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Abstract

Probing High Scale Physics with Top Quarks
at the Large Hadron Collider
Zhe Dong

Under the supervision of Professor Tao Han

With the Large Hadron Collider (LHC) running at TeV scale, we are expecting to
find the deviations from the Standard Model in the experiments, and understanding
what is the origin of these deviations. Being the heaviest elementary particle observed
so far in the experiments with the mass at the electroweak scale, top quark is a powerful
probe for new phenomena of high scale physics at the LHC. Therefore, we concentrate
on studying the high scale physics phenomena with top quark pair production or decay
at the LHC. In this thesis, we study the discovery potential of string resonances decaying
to tt final state, and examine the possibility of observing baryon-number-violating top-
quark production or decay, at the LHC. We point out that string resonances for a
string scale below 4 TeV can be detected via the t¢ channel, by reconstructing center-
of-mass frame kinematics of the resonances from either the ¢t semi-leptonic decay or
recent techniques of identifying highly boosted tops. For the study of baryon-number-
violating processes, by a model independent effective approach and focusing on operators
with minimal mass-dimension, we find that corresponding effective coefficients could be
directly probed at the LHC already with an integrated luminosity of 1 fb~1 at 7 TeV,

and further constrained with 30 (100) fb™! at 7 (14) TeV.



Chapter 1

Introduction to Standard Model

The Standard Model, which describes the electromagnetic, weak and strong interactions,
constitutes one of the most fabulous achievements in the history of particle physics.

Experiments have found all but one of its ingredient particles and confirmed the
theory in all directions to a high degree of precision. At CERN, the W* and Z gauge
bosons was discovered by UA1 [1] and UA2 Collaborations in 1983 [2]; at Fermilab,
the top quark was discovered by CDF [3] and DO [4] in 1995, and the v, neutrino was
discovered by DONUT [5] in 2000. Only the Higgs boson, which is predicted by Standard
Model, is still beyond the grasp of experimentalists.

The Standard Model, as a relativistic, renormalizable local quantum field theory, is

built on three principles:
e The gauge group is SU(3)ex SU(2),x U(1)y,
e Fermion representations are left-handed doublets and right-handed singlets,

e There is one Higgs doublet, which introduces masses to fermions elegantly without

spoiling renormalizability,

together with 21 a priori free parameters, which are inserted by hand, including 3
coupling constants, 12 fermion masses, 4 fermion mixing parameters, 1 Higgs mass and

1 independent gauge boson mass.



1.1 Electroweak Gauge Theory

The Standard Model of electroweak interactions [6] is built on the gauge group SU(2)
U(1)y.
An SU(2) gauge symmetry is applied to left-handed fermion field 7, only, where the

fermion fields are given by

b= S0, om0, (1.1

The conserved quantum number is weak isospin Ty,. An independent U(1) gauge group,
whose conserved quantum number is hypercharge Y, is introduced to incorporate the
electric charge @) and is essential in unifying the weak and electromagnetic interactions
in a common gauge structure. The value of the hypercharge Y have been adjusted to

satisfy the Gell-Mann-Nishijima formula,

Q:R+§. (1.2)

Left-handed fermions transform non-travially under SU(2);,xU(1);, and right-handed
fermions are assigned to be SU(2) singlets and transform under U(1)y only. Table 1
summarizes the weak quantum numbers for fermion fields.

Remarkably, these hypercharge values satisfy the anomaly conditions, that is the
one fermion loop diagrams with three external gauge bosons of the form U(1)U(1)U(1),
U(1)SU(2)SU(2), U(1)SU(2)SU(3), all vanish. In addition, the sum of all fermion
hypercharges vanishes as well, so that to cancel the mixed gravitational anomaly [7].

The Lagrangian describing the electroweak interactions is

ACEW = 'Cga,uge + 'Cf ) (13)
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Table 1: Weak Quantum Numbers for Fermion Fields

where the gauge interaction part is

1 7 123 1 v
Egauge - _ZW;WW“ — ZBMI/B“ 5 (14)

where isotriplet W), i = 1,2,3 and singlet B, are the SU(2) and U(1) gauge fields

respectively, with field strength tensors

B. = 0,B,—0,B

v
(1.5)
W;il/ = 9.W, — &,Wﬁ — gt‘z‘jkWﬁWf .
The covariant derivative is
) ;Y
Dy = 0, +igT; W, +ig' 5 By, (1.6)

2

with g(¢’) being the SU(2). (U(1)y) coupling. The fermion kinetic terms is

Ly =iy Dyt . (1.7)



Under the local gauge transformation, these fields transform as:

SU(2), u(),
b — [L— igTa (a)]ii b — [L—ig 1Y B2
n = br— 1= igYB@lvn (L)

W, — Wi+ 0,0’ (x) + gegra(z) Wy Wi— W,

“w
B, — B, B, — B, + 9,8(x)

This Lagrangian defined above is invariant under the infinitesimal local gauge transfor-
mations for SU(2), and U(1)y independently.

The weak isospin operators T, obey the commutation relation [T}, Ty] = €1 and
can be represented in terms of the Pauli matrices by T, = 7,/2.

In the adjoint representation, the SU(2); massless gauge fields form a weak isospin
triplet with the charged fields being defined by Wi = (W, FiWs),/ v/2, and the isospin
raising and lowering operators are of the form TLjE = (Tp1 £ iTrs)/ V2. The neutral
component of W mixes with the abelian gauge field B, to form the physical states

Zy = Wpcosby + Bysind,,
(1.9)

A, = Bycosf, —W:sinb,,
where 6, is the weak mixing angle, or rather Weinberg angle, which is related with the
SU(2), U(1)y coupling strengths by tanf, = ¢'/g.

In order to obtain Quantum Electrodynamics (QED) the massless A, is identified



with the photon and e = ¢gsin6,,. The QED, weak charged and neutral currents become:
I = Q)

IO = T, (1.10)

J;]LVC = ¢(T3L - waﬁba

with the interaction of gauge bosons with any fermion field ¢ arising from i@E*y“Dﬂw
being

em 9
EZ—&]# AM—EJECWH—QZL]IJLVCZN. (]_1]_)

Here, z,, = sin?f,, g7 = g/ cosf,, and the T; act only on the left-handed isodoublets
11, and vanish on Y.

