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Abstract

In this thesis, two of the most exciting areas in high energy physics nowadays are
studied: neutrino physics and collider physics, which play important roles in the
intensity and energy frontiers, respectively.

For neutrino physics, assuming that the neutrino mass matrix is dominated by a
term with the permutation symmetry S, it is possible to explain neutrino data only
if the masses are quasi-degenerate. A sub-dominant term with an approximate p — 7
symmetry leads to an approximate tri-bimaximal form. Experimental consequences
are discussed.

In this thesis several channels that contain missing-energy signal in the final states
will be investigated with minimal model assumptions. Channels of this type are very
challenging to analyze at the Large Hadron Collider (LHC), since this approach offers
only a few kinematical handles.

I start with a channel that has a clean signal of two leptons and missing en-
ergy. This signature generally arises from pair production of heavy charged particles
which each decay into a lepton and a weakly interacting stable particle. This class
of processes is analyzed with minimal model assumptions by considering all possible
combinations of spin 0, % or 1, and of weak iso-singlets, -doublets, or -triplets for the
new particles. Adding to existing work on mass and spin measurements, two new
variables for spin determination and an asymmetry for the determination of the cou-
plings of the new particles are introduced. It is shown that these observables allow
one to independently determine the spin and the couplings of the new particles, ex-
cept for a few cases that turn out to be indistinguishable at the LHC. These findings
are corroborated by results of an alternative analysis strategy based on an automated
likelihood test.

I then study decays of the form C' — ¢T¢~A (¢ = e, u), including the possibility
that this three-body decay is preceded by an additional decay step D — jC. Here A,
C and D are heavy new-physics particles and j stands for a quark jet. It is assumed
that A escapes direct detection in a collider experiment, so that one cannot kine-
matically reconstruct the momenta of the new particles. Instead, information about
their properties can be obtained from invariant-mass distributions of the visible de-
cay products, i.e. the di-lepton (¢¢) and jet-lepton (j¢) invariant-mass distributions.
All possible spin configurations and renormalizable couplings of the new particles are
considered, and explicit expressions for the invariant-mass distributions are derived,
in a formulation that separates the coupling parameters from the spin and kinematic
information. In a numerical analysis, it is shown how these properties can be deter-
mined independently from a fit to the my and m;, distributions.

Finally, I will take a model-independent approach to searching for new physics
involving the top quark. The experimental signatures for new physics involving top



quarks at the LHC may be characteristic, yet challenging to disentangle. I system-
atically parameterize generic interactions of a new particle that couples to the top
quark and optimize the search strategy for the new particles at the LHC and propose
the study for their properties. Several variables are proposed and a detailed numer-
ical study is performed for the determination of spins and couplings of new heavy
particles.
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Chapter 1

Introduction

In this thesis, I will discuss two of the most exciting areas in high energy physics
nowadays: neutrino physics and collider physics, which play important roles in the
intensity [1] and energy frontiers [2], respectively.

Neutrino physics is one of the main focuses of intensity-frontier physics. Recent
discoveries make the study of the properties of neutrinos an important area of research.
Measurements of the properties of neutrinos are fundamental to understanding physics
beyond the Standard Model (BSM) and have profound consequences for the evolution
of the universe.

A lot of evidence for neutrino oscillations has been collected from various sources,
including the sun, the atmosphere, accelerators and reactors. The effects of neutrino
oscillations were first detected by Raymond Davis’s Homestake Experiment [3] in the
late 1960s. A deficit in the flux of solar neutrinos with respect to the prediction of
the Standard Solar Model was observed based on a chlorine-based detector. This is
called the solar neutrino problem. In 1998, Super-Kamiokande [4] in Japan, which
utilized a large water Cherenkov detector, also found that neutrino fluxes were much
below the values predicted by the Standard Solar Model. Later on, in 2001 the SNO
experiment [5] in Canada used a heavy water Cherenkov detector to deliver the final
confirmation of neutrino oscillations, which is not predicted by the standard model
of particle physics.

Neutrino oscillation implies that the mass differences of neutrinos are non-zero
and therefore neutrinos are massive particles. Recently, new results on #;3 have been
announced by T2K [6], MINOS [7], and Double Chooz [8] in 2011, pointing to 6,3 is
not zero. More recently, Daya Bay [9] and RENO [10], announced about 5 o evidence
that sin?20;5 ~ 0.092. A non-zero value of 6;3 has many profound implications for
BSM physics, such as CP violation in the leptonic sector, and its relation to CP
violation in the quark sector.

In this thesis, I will address two important questions in neutrino physics. One is
how to explain neutrino oscillation data by assuming that the neutrino mass matrix
obeys a discrete symmetry. The other is how to generate a non-zero #,,. Furthermore,



its phenomenological consequences will be discussed.

With the discovery era ushered in by the LHC, data-driven phenomenology is now
possible. Two detectors at the LHC, ATLAS and CMS, have collected large amounts
of data and will be able to discover or rule out many of the new physics models such
as supersymmetry, extra dimensions or strong-dynamics models. Model-independent
searches become not only important but also pressing. I aim to find a systematic
method to determine the properties of the new particles, such as masses, spins, and
couplings. For the mass determination, there already exist good observables such
as Cambridge Mpy [11] and its variants. Therefore, my focus is mainly on the spin
and coupling determination. Spin determination is very important to distinguish one
model from another because the new massive particles in these models may have
different spins. For instance, supersymmetry predicts that the superpartner of SM
leptons are scalars, i.e. they have spin equal to 0, while universal extra dimensions
(UED) [12] predicts the Kaluza-Klein (KK) partner of leptons to be spin 3 fermions.
As a result, it is possible to distinguish supersymmetry from UED as long as one can
discriminate the spins of these new particles. Coupling determination is also crucial
because it can tell us the group representation of the new particles. For instance, if
these particles have SU(2) symmetry, their couplings will depend on the SU(2) group
representation of these particles, i.e. whether they are SU(2) singlets, doublets or
triplets.

Motivated by the existence of cold dark matter, which accounts for 23% of the
mass-energy density of the observable universe, many new-physics scenarios incor-
porate some global discrete symmetries to ensure the existence of a massive stable
neutral particle. Well-known examples include R-parity in supersymmetry, KK-parity
in UED models and T-parity in little Higgs models [13]. These stable neutral par-
ticles escape detection and hence become missing-energy signals of detectors. The
existence of such a neutral particle at the end of the decay chain results in large
missing-energy events in which new-physics particles are produced. The main focus
of chapter 4, 5 and 6 will be on channels that contain missing-energy signals in the
final states. Since such missing particles escape detectors, it is very difficult to fully
reconstruct the energy and momenta of the final-state particles. Thus, determination
of spin and couplings of heavy new particles in these channels is highly nontrivial and
challenging.

In this thesis, I will investigate a few channels that contain missing particles in
the final states. The first channel that I am interested in involves signals with two
leptons and missing energy at the LHC. I focus on Drell-Yan-type production of
a pair of charged heavy particles Y+, which each subsequently decay into a lepton
(* (¢ = e, 1), and a neutral heavy particle X°, i.e. pp — Y Y~ — £+/~X°X0 where
p stands for a proton. I then considered all possible spin and SU(2) representations
of new particles X and Y. The second channel to be discussed is the decay chain
with three-body decays involving missing energy. Decays of the form C' — (t(~A
(¢ = e, p) are studied, including the possibility that this three-body decay is preceded
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by an additional decay step D — jC. Here A, C' and D are heavy new-physics
particles and j stands for a quark jet. It is assumed that A leads to missing energy
in the detector so that one cannot kinematically reconstruct the momenta of the new
particles. Instead, information about their properties can be obtained from invariant-
mass distributions of the visible decay products, i. e. the di-lepton (¢¢) and jet-lepton
(j¢) invariant-mass distributions. I have developed a framework for extracting the
mass of the intermediate particle and the spin and couplings of new particles.

Finally, I will take a model-independent approach to searching for new physics in-
volving the top. Recent results from LHC [14] have rather stringently excluded a large
part of the squark and gluino parameter space. However, it is possible that not all the
squarks are at the same mass scale. In a typical supersymmetric grand unification
theory (GUT), the squark that is the partner of the heaviest SM quark runs fastest in
renormalization group evolution (RGE) and hence becomes lightest at the low-energy
scale. As a result, the stop can be much lighter than other squarks. I consider the
possibility that stop decays into top and the lightest neutralino dominates over other
channels. The final-state signal in this scenario would be the decay product of top
quarks and missing energy. We extend this idea to a model-independent approach
by considering different spin configurations (0, 1/2, and 1 ) of a light new particle
pair-produced in pp collisions to determine how one can distinguish between different
scenarios and extract the spin of the new particles.

In the next section I will review the standard model of particle physics and also
introduce notations that will be used in the following chapters.

1.1 The Standard Model

Despite the fact that the Standard Model (SM) has been so successful in agreeing
with experimental data, many people believe that it is not complete for reasons I
will explain in the next section. The SM accounts for our current understanding of
strong, electromagnetic, and weak interactions based on a gauge symmetry SU(3)c X
SU(2)r, x U(1)y. Each gauge group associates with its own gauge bosons, which
mediate forces between particles.

The Lagrangian for these gauge boson is

1
Lonse = = (Gl G+ Wi Woy + B, (1)
where
Gt = OMGL —0"GH — g3 fae GY, G (1.2)
Wk = WY — "W — gy €ape W WY (1.3)
B" = o*BY — 9"B* (1.4)

with eight SU(3)¢ gluon fields GY and three SU(2),, isotriplet bosons W2 and Uy (1)
hypercharge boson B*. fu. and €4, are structure constants of the SU(3)cs and
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Names SM fermions | SU(3)¢, SU(2), U(1)y
Quarks Q' (ul db) (3,2, %)
(x3 families) | u! uly (3,1, 32)
d’ dh (3,1, —3)
Leptons L! (v el) (1,2, —3)
(x3 families) | ef ek (1,1, —1)

Table 1.1: Fermion content of the Standard Model.

SU(2)r groups, respectively. g3 and g, are coupling constants of the SU(3)¢ and
SU(2), groups, respectively. The Lagrangian for the fermionic sector is

Liermion = 1Q17" DuQy + iLyy" DLy, + ity Dyt + idpy" Dydp + ilpy" Dyl p(1.5)

where the superscript I indicates that the fermion fields are in the interaction eigen-
states. Also, the generation indices are suppressed for simplicity and the particle
contents and the corresponding quantum numbers are summarized in Table 1.1. In
order to ensure that the Lagrangian is gauge invariant, the covariant derivative is
introduced and defined as

Ao | . . .
D' = 0" +igs G" 2% 4 igy WH 22 4 ig, BMY, (1.6)

where A\, and o, are Gell-Mann and Pauli Matrices, respectively. The SM gauge
group is broken down to SU(3)c x U(1)gar due to the Higgs mechanism, which I will
explain in detail below.

The Lagrangian for the scalar sector is

A
Escalar = (D,uH>T D'H + MQHTH - Z (HTH)27 (17>

where H is a scalar doublet field, also called the Higgs field.

H= (i;) (1.8)

After the spontaneous symmetry breaking in the Higgs potential, the Higgs field
acquires a vacum expectation value (VEV)

2

S ) and v = ’% (1.9)

V2

The mass terms of gauge bosons come from the first term of L.q4r, Wwhich is propor-
tional to

<H>:(

2

v .
§(92|W1 —iW?? + (g1 B, — gQWﬁ’)Q). (1.10)
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The mass eigenstates and eigenvalues of the charged gauge bosons are

WL FWE g2 v

W= £ with Myz = =5 (1.11)

8 V2

The mass eigenstates and eigenvalues of neutral gauge bosons are

— By + g2 W}
z, = IOr TR i Mz = £ \/e} + g3 (1.12)

Vi + 95

B, + g W}
A, = P2TIw Gith M, = 0. (1.13)

Vi + g3

Finally, the interaction between scalars and fermions, namely Yukawa interactions
are given by

Lyuiawa = Y QL Hub, —YP QL Hdkh, —VELL, H 5 + he,  (1.14)

where H = ioyH* and (i,j) are the usual family indices (going from 1 to 3). Lyukawa
leads to fermion mass terms after substituting the VEV in Eq. 1.9.

Lotaswer = =M by H ub; — ME db, H dby — ME 01, H 0%, + hec., (1.15)

where M; = vY/. One can always diagonalize M; by rotating the flavor eigenstates
fiR to the mass eigenstates fr g,

fo=Vifl (1.16)
fr=Vifn (1.17)

This leads to a diagonal and real matrix
Mfes = viimpvit (1.18)
Using the mass eigenstates, the charged current interaction involving W= and quarks

1S

9

V2

ﬁcc = Ur,; "}/M VCKMz'j dLj W:_ -+ h.C., (1.19)

where

Vera = Var Vi (1.20)

is the Cabbibo-Kobayashi-Maskawa(CKM) mixing matrix, which is a unitary matrix
and is the only origin of the CP violation phase in the SM if the neutrino masses are
neglected. This unitary matrix consists of 9 real parameters ( 3 mixing angles and 6
phases ). Since quarks are Dirac fields 5 phases can be absorbed by redefining phases
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of the quark fields. Eventually, only 3 mixing angles and 1 phase, which is called the
Dirac phase, have physical meaning. The matrix element of Vo is often written as

Vud Vus Vub
Vekm = Vg Ves Vo |- (1.21)
Via Vis Va

In terms of three angles 015, 053, 013 and one phase §, one can parameterize the Vg,
as follows,

—1id

C12C13 $12€13 S13€
Verm = —C23812 — C12523513€" C12C23 — $12823513€" C13523 ) (1-22)
i5 i5
$93512 — C12C23513€" —C12523 — S12C23513€" C23C13

where s;; = sindj, ¢;; = cost;.

The matrix elements of CKM matrix can be measured by experiments. The gen-
eral feature of Vg is that it is almost diagonal and the diagonal elements are
approximately one. Also, it has very clear hierarchical structure and is almost sym-
metric. Based on these observations L. Wolfenstein [15] parametrized Ve using a
different set of parameters: A, ), p and 1. Dropping terms above O(A?), one obtains

1-— )‘—22 A AN(p—in)
Vorkm ~ —\ -2 AN? : (1.23)
AN(1—p—in) —AN 1

where \ = s15 & 0.23 is the sine of the Cabbibo angle and

AN = sy3 (1.24)
AXN(p—in) = siz3e . (1.25)

1.2 Problems with the SM

There are many problems that cannot be explained by the SM and one needs to resort
to new physics models. In the following I will list some of these major problems, which
motivate us to propose new physics.

e Hierarchy Problem: The fact that gravity is much weaker than other forces
implies the existence of two vastly different energy scales: Apjanex ~ 1/ VG =
10" GeV where gravity gets strong, and the electroweak scale Agw ~ O(100 GeV).
G stands for Newton’s constant. If the SM is a complete theory and holds all
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Figure 1.1: One-loop correction to the Higgs (H) squared mass parameter m?. f
denotes a fermion field.

the way up to the Planck scale, then one necessarily would have to deal with a
fine-tuning problem in order to keep the mass of the Higgs light for reasons to
be discussed later. The mass of the Higgs is subjected to large radiative correc-
tion, since it is a scalar particle. Unlike fermions, the scalar particle mass is not
protected by chiral symmetry; the masses of the gauge bosons are protected by
gauge symmetries. The physical Higgs mass my can be defined as

M = MG + Moy, (1.26)
where mq represents bare mass and m,..q is the radiative correction to the Higgs
mass. In the SM, Fig. 1.1 alone gives the largest correction to the Higgs mass,

2 Y/
rad T T ]2

2 5, Auv

(Afy —3myIn my ), (1.27)
which is quadratically divergent to the scale where new physics is believed to
occur. Y7 is the Yukawa coupling in Eq. 1.14. The dominant contribution
comes from the top quark in the loop in Fig. 1.1 since it has the largest Yukawa
coupling to the Higgs boson. If the SM is a complete theory that is correct
all the way up to the Planck scale, then it implies that in order to obtain a
physical Higgs mass my ~ Agw, mo must be of order Appna. Since the ratio
A /Ae o = (100 GeV/10" GeV)? = 10734 is so small the cancellation must
be extremely precise.

e Gauge unification: In the SM, there are three gauge couplings g1, g», and gs.
Why are there so many gauge couplings instead of one? Can they be unified just
like electromagnetic and weak interaction, which are unified at the electroweak
scale? Some BSM models such as supersymmetry might be able to achieve it.

e Dark matter: Another problem that the SM cannot resolve is the dark matter
problem. Many observations including the velocity curve of stars in galaxies and
gravitational lensing studies of the Bullet Cluster provided strong evidence for
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the existence of dark matter. We know that there must be something else that
exists in addition to the matter that we observed. Many BSM models have
proposed their own DM candidates, which will be discussed in more details in
the next chapter.



Chapter 2

Physics beyond the Standard
Model

In this thesis, I will utilize a model-independent approach to determine the spin and
coupling of new heavy particles in some channels and only make minimal assumptions.
However, there are some models that have been widely discussed in the literature and
will be used as examples for my analyses. In this chapter I will discuss two of these
BSM models, supersymmetry and UED models.

2.1 Minimal Supersymmetric Standard Model

Supersymmetry is one of the most promising BSM models. It can not only pro-
vide a solution to the hierarchy problem but also allows for the unification of gauge
couplings. In addition, it also provides a candidate for dark matter. All these nice
properties let many people believe that supersymmetry is too good not to be true.
The original motivation of introducing supersymmetry, however, was not to resolve
the hierarchy problem or all other nice features but was because of the Coleman-
Mandula theorem [16], which shows the impossibility of combining space-time and
internal symmetries in any but a trivial way. However, it can be circumvented by
introducing symmetries whose algebra satisfy anti-commutation relations beyond the
internal symmetries and the Poincare symmetry. In general, the number N of inde-
pendent supersymmetric charges can be larger than 1 but in this thesis I will just
discuss the minimal supersymmetric standard model (MSSM). In other words, only
the case N=1 is considered.

