVi + ﬁVu)z} ,

2 a2 az) |4
(2.4)
_ erat[1 . 9
Mlgg — an) = g5 | (0 Vi)t - Jva). 25)
_ , L Far[321 ..., 8
|M(qq = 99)I" = 8" '§§@W+u%)—§W%, (2.6)
22 4 52
+ U 4 1
M 2= |M(gq = 99))° = g'"—— ViV, — = 2.7
(M (9q — 99)I” = [M(9q — 9@)I” = & % 9 FaEV. LAV (2.7)
in which,

g = Vira (2.8)

is the QCD coupling constant and « is calculated from [§]

1 1 7T M,

1 (2.9)

a(M,) ~ a(My) 27 My

where, Mz = 91.2 GeV and a(My) = 0.118. Furthemore,

V., =V(5,t,10), V., =V(t a,3), Ve =V(a,5,1) (2.10)
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are the Veneziano form factors; functions of partonic Mandelstam variables (3, t @) and are

given in terms of Gamma functions [11]:

LT —§/MAT(1—a/M?)  sd

V(5,t1) = (AT = £M23(§,a), (2.11)
<. A —t/MHT(1—35/M?) st

V(t,a,s) = T+ a/07) = ﬁM2B(t’ ), (2.12)
~ T —a/M)T(1—t/M? it R

Via,s,i) = LT WMIVA /M) @ g (2.13)

(1 +8/M2) - 5M?2

In order to use the Veneziano factors, for example V(3, L, @), in the scattering amplitudes,

we use the expansion of the corresponding B-function:

e M2—2n 1 n )
B(3,0) =~ S L@+ M2 (2.14)
n=1 s LJ=1

which have the poles for all of the Regge excitations at invariant masses equal to /nM,. By

using equations (2.11) and (2.14), we can write V/(5,1,4) as [11]

S su M1 - Ve
Vi) =D Gra)M2 nl §—nM? ﬂ(“+ +/)
S S =1
o+ M?) s(0 + M?) (4 + 2M?2)
(3 — M2)M2 "~ 2(5 +4)(5 — 2M2) M4

(2.15)

The other Veneziano factors, V, (£, 3) and V(i,t), are calculated in a similar way by expand-
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ing about ¢ and @, respectively.

The ¢, @, § dependence in V;, V,, Vi, respectively, have been eliminated using the re-
lation between the Mandelstam variables for massless partons, § + ¢ + @ = 0 [14]. In our
study, we took all of the incoming and outgoing partons as massless. For the incoming
partons, this approximation is good since due to the PDFs the massless gluons and light
quarks dominate the production subprocesses, and top quarks are not available in the PDF
sets. On the other hand, the outgoing parton kinematics are affected in the case of heavy-
flavour quarks. Based on the mass of the top quark and multi-TeV string resonances, we

can estimate the effect on the outgoing parton kinematics to be of the order of a few percent.

2.2 First Resonance

As can be seen in equation (2.15), Veneziano factors contain infinitely many poles. It is
common in particle physics that all of the resonances are described with Breit-Wigner distri-
bution. Thus, in order to remove these divergences in the scattering amplitudes, one needs
to soften these poles to a Breit-Wigner distribution [16]. Furthermore, it is impossible to
remove all of the poles in a scattering amplitude at the same time, since they have different
characteristics, e.g. they happen at different invariant mass. Thus, one should perform an
expansion of the Veneziano factors around a single pole, which results in the removal of the

other poles.

If we expand the Veneziano factor V;(8, @) around the n'* pole in the s-channel (§ — nM?2),

we get the Veneziano factor corresponding to the n* resonance:

(2.16)

We are mainly interested in the first resonance since it happens at the lowest mass among
the Regge resonances and it is the easiest resonance to produce. Thus, by applying n =1 in

equation (2.16), then taking into account the leading term in the expansion, we get
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u
Vi(3,0) ~ 2.17
Similarly, we calculate V;'(£,5) and V'(a, ) as
V,(t,3) = = i (2.18)
“ t— M2
Via,t) ~ ! (2.19)
S ? ~ /a _ M2 .

As can be seen in the form of the Veneziano factors, the amplitudes include a pole at an
invariant mass corresponding to § = M2. Softening this pole to a Breit-Wigner form makes
the amplitudes have a finite value at the pole. Thus, the string resonances will have a finite
decay width [16].

If the incoming partons have spins .JJ; and .J5, the intermediate states, i.e. Regge exci-
tations, will have spin J, which are calculated from the well-known equation in quantum

mechanics

J:J1+J2, J1+J2—1, ceey ‘Jl—JQ‘ (220)

Representing the first Regge excitations of the gluon, quarks and colour singlet by ¢*, ¢*

and C*, respectively, and after softening the amplitudes we have [17]
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|Misi(99 — g9)|> =

8 gt [257 M} N 4 at
OMI| 32 [(8— M2)? + (Tta M) (5 — M2)* + ()it Ms)? (2.21)

. | M? . i+ at
(8 = M2)* + (TESM.)* (8 = M2+ (TER, M) | [

1g'|5 at(u? + 12 at(u? + 12
|M1st(gg%q§)|2=§g [ ’LL(U + ) U(U + )

s — + — — , (2.22
2= M2 + (T3 20 <s—M3>2+<ré:,%stMs>2] (222

Miw(gq L |2 _ 2
Miselad = 991 = 73 | 3 G A + (T ) T (5= M2 1 (T2, )2

(2.23)

, 16 g [5 ai(a2 + 2) ai(a2 + 12) ]

|Mig(qg = q9)|> = |Miw(Gg — Gg)|* =
4 g M (—i) ) (2.24)
OMZ| (5 — M2)2 + (TJ22M)2 (35— M2)2+ (T2 0,2 |

where

_ 3 g2 - 9 g2
J=0 _ J=2 _

Lotse = ZLEMS’ g st = 5 g e (2.25)

- 3g° _ 3 g?
Fé’*,olst = §EM87 Fé*ist - Z\:EMS? (226)

2 2

J=1/2 _ 3g J=3/2 _ 3 g
1_‘q",lst - gEM& Fq*,lst - ]__GEM& (227)
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are the decay widths of the intermediate resonant states, ¢*, ¢* and C*, with spin J [17].

11



Chapter 3

Proton-Proton Collisions

In this chapter, we go through the phenomenological aspects of proton-proton scattering and
how it is possible to look for string resonances at the LHC. Since partons are constituents of
protons, in order to simulate the new physics in proton-proton collisions, we need to study
the distribution density of the partons in an individual proton, i.e. parton distribution
functions (PDFs).