At this stage, all fields are massless, and all gauge couplings respect chirality, i.e.
left and right-handed fermions evolve separately. There remains to generate the masses
for fermions, and rewrite the currents in terms of mass (flavor) eigenstates rather than
weak eigenstates, as showed above. Also, massless gauge bosons are not acceptable for
the weak interactions, which are known to be short-ranged. Masses can be introduced
elegantly without spoiling renormalizability [8] by spontaneous symmetry breaking [9].
The idea is that the lowest energy (vacuum) state does not respect the gauge symmetry

and induces effective masses for particles propagating through it [10].

1.2 Spontaneous Symmetry Breaking

The gauge invariance, and therefore renormalizability, forbids any mass terms for gauge

bosons and for chiral fermions. A neat solution is that masses for the non-abelian gauge



fields and fermions are generated by the Higgs Mechanism [9] via spontaneous symmetry
breaking (SSB) which preserves the renormalizability [8] of the gauge theory.
In the Standard Model, an SU(2) iso-doublet spin zero field with U(1) charge Y,,/2 =

1/2 is introduced:

d = : (1.12)

where ¢ and ¢° are complex scale fields.

The Lagrangian is augmented by a potential
Lo = (D,®)'D'd —V(d), (1.13)

wherein the first term gives masses to gauge bosons after the SSB, with latter term being
scalar potential to generate the SSB. The combination of SU(2),xU(1)y invariance and

renormalizability restricts V(®) to the form [11]
V(®) = 1 *®Td + \(DTd)?. (1.14)
The complex Higgs doublet can also be rewritten in a Hermitian basis as

o — ¢r 1 ¢1 — iz (1.15)
¢° v2 $3 — iy

where ¢; = qﬁj are four Hermitian fields. The scalar potential, under this basis, becomes,
1 . 1oL\
d) = =2 2 Z 2 1.1
vioy = 3 (30et) + p (3047) (L1

which is invariant under O(4). Without loss of generality we can choose the axis so

that the only component with non-zero vacuum expectation value (vev) is (0|¢3|0) = v.
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Figure 1: The Higgs potential V(¢) for u* > 0 (dashed line) and p? < 0 (solid line).

Thus,
1|0 1,,. 1

v
With g? > 0, the minimum of V(v) is at v = 0. SU(2) x U(1) is unbroken at
the minimum. With 2 < 0, the ¥ = 0 point is unstable, and the minimum occurs
at v = (—pu?/ /\)1/ ? as illustrated in Fig. 1. Th non-vanishing vev selects a preferred
direction in SU(2);,xU(1)y space and SU(2);,xU(1)y group is spontaneously broken to
the U(1)epm subgroup.
To quantize the Higgs field around the classical vacuum, one can introduce the Kibble

parametrization [12]:

' 0
O(z) = exp <Z£2;JT) : (1.18)
(v+ H(2))/V2

where H(x) is a Hermitian field with no vev, and turns out to be the physical Higgs

field. & (i = 1, 2, 3) are the three massless pseudoscalar Nambu-Goldstone bosons [13]



generated by the spontaneous symmetry breaking, and the phase factor could be removed
by an SU(2), gauge transformation, as in unitary gauge:

0
B(z) = . (1.19)

V2 (v+ H(2))/V2
In this gauge, the Nambu-Goldstone bosons are eaten by the gauge field into the longi-
tudinal modes of the massive gauge bosons corresponding to the broken symmetry, W=+
and Z.

Covariant derivative on iso-doublet scalar field takes simple form in unitary gauge:

1 LgWJr(U—FH)
vam (1.20)

OuH — <92 2,(v + H)

Then the Higgs potential becomes:

Co = BPWIWE@H P+ RO L0+ P HROAP V@)

MWW, (L 2) 1 AMEZ0Z, (14 1) + Y0, — V().

which provides the W and Z boson masses

and leaves photon massless.

The scalar potential in unitary gauge takes the form:

1 1 H® H*
V(®) = —5(—2u)2H2 + ZuQUQ {—1 A+ 0—4} : (1.22)

The first term shows that a physical Higgs boson has a tree-level mass

My = /=212, (1.23)



and the second therm is a constant —u?v? /4, reflecting the fact V' < 0 at the minimum.
The third and fourth terms introduce cubic and quartic interaction of Higgs scalar. Such
a constant term seems has no significance for micro-scopic physics in absence of gravity,
but since cosmological constant could be viewed as the vacuum energy, it is of great
importance when the theory includes gravity as an ingredient, and will give an opposite
sign and much bigger cosmological constant than the observed one. This intimates a
sign for new physics beyond standard model.

After SSB, the fermion masses are generated by the Yukawa coupling between the
Higgs double and the fermions. The Yukawa interaction Lagrangian can be expressed
as

,Cyuk = _)\ek[_/qu)eRk — /\uijLj&)uRk — Adijqu)de + h.C., (124)

where the SU(2),, left-handed doublets for leptons and quarks are written as

1 Vg 1 Uy,
o=sa-w| L e =taw| L 0
ek dy

and the right-handed singlets for lepton, and up-type and down-type quarks as
1 1 1
er, = 5(1 +5)e, Up, = 5(1 +v5)u, dr, = 5(1 +v5)d, (1.26)

with £ = 1, 2, 3 as the generation index. One needs Higgs field with y = +1/2 to give
masses to the down-type quarks and leptons, and y = —1/2 to the up-type quarks. ®F
has y = —1/2, but transforms as 2* in SU(2) rather than 2. So one has to introduce

"tilde trick” by relating the 2* representation with 2 by a similarity transform,

0t
d = ir?0f = ’ (1.27)

_¢*
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which transforms as 2 and is of y = —1/2.
For simplicity, we will only discuss the Yukawa interaction related up-type quark,
and one can generalize it for the other fermions. Under the unitary gauge, the Yukawa

interaction becomes

Lyu, = — >0 Nadulpy (SE) + he.,
J=1""1 J 2 (1.28)

= aM"uf (1+2).
The subscript 0 stands for the field being in weak eigenstates, and M" is a 3 x 3 fermion

mass matrix,
Ay
= T =
V2

which is induced by SSB. The second term specifies the fermion-fermion-Higgs Yukawa

M (1.29)
coupling, while the first term gives the masses to fermion.
However, M is neither diagonal nor symmetric in weak eigenstates. To identify the

fermion physical masses, one has to diagonalize M by introducing unitary transforma-

tions,
m, 0 O
MY = UMY = 0 m. 0 |- (1.30)
0 0 my

where U} and U} are the unitary transformation matrices for left-handed and right-
handed up-type fermion fields, respectively. Correspondingly, the mass (flavor) eigen-
state fermion fields are defined by

