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ABSTRACT

SEARCH FOR SCALAR AND TENSOR UNPARTICLES IN THE DIPHOTON FINAL
STATE IN CMS EXPERIMENT AT THE LHC

Akin, llina Vasileva
M.S, Department of Physics

Supervisor : Prof. Dr. Mehmet T. Zeyrek

September 2009, 86 pages

We present a search for scalar and tensor unparticles in the diphoton final state produced in
ppcollisions at a center-of-mass energy+$ = 10 TeV, with the CMS detector at LHC. The
analysis focuses on the data sample corresponding to the integrated luminesit@@pb,
expected to be collected in the first LHC run. The exclusion limits on unparticle parameters,
scaling dimensionds; and coupling constanit, and the discovery potential for unparticles are
presented. This is the first simulation study of the sensitivity to unparticles decaying into the

diphoton final state at a hadron collider.

Keywords: Unparticle, Diphotons, Large Extra Dimension, CMS, LHC
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LHC'DEK | CMS DENEYINDE SKALAR VE TENSOR UNPARTCLE’LARIN CIFT
FOTON SON DURUMDA ARASTIRILMASI

Akin, llina Vasileva
Yuksek Lisans, Fizik BIUmU

Tez Yoneticisi : Prof. Dr. Mehmet T. Zeyrek

Eylul 2009, 86 sayfa

Bu tezde 10 TeV i#tle merkez enerjisindeki pp carpismalarinda olusan skalar ve tensor un-
particle’larin cift foton final durumlarinin LHC'deki CMS detéktinde incelendji bir ara-
stirmayi sunuyoruz. Analiz LHC'nin ilk calisma zamaninda toplanroagbrillen 100 pb?
toplam i1sinlga denk gelen veiirneklemesine odaklanmistir. Unparticle parametrélegiinde
dislama sinirlarigy, boyutu ileA baglasim sabiti, ve bunlarin kesif potansiyelleri sunulmak-
tadir. Bu, bir hadron carpistiricisinin ¢ift foton final durumuna bozulan unparticle’lara olan

duyarliligina dair ilk simulasyon ¢alismasidir.

Anahtar Kelimeler: Unpatrticle, Cift Foton, Genis Ekstra Boyutlar, CMS, LHC
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CHAPTER 1

INTRODUCTION

It is widely believed that the Standard Model (SM) [1], [2], [3] is not a complete theory of
particle physics, and that there is a new physics sector coupled to the SM, which can solve
various problems of the SM such as the hierarchy problem, baryon asymmetry of the universe
and the identity of dark matter. This new physics can have several forms. It can be weakly
coupled like supersymmetric theories or strongly coupled like technicolor. Supersymmetric
theories for example solve many problems in contemporary particle physics including hier-
archy problem. It has also additional sources of CP violation and dark matter candidates but
introduce too many particles which have still not been seen. Apart from verifying the SM ex-
pectations there is also another option - existence of a completely new physics scale invariant
sector. This is the idea of unparticles that was introduced by H.Georgi. He suggests that there
is a sector that is exactly scale invariant and very weakly interacting with the SM sector. The
tool that is used to describe this new sector of unparticle physid$eistize field theory [4]

which is valid below a cutfd scaleAq,. The main idea is that while the detailed physics with

a nontrivial scale invariant infrared fixed point is nonlinear and complicated at high energy
scale M), the low energy ffective field theory forAq; < Mg, can be very simple because

of scale invariance. The most relevant theories close to unparticle concept are the theories of
extra dimensions (Randall - Sundrum model) and unparticles are considered to be a simplified

version of these models.

In classical physics, the energy, linear momentum and mass of a free point particle are linked

through the relativistic equation [5]

E?=p?+n? (1.1)



where the speed of light is taken to be= 1. Quantum mechanics converts Eq. 1.1 into a
dispersion relation for the corresponding quantum waves, with wave numbessm and

low frequency cut-ff w (the Plank’s constant is taken to be= 1 and the speed of liglat= 1)

w? = K + . (1.2)

Unlike Equations 1.1 and 1.2, unparticles emerge as fractional objects which have non-
integral scaling dimensions, something that has never been seen before. The scale-invariant
world of unparticles is hidden from us at low energies because its interactions with the SM
particles are so weak. However if they interact, these particle interactions would appear to
have missing energy and momentum distributions. In that meaning, unparticles resemble
very much neutrinos. For example, neutrinos are nearly massless and therefore nearly scale
invariant. They couple very weakly to the ordinary matter at low energies, andftot ef

the coupling increases as the energy increases. It has been suggested that the existence of
unparticles enables a natural explanation for breaking of space-time symmetries in weak in-
teractions. They can give a solution to some of the problems existing in the SM like being a

new source for flavor and CP violation and dark matter candidate.
The structure of the thesis is as follows:

In Chapter 2 we give a short introduction to unparticle theory, show some examples of unpar-
ticle interaction with SM fields and their possible signatures in colliders. At the end, we quote
some of the astrophysical constraints that are imposed on unparticle parameters and discuss

the existence of unparticle as possible dark matter candidate.

In Chapter 3 is described the CMS detector at LHC, that is used for the simulation and de-
tection of unparticles decaying to a pair of photons. In the focus of our view is the ECAL
subdetector where the detection and identification of photons mainly occurs. At the end of
this chapter we explain how particles are generally detected in ffezeatit subdetectors and

discuss methods for their identification.

Chapter 4 describes the search for scalar and tensor unparticle in diphoton final state with
CMS detector at LHC. Our study is mainly focused on scalar unparticles but for completeness
of this work we give results for tensor unparticles as well. We show unparticle’s invariant

mass distribution for dierent unparticle set of parameters for spin-0 and spin-2 unpatrticle as

2



an enhancement over the SM Born background which is the main background to our signal.
Using Bayesian approach, exclusion limits on the unparticle parameters, scaling dimension
d¢, and coupling constant are set. We quote the luminosities needed to observe spin-0 and
spin-2 unpatrticles within the first LHC runs by taking into account the exclusion limits set on

the unparticle parameters.

Chapter 5 is a summary of the results obtained in Chapter 4.



CHAPTER 2

UNPARTICLES

2.1 Hfective field theory [4]

We live in a world in which there seems to exist interesting physics at all scales. To do
physics easier, it is convenient to be able to isolate a set of phenomena from all the rest and
to describe it without having to understand everything. In that meaning the parameter space
of the world is divided into dferent regions, in each of which there isfdient description

of physics. Thereforefective field theory is an approximate theory that describes physical
phenomena occurring at a chosen length scale while ignoring phenomena at shorter distances
or higher energies. fEective field theory describes physics at a given energy d€ak®

a given accuracy, in terms of quantum field theory with a finite set of parameters. The
effect of physics at higher energies on the physics at the &ddedescribed by series of
interactions with integral mass dimension from two to infinity for renormalizable interactions
and including nonrenormalizable interactions of arbitrary high dimensions. The principles of

the dfective field theory are:

1. There are finite number of parameters that describe the interactions of each dimension,
k—4;

2. The codficients of each of the interaction terms of dimendion 4 is less than or of

order of

1
VT where E<M (2.1)
for massM that is independent from dimensi&n

4



These conditions ensure that only a finite number of parameters are required to calculate
physical quantities at enerdy to an accuracy, because the contribution of interactions is

proportional to

(E) . 2.2)

Thus the terms that are included in the calculations are up to dimeksadwhich there are

only finite numbers

E\ _ _ In(1/¢)
(M) X € = ke X W (23)

Going up in the energy scale, the nonrenormalizable interactions for ankfipembmes more
important. k. increases and before energies of orlierthe nonrenormalizable interactions
disappear and become renormalizable. Then there is a fieetiee theory and the process

starts over again.

If we could have one theory valid at all scales it would not be necessary tofliesive
theories. However due to our ignorance at high energy scales we put some constraints and try

to describe physics only in a given region.

2.2 Unparticle theory [6]

Unparticle theory is an example of low energ¥eetive theory valid below some scalg;.

This theory introduces a new idea [7] of a scale invariant sector in the SM that interacts very
weakly with those sectors of the SM that have already been observed. The objects that make
that sector, have been given the name unparticles. In order to study the new sector one can use
ideas from Conformal Field Theories (CFT). Conformal (scale invariant) theory is a quantum
field theory that is invariant under conformal transformations. The necessary conditions for a

guantum field theory to be scale invariant are:

e There are no dimensional parameters like masses;
e At quantum level there is a need of a fixed point ofgdlnctions.

5



Scale invariance has been known since many years in the physics world. Near a fixed point
(critical point), field theories show scale invariance. A theory is said to have fixed point once
the B8 function for the theory vanishes. Tigefunction is Callan - Symanzik function which
reflects the change in the coupling constant of the theory as the mass scale increases. In

generalg vanishes when going to smaller mass scales at zero coupling constant.

It was mentioned before that unparticle theory is a low eneffpctive theory. To get there,

in Quantum Field Theory (QFT) there is a standard procedure that uses a renormalization
group flows. This means that one can change the mass scale of the theory by a multiplicative
factor. Such process rescales every field that has a non-zero mass dimension by the same
factor raised to the power of the mass dimension of the field. Mass rescaling can not change

the zero mass of an object, therefore the theory of a free massless particle is scale invariant.

First the idea of a theory with scale invariance in the infrared was put forward by Banks-Zaks
(B82) [8] who studied gauge theories with non-integral number of fermions. These theories
have conformal invariance which implies scale invariance or theory looks the same at all
scales. The SM is not conformal theory since couplings depend on scale and the Higgs mass
breaks the conformal invariance. According to [7] at very high enerdies (A¢/) theory
contains both fields of the SM and fields 8fZ sector with non-trivial infra-redAR) fixed

point. An infra-red fixed point corresponds to a non-trivial value of the coupling constant.
The SM sector and the hidde&#Z sector interact via the exchange of particles of very large
massMq, and they are coupled through non-renormalizable couplings. The interaction below

some scaléVl¢, takes the form

OsmOgz

i (2.4)

whereOs v is SM operator of mass dimensidg v, Ogz is ultra-violetBZ operator of mass

dimensiondgz and the total mass dimension of the new term is

d=dsm+ dgz -k (25)

In four spacetime dimensiomk= 4, in order for the action to be dimensionless

6



k= d5M+dgz—4. (26)

Moving down the energy scale froid, to A¢, the hidden sector becomes conformal and
the BZ operatorOgz above scalé\q, flow to the unparticle operatd@q, for E < Aqs. Aq
is the scale at which dimensional transmutation occurs. If unparticle op&atdras mass

dimensiondq, then

Opz = CuATsZ ™0y 2.7)

whereCq, is a codficient in the low energyféective theory expected to be of order 1.

Using Equation 2.7 one can rewrite 2.4 to obtain the coupling of the unparticle op@xator

with the SM operatoOs y in the low energy ffective theory

dgz—dy
C’LIA(L,

K OsmOq; = A0s MOy (2.8)
U

whereA is the new coupling constant which has mass dimengjcadgz —dg, — k. Mgy must
be much larger than the scalg, so that the coupling constantis very small for unparticle

fields to not couple strongly enough to ordinary matter to have been detected.

We do not know anything about scale invariant sector above TeV scale but usirftgittere

field theory below the scal&;, one should be able to see unpatrticles at LHC.

2.3 Phase space for scalar unparticle [9]

It was shown in Chapter 1 that all dimensional quantities, time and space, are tied together

and therefore must scale together. If time and space are scaled up, energy and momentum
must be scale down. In classical physics and quantum mechanics there is a fixed non-zero
massm that breaks the scale-invariance. Energy and momentum can not be scaled without

changing the magsn. Therefore only theories of free massless relativistic particles have scale

invariance.



If a state of free massless particles exists Wi @;), one can always make a scaled state with
(AEj, APj). Fermi’'s Golden Rule is a way to calculate the transition rate which is probability
of transition per unit time from one energy eigenstate of a quantum system into a continuum

of energy eigenstates and is given by the equation

2r
Pit = %|Mif|2,0f (2.9)

where|Miz| is the amplitude of the process apéd is the density of final statesos can be
expressed also as a number of quantum states in a cubical box with Bigee to the periodic

boundary conditions in the box

B = 2/l (2.10)

The phase space of the free massless patrticles is given by

#states  d®p

do(p) = EERT = (2.11)
and its relativistic form is
d3p d*p
do(p) = = 6(p”)8(p?) —=. 2.12
o(p) PEn) (P7)o(p )(271)3 (2.12)
If there is one massless patrticle, its phase spiagés defined as
d®p d*p
d = = 0(p°)6(p?) —= 2.13
p1(p) PE2n) (P7)o(p°) PRE (2.13)

with E = p° = |p].

If there are two massless particles in the final state that we do not see and all we know is their

total energy-momenturR, the combination of their phase spaces is given by

8



[f[ ZPJJljlé(p)e(po)(Zﬂp] p

d*P
= dp,(P) = —H(PO)H(PZ) G (2.14)
Forn massless particles the spectral density function is
don(P) = [f [ Z p,J Ué(p,z)é(po) (%)3]
_ o2 p2y-2 4P
= AWU(P)O(P?)O(P?) 20" (2.15)
with
A= 167°2 T(n+1/2) (2.16)

(2n)2 T'(n - 1)r(2n)’

Now lets look at the two point function of a scalar unparticle oper@gr It has the following

form

(0lgP*0y(0)eP*0j, (0)10)
[ @ [ ar@ou@uirie ooy

(010%/(X)0},(0)0)

d4 A

wherepq, (P?) is the spectral density given by

u(P?) = @0)* [ 46" (P - p1) KOO (2.18)

Since Equation 2.18 is a scalar function it can depengP8hands (P°) and therefore

u (P?) = Ag,0(P°) 0 (P?) (P?) (2.19)
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whereA,, anda are dimensionless constants that depend on the scale invariant theory. The
scale invariance implies that= d¢, — 2 [10]. It is easily seen, after comparison with Equa-
tion 2.15, that Equation 2.19 corresponds to phase spatenassless particles of total mo-

mentumP with phase spacan6 (P°) ¢ (P?) (PZ)"_2 _
It follows that unparticles look the same dg massless particles, whedg, — n and

Ag,, — An with

1675/2 F(dﬂ + %)
Ao = % T(dyy — D 2dar)

(2.20)

The conclusion is that for fractiondy,, the objects created ¢, can not be ordinary parti-

cles but instead something else which is named as unparticles.

If we allow an interaction between unparticles and standard model particles, this takes the

following form

AUsz-du

€OsmOy;, Where € = f‘li/l—k (2.21)
Uu

After inserting some standard model proc8d9¢, 0.t iIn Equation 2.21

€2(S MouOs MIS Min){U|O0q/|0)? (2.22)

the result is a production of unparticle which is equivalent to missing energy and momentum.
The probability distribution of the above interaction is proportional to the phase space for
scale invariant unparticle which goes lilp¢; and looks like the production af;; massless

particles. All this can be shown in more details by working out the unparticle propagator. It

will be discussed in the following chapter.
In conclusion, unparticles are:
e The particle formulation:
All particles are either massless or their mass spectra are continuous. In the SM theory

there are plenty of particles with non-zero masses however in a scale invariant theory

we can not have a definite mass unless it is zero.