3.1 Parton Distribution Functions

Assuming the two incoming protons have four-momenta P, figure 3.1, the partons would
carry a fraction of that four-momentum; these fractions are denoted by x, and x,. As-
suming a constituent parton of the colliding proton carries a fraction z of the proton’s
four-momentum, one can define a momentum distribution function for that parton which is
called the parton distribution function (PDF). Actually, PDFs determine the number density
of a given parton, with a momentum fraction z, and at a given scale Q? inside the proton.
These PDFs are determined by fitting data from hard scattering processes, for example, at
the colliders [18]. Depending on different parametrization procedures of the data and also

the accuracy, different PDF sets can be constructed [19].

We examine the PDF sets CT10 [20], CT14lo [21], CTEQG6L1 [22] and CTEQ6.6 [22].
As will be discussed in the next section, we use the PDF sets to simulate the produc-
tion of the first string resonance, with a string scale of M, in proton-proton collisions.
In our simulations, we use the string scale as the scale () at which the PDF sets are cal-
culated. Since the string scales that we study are around 7 TeV, chapter 5, we choose
Q =7TeV (Q* = 4.9 x 107 GeV?) for our examination, figure 3.2. The minimum x that can
be used to calculate the PDF sets is 107% [19]. Thus, in our analysis we choose [107¢, 1] for

the range of x.

12
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Figure 3.1: For equal proton energies, like at the LHC, incoming partons carry a portion

of the incoming protons’ four-momenta, z; P, where
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Figure 3.2: Parton distribution functions versus z at the energy scale Q? = 4.9 x 107 GeV2.

A dashed line is drawn at = 0.97, where the unsmoothness in CTEQ6L1 starts.
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As can be seen in figure 3.2, these PDF sets do not contain the probability distribution
of top (¢) and anti-top (f) quarks. Furthermore, the high energy regions, which correspond
to high values of x, are determined by extrapolating the low energy fitted functions to the

higher energy regions since there are no data to constrain the high energy regions.

In order to prevent an artificial unsmoothness in the invariant mass distribution due to
the PDF sets, we want to use a PDF set that is monotonically decreasing with z. As can be
seen in figure 3.2, different PDF sets have bumps or fluctuations at high x. For our studies,
we use the CTEQG6L1 PDF set because, historically, it is used to perform other resonance
searches by ATLAS and CMS. Note that any other PDF set can also be used to perform this
study, but the cross-sections would be different from our results. However, unsmoothness in
the CTEQG6L1 PDF set starts at x =~ 0.97. On the other hand, the highest string scale that
we study is 9 TeV, chapter 5. Thus, we run the STRINGS Monte Carlo event generator,
which is described in chapter 4, and generate 22000 events for My, = 9 TeV. As can be seen
in figure 3.3, the highest z is around 0.95. Thus, the unsmoothness in the CTEQ6L1 PDF

set does not affect our studies.
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3.2 Proton-Proton Cross-Sections

In order to study proton-proton scattering, we consider the scattering of their constituent
partons, ¢7 — kl, where ¢ and j are incoming, and k£ and [ are outgoing partons. For simpli-
fying the form of the differential cross-sections, we define two variables y and Y in terms of

the pseudorapidities of the outgoing partons n; and 7 [23]:

1
Y= §(U1 +12),
(3.1)
1
Yy= 5(771 - 772)-
By defining 7 as
M2
- 3.2
r== (32)

where s is the centre-of-mass energy of the protons, the total differential cross-section in
terms of y and Y can be written as the convolution of the parton distribution functions with

the partonic scattering amplitudes [23]:

do Yinax uma VT I M(iG - KD 1
=M dY fi(xq, M) fi(xy, M, d - )

—Ymax _(ymax_|Y|)

where |M(ij — kl)|* is the spin-averaged squared scattering amplitude for the ij — ki
scattering and ¥, is the upper limit on the absolute value of the pseudorapidities of the

outgoing partons, i.e. ||, [72] < Ymax. The maximum Y is a function of ymax [23]:
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Yinaxe = min{In(1/v/7, Ymax) }- (3-4)

The summation in equation (3.3) is over the gluons, quark and anti-quark flavours. f; ; are
the PDFs for the incoming partons evaluated at the energy scale of the interaction, which
we set to be the string scale throughout our study. The variables x, and x;, can be written

as functions of 7 and Y [23]:

To = \/TE, (3.5)

xy, = /Te Y. (3.6)

3.3 Differential Cross-Sections

We insert the scattering amplitudes equations (2.21 - 2.24) into equation (3.3) and use the
CTEQG6L1 PDF set to calculate the differential cross-sections. Figure 3.4 shows the proton-
proton differential cross-sections for different subprocesses for M, = 8 TeV, in which we see
that QCD dominates except for gqg — gq at M, = 8 TeV. Figure 3.5 shows the proton-proton
differential cross-sections for different string scales M. By integrating the proton-proton
differential cross-sections over the invariant mass we calculate the total proton-proton cross-
sections for different subprocesses, figure 3.6. As can be seen in figure 3.6, the g¢ — gq
subprocess’s contribution dominates for M, > 2 TeV. Furthermore, above My &~ 7 TeV the
only other significant contribution is g¢ — ¢g, which is lower than g¢ — gq by an order of

magnitude.
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Figure 3.5:

Proton-proton differential cross-section for all subprocesses added to the SM

QCD cross-section for three different values of M. Notice that the amplitudes are approxi-

mately equal on a log scale.
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3.4 Breit-Wigner Study

As was discussed in the previous section, the total differential cross-section of the string
resonance dominates over the differential cross-section of QCD at invariant masses around
M. However, since the PDFs and the scattering amplitudes drop at high invariant masses,
the total differential cross-section decreases with increasing invariant mass, figure 3.7; we
choose My = 4 TeV to emphasize the divergence of the total differential cross-section at
low-mass regions, which are closer to 4 TeV than 8 TeV. Thus, for a fixed M, if the in-
tegration of the total differential cross-sections is calculated over an arbitrarily large in-
variant mass interval that contains invariant masses significantly smaller than M, the
contribution from QCD increases at lower mass, which results in a decrease in the sig-
nificance of the resonance since it does not increase at the same rate. To increase the
significance of the resonance, we find a lower requirement on the invariant mass My,
at which the differential cross-section has its lowest value to the left of the peak at M,
figure 3.8. Furthermore, by studying the Breit-Wigner curves equations (2.21 - 2.24), we
find a lower requirement on the invariant mass M owcys in such a way that [Mpowou, 13 TeV]
covers 95% of the area under the Breit-Wigner curve; the total area is chosen to cover
[0.1, 13] TeV. Table 3.1 contains M, and My owcoy: for different string scales Mg, and also
the fraction of the area under the Breit-Wigner curve, covered by the region [ My, 13 TeV]|
to [0.1, 13] TeV, is shown in the last column.
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M (TeV) | Mpin (TeV) Miowcut (TeV) | Fractional Area
2.00 1.46 1.79 0.986
2.50 1.89 2.24 0.985
3.00 2.29 2.68 0.984
3.50 2.7 3.13 0.982
4.00 3.14 3.58 0.981
4.50 3.61 4.02 0.979
5.00 4.05 4.47 0.977
5.50 4.53 4.92 0.974
6.00 5.03 5.37 0.971
6.50 5.54 5.81 0.967
7.00 6.06 6.26 0.962
7.50 6.60 6.71 0.957
8.00 7.14 7.15 0.951
8.50 7.70 7.60 0.942
9.00 8.27 8.05 0.932
9.50 8.84 8.50 0.919
10.00 9.42 8.94 0.903