)

up = UMY = (ugeptr)?, up = UsTul . (1.31)

Diagonalization of the masses in the quark sector introduces the weak mixing, or Cabibbo-

Kobayashi-Maskawa (CKM) matrix [14], which then appears in the hadronic weak
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charged current as
T = T (1= A7)eh, + m (1 —7)d)]

(1.32)
= @nE =P e [ @ - s |

with the Lagrangian written as in (1.11). The miss match between up and down-type
quark unitary transformation give rise to the presence of 3 x 3 CKM matrix V, = A% A%,
V, is the leptonic mixing matrix, which is crucial for describing neutrino oscillations,
but for the Standard Model, where neutrinos are assumed to be massless, V; could be
effectively set to be I. After diagonalization, the coupling strength of the physical Higgs
boson to the ith fermion is m;/v = gm;/2My, i.e. other than top quark, the coupling

is very weak.

1.3 Quantum Chromodynamics

The strong interactions sector of the Standard Model, Quantum Chromodynamics [15]
(QCD), which is a local non-abelian gauge theory based on SU(3) group with internal
symmetry called color. The QCD theory consists of six fermions, quarks, and eight
massless gauge bosons, gluons, corresponding to the eight generators of the SU(3) color
group. Each quark flavor, carrying one color index, is a color triplet in the fundamental
representation 3 of SU(3)¢, and the gluons lie in the adjoint representation 8, each of
which carries two color indices. All other particles in the Standard Model are color

singlets and discharged from strong interactions.
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The QCD Lagrangian may be written as

1 oy
Loop = —ZF(Q””FWV + i(iv,Diy — Mij)y (1.33)

with the field strength tensor for gluon field G¥,a = 1,...,8 written as
Fl = 9"GY — 0"GH + gs fabe , Gy G~ (1.34)
and the covariant derivative being

D,Z = 8“5”' — Z'gS(Ta)ijG'u .

a

Here g, represents the strong coupling constant and the indices are summed over color
with @ = 1,...,8 and i = 1,2,3. T, and fu. are the SU(3) generators and structure

constants, respectively, which obey the commutation relation
[Taa Tb] = ifabcTc . (135)

The generators are related to the 3 x 3 Gell-Mann matrices [17] by T, = A\, /2. The QCD
lagrangian is invariant under local gauge transformations

o(x) —  exp(igsaa(z)Ta)d(z)
(1.36)

Gt(z) — GH(z)+ 0"au(x) + gsfapean(x)GH(z) .
Note that in the limit of equal mass quarks, the QCD Lagrangian possesses a global
SU(3) s flavor symmetry, and in the limit of massless quarks an SU(3),x SU(3)g chiral
symmetry is present. SU(3) gauge invariance ensures that the gluons are massless. As
noticed in previous section, the quark masses are generated by spontaneous symmetry

breaking.
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The QCD is drastically different from the standard electroweak theory in two aspects:
The first is having gluon self-interaction, which is due to the non-abelian nature of the
theory and introduced by triple and quartic gluon vertex. Secondly, QCD has the
property of asymptotic freedom [16], i.e., the running coupling becomes weak at high
energy scale, or rather, short distance, while at low energy or large distance the theory is
strongly coupled, which leads to the confinement of quarks and gluons. The asymptotic
freedom is crucial when one tries to apply the perturbation theory in QCD calculation
for high energy scattering processes. To see this, by renormalization group equation,

under one-loop correction, the strong coupling constant g, is running as a function of

energy (?

_ (@) _ 127
T dm o (33 —2ny)In(Q2/A2)° (1.37)

as(Q?)
where ny is the number of fermion flavors, and A is the infrared energy scale cut to be

determined by experiments. One can see that as Q% — oo, a, — 0, where quarks and

gluons are deconfined, which is the reason why we call it asymptotic free.
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Chapter 2

Beyond the Standard Model

2.1 The Problems with the Standard Model

The Standard Model has been a very successful theory at the energy up to weak scale,
since it explains nearly all particle physics experiments with extremely high precision.
However there are some reasons letting us believe that it is not the whole story, and
should be regard as the effective theory of some deeper one at the energy scale that our
current collider experiments have been probed.

In the previous section, we present the Standard Model as a theory with gauge group
SU(3)exSU(2), xU(1)y describing strong, weak, and electromagnetic interactions. Yet
this is far from a real unified picture, since each of the three gauge groups has its own
coupling and strength. One may obviously ask whether we could find a theory which
could unify those three different gauge groups into a single one.

The mass of the W-boson, which is acquired via the Higgs mechanism and propor-
tional to the Higgs mass, has been experimentally determined to be of the order of
80 GeV. But the Higgs mass receives large radiative corrections that are quadratically
divergent. In order to have a feasible perturbation theory describing the experiments,
these divergencies have to be cancelled by hand in every order, which is fine tunning.

Such an accidental cancellations appears miraculous, and raise the question whether
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there is another mechanism to stabilize weak scale physics.

The Standard Model has a lot of free parameters built in, such as the masses of
quarks and leptons, the weak mixing angles, and CKM matrix. Hence, what is the
origin of the observed pattern of fermion masses and mixings? The model provides a
description of these quantities but would make equally good sense regardless of what
values these couplings take in case of perturbation theory valid. This is the so-called
flavor problem of the Standard Model.

One could list a long table of theoretical problems with the Standard Model, albeit
it is experimentally successful. Based on the imperfection of the Standard Model at the

higher scale, physicists tried to build models beyond it in many directions, including:
e grand unification theory,
e theories based on Left-Right symmetric gauge groups,
e theories with extra U(1)" or other extended gauge groups,
e theories extra Higgs-bosons,
e technicolor theory,
e extra-dimension theories,
e supersymmetry and supergravity ,

e string theory.

Here, we don’t have space to introduction all of them. In next section, we will introduce
the minimal supersymmetric standard model, and in section 2.3, the brief idea about

the grand unification theory.
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2.2 The Minimal Supersymmetric Standard Model

There might be tens of reasons why we pursue the supersymmetry models as we step

forward beyond the Standard Model.