10



e The field formulation:
Scale invariant fields have no particle excitations with definite mass other than zero.
The "response” of the field to an injection of energy is not particle creation, but an

effective dissipation of energy. This field is called unparticle.

2.4 Unparticle propagator [10]

2.4.1 Scalar unparticle propagator

Scale invariance almost determines unpatrticle propagator completely. In momentum space

the propagator for scalar unparticle can be written as a dispersion integral

A,:(PZ) _ 2ﬂf AdruMZ) ZdMm?2

- M2 +ie

00 MZ M )
) %j; AdwpzzMz —izA(P) T (P)0(F)  223)

with Aq,, defined in Equation 3.5.

In orderA(P?) to be scale invariant it is assumed titgt(P?) = Z(M(—Pz)d”_2 [10], where

. . dy—2 .
Z4,, is a factor to be determined. The complex functﬁerﬁ’z) “"* has the following values

( Pz)dw_z |P2|*e? P2 <0 No complex phase (2.28)
|P2'd“_2 exp(idgn)  P?2>0 Complex phase '
For time-like momenta, wheR? > 0
Ady
= — 2.2

Zdu = 2 sin(dq) (2.25)

and the final form for scalar unparticle propagator is

Ad dy—2

Ap(P?) = l P2) " 2.26
F(PY) = Zsm(drwr)( ) (2.26)
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This shows that the propagator can be understood as a sum over resonances with their masses

continuously distributed.

Whendq, — 1+ ¢, for small positivee, the standard results can be obtained

1
2
ol 0 ()= 5 @2

The constraints on scalar unparticle dimensidpsre [11]:

e Lower bound:dy; > 1 imposed by unitarity.

e Upper bounddy, < 2 because fod;, > 2 the propagator becomes infinite.

In general, for large values afy, the interaction between unparticles and SM particles be-

comes too weak.

2.4.2 \ector and tensor unparticle propagator

In a similar way as it was done for scalar unparticle, the two point function and propagator
can be derived for vector and tensor unparticle. The vector and tensor unpatrticle’s two point

functions are

(0104,()0L;(0)j0) = Ag, f PR e P9 (P0) 0 (P?) (P “n(P)  (2.28)

(OO (05T )0y = Ag, f ﬂe—‘F"Xe(PO)a(PZ)(|32)"1"2TW»P”(F>) (2.29)

(2n)*
where,
I (2:30)
TH#7(P) = %{ﬂ“p(P)n”(P)+nﬂ“(P)fr”P<P>-%ﬂ”y(P)’f”(P)}- (2.31)
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The propagators for vector and tensor operators are

2 (P)],, = %M(—Pz)dﬂ_zﬂw(m (2.32)
dy—-2
[AF(PZ)]WW - #(dwr)(_lﬁ) Ty (P)- (2.33)

All unparticle propagators are taken to be hermitian and transverse. Tensor unparticle propa-
gator is also taken to be traceless. The constraints on vector and tensor unparticle dimension

dq are [11]:

e Lower bounds:d¢; > 3 anddy, > 4 for vector and tensor unparticle respectively

imposed by unitarity.

e Upper bounds: To set an upper limit digy for vector and tensor unparticles is prob-

lematic.

Therefore our study will be mainly focused on scalar unparticles. Nevertheless, for com-
pleteness of our search we will repeat the analysis done with scalar unparticles for tensor

unparticles as well.

2.5 Hfective interactions [10]

General unpatrticle coupling to the SM

The unparticle is coupled to the SM by terms of the fdD@yOckT, WhereOcgt can be
scalar, vector or tensor operator. The interactions depend on the dimension of the unparticle
operator and whether it is scalar, vector or tensor. This is a list of some offfémtivee

operators which describe how unparticle interacts with SM fields at low energy:

Spin-0:
lo—r_FfOy, A Fiy510g.  do—=—G,s GO (2.34)
OAd’”_l U> OAd'Ll—l Y YU, OAd"” af U :
u u
Spin-1:
L 7, o o
/hw YulSYqs ﬂlw YuYs 1Y (2.35)
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Spin-2:
1. 1 -, o PN , 1 ity
‘Z&ZATW‘“(V# D, +v DO, AZEGWGVO‘;, (2.36)
u u
Here Oq, Oﬁ‘u andO‘,‘J stand for scalar, vector and tensor unparticle operafois standard
model fermiony is standard model fermion doublet or singlgtare dimensionlesdiective

: d dswtdsz—4  : . .
couplmgsCoiuA,LfZ/M,LfM+ #27" D is a gauge covariant derivative.

Virtual exchange of unpatrticle
Virtual exchange of spin-1 unparticle between two fermionic currents correspondtbtg to

leads to 4-fermion interactions

p2 \du-2
M= Aiz%Aiz[—A—g’] (Fayuta) (Tar'fa). (2.37)
u u

There are two important characteristics of this amplitude which give rise to interesting fea-
tures of unparticles. The first one is the (-) sign in fromPﬁj in Equation 2.37 that gives

a phase factor exp{rdq,) for time-like momenturrP?u > 0, which leads to nontrivial in-
terference patterns with SM amplitudes. The second feature is that the amplitude scales as
(s/82)""

of the unparticle amplitude. Fal;; = 1 the amplitude is like that of photon exchange. For

1 : . . . . .
, which for different values of the scaling dimensidn can lead to various forms

dy; = 2 the amplitude reduces to the conventional 4-fermion interactiondfot 3/2, the
amplitude scales ag/s/A¢, and has an unusual behavior.dlfy = 3 the amplitude becomes

2 . : .
(s/A%,) , which resembles the exchange of Kaluza-Klein (KK) tower of gravitons.

On the other hand, the virtual exchange of spin-2 unparticle between two fermionic currents

corresponding t@ffJ leads to the following 4-fermion interaction

1 1 2 \Ody—2 _ _
3 o

X [(pr+ P2) - (3 + Pa) + (P2 + P2),(P3 + Pa), |- (2.38)

In this case the amplitude is further suppresseddiyr¢)? relative to the one for spin-1
unparticle and is similar to spin-2 graviton exchandg & 2). Therefore the cross section
for spin-2 unpatrticle is identical to the graviton’s cross section with the following translation

of parameters

14



du =3 +1 (2.39)

wheren is the number of Large Extra Dimension (LED) that can take only integer values
with respect tadg; which can take also non-integer values. Therefore unparticle models can
be considered as a slight generalization of an extra dimension model. Based on that, in our
analysis where we search for unparticles in diphoton final state, we use many common tools
which have been developed by analysis searching for LED in diphoton final state. This will

be discussed in details in Chapter 4.

Now, knowing how unparticles interact, we will give some examples of unparticle produc-
tion via direct unparticle emission and indirect interferenfieat or also known as virtual

unparticle exchange.

2.6 Direct production of unparticles

The main signature of the real emission of unparticles includes missing energy and momen-

tum. Some of the processes involving real unparticle emission are:

1. Mono-photon events:

e e e - yU,ZU [12]

e Quarkonia— yU [13]

e Higgs— yU [14]

o Z— yU[13], [15]
The energy distributions of all these processes are very sensitive to various choices of
the scale dimensiody,, both for vector and tensor unparticle production. The non-

integral value ofdg, results in a peculiar form of the recoil mass distributions and the

photon energy.

2. Monojet production [16]:
* 99— gU
* qq—gU
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* qg— qU

* g9 —QqU
In comparison with mono-phot¢gmono-Z plus unparticle production, the monojet plus
unparticle signal will be very dlicult to analyze at LHC [10]. There is only one jet
at the final state which means that not many observables can be reconstructed. The

matrix elements of the cross section for these processes strongly depend on the scaling

dimensiondy, and their &ect is completely washed out due to parton smeariferts.

Extended analysis that compare unparticle and ADD graviton emission in mdiojet
spectra was done in [16]. It has been concluded that while the unparticle predictions
themselves are flicult to distinguish, they are all easilyftirentiable from those of the
ADD model. Figure 2.1 shows comparison of the mon&egetdistribution in the ADD

model with scalar and vector unparticl&s distributions.

104 p—r—r—r—r

EVENTS/25 GEV/100 fb~"'

. _,IHWLL—T"IL[ q
e B [

500 1000 1500 2000 2600

Figure 2.1: Comparison of the prediction for the mond&jetdistribution in the ADD model
with Mp = 4 TeV ands = 2 (red) with scalar (green and magenta) and vector (blue) unparticle
for chosen unparticle parameters. SM background is shown in black [16].

3. Zdecay [12]:Z —» ffU
This process, in analogy with the mono-photon events in the final state, is very sensitive
on the scaling dimensiody, of the unparticle operators. Wheh; — 1 the results
approach the SM process$ — qqg’.

4. Top quark decay [7]t —» bU
Whendq; — 1isrecovered the SM two body decay kinematics. However whes 1,

there is a continuum of energies which shows that unparticle does not have a definite
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mass.

2.7 Virtual exchange of unparticles

The virtual exchange of unpatrticles is another indirect way to search for their existence. They
were studied in great detail in [10], [12] and [17]. Some of the processes that include
virtual unparticle exchange are Drell-Yag, qq — U — e€*e” and fermion pair production

ee >U—- uu.

The unparticle propagator has a very complicated nature because of the non-integral values of
the scaling dimensiodq,. This can give rise to interferencéfects among the amplitudes of

the unparticle and SM fields. Fete™ - U — u*u~ ithas been shown that these interference
effects depend on the scaling dimensaiyp and the forward-backward asymmetry, and are
most observable at thé pole. Similar interferencefkects has been observed for Drell-Yan

procesgg, qq — U — €"e in [10].

The diphoton production mediated via virtual unparticles gives another example of interfer-
ence &ects of unparticles with SM fields. These processes has been studied both and
hadronic colliders. Ire"e™ colliders [10], it was argued that the diphotons coming from un-
particles can be discriminated more easily from the SM diphotons using angular distribution.
In this case, the SM angular distribution is very forward with majority of its cross section
at|cosg,| close to 1 with respect to the unparticle one. This distribution was also shown to
be strongly dependent on the unparticle scale dimendignIn this thesis, we will focus

our search to detect unparticles in diphoton production in the hadronic collider LHC. We will
show how unpatrticles can be distinguished from the SM diphoton production usiegedt

kinematical distributions like invariant mass, angland rapidity.

On the other hand, virtual unparticles can also interact among themselves. This is called self-
interaction and has the form @fp - U — U ... U that leads to two or more unparticles in

the final state. In SM processes the addition of every Ipglparticle in the final state leads

to decrease of the production rate. However, creation of additionalgriginparticles does

not suppress the rate [18]. The cross section of such a process can be suppressed mainly by

conversion back of the unpatrticles to visible particles.
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The self-interaction of unparticles produced in proton proton collispms> U - UU —

can lead to the following final stategyyy, yyZZ,ZZZZ yyl*1=, ZZI*|~ and 4.

In [19] further were developed techniques for studyignparticle self-interactions. It has
been argued that just like the interactions between particles produce new particles, the unpar-
ticle self-interactions cause the production dfetient kind of unparticles. For that purpose a

simplified Sommerfield model of the Banks-Zaks sector is being used.

2.8 Unparticle decay [20]

In Section 2.6 we discussed unparticles that escape undetected from the detector and manifest
themselves as missing energy. In fact, unparticles can decay back to SM patrticles just like
normal resonances. Therefore,in general, unparticles may not be characterized by missing
energy signals but instead decay to some known particles. Depending on the unparticle’s

lifetime they can show their existence by various ways:

e Short lifetime: Prompt decays;
¢ Unpatrticle travel a macroscopic distance before decaying: Delayetgletdons;

e Long lifetime: Monojets and missing energy.

To see how unparticle decay, we sum the corrections from all loop diagrams. The unpatrticle
is regarded as a sum over several particle propagators and the full unparticle propagator is

given by

iBd,,
(P2 - 12)*™® - By, 2(P?)

f &PX(0|T (Og4(X)Oq,(0))I0yd*x = (2.40)

where the loop diagram is pure imagingyp?) = —3,(p?) and is proportional to the width.
The mass gap is a scale in the CFT that is been introduced after the coupling of unparticle

to Higgs field [20].Bg,, is given by

(én) 2

Bau = A3 gindom (2.41)

18



with Aq,, defined in Equation 3.5.

If the above assumptions for the propagator are correct, then the unparticle is allowed to decay
to SM particles. Its decay wid(M), which is a sum over the infinite set of resonances with

massM, required by unitarity is

d-1Aq

LMZ)(MZ —u?) ~ cot(rd). (2.42)

rm) = 2-dM
Therefore unparticle’s lifetime E-1(M).
Suppose the unparticle has the couplings

Oy F . F* N OuG,, G

Lint =
dy dy
AF AG

(2.43)

whereF,,, G,, are the electromagnetic and color field strength, Apd A are scale cou-
plings. Unpatrticles can be produced through processegtike gOy, that lead to monojet
production when unpatrticle’s lifetime is long enough. Subsequently, they can decay either to
gluons or photonsO¢; — ggandOq, — yy. Depending on the lifetime of unparticle, the

final state can be:

o If the lifetime of unparticle is less than 1p8the decay is prompt. In the final state

there are two photons with an extra hard jet;
¢ |f unparticle decay outside the detector there is a monojet signal and missing energy;

¢ If unparticle decays before exiting the detector there are photons or gluons which can
be detected with a time delay given by the lifetime of the unparticle. Because the
unparticle will be strongly boosted, the decay products will be collinear and appear as

single photofjet accompanied by hard jet.

Figure 2.2 shows the number of events of each type of decays as a function of the mass gap
for d¢y = 1.1 andA4¢, = 10 TeV. It was additionally required that the jet has energy more than

100 GeV, the detector is 1 m in size and delays of 100 ps can be measured.
The conclusion from Figure 2.2 is that:
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Figure 2.2: Number of events with 161 as a function of the mass gap The solid (red)
line corresponds to prompt events, the dot-dashed (blue) line corresponds to monojet events
and the dashed (green) line corresponds to delayed events [20].

e Foru > 10 GeV, there are only prompt events;
o If 4 <100 MeV, there is significant number of monojets;

o If u ~ 1 GeV, large number of delayed events.

2.9 Unparticle mass gap

A comparison between all the unparticle production processes shown till now leads to the
following conclusions. A real unparticle production manifests itself as missing energy and
momentum. A virtual unparticle production is a very rare process which leads to interfer-
ence &ects with SM processes. A multi-unparticle production which occurs when there is
self-interaction among unparticles, leads to spectacular signals in the colliders. All of these
processes are distinguishable from other physics processes through bizarre kinematic proper-

ties of the unparticles.