Table 3.1: Invariant mass requirements for different string scales M. M, is the mass of
the minimum differential cross-section to the left of M,, and M owcus 1S the lower requirement
on the invariant mass with which the mass interval [ My owcut, 13 TeV| covers 95% of the area
under the Breit-Wigner curve. The last column includes the fraction of the area under the
Breit-Wigner curve covered by the invariant mass interval [M,, 13 TeV].

As can be seen in table 3.1, for string scales smaller than M, ~ 8 TeV, M, is smaller
than Mpewcue and the fractional area covered by the mass interval [ M, 13 TeV] is greater
than 95%. On the other hand, for string scales larger than M, ~ 8 TeV, M,;, is larger
than M owcut and the mass interval [ Mpowcue, 13 TeV] covers a larger invariant mass window
than [Mpy,, 13 TeV]. While studying the discovery potential of the first string resonance,
chapter 5, we use the cross-sections of the resonance (signal) and the QCD (background) to
calculate the significance of the signal events. As was discussed earlier, in order to exclude
the low-mass region, which indicates large cross-sections for the QCD background, we set
lower requirements on the invariant mass. In this way, we decrease the QCD background
and increase the signal to background, which corresponds to an increase in the significance of
the signal over the background. In our studies, we use a lower requirement on the invariant
mass, which corresponds to the larger mass window, with no upper boundary on the invariant

mass.
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3.4.1 Cross-Sections of the Subprocesses

Using the mass region [My;,, 13 TeV| from table 3.1, we calculate the cross-sections of
different subprocesses versus the string scale. As can be seen in figure 3.9, the dominant
subprocess for the string scales that we study is g¢ — g¢q; the cross-section of g¢ — gq

subprocess is more than two orders of magnitude larger than ¢Gg — gg subprocess.

During writing of this thesis, it was discovered that MC samples, with dataset identifiers
312404 to 312408, made available to ATLAS are inconsistent with figure 3.9. The reason for
the difference is not known at this time. The difference appears to only affect the relative
subprocess contributions to the cross-section and is not believed to affect any other results

in this thesis.
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Figure 3.9: Total proton-proton cross-section of the subprocesses, using the mass range
[Mmin, 13 TeV], versus the string scale.
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3.5 Validity Region of the Approximation

In order to soften the string amplitudes to a Breit-Wigner form, we used the approximation
§ — M? in the exact form of the Veneziano factors equations (2.11 - 2.13) to get the approx-
imated Veneziano factors in the form of equations (2.17 - 2.19). Here we want to determine

the accuracy of this approximation.

We use the exact and approximated Veneziano factors to calculate the differential cross-
sections for two string scales 4 TeV and 11 TeV, figures 3.10 and 3.11. Figure 3.12 shows
the ratios of the exact and approximated differential cross-sections. We use the ratios to
calculate the cumulative area: we integrate the ratio by using a mass window AM centred
at M and plot the result versus AM/Mj, figure 3.13.
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Figure 3.11: Proton-proton differential cross-section calculated from the exact (blue) and
approximated (green) forms of the Veneziano factors for My = 11 TeV.
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Figure 3.13: Cumulative area for My = 4 TeV (left) and My = 11 TeV (right), calculated
from the ratios of the proton-proton differential cross-sections.

As can be seen in figures 3.10, 3.11 and 3.12, as the string scale increases the approxi-
mated and exact differential cross-sections get closer to each other, the ratio tends to cover
a smaller range on the y-axis. The area under the curve for My = 4 TeV in figure 3.13 is

approximately 1.3, while the area under the curve for M, = 11 TeV is approximately 0.2.

In order to perform the discovery potential study, Chapter 5, we need to calculate the
cross-sections of the resonances by integrating the approximated proton-proton differential
cross-section over an invariant mass interval M. For the different string scales that are
studied in chapter 5, we integrate the approximate and exact differential cross-sections over

the larger invariant mass interval in table 3.1 and collect the results in table 3.2.
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M; (TeV) M (TeV) Oexact (fD) Tapproximate (fb) | Relative Difference
7.00 [6.06, 13.00] 7.35 x 10! 7.30 x 10! 04 %
750 | [6.60,13.00] | 2.18 x 10! 2.17 x 10! 0.3 %
8.00 [7.14, 13.00] 6.06 6.04 0.3 %
8.90 [7.60, 13.00] 1.54 1.53 02 %
9.00 | [8.05, 13.00] | 349 x 107 | 3.48 x 10 0.1 %
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Table 3.2: Exact and approximated cross-sections, and the relative difference, for different
string scales, calculated by integrating the exact and approximated differential cross-sections
over the invariant mass interval M.

As can be seen in table 3.2, the relative difference of the cross-section, that arises due

to the approximation made in the Veneziano factors, is small.

The cross-section of the

approximated differential cross-sections are smaller than the exact ones, which implies that

there is an underestimation of 0.4 % for M, > 7 TeV in the number of signal events in this

approximation; the relative error in the number of events, which is the same as the relative

error in the cross-sections, are collected in the last column in table 3.2.



Chapter 4
STRINGS Monte Carlo Event Generator

Using the differential cross-sections, decay widths, and the PDF sets described in the previ-
ous sections, we write a Monte Carlo event generator for the production and decay of string
resonances in proton-proton collisions, STRINGS-1.00 [25]. STRINGS is also capable of pro-
ducing QCD tree-level scattering amplitudes. The output of the STRINGS event generator
is an LHE (Les Houches Event) file [26], which is a standard format to store the kinematic
variables of the incoming and outgoing partons; LHE files can also be used to store all the
particles’ four-vectors after hadronization. We run the generator for different string scales
and histogram the kinematic variables stored in the LHE files as a step toward the validation

of STRINGS; appendix A contains the parton-level validation plots.
4.1 QCD Comparison

We use STRINGS to generate QCD tree-level events and use the particles’ four-vectors in
the LHE files to histogram the invariant mass distribution and compare it with results from
an ATLAS paper [5]. We also use QCD dijets [27] produced by Pythia 8.212 [7], using the
ATLAS set of tuned parameters [28] together with NNPDF2.3 LO [29] PDF set, to compare
with QCD dijets produced by STRINGS. These tuned parameters are determined in a way
that improves the modelling of QCD background.