The supersymmetry is mathematical beauty;
e Unification of the gauge couplings at the scale My ~ 106 GeV;

e Having a light Higgs and easy agreement with the precision electroweak measure-

ments;

e The lightest supersymmetric partner could be a good candidate for the cold dark

matter particle;

e The last and maybe the most important one, the model could solve the gauge

hierarchy problem.

Before scrutinizing the minimal supersymmetric standard model (MSSM), we will briefly

introduce the motivation and the formalism of the supersymmetry.

2.2.1 Motivation of Supersymmetry

Since the topic of this thesis is about probing physics at the LHC, we will focus only on
the motivation most directly related to physics at the TeV scale, i.e.the gauge hierarchy
problem.

In Section 1.2, we postulated a potential for the Higgs field as

V(@) = 2|0 + Alef*,
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with p < 0 for generating electroweak symmetry breaking to induce the masses for
various gauge bosons and fermions. From experiments, we know that (®) = \/T/Q)\
is roughly 174 GeV, which is equivalent to say that u?> ~ —(100GeV)?. However, p is
a renormalizable coupling constant of the theory, which cannot be computed from the
first principles, and will recieve large radiative correction from loop diagrams.

For example, the two diagrams shown in Fig. 2 are the one-loop corrections to the
Higgs squared mass p?. If the Yukawa coupling between the Higgs and fermion f with

mass m; is of the form —A\;® f f, the contribution from Fig. 2(a) is

)
A= [t (2.1)

If there is a complex scalar particle S with mass mg coupling to the Higgs as —\g|®|?|S|?,

then the contribution from Fig. 2(b) is

As

N
= T6n2

A+ . (2.2)

If we treat the Standard Model as an effective theory, A should be the cutoff energy
where the theory is still valid. Changing A within a large range of validity, one can
easily change the sign of p? and find —p? > (100 GeV)? if the theory is valid up to
Planck scale A ~ 10 GeV. Obviously, we need a fine tunning between two contributions
even at one-loop level to achieve observed Higgs bare mass. This is the ”gauge hierarchy
problem”.

There are two approaches to solve the problem. Firstly, one tries to replace the
elementary Higgs fields with some dynamical symmetry breaking mechanism based on
a new strong dynamics [18]. Higgs proposed his original idea about the Higgs field

as a phenomenological description of a fermion pair condensation, which is the reason
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Figure 2: One loop diagrams contributing to the Higgs squared mass p?, from (a) a
Dirac fermion f loop, and (b) a scalar S loop. Adapted from [20]

why sometimes and originally the electroweak symmetry breaking is also called elec-
troweak superconductivity [9]. In technicolor [19], the spontaneous symmetry breaking
is associated with the expectation of a fermion bilinear, analogous to QCD.

The alternative is to postulate that the electroweak symmetry breaking is generated
by a weakly coupled Higgs field, with the Higgs mass term p? generated by well-defined
physics within the model. This idea requires that the quadratically divergences from
the fermion and boson loops cancel. Supersymmetry falls into this category. As seen in
Eqn.(2.1)(2.2), if one could pair each fermion with two complex scalars with g = A7,
then the contributions would be naturally cancelled, leaving the finite contributions to

1% of the order of the supersymmetry breaking scale.

2.2.2 Formalism of Supersymmetry

The metric we use throughout the section is of the from ¢"* = diag(—1,+1,+1,+1).
For most of the conventions, we follow what are adapted in [20] and [21].
For convenience, we employ two-component Weyl spinor rather than four-component

Dirac or Majorana spinors for the expression of fermion fields. Consider the theory of a
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free Dirac 4-fermion ¥ with mass M
'CDirac = ’L.WD’YMaM\I/D — M@D\PD, (23)

where the 4 x 4 gamma matrices take the forms of

0 o* -1 0
f}/‘u = ) V5 = ) (2 4)
o 0 0 1
and Pauli matrices are
1 0 01
0'0 —= 60 — , 0-1 — _51 — ’
0 1 10
(2.5)
0 —z 1 0
0'27—_2— 0'3:—63_
1 0 0 —1

A Dirac 4-spinor could be written in terms of two Weyl 2-spinors, which are complex

and anti-commuting objects

Uy = . (2.6)

The field &, is a left-handed Weyl spinor, and x'® is a right-handed Weyl spinor, with
two distinct types of spinor indices o = 1,2 and & = 1,2. The Hermitian conjugate

operation connects the two kinds of spinors by

=)t =(ENa, (= (2.7)

The heights of the spinor indices are important, and the right-handed spinor is always

with dotted indices and daggered. It is convenient to raise and lower the spinor indices



20

by the anti-symmetric tensor € and €q3 With the convention €2 = ¢9; = 1. The Pauli
matrices carry spinor indices as (/). and (/).

One can construct the Lorentz scalar from fermion bilinears of the form

Ex = xé=esé™X’, X =X1¢ = (&), (2.8)

and left- and right-handed spinor can be combined into a Lorentz vector as
eh(@) N0 = €1y = —xot¢! = (\7€)" = —(€a"xT)". (2.9)

With these conventions, after dropping off the total derivative term, the Dirac La-

grangian can be rewritten as:
Lo = 1€'7"0,€ + ix'7"ux — M(Ex + €XT). (2.10)
For a Majorana spinor

Uy = : (2.11)

the free fermion Lagrangian could be expressed as:

(2.12)

= i1519,8 — 3M(&6 +£1¢).
For the theory multiple fermion fields ¥} = (¢ X;r), one could easily translate the
Lagrangian with 4-spinor into Weyl 2-spinor version using the following dictionary:

PV, = x5, U Pr¥; = £§x}, (2.13)

VAl P, = €lars;, Uiy PrU; = XiU“X}-
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To construct a quantum field theory with the symmetry relating fermions and bosons,

a.k.a., supersymmetry, one needs to introduce a generator for the symmetry
Q)|fermion) = |boson), Q@|boson) = |fermion) . (2.14)

Therefore, () must be fermionic and anti-commuting. Analogous to Weyl fields ¢ and
x', we will introduce fermionic charge Q,, a = 1,2, and their conjugates Qg, a = 1,2
By Coleman-Mandula Theorem [22] and Haag-Lopuszanski-Sobnius Theorem [23],
under reasonable assumptions, there exist a unique non-trivial extension of the Poincare
symmetry by including fermionic generators, which forms a graded Lie algebra [24]
defined as
{QmQ;} = 2‘755‘]3#;
{Qa,Qs} = {QLQL} = 0,
QuBJ = [QL.B] = 0,

[Qu,T°] = [QL,T°] = 0,

where P* is the momentum generator of spacetime translations, and T are gauge sym-

(2.15)

metry generators. The first equation of (2.15) implies

O1HI0) = HOIQuQ! + Q101 + @2} + Q1sl0) > 0. (2.16)

So the ground state of a supersymmetric field theory would have non-negative energy.
If the supersymmetry is unbroken, i.e., Q|0) = Q'|0) = 0, the vacuum energy must
be zero, (0|H|0) = 0. Otherwise the supersymmetry is broken, the vacuum energy is
positive, which is likely to be the case for us, since we haven’t seen any super-partner of
the Standard Model particles.