Till now we assumed that below some scAlg the unparticle sector is scale invariant. How-
ever it might not be correct. In [22] and [23] it has been suggested that scale invariance may

not be an exact symmetry at low energy.

When scalar unparticle operator couple to the SM Higgs field, it can break the scale invari-

ance by introducing a scafe It means that unparticle physics is only possible in a conformal
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window which leads subsequently to a modification of the unparticle propagator and to many
new implications as existence of unresonances [24], Higgs physics [25] and colored unparti-

cles [26].

Now we will argue that the interactions between unparticles and SM sector induce a mass
gap,u. The mass gap is a scale at which conformal theory for unparticles is broken. This can

happen due to the coupling of unpatrticles to the Higgs sector which takes the form

dpz—dy
U 2
Cu Mgfz_z [H|“Oq. (2.44)

When the Higgs gets a vacuum expectation value (vev), the Higgs operator breaks the confor-
mal invariance of the hidden sector and introduces a gcal& the CFT. At this scale, the
unpatrticle sector flows away from its fixed point and the theory becomes nonconformal. The

breaking scaley, at which this happens is found to befstiently low and has the form

dgz-d
A BZ YU
ot - (2 M2, %\ 2.45
e o (2.4

wherev is the Higgs vev. Below this scale the unparticle sector becomes traditional particle

sector.

2.10 Unpatrticle astrophysics and cosmology [27]

There are many bounds on unparticles imposed by SM processes [13] however the most strin-
gent ones come from astrophysics and cosmology. These constraints impose that unpatrticles
can not be observed at high energy colliders. However all these constraints can be avoided if
there exists an unparticle mass gap which makes possible unparticle physics only in a confor-

mal window as discussed in Section 2.9.

Assuming there is no unparticle mass gap and for the completeness of our study, in this
chapter we show the implication of astrophysics and cosmology on unparticle production and

the possible constraints on its parameters [28], [29], [27].
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2.10.1 Limits from astrophysics

Astrophysical limits on unparticle production include constraints from 5th force experiment
and the energy loss from red giants and supernova SN1987A. Table 2.1 lists the lower bounds

on Mq; from energy loss from supernova SN 1987A, red giant and 5th force experiment.

Table 2.1: Constraints on unpatrticles from energy loss from supernova SN 1987A, red giant
and 5th force experiment [27].

My dy =1 dy =4/3 dy =5/3 dy =2
SthForce | 3.8x10YGeV | 1.8x10%GeV | 3.4x10’GeV | 6.7x10°GeV
Redgiant | 2.2x109GeV | 4.2x10°GeV | 1.4x10'GeV | 5.1x10°GeV
SNI987A | 3.2x10°GeV | 3.6x10°GeV | 4.5x10°GeV | 55x10°GeV

Constraints on the messenger’s mégg from supernova SN 1987A were imposed by the
emission of unparticles via nucleon bremsstrahlumg 6 — n + n + U). In the case of
red giant star, the constraints were imposed by production of unpatrticles via bremsstrahlung

(e+ H* - e+ H" + U), whereH™" is hydrogen, and Compton process{e — e+ U).

2.10.2 Constraints from cosmology

Cosmology imposes limits on the unparticle parameters based off¢lce @& Big-Bang Nu-
cleosynthesis (BBN) of the unparticle energy density produced by thermal SM patrticles. If
unparticle density is stable at the time of BBN, we can put constraints on the messenger mass
Mgq, and temperatur@ of the SM. It was found that the temperatureof the SM particles

depends on the mass the messenger paiglan the following way

M 6/5
T< 1.8( - oo;/[ev) . (2.46)

For Mq¢, near its lower bound the temperature of the SM sector has upper boud@ TeV.
When 11 < dyy < 2,2 < dgz < 4 andA¢, 2 1 TeV the messenger mass was found to be

Mq, 2 20— 2400 TeV.
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2.11 Unparticle dark matter [30]

Majority of the energy in our universe is carried by dark matter and dark energy. Since there
is no suitable candidate for dark matter in the SM, a search for a new physics beyond the SM

is necessary. It was suggested that unparticles can be this appropriate dark matter candidate.

In general the relic abundance of the dark matter is obtained by solving Boltzmann equation

aY __(ov

= hy s(Y? - Y2q) (2.47)

where,

Y is the ratio of the dark matter density to the entropy density of the universe;
- His the Hubble parameter;

- X =my/T with mg; unparticle mass ant the temperature of the universe;

- (ov) is the averaged annihilation cross section;

- Yeq is the abundance of dark matter at equilibriuMq = (0.434/g*)x¥2e"% with
g* = 86.25.

The solution of this equation gives the present abundance of dark matter which is also ap-

proximately given by the following equation

_1.07x 10°x;GeV1

2
on? = o (2.48)

wherex; is the freeze-out temperature of the dark mattermpd = 1.22 x 10'° GeV is the

Planck mass .

We are interested in the interaction between unparticle and SM Higgs doublet, because this is
the most important process at low energies. We also assume that unparticle is massless but it

obtains mass through its interaction with Higgs doublet and become a dark matter candidate.

The annihilation cross sectiony, can be calculated considering all the possible processes

through which unparticle can annihila@t — h - W*W~-, ZZ, ff. Afterwards, the
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value ofov is substituted in Equation 2.48 to find the relic abundapigfor different Higgs

masses.

Figure 2.3 illustrates the relic abundan€®y?, of the unparticle dark matter as a function
of Higgs boson massy. Subsequently, the relic abundance of the unparticle dark matter is

shown in Figure 2.4 inrfy,, my) plane.
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Figure 2.3: The relic abundance of the unparticle dark matter as a function of the Higgs
boson mass for given unparticle masses, together with constraint on the relic abundance from
WMAP measurement [30].
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Figure 2.4: The relic abundance of the unparticle dark matter. The shaded area is the allowed
region for the WMAP measurements at 2onfidence level [30].

Considering the existing constraint on the relic abunda&itefrom WMAP satellite to be
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0.096 < Oh? < 0.122 (2.49)

it can be concluded that the unparticle masg, should be around electroweak scale.
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CHAPTER 3

THE LHC AND THE CMS EXPERIMENT

3.1 ThelLHC

The Large Hadron Collider (LHC) [31] has been constructed in the already existing LEP tun-
nel 100 m underground which straddles the Swiss and French borders and has circumference
of 27 km. The LHC is primarily designed to collide two beams of protons, though heavy ions
will also be collided for approximately one month of every year. Proton (ion) beams with
energy of 7 TeV will be collided by magnetic fields of up t@8 Tesla at a design luminosity

of L = 103%cm2s 1.

In the last twenty years, the LEP and Tevatron experiments have confirmed many of the the-
oretical predictions of the Standard Model. LEP measured the masses and properties of the
W+* andZ bosons and Tevatron discovered the top quark and measured its mass to a precision
of 1 %. However there are still many unanswered questions like origin of mass, the matter

antimatter asymmetry and the unifcation of the four fundamental forces.

The LHC machine is designed for discovery and to study physics at TeV energy scale. For in-
stance, Higgs boson is the only particle in the SM, if it exist, that still has not been discovered.

The LHC will search for the Higgs boson, up to scales of 1 TeV.

The layout of the LHC is shown in Figure 3.1 and some important design parameters of LHC

are given in Table 3.1.

LHC is designed to collide protons. They were chosen over leptons, in order to reach higher
energies. Accelerating either electrons or protons in a magnetic field is accompanied by

energy loss through synchrotron radiation. This energy loss is proportionat‘tavherem
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Figure 3.1: The layout of the Large Hadron Collider.

is the mass of the particle. Therefore the energy loss is much smaller for heavier protons.

Before entering the LHC ring, protons are prepared through a series of systems that succes-
sively drive up protons energy levels in order to be reached the injection energy for the LHC.
First protons are accelerated in Linear Accelerator (LINAC) to energies up to 50 MeV. The
particles are then injected into Proton Synchrotron Booster (PSB) to reach energiesdip to 1
GeV and later into the Proton Synchrotron Ring (PSR) to 26 GeV. At the end particles enter
Super Proton Synchrotron (SPS) where their energy is increased up to 450 GeV. Afterwords
the protons are injected into the LHC ring and accelerated there many times in order to reach
the designed energy of 7 TeV. The overall time for the protons to be accelerated in the subsys-
tems is approximately 16 minutes. After that the time to reach the collision energy of 7 TeV
counted from the time when the particles were injected into the LHC ring is approximately
20 minutes. The total time for one turnaround at the ring is about 70 minutes. The integrated

luminosity for one run can be then calculated using the formula

Lint = Lo [1— e Ten/™], (3.1)
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Table 3.1: Design parameters of the LHC.

Particle Detection method
Beam patrticles pp

Injection energy 0.45 TeV

Beam energy 7 TeV

Number of dipole magnets 1232

Luminosity 10%4cnr?st
Particles per bunch 1.1x 10t
Number of bunches 2808

Bunch spacing 25ns

wherely is the peak luminosity value, is the luminosity lifetime, Ty, is the total length
of the luminosity run. For 1 year run it has been calculated that the integrated luminosity is

around 100 fb!.

The LHC will resume operation in November 2009 initially at 7 TeV center of mass energy
and once significant amount of test data has been gathered will be increased to 10 TeV. At the
end of 2010 the LHC will be shut down and work will begin on it to allow it to operate at 14

TeV center of mass energy.

This work is performed to do analysis at 10 TeV center of mass energy and data sample
corresponding to integrated luminosity of 100-pbexpected to be collected at the first LHC

run.

Superconducting dipole magnets are used to deflect the protons around the ring and quadrapole

magnets are used to focus the two beams together.

There are four main experiments at LHC: ALICE, ATLAS, CMS and LHCb. ATLAS (A
Toroidal LHC ApparatuS) and CMS (Compact Muon Solenoid) are general purpose detectors
that are designed to search for new particles. ALICE (A Large lon Collider Experiment) is
designed to study heavy ion collisions and in particular quark-gluon plasma, which is the
state of matter shortly after the Big Bang. LHCb is designed to study the CP violation by

measuring the properties of b-hadrons.
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Figure 3.2: A perspective view of the CMS detector [32].

3.2 CMS[32]

The Compact Muon Solenoid (CMS) experiment is one of the four detectors that have been
designed to exploit the physics opportunities presented by LHC. The overall dimensions are
a length of 216 m, a diameter of 16 m and a total weight of 12500 tons. Every 25 ns, beam
crossing occurs in the CMS detector at a rate of 40 MHz which gives 1 billion events occurring
in the CMS detector every second, which all need to be analyzed in extremely short time. In
order to extract physics from these interactions it is important to have fast electronics and
very good resolution. Because these events occur very quickly, a large amount of disk space

is necessary, thus it is be better to store only the "interesting” events by precise triggering.

The CMS detector has a barrel design with two endcaps covering the largest possible angular
range. CMS is designed to take measurement of every known particle, in order to search for
new particles. Each subdetector of CMS can identify and meastiezatit set of particles
which dfects the usage of various technologies for each of the subdetectors. The main dis-
tinguishing features of CMS are a superconducting solenoid wfi&sla magnetic field, a
full-silicon-based inner tracking system and a homogeneous scintillating-crystals-based elec-

tromagnetic calorimeter. The CMS detector was built to provide mainly good muon detection
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and resolution. The overall view of CMS detector is shown in Figure 3.2.

3.2.1 Coordinate system

The CMS detector is located north of the LHC center and the origin of the CMS coordinate
system is the CMS collision point. Theaxis is horizontal, pointing south to the LHC center.
They-axis is vertical, pointing upwards. Tlaeaxis is horizontal pointing west. The azimuthal
angleg is measured in the—y plane and the polar anglds measured from theaxis which

is orthogonal to thex — y plane.

The relativistic approximation to the true rapidytyis given by the pseudorapidity,= — In[tan(©/2)].
The components of energy and momentum measured to the beam direction are #@gnoted

and pr respectively and any imbalance in the vector suripfs denotedE?"SS.

3.2.2 Superconducting magnet

CMS has a large superconducting solenoid magnet that will provide a strong magnetic field of
3.8 T. In this field charged particles can be bent and their trajectories can be measured in order
to find their momenta. The solenoid magnet is 13 m long and has inner diameter of 6 m and
consists of a superconducting coil inside a vacuum tank, a magnet yoke (barrel and endcap)
and ancillaries such as cryogenics and power supplies. At full current the total energy stored

in the magnet is 6 GJ.

3.2.3 Inner tracking system

The tracker has cylindrical shape with length d8 B and diameter of.8 m, and consists

of 1440 pixel and 15148 strip detector modules. Its main purpose is to measure momentum
and impact parameter of charged particles with minimum multiple scattering. The tracker can
reconstruct the paths of high-energy muons, electrons and hadrons as well as tracks coming
from the decay of short-lived particles like b-quarks in the rgnge 2.5. Itis also designed

to identify tracks coming from displaced vertices. The path of the particles is determined
by finding their position at a number of key points. Each measurement of the position is

accurate to 1@m and is performed in such a way as to disturb the particle as little as possible.
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Subsequently the path is used to find the particle’s momemtwsing the curvaturg of its
trajectory. To minimize multiple scattering, we want the tracker to contain as little material as
possible. Silicon was chosen as the main sensor material for its fast response and small strip

pitch. The CMS tracker is composed of:

1. Inner silicon pixel detector. The pixel detector consists of three barrel layers at radii
between 4 cm and 1@ cm. It covers pseudorapidity range-€2.5 < n < 2.5 and
is dealing with the highest intensity of particles by measuring the impact parameter of

charged particle tracks and the position of secondary vertices.

2. Outer silicon microstrip detector. The strip tracker surrounds the pixel detector and
is placed in ten layers in barrel, extending outwards to a radiuslahland deals with

medium to low track multiplicities.

3. Endcaps Each system is completed by endcaps which consist of 2 discs in the pixel
detector and 3 plus 9 discs in the strip tracker on each side of the barrel, extending the

acceptance of the tracker up to a pseudorapidity|cf 2.5.

The whole tracker will operate at a temperature bel®@ C. When particles travel through

the tracker, the pixels and microstrips produce electric signals that are amplified and detected.

3.2.4 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) is designed to measure photons and electrons. In its
designed specification, the most important feature is the best possible energy resolution. This
is crucial for the reconstruction of the invariant mass of two photonbklfggs — yy channel

for Higgs mass< 150 GeV.