We run the STRINGS generator with the input parameters in table 4.1 and produce the
LHE files; we divided the invariant mass region |2, 8] TeV into 30 slices and generated 100,000
events in each slice. However, based on the colour confinement principle [14], partons cannot
be found isolated. Thus, when the parton-parton scattering happens, the outgoing par-
tons go through parton hadronization and decay to form stable colour-less particles, which
are detected in the detector. Thus, in order to compare the QCD dijets produced by the
STRINGS generator with data, we take the output LHE files and pass them to Pythia to
perform the parton showering, fragmentation, hadronization, and decay. Note that, at this

stage, we do not use the ATLAS tuned parameters and we just use Pythia to perform the

28
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parton showering, fragmentation, hadronization, and decay, using an input LHE file.

When the stable particles are determined, jet reconstruction is performed to obtain the
truth-level jets, i.e. no detector-related effect is considered in the jet reconstruction. Jets
can be studied to give us intuition about the connection between the colour-less stable
particles detected in the detectors and the underlying parton-level scattering happening in
proton-proton collisions. We use the anti-k; algorithm with AntiKt4TruthDressedWZJets
container, with a distance parameter of R = 0.4 [30], to get the truth-level jets. DressedWZ
in AntiKt4TruthDressedWZJets means that electrons and muons are not included in the

jet. Jet-level validation plots for STRINGS are gathered in appendix B.

Using the two highest pr jets (denoted by pr, and pr,), we calculate the invariant mass
distribution. The requirements on pr,, pp, and n* = (9 — 12)/2 of the two highest pr
jets are the same as the requirements used in the ATLAS paper [5]. Figure 4.1 shows the
invariant mass distribution for QCD produced by STRINGS, Pythia, and ATLAS results [5].

Proton-Proton Centre-of-Mass Energy 13 TeV
Invariant Mass Interval M = |2, 13] TeV
Scale of the Running Coupling Constant pr
Number of Events (Generated by STRINGS) 3,000,000
Number of Events (Generated by Pythia) 17,986,500
PDF Set (Used by STRINGS) CTEQ6L1
PDF Set (Used by Pythia) NNPDF2.3 L.O
Scale of the PDF Set Q =pr
ml, [n2] <25

Table 4.1: Input parameters of the Monte Carlo event generators for producing the QCD
dijets.

As can be seen in figure 4.1, QCD dijets predicted by STRINGS and Pythia are dif-
ferent. One reason for this deviation is the choice of PDF set used by the generators,
table 4.1. Another reason that the invariant mass distributions look different is probably
because STRINGS contains only the leading order terms in the QCD tree-level scattering
amplitude, and Pythia contains more terms. Since the generators cannot contain infinitely

many terms of the perturbative expansions, they predict a QCD cross-section different from
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data. Consequently, one needs to normalize the invariant mass distribution produced by any
Monte Carlo event generator for QCD to data. If STRINGS or Pythia are used to estimate
the background, we use the normalization factors in table 4.2. Since a large number of events

are generated, table 4.1, the statistical error in normalization factors is negligible.

STRINGS,/Pythia | STRINGS/ATLAS | Pythia/ATLAS
1.79 2.47 1.38

Table 4.2: Factors for normalizing STRINGS and Pythia to results from an ATLAS pa-
per [5], and also STRINGS to Pythia, using the invariant mass range [2, 13| TeV.
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Figure 4.1: QCD comparison between STRINGS, Pythia, and data presented by AT-
LAS [5], using the paramters listed in table 4.1.
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Figures 4.2 and 4.3 show the ratio of QCD dijets produced by STRINGS to the QCD
dijets produced by Pythia and ATLAS results [5], respectively. It can be seen in figures 4.2
and 4.3 that the normalization factors collected in table 4.2 actually represent the ratio of the
first few bins of the invariant mass distributions since the first few bins have larger weights
in the sum, figure 4.1. Thus, depending on the invariant mass interval, we get different
normalization factors. If, for example, we use an invariant mass interval M = [6, 13| TeV,
the normalization factor of STRINGS to data would be 1.5, rather than 2.5, figure 4.3.
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Figure 4.2: Ratio of the QCD produced by STRINGS to the QCD produced by Pythia.

5.0

_L_ T T T T T T 1 T -
45— —]
40— —
35 —
) = 4.1 + =
é 3.01 ¥ +++++ t +++H++ H+ <H> -
< 250 .t ﬁ {» ] =
3 - 4 =
(25 20 CTEQSL1 + —
o - \/E =13 TeV 1 I~ -
5 15— L=2371" -
- |52 | < 0.6 1 =
1.0 [ pr, > 440 GeV —
- pr, > 60 GeV -
0.5 u
-T— L L L | L L L ‘ L L L | L L L ‘ L L L | L L L :

0.0; 3 4 5 6 7 8

Dijet Invariant Mass (TeV)

Figure 4.3: Ratio of the QCD produced by STRINGS to results from an ATLAS paper [5].



Chapter 5

Discovery Potential at the LHC

Until now, we discussed low-scale string theory and studied some features of the first string
resonance. In this chapter, we study the discovery potential of the first string resonance
at the LHC. Since low-scale string theory is not predicted by SM physics, it is regarded
as a theory beyond the SM. In order to look for evidence of a theory beyond the SM,
we need to look at the data produced in the experiments and see if there are any signif-
icant deviations from the SM physics, which, in our case, is called QCD background. In
other words, we need to compare two hypotheses: 1) null hypothesis, which stands for
QCD only, and 2) the signal hypothesis, which represents the resonance added to QCD,
i.e. signal 4+ background. By studying each hypothesis, we can expect to see a certain num-
ber of events, assuming that hypothesis is correct. On the other hand, data produced by
colliders represent the observed number of events. Thus, by comparing the observed number
of events with the expected number of events predicted by each hypothesis, we can report
a discovery, which is discussed in this chapter, or set limits on the cross-sections, which is

discussed in chapter 6.

We start by simulating the cross-sections predicted by low-scale string theory, and by
using an integrated luminosity L, we calculate the expected number of signal events above

the background as

N = Loy, (5.1)

where o, is the cross-section of the resonance (signal). Furthermore, the expected number

of background events can be calculated as

33
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B = LO’b, (52)

where oy, is the cross-section of the QCD (background). There are different models for
quantitatively describing the statistical significance, and they are described and compared
in Ref.[31]. We use the Poisson model, which suggests that the statistical significance S is
described as [31]

S

2<(N+B)ln<1+%>—]\7>. (5.3)

Note that the Poisson model [31] does not contain any uncertainty. The significance is re-
ported in terms of the standard deviation o of a Gaussian distribution. Conventionally, a

significance of 5o corresponds to a discovery [31].