The particle content of the MSSM is listed in Table 2.1 and Table 2.2. Every
SM particle and their superpartner are denoted by the same notation except that
the supersymmetric particle has an additional tilde ~. Supersymmetry describes the
symmetry between fermions and bosons. The supersymmetric charge () varies the



Names spin 0 spin 1/2 | SU3)¢, SU(2)L, U(1)y
squarks, quarks | @ | (up EZVL) (up, dp) (3,2, %)
a | uly (3.1, -2)
d s, di, (3,1, 1)
sleptons, leptons | L (v er) (v er) (1,2, -3)
e e el (1,1, 1)
Higgs, higgsinos | H, | (H, HY?) (ﬁj ﬁg) (1,2, —i—%)
He| @y By |G A (L2, -

Table 2.1: Chiral supermultiplets in the MSSM. The number of generations is three
for fermions and sfermions.

spin of the particle by 1/2.
(Q)|boson >= |fermion > ; Q|boson >= |fermion > (2.1)

Applying a supersymmetric operator on SM particles gives rise to their corresponding
supersymmetric partners, whose spins differ from their SM partners by a half integer.
The SM particles and their superpartners can be placed in a supermultiplet. There
are two types of supermultiplets:

e Chiral supermultiplet: Each scalar particle in the SM has a fermion partner
and together they form a chiral supermultiplet. Similarly, each SM fermion and
their scalar partner are embedded in a chiral supermultiplet. Note that the left-
and right-handed pieces of the quarks and leptons transform differently under
the SM gauge groups so each must have its own complex scalar partner. For
example in Table 2.1 a left-handed up quark u; and its superpartner u; are in
the same supermultiplet.

e Gauge supermultiplet: Each SM gauge boson and its superpartner are in one
gauge supermultiplet. For instance, gluon and its superpartner gluino are em-
bedded in the same gauge supermultiplet as shown in Table 2.2.

2.1.1 Motivation of introducing MSSM

As mentioned in the last chapter, the MSSM can solve the hierarchy problem. In
the SM, the fermion loop diagram on the left hand side of Fig. 2.1 gives rise to m?,;
in Eq. 1.27, which is quadratically divergent. However, in the MSSM there is an
additional diagram as shown on the right hand side of Fig. 2.1 that also contributes
to the quantum correction to the Higgs mass

Mg =2 BNy — 27} In B2v) (2.2)
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Figure 2.1: One-loop correction to the Higgs (H) squared mass parameter m?,. The
diagram on the left already exists in the SM. f denotes a fermion field. The diagram
on the right is a new contribution from the MSSM. f represents a scalar fermion field.
Two diagrams have opposite sign resulting in the cancellation of the UV divergence.

ot Sef
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15
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Figure 2.2: The renormalization group evolution of the inverse gauge couplings 1 /o,
1/as , and 1/ag, which correspond to U(1)y, SU(2)r, and SU(3)c gauge groups, in
the SM (left) and MSSM (right). Q stands for RG scale. (This figure is taken from
Ref. [17])
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Names spin 1/2 | spinl | SU(3)¢, SU(2)., U(1)y
gluino, gluon g g (8,1,0)
winos, W bosons | W% WO | w* o (1,3,0)
bino, B boson BO B° (1,1,0)

Table 2.2: Gauge supermultiplets in the MSSM.

where Y/ stands for the coupling of the Higgs to the scalar fermions and Y/ = |Y/|?
due to the symmetry between fermions and bosons. It turns out in the MSSM, the two
quadratic divergent terms cancel out and only the logarithmic terms survive. In order
to keep the radiative corrections to the Higgs masses of order 100 GeV the mass of the
scalar fermion m; has to be less then 1 TeV. Note that due to the anticommutative
nature of fermions, the sign of the fermion loop contribution is opposite to that of
the scalar loop contribution. Moreover, the cancellation of quadratic divergences not
only works in the MSSM but also in any supersymmetric theory.

In addition, in the MSSM the unification of the three gauge couplings of the SM
at some high scale becomes possible. As can be seen in Fig. 2.2, in contrast to the SM
the RG running of the three gauge couplings in the MSSM is changed due to the loop
contributions from supersymmetric particles. It turns out that the three couplings
unify at a scale Mgyr ~ 2 x 10'6 GeV. However, for other supersymmetric theories
the gauge-coupling unification depends on the details of the model.

2.1.2 Superpotential

The most general renormalizable superpotential with the spectrum of minimal super-
fields can be written as

- 1
W = eu [quH;’ + R QY HYT, + y S HQbdr + 5 Vit ngk]
1., o .
+Eab [aAzjkLiLjék + )\IZ]kLindk + ,M/ZLzHu:| + 5 Xz(jkﬂidjdk s (23)

where (a,b) are SU(2) indices, (i, j, k) are the usual family (flavor) indices (going from
1 to 3). €,, is an antisymmetric tensor and &,, = —&,, = 1. The first line corresponds
to baryon number and lepton number conservation terms while the first three terms
of the second line break baryon number (B) by 1 and the last term breaks the lepton
number (L) by 1. In the MSSM only terms in the first line is relevant in order to
protect proton from decay. To exclude the baryon and lepton number violating terms
a Zo symmetry called R-parity is introduced and defined as

Pp = (_1)3(B—L)+QS (24)
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where S denotes the spin of the particle. The baryon number assignment are B=1
for Q; , B=-1 for %, and d;, and B=0 for all others. The lepton number assignments
are L = 1 for L;, L = -1 for e, and L=0 for all others. All ordinary particles have
even R-parity; all supersymmetric partners have odd R-parity. R-parity can not only
prevent proton decay but also it ensures that supersymmetric particles are produced
in pairs at colliders and that the lightest supersymmetric particle (LSP) is stable.
If the LSP is not only stable but also electrically and color neutral it interacts only
weakly with the SM particles. Therefore it might be a good dark matter candidate.
For example, the lightest neutralino y{ is an attractive dark matter candidate in
many supersymmetric models.

2.1.3 Soft supersymmetry breaking terms

Since we have not yet found any supersymmetric particles, supersymmetry must be
broken at some higher energy scale above the electroweak scale. We know that the
particle responsible for the supersymmetry breaking cannot be particle content of the
MSSM due to the existence of mass sum rules [18]. Hence the origin of supersymmetry
breaking is often transferred to a hidden sector of particles that do not interact
directly with MSSM particles. Therefore how to construct a realistic supersymmetry
breaking scenario and understand the mechanism of the supersymmetry breaking
mediation from hidden sector to visible sector become important. Many models
usually assume that there is a messenger field that communicates between the hidden
sector and the visible sector. More realistic models will be discussed in the Sec. 2.1.5.
However, it is possible to simply add the explicit supersymmetry breaking terms in
the effective MSSM Lagrangian. The non-renormalization theorem [19] requires that
the supersymmetry-breaking coupling should be soft, i.e. the couplings must have
positive mass dimension, to ensure that there is no quadratic divergent term similar
to Eq. 1.27 that appears in the theory. The most general soft supersymmetry breaking
part of the Lagrangian can be written as follows:

Vitr = € bHCH, + e, | AL QUHLG, + ALHIQV, + AGHGLYE, | + .

+ QMZQ +atm2a+ dmid+ LmEL + &m2E + i |H,[? +md, | Hyl?

+ %BB+%WW+ %gmh.c.. (2.5)

In Eq. 2.5, b is a complex scalar, which stands for the biliear interactions for the
Higgs doublets H,, and Hy. A}, Afj and Af; are trilinear coupling of the Higgs to the
scalar partners of the right-handed and left-handed fermions. i and j are family indices
going from 1 to 3. M2, m2, m3, mf, and m? are 3 x 3 hermitian matrices, which
contribute to the masses of the scalar partners of fermions with the same handedness.
my and Thfld are squared-mass terms of Higgs fields H, and H,, respectively, and are
real parameters. My, Ms, and M3 are the bino, wino, and gluino mass terms.
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2.1.4 The mass spectrum of the MSSM

Tables 2.1 and 2.2 show the gauge eigenstates of supersymmetric particles (sparti-
cles). These sparticles obtain their masses via soft supersymmetry breaking terms
introduced in the previous subsection and after spontaneous breaking of the elec-
troweak symmetry, some of these sparticles mix together due to the Higgs VEVs.
Here I will just briefly summarize the mass eigenstates of the particles in the MSSM.
For detailed derivations please see Ref [20].

There are two Higgs doublets H, and H,, which both acquire non-zero VEV v,
and vy in the minimum of the scalar potential. The ratio of them is written as

tan( = Gu.
V4
The total number of real fields in H, and Hy is eight. The mixing of these eight real
scalar fields in the gauge eigenstates forms five scalar Higgs fields in mass eigenstates
R, H° A° and H* and three Goldstone bosons. Similar to the SM, these three
Goldstone bosons are eaten by the gauge bosons Z° and W#*. Note that h° and H°
are even while A° is odd under CP transformation.

For sfermions, because the Yukawa couplings for the first and second generation
fermions are small, it is a good approximation to ignore the mixing between the gauge
eigenstates f 1, and f r. As a consequence, for the first and second generation sfermions,
their mass eigenstates are the same as the gauge eigenstates. However, since the third
generation fermions have larger Yukawa couplings, the mixing between fL and fR is
no longer negligible. Hence the mass eigenstates of the third generation sfermions
f1 and f, are linear combinations of f; and fr. For instance, the mass eigenstates
of scalar top are #; and t,. Note that by convention M 7 and M 7 always refers to
the heavier and the lighter between two mass eigenstates, respectively. In the gauge
eigenstate basis, there are two neutral gauginos, (B, W), and two neutral higgsinos,
(f[g,f[g), whose linear combinations form the mass eigenstates called neutralinos
(X?,i =1 ~ 4). By convention we define Mg, > Mg, > My, > My,. Similarly, the
charged gauginos W and higgsinos (ﬁ + H ;) form mass eigenstates called charginos
(X;,i=1~2)and M~i > M~i For the gluino, since it is the only gaugino that is
color octet and electrlcally neutral the mass eigenstates are the same as the gauge
eigenstates.

2.1.5 Supersymmetry breaking scenarios

As discussed in Sec. 2.1.3, a realistic supersymmetry breaking scenario is very helpful
to study the weak scale phenomenology. There are large amount of free parameters
in the MSSM. Some reasonable assumptions can considerably reduce the number of
parameters For instance, ignoring all the CP violations sources or assuming flavor
diagonal in the scalar sector of the MSSM. However, the number of free parameters is
still intractable. There are several supersymmetry breaking schemes. The three most
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widely discussed in the literature are gravity-mediated (mSUGRA), gauge-mediated
(GMSB), and anomaly-mediated (AMSB) supersymmetry breaking models. In these
scenarios, the large amount of unknown supersymmetry parameters can be reduced
to about five parameters. They provide realistic supersymmetric models and make
the phenomenological study of the MSSM possible.

In mSUGRA the supersymmetry breaking is mediated by gravitational interac-
tion. There are four free parameters and the sign of p at the Planck or GUT scale.

My = My = My = my s, (2.6)
mé:m%:m%:mi:mgzmgl, m%,u:m%,d:mg,
ay = Aoyu7 aq = AOYda Ade = A0y87 (28)

and b, the bilinear term in the soft terms, which is usually re-expressed in terms of
tanf. Also the sign of i in the superpotential is undetermined, but the magnitude of
it can be constrained by the requirement of electroweak symmetry breaking. m32 and
m1 are universal gaugino and scalar masses. Ag is the trilinear coupling.

The low energy supersymmetric parameters can be obtained by running down the
RGE. The typical mSUGRA mass spectrum can be found in Ref [21]. In the typical
mSUGRA, SPSla gives the parameters:

mo = 100 GeV, mi1 = 250 GeV, (2.9)
Ap = —100 GeV, tanf = 10, pu > 0. (2.10)

In this scenario the LSP is always XY, which is mainly Bino-like and the next-to-the
LSP (NLSP) is usually x3, which is mainly wino-like. The sleptons is usually lighter
than the squarks.

2.2 Universal Extra Dimensions

There are many extra dimension models, among which UED models [12] have many
interesting phenomenological implications and have been widely discussed in the lit-
erature. The mass spectrum of particles in these models are very similar to that in
supersymmetry and therefore how to distinguish one model from the other at colliders
such as the LHC becomes very important and pressing. In this thesis I will discuss
UED with one and two extra dimensions.

2.2.1 Five-dimensional UED

In the UED all fields are allow to propagate in the bulk in contrast to other extra
dimensional models. This is also the reason why it is called “universal”. The extra
dimension is compactified on a circle of radius R. From now on, I will use notation
x for the four ordinary space-time dimensions and y for the extra dimension. In
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order to have chiral fermions in the low energy limit, an S} /Z, orbifold is introduced.
Sy stands for a one-dimensional torus, i.e. a circle. An identification y — —y is
introduced, and y = 0 and y = 7 are fixed points. This identification indicates that
there exists a Zs symmetry or KK-parity Pk on the extra dimension. By introducing
this symmetry one can project out the unwanted zero modes that do not exist in the
SM. The KK-parity is defined as

Prx = (—1)", (2.11)

where n denotes KK number. I will explain in detail below that all the SM particles
have n=0 and are even under KK-parity while particles in the first KK-excitation
state are odd under KK-parity. Similar to R-parity in the MSSM, KK-parity can
ensure that the new heavy particles are produced in pairs. It also guarantees the
existence of a stable lightest KK particle (LKP) which is also a good dark matter
candidate. The LKP in most of the UED theories is KK-photon BY (1)

Let us start with the simplest case, namely, scalar fields in ﬁve—dlmensmnal UED
(UEDS5). The Lagrangian for scalar fields in the five dimensional space-time reads

L = Mpoyg+m?e (2.12)
= 0"¢0u + 8¢5 +m*9,

where M = 0, 1, 2, 3, and 5 are 5D indices while u=0, 1, 2, 3 are 4D indices. Since
the extra dimension is compactified on a circle, ¢(zx,y) is a periodic function of y and
can be decomposed into different Fourier modes. It is also called KK-decomposition.
The even functions satisfy the Neumann boundary conditions at 0 and 7

05T (x,y) = 0, (2.13)
where
1 JR— ny
6" (e.) = =i @) + == ol ()eosTy (2.14)

n denotes the KK number and the SM mode corresponds to n=0 mode. The odd
functions satisfy the Dirichlet boundary conditions at 0 and 7

¢~ (z,y) =0, (2.15)

where

o (z,9) \/_Z<b sm]g (2.16)

One can then obtain the mass of n-th excitation state
5 n

m2 = (ﬁ)2 +m2. (2.17)
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Thus, the mass spectrum at tree-level of the n-th KK-state is almost degenerate.

For fermions, the orbifold gives rise to the chiral structure of the zero modes
particles so that the UED5 agrees with SM in the low energy limit. In the SM,
fermions are in an SU(2) doublet if they are left-handed or in an SU(2) singlet if they
are right-handed. I start with decomposing an SU(2) singlet states Yg(x,y)

Uh(e,y) = FwR ZwR cos (2.18)
_ 1 ny oy Y
@/)R(xa y) = \/ﬁ ; @Z)L(x)smf, (2.19)

where 1%(x) corresponds to the right-handed SU(2) singlet fermion. One can also
see that for n > 0 the KK-excitation states ¢%(x) and ¢} (x) both exist and together
they form a vector-like fermion.

Similarly left-handed SU(2) doublet fermions reads

1
Ul(z,y) = \/ﬁ Z\Il" cos (2.20)
ny

U (ry) — \/%_RZ\IJ%(x)sinE, (2.21)

where W9 () corresponds to the left-handed SU(2) doublet fermion. Similarly, for
n > 0 the KK-excitation states W7 (x) and W%(z) both exist and together they form
a vector-like fermion.

In this thesis I will use ¥, (z) to stand for the n-th KK-excitation state of a left-
handed SU(2) doublet fermion and ¢%(z) to represent the n-th KK-excitation state
of a right-handed SU(2) singlet fermion.

For gauge field Ay (z,y) = (A, As) the orbifold compactification forces the first
four components to be even under Pk and hence satisfies the Neumann bound-
ary condition; As is odd under Pxx and therefore satisfies the Dirichlet boundary
condition.

Auz,y) = \/%_R(Ag(x)+\/%_RZAZ(x)cosn—}g), (2.22)
As(z,y) = sm (2.23)

A summary of the particle contents in the UEDS is listed in Table 2.3.

2.2.2 Six-dimensional UED

Six-dimensional UED (UEDG6) is similar to UED5, but now there are two extra di-
mensions that are compactified. Hence the particles listed in Table 2.3 obtain one
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Names KK modes (n > 0) | SU3)¢c, SU(2)., U(1)y
Quark doublet | (Up,my Dp,m)) (3,2, ¢)
Quark singlet Ug,(n) (3,1, %)

ds,(n) (3,1, —3)
Lepton doublet (VD,ny LD,(n)) (1,2, —3)
Lepton singlet s, (n) (1,1, —-1)

Higgs (H, H) (1,2, +3)

gluon G n) (8,1,0)
weak bosons Wf’(n) , WS7(n) (1,3,0)

B boson B) (1,1,0)

Table 2.3: Particle contents of UEDS5. The subscript D stands for SU(2) doublet
states while S denotes SU(2) singlet states.

more degree of freedom and carry two indices (m,n). Similar to UED5 the KK-parity
in UEDG can be defined as

Pxx = (—1)™*™  for (n,m) KK — excitation states. (2.24)
Throughout this thesis the (0, 1) mode will be the focus and it will be denoted by (1)
for simplicity. UEDG6 is well-motivated not only because protons have long lifetime
in this theory [22] but also it provides an explanation of the number of fermion
generations [23]. One of the characteristics of this model is the presence of scalar
adjoint particles, the KK modes of gauge bosons polarized along extra dimensions.
Therefore, for each vector boson there exists the corresponding scalar partner. In this
thesis I will use G g (), W;(n), Wg,(n), and B(I){,(n) to stand for the scalar partners of

Gun)s Wi(n), Wg’ (n)> and 327 (n)» Tespectively.
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Chapter 3

Neutrino Physics

The existing experimental neutrino data have provided us with compelling evidence
that neutrinos are massive and they change flavors while traveling from the source
to the detector. Analogous to the CKM matrix in the quark sector, the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix governs the mixing between mass eigenstates
and flavor eigenstates in the lepton sector. It can be written as

Uel UeZ Ue3
Upuns = | Uy Up Us (3.1)
U’Tl U7'2 U’T‘3

which is a unitary matrix and can be parametrized by three angles 6;; ( ij = 12,13,
and 23 ), and three phases ¢, p and o.