The ECAL consists of a central barrel region, which covers the pseudorapidity|farge479

and two endcap regions, which coved19 < || < 3.0. There are 61200 lead tungstate
(PbWOA4) crystals in the central barrel part and 7324 crystals in each endcap. Lead tungstate
was chosen as the crystal material because of its high dens§ ¢&m?) which leads to

short radiation lengthXy = 0.89 cm) and small Moliere radius.@cm). This allows a very

compact calorimeter system which reduces tliect of the magnetic field on the electrons
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and reduces the cost of the detector. Figure 3.3 shows layout of the ECAL with position of

the crystal modules.

Figure 3.3: Layout of the CMS ECAL showing the arrangement of crystal modules, super-
modules and endcaps [32].

When electrons and photons pass through tungstate crystals, they scintillate in proportion
to the particle’s energy, a light shower is created by bremsstrahlung and pair production.
Afterwords the scintillation light is detected by photodetectors - silicon avalanche photodiodes
(APDs) in the barrel and vacuum phototriodes (VPTSs) in the endcaps which are placed on the
back of each of the crystals. These photodetectors need to be fast and radiation tolerant to be

able to operate in 4 T magnetic field.

After passing through the photodetectors the scintillation light is then converted into an elec-
trical signal which is read out by on-detector electronics. This electronics must be with high

speed and precision in order to acquire the small signals of the photodetectors.

In front of the endcap ECAL is placed the preshower detector that covers a region between
1.653 < |n| < 2.6. It contains two thin lead converters that initiate electromagneic showers
from incoming photonglectrons. After each of the converters there are silicon strip planes
that measure the deposited energy and the transverse shower profile. The total thickness of the
preshower is 20 cm. The main purpose of this detector is to enable us to distinguish between
single high-energy photons and close pair of low-energy photdhddcay). It also helps

the identification of electrons against minimum ionizing particles and improves the position
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determination of electrons and photons.

The energy resolutio(%) for ECAL is parametrized as given in Equation 3.2, wh8rés

stochastic term\ is noise term an€ is constant term

o2 SV N,
=) == +(=]) +C> 3.2
&) - () () @2
Basic contributions from the stochastic term are fluctuations in the lateral shower containment
and from photostatistics. The contributions to constant term come from non-uniformity of the
longitudinal light collection, intercalibration errors and leakage of energy from the back of

the crystal. The noise term includes electronic, digitization and pileup noise.

3.2.5 Hadron calorimeter

The hadron calorimeter (HCAL) plays an essential role in the measurement of quarks, gluons
and neutrinos. It is very important also for the identification and measurement of jets and
missing transverse energy. The HCAL consists of central calorimeter that covers pseudora-

pidity rangejn| < 3 and two forward hadronic calorimeters (HF) that cover ujg|te 5.

The central calorimeter consist of hadron barrel (HB) and two endcaps (HE) which are placed
completely inside the magnetic coil. HB and HE are sampling calorimeters. They consist of
5 mm absorbing plates made from brass and an active material between them. The sampling
layers are made from 4 mm scintillator plastic tiles , that was chosen for its radiation hardness
and long term stability. When a hadronic particle enter the HCAL it will produce a particle
shower in the absorber material. This will produce scintillation light in the plastic layer. Then

the light is collected by shifting fibre and carried to hybrid photodiode.

The forward calorimeter (HF) consists of steel plates instead of copper ones because of
harsher radiation in the forward area. The energy is measured from the light produced in
the quartz fibres. After, this light is carried to photomultipliers (HPDs) which are placed in

radiation shielded areas of the calorimeter.

The outer hadron calorimeter (HO) consists of layers of scintillator tiles placed outside the
HB. It is designed to sample the tails of hadronic showers which occur deep inside the

calorimeter. It ensures the complete energy absorption for high energy hadronic showers.
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Figure 3.4 shows the location of thefldrent sections of HCAL.

Figure 3.4: CMS HCAL barrel in hadron calorimeter [32].

When the amount of light in a given region is summed up over many layers of tiles in depth
(there are about 70000 tiles in CMS HCAL), called a tower, this total amount of light is a

measure of particle’s energy.

3.2.6 Muon system

The muon detecting system is the largest part of the CMS detector and the detection of muons
is one of the most important tasks of the CMS, as its name suggests this. The muon detectors
consist of four concentric shells interleaved with the iron return yoke plates and eight (four
per side) round endcap plates. Each shell and plate is composed of twelve sectors which
cover 30 in ¢. The muon chambers are within the return yoke of the magnet which means
that muon’s momentum can be measured not only in the tracker but in the muon chambers
as well. They are arranged in concentric cylinders around the beam line in the barrel region,
and in disks perpendicular to the beam line in the endcaps. Muon chambers are shown in

Figure 3.5.

The barrel 7| < 1.2) uses Drift Tube Chambers (DTs) and Resistive Plate Chambers (RPCs).
The endcap use Cathode Strip Chambers (CSCs) and RPCs andiitevé&4. This com-
bination is used because DTs and CSCs provide accurate position measurement but have a

large lag time. On the other hand RPCs have a very accurate time measurement and short re-
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Figure 3.5: Muon chambers at CMS detector [32].

sponse. There are 1400 muon chambers: 250 DTs, 540 CSCs and 610 RPCs. The usage of a
redundant system of DTs, RPCs and CSCs gives good position resolution and accurate muon
identification. Particularly the DT and CSC detectors are used to obtain a precise measure-
ment of the position and bending angle of the muons. Given that, the transverse momentum
and track of the particle can be reconstructétine. The RPC detectors are triggers which

determine approximately the muon’s transverse momentum.

Muons are measured three times: in the inner tracker, after the coil and in the return flux.

Unlike most particles they can not be detected by calorimeters. Muons are measured by fitting
a curve to hits among the four muon stations. The detector precisely can trace the particle’s
path, by tracking its position through the multiple layers of each station in combination with

tracker measurement.

3.2.7 The trigger system

The amount of data from each bunch crossing is approximately 1MB, which at the 40MHz
crossing rate would result in 40TB data each second. Most of the time, these collisions will be
low-pt and low-multiplicity processes. Therefore to reduce this huge amount of data a trigger
system is designed to select the most interesting events for further analysis. Triggering of the
events is done in two steps: Level-1 (L1) trigger and High Level Trigger (HLT). The L1
trigger has been designed to reduce the event rate to a maximum of 50 kHz. This data will be

forward to the HLT trigger, which must reduce it further to the rate of 100 Hz.

35



L1 Accept

Global Trigger

41 with MIPASO bits

Trigger Control System

Befy, 8, 47, ZEq, Hy, 12 Ny, M

Global Muon Trigger |Globa\ Calorimeter Triggm|
4y m MIPAISO bits
2x4p
DT CS(}' Regional Calorimeter Tliggcrl
Track Finder| | Track Finder
1 i RPC I‘
‘ Local | Local J Trigger - .
DT Trigger CSC Triage I | Trigger Primitive Generators |
DT cscC RPC ECAL HCAL HF
| Muon Trigger | [ Calorimeter Trigger

Figure 3.6: Architecture of the L1 trigger [32].

The L1 trigger architecture is depicted in Figure 3.6 which shows that it uses information
from calorimeter and muon systems. No track triggers are employed at this step. Initially,
all data is stored in pipelines for.Bus while L1 trigger is processing. Information pass
through several layers: local (calorimeter towers, muon chambers), regional (combination of
towers and chambers) and global layers. Information from the Global Muon and Calorimeter
Trigger is passed to the Global Trigger which decide whether to continue processing the event
or to reject it. The time necessary for HLT to make a decision is 40 ms and this time more
sophisticated methods are used for the selection of the events. Events that pass the HLT are

saved on tape forfline analysis.

3.2.8 Data acquisition system

The CMS Data Acquisition System (DAQ) collects and analyzes electronic signals from the
CMS detector after passing the L1 trigger. The CMS DAQ then will read out this data and
pass it to the HLT trigger.

3.2.9 CMS computing model

The LHC will produce a huge amount of data each year therefore it presents challenges not
only in terms of the physics to discover but also in terms of data volume and the necessary

computing resources. Therefore the majority of the storage and processing capacity has been
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distributed around the world using tiered architecture. This whole infrastructure is maintained
by Worldwide LHC Computing Grid (WLCG) which has been created in service to the LHC

experiments.
Tier-0(TO)

The TO is located at CERN and its main function is accepting and saving the RAW data
(different data types explained below) from the detector after CMS DAQ and Trigger Systems.
TO do not provide analysis resources. CERN Analysis Facility (CAF) is placed also at CERN
and will be used for processing the data only for very fast physics analysis. Then the data will

be exported from Tier-0 to Tier-1 centers around the world.
Tier-1(T1)

The T1 are located at large centers worldwide in CMS collaborating countries (national labs
like FNAL and RAL). They will store a permanent copy of fraction of RAW data from the

detector and this data will be kept at least at a minimum of two independent sites. Each T1
holds a fraction of the CMS simulated and RECO data, and complete copy of AOD data. T1

sites subsequently will provide and receive data from Tier-2 sites.
Tier-2(T2)

There are 36 T2 centers where the final analysis of the data will be performed. T2 will produce
large amount of simulated data that will be transfered back to T1 for storage. At T2 will be

performed also calibration and alignment studies as well as detector analysis.

The central concept of the CMS data model is the event. The event provides access to the
recorded data from a single triggered bunch crossing to new data derived from it. The event

can contain raw digitized data, reconstructed products or high level analysis objects for real

or simulated crossings. The event contains also information describing the origin of raw data

and the provenance of all derived data products. There are several event formatefenti

processing steps of a data sample:

e RAW: This event contain the entire information from the detector including the L1 and

HLT trigger results.

e RECO: Subsequently RAW data is processed into "RECO” format by passing through
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some algorithm steps. This event contains high level physics objects and full record of

the reconstructed hits.

e AOD: The Analysis Object Data (AOD) is obtained from RECO by filtering therefore
it is a compact analysis format, designed to allow a wide range of physics analysis. It
again contains high level physics objects with information needed to refit the kinemat-

ics.

3.2.10 CMS dline software framework

The CMS software (CMSSW) is built around an Event Data Model (EDM) framework. It is

a collection of software needed to perfornffeient event processing, selection and analysis
tasks both to be usedfiine and online. It has also modular structure to be easily maintained
by a large group of collaborators. Modules in the EDM framework can read the information
from the event, perform some operations and then put new data into the event. There are

several module types:

Producers which add new data products into the event;

Filters used in online triggering and selection;

Analyzers which produce summary information from an event collection;

InputOutput for disk storage and DAQ.

Modules are independent from the computing environment and can be executed indepen-
dently. They communicate only through the event. In that meaning the EDM framework
configures the modules, schedules their execution and provides access to global services.

This procedure is illustrated in Figure 3.7.
3.3 Particle detection and measurement in CMS detector [33]

In general, the distanakthat a particle can travel in the detector is given by

d = Ber = (30Qurm) (ﬁ)y (3.3)
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Figure 3.7: Modules within the CMS Framework [32].

wherer is the particle’s proper lifetime and = E/mis the relativistic factor. Equation 3.3
shows how the patrticles can be seen in the detector. According to their lifetiimey can be

separated in several groups:

e Short-lived particles: Particles, like?, p and very massive particles likg W=, H will
decay instantaneously into other particles. They can be detected only via their decay

products or their reconstructed resonances.

e Particles with displaced vertex: Particles, sucB%s, D%*, 7+ with a lifetimer ~ 10712 s
may travel some distanece 100um before decaying and thus having a secondary ver-

tex.

e Quasi-stable particles: These are neutral hadroms As KE and charged particles as

u*, %, K=, Their life time ist > 10719,

e Particles that do not interact: These particles can not be detected by the detector and

lead to missing transverse energy.

All these particles can be detected in th&atient layers of the CMS detector based on their

interactions with the materials.
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Tracker

CMS tracker can record the paths of the charged particles and their electromagnetic energy

lossdE/dx

Knowing the trajectory of the particle, one can determine its momentum. Particle’s momen-

tum p can be found by using the curvatyref its trajectory with the following relation

pe pQB (3.4)

whereQ is the particle’s electric charge ald= 3.8 T is the magnetic field. The more curved

is its path, the less momentum the particle has.

The energy loss measuremelfit/dx for charged particles is given by

dE  [Q\?
whereQ is the charge of the particle ajgds its relativistic velocity. Knowing the momentum
p from Equation 3.4 and the velocify from Equation 3.5, one can identify the unknown

particle by finding its mass.
ECAL

ECAL calorimeter records particle’s energy by causing the particle to produce an electromag-
netic shower and then measure its deposited energy. The electromagnetic shower (cascade)
is due two processes: bremsstrahlung and pair production. When a particle enters ECAL, it
starts showering and the number of newly created particles increase exponentially with the
depth of the medium. This continue until the remaining particles has lower energy or until

they are completely absorbed by the medium.

An electromagnetic shower begins when a high-energy electron or photon enters a material.
The photons interact with matter via pair production. The mean freeidatipair production

by high energy photons is

9
1==X 3.6
-Xo (3.6)



whereXg is the radiation length that describes the energy decay of a beam of electrons and is

given by

o neaA o
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3.7)

whereZ is the atomic number anélis the mass number of the material.

These high energy electrons and positrons, produced by pair production, now can emit pho-

tons via bremsstrahlung. The energy I<%530f the these particles by bremsstrahlung is

dE E

The produced photons, in turn, can lose energy by thi@éerdint mechanisms:

1. Photo electric fiect: absorption of a photon by an atom ejecting an electron;
2. Compton scattering;

3. Pair production.

The two processes, pair production and bremsstrahlung, continue in turn, until the remaining

particles are completely absorbed by the medium.
HCAL

HCAL calorimeter records particle’s energy by causing the particle to produce a hadronic
shower. A hadronic shower is produced when a hadron interacts with nucleus which gives
several hadrons in the final state. They subsequently interact with other nucleus to produce

more hadrons. The nuclear interaction length.for each hadron is given by the relation

An ~ 35gcm A3 (3.9)

whereA is the mass humber of the material. This process continues until all the particles are

stopped or absorbed in the medium.
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For heavy materials the nuclear interaction lengiths longer that the electromagnetic one
Xo, An > Xo. This results in a later start of the hadronic showers in comparison with the
electromagnetic showers. The hadronic showers are also mtusedin comparison with

electromagnetic showers.
Muon chambers

Muons are detected in the CMS muon chambers. Because of their long lifetime, they are
almost like stable particles. They do not feel the strong interaction and do not initiate hadron
showers in the HCAL. Therefore muons are very penetrating. At high energies, however,
they can sometimes behave more like electrons. This means that the radiative losses begin to
dominate and muons can bremsstrahlung, which can cause late electromagnetic showers in

the detector.

Table 3.2 gives a summary of this section and shows how thierelnt particles are detected

in the CMS detector.
Table 3.2: Particle detection inftkrent CMS layers.