We use the STRINGS Monte Carlo event generator to simulate the production of the
first string resonance in proton-proton collisions at the LHC. Also, the QCD background is
produced by STRINGS and is normalized to results from an ATLAS paper [5], using the
normalization factor in table 4.2. After calculating the cross-sections, we use equations (5.1
- 5.3) to calculate the significance of the signal events over the background. Based on the
conventions of reporting a discovery, we require the significance of the signal events be larger
than 5 in our study. On the other hand, sometimes, while the number of signal events is
small, the significance of the signal events is large. This case happens only due to a small
number of background events. Thus, to make sure the number of signal events is not very
small, we require the number of signal events above background N be larger than 10. Con-

sequently, in order to report a discovery, we require two conditions:

N > 10, (5.4)

S > 5. (5.5)
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If these conditions are satisfied, we predict an observation if the beyond SM process occurs.

5.1 Parton-Level Discovery Potential

We run the STRINGS event generator for different string scales and use the partons’ four-
momenta to perform the discovery potential study. Using a luminosity of 140 fb~!, which
approximately corresponds to the delivered LHC data for run 2, we calculate the significance
of the signal events, shown in figure 5.1, by integrating the differential cross-sections over the
invariant mass interval M = [3, 13] TeV. Knowing that the number of signal events above the
background is greater than 10 for all of the string scales in figure 5.1, the highest detectable
string scale is 6.2 TeV. If we use a luminosity of 3000 fb~!, string scales as high as 7.0 TeV
can be probed, figure 5.2. Figure 5.3 depicts the required luminosity for satisfying the two
detectability conditions, equations (5.4, 5.5), versus string scale. Each point in these plots
represents a string scale that was used in the STRINGS event generator run, while linear

interpolation is used to connect the points.

25 T T T T T

‘ - — Significance = 5

20 L CTEQG6L1 |
Vs =13 TeV
L =140 th!
M = [3, 13] TeV

P mls [l <25 1

Events = 10

Significance

3.9 6.0 6.5 7.0 7.5
M, (TeV)

Figure 5.1: Significance of the signal events above background for different string scales
using L = 140 fb~! and requiring the number events be larger than 10.
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Figure 5.2: Significance of the signal events above background for different string scales
using L = 3000 fb~! and requiring the number events be larger than 10.
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Figure 5.3: Required luminosity versus string scale for satisfying the detectability condi-

tions, i.e. N > 10 and S > 5.
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5.2 Angular Distribution Study

Until now, we studied the invariant mass distribution of the first string resonance, which indi-
cated an excess of signal events over the QCD background. As can be seen in equations (2.4
- 2.7), the scattering amplitudes for the production of the string resonances contain the
Veneziano factors, which are functions of the Mandelstam variables. However, in the QCD
tree-level scattering amplitudes, the Veneziano factors are equal to 1, Chapter 2. Since
Mandelstam variables are functions of the angle of the outgoing partons, the angular distri-
bution of the string resonances is different from the angular distribution of the two-parton

combination of the QCD tree-level scattering, figure 5.4.

T T T T T ‘ T T T T | T T ‘ T T T
String Resonance
QCD Scattering
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Figure 5.4: Angular distribution of an outgoing parton, in the laboratory frame, resulting
from the decay of a string resonance at M, = 7 TeV and QCD tree-level scattering. These
histograms are normalized to 22000 events.

Since, at leading order, the QCD background is in the t-channel and the string reso-
nances are in the s-channel, we set some requirements on the leading pr, sub-leading pr and
pseudorapidities of the highest py jets [5] to suppress the ¢-channel contributions and reduce

the QCD background. These requirements reduce the number of signal events but reduce
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background more.

In the previous section we found that by using luminosities 140 fb~! and 3000 fb~!, the
highest detectable string scales would be 6.2 TeV and 7.0 TeV. Thus, we study the effects of
the requirements on py and n* on the string resonances and the QCD background by running
the STRINGS event generator for different string scales in [5, 8] TeV. Also, at parton-level,
the transverse momentum of the outgoing partons are the same, i.e. pr, = pr, = pr. The
best pr requirement is approximately M,/2 since the signals have a resonance at M = M,
and the resonance decays into two partons, while there is no resonance in the QCD back-

ground.

We do not want to include the low-mass regions, where the QCD background is huge.
Thus we require pr > 500 GeV for the outgoing partons, close to the requirements in
Ref. [5]. Using this py requirement, we vary the 7% . requirement, while the detectability
requirements, equations (5.4, 5.5), are satisfied, and plot the signal efficiency, background

rejection and signal-to-background ratios for different string scales, figures 5.5 and 5.6.

As can be seen in figures 5.5 and 5.6, with the decrease of n . the signal-to-background
ratio increases but signal efficiency decreases. We could use a very small value for 7}, but
most of the signal events would be rejected. At 7} .~ 0.6, the signal efficiency is 0.5. Also,
for My, = 8 TeV, 7k .. ~ 0.6 results in the highest signal-to-background ratio.
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Figure 5.5: a) Signal efficiency and background rejection for My = 5 TeV, b) signal-
to-background-ratio for My = 5 TeV, c) signal efficiency and background rejection for
M, = 6 TeV and b) signal-to-background-ratio for M, = 6 TeV.
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5.3 Jet-Level Discovery Potential

As was discussed in Chapter 4, it would be more realistic to perform the jet-level discov-
ery potential study. First, we run the STRINGS event generator with an invariant mass
requirement that corresponds to the larger invariant mass interval in table 3.1 and generate
the LHE files. We take the LHE files as input to Pythia to perform the parton showering,
fragmentation, hadronization and decay. Then we perform the jet-reconstruction and get
the truth-level jets, chapter 4. Using the two highest pr jets, we construct the dijet invariant

mass, figure 5.7.

Using the dijet invariant mass, we perform the discovery potential study at the jet-level.
For this study, we use the QCD dijet background [27] produced by Pythia, using the ATLAS
set of tuned parameters [28|, to estimate the QCD background. As was discussed in the
previous section, we use the requirements on pr and n* in Ref. [5] on the leading pr and
sub-leading pr jets to suppress the t-channel contributions. Figure 5.8 shows the invariant

mass distribution for different string scales using 140 fb~! of luminosity.
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Figure 5.7: Dijet invariant mass distribution of the signal events for different string scales
a) normalized by cross-section on log-scale, b) normalized by cross-section on linear-scale,
c¢) normalized to the same number of events on log-scale, and d) normalized to the same

number of events on linear-scale.
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Figure 5.8: Dijet invariant mass distribution for different string scales M, superimposed
on the ATLAS Pythia dijet background normalized to data (black) [27].