C12€C13 512C13 size” " e
Upuns = —C23512 — 012823313€i5 C12C23 — 512<’523<‘513€i5 C13523 e
S23512 — 012023313626 —C12523 — 5120235136“5 C23C13 1
where s;; = sinf,;,c;; = cost);. Notice that if neutrinos are Dirac fermions, the

Majorana phases p and ¢ can be rotated away by redefining the right-handed neutrino
fields.

If 6,3 is very small then the CP violation effect in the lepton sector would be
negligible even if the Dirac phase is non-zero. New results on 6;3 have been announced
by several experiments. The recent result by the Daya Bay collaboration gives ;3 ~
8.8°£0.8° or

sin? 2615 = 0.092 & 0.016(stat) = 0.005(syst) (3.3)

which is not only non-zero but also “large”. As a result, if the CP violation in the
lepton sector is not small we would be able to observe this CP violating phase in the
future.
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For the other two angles the latest global analysis of neutrino oscillation data
yields

sin? 01, = 0.31275011 (3.4)
sin® 3 = 0.52 4 0.06 (3.5)

Many papers have proposed various approaches to understand the observed mix-
ing. Some of them utilize models with different discrete flavor symmetries, such as
Ss, Sy, Ay,and As, dihedral groups etc. [24,25], to produce several mixing patters
including democratic, bi-maximal, tri-bimaximal, hexagonal or golden ratio. Among
these mixing patterns tri-bimaximal mixing seems to have better agreement with the
current oscillation data. Therefore in this thesis I will focus on the realization of this
mixing pattern in the model with S3 symmetry.

3.1 Consequences of Approximate S; Symmetry of
the Neutrino Mass Matrix

Early solar neutrino data suggested that one neutrino eigenstate could be

1
S = 7 (v.+v,+v,.) . (3.6)
This led to the consideration of an S; symmetry [26]. Today the MSW solution to
the solar neutrino problem has the higher-energy neutrinos emerging from the sun in
a state given to a good approximation by S. Here I consider the possibility that the
neutrino mass matrix is dominated by a term with S; symmetry leading to S as an
eigenstate. I then consider possible perturbations that violate the symmetry.

My assumption is that neutrino mass is due to new physics not directly related
to the origin of the masses of other particles. A large number of papers [25] have
presented detailed models based on S; symmetry. Here I do not consider a model
but simply try to relate possible symmetries of the new physics to observations. The
most general Majorana mass matrix invariant under S, is

A B B
My = B A B . (3.7)
B B A

The eigenstates are necessarily [26] a singlet given by S and a degenerate doublet D
which can be chosen as
v, —V

S (3.82)

D, = NRE
Db:\/gue—\/g(qurw). (3.8)
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The masses are

ms =A+2B, (3.9a)
mp=A—B. (3.9b)

The eigenstates in Eq.(3.6) and Eq.(3.8) are those of the tri-bimaximal form of the

mixing matrix discussed in many papers [27] as a fit to neutrino oscillation data.
However, in the fit the largest mass splitting is that between D, and D, responsible
for the atmospheric neutrino oscillation with smaller splitting between S and D,
associated with the solar neutrino oscillation. I assume that the breaking of the
degeneracy is due to the perturbation that breaks S;. In order that the S, term
dominate I require that all three masses start out approximately equal by choosing

B=-24+b), (3.10a)

with b < B so that

The minus sign means that the state S has the opposite CP eigenvalue from that of
D. I have assumed here for simplicity that A and B are real; otherwise D and S would
have a relative Majorana phase. The sub-dominant mass matrix M, that breaks S,
has the result of raising the mass of one D state above mg and leaving the mass of
the other slightly below mg. These mass values then correspond to what is called the
“quasi-degenerate” case for neutrino masses.

I now assume that the perturbing matrix M,;, which is added to M,, breaks S,
but retains a S, symmetry between v, and v,.

e [ f
M, = ft e (3.11)
f e t

As a result of the symmetry D, remains an eigenstate and the parameter known as 6,4
vanishes. In addition to providing the mass splitting between D, and D,, M, causes
a small mixing of D, with S. The parameters e and f can be absorbed into A and B
and so they are set to zero in what follows. Matrices of the form M, + M,, with four
parameters are discussed in many papers [28].

I now identify the states which start out as (D,, S, D,) as (3,2,1). The mass m,
is understood to be positive although mg is negative (assuming A is positive). The
mass differences are

2
My —my =g (t —2e), (3.12a)

my,—m, =—(b+t+e) . (3.12b)
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The small value of m, — m, required to fit the data involves the fine-tuning of the
value of b. The resulting deviation of the factor % for v, in S is given approximately

by
2 t+€ k ms — My
A — = — (=), 3.13
s (ar) =7 (%) @19
t+ €
k=
t—2¢’

.2 1 2

sin® 6,, (\/§+A) :
Since by our assumption of a quasi-degenerate neutrino mass spectrum the mass ratio
in Eq.(3.13) is small so that A is predicted to be small. To obtain the doublet mass
splitting without large parameters I choose ¢ to be negative. As § varies from 0 to
a large negative value k varies from 1 to —3; for ¢ = —1, A =0 and T obtain the
tri-bimaximal form. Choosing values for the mass-splittings fitted from oscillation

data [29]

m2 —m2 =2.6x 103%V?

m2 —m? =8 x 10%eV?

(3.14)

m, (eV) m, (eV) my (eV)
1 0.1845 0.1847  0.1913
2 0.1247  0.1250 0.1350
3 0.0512 0.0520 0.0729

Table 3.1: Three sets of mass values.

I give in table 3.1 three sets of mass values. The largest values (like set 1) are
limited by cosmology [30] whereas the smallest values(like set 3) are limited by the
requirement that the magnitude of M, is smaller than M,. For each of these I show
in Fig. 3.1 the solar neutrino survival sin®f,, for the higher energy neutrinos for the
LMA-MSW solution as a function of {. Note that the sign of the deviation from % can
be either positive or negative. 1 have shown the case of the“normal hierarchy” with
(ms —m,) positive. In the case of the inverse hierarchy the curves are flipped about

1

the sin?6,, = 3 axis. Assuming negligible Majorana phases the mass that enters the

double beta-decay formula is
m,, = —sin® 0, m, + cos? 0, m, ~ (1 — 2sin® 6,,) m, , (3.15)

ee

given the small difference between m, and m;,.
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I finally consider a possible small violation of y — 7 symmetry by changing the
22 element in Eq.(3.11) to t + g and the 33 element to ¢ — %. The main effect is to
mix D, and D, or the states now labeled 3 and 1. There is also a small mixing of 2
and 1 but this is suppressed by the “mass difference” 6A. The important result is a
non-zero value of 0,5, the v, amplitude in state 3. Directly correlated with 6,; there
is a deviation of 6,;, the v, amplitude in state 3, from 7.

Starting with the tri-bimaximal mixing, corresponding to the limit { = —1, this
correlation is given by

142X -

fan® 6y, = 1 — 22X +4X2 X —sin Oy, [ ——2) A= (34
1—A my +my

to order X?. In Fig. 3.2, I show (tan?#6,; — 1) as a function of sin 6,,. Different values

of £ makes only small changes since they are proportional to AA.

3.2 Conclusions

In this chapter I have looked at possible experimental signatures of the assumption
that the physics yielding the neutrino mass matrix has a predominant S; symmetry.
I further assume a sub-dominant term which breaks S; but has an S, p—7 symmetry.
This leads to

(1) The neutrino masses must be quasi-degenerate. Therefore this theory would
be ruled out if cosmological analysis convincingly gave a very low limit on the sum of
the masses. Considering case 3 in Table 1 as barely quasi-degenerate the sum of the
masses should not be less than 0.17 eV.

(2) 0,5, the v, component in the atmospheric mixing, vanishes and the mixing is
maximal.

(3) The high-energy solar neutrino survival, governed by the LMA-MSW solution,
deviates only a little from % as illustrated in Fig. 3.1.

(4) In the absence of significant Majorana phases the mass m,, governing double

beta decay is approximately equal to 2. Thus the theory would be ruled out if the
value of m,. was found to be too large. For example, if the cosmological limit on the
sum of the masses was 0.4 eV consistent with case 2 in Table 1 the value of m,, must
be less than 0.05 eV.
If T further allow a small term involving only v, and v, that violates the S, symmetry
then there is a non-zero 6,;. In this case the atmospheric mixing angle is no longer
maximum and its value is directly correlated with 6,; as shown in Eq.(3.16) and Fig.
3.2. However, the latest values of 653 and 6,3 would disfavor this approach since in
Fig. 3.2 the current value of sinf;3 ~ 0.153, which corresponds to a deviation of
tan2fys from 1 by 0.25, and thus is disfavored by current experiments.

An alternative to generating nonzero 63, is to assume that the leptonic mixing
matrix Uppsyg is the product of the Hermitian conjugate of the charged lepton mix-
ing matrix Ug and the neutrino mixing matrix U, [31]. Since charged leptons, like
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Figure 3.1: The solar neutrino survival sin® 6., for the higher energy neutrinos for
the LMA-MSW solution as a function of 5.
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Figure 3.2: Diagram with tan® 0,, — 1. v.s sin 0,,.
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quarks, are Dirac fermions while in many new physics scenarios neutrinos are Majo-
rana fermions, it is tempting to assume that U, is a CKM-like matrix, which has a
hierarchical structure and is parameterized by a small quantity A, whereas U, is of
tribimaximal form. This leads to sinfy3 ~ —% = —0.156 and tanfl,s ~ —1.057 for
A ~0.22 | which agree very well with the current experimental data.
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Chapter 4

General analysis of signals with

two leptons and missing energy at
the LHC

4.1 Introduction

Many BSM models include stable weekly interacting massive particles which could
be constituents of dark matter. Since the stability of these particles is generally
related to some symmetry, they can be produced only in pairs at colliders, leading to
challenging signatures with at least two invisible objects in the detector. At hadron
accelerators like the LHC such a signal is not sufficiently kinematically constrained to
use direct reconstruction techniques, and thus it is very difficult to uniquely determine
the properties of the produced particles.

One of the most challenging cases are processes with a low-multiplicity final state
of only two visible objects, which is the focus of this chapter. In particular I will
consider the production of a pair of oppositely charged heavy new particles Y+ at the
LHC, which each decay into a SM lepton and an invisible neutral massive particle
X0

pp— YTY — T XX (L =e,p). (4.1)
Several methods for determining the ¥ and X masses in processes of this type have
been proposed in the literature [11,32-34]. Furthermore, a number of authors have
studied how to extract spin information from angular distributions [35-37] and the
total production rate [38]. The latter method, while potentially being very powerful,
requires knowledge of the branching fractions of Y*, which are a priori unknown
without model assumptions. To the best of my knowledge, however, the problem of
determining the couplings of the new particles, which are related to their gauge group
representations, has not yet been considered.

The goal of this chapter is to analyze the process (4.1) in a more model-independent
approach by considering all possible assignments for spins (up to spin one) and SU(2)
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Figure 4.1: Basic diagram topology for the new physics processes under considera-
tion. Thick lines indicate new particles, while thin lines denote SM particles.

representations (up to triplets) for the particles X and Y. To discriminate between
these template model combinations, I discuss several variables for the measurement of
masses, spins, and interactions of the new particles, including two new spin-sensitive
observables and one new observable for the coupling determination. To minimize
model dependence, the total cross section is not considered in this set of variables.

Besides using dedicated observables, I also study an alternative analysis strategy
based on an automated likelihood test. This method matches the observed lepton
momenta in a sample of events to the corresponding momenta of a theoretically cal-
culated matrix element in a given model and calculates a likelihood from that [14,39].
Note that the two approaches based on specific observables and on the automated
likelihood test are complementary. The latter often reaches a higher statistical signif-
icance due to the fact that no information is lost by projecting onto a some variable,
but it does not permit a straightforward separation between individual particle prop-
erties, such as spin and couplings.

After characterizing all relevant spin and coupling representations in section 4.2
and identifying 11 independent model combinations, I present observables for the
measurement of particle properties in section 4.3 and demonstrate their usefulness
in a Monte-Carlo study. Section 4.4 is devoted to the analysis of the same set of
template models with the likelihood test method. Finally, the conclusions are given
in section 4.5.

4.2 Setup

The class of processes under consideration each involve Drell-Yan—type production of
a pair of charged heavy particles Y+, which each subsequently decay into a lepton
(* (0 = e,p) and a neutral heavy particle X°, see Fig. 4.1. It is assumed that
the Y* and X° are charged under some discrete symmetry, such that they can be
produced only in pairs and the lighter new particle (X?) is stable and escapes from
the detector without leaving a signal. The observable signature thus consists of two
same-flavor opposite-sign leptons and missing momentum: ¢*¢~ + F. For this process
it is insubstantial whether X is self-conjugate or not. For the purpose of this work it
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is assumed that no other new heavy particles play a role in the s- or t-channel of the
Y Y~ production process [note, however, that if Y is a vector boson this assumption
is not valid, as will be explained below]. In fact, LHC data itself will be able to
set a strong lower bound on such particles: searches for di-jet resonances could rule
out s-channel resonances that couple to light quarks up to several TeV, and any new
particles in the t-channel need to be colored and thus could be produced directly with
large cross sections unless their masses are larger than 2-3 TeV [2]'. Therefore, if
the LHC does not see any such signals, one can safely neglect the presence of extra
particles in the s- and t-channel of Y'Y~ production.

Table 4.1 lists 16 possible combinations of spins up to spin one and singlet, doublet,
or (adjoint) triplet representations under the weak SU(2) for the fields X and Y. I
do not consider complex SU(2) triplets, since they contain doubly charged particles,
which would lead to a clearly distinguishable signature.

Also shown are the structure of the couplings between the Y and the Z boson
and between X, Y, and SM charged leptons. The 7YY couplings has the same form
as the ZY'Y coupling. The coupling constants for the ZY'Y coupling are shown in
Table. 4.2, given in terms of the ratio with respect to the 7YY coupling, Rzx =
g(ZYY)/e. The strength of the XY /¢ coupling depends on the detail of the given
model, and it is only relevant for the overall decay branchings, but not for the shapes
of distributions. I neglect corrections from electroweak symmetry breaking to the
masses and interactions of X and Y. As a result, if Y is a spin-1/2 fermion it couples
to the Z boson only through non-chiral vector couplings.

For illustration, Tab. 4.1 also gives examples for concrete realizations of all 16
spin and gauge group assignments within the Minimal Supersymmetric Standard
Model (MSSM) or models with universal extra dimensions. However, many of these
combinations can also be realized in other models.

A comment is on order regarding the combination 11 in the table. Taking only
the s-channel diagrams in Fig. 4.1, the cross section for spin-1 Y pair production
grows unboundedly for increasing partonic center-of-mass energy. This is a result of
incomplete SU(2) gauge cancellations. Gauge invariance requires the presence of an
additional new particle in the t-channel, which interferes negatively with the s-channel
contribution and thus preserves perturbative unitarity. In the case of universal extra
dimensions this role is played by the KK-quarks. Therefore, for model 11 we include
a new colored fermion @ that is charged under the same discrete symmetry as X and
Y. The coupling strength of the ¢QY interaction is prescribed by gauge invariance:
g(chY) = g. While for consistency it is necessary to incorporate this particle in the
cross-section calculation, it is still possible that it is too massive to be seen directly
at the LHC, i.e. mgy > O(TeV).

The cross sections for the Drell-Yan—type process in Fig. 4.1 for the different
models in Tab. 4.1 range from a few fb to several hundred fb for a center-of-mass
energy of /s = 14 TeV and X/Y masses of a few hundred GeV, see appendix A. As

!These estimated bounds pertain to the LHC with a center-of-mass energy of 14 TeV.
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Y X l zZYY XY/ sample model and decay
s, Isu(a) | 8, Isu) | Isug) coupling coupling || Y™ — /("X
1 0,1 11 1| 20y 0,y | XEeey || MSSM (f — (- B
lal| 01 12 2 || z0Y 0,y | Xm0y || MSSM iy — - HY
2 0, 2 11 2 || z0Y 0,y | Xm0y || MSSM ip — 0~ B°
% | 0,2 12 1 || z0y0,y | XEsey> || MSSM 4 — 0~ H°
o | 0,2 13 2 || Z20v 0,y | Xm0y || MSSM i — -
3 0,3 12 2 ZrY*0,Y | X250y~ || UEDG W = U vy
4 11 0,1 1 YZY | YER(X | UED6 (g, — (B}
5 11 0, 2 2 YZY | Y520X || UED (g, — ("H)
6 11 1,1 1 YZY Y X520 | UED (g — ("B
7 1,2 0,1 2 YZY | Yi520X || UED6 (), — (" By
7a 12 0,3 2 YZY Y150 X || UEDG Uy = Wi
8 12 0, 2 1 YZY | YHEBeX || MSSM H- — (77
9 1.2 1,1 2 YZY Yxixe || UED Uy = OB,
9a 1,2 1,3 2 YZY Yxixe || UED oy = W0
10 13 0, 2 2 YZY YB0X | MSSM W— — (v
11 1,3 1,2 2 || S[Z,Y,)Y*] | XY*=520 | UED W, ) — (v
A8,B = A(0,B) — (8,A)B

S[Z,Y,Y*] =

< < <
2 Y Y 4 Y, Z, Y™+ Y Y, 04 7

Table 4.1: List of different assignments of spin s and SU(2) representations for the
charged field Y and the neutral field X. I define Y~ /Y to be the particle/anti-
particle. Also shown are the structure of the couplings to the Z boson and to SM
leptons, as well as examples for realizations of these assignments in known models.
MSSM refers to the Minimal Supersymmetric Standard Model, UED to (at least) one
universal extra dimension, and UEDG to (at least) two universal extra dimensions.

b, br, 0

, BY, W%, and H denote the superpartners of the right-handed charged

lepton, Ieft handed charged lepton, neutrino, U(1) gauge field, SU(2) gauge fields, and

Higgs boson, respectively. 65(1 ‘, ) Yy Bg(l) WS’

i,andH

), respectively, are

the first-level KK-excitations of these fields. BH () and W i1y are scalars stemming
from one of the extra components of the h1gher—d1mens1ona] gauge fields in UED.
More details of these models can be found in Refs. [12,20)].
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Isu(2) Rza
1 —tan by ~ —0.548
2 cot(20y) ~ 0.638
3 cot Oy ~ 1.824

Table 4.2: Ratio Ryza of the ZYY to vY'Y coupling strength for different SU(2)
representations of Y.

a result, one can expect between 1000 and several 10,000 events being produced with
a total luminosity of 100 fb~!. Note that, as mentioned in the introduction, the total
event rate will not be considered to discriminate between models in this chapter.