Particle Detection method

Photon No signal in tracker; signal in ECAL; no signal
in HCAL or muon chambers

Electroripositron Signal in tracker; signal in ECAL; no signal

in HCAL or muon chambers
Charged hadron (e.qp*, n~, K*) | Signal in tracker; essentially no signal in ECAL
signal in HCAL; no signal in muon chambers

Neutral hadrons (e.qn...) No signal in tracker; no signal in ECAL; signal
in HCAL; no signal in muon chambers

Muon Signal in tracker; no signal in ECAL or HCAL
signal in muon chambers

Neutrinos,SUSY patrticles No signal in any sub-detector; presence inferred

from missing energy
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CHAPTER 4

SCALAR AND TENSOR UNPARTICLE PRODUCTION IN
DIPHOTON FINAL STATE

4.1 The Photon [34]

The search for unparticles in this thesis involve photons in the final state. Below is a short

description of this particle.

A photon is a quantum of the electromagnetic field that mediates the electromagnetic force
between charged objects. Since electromagnetic field has Abelian U(1) gauge symmetry, the
qguanta of this field must be massless, have integer spin, no charge and has no self-couplings.
The spin of photons is1 and their right-handed and left-handed helicity, corresponding to

two possible circular polarization states of photonsis

In the SM, the photon is one of four gauge bosons in the electroweak interaction. The other
three gauge bosons av¢", W~ andZ, which unlike photon have mass. The unification of
the photon withW andZ, i.e. the unification of electromagnetic and weak theory was done

by S.Glashow, A.Salam and S.Weinberg, resulting in a Nobel Prize in 1979 [2].

According to quantum chromodynamics, the photon can interact both as a point-like particle,
or as a collection of quarks and gluons, i.e., like a hadron. The structure of the photon is
determined by its fluctuations into quark-antiquark or fermion-antifermion pairs [34]. In this

case QED and QCD structure functions of the photon can be defined.

There are two types of photons. The first type is cadligelct or bare photon and it is regarded
as a structureless object - photon as a whole takes part in the hard interaction and does not

reveal its structure. The second type is catiesblvedphoton. In this case, due to Heisenberg
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uncertainty principle AEAt > %), the photon is allowed to violate this rule by an amount of
energyAE for a short period of timét and to fluctuate into a charged fermion anti-fermion,

ff, systeny — ff— v. During such a fluctuation, one of the fermions can interact with
another object and in this way to reveal the structure of the photon. In these interactions, the
photon is regarded as an extended object consisting of charged fermions and gluons, therefore
calledresolvedphoton [35]. Various studies have been performed at LEP and HERA to study
the photon structure. In our analysis, however, we are not interested in the substructures of

the photon and will consider it as a whole object.

4.2 Event generation, detector simulation and reconstruction

Particle interactions in proton-proton collisions were simulated with Pythia8 [36] Monte Carlo
Generator. The hard scattering process was generated using leading order matrix element
calculation, followed by a parton shower evolution of the resulting partons and fragmentation

forming the final state particles.

Further the generated events were processed through detector simulation and reconstruction
software CMSSW to approximate the realistic experiment. The CMS detector was simulated
using Fast Simulation tuned to reproduce results of the Full Simulation that uses GEANT4
software [37]. Reconstruction was done using calibration and alignment constants based on

ideal conditions which means perfect calibration. No pile-fipas were considered.

4.2.1 Monte Carlo event generation

The Monte Carlo (MC) Method is commonly used in particle physics for simulation of parti-
cle collisions, interactions and decays. There affedint MC generators like Pythia, Alpgen,
Sherpa and Herwig that provide simulation of various particle collisions. For the generation
of the unparticle signal events, we use Pythia8 MC generator. This is a program that uses
theory and models for fferent physics processes, including hard and soft interactions, par-
ton distributions, initial and final state parton showers, multiple interactions, fragmentation
and decay. The following steps describe the generation of a typical high-energy event with

Pythia8:
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Hard scattering process

In proton-proton collisions only single partons take part in the hard interaction. Since partons
are randomly placed inside the hadron, their distribution must be taken into account. This is
realized using Parton Distribution Functions (PDFg), Q7). PDFs describe the probability

to find a parton inside a proton, with parton carrying a fractionx of the total proton’s
momentum. PDFs depend on some s&ehat characterizes the hard process and they are
obtained from global fits to deep inelastic scattering and other data. The most widely used

sets PDFs are provided by CTEQ [38] and MRST [39] groups and HERA collaboration.

To find the diferential cross section of the hard process, we use the QCD factorization the-
orem which states that the hadronic cross sectigg is a convolution of the partonic cross
sectiono?) with PDFsfi j(x, Q?). Additionally, all possible combinations of incoming partons

are summed to find the total cross section of the hard process given by the relation

oas(s Q%) = ) f dxdx; fi(x, Q) fj(x, @*)da") (x;, x;, Q) (4.1)
i

wheresis center of mass energy ad¢B denotes the incoming hadrons.

Pythia consider only three level diagrams and is restricted to maximum two particles in the

final state. However other generators may have more than two particles in the final state.

The outgoing particles from the hard process may further decay. Therefore they enter the

process of fragmentation and hadronization.
Parton shower and fragmentation

The hard process is calculated to lowest order (LO) of perturbation theory. However it de-
pends strongly on the renormalizatioQg) and factorization scale€)). Often LO calcula-

tions are not stlicient to fit the experimental data and next to leading order (NLO) or higher
order calculations are necessary. Higher order calculations add an extranfatidhe orig-

inal Feynman diagram which means further quarks and gluons are included in the process.
The initial and final parton shower approach implemented in Pythia accounts for these higher

order QCD dects.
The shower evolution of partons down to lower energies is followed by their confinement
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into hadrons via string fragmentation (hadronization) according to some phenomenological

models. The hadronization is based solely on the Lund string fragmentation framework [40].

Figure 4.1 illustrates the complex variety of processes taking place in a single proton-proton
collision. Beside hard scattering, showering and fragmentation, the partons of the incoming
hadrons can undergo soft interactions as well. These are the partons that do not participate in
the hard process and their interactions are modeled by minimum bias collisions (underlying

event).
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Figure 4.1: Pythia processes.

4.2.2 Detector simulation and reconstruction

To simulate the CMS detector, we use Fast Simulation program. Thist#s-g@fdgram which
simulates the particle interaction with matter. Basically, the generated events with Pythia8 are
propagated through the magnetic field and a simulation of their interaction withffeesdi
detector components is performed. This data is stored in the form of hits which contain
information about particle’s position and momentum, or the energy deposited in the detector.
Fast Simulation does not use the detailed simulation of the CMS detector but instead a more
simplified structure. There is a Full Detector Simulation which is based on GEANT4 and it

is about 1000 times slower than Fast Simulation. However it has been shown that the results
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with the Fast Simulation are in a good agreement with the results based on Full Detector

Simulation.

After the simulation procedure, the hits are reconstructed. The reconstruction is done again
with the same Fast Simulation program into physics objects like muons, electrons, photons,
jets and missing transverse energy. Depending on the type of the detector, particles are recon-

structed using dierent algorithms.

In this analysis we have two photons in the final state. In general, photons are detected
in ECAL, as this is the subdetector where they deposit their energy. There are also other
requirements in order one object to be identified in the detector as a photon. In what follows,

it is explained in detail how photons are detected, reconstructed and identified in CMS.
Photon identification in CMS

Photons are reconstructed by considering electromagnetic superclusters in the ECAL. These
superclusters are clusters of basic clusters, consistingdf éells. The clustering algorithm

is described in detail in [41]. A supercluster that passes loose requirements on the ratio of
the ECAL and HCAL energies is considered a photon candidate. However both electrons and
photons can be reconstructed as photon candidates. Therefore one can scan the pixel detector
for the presence of hits. Electrons as charged particles leave trace in the pixel detector of the
tracker, in comparison with photons that do not leave any trace there. If matching pixel hits
consistent with the trajectory of the particle are found, this photon candidate is not used in the

analysis.

The main instrumental background to photons originates from jets fragmentirftyann
mesons, decaying subsequently into a pair of close photons. This background can be reduced
by using the following requirements on a set of isolation variables which gives the Photon ID

(requirements to claim that one object is a photon):

e H/E compares the sum of tHer of hits in the HCAL in a cone of radiudR < 0.05
behind the supercluster found in the ECAL to &g of that supercluster.

e ECAL Isolation considers the sum of tHer of ECAL RecHits within a hollow cone
of 0.06 < AR < 0.40 around a supercluster in the ECAL, excluding clusters which

belong to that cluster. It is required that the ECAL isolatior i$0 GeV.
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e HCAL Isolation considers the sum of tHer of HCAL RecHits within a hollow cone

of 0.10 < AR < 0.40 about the supercluster. It is required tha.0 GeV.

e Tracking number isolation considers the sum of ther of tracks found in the silicon
tracker less than 5 GeV within in a hollow cone a8 < AR < 0.40 around the

supercluster found in the ECAL.

whereARis defined as

AR = /(An)? + (Ag)? (4.2)

in (n,¢) space.

4.3 Unparticle signal

4.3.1 Signal generation with Pythia8

Unparticles can be produced througfffelient channels as discussed in Chapter 2. For this
analysis, we are interested in virtual unparticle production that subsequently decay to two

photons.

In general, two photong with momentap;, can be produced in hadron collider through

P1(p1) + P2(p2) — ¥(p3) + ¥(pa) + X(px), (4.3)

whereP; are the incoming hadrons with momermaand X is the final inclusive hadronic
state. The hadronic cross section can be obtained from partonic cross sdéf#bhy using

appropriate PDF

do(P1P2 — yyX) = Z f o1 (x) fy ()62 (x, Xo)dxad o (4.4)
a,b=q,a79

wherex; andx, are the momentum fractions of the incoming partons in the had?prasnd

P2.
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In this analysis, which is based to LO in QCD, we are interested only in spin-0 and spin-2
unparticle production in diphoton final state. Below are the squared matrix elements [42]
for gq annihilation andyg fusion with scalar and tensor unparticles appearing as propagators

which leads to two photons in the final state.

Spin-0:

1 s (2l
7 |2 4 2
Mg~ = S—Mﬂsz(A—z]

u

Mg = —— 214 e (4.5)
99 8NZ—1)4 "4 2, '

Spin-2:

— 2 1 A ~4 U t
Mol = g |#ets(t e )

dy
) 1(u2 +t7)

s
- 8Q v COSd«uﬂ')(A—z 2

U

s V™1
+ Zﬂf/\(?u{—z] Z (W +1t?)
AZ, st

’

1 s V™1
— 2 4. 2 2 2
M = —21 — —(u® + t9). 4.6

with

Ad, 167°2  T(dy +1/2)

(2 sin@yn) Ady = (27)2du T'(dey — 1)['(2de) @D

Xu =

whereQs is electric charge of the parton flavér N; is the number of colors angl t andu

are Mandelstam invariants.

In order this process to occur, it is required that scaling dimertgjaiakes values, ¥ dg; < 2.
The lower bound corresponds to the least stringent unitarity constraint, obtained for scalar
unparticles. Fodq, > 2, contributions that depends on the UV completion of the theory are

relevant, which suggests that théeetive theory used will not be valid. In this analysis we
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assume the same range of valuesdgr valid for tensor unparticles as wéllThe couplings

of the unparticles to SM fields are given by

dy
A% 1
_ck (22U
w=Cif) o)
U

wherek stands for scalarsf or tensor {) coupling. We assume thatdd< Ay < 1, in order to

work in perturbation regime.

The signal for spin-0 and spin-2 unpatrticle foffdrent unparticle model parameters has been

generated using the Pythia8 event generator:

1. Scale dimension parametedy;;
2. Unpatrticle renormalization scale\y, = 1 TeV,

3. Coupling constant A.

Scalar unparticles do not interfere with SM diphoton production processes and hence the
individual cross sections of the unparticle contribution to the total diphoton production cross

section are calculated. Tensor unpatrticles do interfere with SM production and hence for the
spin-2 case, the matrix elements include full interference with the corresponding tree level

processes in the SM.

Spin-0 and spin-2 unparticle samples for various unparticle parameters were generated with
minimum cut on the invariant mass of two photons of 100 GeV. Their production cross sec-
tions are listed in Table 4.1. The SM cross section, with the same minimum diphoton mass
cut of 100 GeV, was found to be 2% pb. The generation of these events was done in center

of mass energy/s = 10 TeV.

Figure 4.2 shows an example of single Pythia event and the integrated cross sections for spin-0
unparticle generation with = 0.9, d¢; = 1.01 andAq; = 1TeV. All the patrticles that emerge
after the collision of two protons are listed. In general, we are interested only in the hard

process which means only calculation of the LO cross section of scalar and tensor unparticle

! Recent analysis constrains the value of scaling dimensign; 4 [43], for tensor unparticles. For the
completeness of this work, we assume that the same range of vallig$afscalar unparticle are valid for tensor
unparticle as well.
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Table 4.1: LO scalar and tensor unparticle cross sections#o& 1 TeV as a function of the
scale dimension parameter and the coupling constant.

dy | A1 | o(SignakSM), pb | o(Signak-SM), pb
Scalar unparticles Tensor unparticles

1.01| 09 29.25 2554

11 |09 26.56 2543

12 | 09 25.80 2541

1.3 | 09 2558 2547

15 | 09 2549 2547

17 | 09 2546 2545

19 | 09 2547 25.46

1.01| 0.2 2548 2544

101| 04 2564 2535

1.01| 06 26.19 2532

1.01| 0.8 27.86 2541

1.01| 10 3123 2578

that can lead to two photons. The NLO cross section of unparticle production also has been

considered later in this analysis by using a K-factor &f 1

4.3.2 Kinematical distributions

In this section we show some kinematical distributions (see Appendix A for definition of kine-
matical variables) of the diphotons mediated by virtual unparticle exchange. The generation

of the events was done as explained in Section 4.3.1.