Figures 5.9 and 5.10 show the number of signal events above the background and the signif-
icance of the signal events for 140 fb~! of luminosity. Each point in these plots represents
a string scale that was used in the STRINGS event generator run, while linear interpo-
lation is used to connect the points. As can be seen in figure 5.10, the highest string
scale that satisfies S > 5 is My = 8.4 TeV. On the other hand, as can be seen in fig-
ure 5.9, My = 8.4 TeV satisfies N > 10. Consequently, these plots indicate that by using
a luminosity of 140 fb~!, the highest string scale that satisfies the detectability conditions
equations (5.4, 5.5) is My = 8.4 TeV. Figure 5.11 shows the three-dimensional parameter
space, in which the plane at My = 8.4 TeV represents the highest string scale that satisfies
the conditions on the number of events and the significance. Figure 5.12 shows the required
luminosity for satisfying the detectability conditions versus string scale, which suggests that

a luminosity of 3000 fb~! makes the detection of string scales up to M, = 9.1 TeV possible.
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Figure 5.9: Number of signal events above background for different string scales M, using
STRINGS dijet events as signal and ATLAS Pythia dijet background.
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5.4 Acceptance at the Truth-Level Jets

In the previous sections, we justified the requirements on pr and n* from Ref. [5] and used
them to perform the discovery potential study at the truth-level jets. Now we are going to
set these requirements one by one and study the signal acceptance, for different string scales
for truth-level jets. Using the invariant mass requirement | My, 13 TeV] from table 3.1, we
run the STRINGS event generator and use the LHE files as an input to Pythia to perform
the parton showering, fragmentation, hadronization and decay. Then we perform the jet-
reconstruction and get the truth-level jets, chapter 4. Using the leading pr and sub-leading

pr jets, we construct the dijet invariant mass distribution.

Table 5.1 contains the acceptance A of the signal events for truth-level jets using the
requirements described in the previous section. These values are accumulative acceptance,
meaning that the acceptance presented in the first column is calculated using the require-
ments ||, [n2] < 2.5, pr, > 440 GeV, and pp, > 60 GeV together with n* < 0.6. Also,
the acceptance presented in the second column is calculated using all of the requirements
mentioned above together with M > M,.;,. The percentage of the acceptance due to the re-
quirements applied before the requirements in this table, i.e. |m], |[n2| < 2.5, pr, > 440 GeV,
and pp, > 60 GeV, is more than 98% for all of the string scales. On the other hand, D
in table 5.1 is the absolute non-accumulative acceptance calculated using the requirement
in each column. A and D calculated using the requirements on 7y, 792, pry, and pp, are not

presented in table 5.1 since they have a 2% reduction on the acceptance.

The requirement on the pseudo-rapidity of the outgoing jets is ||, |n2| < 2.5, which is
the requirement set on the pseudo-rapidities of the outgoing partons. This produces a bias,
since the reconstructed jets might have a rapidity more than 2.5. Since the truth-level dijet
invariant mass in smeared out, we set a requirement on the invariant mass, My, 13 TeV]
from table 3.1, which is indicated in the last column in table 5.1. Figure 5.13 shows the

acceptance of the signal events after requiring all of the requirements in table 5.1.
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M (TeV) | n* M
40 A [51% |36%
D |51 % |72%
A5 A |51 % |36%
D |51 % |69 %
50 A |50 % | 35 %
D |50 % | 68 %
£ A 150 % | 34 %
D |50 % | 66 %
6.0 A |50 % | 33 %
D |49 % |62 %
6.5 A 149% |32 %
D |50 % | 60 %
70 A 149% |31 %
D |50 % | 59 %
s A 149% | 30 %
D |50 % | 57 %
2.0 A 149% |29 %
D |50 % | 56 %
85 A [148% |27 %
D |49 % | 53 %
0.0 A |48 % |26 %
D |49 % |52 %
0.5 A [47% [ 24 %
D |49 % |51 %
10.0 A 47T % | 22 %
D |48 % |49 %

Table 5.1: Accumulative acceptance A of the signal events at the truth-level jets. The
requirements are as follows: n* < 0.6, and M > M,,;,. D is the absolute non-accumulative
acceptance of the requirement in each column. The percentage of the acceptance due to the
requirements applied before the requirements in this table, i.e. |n1|, [n2] < 2.5, pr, > 440 GeV,
and pr, > 60 GeV, is more than 98% for all of the string scales.
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Figure 5.13: Acceptance of the signal events after requiring all of the requirements used in
Ref.[5] for different string scales.

As can be seen in table 5.1, the requirement responsible for the shape of the acceptance

in figure 5.13 is the invariant mass requirement.



Chapter 6

Cross-Section Upper Limits and String Scale
Lower Limits

In the previous section, we studied the discovery potential of the first string resonance at
the LHC. Using a luminosity of 140 fb~!, we determined the highest detectable string scale
is 8.4 TeV. However, if no signal is observed and we have a data sample, we can set limits on
the cross-section of the signal and find lower limits on the string scale for our model. In other
words, this limit setting would exclude the regions in which the string resonances are not
present in data. For expressing the incompatibility of data with the signal hypothesis, the
idea of the confidence level (CL) is used [32]. CL quantifies the level at which the signal lies
in the data. Conventionally, for the limit studies, 95% CL, which corresponds to a p-value
of 5%, is required to exclude a region in which the signal is not present. This chapter is
dedicated to the calculation of upper limits on the signal cross-section and lower limits on

the string scale.

6.1 String Scale Lower Limit Using CMS Results

Before we perform our own cross-section limit study, we use the CMS results for the cross-
section limit [36] for ¢*, i.e. the quark excited state, which has a Breit-Wigner shaped am-
plitude, and use the cross-section of the first string resonance to find a lower limit on the
string scale. As can be seen in figure 6.1, using a luminosity of 36 fb~!, the region below
7.4 TeV is excluded with 95% CL.
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Figure 6.1: Cross-section limit result by CMS [36] and the cross-section of the first string
resonance (red dashed line).

6.2 Cross-Section Limit Setting Using ATLAS Results

In this sections, we use results from an ATLAS paper [5| and perform the cross-section limit
study, which can be used to set lower limits on the string scale. To perform the cross-section
limit study, we need to compare the number of events predicted by background only and
signal + background hypotheses with the number of observed events resulting from the ex-
periment and set limits on the number of signal events. We use results from an ATLAS
paper [5| with an integrated luminosity of 37 fb~! as the observed data and the ATLAS
background estimate and uncertainty [5]. The ATLAS background estimate is a fit to the
results in an ATLAS paper [5], figures 6.2. Thus, there are two systematic uncertainties
related to the ATLAS background estimate: one uncertainty is due to the choice of the fit

function, and the other is due to the fit parameters [5|. These uncertainties are symmetric
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and since they are independent, they are added in quadrature. As can be seen in figure 6.2,

the total uncertainty on the ATLAS background estimate is very small.