At the LHC it is not possible to determine the polarizations of the final-state
leptons and X particles. As a result, several pairs of combinations in Tab. 4.1 are
indistinguishable from each other, since after summing over the spins of the external
legs their squared matrix elements are identical. Those sets of look-alikes are (1, 1a),
(2, 2a, 2b), (7, 7a), and (9, 9a). This leaves a total of 11 potentially distinguishable
combinations, which will be explored in more detail in the following.

These 11 combinations have been implemented into CoMPHEP 4.5.1 [40] and
representative samples with a few thousand parton-level events have been generated
for each of them. Since I will not consider the total cross sections as a discriminative
quantity, the exact values for the XY/ coupling and the widths of the Y particles are
irrelevant. However, the Y widths have been chosen small enough so that diagrams
with off-shell Y particles can be safely neglected, i.e. I'y /My < 1%.

As a first step, initial-state radiation and detector acceptance effects have been
ignored in the following analysis, but I discuss these contributions in section 4.3.5.

4.3 Observables for Determination of Particle Prop-
erties

The experimental information in the signature ¢*¢~ + J consists of the 3-momenta
of the leptons /™ and ¢~, which can be parametrized in terms of their transverse
momentum pr, pseudorapidity n and azimuthal angle ¢. Since the system is invari-
ant under overall azimuthal rotations, one can construct five independent non-trivial
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observables from this data. In this work we will focus on the following five quantities:

My = min {max (mfg’Xl, méT_’XQ)} , (4.2)
pT,X1+pT,X2 :¢T
— M- A
cos 0y, = tanh [1er = me-| = tanh %, (4.3)
Meg = pro+ + Dro- + P, (4.4)
Adw = Qp+ — Pp-, (4.5)
N(Ep > Epr) — N(Ep+ > By
Ag+g— _ ( 4 f*) ( o+ 3 ) (46)

N(ng > Eg+) + N(Eg+ > Eg—).

Here

(mffi’xi)2 = m% + 2(presy/mk + 3 x, — Pret - Prx,)

is the transverse mass of the lepton ¢*, assumed to be massless, and one neutral
heavy particle X;, i = 1,2. Furthermore, ¢, is the polar angle between one lepton
and the beam axis in a frame in which the pseudorapidities of the two leptons obey
ny = —n,-, and N(E,~ > Ey+) denotes the number of events for which ¢~ has a
larger energy than (7.

This choice of observables is guided by their role in determining different particle
properties. The first observable in eq. (4.2) is useful for mass measurement, eqs. (4.3)—
(4.4) are sensitive to the spins of the new particles, and eq. (4.6) provides information
about their couplings.

4.3.1 Mass determination

The variable Mty has been proposed for the measurement of particle masses in events
with two or more invisible objects in the final state [11]. Mo and similar variables
have been studied extensively in the literature [32], and it was shown that in favorable
circumstances one can use these variables to determine both the parent mass my as
well as the mass of the invisible child my, in particular by including information
about initial-state radiation [33]. In this chapter, therefore, mass determination will
not be discussed any further, and the reader is referred to Refs. [11,32,33] for more
details.

4.3.2 Spin determination

A useful observable for determining the spin sy of the Y particles in the process in
eq. (4.1) is cosfj, = tanh(Any/2), see eq. (4.3), which was introduced by Barr in
Ref. [37]. Tt is based on the observation that the final state leptons ¢* tend to go in
the same direction as their parent particles Y+, since on average the Y+ are produced
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with a sizable boost if my < /s. As a result, the distribution of the lepton polar
angle 0,, in the frame where the pseudorapidities of the two leptons are equal in
magnitude, is strongly correlated to the production angle 6* between one of the Y
and the beam axis in the center-of-mass frame.

The 6* distribution is closely connected to sy. For the spin-0 and spin-1/2 cases
one finds a characteristic difference which is immediately visible in the formulas

d
scalar Y (spin 0): dcocsrﬁ* o 1 — cos? 6, (4.7)
d
fermion Y (spin 3): y 00* o 2 + By (cos? 0 — 1), (4.8)
cos

where [y is the velocity of the produced Y particles. For spin-1 pair production the
situation is more complex since here one necessarily needs to take into account a new
particle Q in the t-channel. Depending on its mass m,, the observable 6, distribution
can be similar to the spin-0 case or to the spin-1/2 case, or different from both, as
can be seen from the numerical results shown in section 5.3.2. Therefore, in general,
the observable (4.3) alone does not unambiguously distinguish spin-1 from spin-0 or
spin-1/2.

One advantage of the definition (4.3) is that it is invariant under longitudinal
boost, i.e. the value of tanh(An,/2) does not depend on the momentum fractions
carried by the quark and anti-quark in the collision.

Here we propose two other observables for the determination of the Y spin: the
effective mass Mg and the difference between the azimuthal angles of the leptons,
Ay, see eqs. (4.4) and (4.5). The connection between these variables and sy can be
understood from the threshold behavior of the partonic cross section g7 — Y Y . If
Y and Y~ are scalars they are produced in a p-wave and the cross section behaves
like 0 ~ (32 near threshold. For fermionic Y, instead, the cross section grows faster
near threshold, o ~ fy. Therefore the cross section for fermionic Y pair production
reaches its maximum at lower values of the Y'Y ™ invariant mass, myy, than the cross
section for scalar Y pair production. The effective mass Mg is strongly correlated to
the Y-pair invariant mass, and thus the Mg distribution will peak at larger values for
fermionic Y than for scalar Y (assuming that my is equal in both cases and known
from measuring the My distribution).

The dependence of the cross section on myy also leaves a characteristic imprint
on the Agy, distribution. Scalar Y pairs will on average be produced with a larger
boost than fermionic Y pairs. This leads to a more pronounced peak at A¢gy ~ 7w
in the scalar case, since the larger boost is more likely to produce a back-to-back
configuration for the final-state leptons, see Fig. 4.2

If Y* are vector particles, the Mqs and A¢y distributions depend on the mass
mg of the particle in the t-channel. For mg > my, the Y Y~ pair production
cross section reaches its maximum at larger values of myy than both the spin-0 and
spin-1/2 cases, since the s-channel contribution alone grows monotonically with the
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Figure 4.2: Distributions for Mg (left) and A¢ye (right), for combinations 3, 10,
and 11 in Tab. 4.1, which correspond to'Y particles with spin 0, %, and 1, respectively.
The plot is based on 35000 parton-level events for each combinations without cuts
and detector effects, and using the mass values my = 300 GeV and mx = 100 GeV.

For combination 11, two choices of the mass of the t-channel particles are shown,
mg = 1000 GeV and 500 GeV.

center-of-mass energy. In this case, the M. distribution for vector Y particles will
peak at larger values than the other two cases, and the A¢gy, distribution will be very
strongly peaked at m. On the other hand, Fig. 4.2 shows that for mg of the same
order as my the Mg distribution can be similar to either the spin-0 or spin-1/2 cases,
depending on the precise value of mg. Nevertheless, even for a relatively low value
mg = 500 GeV? the A¢y, distribution is still distinctly different for spin-1 compared
to the other spin cases. By using all three observables (4.3)—(4.5) in combination one
therefore obtains the best discrimination power and can unambiguously distinguish
between sy = 0, %, and 1.

Similar to tanh(Ang/2), also A¢y and Mg are invariant under longitudinal
boosts, and thus very well suited for hadron colliders.

It needs to be pointed out that the three variables, tanh(An/2), Ay and Meg,
are primarily sensitive to the spin of the parent particle Y, but not of the child particle
X. Indeed, as can be seen from the numerical results in sections 5.3.2 and 4.4, it is
very difficult to independently determine the X spin.

4.3.3 Coupling determination

Experiments at LEP and SLC have determined the couplings of the Z boson to SM
fermions with very high precision, in particular by measuring various left-right and
forward-backward asymmetries [41].

2For such low values of mg one should see a signal from direct production of the Q particle at
the LHC.
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Similarly, for the class of processes corresponding to Fig. 4.1, one can in princi-
ple try to extract information about the ZYY coupling by constructing a forward-
backward asymmetry for pp — Y 7Y~ at the LHC. Although the initial pp state is
symmetric, the incoming quark for a gg-initiated process will often stem from one of
the valence quarks of the protons and thus tends to have a larger momentum than
the incoming anti-quark. Therefore one can define the forward direction by the di-
rection of the overall longitudinal boost of an event. However, since I neglect effects
from electroweak symmetry breaking in the new physics sector, all combinations in
Tab. 4.1 have parity-even ZY'Y couplings and the forward-backward asymmetry for
pp — Y Y ™ is exactly zero.

However, the coupling between the incident qq pair and Z boson has a parity-odd
axial-vector part, which results in the Y'Y~ pair being produced with a non-vanishing
polarization asymmetry (unless Y+ are scalars). This polarization asymmetry can be
probed through the decay Y+ — ¢*X°, since the interaction responsible for the decay
is either left- or right-handed and thus sensitive to the Y polarization, see Tab. 4.1.

In the center-of-mass frame of the Y 7Y~ system this leads to a forward-backward
asymmetry for the final-state leptons. As mentioned above, in the lab frame the
forward direction is defined by the overall boost of an event, which is closely correlated
to the direction of the more energetic of the two leptons. Therefore I define the
following observable given in eq. (4.6),

N(Eg— > Eg+) - N(Eg+ > Eg—)

Apep = .
YT N(Ei- > Ep) + N(Er > Ep-)

(4.6)

The asymmetry is partially washed out by the mass my, which can cause a spin flip
before the Y decays, but I expect a non-vanishing result as long as my < +/s.

Eq. 4.6 is mostly useful for discriminating between combinations with sy = %,
since scalars do not carry any polarization and lead to a vanishing asymmetry, and
there is only one combination with vector Y particles in Tab. 4.1. The value of Ap+,-
is connected to the size of the ratio Rza = g(ZYY')/e between the ZYY and 7YY
couplings and to the sign of the v5 term in the XY ¢ coupling. This is illustrated in
Fig. 4.3 for the case that Y is a fermion and X is a vector boson. As evident from the
plot, there is a strong correlation between Rz and A+, but one can encounter a

two- to three-fold ambiguity when trying to determine Ryzs from the measured value

Of Ag+g— .

4.3.4 Numerical results

Using COMPHEP 1 have generated parton-level events for all 11 combinations in
Tab. 4.1 for a center-of-mass energy of /s = 14 TeV and my = 300 GeV and my =
100 GeV. For the following discussion I will assume that the ¥ and X masses are
known from observables like Mro and for simplicity the uncertainty in the mass
determination will be neglected.
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Figure 4.3: Relationship between the coupling ratio Rzyn = ¢g(ZYY)/e and the
asymmetry Ay, for two different chiralities of the interaction in the Y+ — (*X0
decay, where Y is a fermion and X is a vector boson. The combinations 6 and 9 in
Tab. 4.1 are indicated by the open square and circle, respectively. The plot is based
on parton-level results without cuts and detector effects, and using the mass values

my = 300 GeV and mx = 100 GeV.

As discussed in the previous section, the observables tanh(Amny/2), Mg, and Ay,
see eqs. (4.3)—(4.5) can be used to determine the spin sy of the parent particle Y. I
have checked this by performing a 5-bin x? analysis for a sample of 5000 events for
each model combination, assuming Poisson statistics for the statistical error. Table 4.3
shows the results for combinations 3 (with scalar Y'), 10 (with fermion Y), and 11
(with vector Y') as examples. For the case of vector Y particles, results for two
sample values of the t-channel fermion mass m are given. As evident from the table,
by combining the three observables, one can distinguish all three spin combinations
from each other with a significance of more than 18 standard deviations, for the given
choice of masses and total event count. This is true even for relatively small values
of mg ~ 0(0.5 TeV).

I have checked that the results are very similar if combinations 3 or 10 are replaced
by any of the other combinations with spin-0 or spin-1/2 Y particles, respectively.
Furthermore, for any two models with identical sy the distributions for all three
variables are statistically consistent, irrespective of the spin of X.

To discriminate between models with identical sy but different SU(2) representa-
tions of the Y and X particles one can take advantage of the charge asymmetry Ag+,-
in (4.6). As explained in the previous section, one cannot obtain a non-zero asym-
metry if the Y particles are scalars, and I have confirmed this statement explicitly
with my simulation results. However, for sy = %, Ay+o- can yield useful information
about the structure of the ZYY and XY/ couplings. Results for the total asymme-
try, without cuts or acceptance effects, are given in Tab. 4.4 for all combinations with
fermionic Y in Tab. 4.1.

In general, Ay+,~ becomes maximal for events with large values of cosfj, =
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(model A, model B)
3,11 11 10,11 10,11
Variable (3.10) | 1y, Q( 2 %e\/] M, Sé.5>TeV] [Mé:i T)eV] [MQ<:07.5 %e\/]
tanh(Ang/2) | 19.0 18.6 26.0 2.4 8.0
Mg 37.5 3.9 25.1 30.7 9.5
Ady 16.3 921.4 10.7 411 29.0
All combined 37.5 18.6 26.0 41.1 29.0

Table 4.3: \/? values for a 5-bin x2-test to discriminate between pairs of model
combinations with different spin of the parent Y particle. The combinations 3, 10,
and 11 from Tab. 4.1 have been chosen as examples of models with Y particles of spin
0, %, and 1, respectively. Model B is assumed to represent the simulated “data”, while
model A is the test hypothesis. The results are based on samples of 5000 parton-level
events without cuts and detector effects, and using the input values my = 300 GeV,

mx = 100 GeV, and \/s = 14 TeV.

Combination from Tab. 4.1 4 H 6 7 8 9 10
Apro- 0.20 —-0.22 0.13 0.17 -0.18 0.10 0.20

Table 4.4: Values for the asymmetry Ay+,- for combinations with fermionic Y in
Tab. 4.1 based on simulated parton-level events for my = 300 GeV, mx = 100 GeV,
and \/s = 14 TeV.

tanh(Ang/2) close to 1, i. e. when the Y ™Y~ pair is produced in the forward /backward
direction. However, this correlation between Ay+,- and tanh(Ang/2) depends to a
lesser extent also on spin effects in the decay ¥ — /X and thus can be markedly
different for models with opposite chirality of the XY/ vertex. As a result, the sig-
nificance for distinction between such models is increased by performing a binned
analysis for the distribution dA+,-/dtanh(Angy/2). It turns out that the highest
sensitivity is obtained by using just two bins.

Table 4.5 lists the statistical significances for discriminating between any pair of
the combinations 4-10 from Tab. 4.1 based on this observable. Models that have
different signs for A,+,- can be distinguished with more than 20 standard deviations
for an signal event sample of 5000 events (bold face numbers in the table).

However, the combinations 4, 7, and 10, as well as 6 and 9, are indistinguishable
at the three-sigma level (gray italic numbers in the table). It turns out that also
when considering any other variables in eqgs. (4.2)—(4.5) one cannot achieve a higher
significance for discriminating between these models.

Note that the variable A,+,- has some sensitivity to distinguish between models
which differ only through the spin of the X particle, i. e. between combinations 4 and
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model A
4 5 6 7 8 9

5 | 36
6 |49 29
27 1.6 33 29
S8 (32 35 26 29
"9 |67 27 15 47 23
10|03 37 58 22 33 76

Table 4.5: Statistical significance, in units of standard deviations, for the discrim-
ination between combinations with fermionic Y in Tab. 4.1 using the differential
asymmetry dAg+o- /dtanh(Ang/2). Numbers in bold face indicate a difference of at
least 20 standard deviations, while gray italic numbers denote a significance of less
than three standard deviations. The results are based on samples of 5000 parton-level
events without cuts and detector effects, and using the input values my = 300 GeV,
mx = 100 GeV, and \/s = 14 TeV.

6, or 7and 9 in Tab. 4.1. Assuming a signal sample of 5000 events, as in Tab. 4.5, a
discrimination significance of about five standard deviations or more can be achieved
for these pairs.