To unravel the unparticle signature, all unparticle distributions of two photons are compared
with the SM diphoton production. For all distributions is used MRST 2001 LO PDF [44] and

the following cuts, found to be optimal [42] for this analysis:

1. p¥ > 40 GeV,

2.y < 2.5;

Wherep¥ andy” are transverse momentum and rapidity of the photons. These cuts were
applied in order to be as close as possible to the experimental setup. To suppress the SM
background, some additional cuts were also applied to particular distributions in the following

way:
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pythia Event

77777777 PYTHIA Event Listing (hard process)

n i

name status others  daughter olour: » ) _: e m
90  (system) -11 0 0 000 10000.000 10000.
2212 (p#) -12 0 5000.000 5000.000 .
2212 (p) -12 0 1 -5000.000  5000.000
-2 (ubar) -21 0 5 10 1319 1319
(W -21 0 5 10; -1243.627  1243.627
22 gamma 3 4 0 -1241.743  1241.753
22 gamma 3 4 0 -4, -2.867 1435 1193 .
Charge sum:~ 0.000 Momentum sum: 0.000 0 -1240.308 1246.945  128.
-------- End PYTHIA Event Listing
77777777 PYTHIA Event Listing (complete event)
n id  name status others  daughter colour: X _ _ e n
90  (system) -11 0 0 . . 000 10000.000 10000.
2212 (p#) -12 0 7 . . 5000.000 5000.000 .
2212 (ps) -12 0 . . -5000.000  5000.000
-2 (ubar) -21 7 10 . . 319 319
u) - 10; . . -1243.627  1243.627
22 (gamma) - . . -1241.743 12410
22 (gamma) - 1 bt - -2.867 1435 .
- Cubar) - 10 .167 - .211 .
W - 10; -0.475 -1243.563  1243.
2 .611 -1242.287  1242.
2 -2.920 - . . .
- 2 21 10 -0.417 1242, 1242. .
210, - 1 1 10 -0.606 - 3735. 3735. .
- 1! 15 10 -0.144 - 3 3 233
210 - 2 2 10 .475 - -3756.3! 3756.3. .57
- 1 1 20 10 -0. - 3 3 .33
210 -7 1. 17 2 10 - 3735.7 3735.7 .57
11 -8 1 37 3 - - 4.3 2.3 -85
21 8 1 - 0.6 0.65. .14
111 -8 1 3 4 - - 2041.1 204115 225
21 -8 1 4 4. . - 1537.9 1537.97, .75
-7 1 2 36 10 -0.417 1242.5 12425 233
2 -7 1 2 3 10 .475 - -3756.3; 3756.3. .57
- 2 4 4 -0.252 . 268. 51 268.5 .73
- 2 5 57 -0.257 -0. 337.6; 337.6 .78
- 2 -0.093 ~04 3.7 3.7 114
- 2 5 6 -0.088 .73 394. 394. 5 .78
- 2 6: 6 1592 -0.18 198. 198.584 77
- 2 4 4 0 -0.17 4. 4.994 .874
2 -0.477 .10 4. 4.400 1494
- - 2 4. 4 - -10 . 717 .852
- 2 - -0.14 - 648 1140
- 2 4 5 - - -031 .877
- - 2 5 5 - - 1693 -09
- 2 - - - 574 .14
5 4 2 -0. -1. 120.737 ‘14
6 2 4 2 . -0.448 -35 3518.002 -94
7 1 -0.04 -0. 1190 .14
- 7 232 0 . .
2 -0. -0.023 13 7 1391. .
- -0. -0.03 649.314  649.
. -0.146  1187.493  1187.
- 6 6! -0. -0.24 350.483  350.
. .4 .657
- 6 6 -0. . 176.9 1
-4 it
- -0.1 - 7
- -0.00 - -0. 9
-0.04 . 7.
- 5 5 .07. . -2 29.1
-05i -0.09. - 8.
- - 5. 5 -0.49. .25 - 9
5 - 6 7 .35 -0.02 - 4 7
5 4 .07, ~07 - 4 4
5 5 0.4 .
55 -0. - 24 209,
56 - . . .
57 - 7 7. . - .53 .53
-0. 102.84 102.84
- . 216.24 216.
- 7 7 . . .504
. - 35, 35.804
- 7 4 - 88. 88.589
- 7 7! 7 . 74. 74.191
2 - - 215, 215.499
2 - - 134, 134.984
4 - 76. 76.221
4 - 100. 100.687
2 - -6.921 927
2 78 - -4.656 4.656
- 2 3 - -0.127 127
7 7 -0.005 - 23.183 23.183
7. 1 7 7 - 15.346 15.347
7 1 0 4 - 675 675
7 1 0 4 65.828 65.829
75 1 3 7 1657 1657
76 1 3 -136 72.534 72.535
Charge sum:~ 2.00 Momentum sum: -0.000 -0.000 00 10000.000 1000
———————— End PYTHIA Event Listing
Fommmoem PYTHIA Event and Cross Section Statistics *
subprocess Code | Number of events | sigma + delta

Tried Selected Accepted } (estimated) (mb)

#444444444444
-
-
2
8

| |
f fbar -> gamma gamma 204 | 7763417 871371 871371 |  2.549e-08 1.347e-11
-> (U*) -> gamma gamma 5043 | 561689 121300 121300 | 3.546e-09 5.860e-12
g g -> (U¥) -> gamma gamma 5044 | 58031 7329 7329 | 2.153e-10 1.566e-12
| |
sum I 8383137 1000000 1000000 | 2.925e-08 1.477e-11
End PYTHIA Event and Cross Section Statistics

Figure 4.2: Single Pythia event listing and integrated cross sections for spin-0 unparticle with
As=0.9,dy = 1.01 andA¢, = 1 TeV in diphoton final state.
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e For invariant mass distribution is applied an angular cut

|coss,| < 0.8. (4.9)

whered, is the angle of the photons in the lab frame.

e For angular and rapidity distributions is applied cut on the invariant mass

600GeV< Q < 900Ge\V (4.10)

All unparticle distributions plotted here include both unparticle and SM contributions. Addi-
tionally, the SM background alone is presented in the same plots as well. The SM background
includes only Born process (quark, antiquark annihilation). Box process (gluon fusion) has

not been considered in this analysis since its negligible contribution.
Invariant mass distribution

Invariant mass distributions are shown in Figures 4.3 and 4.4. In Figure 4.3 is plotted the
diphoton invariant mass that depends diiesient choices of scaling dimensidgy. Figure 4.4
illustrates the invariant mass dependence on the couglifg for scalaftensor unparticle.

The unparticle #ects can be seen at large invariant mass values when decreasing the scaling

dimensionds, and increasing the couplingg/A;.

Spin-2

10

---SM
r —-d, =11
E 105 —-d, =12
i © o d,=13
10-6\HH\HH\HH\HH\HH\HH\HH\HH\ 10-6\HH\wHw\uu\uu\uu\uu\HH\HH\
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Q (GeV) Q (GeV)

Figure 4.3: Invariant mass distribution for spin-0 (left) and spin-2 (right) unparticle, plotted
for various values of dimension parametier with A¢; = 1 TeV andig, A; = 0.9.
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Figure 4.4: Invariant mass distribution for spin-0 (left) and spin-2 (right) unparticle with
Aq =1 TeV anddy, = 1.01, plotted for various values of the couplinggisand 4;.

Angular distribution

Angular distributiondo-/d cosg* is studied in the CM frame of the final state photons where

the angles* is defined by

_ Pp1-(ps—pa)

cosd* =
P1- (P3 + Pa)

(4.11)

with final state photon momenia andps. p; is the momentum of the incoming protons.

Angular distributions for spin-0 and spin-2 unparticle are shown in Figure 4.5. They can
be easily distinguished from the SM distribution because of its specific shape. For spin-2
unparticle case, for; = 0.4, there is a negative interference with the SM and this brings

down the distribution.
Rapidity distribution

Rapidity distribution in Figure 4.6 of the diphoton system is defined as

1 IOZ'Q)
Y=Clo 4.12
2 g@yq (4.12)

whereq = p3 + p4 is the sum of the final state photon momenta ppdandp, are momenta

of the incoming protons. Deviation from the SM can be seen which is particularly large at the
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Figure 4.5: Angular distribution for spin-0 (left) and spin-2 (right) unparticle with = 1
TeV anddy, = 1.01, plotted for various values of the couplinggsand ;.

central region. In general, it can be concluded that for spin-0 unpatrticle the unpafiédes e

are large whereas for spin-2 unparticle they are significant only for large values of

S0°7F i )
e f Spin-0 e Spin-2
z A,=1TeV > A5:11T($1V
s d,=1.01 3 u=1
102 et 102 e
103 SM 0% SM
As=04 §§ FoE A =0.4
neos o
10y G T R s 1055215 1 05 0 05 1 15 2 25

Y

Figure 4.6: Rapidity distribution of diphoton system for spin-0 (left) and spin-2 (right) un-
particle withAq, = 1 TeV anddy, = 1.01, plotted for various values of the couplinggsand
At.

From the various kinematical distribution that were studied here, it can be concluded that
spin-0 and spin-2 unparticle can be clearly distinguished from the SM background, by an
order of magnitude, in most of the distributions that we have considered. We conclude that
for coupling valuest and scaling dimensiodg, close to 1 the unparticleffects are most

observable.
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4.4 Background

The main backgrounds to the unparticle diphoton signal are:

SM diphoton production from quark anti-quark annihilation (Born process);

SM diphoton production from gluon fusion (Box process);

Photon-Jets;

QCD multijets;

Drell-Yane®e™.

The Born and Box diphoton backgrounds are irreducible backgrounds since their final state is
exactly the same as that for the signal. The box diagram background has not been considered

in this analysis since its contribution is negligible at high diphoton masses used in the analysis.

In PhotonrJet background, the gluon jet fragmentation leads to a leading which decays
into a pair of closely spaced photons, thus leading to the diphoton signature. Similarly the

multijet events can lead to a diphoton background.

The Drell-Yan background arises when the electron tracks are not reconstructed or when

photons are produced via bremsstrahlung of the electrons.

The expected amount of instrumental background from Phatets, QCD dijets, and Drell-

Yan has been evaluated in [45], and was found to be insignificant for our analysis.

Therefore, in this analysis we assume that the main background comes from Born diphoton
production. The Born background was generated with Pyhthia8 Monte Carlo Generator and
again processed through Fast Simulation for detector simulation. For completeness, in what
follows, we give short theoretical description of LO and NLO SM diphoton production pro-

cesses. In this work, the NLO processes have been taken into account by multiplying the SM

Born cross section by appropriate K-factor.
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4.4.1 SM diphoton production [46]
4.4.1.1 LO processes

The SM two photons can be produced in several ways:

1. Born process - quark anti-quark annihilation;

2. Single photon bremsstrahlung - a single photon with the second coming from bremsstrahlung

from a quark;
3. Double photon bremsstrahlung - both photons are produced by bremsstrahlung;

4. Box process - gluon fusion.

Born process

Born process is given by the following relation

a(p1) + a(p2) — y(p3) + y(pa) (4.13)

with Feynman diagrams shown in Figure 4.7.

e AVAVAVS e AVAVAVAV.
P,—e—"\V\, p,——"\VV P,

Figure 4.7: Feynman diagrams for the Born subproggss yy. The straight and wavy lines
denote quarks and photons, respectively [46].

The squared amplitudd B°™ of this process summed over final state polarizations and initial

state spins is given by

t
[MBor? = eNca Qi (1- ) x (1 - ) + 1) — 2 (4.14)
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whereNc is the number of colorsy is the electromagnetic coupling consta@y, is the elec-
tric charge of the quarly is mass parameter introduced to keep the couplings dimensionless
andN = 4 - 2¢ is the number of space-time dimensions. The kinematic invargmtandu

are defined as

s=(p1+p2)% t=(pi—ps)> u=(p1-ps) (4.15)

with momentap;, p2, p3 andpy as given in Figure 4.7.

The Born cross section was found to be

Ny _111 1 Bom2 N
d(9a — ) = 7155 ZS||v| |"dV, (4.16)
where the factoré, 2_1) and% are the spin average, color average, and identical particle factors.

The two body phase spadd®; is

1{4n\¢ 1
dNo, = — = ~€(1 - v)~d 4.17
2 87r(S)F(1—e)V( v)rav .17

with v = %(1 + co0sd). The final Born cross section is obtained by convoluting the Born
subprocess cross section with the parton densities and summing over the contributing partons.

It takes the following form

O_Born(AB N )/)/)

Y, [ d®rad- )
q

|Gaatxa, @)Gaa0x2, Q%) + (1 © xp)|dxdx,  (4.18)

X

whereGg/a(X1)/Gg/s(X2) denotes the probability of finding a qugaktiquark in hadromyB,
Q is the scale at which this reaction occurs and is prescribed by perturbation theory (e.qg.

Altarelli - Parisi equation).
Single photon bremsstrahlung
Single photon bremsstrahlung occurs via the process
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qg — vq (4.19)

where the second photon is produced from the final state quark. The cross section for single

photon bremsstrahlung is

T AB C) = Y [ Garala. QIGora(te @) x Dyl &)

ab,c

X %(ab — Cy)dxdx,dz.dv (4.20)

whereGg a(Xa)/Gp/e(Xp) denotes the probability of finding a partefb in a hadrond/B with
a momentum fraction lying betweeg/x, andX, + dXs/Xp + dX%,. The probability of obtaining

a hadrorC with a momentum fraction betweepandz. + dz is denoted by the fragmentation

function D,,c. Q andQs are the factorization scales for the distribution and fragmentation

functions.
Double photon bremsstrahlung

In the double photon bremsstrahlung process, the two photons are produced from final state

qguarks. The possible subprocesses with two quarks in the final state are listed below:

e qg—(@—y)@—1v)
e gq— (@—-y(Q—7)

e gg—(@—>70Q—7)

The cross section for these processes is given by the formula

oarerlAB—CD) = ) f Gaa(¥a, Q%)Gb/8(%, Q) X DyclZe, QF)Dya(Z, QF)
ab,cd

X %(ab — cd)dx,d%,dzdzdv. (4.21)

whereGga/a(Xa)/Gp/s(Xp) denotes the probability of finding a partefb in a hadrond/B with
a momentum fraction lying betweexr/x, and X + dXa/Xy + d%. D,,¢/D,,q denotes the
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probability of obtaining a hadro@/D with a momentum fraction betweep andz, + dz/z4
andzg + dz.

Thus the cross section foty production including born process, single and double photon

bremsstrahlung is

* O_Born

o + O1bremt O 2brem (4.22)

Box process:gg — yy

Although this process is of orde£, the cross section becomes large at high CM energies due
to large gluon density at small values of the parton momentum fragtfomm the hadron’s

momentum. Figure 4.8 shows Box Feynman diagram.

p
'B5000
P,O0QQ ¥,

Figure 4.8: Feynman diagrams for the Box subproggss yy. The straight, wavy and curly
lines denote quarks, photons and gluons, respectively [46].

The cross section of this process can be found in [47].

4.4.1.2 NLO processes

When higher order subprocesses are considered, one encounters a variety of singularities such
as infrared (soft), ultraviolet and collinear singularities. All of them can be factorized or sep-
arated from the relevant processes. When some of the singularities are absorbed into distribu-
tion and fragmentation functions and others regulated by some technique (such as dimensional
regularization), this is known as renormalization process. In [46] they are discussed in details
and the corrections to the diphoton cross sections are given. The NLO contribution to the LO

diphoton production as discussed in the same article comes from:

1. Virtual processes - their Feynman diagrams are shown in Figure 4.9.
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Figure 4.9: Feynman diagrams for the virtual subprocgss> yy [46].

2. Soft gluon emission - their Feynman diagrams are shown in Figure 4.10.

Singularities from virtual processes and soft gluon emission will cancel each other

when the graphs from Figures 4.9 and 4.10 are added together.