Due to limitation of the space, for the detail formalism of superspace, superfield

and superpotential, and their transformation properties under N' = 1 supersymmetry,
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we will blindly adapt all the conventions and notations introduced in Section 3 of A

Supersymmetry Primer [20].

2.2.3 The Minimal Supersymmetric Standard Model

From Eqn. (2.14), we see that single particle states fall into supermultiplets, each of
which consists of same numbers of fermionic ny and bosonic n;, degree of freedom, i.e.,
ny = n,. Bosons and fermions within a supermultiplet are superpartners of each other.
If |Q2) and |Q2') are superpartners, then they would transform into each other under the
operation of supercharge [0) = f(Q,Q")|Q). Awaring [Q, P?] = 0 and [Q,T%] = 0,
superpartners must have the same (mass)? and the same gauge charges.

In supersymmetric field theory there are three kinds of supermultiplets. The combi-
nation of a two-component Weyl fermion and a complex scalar is called chiral supermul-
tiplet. For the massless fermion, there are two helicity states providing ny = 2, while
for a complex scalar (or two real scalar) n, = 2. The Standard Model quarks, leptons,
and Higgs fit into chiral supermultiplets.

The combination of a spin-1/2 gaugino and a spin-1 gauge boson is called gauge
or vector supermultiplet. A gaugino, which is a Weyl fermion, and a massless gauge
boson, are both having two helicity states. The gaugino transforms as the adjoint
representation of a gauge group, since it’s superpartner, gauge boson, does so. The
adjoint representation is its own conjugate, so the left- and right-handed component
of gaugino has the same transformation properties. For the Standard Model particles,
photon, W bosons, Z boson, and gluons fall into this category.

For models including gravity, we have the spin-2 graviton and its superpartner, a
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Names spin 0 spin 1/2 | SU(3)¢, SU(2)r, U(1)y

squarks, quarks | @ | (ur JL) (ur, dr) (3,2, %)
(x3 families) U uy, u% (3,1, —%)
d dy dl, (3,1, 1)

sleptons, leptons | L (v ér) (v er) (1, 2, —%)
(x3 families) | & &, el (1,1, 1)
Higgs, higgsinos | H, | (HF HO) | (HF H?) (1,2, +3)

Hy | (Hj Hy) | (H) Hy) (1,2, —3)

Table 2: Chiral supermultiplets of the Minimal Supersymmetric Standard Model.

massless spin-3/2 particle, gravitino forming a supermultiplet with ny = n, = 2.

Particle Contents of the MSSM

Each Standard Model quark, lepton is a Dirac fermion, i.e., two Weyl fermions. Let’s
take electron field 1, as an example, )7 = (er, eg), where ey, and ep are two-component
left-handed and right-handed Weyl fermions, respectively, Each one of which has an
independent spin-0 superpartner. €y is the left-handed selectron, which means the su-
perpartner of ey, being a complex scalar, while ég is the right-handed selectron.

Table 2 summarizes all the chiral supermultiplets of the MSSM, and it is arranged
according to the Standard Model gauge group charges. Scalar partners of quarks and
leptons are called squarks and sleptons, respectively, and fermionic partner of Higgs is
called higgsinos.

In the Standard Model, there is only one SU(2), Higgs field with I = 1/2. De-
pending on which field we taking to be the primary field, we can take the hypercharge

of Higgs field to be either Y = +1/2, or its conjugate —1/2, which is not a problem in
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Figure 3: Cancellation of anomaly by two higgsinos in the Minimal Supersymmetric
Standard Model

the Standard Model. However, in supersymmetric field theory, the superpotential is an
analytical function of superfields, which means it can only contain the field but not its
conjugate. Then two different choices of Higgs hypercharge will give different couplings.

As in Table 2, we include both of the possibilities, H, with Y = +1/2 and H,
with Y = —1/2. There are two reasons that it is necessary to include two Higgs
supermultiplets. The first reason is to cancel the gauge anomalies to maintain the gauge

invariance of the model,

Tr[T3Y] = Ty[T3Y] = 0, (2.17)

where T3 is the third component of weak isospin. In the Standard Model, the anomaly
cancels non-trivially by the quarks and leptons. In the supersymmetric field theory,
each higgsino will make a non-zero contribution to the traces and spoil the cancellation.
However, this could be avoid if we include a pair of higgsinos with opposite hypercharges,
as shown in Fig. 3.

Secondly, it is necessary to include both Higgs fields to provide all the needed cou-
plings in the superpotential. More explicitly, only a Y = +1/2 Higgs chiral supermul-
tiplet can generate the masses to up-type quarks, and only a ¥ = —1/2 Higgs chiral

supermultiplet can generate the masses to down-type quarks and to the leptons.
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Names spin 1/2 | spinl | SU(3)¢, SU(2)L, U(1)y
gluino, gluon g g (8,1,0)
wino, W boson | W+ W° | W+ Wo° (1,3,0)
bino, B boson B° BY (1,1,0)

Table 3: Vector supermultiplets of the Minimal Supersymmetric Standard Model.

The vector gauge bosons and their superpartners, which are called gauginos collec-
tively, reside in the gauge supermultiplets, as shown in Table 3. So far, all the gauge
bosons and gauginos are massless. Electroweak symmetry breaking will mix the W? and
B to give the mass eigenstates of Z and 7. And winos and bino will mix with higgsinos
to form charginos and neutralinos as we discuss later in the section.

Table 2 and Table 3 together make up the particle content of the Minimal Super-
symmetric Standard Model. By now, none of the superpartners of the Standard Model
particles is found in the collider experiment, so the supersymmetry must be broken, (for
a review TASI Lecture by Luty, M. A. [25]).