4.3.5 Simulation results

The analysis in the previous section does not take into account detector effects and
signal selection cuts. To determine how these might affect the results I have passed
the parton-level events generated by COMPHEP [40] through PyTHIA 6.4 [42] and
PGS4 [43]. By including initial-state radiation and parton showering in the PyTHIA
simulation one can furthermore evaluate whether fluctuations of the initial-state
transverse momentum might wash out the characteristic features for the model dis-
crimination.
In Ref. [37] it has been shown that the selection cuts

N =N)=1, mg > 150 GeV, max{pr} > 40 GeV, min{pr=} > 30 GeV,
pr > 100 GeV, My > 100 GeV, [pr + pres + pro-| < 100 GeV,
Pr, < 100 GeV, Nb = 0, (49)

reduce the SM background rate to about 1.6 fb. Here N(¢*) denotes the number of
visible leptons ¢* = e*, u* in the central detector, N;, denotes the number of vertex b
tags, my is the di-lepton invariant mass, and p ; refers to the transverse momentum
of any reconstructed jets. With these cuts one obtains a selection efficiency for the
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(model A, model B)
3,11 11 10,11 10,11
Variable (3.10) | 1y, Q( 2 %e\/] M, Sé.5>TeV] [Mé:i T)eV] [MQ<:07.5 %e\/]
tanh(Ane/2) || 232 20.1 30.6 6.3 10.1
Mg 40.0 9.7 24.2 36.8 12.6
Ady 97.9 15.5 6.0 40.7 93.8
All combined || 40.0 20.1 30.6 40.7 23.8

Table 4.6: \/? values for a 5-bin x2-test to discriminate between pairs of model
combinations with different spin of the parent Y particle, for a sample of 5000 events
passing the detector simulation and selection cuts in eq. (4.9). The notation and
input parameters are the same as in Tab. 4.3.

signal process pp — YTY ™~ — (t{~ XX between 27% and 40%, depending on the
specific type of Y and X particle. As listed in the appendix A, this corresponds to
measurable signal cross sections between about 1 fb and 200 fb. For concreteness I
will assume 5000 observed events, which corresponds to the expected yield of model
combination 7 for an integrated luminosity of 200 fb~!. In comparison, the SM
background of about 300 events is small and can be neglected.

Tables 4.6 and 4.7 summarize the significance for distinguishing between models
with different Y spin and with different couplings, assuming 5000 measured events
for /s = 14 TeV, my = 300 GeV and my = 100 GeV. Overall, the obtained
significances for the spin discrimination are comparable to the parton-level results in
Tab. 4.3, and in a few cases the significance is even higher. This seemingly surprising
outcome is related to the fact that I compare the same number of “observed” events
in the previous section and in this section, but in the latter case the cuts remove part
of the phase space, leaving a higher event yield in the remaining phase-space region.

For the coupling determination one finds that the asymmetry A,+,~ is washed
out noticeably by the cuts, leading to substantially reduced significances in Tab. 4.7
compared to Tab. 4.5. Nevertheless, models with different sign for A,+,- can still be
distinguished with at least 17 standard deviations.

In summary, for most cases, selection cuts and smearing effects only moderately
affect the capability for identifying particle properties with the described observables.
Of course the selection cuts reduce the overall event number, which however also
depends on the model-dependent total cross section and thus is left as a free parameter
here.
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model A
4 5 6 7 8 9

23
3.3 20
2.0 22 1.0

22 21 19 21
3.7 19 1.7 33 17
10 1.3 25 41 21 23 5.3

model B
© oo J O ot

Table 4.7: Statistical significance, in units of standard deviations, for the discrim-
ination between combinations with fermionic Y using dA+,- /dtanh(Any/2). The
results are based on a sample of 5000 events passing the detector simulation and
selection cuts in eq. (4.9), with notation and input parameters are the same as in
Tab. 4.5.

4.4 Comparison with Automated Likelihood Anal-
ysis

An alternative approach is an automated likelihood test for a sample of measured
events. With such a computerized analysis method it is in general not possible to
clearly separate properties like spin and couplings, but it offers the advantage of
reaching a higher sensitivity by using the complete event information instead of spe-
cific observables. A very appealing realization of an automated likelihood analysis is
the Matrix Element Method (MEM) [39], which uses parton-level matrix elements to
specify the theoretical model that is compared with the data. The method can be
used to measure one or several parameters of the model by finding the maximum of
the likelihood for a sample of events as a function of the parameters. As of today,
the MEM achieves the most precise determination of the top-quark mass [14] and
new-physics particle masses [34].

For each single event, with observed momenta py®®, the MEM defines a likelihood
measure that it agrees with a model for a given set of model parameters a:

f I f2 1’2 H / dpz
25119 (il T)32E;

1
P(p}"la) = — /d:cld y Mo (p)|” [ 6(pi = p}™)

1EViS

(4.10)

Here f; and f; are the parton distribution functions, M, is the theoretical matrix
element, and o, is the total cross section, computed with the same matrix element.
The three-momenta p}™® of the visible measured objects are matched with the cor-
responding momenta p, of the final state particles in the matrix element, while the
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(model A, model B)
310) (3,10) (3.10) (10,11) (10,11)
) [Mp=1TeV] | [My=0.5TeV] | [My=1TeV] | [M,=0.5 TeV]
60 59 61 85 87

Table 4.8: Statistical significance, in units of standard deviations, for the discrimina-
tion between pairs of model combinations with different spin of the parent Y particle,
based on the MEM. A sample of 5000 parton-level events without cuts and detector
effects has been used. The notation and input parameters are the same as in Tab. 4.3.

momenta of invisible particles (weakly interacting particles, such as the X particle in
my case) are integrated over.

For a sample of N events, the combined likelihood is usually stated in terms of its
logarithm, which in the large-N limit can be interpreted as a y? value,

N
X*=—2In(£) = -2 InP(p}3e), (4.11)
n=1

where pflij are the measured momenta of the nth event.

The MEM is particularly useful for signals that cannot be fully reconstructed due
to invisible final-state particles, and it can be applied to determine the masses of both
X and Y in processes of the type in eq. (4.1) [34]. Here I will assume that the masses
are already known and instead focus on the discrimination between the models in
Tab. 4.1.

Matrix elements for all 11 combinations in the table have been computed with the
help of CoMPHEP and implemented into a private code for performing the phase-
space integration in (4.10). Similar to section 5.3.2 only parton-level events without
cuts have been used in this analysis. Results for model comparisons are listed in
Tables 4.8 and 4.9.

As can be seen from Tab. 4.8, the MEM achieves a much higher significance for
discriminating between combinations with different sy, see Tab. 4.3 for comparison.
This is not surprising since several observables, egs. (4.3)-(4.5), were found to be
sensitive to the Y spin, indicating that none of them captures all relevant information.
Note also that the results in Tab. 4.8 do not depend strongly on the unknown mass
of the t-channel fermion Q for combination 11.

The MEM can also distinguish between combinations that all have spin-1/2 Y par-
ticles but which differ in the SU(2) representations of X and Y, as shown in Tab. 4.9.
It is interesting to note that in most cases the statistical significance achieved by the
MEM is the same or only slightly better than the results obtained with the asym-
metry Ay+,- in Tab. 4.5. An exception is combination 10 which can be distinguished
from the other combinations with substantially higher significance using the MEM
compared to Ay+,~. This implies that the asymmetry A+,- captures essentially all
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model A
4 5 6 7 8 9

5 | 30
6|76 25

27 25 29 9.1

T8 (3 41 27 29

"9 |86 26 30 00 27
10|15 44 22 15 44 17

Table 4.9: Statistical significance, in units of standard deviations, for the discrim-
ination between combinations with fermionic Y in Tab. 4.1 based on the MEM. A
sample of 5000 parton-level events without cuts and detector effects has been used.
The notation and input parameters are the same as in Tab. 4.5.

measurable information about the ZYY and XY/ couplings, except for the special
case of model 10.

Similar to the results of the previous section, it is found that one cannot discrim-
inate very well between combinations with Y singlets and Y doublets, i. e. between 4
and 7, 5 and 8, or 6 and 93. Likewise, the MEM results for the combinations 1, 2, and
3 with scalar Y differ by less than one standard deviation, and thus are completely
indistinguishable.

4.5 Conclusions

This chapter presents a comprehensive analysis of new physics processes of the form
pp — YTY ™ — (- XX (¢ = e, p), where X© is stable and weakly interacting,
leading to a signature of two opposite-sign same-flavor leptons and missing momen-
tum. To minimize model assumptions, all possible combinations for the spins and
weak SU(2) couplings of X and Y have been considered, allowing for spin 0, % and
1, and SU(2) iso-singlets, -doublets and -triplets, see Tab. 4.1.

The signal processes have been analyzed with two different and complementary
approaches. The first method is based on specific observables. Concretely, I have
studied three variables for the measurement of the spins and one asymmetry for
the extraction of information about the couplings of the new particles. Secondly,
an automated strategy called the Matrix Element Method has been used, which
algorithmically computes a likelihood that a given event sample agrees with some
model interpretation supplied in the form of a theoretically calculated matrix element.

3Note, however, that a better differentiation between these cases would in principle be possible
with more statistics, requiring significantly larger amounts of integrated luminosity.
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It has been found that the spin sy of the parent particle Y can be determined
with high statistical significance, so that a sample of a few hundred signal events
is sufficient for discrimination at the 5o-level. Furthermore, it was shown that the
asymmetry Ag+,- defined in eq. (4.6) is instrumental in distinguishing between model
combinations that all have sy = % but different Y and X couplings. The majority
of possible coupling assignments can be differentiated with high significance, but it
turns out that for cases 4 and 7, as well as 6 and 9 in Tab. 4.1 one cannot achieve a
30 discrimination with a realistic number of a few thousand events. This is related
to the fact that the relationship between the ZY'Y coupling strength and the observ-
able asymmetry is not monotonic and can involve degenerate solutions. Remarkably,
the same model combinations are also difficult to distinguish with the Matrix El-
ement Method, which demonstrates that the asymmetry A+, reflects all relevant
information about the couplings of the underlying model.

For sy = 0 it is generally impossible to discriminate between cases with different
couplings or with different spin of the X particles, due to the absence of spin cor-
relations between the production and decay stages of the process. For sy = 1 the
coupling structure of the process is essentially fixed by gauge invariance and thus
already uniquely known once the vector nature of Y has been determined.

my findings indicate that even for the challenging case of a process with a short,
one-step decay chain it is in general possible to separately determine the spins and
couplings of the new heavy particles. The results in this chapter have been presented
for the specific choice of masses my = 300 GeV and myxy = 100 GeV, but I have
checked explicitly that the essential features are unchanged for my = 200 GeV. While
the main goal of this study was the development of the theoretical framework and
conceptual ideas, I have also performed a fast detector simulation with selection
cuts for the suppression of standard model backgrounds and found that qualitatively
my conclusions still hold. Nevertheless, a dedicated experimental simulation with a
careful evaluation of systematic errors, including the influence of uncertainties in the
Y and X masses, would be required to check the viability of my results under realistic
conditions.
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Chapter 5

General analysis of decay chains
with three-body decays involving
missing energy

A large range of models have been proposed that predict new particles within the reach
of the LHC. Since there is currently very little evidence for favoring one model over the
others, it will be essential to analyze a potential new-physics signal in the LHC data in
a model-independent approach, by independently determining the properties of each
of the produced particles. Recently, this idea has gained increased interest, and several
groups have worked on constructing such model-independent setups for a number
of different observable signatures, see e.g. Refs. [44-47]. A particularly challenging
scenario are processes that result in the production of new weakly interacting massive
particles (WIMPs), which are invisible to the detector. WIMPs are predicted in many
models as hypothetical dark matter candidates. In these models, the stability of the
WIMP is a consequence of some (discrete) symmetry, under which it is charged. As
a result, it can be produced only in pairs at colliders, leading to challenging events
with at least two invisible objects. At hadron colliders like the LHC there are not
enough kinematical constraints in events of this type for the direct reconstruction of
the momenta of all particles involved.

One approach to this problem is motivated by the fact that models predict ad-
ditional new particles, which can decay into the stable WIMP. In this case, one can
have cascade decay chains, which go through multiple decay steps before ending with
the stable WIMP, so that one can construct invariant-mass distributions of the visible
decay products of this cascade. The kinematic endpoints of these distributions yield
information about the masses [32,49,50] of the new heavy particles, while the shape
is sensitive to their spins [44,45,51,52]. Refs. [44,45] have analyzed decay chains
built up from a sequence of two-body decays in a model-independent way, by consid-
ering arbitrary spin assignments [44] and also using general parametrizations for the
coupling for the new particles [45].
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Figure 5.1: Right: Three-body decays involving an off-shell new-physics particle B
(topology I) or an off-shell Z boson (topology II). Left: The three body decay could
occur as the last step of a longer decay chain.

However, for scenarios with relatively small splittings in the mass spectrum of the
new-physics particles, it can often happen that the last decay step is a three-body
decay mediated by a heavier off-shell particle, see right-hand side of Fig. 4.1. Some
typical scenarios where this occurs in the context of supersymmetry are listed in the
appendix B. In Ref. [53], three-body decays have been analyzed in order to distinguish
gluinos, the supersymmetric partners of gluons, from a Kaluza-Klein (KK) gluons in
universal extra dimensions (UED). A model-independent study of three-body decays
has been presented in Ref. [54], but only in the limit of an asymptotically large mass
of the intermediate off-shell particles. In typical supersymmetry and UED scenarios,
however, this limit is often not a good approximation.

In this work, three-body decays of the form C' — ¢*¢~ A will be analyzed in a
model-independent setup without assumptions about the values of the masses of the
new-physics particles. Here C' is a massive new particle that decays into the WIMP
A and two SM leptons ¢* = e*, p* through the off-shell exchange of a third new
particle B or the SM Z-boson, see Fig. 5.1'. The spins of A, B, and C, their coupling
parameters, and the mass mp of the particle B will be kept as free quantities that have
to be extracted from the experimental data. I only impose the constraint mpg > mg¢,
or myz > mg — my, to ensure that I have an actual three-body decay. Without these
constraints the three-body decay would decompose into two two-body decays, which
is a scenario that has been discussed in detail in the literature cited above.

Furthermore, I also consider the case that this three-body decay is the second

In general, besides the Z-boson, a bosonic new-physics particle (e.g. a Z’ or a Higgs boson)
may also appear in the decay topology II. However, the branching of such a particle into leptons is
strongly constrained by data on four-fermion contact interactions [55], and thus its contribution will
be neglected here.
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step of a cascade decay of the form D —>(E]) C H((TI) (t0~ A, where (Cil) refers to a SM
quark (antiquark), see Fig. 5.1. Such a decay chain would lead to two independent
observable invariant-mass distributions, a di-lepton (¢*¢7) invariant-mass distribu-
tion, and a jet-lepton (j¢*) invariant-mass distribution, where the jet emerges from
the fragmentation of the quark or antiquark.

For both of these cases, I investigate the simultaneous determination of the spins
and couplings of the new particles A, B, C' and D from the shapes of these distribu-
tions. The determination of the masses from kinematic endpoints has been discussed
elsewhere [32,49,82], and here T will simply assume that the masses of the particles
A, C and D are already known. On the other hand, the mass mp of the off-shell
intermediate particle B can not be extracted from the kinematic endpoints, and I will
study if instead it can be constrained from the shapes of the distributions.

My analysis closely follows the conventions of Ref. [45]. After introducing the
relevant spin and coupling representations in section 5.1, the calculation of the £¢ and
j¢ invariant-mass distributions is described in section 5.2. In section 5.3 I present a
procedure for determining the spins and couplings of the new particles, as well as the
mass of the intermediate particle B, by fitting the theoretically calculated functions to
the experimentally observed distributions. The method is illustrated by applying it in
two numerical examples. Finally, the main conclusions are summarized in section 5.4.

5.1 Setup

The three-body decay of a heavy new particle C' into two opposite-sign same-flavor
leptons and a second new particle A,

C — 1T A, (0 =e,p), (5.1)

is mediated either by an off-shell heavy new particle B (with mp > m¢ > my) or
a SM Z-boson (with m¢e —mya > my). 1 also consider the possibility that eq. (5.1)
occurs as the last step of a longer decay chain,

N
v CL A (5:2)
Here D is a QCD triplet, while B and A/C' are electrically charged and neutral QCD
singlets, respectively. For the purpose of this work, it is assumed that A and C are
self-conjugate (i. e. they are their own antiparticles)?. Furthermore, it is assumed that
A, B, C, and D are charged under some symmetry which ensures that A is stable
and escapes from the detector without leaving a signal.

2Some new physics models predict decay chains with non-self-conjugate neutral heavy particles,
which lead to distinct phenomenological features [56], but this case will not be considered here.
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S| D C B A| Example
| 1|S F S Flig—=W—-0—%
2|F S F S |aw— Wy — )~ B
3|F S F V — WYy — by — B
Topology 1 o 10{,(1) *(1) 5’(1)
AlFE V F S lay—=Win — &y~ Bag
5/F V. F V|gy—>Wly =6y~ By
| 6|S F V F
(Il 7| F S S | qu) — Wg,u) - B?i,(l)
8| F S V|qq — WIOJ,(l) - Bg,(l)
Topology 11 91 F V S | qw — W;ﬂ(l) — B(I)L(l)
0 0
10| F V Vg — WH,@) - Bu,(l)
|[11]s F Flig—x5—x

Table 5.1: Possible spin configurations of the heavy particles D, C, B, and A in the
decay chain of Fig. 5.1 (F=Fermion, S=Scalar, V=Vector). Also shown are examples
for realizations of these assignments in the Minimal Supersymmetric Standard Model
(MSSM) or in models with one or two universal extra dimension (UED). Here q, l,
and X denote squark, slepton, and neutralino, respectively. qqu), {q), 327(1), and
st’(l;) refer to the first-level KK-excitations of quark, lepton, U(1) gauge field, and
SU(2) gauge field, respectively. B?{,u) and Wg,u) are scalars stemming from one of
the extra components of the higher-dimensional gauge fields in UED. More details of
these models can be found in Refs. [12,20].

In general, it is difficult to experimentally determine the overall strength of the
couplings in the decay chain since the width of weakly decaying particles is typi-
cally small compared to the experimental resolution. Consequently, only the shape of
the observable invariant-mass distributions will be considered here, similar to earlier
studies on spin determination [44,45,51,53,54]. All expressions for these distribu-
tions presented in the following sections therefore include an arbitrary, but constant,
normalization factor.

Table 5.1 lists all possible spin assignments for the particles A—D in any renor-
malizable theory with fields of spin 0 (scalars), spin 1/2 (fermions) and/or spin 1
(vector bosons). Also shown are examples for realizations of these assignments in
known models.