After a limit on the number of signal events NV is set, it can be converted to a limit on

the cross-section of the signal o, by using the following equation:

T T T T T T T T T —
10% E
L \s=13Tev _
10% = L= 37fp" —
= 15" < 0.6 E
— pr, > 440 GeV —
c , ]
= pr, > 60 GeV
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o 10 —
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= ILLHH E
i = ATLAS Results (Phys. Rev. D 96 (2017) 052004) B
107 = =
= — ATLAS Fit L\_E
:[ | | | | | | | | | | | | | ‘ | | ‘ | | | | ‘ | :

2 3 4 5 6 7 8

Dijet Invariant Mass (TeV)

Figure 6.2: Results from an ATLAS paper [5] (black points) and the background estimate
(red histogram), which is a fit to the data. This is taken from [5]. Note the error bars on
the histogram.
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where 7 is the efficiency due to the detector effects, A is the acceptance and B is the total res-
onance branching ratio, which is one in our case, because we consider all of the subprocesses
inclusively. L is the luminosity recorded by ATLAS with a systematic uncertainty of 2%,
Ref.[5]. We take n = 140 since we do not consider the detector effects, chapter 5. As can be
seen in Ref.[5], if the detector effects are considered, the value of  would be approximately
0.97. Thus, changing n by 3% in equation (6.1) would scale the cross-section by 97%. Since
we are neglecting detector effects, we omit any possible systematic uncertainty on the signal
acceptance. Furthermore, we use a large number of signal events, of the order of a million,
to calculate the acceptance, which makes the statistical uncertainty of the acceptance neg-

ligible, chapter 5. Consequently, we neglect any uncertainty on the signal acceptance as well.

The modified frequentist CL; method [33, 34] is used to set upper limits on the number
of signal events. In this method, the number of events predicted by the background only
and signal + background hypotheses are modelled with Poisson distributions and systematic
uncertainties are modelled with normal distributions. Thus, if background and luminosity
are determined with a systematic uncertainty as B = By+op and L = Lo+ o, respectively,
the full probability distribution of the number of signal + background events, i.e. signal
hypothesis, is written as a convolution of the normalized distribution functions, representing
the systematic errors, with the Poisson distribution function, representing the probability

distribution of the number of events, as [33]

Bo+op Lo+oyp,
PN—i—B(I) = / dB/ dL P(QZ',N—F B) G(L, Lo,O'L) G(B;BQ,O'B)
L

Bo—o —0
0—0B 0—0L _(L_L0>2
[ [ B LTy
Bo—op Lo—or ! 2w or
—(B — By)*
1 e 20% ’

' V2mopg

where N and B are the number of signal and background events, respectively, which are
related to the cross-section and luminosity through equation (6.1). Similarly, the full proba-
bility distribution of the number of background events, i.e. background only hypothesis, can
be written as [33]
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Bo+op Lo+or
PB(.Z') = / dB/ dL P(ZL‘, B) G(L, LO;UL) G(B, BD>UB)
L

Bo—op 0—0L
N ; —(L — Ly)? —(B—B,)?* (63)
o+oB otor —B p=x —_— —_—
~ / dB / gL e L 20
Bo—op Lo—op, z! \27moyp V2mop

The CLg method states that if the observed number of events N, are less than the ex-

pected number of events given by the signal hypothesis, a p-value C' Ly p is defined as [33]
Nobs
CLN+B = / PN+B<ZE> dLU, (64)
0

which represents the probability of observing N5 or less, given that the signal hypothesis is
correct. To exclude a signal from a region, and not the signal + background (signal hypoth-
esis), a p-value for the case of signal only needs to be defined. In order to do so, a p-value

for the null (background only) hypothesis is defined as [33]

Nobs
0

which represents the probability of observing N, or less, given that the null hypothesis is

correct. By using C Ly p and C'Lp, we can define a p-value as [33]

CLnyB
CL, = )
CLg

(6.6)

which is used for the signal exclusion. This means that if CL, = 5%, the signal hypothesis
is excluded with 95% CL [35].
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In order to calculate the p-values and set a limit on the number of signal events, using
the procedure defined above, we generate 40,000 pseudo-experiments for each M, using the
probability distribution of the background only and signal hypotheses. In this procedure, we
use the cut-and-count method, i.e. for each string scale we set requirements on the invariant
mass [Mpin, 13 TeV| from table 3.1, pr and n* from Ref. [5] and count the number of events
that satisfy these requirements. Then by varying the number of signal events N, we find a
N that yields CL, = 5%.

Afterwards, equation (6.1) together with the values for acceptance calculated in chapter 5,
are used to convert the limit on N to a limit on the signal cross-section times acceptance,
figure 6.3, or cross-section, figure 6.4. Note that the limit calculation on ¢ x A is model-
independent since there is no signal information in the limit. As can be seen in figure 5.13,
since the acceptance drops only 0.12 over M, = [4,10] TeV, the shape of 0 x A and o does
not differ significantly in figures 6.3 and 6.4.

The solid black lines in figures 6.3 and 6.4 give the lower limit with C'L, = 5%, due to
any physics beyond the SM that might exist in the observed data. The black dashed line
is the average (or expected) value of C'L; assuming the background only hypothesis is true
and there is no signal. The black dashed line is a measure of how good an experiment would
exclude a signal from a region if the signal is not present [33]. Thus, the difference between
these two line in figures 6.3 and 6.4 comes from the fact that the ATLAS background esti-
mate and the results from an ATLAS paper [5] are not exactly the same in figure 6.2. 1o
(green) and 20 (yellow) bands around the expected 95% upper limit line are the error bands,
which imply that the observed 95% upper limit line should lie in the green (yellow) band for
approximately 68% (95%) of the time.

As can be seen in figure 6.3, the 95% CL cross-section times acceptance starts from 10 fb

at M, =4 TeV and drops two orders of magnitude over the range M, = [4, 8] TeV.



6.2. CROSS-SECTION LIMIT SETTING USING ATLAS RESULTS 55

T T T T T T T T T T T T T T T T T ‘ T T T T | T T T T ‘ I| T T T T T T T T
ATLAS H
]

10 — H —
: Vs=13TeV \ 3
= L=3710" H -
— |75% | < 0.6 \ —
- pr, > 440 GeV \ —

L pr, > 60 GeV I\

E ]
< 1= —
X E =
<] : .

————— First String Resonance
——e—— Observed 95% CL upper limit |
10" — o Expected 95% CL upper limit | —
C  mm + o band \ -
T [ +2cband | 7
—1 ‘ L L L L ‘ Il 1 1 L ‘ L L L Il | 1 Il L L ‘ L L Il 1 I L L L L ‘ Il 1 1 Il l‘ ‘ L L L L | 1
4 45 5 5.5 6 6.5 7 75 8
M; (TeV)

Figure 6.3: The expected (black dashed) and observed (solid black) 95% CL limits on
the signal production cross-section times acceptance versus the string scale. The green and
yellow bands represent one and two standard deviations from the expected limit, respectively.