The supersymmetry could be broken explicitly or spontaneously. There are several
reasons why it should be spontaneous broken, e.g. , a milder supersymmetry breaking
scale comparing to Planck scale, limited numbers of parameters, suppression on flavor
changing neutral current, connection to string theory and portable connection with
supergravity, etc . However, a effective theory relevant at the low energy regime may
introduce the breaking terms explicitly as we do in the MSSM. The breaking must be soft
to prevent reintroducing of the Higgs hierarchy problems, and by ”soft” we mean only
mass terms and cubic scalar interactions, i.e. , couplings with positive mass dimensions.

The Lagrangian need to be amended by the SUSY breaking mass term L, term with
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the mass scale mgg,

L = Lsusy + Lot - (2.18)

Then, the correction to the Higgs mass is of the form:

Am3, = m2 [ A ln( A )—i—} (2.19)

1672 Msoft

So we expect mgorr < 1 TeV for the Higgs to be within the reach of the LHC.

Building the Supersymmetric Lagrangian

To build the supersymmetric Lagrangian for chiral supermultiplets, let’s start with the
simplest massless non-interacting action with a single chiral supermultiplet, a.k.a., Wess-

Zumino Model [26]:

SWZ - fd4.7} (Escalar + £fermion) )
(2.20)

*Cscalar = —8”¢*8M¢ ) Efermion = Z¢T5H8ﬂ¢ .
The simplest possible SUSY transformation turning a scalar field into a fermion fields
is:
§¢p = e, S¢* = YT, (2.21)
where € is an anti-commuting, infinitesimal, constant Weyl fermion as the parameter

for the SUSY transformation. Then under this operation, the scalar Lagrangian is

transformed as:
6 Locatar = —€0"00,¢" — €10"9)10,6 + (total derivatives) . (2.22)

To make the theory invariant under SUSY transformation, one needs to cancel 6 Lgajar

by 8 Liermion UP to some total derivative terms. In other words, d7 must be linear in €'
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and ¢, and containing one partial derivative. The only option here is:
by = —i(0"eNadup, UL = +i(eo™)s0,0" . (2.23)

This leaves dLsermion = —0Lscalar + Ou(...) and S = 0. To make a consistent theory,
we still need to check whether the above infinitesimal transformations are closed un-
der SUSY algebra (2.15). Using (2.21) and (2.23), one finds the commutators of two

infinitesimal transformations have the forms:
0, (000) = 0, (0, ) = i(e20"€] — 10" €}) 0,0,
0ey (06, V0) — 06, (0e,00) = i(EQU“eJ{ — elaueg)ﬁwa (2.24)
—i—ielaegﬁ“ﬁlﬂb — i(—:gaeiﬁ“aﬂw ,
where 0, corresponds to the generator of spacetime translation operator P,. The scalar
part of Eqn. (2.24) complies with the form of (2.15) directly, but the fermion part only

satisfies (2.15) on-shell, due to the fermion equation of motion a#9d,1) = 0. To fix this,

one has to introduce an auxiliary complex scalar field F', with the Largrangian
Lo = F'F. (2.25)

Therefore, the auxiliary field has the dimension (mass)? with equation of motion F* =

F = 0, and transforms non-trivially as:

00 = ey,
he = —i(0"€)a0,d + € F, (2.26)
0F = —ieloro.

One could check the SUSY Lagrangian for chiral supermultiplets £ = Lcatar + Ltermion +

Laux is invariant under (2.26).
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A free theory without any interaction certainly is not a promising candidate for the
underlining theory of the Standard Model. In a renormalizable supersymmetric field
theory, the interactions and masses are uniquely determined by their gauge transfor-
mation properties and by the superpotential W, which, by construction, has to be a
holomorphic function of the complex scalar fields ¢; [20]. In the language of superfield,
W is said to be an analytical function of chiral superfields. A superfield is an analogous
of a weak isospin doublet, being a single object that contains as components all of the
bosonic, fermionic, and auxiliary fields within the corresponding supermultiplet, for ex-
ample ®; D (¢;, ¥, F;). The gauge quantum numbers and the mass dimension of a chiral
superfield are the same as that of its scalar component. In the superfield formulation,

one writes the superpotential as
i 1 ij 1 ijk

where the parametr L? is only allowed if ®; is a gauge singlet, where there is no such

chiral supermultiplet in the MSSM, so L’ = 0. Let

. ow . *wW
v 2 (5 -
W=ge W 90,0,

(2.28)

one find the invariant Lagrangian under the supersymmetric transformation would be

of the form:
L = ﬁfree + £int ’ with
£free - —a’%*l ugbi + 21/)“6“3#1/11 -+ F*ZFz , (229)
Ly = (—%WU%% +W'F) + cc..

After integrating out the auxiliary fields F;, F*!, one finds

e the scalar squared masses are (m3); = M*M;;
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e the fermion mass terms are M and its conjugate M;

e the scalar-fermion-fermion Yukawa interactions have the vertex couplings —iy**

and its conjugate —iy;;;
e (scalar)?® vertices are of the form M;y/* and the conjugate Mys,,.

All masses and non-gauge couplings of the chiral supermultiplets are fixed by superpo-
tential W.

For the vector supermultiplets, one could built up the SUSY gauge theory Lagrangian
following the same idea. There are three fields residing in the gauge supermultiplets,
vector bosons Af, gauginos Ay, and the real scalar auxiliary field D*, wherea = 1,...,8
for SU3)¢, a = 1,2,3 for SU(2), and a = 1 for U(1)y. The SUSY gauge Lagrangian

could be written as:

1 1
Loauge = =7 P EL, + iINTEH DAY + 30D, (2.30)

where F, = 0,A% — 0,A% 4 gf** AP A¢ is the field strength tensor, and the covari-
ant derivative of the gaugino field is D,A* = 9,\* 4+ g f“bCAZ)\C. In the Wess-Zumino

gauge [26], the supersymmetric transformation of the gauge supermultiplets are:

04, = —55 (7" + AT e) |
N = ﬁ(a“ﬁ”e)aﬁ’ﬁy + \/LieaDa : (2.31)
0D* = \/LQ (—€'a" D, A" + D, A5 e)

Suppose that the chiral supermultiplets transform under the gauge group in a rep-

resentation T satisfying [T, T%] = i fo*“T°. Then the last two transformation rules of
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Eqn. (2.26) should be implemented as

5¢ia = _Z.(O'MET)aD,uﬁbi + EaFi )
(2.32)

§F, = —ield" Db + V2g(T¢)ief Ao

The general Lagrangian density for a renormalizable supersymmetric field theory is:
L = Echiral + 'Cgauge - \/§g<¢*TG¢))‘a - \/ég)‘Ta(wTT%b) + g(¢*Ta¢)Da : (233>

One could integrate out the D term by its equation of motion D* = —g@p*T¢p.