The chirality of the fermion couplings depend on the details of the new physics and
thus are a priori unknown. Following Ref. [45], I introduce arbitrary left- and right-
handed components. For scalar-fermion-fermion vertices, the interaction Lagrangians
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are defined as

B—~/~~f1 Yy Alagw_ + arwy) Yy +he., (5.3)
/ _

B---<A Yy B(agw_ + arwy) Yy + hc., (5.4)

C —<é Yo B (brw_ + bpw, )Yy + hec., (5.5)
/ _

c---<B U C (bpw_ + brws ) ¥y + h.c., (5.6)
q _

D—=<__ o PoClerw +erwy) vy +he, (5.7)
q _

D---<C bo D (crw- + crwi )ty + hc., (5.8)

where wy = %(1 + 75). For vector-fermion-fermion couplings, A must be replaced by
A in (5.3), etc. After normalizing the overall coupling strength to unity, each vertex
can be parametrized by a single angle «, (3, or v,

ar, = Cos &, bL = COSﬁ, Cr, = COs7, (5 9)

ap = sin « bp = sin Ccp = sin .
R ) R ) R

As will be shown later, the entire parameter space for the couplings can be covered
by restricting the angles to the intervals a € [—m/2,7/2], 5,7~ € [0,7/2].

The form of the C'AZ vertices is uniquely determined by Lorentz symmetry and
CP properties (since the Z-boson is CP-odd, while the self-conjugate A and C' are
C-even):

0---=l0 iCh,az (5.10)
CM{:/.j —C, A", (5.11)

Z
[ _ 2]
C -<A CA, 7" (5.12)

(CL A, — A,C)"Z¥ + cyl., (5.13)
Vevuvsta 24, (5.14)

47



where again the coupling constants have been normalized to unity.

In an experimental analysis, it is impossible to tell on an event-by-event basis
whether a quark or an antiquark is emitted in the first stage of eq. (5.2), 7. e. whether
the cascade decay was initiated by a particle D or its antiparticle D. However, the
observable j¢ invariant-mass distribution may depend significantly on the fraction f
of events stemming from D decays versus the fraction f of events stemming from D
decays, with f + f = 1.

As pointed out in Ref. [45], the ratio of f and f is very difficult to determine
without model assumption and thus should be treated as a free parameter. The j/
distribution depends on f and f only through the combinations flcp|> + flcg|? =
fcos?~y + fsin?y and fleg|? + flcp|? = fsin?y + fcos?+. It is therefore convenient
to introduce the parameter 7, defined by [45]

cos? 4 = fcos®y + fsin?~, (5.15)

sin?4 = fsin®y + fcos? . (5.16)
From the analysis of the j¢ invariant-mass distribution one can only obtain a con-
straint on 7, but not on v and f independently.

5.2 Invariant-mass distributions

As pointed out above, it is difficult to discriminate experimentally between the decay
chain in Fig. 5.1, with a quark emitted in the first stage, and its charge-conjugated
version with an antiquark emitted in the first stage, since both quark and antiquark
fragment into jets. Therefore the only relevant observable invariant-mass distributions
are the my, (lepton-lepton) distribution and the m;, (jet-lepton) distribution.

There is no distinction between the two leptons in the three-body decay, in contrast
to the situation when B can be produced on-shell (i.,e. for mp < m¢) in which case
one can define a “near” and a “far” lepton [32,44,45,49,51,52,82].

Explicit expressions for the my, and mj, distributions are obtained by computing
the squared matrix elements for the different spin configurations S=1-11 in Tab. 5.1
and integrating over the remaining phase space variables. A convenient choice for the
phase space integration is given by

max

1 dI Mae=
T amZ — Na/ —dm,- [ Msf, (5.17)
o min
miy = Jmd + m — i, F AV (md, mg, mi,)],
1 dr m%[lfmig+/(m2D7m26y)] ) 2
f W == ng , dmAg, / d¢ (518)
qé+ mA 0
(m? _fmi)(méme _)/m? 1
" / Al Al A dng S — |M4‘2,
0 mc - mAg_
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where A(a, b, c¢) = a® +b* + ¢ — 2(ab + ac + be). In these equations, Mj 4 denote the
matrix elements for the 3-body or (3+1)-body decay processes, respectively, while
mae- is the invariant mass of particle A and one of the leptons, and ¢ is the angle
between the plane spanned by the lepton-lepton system and the quark in the reference
frame of C. The charge of the lepton in my,~ and mg+ has been specified for
definiteness, but one can equally well choose the variables m 4o+ and mg-. Ny and
Ny are unspecified normalization constants.

The observable jet-lepton distribution dI'/ dm?z is obtained from dI'/ dmée by re-
placing v with 7, see egs. (5.15),(5.16).

As mentioned above, the endpoints of the invariant-mass distributions can be
used to obtain information about the masses my4, m¢c and mp of the particles that
are produced on-shell in the cascade, while the shapes of the distributions depend on
the couplings and spins of the particles A—D. Focusing on the latter, it is convenient
to define the distributions dI'/dmy, and dI'/dm , in terms of unit-normalized invariant
masses

Mye

My = ——f© my™ = me —ma, (5.19)
My

. mjy 1

Mje = —2, (M) = —5(m} — mg)(mg — m}). (5.20)
M me

For the spin configurations S=1-6, the dependence on the coupling parameters «, 3,y
can be cast into the form

1 dr

T cos® a sin? B + sin® a cos® B) I (2 m, m%, m2) (5.21)
My
+(cos® a cos® B + sin® a sin® 3) (w(ma, m?, my, m2)
+(cos a sin & cos (3 sin 3) f3a (hgp; Mm%, m3%, me),
1 dr’
= — cos” a sin? 3 cos® 7 + sin® a cos® 3 sin® ) flm( oMy, My, m, m
r dmjg J

2 7\ £00)
) f

0

+(cos® a cos® 3 cos® 7 + sin? a sin? 3 sin® A ) fs () ]g, mA,mB,mC,m

*3) fi

(430) 2 2

D)
]Zﬂ mA? va mC? m%)
b)
2
mAv mp, Mg, mD)

(i
( 2 2
+(cos? a cos® 3 sin? A + sin? & sin? 3 cos (1h?

,y ]Z’
2

= (
(
(
=
+(cos® a sin® 8 sin® 4 + sin® a cos® 3 cos
(
(
( m%, mi, mg, mp),

+(cos a sin av cos 3 sin 3) f5ﬂ (5 LTS

(5.22)

where the functions f; 0 and f; U9 are independent of the coupling parameters, but
they contain the entire kinematical and spin mformatlon including the dependence
on the particle masses. Note that f; ) and f receive contributions only from the
interference term between the ¢- and u-channel diagrams in the upper part of Fig. 5.1,
see also Ref. [53].
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From eqs. (5.21),(5.22) one can see that without loss of generality the coupling
parameters can be restricted to the intervals o € [—7/2,7/2], 3,57 € [0,7/2], as
already mentioned in the previous section.

For S=7-11, the CAZ coupling is uniquely fixed up to an overall coupling con-
stant, so that there is only one term for the lepton-lepton invariant-mass distribution.
However, there are two possible terms for the jet-lepton invariant-mass distribution:

1 dI’ R
T m = f(”)(mfg; miu m227m20)7 (5.23)
]_ dr . (.]Z) 2

U ding, 7%

(m§£7 m?A7 m227 m%‘a m%) + cos 25/ fgjg)(m]b m?Av m2Z7 m%‘a m%)7 (524>
The lepton-lepton distribution dI'/drmy, can be expressed in terms of compact analyt-

ical formulae. On the other hand, the analytical results for dI'/dm are very lengthy,
so that instead I chose to perform the last integration step (over m?,_) numerically.

Explicit expressions for the functions fi(xy) are available for free download (see
appendix C). Figs. 5.2-5.4 depict the distribution functions for a sample mass spec-
trum. In the figures, the overall normalization constants have been fixed by requiring
that fl(ﬁ), fl(jz), U and fs(jz) are unit-normalized. The right column of Fig. 5.2 also
illustrates how the distributions vary with the mass mp of the off-shell intermediate
particle B, for the example of the spin configuration S=1.

5.3 Analysis method

In this section I will discuss the determination of the spins and couplings parameters
of the new particles, as well as the mass of the off-shell particle B, by fitting the
theoretically calculated distributions to experimental data. The general procedure
will be outlined in the next subsection, while its application will be demonstrated in
subsection 5.3.2 for two concrete numerical examples.

5.3.1 General procedure

The analysis is based on a binned 2 fit for the £/ and j¢ distributions. In this fit, the
binned histogram for the data is compared with theoretical histograms obtained by
numerically integrating the functions fl-(a) and fl-(ﬂ), defined in the previous section,
over the interval covered by each bin. In the fit, the coupling parameters «, 3, ¥ and
the mass mp are kept as free parameters. Varying over these parameters and the spin
configuration S, the best-fit result is found as the set of numbers {5, o, 3,7, mp} that
minimizes the x? value.

During the fit procedure, for every given choice of the parameters {S, a, 3,5, mp},
the theoretical histograms for the ¢¢ and j¢ distributions are normalized such that
the total number of events in the theoretical histogram agrees with the number of
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Figure 5.2: Left: Distribution functions fi(a) (i =1,...,3) for the spin configurations
S=1-6, for mg =200 GeV. Right: Dependence of fi(w (i =1,...,3) on the mass mp
of the intermediate particle for the case S=1. The other mass parameters have been
chosen as me = 184 GeV and m s = 98 GeV. In these plots the overall normalization
has been fixed by normalizing fl(w to unity.
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Figure 5.3: Distribution functions fl-(ﬂ) (i =1,...,5) for the spin configurations S=1—
6. The mass parameters have been chosen as mp = 565 GeV, mg = 184 GeV, mp =
200 GeV and my =98 GeV. In these plots the overall normalization has been fixed
by normalizing fl(jg) to unity.
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Figure 5.4: Distribution functions f) anllr fé{f;) for the spin configurations S=7-
11. The mass parameters have been chosen as mp = 565 GeV, m¢ = 184 GeV and

ma = 98 GeV. In these plots the overall normalization has been fixed by normalizing
U and fs(,ﬂ) to unity.

events in the data histogram. In practice, this normalization is most easily carried
out numerically.

In general, it may happen that there is not a unique solution for the minimum y?
value, but instead several degenerate best-fit points are obtained. In such a situation,
the coupling parameters «, 3, 4 and/or the spin assignment S cannot be determined
uniquely from the observable distributions of the decays (5.1),(5.2) alone.
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Note that the invariant-mass distributions will also depend on whether the decay
proceeds through a three-body topology or a sequence of two-body decays. There-
fore one can discriminate between these two possibilities by including formulas for
the sequential decay chain from Refs. [44,45] in the fit, which will however not be
investigated further here.

5.3.2 Numerical examples

To illustrate the fitting procedure, its application is demonstrated by performing a fit
to mock-up data histograms. This section is based on the parton-level description of
the decay processes (5.1),(5.2) as described in the previous sections, thus neglecting
issues such as backgrounds, jet combinatorics and energy smearing, which are relevant
in a realistic experimental setup. However, earlier studies [32,49,57,82] have shown
that, for mass parameters similar to the ones chosen here, it is possible to obtain a
clean, almost background-free sample of signal events with relatively simple selection
cuts.

The major SM background after some basic cuts stems from t¢ production. It can
be removed by using the different-flavor subtraction as described in Ref. [49], which
also reduces most of the supersymmetry background. In addition, there is combina-
toric background from the signal process itself, due to the difficulty of choosing the
correct jet for the decay chain in Fig. 5.1 in an event with several jets. This back-
ground can be reduced by a cut on the j¢¢ invariant mass [49], and the remainder can
be subtracted with the mixed event technique of Ref. [48]. Both the different-flavor
subtraction and the mixed event technique do not significantly distort the invariant
mass distributions (although they somewhat increase the overall statistical uncer-
tainty), so that my analytical results will closely resemble the outcome of a more
detailed simulation with cuts.

Let us consider two sample choices for the hypothetical data:

“Data” A: S=1, a=0, f=7/2, =0,
mp = 565 GeV, mc = 184 GeV, mp = 200 GeV, m = 98 GeV
(corresponding to the MSSM decay chain G, — ¥ — It — ¥%);

“Data” B: S=11, =0,
mp = 565 GeV, mg = 184 GeV, my = 98 GeV
(corresponding to the MSSM decay chain G; — Xy — X)).

For each case, I have computed “data” histograms with 10 bins each for the 1y
and the 7, distributions, corresponding to a fixed number of 1000 events. Then I
have performed a x? fit of the theoretical distribution functions to these fake “data”
histogram for each of the spin configurations S=1-11, searching for the minimum y?
value as a function of the parameters o, 3, 7, and mg?.

3For the spin configurations S=7-11, the non-zero Z-boson width has been included although its

o4



a) “Data” A, using only iy, distribution:

best-fit parameters

S N3, o B mp [GeV] S N,

1 [SFSF] - 0.00 1.57 200.0 7 [FSS] | 580

2 [FSFS] | > 10000 | —1.22 1.05 209 8 [FSV] 26

3 [FSFV] | > 10000 | +1.14 0.43 197.7 9 [FVS] 19

4 [FVFS] | > 10000 | —1.34 0.23 216 10 [FVV] | 280

5 [FVFV] | > 10000 | —0.38 0.38 197 11 [SFF] 22

6 [SFVF] | > 10000 | —0.65 0.92 191.3

b) “Data” A, using both 1y, and m;, distributions:
best-fit parameters best-fit

S N3, Q@ I} 7 mp [GeV] S Ns, o
1 [SFSF] — 0.00 1.57 0.00 200.0 7 [FSS] | 360 ?
2 [FSFS] 300 | —0.08 0.07 1.57 754 8 [FSV] 23 ?
3 [FSFV] 520 | £1.57 1.57 0.29 210 9 [FVS] 171 0.39
4 [FVFS] 940 | £1.19 0.00 1.57 220 10 [FVV] | 220 | 1.57
5 [FVEV] | 980 | —0.93 0.25 1.57 224 11 [SFF] 19| 1.08
6 [SFVF] | 1200 | —0.50 0.53 1.57 197.4

Table 5.2: Results for fitting all spin configurations S=1-11 to (a) the 1 distri-
bution only, and (b) the 1y, and ™, distributions together, using scenario “data” A
for the mock-up data histograms. N3, denotes to the number of events required for
a discrimination by three standard deviations. Also shown are the best-fit parameter
values, where “?” indicates that the best-fit point is independent of that parameter.

The results are shown in Tables 5.2 and 5.3, presented in terms of the number
of events required to distinguish between the “data” and the model hypothesis at
the level of three standard deviations (corresponding to x?/dof = 9). From Tab. 5.2
one can see that when only information about the my, distribution is available, it
is difficult to distinguish the “data” A (based on the spin configuration S=1) from
the spin configurations S=2-6. The underlying reason is that for each of these spin
configurations there are three unknown continuous parameters, «, # and mpg, which
can be adjusted so as to mimic the data distribution.

On the other hand, the spin configurations S=7-11 can be distinguished from
“data” A with high significance, using only the 1, distribution. This is a consequence
of the fact that there are no free parameters to adjust in dI'/dmy, for S=7-11, and
that these spin configurations correspond to a different diagram topology (Topology

numerical impact is not very important for the masses chosen here.
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a) “Data” B, using only my, distribution:

best-fit parameters
S N3, Q@ B mp [GeV] S N3,
1 [SFSF] 45 | +0.79 0.79 00 7 [FSS] 51
2 [FSFS] 81 ? ? 00 8 [FSV] | 5100
3 [FSFV] 25 ? ? 00 9 [FVS] | 9300
4 [FVFS] 49 ? ? 00 10 [FVV] 74
5[FVEV] | 75| a=p="7 00 11 [SFF] —
6 [SFVF] 51 | £1.57 0.00 00
b) “Data” B, using both 7y and 7, distributions:
best-fit parameters best-fit
S Ns, a 16 7 mp [GeV] S Ns, o
1 [SFSF] 38 | +0.78 0.77 0.00 00 7 [FSS] 45 ?
2 [FSFS] 65 ? ? ? 00 8 [FSV] | 2900 ?
3 [FSFV] 20 ? ? ? 00 9 [FVS] | 1200 | 0.00
4 [FVFS] 41 | £1.25 0.43 1.32 00 10 [FVV] 65 | 0.00
5 [FVEV] | 60| +0.46 046 1.57 00 11 [SFF] - 0.00
6 [SFVF] 59 | £1.57 0.00 7 00

Table 5.3: Same as Fig. 5.2, but using “data” B for the mock-up data histograms.

IT in Fig. 5.1 instead of topology I).

If both the 771, and m;, distributions are included in the fit, all possible spin
configurations can be discriminated with at least six standard deviations, for the
given number of 1000 events.

For the second example, it is evident from Tab. 5.3 that “data” B can be distin-
guished from all other spin configurations S=1-10 by just using the my, distribution.
In fact, for all combinations except S=8 and S=9 the significance for this discrimina-
tion is very high and is not improved substantially by including the m, distribution
in the fit. Also note that the best-fit results for S=1-6 are obtained for very large
values of mp, since increasing values of mpg shift the my, distribution toward larger
values of 7, see Fig. 5.2 (right), leading to better agreement with the reference case
S=11, see Fig 5.4.

In addition to the spin determination, the couplings of the new particles and
the mass of the off-shell B particle can in principle be extracted from the fit to the
invariant-mass distributions. This is shown in Fig. 5.5 for the example of “data”
A. The panels (a) and (b) in the figure depict the constraints on «, § and mpg
obtained from fitting the my, distribution alone, assuming that S=1 is the correct
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Figure 5.5: Determination of the parameters «, 3, 7, and mpg using only the 1,
distribution (a,b), and using both the 1y, and 1, distributions (c,d). The dark/light
bands in the figures correspond to the 68%/95% confidence-level regions. The plots
correspond to a sample of 1000 events for the scenario “Data” A.

spin configuration. If a fit to both the i, and 7, distributions is performed, one
obtains the results in panels (c¢) and (d). As evident from the plots, the inclusion of
the m;, distribution does not only lead to a constraint on 4 (which cannot be obtained
from dI'/dmy,), but also to improved bounds on a and S.