3. Collinear radiation from initial state partons - when at least one photon’s momentum is
collinear to the momentum of initial state parton. These singularities are absorbed in

the initial state PDFs. More details can be found in [46].

4. Collinear radiation from final state partons - when at least one photon’s momentum is
collinear to the momentum of final state parton. These singularities are absorbed in the

final state fragmentation functions.

The final cross sectiom after summing up all the contributions from born process, single and

double bremsstrahlung and all the corrections from higher order contributions is given by

virt soft _

c=0c"+c""+0o goollinear (4.23)
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Figure 4.10: Feynman diagrams for the real emission praggess yyg [46].

4.5 Analysis results with CMS software [48]

Generated events for unparticle signal and background, as discussed in Sections 4.3 and 4.4
respectively, are passed through Fast Simulation as described in Section 4.2.2. Photon ID, as
discussed in Section 4.2.2, is used for identification of the photons with the following cuts

applied on them:

e PhotonEt > 50 GeV;

e Photon|y| < 1.5.

Figure 4.11 shows the invariant mass distribution for s¢i@lasor unparticle for several values
of the unparticle model parameters and various backgrounds with usage of proper photon ID
and the cuts above. These cuts were found to be optimal for the selection of photons for this

analysis.

The invariant mass distribution is the same as the one shown in Section 4.3 (apart from the
cuts applied in photons) with theftirence that in Figure 4.11 there are an additional mul-
tiplication factors. One of them stands for the diphotdficeency. The photon f&ciency
means, theféiciency of the reconstruction of photons in CMS detector. The phdtarency

was found to be 85 4% , therefore the overall diphototfieiency is 72+ 7%. The other
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multiplication factor stands for the K-factor which accounts for the NLO ordferces. The
cross sections of Table 4.1 are multiplied by a K-factor.8fth account for these higher order

effects.

Systematic errors, which account for uncertainties di@dént parameters like luminosity and
photon reconstruction (see full list of systematic errors in Appendix B) that have been applied

to both signal and background are:

1. Uncertainties on the luminosity and IDheiency:
A 10% uncertainty to the combined product of the diphotéiiciency and integrated

luminosity is assigned to the cross sections.
2. Uncertainty on the diphoton background:

¢ Uncertainty on normalization:
The main uncertainty on the diphoton background comes from the low statis-
tics available for normalization at low masses, where unpartttéeis are small.
The relative background normalization uncertainty is taken to&;e,iéf Ldt/pb,
wheref Ldt is the integrated luminosity. For 1pB! of data this uncertainty is

34%.

e Uncertainty on the K-factor:
A 10% uncertainty on the shape of the K-factor (the ratio of the NLO and LO

cross sections) is used either for the diphoton background or the signal.

The overall relative uncertainty on the background is given by
0B/B = 10%® 340% ff Ldt/pb. (4.24)

4.6 Exclusion limits on unparticle production

4.6.1 Large extra dimensions and unparticles

There is a large similarity between unparticle and LED models. LED gravity is based on the
so-called ADD scenario [50] where gravity alone have access to the extra dimensions. The

large size of the extra dimesions give rise to Kaluza-Klein (KK) mass modes which appear
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Figure 4.11: Diphoton invariant mass distribution foffeiient backgrounds as well as scalar
(left) and tensor (right) unparticle production. Lower limit on diphoton invariant mass of
500 GeV shown with a vertical red line, set to find limits on unparticle parameters and dis-
covery potential.

as continuos graviton mass spectrum. Unparticles, on the other hand, give rise to phenomena
very similar to the scenario of LED gravity with continuos mass spectrum as well. The matrix
elements of the cross sections for the two proce&$&3,— vy, can be found in Section 4.3.1

and [51]. In general, these cross sections can be converted one to each other by simple

translation of a few model related constants [52]

dy = g +1 Ay =Mp (4.25)

wheren is the number of extra dimensions aM} is the fundamental Planck scale bf
dimensional gravity, wher® = n + 4. Mp is related to the Planck scalklp ~ 10'° GeV,

according to the formula

2

M
Pl
MPBF2 ~ = (4.26)

whereR s the size of extra dimension.
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4.6.2 95% CL limit on cross section

95 % CL limit on signal cross section is set by using standard Bayesian approach [53]. A flat
prior is chosen for the signal cross section and a Poisson likelihood is constructed of observing
n events in data given signal cross sectirsignal acceptanca, background cross section

B, and an integrated luminositg

(Bag[(B+ AS)L]"

P(NS,A, B, L) =& -

(4.27)

Further systematic uncertainties are incorporatedpA and £ by convoluting the above
expression with Gaussian function centereB,ah and.£ with the widths given by the uncer-
tainties in the corresponding parameters [53]. This gives likeliHdot5). The 95% upper

limit on the signal cross sectiar®(n) is found by solving the integral equation

95(n)
f L(n|S)dS = 0.95. (4.28)
0

wheren is the observed number of events in the counting window.

A priori it is not known how many events can be found. This number may vary due to
background fluctuations. Therefore we find the sum of individual lim#n) and weighted
it with the corresponding Poisson probabilities of observirgyents given the background

only hypothesis

Za%m) X € —BL(B") (4.29)

Following this procedure, the expected upper 95% CL limit on the signal cross section for
unparticle decaying to two photons in the background only hypothesis is found for 50, 100

and 200 pb! luminosity and listed in Table 4.2.

4.6.3 Limits on unparticle parametersdg, and A

To set limits on unparticle parameters, we find that the optimal cut on the invariant mass of

the diphoton system is1,,, > 500 GeV. This is done by varying the cut and minimizing the
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Table 4.2: 95% CL limit on the signal cross sectidd (~ yy) for a signal in the diphoton
channel for 500 Ge\k M,, < 1000 GeV and the expected number of background events in
the same region [45].

Luminosity (pb™2) [ o2>(pb) | Number of background events
50 0.116 0.73+0.12
100 0.068 146+ 0.52
200 0.042 292+ 0.75

expected 95% CL limit on the unparticle cross section. In addition, we set an upper limit on
the diphoton invariant mass to be equaltg = 1000 GeV, as the theory is expected to be
non-perturbative above this mass. Nevertheless, we also estimate the sensitivity of the search

in case the upper bound on the mass is removed. This is done in Section 4.8.

The main irreducible background at these masses comes from direct diphoton production. We
estimate this background by normalization to SM diphoton production in the:200, < 500
GeV. However signal contamination in this region is not negligible, so we need to take this

into account.

To find signal cross sections for the region 50M,, < 1000 GeV after the normalization
procedure in the control region (260M,,, < 500 GeV), we rescale them to account for the
fact that any signal contamination in the control region will be considered as background by
the normalization procedure, thus artificially increasing the SM background prediction in the
signal region and consequently decreasing the unparfigete. This is to say that if the ratio

of the signal and SM background were the same in the signal and control regions, we would

have no sensitivity to the signal at all because it would be normalized away.

The factor we use to decrease the cross section in the signal rangeM00< 1000 GeV is

given by the following equation

Bs ASc
f=1-—— 4.30
ASg B’ ( )
whereB¢/Bs are SM cross sections in the 260M,,, < 500 GeV control region and in the
500 < M,, < 1000 GeV signal regionAS:/ASs are the diferences between the total cross
section (unparticle and SM cross section) and SM cross section, in the control and signal

regions, respectively. Since tensor unparticle production interferes with the SM diphoton
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production,AS can in principle be negative; in such cases we do not have sensitivity to
unpatrticles. For scalar unparticlesS is always positive, as there is no interference. For
AS; = 0 the scale factor is exactly 1, while faSs/Bs = AS¢/ B the scale factor is exactly O

thus resulting in no sensitivity to the signal.

Table 4.3 shows LO signal production cross sections at the generator level by using Pythia8
for the control AS;) and signal ASs) regions for spin-0 and spin-2 unparticles. Minimum cut

on the invariant mass of two photons has been applied at the generation level, at 100 GeV for
the control and and 400 GeV for the signal region, respectively. 400 GeV cut was applied to
have more statistics at high values of unparticle masses. The SM cross section in the control
and signal region8./Bs is 0.2330.0152 pb. Scaling factorsf, given by Equation 4.30

are also shown in Table 4.3 for scalar and tensor cases. These factors are typically in the
0.85-Q95 range for the parameter sets we are most sensitive to and thugettteo signal

contamination in the normalization region is in fact small.

Table 4.3 also shows the scaled signal cross sections that are used to set limits on or obtain
discovery sensitivity to the unparticle model parameters. The usual kinematic cuts on photons

were applied as discussed in Section 4.5.

Table 4.3: LO scalar and tensor unparticle cross sections in the control 206:G¢), <

500 GeV (AS) and signal 500 Ge\k M,, < 1000 GeV (Sg) regions, along with the
correction factord and rescaled cross section in the signal regidBL} used for limit setting
and discovery potential estimate.

dy A ASc, pb ASs, pb ASc, pb ASs, pb f f AS, pb AS, pb
Scalar unparticles Tensor unparticles Scalar Tensor Scalar Tensor
101 09 | 446x101 155x107T | 5.02x107? 5.08x 1072 0.81 094 | 1.25x10T 475x1072
11 09 | 144x10! 655x102 | 424x10°3 1.68x 1072 0.86 098 | 561x102 1.66x1072
12 09 | 454x102 262x102 | -487x10* 549x10°3 0.89 101 | 232x102 553x10°3
13 09| 168x102 109x102 | 937x10* 1.43x 1073 0.90 096 | 9.82x10° 1.37x10°3
15 09 | 744x10% 187x10°% | 203x10°3 6.73x 104 0.97 080 | 1.82x10°3% 541x10*
17 09 | 6.01x10*% 381x10* | 177x10°3 6.32x 1074 0.90 082 | 342x10* 516x10*
19 09 | 808x10° 246x10% | 187x10°3 1.00x 1073 0.98 088 | 241x10% 883x10*
101 02 | 131x10°% 154x10% | -1.96x10° -124x10% | 044 100 | 687x10° -124x10°3
101 04 | 235x102 6.02x10°% | -815x10°3 -1.82x103 | 074 071 | 448x10°% -129x10°3
101 06 | 905x102 289x102 | -951x10°3 355x10°3 0.80 117 | 230x102 417x10°3
101 08 | 299x10! 944%x102 | 1.63x1072 2.71x 1072 0.79 096 | 749%x102 261x1072
101 1 | 700x10 232x10! | 9.08x107? 8.16x 1072 0.80 093 | 1.86x101 757x1072

The exclusion limits for the unparticle production are estimated for a data sample of 50=200 pb
as discussed in Section 4.6.2. The third column of the Table 4.2 quotes the number of back-

ground events for dierent luminosities with their uncertainties (overall systematic uncertain-
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ties and diphoton background normalization uncertainty). The cross section iffitfrom
Table 4.2 are directly comparable with the parton-level unparticle cross section within the
kinematic cuts Er(y) > 50 GeV,[(y)l < 1.5, 500< M,, < 1000 GeV) given in the last

column of Table 4.3.

In addition, to account for NLO correctionsKafactor of 13 [54] has been applied to the LO

rescaled signal cross sections from Table 4.3.

These upper 95% CL cross section limigS?, are translated into limits on unparticle model
parameters by taking their intersections with the unparticle cross section curves. The unparti-
cle cross section curve is obtained by fitting with a polynomial function the pak85 €l4/)

and AS’, ) from Table 4.3. Figures 4.12 and 4.13 show the limitdgnand A for spin-0

and spin-2 unparticles, respectively. In the absence of an apparent signal, with 208f pb
data, we can set a lower 95% CL limit di, for scalar (tensor) unparticles atlé (104) for

A =0.9. Fordg, = 1.01 we can exclude values @f> 0.65 (08) at the 95% CL.

= 02 — : 5025
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018 - ;
5 F Signal cross section s [ Signal cross section
=S 95 I S o2 -
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Figure 4.12: Spin-0 unparticle cross section parametrization as a functipfofr 1s = 0.9
(left) andAs for dgy = 1.01 (right) for 500< M,,, < 1000 GeV.
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Figure 4.13: Spin-2 unparticle cross section parametrization as a functégpfor A; = 0.9
(left) andA; for d¢y = 1.01 (right) for 500< M,,, < 1000 GeV.

4.7 Discovery potential for unparticle

4.7.1 Discovery potential for500< M,, < 1000GeV invariant mass cut

To find the discovery potential for unparticles, we calculate the Poisson probability for the
background B) to fluctuate to or above the number of eventebserved in the counting
window. When there is no systematic error on the background prediction, this probability is

given by

L) = Z ‘LB(LB) —1- Z —LB(LB)' (4.31)

whereb = LB gives the expected number of background events in the counting window. In
the case of systematic uncertainties, which is our case, we convolute the uncertairity on

integrating over the Gaussian function

(X=b)?\ X
p=1- Zf dxv_ébexp( 2(6b)2)e Al (4.32)

wheredb is the uncertainty on the background prediction in terms of the number of back-

ground events.
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Further thep value given by Equation 4.32 is converted to Gaussian significance of a one-
sided fluctuation, represented as number of standard deviatioits particular, 3- evidence

for signal correspond to thp-value of 135x 10~ and % discovery corresponds to the

value of 285 x 10~/. We also want to ensure that the discovery is not claimed based on

just one observed event which is possible from Equation 4.32 if there is small background.
Therefore additionally it is required that the minimum number of expected ev@ntsi,

signal+ background, to be at least 3 for a-®vidence or 5 for a&-discovery.

To find the discovery potential for scalar and tensor unparticles, we perform one more proce-
dure. Since the control region has sizable signal contamination, in the presence of true signal,
the background in the signal region will be overestimated due to the control region normaliza-
tion procedure. Given the true backgrouBglin the signal region, the following background

will be inferred

, B: + AS
BS = BS X CTCC
Hence, the true SM background in the signal region should be scaled by the following factor
AS
fg=1+—. (4.33)
Be

This factor depends on the unparticle model parameters and is listed in Table 4.4 for the model
parameters used in this analysis.

Table 4.4:fg factor for scalar and tensor unparticles.

dy A | fg(Scalar) fg(Tensor)
101 09 297 122
11 09 161 102
12 09 119 100
13 09 1.07 100
15 09 1.00 101
17 09 1.00 101
19 09 1.00 101
1.01 02 1.00 100
1.01 04 1.10 097
1.01 06 1.39 096
1.01 08 2.28 107
101 1 4.00 139

Hence, for each model, we scale the true diphoton background cross secti®i4% (for

100 pb! luminosity) by fg and also change the uncertainty due to the normalization in the
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control region from the nominal oné®B/B = 10%® 340% ,/f Ldt/pb,wheref Ldtis the

integrated luminosity) to the one that reflects higher background in the control region and

hence smaller normalization uncertainty

5B/B = 10%@ 340% /fB f Ldt/pb. (4.34)

The net &ect is that the background in the signal region becomes higher, but the uncertainty
on it decreases. Thédfect of the increased background in the signal region is small for tensor

unpatrticles, but sizable for the scalar ones.