The last ingredient for a recipe for constructing the supersymmetric interaction at
TeV scale is the soft SUSY breaking terms, which is required since the SUSY is broken
at the current collider scale as discussed in previous section. The possible soft SUSY

breaking terms in the Lagrangian of a theory free of quadratic divergence [27] are:
i 1 a2 Ly L i 2yi yxj
Loty = — (' + §Ma()\ )"+ §bj¢i¢j + éa] Gidjor +c.c. | —(m7)ip by, (2.34)

where the tadpole coupling only shows up when ¢; is a gauge singlet which is absent
from the MSSM. The gaugino masses, M,, scalar squared mass terms, (m?)} and b%,
and the (scalar)® coupling, a”*, are to be explained by deeper underlining models, and
all mass terms have mass scale me < 1 TeV to be observed at the LHC.

Based on the recipe above, we will build the Minimal Supersymmetric Standard

Model in the following section.

The Lagrangian of the Minimal Supersymmetric Standard Model

The kinetic terms and gauge couplings of the MSSM Lagrangian are completely deter-

mined by supersymmetry, the choice of the gauge group SU(3)cxSU(2),xU(1)y, and
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the choice of the quantum numbers of the matter fields. The Lagrangian must be of the
form (2.34). The only input parameters are the gauge couplings gi, g2, and gs.

As discussed in the previous section, the superpotential induces nonlinear fermion-
scalar interaction, so the Higgs Yukawa coupling should be generated by terms included
in the superpotential. For the MSSM, the superpotential generating Yukawa coupling

is:

Wy = T(ya) " Qha(Hu)pe™ — " (ya) QL (Ha)se™® — & (ye) 7 LL(Ha) ™ . (2.35)

aa

The notations for chiral superfields follow what are introduced in Table 2. The indices
1,7 = 1,2, 3 are family indices running over the three generations. The indices o, 5 = 1,2
and a = 1,2,3 are SU(2) isospin indices and SU(3) color index. Notice that the first
term requires a Y = +1/2 Higgs field H,, while the latter two require a Y = —1/2
Higgs field H;. The dimensionless Yukawa coupling parameters yy,yq,ye are 3 X 3
complex matrices, each of which could be diagonalized by two unitary transformation,
e.g. , ya = UdeVdT, with Ug and Vg being unitary matrices for field redefinitions
and leaving Y4 a positive real diagonal matrix. The unitary transformation cancels out
in the kinetic and gauge coupling terms the Lagrangian, but for the weak coupling, it
introduces the Cabibbo-Kobayashi-Maskawa matrix Vogy = V4V, as in the case of
the Standard Model.

To generating the Higgs masses, we need to introduce p term
W, = ptHyoHpe” . (2.36)

Because this term is in the superpotential, it does not receive additive radiative cor-

rections. The scalar potential of the MSSM depends on two types of dimensionful
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Figure 4: Proton decay p — etn’mediated by a sstrange or a sbottom. Adapted
from [20]

parameters, the SUSY preserving mass p and the SUSY breaking soft mass mg.. The
observed the electroweak symmetry breaking suggested that both masses should be of
the order of 100 GeV. This is "the y problem”.

Other than pu, there is another new parameter beyond those in the Standard Model,

the ratio of the vacuum expectation values of two Higgs doublets:
tan 5 = (Hy,)/(Hg) . (2.37)
Actually, one could also add some more terms into the superpotential, like:

WALzl = %)\”kLzLjék + )\/ijkLinak + ,U/ZLzHu , (2 38)

WAB:l = %/\//ijkﬂiaj;lk .
If both terms are present, one could expect rapid proton decay, as in Fig. 4. Then the

life-time of proton would be
5

mp Iy
~ — | ATN. 2.39
P NN (2:39)

If the coupling strengths are of order A/, ' ~ 1, and squark masses are of the order 1
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TeV, the life-time is far less than 1 second. This contradicts the observed limit of proton
life-time, which is in excess of 1032 years.

In constructing a SUSY model, it is necessary to forbid these terms either by imposing
discrete symmetry or arranging the couplings to be extremely small by hand [28]. In
the MSSM, a discret symmetry, called R-parity, is introduced to conserve the baryon

number B and the lepton number L,
R = (_1)SB+L+2J’ (240)

where J is the spin of the particle. By construction, the particles of the Standard Model
have R = +1, and their superpartners have R = —1.

If the R-parity is conserved, the lightest supersymmetric particle (LSP) is absolutely
stable, and all other sparticles will eventually decay to LSP. Therefore, the LSP will
be a good candidate [29] for dark matter. Also, superpartners of the Standard Model
particles must be produced in pairs.

The last piece of the MSSM Lagrangian is the soft SUSY breaking terms:

cussm 1 (Mggg + MyWW + M, BB + c.c.>
~Qm2Q - L'mZ L — im2it — dm2d! — Em2ét
(2.41)
—my HiH, —my HiHy— (bH,Hqy+ c.c.)
— (ﬁauQHu — jadQHd — éa,LH, + c.c.) .
In the first line of Eqn. (2.41), M3, M, and M; are the gluino, wino and bino masses.
The terms in the second line is the 3 x 3 squarks and slepton squared mass matrices,
which are complex and hermitian so that make the Lagrangian to be real. The last two

lines are the SUSY breaking contribution to the Higgs potential and (scalar)® couplings.
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After a careful counting and proper redefinition, there are 105 new parameters [30] that
were not present in the Standard Model.
Mass Spectrum of the MSSM

There are two Higgs doublets H, = (H,\, H?) and Hy, = (H3, H)) in the MSSM. The

scalar potential consists of three kind of terms: F-term, D-term and soft contribution,

Vi = Ve+Vp+ Ve,
Ve = |ul (IHJ? + [HF?) + [® (1HQ)* + [H7 1),
Vo = (4 ¢%) (HP + |HF? — [HJ)> — |Hy |*)?