However, the fit results for the coupling parameters always have a two-fold degen-
eracy, since the invariant-mass distributions, eqgs. (5.21)—(5.24), are invariant under
the transformation {a, 3, v} — {signa (5 — |a|), 5 — 5, § — 7}

5.4 Summary

In this chapter, a general analysis of three-body decays of the form C' — (™A,
leading to a pair of opposite-sign leptons and one invisible particle A, has been pre-
sented. This decay process can occur in many proposed new-physics models, either
from direct production of the particle C' at the LHC, or from a cascade decay of the

type D H(C:I)C H(é)ﬁJrﬁ_A, both of which have been studied here.

No assumptions about the masses, spins and couplings of the participating new-
physics particles have been made, including the off-shell particle B mediating the
three-body decay. Instead, all possible spin configurations and coupling form factors
have been considered. Experimentally, the masses, spins and coupling parameters
may be determined from measuring the invariant-mass distributions of the visible
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decay products.

In the present case, there are two independent distributions, one with respect to
the di-lepton (¢7¢7) invariant mass, and the other with respect to the jet-lepton (j¢*)
invariant mass. Results for both have been obtained in terms of relatively compact
analytical functions or one-dimensional integral representations.

In two concrete numerical examples, it has been tested how well the properties of
the new-physics particles A, B, C' and D can be determined from these two invariant-
mass distributions. It turns out that the di-lepton invariant-mass distributions alone
is sometimes not sufficient to uniquely determine the spins and coupling parameters.
However, if the longer two-step cascade decay chain is observed, and one can measure
both the /¢~ and j¢* invariant-mass distributions, it is possible to unambiguously
discriminate between all possible spin configuration with high significance. Further-
more, one can independently constrain all coupling parameters and the mass of the
off-shell mediator B, up to an intrinsic two-fold ambiguity.

The results presented here are based on a parton-level analysis. In a realistic
experimental environment, the significance for the model discrimination and the pre-
cision for the parameter determination may be diluted by jet energy smearing and
combinatorics, but the essential features and main conclusions are not affected sub-
stantially by these effects, as demonstrated for example in Refs. [48,49,57,82].

o8



Chapter 6

New Physics from the Top at the
LHC

6.1 Introduction

The top quark may be a window to physics beyond the Standard Model (SM). Its mass
near the electroweak scale and its large coupling to the Higgs boson may be crucial
to understanding the electroweak sector beyond the SM. Now that the SM-like Higgs
boson has been observed at the Large Hadron Collider (LHC) [59] with a relatively
light mass of about 125 GeV, the assumed “naturalness” of the Higgs sector [60], which
states that the quantum corrections to the Higgs mass should be of the same order of
magnitude as its physical mass, suggests the existence of a partner of the top quark
below or near the TeV scale, motivating theories such as weak-scale supersymmetry,
Little Higgs, and extra dimensions (either warped or universal). Vacuum stability of
the electroweak potential also indicates the need for new physics to balance the large
top-quark contribution. The top quark hence provides a possible early indicator of
new physics and a good probe of a wide variety of new-physics scenarios.

The LHC is a top factory, producing a hundred times more ¢t pairs from QCD
processes than were produced at the Tevatron. Top-quark production is well under-
stood in the SM. Thus any new physics contributions will be on top of a well-known
and well-measured, albeit large, background. With the discovery era ushered in by
the LHC, it would be prudent to keep the initial search as general as possible.

In this work, I take a model-independent approach to searching for new physics
processes of the form

pp—YY — t1XX,

where Y is a massive new particle with the same gauge quantum numbers as the top
quark and X is an electrically and color neutral stable particle. The weakly interacting
X could be a constituent of dark matter, which would manifest itself as missing energy
in a collider detector. I systematically consider different spin configurations (0, 1/2,
and 1) for the new particles Y and X. Each combination is exemplified by particles
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in well-motivated new-physics models (see the next section for details). For example,
in the Minimal Supersymmetric Standard Model (MSSM) Y could be a scalar top
and X the lightest neutralino. This case has been studied extensively in the literature
(see, for example, Refs. [61-67]). However, I do not limit myself to specific particles
in a particular model; rather, I undertake a general categorization, assuming merely
a mass accessible at the LHC and a discrete symmetry that ensure the stability of X.
For simplicity, I restrict consideration to processes that involve only the top partner,
Y, and the dark-matter candidate, X, as new particles.

In order to distinguish experimentally between the different possibilities, one needs
to determine the spins and couplings of the new particles Y and X. In this chapter,
several observables for this purpose are proposed and their usefulness is demonstrated
in a realistic Monte Carlo simulation. To avoid ambiguities due to model-dependent
branching fractions, I do not consider the total cross section in this set of variables.

The chapter is organized as follows. In section 6.2 I introduce the model-independent
classification of new-physics top partners and their interactions. The production of
these particles at the LHC is discussed in section 6.3, while the current bounds from
collider searches are summarized in section 6.4. In section 6.5, the expected reach
of the LHC for this class of processes is analyzed through a detailed Monte Carlo
simulation. The determination of relevant properties of the new particles, such as
mass, spin and couplings, and the discrimination between models are discussed in
section 6.6. Finally, conclusions are presented in section 6.7.

6.2 New Particles and their Couplings to the Top

Colored particles can be copiously produced at the LHC by strong QCD interactions.
Let Y denote a new color-triplet particle with charge +2/3. Y and its antiparticle can
be produced at leading order in QCD by the processes shown in Fig. 6.1 (left). I shall
not consider the production of a single new particle via Yukawa-type interactions:
since they are strongly model-dependent and are subject to strong constraints from
flavor physics, it is assumed that such vertices are forbidden by a discrete symmetry.
Y decays to a new particle that is a color singlet, denoted X [see Fig. 6.1 (right)],
which will show as missing energy in a collider experiment.

There are four possible combinations of spins that allow a coupling between X,
Y and the SM top quark, ¢. These are listed, with the relevant couplings and sample
model decays, in Table 6.1. For fermions I allow a general chirality structure. I shall
henceforth refer to these scenarios as models i, ii, iii, and iv.

Let us elaborate on the unusual case in which Y is a vector color triplet, possibly
arising as a bound state from strong dynamics or from a special kind of supersym-
metric model [68]. The kinetic term is

1
Liin = —§(FW)TFW, F, =D,)Y,—D,Y,, (6.1)
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Figure 6.1: Diagrams corresponding to the pair production (left) and the decay
(right) of the color triplet Y. Double lines denote new particles, while single lines
denote SM particles.

Y X GYY XYt sample model and decay
Jy, Isua) | Ix, Isu@) coupling coupling || ¥ — tX
i 0,3 11 Gny*9, 7Y | XTtY* || MSSM i — ¢!
i 3.3 0,1 Y@eTey YTtX || UED  tgk — tyukk
iii 1.3 1,1 Y@eTey YXTt || UED  txk — tyxk
iv 1,3 | S5[GLY,Y*] | XY*Tt | [68] Q — tx?

I'=ayP,+arPr, A0,B=A0,B)—(0,A)B
<—— — —
SlG, Y, Y] = T |Ge Y DY + G2 Y P dY, — G- Y;&w]

Table 6.1: Quantum numbers and couplings of the new particles X and Y, which
interact with the SM top quark, t. In the last column, t and X! are the scalar top
and lightest neutralino in the MSSM, respectively [20]. tkk, Ykk, and vy xk are the
first-level Kaluza-Klein excitations of the top, the photon, and an extra-dimensional
component of a photon, respectively, in universal extra dimensions (UED) [12]. Fi-
nally, Cj is the vector superpartner in a supersymmetric model with an extended gauge
sector [68].
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where D, = 0, —igT,G}. Then the Y-Y-gluon interaction term is
1 . VaZ 1AV, a a
‘CYYG = §Zg(Ta)ji ((aMY; - 8 }/ju)(GMYui - GVYW') - hC) . (62)

The resulting Feynman rule is
}7]./’
GT q/
=ig(Th);i (¢ —p)"9”" + 0’9" —q°9"") . (6.3)

N

i

Likewise, the Y-Y-gluon-gluon interaction term is

2

Lyyes = —%(G;jf/” — GYYMT,TL(GLY, — G2Y,,) . (6.4)

The resulting Feynman rule is

G) vy
= —ig” (T.Ts+ TuTo)k;97 9" — (T.T)kig™ 9™ — (TuT.)kjg™" 9™°) -
ar vy

(6.5)

6.3 Color-Triplet Top-Partner Production

The dominant modes for production of the top partner in hadronic collisions are the
QCD subprocesses

qq.,99 — YY . (6.6)

I restrict myself to the first- and second-generation quarks ¢ = u,d, ¢, s and use the
CTEQ 6L1 parton distribution functions (PDFs) [69], with the factorization scale set
to my. For my ~ 200-1000 GeV, the dominant subprocess is gg — Y'Y, which is
about one order of magnitude larger than ui,dd — YY. The channels c¢,s5 — YY
are suppressed by roughly one additional order of magnitude.

The total QCD production cross section at the LHC as a function of the mass
of the Y is shown in Fig. 6.2, for the cases in which Y has spin 0, 1/2, and 1. The
plots include next-to-leading order (NLO) and resummed next-to-leading logarithmic
(NLL) QCD corrections for the scalar Y [70] and NLO and NNLL corrections for
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Figure 6.2: Production cross sections for pp — Y'Y at the LHC for 8 TeV (left) and
14 TeV (right), as a function of the mass my, for different Y spins. The leading SM
backgrounds are indicated by horizontal lines.

the fermionic Y [71]. The QCD corrections for vector Y production have not yet
been calculated; T use the K-factor for the scalar Y (1.77 at /s = 8 TeV, 1.56 at
Vs =14 TeV), since the two cases share similar leading-order Feynman diagrams.

The cross section for the fermion is about an order of magnitude larger than that
of the scalar, because of the fermion’s extra spin degrees of freedom and threshold
effects. In the s-channel, the scalar is produced as a p-wave with a velocity dependence
of o ~ (33, whereas the fermion is produced as an s-wave with o ~ 3. Thus, the ratio
of the cross sections of the fermion and scalar is larger at small values of (3, that
is, when the mass of the Y is large. This relative enhancement of the fermionic YY
production is particularly pronounced when the Y particles are produced mostly near
the threshold limit. Note that, although the curves for the vector and scalar appear
to be parallel on the logarithmic scale, their ratio varies from about 34 to 16 in the
mass range shown.

6.4 Current Bounds from the Tevatron and LHC

As Fig. 6.1 indicates, the top-quark partner, Y, decays to a top quark plus a neutral
particle, X. The discrete symmetry implies that X is stable and leads to missing-
energy events. Thus, the signal is £ plus missing energy. Searches for supersymmetric
scalar tops at the Tevatron [72,73] and the LHC [74-76] put constraints on the
allowed parameter space for the class of processes considered here. Additional, though
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Jy || Limit on my
0 2 500 GeV
1/2 || =z 650 GeV
1 2 730 GeV

Table 6.2: Experimental bounds on the mass of particle Y for different spins, Jy,
under the assumption my > my. These estimates are based on the ATLAS results
from Refs. [75].

generally weaker, bounds also arise from general searches for signals with jets and
missing energy [77].

Currently, the strongest constraints arise from scalar top searches at ATLAS using
4.7 bt of data taken at /s = 7 TeV [75]. For my > mx, they put a lower
bound my 2 500 GeV on a scalar Y. By taking into account the different production
cross sections for scalars, fermions, and vectors (see Fig. 6.2), one can translate the
results of Refs. [75] into a limit of my 2 650 GeV for a fermionic top partner and
my 2 730 GeV for a vector top.

The bounds are summarized in Table 6.2. It should be pointed out that the limits
for fermionic and vector Y are simple estimates from theoretical considerations. For
more robust results, a detailed experimental analysis of these scenarios needs to be
performed.

For larger values of myx, that is, smaller mass differences my — my, the limits
become weaker. The excluded region in the my—mx mass plane for scalar Y particles
will be shown in the next section (see Fig. 6.4).

6.5 Signal Observability at the LHC

As the previous section discusses, I consider new physics signals of the type tt + F.
For the leading channel, in which the top quarks decay hadronically [61], the signal
receives large backgrounds from SM processes with multiple QCD jets. To suppress
QCD backgrounds, I consider the semileptonic channel [62], in which one of the tops
decays hadronically and the other decays leptonically, namely,

pp— YY = tX X — bjrjs 07 XX +he. (C=e,p). (6.7)

This channel is beneficial because of its sizeable branching fraction and the identifi-
cation of both ¢t and ¢. The dominant background processes are

tt, ttZ (with Z — vw), and Whbbjj (with W — (1), (6.8)

The cross sections for the first two backgrounds (without branching fractions) are
shown in Fig. 6.2 as horizontal lines, including NLO corrections for ¢¢Z [78] and
NLO+NNLL effects for ¢t [79].
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The separation of signal and background in the semileptonic channel has been
studied previously in the literature [62, 63,72, 74-76]. Here, I reanalyze the signal
selection with the purpose of developing optimized selection cuts in a phenomenolog-
ically realistic simulation setup. My signal selection follows the strategy of Ref. [62],
but I include QCD parton showering and detector smearing effects. As a result, I find
that I need to adjust the choice of cuts to account for the effect of QCD radiation®.

Jets have been clustered via a cone algorithm with cone size 0.4. To simulate
detector resolution effects, I have smeared the jet energy with a Gaussian distribution
of width 0.5 x v/E, where E is the jet energy in units of GeV. A b-tagging efficiency
of 70% [80] has been assumed. I have applied the following set of cuts to identify the
signal signature and reduce the SM backgrounds.

exactly one lepton ¢ = e,y with Ef > 20 GeV, |n,| < 2.5;
at least two light jets with EJ, > 25 GeV, |n;] < 2.5;
exactly two b-tagged jets with E2 > 30 GeV, || < 2.5;
AR;;, ARy, ARy > 04, ARy = ARy = 0.3;

70 GeV < mj; < 90 GeV, 120 GeV < m* < 180 GeV;
F > 25 GeV.

Cut(1):

(6.9)
Here b and j stand for a jet with or without a b-tag, and EX. and 7); are the transverse
energy and pseudorapidity of object i. AR = \/(An)2 + (A¢)? describes the angular
separation between two jets. mP is computed from either the bjj or the bjj invariant
mass, namely, whichever yields the value closer to the true top-quark mass, m;, in a

given event. £ is the missing transverse energy.

Events for the partonic signal process and ttZ background have been generated
with CALCHEP 3.2.5 [81] and passed to PYTHIA 6.4 [42] for parton showering and
jet clustering. The t¢ background has been simulated with PYTHIA. It was shown
in Ref. [62] that the Wbbjj background can be reduced effectively with invariant-
mass cuts on the 57 for a W selection and bj7 for a top-quark selection. I have thus
neglected this process in my simulation.

With the set of cuts in (6.9), which I shall refer to as Cut(1), a good signal-to-
background ratio is achieved for small values of my, when the Y'Y production cross
section is large. For larger values of my, additional cuts are required to suppress the
SM background sufficiently. It turns out that the following two variables are useful
for this purpose: the missing transverse energy, ¥, and the transverse mass of the
lepton—missing-momentum system,

M%miss = V(B + E)? — (per + B1)* (6.10)

The optimal cut values depend on the collider energy:

Very recently, several papers have appeared that pursue a similar goal in the context of the

65



1 F T T T I I I

before M, cut { ttZ - ]

after M, cut { VAT i

0.01

0.001

0.0001

Diff. cross section (pb GeV'l)

1e:05 L} lﬂw |
1 1 1 .A;";;r';;;"zlii s ] |i-!-D-II [1
0 100 200 300 400 500 600 700
£ (GeV)

Figure 6.3: Differential cross sections for the SM backgrounds tt (red, solid) and ttZ
(blue, dashed) and the signal scalar Y with (My, Mx) = (600, 10) GeV (cyan, dash-
dotted) before and after the cut M2™ > 90 GeV. Distributions after the My™
cut are shown in bold lines.

e For /s = 14 TeV, the choice
Cut(2h) = Cut(1) plus F > 350 GeV and Ma™ > 90 GeV

has been found to be effective for my ~ 600 GeV. It can be understood as
follows. The cut My™ > 90 GeV is necessary because a large amount of miss-
ing energy in the SM backgrounds corresponds to neutrinos from the leptonic
decay of the W boson. From Fig. 6.3 one can see that the My™ cut reduces
the SM backgrounds dramatically, especially in the low-F region. However, the
signal events remain virtually the same after this cut: only those in the low-#
region are slightly affected. Moreover, for the signal there is a plateau between
200 and 400 GeV in Fig 6.3. The cut £ > 350 GeV has been chosen because
above 350 GeV the backgrounds are suppressed considerably. In practice, I have
applied either Cut(1) or Cut(2h), whichever produces the larger statistical sig-
nificance S/+v/B for a given parameter point (my, my). Here, S and B denote
the number of signal and background events after cuts.

e For \/s =8 TeV, I have used either Cut(1), or
Cut(2l) = Cut(1) plus F>200GeV and M7™ > 145 GeV,

MSSM, using traditional selection cuts [64,66] and top-jet tagging techniques [65]. The results for
the signal observability are comparable to Refs. [64,65], but significantly better than Ref. [66].
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Figure 6.4: Expected statistical significance for model i, as a function of the masses
of X and Y. The left panel corresponds to /s = 8 TeV and L = 20 fb~!, while the
right panel corresponds to /s = 14 TeV and £ = 100 fb~!. The dashed line shows
the current exclusion limit at the 95% confidence level from Ref. [75].

or

Cut(2’)) = Cut(l) plus F>300GeV and ME™ > 185 GeV,

whichever results in the largest significance. Cut(2[) and Cut(2l’) have been
optimized for my ~ 400 GeV and my ~ 500 GeV, respectively.

Because the signal cross section is lower for /s = 8 TeV than for /s = 14 TeV,
I have lowered the F cut to ensure that a sufficient number of signal events
passes. However, the looser F' cut also results in a larger background event
yield, so that it is advantageous to apply a stronger cut on Mfimiss to improve
the signal significance.