The red dashed line indicates the cross-section of the string resonance for different string
scales.
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Figure 6.4: The expected (black dashed) and observed (solid black) 95% CL limits on the
signal production cross-section versus the string scale. The green and yellow bands represent
one and two standard deviations from the expected limit, respectively. The red dashed line
indicates the cross-section of the string resonance for different string scales.
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After setting a limit on the signal cross-section, we use the STRINGS event generator to
find the expected number of signal events resulted from our model for different string scales.
If the expected number of signal events, which is predicted by STRINGS for a string scale, is
larger than the number of signal events predicted by the CLg method, that has CL, = 5%,
we exclude the region below the string scale with 95% CL. The red dashed line in figures 6.3
and 6.4 is the cross-section of the signal events for our model, calculated by STRINGS. As
can be seen, in the region M < 7.4 TeV, the cross-section of the first string resonance is
above the observed 95% upper limit, which implies that the first string resonances do not
exist in this region with 95% CL.



Chapter 7

Summary

The string scale of string theory corresponds to energies far beyond accessible energies by
any collider on the Earth. However, in the D-branes formulation of the string theory, in large
extra dimensions, the string scale can be of the order of a few TeV, which makes it possible
to check for the signatures of string states in colliders. We utilized the cross-sections and
decay widths of the low-scale string resonances to write a Monte Carlo event generator for
the production and decay of string resonances in proton-proton collisions, STRINGS-1.00.
Requiring two conditions on the number of signal events N above background (N > 10)
and the significance S of the signal events (S > 5), we estimate the discovery potential for
string resonances at the LHC. We used the STRINGS event generator and performed a study
at parton level. We also performed the discovery potential using truth-level jets; table 7.1

gathers the highest string scales that satisfy the detectability conditions.

L (1) M, (TeV)
N > 10 S>5 (N > 10) & (S > b)
140 8.5 8.4 8.4
3000 9.4 9.1 9.1

Table 7.1: Highest string scales M, that satisfy the required detectability conditions, using
different luminosities L.

Assuming no acceptance or efficiency uncertainty, we performed a cross-section limit set-
ting study and excluded the region M, < 7.4 TeV, in which, with 95% CL, the first string
resonance is not present in the results from an ATLAS paper [5] with an integrated luminos-
ity of 37 fb=1. The 95% CL cross-section times acceptance lower limit starts from 10 fb at M,
= 4 TeV and drops two orders of magnitude over the range M, = [4, 8] TeV. Furthermore,
we used cross-section limit result by CMS to exclude the region below 7.4 TeV with 95% CL,
which is the same as our result. On the other hand, using a luminosity of 140 fb~!, we found
that the detection of the string resonances with M, < 8.4 TeV is still possible, table 7.1,
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which means that it is still possible to see the first string resonance in the region |7.4, 8.4] TeV.
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Appendix A
Parton-level validation plots for STRINGS-1.00

Parameters:

13000 Centre of Mass Energy (GeV)
22000 Number of Generated Events by STRINGS

8000 String Scale (GeV)

7142 Minimum Invariant Mass (GeV)

13000 Maximum Invariant Mass (GeV)

2.5 Upper Bound for the Rapidity of the Outgoing Partons
cteqbll PDF Set of the LHAPDF

8000 Scale at Which the PDF Set is Evaluated (GeV)

-1 Running Coupling Constant (alpha s without 4*pi Factor)
8000 Scale at Which the Running Coupling is Calculated (GeV)

0.005 Mass of the Down Quark (GeV)
0.002 Mass of the Up Quark (GeV)
0.001 Mass of the Strange Quark (GeV)
1.27 Mass of the Charm Quark (GeV)
4.4 Mass of the Bottom Quark (GeV)
172.0 Mass of the Top Quark (GeV)

false Disabled) Production of QCD tree-level diparton
true Enabled) Production of First String Resonance
false Disabled) Production of Second String Resonance
true Enabled) gg — gg Subprocess (ID = 1)

Enabled) gq — gq Subprocess (ID = 3)
Enabled) ggbar — ggbar Subprocess (ID = 4)
Enabled) qqbar — gg Subprocess (ID = 5)
Disabled) gg — gGamma Subprocess (ID = 6)
Disabled) gqg — qGamma Subprocess (ID = 7)

true
true
true
false

(
(
E
true (Enabled) gg — qgbar Subprocess (ID = 2)
(
(
(
(
false (
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A.1 Kinematic Variables of First Incoming Parton
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A.3 1IDs of the Incoming and Outgoing Partons
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A.4 Kinematic Variables of First Outgoing Parton
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A.5 Kinematic Variables of Second Outgoing Parton
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A.6 Kinematic Variables of the Two-Parton Combination
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Appendix B
Jet-level validation plots for STRINGS-1.00

Parameters:

13000 Centre of Mass Energy (GeV)
22000 Number of Generated Events by STRINGS

9000 String Scale (GeV)

8047 Minimum Invariant Mass (GeV)

13000 Maximum Invariant Mass (GeV)

2.5 Upper Bound for the Rapidity of the Outgoing Partons
cteqbll PDF Set of the LHAPDF

9000 Scale at Which the PDF Set is Evaluated (GeV)

-1 Running Coupling Constant (alpha s without 4*pi Factor)
9000 Scale at Which the Running Coupling is Calculated (GeV)

0.005 Mass of the Down Quark (GeV)
0.002 Mass of the Up Quark (GeV)
0.001 Mass of the Strange Quark (GeV)
1.27 Mass of the Charm Quark (GeV)
4.4 Mass of the Bottom Quark (GeV)
172.0 Mass of the Top Quark (GeV)

false Disabled) Production of QCD tree-level diparton
true Enabled) Production of First String Resonance
false Disabled) Production of Second String Resonance
true Enabled) gg — gg Subprocess (ID = 1)

Enabled) gq — gq Subprocess (ID = 3)
Enabled) ggbar — ggbar Subprocess (ID = 4)
Enabled) qqbar — gg Subprocess (ID = 5)
Disabled) gg — gGamma Subprocess (ID = 6)
Disabled) gqg — qGamma Subprocess (ID = 7)
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true
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KINEMATIC VARIABLES OF FIRST OUTGOING JET

B.1 Kinematic Variables of First Outgoing Jet
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Entries per 0.2 Bin

KINEMATIC VARIABLES OF FIRST OUTGOING JET
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B.2 Kinematic Variables of Second Outgoing Jet
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B.3 Kinematic Variables of the Two-Jet Combination
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