The discovery potential for spin-0 and spin-2 unparticle, calculated using Equation 4.32, are

shown in Figure 4.14 and listed in Table 4.5 for 500 GeWl,, < 1000 GeV.

Table 4.5: Luminosity needed for observation or discovery given spin-0 and spin-2 unparticle
parameters for 500 Ge¥ M,, < 1000 GeV.

Unparticle parameters [ Ldt needed for 8 evidence| [ Ldt needed for & discovery
Scalar Unpatrticles
G = 101,15 = 1.0 ~40pb 1 ~120pb 1
dy = 101,05 = 0.9 ~ 70pbt ~ 180pb-?
dy = 1.01, 1 = 0.8 ~ 135pb! ~ 370pb!
dy =11,2s=09 ~ 170pbt ~ 485pbt
dyy = 1.2, 15 = 0.9 ~ 640pb! ~ 2040pb!
Tensor Unparticles
G = 101, 4, = 1.0 ~100pb 1 ~ 250pb 1
dy = 101, 4 = 0.9 ~ 180pb? ~ 520pb-1
dy = 1.01, 4 = 0.8 ~ 480pb! ~ 1380pb!

4.7.2 Discovery potential for600(700)< M,, < 1000GeV invariant mass cut

To demonstrate that thd,, > 500 GeV cut is indeed the optimum one, we repeat the discov-
ery significance calculations for the two higher values of the invariant mass cut 600 and 700
GeV. Figures 4.15 and 4.16 show the discovery potential for 600 GéW,, < 1000 GeV

and 700 GeV\< M,, < 1000 GeV. It can be concluded that, increasing the lower invariant
mass cut does not improve significantly the sensitivity to unparticles in the range of integrated

luminosities characteristic for early data taking.
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4.8 Sensitivity to the unparticle model parameters without the perturbativity

bound

The perturbativity boundil,, < Aq, is not exact. Itis not clear that the unparticle production
suddenly turns @ around /s = Aq, or that the production rates are modified significantly.
Therefore we perform similar study as discussed in Section 4.6.3 but remove the perturbativity

bound to see how thaffacts our sensitivity.

We repeat exactly the same approach, this time without setting an upper limit on the signal
cross sectioM,, < Aq; = 1 TeV. Table 4.6, in analogy with Table 4.3, shows the scaled signal

cross sections in thbl,, > 500 GeV region for spin-0 and spin-2 unparticle. For the nor-

malization procedure, again is used the 2004,, < 500 GeV control region. Figures 4.17

and 4.18 show the new limits on unparticle parameterdvigy > 500 GeV. Compared to

the results with the upper invariant mass cut, the new limits are considerably more stringent,

particularly in the case of scalar unpatrticles.

Table 4.6: LO scalar and tensor unparticle cross sections in the control 20€@ &Y < 500
GeV (AS;) and signaM,,, > 500 GeV (ASg) regions, along with the correction factdraind
rescaled cross section in the signal regid8Y) used for limit setting and discovery potential

estimate.
dy A ASc, pb ASs, pb ASc, pb ASs, pb f f ASg, pb ASg, pb
Scalar unparticles Tensor unparticles Scalar Tensor Scalar Tensor
101 09 | 446x10T 202x10T | 5.02x107° 8.57x 1072 0.84 096 | 1.70x10T 821x 1072
11 09 | 144x10! 920x102 | 424x10°3 3.58x% 1072 0.89 100 | 820x102 355x107?
12 09 | 454x102 408x102 | -487x10% 157x1073 0.92 100 | 376x102 1.58x1072
13 09 | 1.68x102 186x102 | 937x10* 7.58x 1073 0.94 099 | 1.75x102 752x10°3
15 09 | 744x10* 476x10°3% | 203x10°3 3.84x 1073 0.99 096 | 471x10° 370x10°3
17 09 | 6.01x10% 197x10°% | 177x10°3 3.36x 1073 0.98 096 | 1.93x10°3% 324x10°3
19 09 | 808x10° 328x10°% | 187x10°3 6.35x 1073 1.00 098 | 328x10°% 6.22x10°3
101 02 | 131x10°% 231x10% | -1.96x10° -147x10°% | 060 100 | 140x10% -147x10°3
101 04 | 235x102 814x103 | -815x10°3 -144x103 | 0.80 061 | 650x103 -872x10%
101 06 | 905x102 381x102 | -951x10°% 879x10°3 0.84 108 | 318x102 945x10°3
101 08 | 299x101 125x10! | 1.63x1072 4.75% 1072 0.83 098 | 1.04x101 464x102
101 1 | 700x10! 3.03x101 | 9.08x107? 1.36x 10t 0.84 095 | 254x101 129x101?

Figure 4.19 and Table 4.7 show the discovery sensitivity to spin-0 and spin-2 unparticles for
M,, > 500 GeV. The same procedure of rescaling the SM background in signal region by
factor fg (see Table 4.4) is used. Removing the perturbativity bound roughly reduces by half

the luminosity needed for discovery of unparticles.
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Table 4.7: Luminosity needed for observation or discovery given spin-0 and spin-2 unparticle
parameters foM,, > 500 GeV.

Unparticle parameters [ Ldt needed for 3 evidence| [ Ldt needed for & discovery
Scalar Unparticles
dy =1.01,15=1.0 ~ 30pb? ~ 70pbt
dy =1.01,15=09 ~ 40pbt ~110pbt
dy = 1.01,25=0.8 ~ 75pbt ~ 200pb™?
dy =11,25=09 ~ 90pb! ~ 250pb?
dy =12,15=09 ~ 265pbt ~ 760pb™?
Tensor Unparticles
dy =1.01,4 =10 ~ 40pbt ~110pb?t
dy =1.01,2 =09 ~ 75pbt ~ 210pbt
dy = 101,24 =0.8 ~170pbt ~ 490pb™?
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Figure 4.19: Luminosity required for for spin-0 and spin-2 unparticle discovery for
M,, > 500 GeV. Diferent lines correspond toftérent model parameters. Subsequent points

on the lines correspond to sequential integer number of expected events; points corresponding
to 1, 3, and 5 events are marked correspondingly.
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CHAPTER 5

CONCLUSIONS

In this thesis, the sensitivity to unparticle production into the diphoton decay channel is stud-

ied with the CMS detector at LHC.

The 95% CL limit on the cross section of unparticle decaying into a pair of photons is found
by using standart Bayesian approach for data samples of 50, 100 and Z0@ipinosity.
These upper 95% cross section limits are subsequently translated into limits on unpatrticle

model parameters, scaling dimensiiyp and coupling constanit

Two approaches are used to determine the unparticle cross sections to be compared with the
95% CL limit. In both studies, a lower cut on the invariant mass of the diphoton system

is found to be 500 GeV by optimization procedure. In the first approach, we set an upper
limit on the diphoton invariant mass of 1000 GeV since the theory is not perturbative above
this mass. In the second approach, no upper bound on the diphoton invariant mass is set
in order to see how thisfiects our results. We find that with the upper invariant mass cut,
the limits on unparticle parameters are more stringent. Additionally, in order to account for
signal contamination in the regidd,, < 500 GeV, where the signal can be mixed with the

SM background, the unparticle cross sectionsgy, > 500 GeV, with and without upper
invariant mass cut, are modified using normalization procedure. It is shown as well, that the
lower bound on the invariant mas,, > 500 indeed is the optimal one for setting limits and

discovery potential for unparticles decaying to two photons.

Limits on unparticle parameteds, and2 for three diferent sets of data sample luminosities
50, 100 and 200 pt} are found. The limits owlq; and s for scalar unparticle with 100 pb

for invariant mass 50& M,, < 1000 GeV and\¢, = 1 TeV are as follows:
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e Fordey = 1.01,45 > 0.7 can be excluded;

e Foris=0.9,d¢y < 1.1 can be excluded.

We also conclude that the sensitivity to tensor unpatrticles is not that high in comparison with

the scalar unpatrticles in the suggested parameter space (

The discovery potential for spin-0 and spin-2 unpatrticle is found by calculating the Poisson
probability for the background to fluctuate to or above the number of events in a counting
window. Then the probability is converted into a Gaussian significancEor invariant mass

500 < M,, < 1000 GeV and\¢ = 1 with ~ 200 pby! the scalar unparticle can be observed

at 5 for d, = 1.01 anda > 0.9.

This is the first simulation study of the sensitivity to unparticles decaying into the diphoton

final state at a hadron collider.
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APPENDIX A

KINEMATICAL VARIABLES IN HADRON COLLISIONS [33]

In LHC where we have proton proton collision, the actual collision, in fact, can be thought to

occur between the partons with fractional momentunpf x1Pa andp, = xoPg. Pa and

Pg are the momenta of incoming protons and can be denoted in the following way

Pa = (Ea, 0,0, pa), Pg = (Eg, 0,0, —pa).

The parton CM frame is moving with momentuPay given by

Pcm = (X1 + X2)Ea, 0,0, (X1 — X2)pa) Where Ea ~ pa)

and the rapiditycy of the parton CM frame is

with parton energy fractions; andx, given by

X12 = \/?eFVCM.

7 is defined as

S
T=X1X2=§

(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

with s = 7S, whereS = 4E/§ is the total hadronic CM energy asds the partonic CM energy.
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Lets consider a final state particle with momentptn= (E, p) in the lab frame. Since the
CM frame of the two colliding partons is a priori undetermined with respect to the lab frame,

it is better to seek for kinematical variables that are invariant under longitudinal boosts.

e Transverse momentupy and azimuthal anglé This is the momentum in the direction

perpendicular to the beam pipe and is invariant under longitudinal boost.

pr = /PZ+ p? = psing (A.6)

In longitudinal direction, momentum can not be determined.

¢ Rapidity and pseudo-rapidity:

yoLpErP 1145

2nE_pZ 2175, (A.7)

wheres; = p/E = B cosh is thez-component of the particle’s velocity. In the massless

limit, E ~ [P

1, 1+cosf _

6
—In— =Incot= = A.8
2 1-cosh 2 n (A-8)

y -
wherern is pseudo-rapidity andeo < 1 < 0.

e Separation in{, ¢) planeAR: Introduction of separation, provides practical definition
of a hadronic jetAR specifies the cone size of a jet formed by multiple hadrons within

AR

AR = +JAp? + Ag? (A.9)

e Invariant mass: If we search for a resonant signal inslebannel, the invariant mass
variable turns out to be very useful. If unstable parti¢lis produced by particlesand
band decayto £2+...+nparticles, then its invariant maddy,, can be reconstructed

either by using the initial momenta or the final momenta of these particles.

n 2
(Pa+ Pp)* = (Z pi] ~ M2 (A.10)
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e Missing transverse momenttﬂ?issand energ)E$“SS. If a particle can not be observed
by the detector, only its transverse momentum and energy can be inferred by balancing

the observed momerjenergy.

PrTniss: _ Z Pr. E;niss: _ Z Er, (A.12)
i i

pr, and Et, denote the observed transverse momenta and energy which balance the

missing transverse momentupiisSand energyETss
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APPENDIX B

SYSTEMATIC UNCERTAINTIES [49]

A systematic error is an error that will occur consistently in only one direction each time the

experiment is performed, i.e., the value of the measurement will always be greater (or lesser)
than the real value. There are two type of systematic errors due to 1) theoretical uncertainties
and 2) experimental uncertainties. This is a list of the systematic uncertainties that are subject

to study at LHC:

Theoretical uncertainties

e Hard process description:
To describe the hard process, one should use a Monte Carlo Generator. The simulation
is done via matrix element calculations at a certain order in the coupling constants with
the parton showering of the partons until a citszale when the perturbative evolution
stops and fragmentation of the final partons takes on. The calculation of the matrix
elements depends on certain input parameters which are subject to their experimental

uncertainties.

e Hard process scale:
The hard process under study uses a definite €gla/hich enters in the parametriza-
tion of PDFs andrs, which is to say the expression of the cross sections. The choice

for Q2 scale is unphysical and is regarded as important contribution to the uncertainty.

e PDF description:
The PDFs describe the probability density for partons undergoing hard scattering at
the hard process sca@ and taking a certain fractior of the total particle momen-
tum. Since PDFs depend @¥ which is not a definite value there is uncertainty in the

definition of PDFs as well.
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e QCD radiation:
Initial and final state radiation are produced following unitary evolutions with probabil-
ities defined by the showering algorithm (Altarelli-Parisi equation) that depend on the

Q? evolution variable.

e Fragmentation:
Fragmentation depends on the factorization scale. The formation of final state hadrons
from primary quarks in a non-perturbative way is called fragmentation or hadroniza-
tion. Parameters that regulate the fragmentation can change if the description of the

underlying event change or if there is larger fraction of gluon jets.

e Minimum bias and underlying event:
Minimum bias events are dominated by soft-pT interactions with low transverse energy
and low multiplicity although there are also some small contributions from hard scatter-
ing. Every interesting event is accompanied by the so-called underlying event, which
is everything but the hard scattering and includes minimum bias. In general, the under-
lying event identifies all the remnant activity from the same proton-proton interaction.
Correct modeling of the multiple partonic interactions can give an adequate description

of the minimum bias and underlying event and the connection between them.

e Pile-up:
The Pile-up &ect occur when on top of possible signal events, additional minimum
bias interactions are produced in the same bunch crossing. The Pile-up déecheda

by the definition of the minimum bias itself.

Each of thesefeects has to be modeled to the best of our knowledge and the uncertainties

need to be determined and propagated to the physics measurement.
Experimental uncertainties
These uncertainties are associated with detector measurements.
e Luminosity uncertainty:
The design goal for the precision of the luminosity measurement at CMS is 5 %, which

is assumed to be achieved after 1'flof data has been collected. For integrated lumi-

nosity less than 1 fi#, it is assumed that the precision is limited to 10 %.
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Track and vertex reconstruction uncertainty:
The uncertainty of the track reconstructidifigency is taken to be 1 % for all tracks.
The primary vertex precision along theoordinate is expected to be aboutifi once

1 fb~! has been collected. The transverse precision is expected to be gbuout 1

ECAL calibration and energy scale uncertainties:
The precision to which the ECAL crystals can be intercalibratedds-®.0 % using
5 fb~! of data. The absolute energy scale can be determined usi@giass constraint

in Z — eedecay and is expected to be measured to a precision of alf&u¥4)

Jet and missing energy uncertainties:

An overall uncertainty of 15 % is expected for jet response and energy scale uncertainty.

Muon reconstruction uncertainties:

The precision of muon measurement is 200in the plane transverse to the beam axis.

86