Figure 6.4 shows the statistical significance that can be achieved with these cuts
for model i (scalar Y and fermionic X), for different values of my and my. The
significance is determined according to S/v/B if B > 10, whereas Poisson statistics
is used for very low event yields (B < 10). For the other model combinations, ii-iv,
the statistical significance can be obtained by scaling the values in Fig. 6.4 with the
production cross sections in Fig. 6.2.

As the figure shows, the statistical significance is relatively large in the following
two regions of the mass plane:

1. Small values of my, in which case the signal selection efficiency is almost in-
dependent of myx. Here, the YY pair, which recoils against an initial-state
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Vs spin-0 | spin-1/2
8 TeV || 480 GeV | 660 GeV
14 TeV || 675 GeV | 945 GeV

Table 6.3: The 50 discovery reach for spin-0 and spin-1/2 top partners at 8 and 14
TeV with integrated luminosities of 20 and 100 fb=!, respectively. mx = 100 GeV is
assumed.

jet, is typically produced with a sizeable boost. This boost leads to a fairly
large missing momentum, which helps to discriminate the signal from the ¢t
background.

2. Moderately large values of my, my < 600 GeV, and small values of my. For

these values of my, the YY pair is produced mostly at rest and the signal
selection becomes difficult for small mass differences my — myx, when the top
quark from the decay Y — tX is quite soft.

In comparison with Ref. [62], I obtain somewhat lower values for the significance
S/ VB, as a consequence of having performed a more realistic simulation that includes
QCD radiation (through parton showering) and jet smearing. These effects make it
more difficult to devise clean kinematic selection variables for the signal and result
in more background from the tail of smeared distributions. I have also explored the
mass reconstruction scheme proposed in Ref. [62] and the variable Mpy [32]. T have
found them to be useful in certain respects and complementary to the combination of
my cuts. Further optimization would depend on detailed (experimental) simulations,
which I leave for future studies.

In summary, I have found that, at 14 TeV with an integrated luminosity of 100
fb~!, a scalar top partner can be observed at the 50 level (or better) for a mass up to
675 GeV if My = 100 GeV. This translates into 945 GeV for a spin-1/2 top partner.
At 8 TeV with an integrated luminosity of 20 fb~!, it is possible to achieve a 50
discovery for a scalar top with a mass up to 480 GeV. This corresponds to 660 GeV
for a spin-1/2 top partner. These results are summarized in Table 6.3.

6.6 Determination of Model Properties

6.6.1 Masses

The independent determination of the Y and X masses in processes of the type
—YY — fFXX, (6.11)

where f is a SM fermion, is a difficult problem because of the lack of kinematic
features for the under-constrained system. Several methods have been proposed in
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the literature [32,49,82-84|, either based on global event variables such as Mg =
Zievis_pT,i + pr, on the variable Myy = miinyx1 +Pr, x, =BT {max (M§‘+7X1’ Mé_7X2)}
[11] or variants thereof, or on likelihood fits to the complete event information [39].
It was found that, for my ~ O(300 GeV) and a sample of a few tens of thousands
of signal events at /s = 14 TeV, the mass difference my — mx can be determined
to a precision of a few per cent, while the absolute mass scale has an uncertainty of
roughly 20-30% [49,83]. If the Y'Y state could arise from the decay of a new resonance
of known mass, it would help to constrain the kinematics and thus to determine the
masses of Y and X as well [84]. More details can be found in the cited papers.

6.6.2 Spin

The spin of the Y particle can be probed through the characteristics of the YY
production process. For instance, the Y'Y production cross section strongly depends
on the spin [38]. However, unknown model-dependent branching fractions and the
mass uncertainty of order 30% can lead to ambiguities in the determination of the spin
from the measured total production rate. Instead, one can largely avoid such problems
by investigating the shape of suitable differential distributions. In particular, the two
variables described below are effective for this purpose.

(1) Scalar and fermion Y pair production can be distinguished with the observable

tanh(Ayz/2), Ay = |Ynjj — Ynel (6.12)

which is constructed from the rapidities of the visible decay products of the
hadronically decaying and the leptonically decaying top quarks. In general,
there is a combinatorial ambiguity in identifying the b-jets and light-flavor jets
as the decay products from one of the two top quarks. Given the event recon-
struction scheme discussed in the previous section, one can resolve this ambigu-
ity by assuming that the hadronically decaying top quark is made up from the
two light-quark jets and the b-jet for which my;; is closest to m;. The remaining
b-jet and the lepton are then identified as the decay products of the other top
quark.

The variable in (6.12) is closely related to the proposal by Barr in Ref. [37],
tanh(|n; — nf|/2), where 7y is the pseudorapidity of the SM fermion from the
decay Y — X f. This variable approximately traces the production angle 6*
between one Y and the beam axis in the center-of-mass frame. In the g7 — YY
channel, the 0* distribution has a clear dependence on the Y spin, as can be
seen in the formulae

" [q7 — YY] oc 1 — cos® 6, for scalar Y (spin 0), (6.13)
cos
d _
y 09* [g7 — YY] o 2+ B3 (cos®0* — 1), for fermionic Y (spin 3), (6.14)
cos
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Figure 6.5: Distribution of tanh(Ay,;/2) for the different top-partner scenarios listed
in Table 6.1, for my = 300 GeV, mx = 100 GeV, and /s = 14 TeV. For comparison,
all distributions have been normalized to unity.

where By is the velocity of the produced Y particles. The difference stems from
the fact that scalars are produced in a p-wave, whereas for fermions the s-wave
contribution is dominant. In contrast to Ref. [37], the definition (6.12) is based
on the rapidities rather than the pseudorapidities, to account for the fact that
the produced top quarks are massive.

In the physical process pp — Y'Y, only a subdominant fraction of the events
originates from ¢g annihilation, but as can be seen in Fig. 6.5 the effect is still
noticeable (compare the lines for model i with the other cases).

There is no appreciable difference between fermionic and vector Y pair pro-
duction in the tanh(Agy,;/2) distribution. However, these two cases can be
disentangled by means of a variable that measures the effective hard scatter-
ing energy [46]. One such observable is the effective mass, a scalar sum over
momenta:

M= 3 prt . (6.15)

1€ Vis.

where the sum runs over all visible objects (jets and leptons in this case).

The usefulness of this variable follows from the fact that the partonic cross sec-
tion for the pair production of massive vector particles grows with the partonic
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Figure 6.6: Distribution of Mg for the different top-partner scenarios listed in
Table 6.1, for my = 300 GeV, mx = 100 GeV, and /s = 14 TeV. For comparison,
all distributions have been normalized to unity.

center-of-mass energy like $/mj,, whereas for fermions it has the usual 1/5 be-
havior in the high-energy limit. In fact, for very large values of 5 the vector Y'Y
production would violate the perturbative unitarity limit, a sign that additional
new massive resonances will appear and modify the production amplitude. The
presence of such resonances is generally expected in dynamical models such as
the one proposed in Ref. [68]. However, their masses may be beyond the reach
of the LHC, depending on the value of § when the unitarity limit is eventually
reached. I have estimated this limit for vector Y pair production, conserva-
tively assuming s-channel dominance in obtaining § 2 (4.8 TeV)?. Thus, one
can assume that the new heavy resonances have masses of O(5 TeV), which
make their potential contribution to the process pp — Y'Y completely negligi-
ble, since only a fraction of order 107% of events have partonic center-of-mass
energy of this size or larger at /s = 14 TeV.

The Mg distribution is shown in Fig. 6.6 for the different model scenarios.
A very distinctive difference can be observed between the cases of vector and
fermionic or scalar top partners.

Let us quantify the discriminative power of these variable in an example: the
process pp — YY — ttX X for my = 300 GeV and mx = 100 GeV at /s = 14 TeV.
The simulation and event selection have been performed as described in the previous
section, with Cut(1) in Eq. (6.9). I have assumed the cross section for scalar Y pair
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production (model i). Note that this scenario is not ruled out by current LHC results.
I have not used the total event rate for model discrimination, to avoid ambiguities
due to unknown branching fractions.

I have carried out the discrimination between two different spin assignments by
computing the x? value for the binned tanh(Ay;;/2) and Mg distributions, using
three bins in both cases. The result can be expressed in terms of the integrated
luminosity L5, necessary for achieving a 5o statistical significance:

14 TeV: scalar Y versus fermion Y: L5, = 9.4 b1,
scalar Y versus vector Y: L5, =08 b1

fermion Y versus vector Y: Lz, = 0.7 fb~ L.

For the current 8 TeV run, a 50 discrimination requires the following integrated
luminosities:

8 TeV: scalar Y versus fermion Y: L5, = 72 fb™ L,
scalar Y versus vector Y: L5, =8.1fbh 1

fermion Y versus vector Y: Lz, = 5.2 fb~ 1.

The numbers refer to the purely statistical significance. However, at this level of
precision, systematic errors may be important. A potentially large systematic effect
stems from the uncertainty of the new-particle masses, my and my. While the
mass difference my — myx can be determined rather precisely, the overall mass scale
can be measured with only 20-30% accuracy; see section 6.6.1. I have estimated
the effect of this uncertainty by comparing two event samples with (my,my) =
(300, 100) GeV and (my,mx) = (400,200) GeV, which differ in my by roughly 30%.
I have found that this mass uncertainty reduces the statistical significance of the spin
discrimination by about 20%; the values of L5, that account for this systematic error
are about 50% greater than those quoted above.

In conclusion, the determination of the spin of the top partner, Y, is possible with
very moderate amounts of data. On the other hand, the distinction between models
ii and iii, which both have a fermionic Y but differ in the spin of the singlet X, is
much more difficult. After surveying more than a dozen different kinematic variables
based on the top-quark momenta, I found no significant difference between scenarios
ii and iii for any of them. This finding agrees with the results of Ref. [46].

However, more information can be obtained from observables that are sensitive to
the top-quark polarization, as will be discussed next.

6.6.3 XY Couplings

The chirality structure of the decay Y — ¢ X (that is, the relative contributions of left-
and right-handed chiral couplings) leaves an imprint on the polarization of the top
quark, which can be analyzed through angular distributions of the top-quark decay
products. This method is particularly effective when the mass difference between Y
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and X is large (my — m, > my), so that the top quark is energetic and therefore the
helicity is preserved, reflecting the chirality. For instance, one can look at the angle
0, (0;) of the b quark (lepton) with respect to the top-quark boost direction in the top
rest frame. Because the b quark is always left-handed, it is emitted predominantly in
the forward direction (cosé, > 0) if the top quark is left-handed, but mostly in the
backward direction (cos @), < 0) if the top quark is right-handed.

In practice, even if the top quark is produced fully polarized in the decay ¥ — t.X,
some of the polarization is washed out by the mass of the top, but the cos€, < 0
distribution will still exhibit a characteristic difference between left- and right-handed
XYt couplings.

In the following, I shall illustrate this behavior using a parton-level simulation
with CALCHEP?2. 1 shall focus on the leptonically decaying top quark, since it has
a cleaner final state. The top-quark rest frame cannot be reconstructed because of
the unobserved neutrino momentum, so I analyze the angular distribution in the rest
frame of the visible b¢ system instead. The results are shown in Fig. 6.7.

As Fig. 6.7 shows, the distribution is skewed to smaller values of cos 8, or, equiva-
lently, larger values of cos @ in the case of a left-handed XYt coupling (black curves)
than in the right-handed case (red curves). For a mixed case with non-zero left- and
right-handed components, one obtains a distribution that lies between the black and
red curves. This qualitative behavior is the same for all four spin combinations in
Table 6.1, although they differ from each other in the detailed shape of the distribu-
tion. In particular, cases ii and iii have distinctly different shapes; hence, the analysis
of this observable may allow one to determine not only the chirality of the XYt cou-
pling but also the spin of the X particle. Such a determination is not possible with
observables that treat the top quarks as basic objects.

Furthermore, one can probe the chirality even with limited statistics by using two
bins and forming the asymmetry

o(cost) > x) — o(cos ), < x)

A(z) = :
(z) o(cosl, > x) + o(cos b, < x)

(6.16)

From Fig. 6.7, one can see that when x is about —0.5 A(x) will be most sensitive
to the chirality of the coupling. Table 6.4 shows the asymmetry A(—0.5) for models
i-iv with two choices of the masses my and my. The usefulness of A(—0.5) for the
determination of the coupling is enhanced by its relative insensitivity to the spin and
mass combinations.

2 A more realistic simulation at the level of the previous section, including parton showering and
signal selection cuts, would require the modification of PYTHIA to include top-quark spin correlation
effects, which I have not attempted to carry out.
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Figure 6.7: Parton-level angular distribution of the top-quark decay products in
the bl rest frame, for the decay chain Y — Xt — Xb{Tv. The four panels show the
results for the four scenarios in Table 6.1, for the two coupling choice ar, = 1, ag = 0
(black) and ay, = 0, agr = 1 (red). The input mass parameters are my = 400 GeV
and mx = 10 GeV. The distributions have been normalized to unity.

my = 400 GeV, mx = 10 GeV | my = 300 GeV, mx = 100 GeV
Model Model
ar, GR i ii iii iv i ii iii iv
1,0 | —-0.10 0.02 -0.10 —0.03 0 0.15 0.04 0.10
0,1 0.68 0.55 0.68 0.61 0.54 039 050 045
1,1 0.29 0.28 0.29 0.29 0.28 0.27  0.28 0.27

Table 6.4: Asymmetry A(—0.5) for models i-iv and two choices of the masses my
and mx.

6.7 Conclusions

The SM-like Higgs boson has been observed at the LHC with a relatively light mass of
about 125 GeV. The “naturalness” argument of the Higgs sector suggests the existence
of partners of the SM particles, especially the heavy top quark. The top quark may
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thus hold the key to new physics associated with the electroweak symmetry-breaking
sector, because of its enhanced coupling to the Higgs sector. In this chapter, I have
systematically categorized the generic interactions of a new particle that couples to
the top quark and a stable neutral particle, which serves as a candidate for cold dark
matter. I have considered all possible assignments of spin 0, % and 1 for either of the
two new particles.

In the search for new physics involving top quarks and its partners at the LHC,
the experimental signatures may be distinctive, but challenging to disentangle. Pair
production of the massive top partners leads to a signature of a ¢t pair plus missing
energy, which is difficult to separate from the large SM ¢t background. I have pre-
sented a set of optimized selection cuts for isolating this new physics signal at the
8 and 14 TeV runs of the LHC. I have found that, at 14 TeV with an integrated
luminosity of 100 fb™!, a spin-zero top partner can be observed at the 5o level up to
a mass of 675 GeV, while for a spin—% top partner the reach extends to 945 GeV.

If a process of this type is discovered at the LHC, it will be imperative to determine
the spins and couplings of the new particles, in order to understand the underlying
physics mechanism. I have proposed a strategy to extract these properties from
experimental data by means of suitable differential distributions of the final-state
products. With this approach, a spin-0 top partner with mass of about 300 GeV can
be discriminated from spin—% and spin-1 particles at the 5o level with a luminosity of
10 fb~! at 14 TeV. Furthermore, the structure of the coupling that mediates the decay
of the top partner into a top quark and a massive neutral particle can be analyzed
by measurement of the polarization of the final-state top quarks. This method allows
one to distinguish clearly between left-handed, right-handed, and vector couplings.
Most importantly, the proposed observables for spin and coupling determination are
insensitive to unknown branching fractions and depend only mildly on the masses of
the new particles.

In conclusion, the LHC will allow us to observe and study top partners with mass
up to about 1 TeV. This program will shed light on the interplay of the Higgs-boson
and top-quark sectors and may elucidate the concept of naturalness.
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Appendix A

Model cross sections

The following table lists the tree-level parton-level production cross sections opyeq for
the process pp — Y+tY~ — (/XX (¢ = e, u), for the 11 independent combina-
tions from Tab. 4.1. Also shown are the measurable cross sections op,eqs after inclusion
of detector effects and the cuts in eq. (4.9). The cross sections have been computed
with ComPHEP.

Combination Oprod [fb] | Omeas [fD]
1 3.62 1.45
2 8.50 3.36
3 9.65 3.11
4 41.4 11.45
5 41.4 11.70
6 41.4 14.05
7 89.6 25.0
8 29.9 8.47
9 89.6 31.4
10 112 31.2
11 [Mp=05TeV] | 179 18.3
11 [My=1 TeV] 145 137
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Appendix B

Sample supersymmetry scenarios

In supersymmetric models, large regions of parameter space can lead to sizeable
branching fractions for the decay chain in Fig. 5.1. Here two explicit examples are
given, one involving a dominant contribution from the exchange of a new-physics
particle B in the three-body decay, and a second where the decay is dominantly
mediated by the Z boson. The branching fractions have been calculated with the

program SUSY-HIT [58].

a)

AZ)Z?? B:éL7/1L7 C:Xgu D:qL

M; =102 GeV, My =192 GeV, u =435 GeV,

myo =96 GeV, mg =181 GeV,
Me, = Mg, = 197 GeV = mz, me, = mg,

L
570 GeV;
BR[X5 — efe X}] = BR[X3 — ptpx}] = 9.7%,

A=x}, B=éLp, C=x3), D=q

My =95 GeV, M, =179 GeV, pu =547 GeV,
mgo =94 GeV, my =182 GeV,

Mme, = Mg, = D00 GeV =~ mz, me

570 GeV;
BR[Y) — e*e XY = BR[X) — p u~ XY = 2.7%,

R L = Meg

7

tan 0 = 3,

= 242 GeV =~ msz,, (jL
BR[q, — qX5] = 33%

tan § = 10,

= 510 GeV =~ msz,, (jL =

BR[G — ¢x3] = 33%



Appendix C

Formulae for invariant-mass
distributions

Explicit expressions for the functions fi(w and fl-(jz) are available in MATHEMATICA
format at http://www.pitt.edu/ afreitas/dec3.tgz. Note that the expressions
in this file are not normalized, since in practice the normalization is best carried out
numerically as described in section 5.3.1. The results for fl-(w are given as analytical
formulae, while fl-(j % are presented in terms of one-dimensional integral representations
of the form 2 /2]

177 = / ‘ dm?- FPY. (C.1)

2
LY\
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