(2.42)
+39* | HFHY + HIH,**

Viro = miy, (IHJ? + [HF 1) +m, (|HQP” + |Hy |*)
+o(HFH; — HYHY) + c.c.].

We can set b to be real and positive by a field redefinition, and set (H,) = 0 and (H?)
real and positive by an SU(2),xU(1)y gauge transformation. Vp is minimized with

(H;7) = 0, and b term is minimized with (HJ) being real positive. Collectively, the

VEV of the two Higgs fields are

0 L vcos B
va = (Hy) = Cowe=(Hy = | , (2.43)

\%v sin 3 0
CP cannot be spontaneously broken by the Higgs scalar potential, since the VEVs and

b terms can be simultaneously chosen real. Therefore, the Higgs mass eigenstates can
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be assigned well-defined eigenvalues of CP. The scalar potential is simplified as

Vo= mlvl+mivi — 2bv,vg + 5(9% + ¢%)(v2 — v3)?
o (2.44)
= (vyvq) M? ++3(9° + g (02 —v3)?,
Vd
where
m2 —b

i = () mh = () M=

—b m?
We know at the minimum v2? 402 ~ (174 GeV)?, so that my, = gv/2. In the situation of
v, = Vg, the quartic interaction is identically zero. To have the scalar potential bounded

below, i.e.the vacuum stability requires
m2 +m3 > 2b. (2.45)

The electroweak symmetry breaking requires that v, = v; = 0 is not a stable minimum,
in other word, one of the eigenvalues of M? has to be negative, det M? < 0. We get
another constraint:

mimi < b*. (2.46)
In the situation of both (2.45) and (2.46) satisfied, one can minimize V' to find

SIH(Q/B) = rn%QTbrnQ )

L (2.47)

2 2 2
2 ‘de*mHu‘ 2 2 2
m = —F—L——t_ _—m% —ms5 —2 .
A T—sin?(25) H, H, |1

From the second equation, one finds that without unnatural cancellations, all of the
input parameters should be of the same order with mz = 1(¢* + ¢*)(v2 + v3), which

demonstrates “the p problem” in the MSSM.
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There are two complex isospin doublets for the MSSM Higgs fields, equivalently,
there are eight real degrees of freedom. After electroweak symmetry breaking, three of
them would be Nambu-Goldstone bosons, denoted as G° and G*, which will be eaten
by massive Z° and W= to be longitudinal modes. The remaining five would become:
two neutral scalars h° and H°, one neutral pseudoscalar A°, and two charged scalar H*.
The gauge eigenstate fields could be express in terms of mass eigenstate fields as

H° Uy cosa  sinao h0

1
— + 3
HY vy —sina cosa H°

sinff  cosf G°

+ 7 , (2.48)
—cosf3 sinf A°
HY sinf3  cosf3 G*
H;” —cosf sinf H*

The mass of mass eigenstate fields are

mee = mge = 0,

m%o = 2b/sin(2B) = m2 +m?, o)
myogo = 3 (Mm% +m% F /(m3%, +m%)? — dm?,m% cos?(20)) |

m%{i = mio + m%,v .

At tree-level, one finds another constraint from manipulating the third equation above,
mio < m%cos’(28) < m%, (2.50)

where the equalities hold when m 0 > my, which is called ”decoupling limit”. At

that limit, We see that, in contrast to the Standard Model, there is an upper limit



37

for the Higgs mass, and the h° is the lightest Higgs boson in the MSSM, which is the
Standard Model liked Higgs. At loop level, large stop masses make important radiative
contributions to the upper limit [31], and the upper limit is replaced by

2, .4 mg —|—mg 2X2 X2
m2e < m 4 I [m( B t?) + L (1- t . (2.51)

2,2 2 2 2 2 2
8m2ms, 2ms3 mg +ms 6(m7 +m3)

where mj;, , are the stop mass in the mass eigenstate after mixing between m;, and mg,,
and X, is a stop mixing parameter will be defined later in this section. Under reasonable
assumptions, like maximal stop mixing X? = 3(m§1 + mi), the upper bound could be
weaken to mye < 130 GeV [32], or in case of the MSSM being perturbative up to the
Planck or GUTs scale myo < 150 GeV [33].

For the sfermion sector, in principle, any scalars with the same quantum num-
bers can mix up with each other. Henceforth, with completely general soft SUSY
breaking terms (2.41), the mass eigenstates of sfermions should be from diagonaliz-
ing three 6 x 6 (mass)? matrices for (i, ¢r, 1, ig, Cr, tr), (JL,EL,BL,CZR,§R,I;R), and

? matrix for sneutrinos (7, v, ;). Fortu-

(ér,fir, TL, €R, fir, Tr), and one 3 X 3 (mass)
nately, some experiments show that some organizing principle must underline the soft
SUSY breaking terms, since most of parameters in (2.41) would induce flavor mixing or
CP violation at the level severely restricted by experiments.

For example, if m2 is not diagonalized, we would expect there is mixing between

smuon and selectron, as shown in Fig. 5. One finds that life time [34] of © — e7y decay

channel is:
s m2..\" /100 Gev)*
lr lr
where m2. . = (m2)12 = (m2)3;, with ml?R being almost degenerate slepton masses.
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Figure 5: ;1 — ey with contribution from soft supersymmetric breaking terms. Adapted
from [20]
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Figure 6: K — K mixing with contribution from soft supersymmetric breaking terms.

The current experiment limit [35] is I'(u — ey) < 3.6 x 1072 eV, so one would expect

Micn ) < 002 (hf (2.53)
mlgR ' 500 GeV/ '
The off diagonal terms m?2, dn could also induce undesired meson mixing, as shown
SR

in Fig. 6. Weaker constraints also come from D° — D’ mixing, BY — Eg mixing and
BY — Eﬁ mixing. This is called ”the flavor problem” of the MSSM. Theories generating
the soft SUSY breaking terms should address this problem. Like in the models of gauge-
mediated [36] and anomaly-mediated [37] SUSY breaking, the soft terms only depend
on the SU(2),xU(1)y quantum numbers, hence automatically diagonal in flavor. If we

assume the soft SUSY breaking terms in Eqn. (2.41) is diagonal in flavor, we reduce the
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number of overall new parameters from 105 to 22.
There are two sources of the sfermion masses. One is from the soft term Eqn. (2.41).
Without flavor mixing, this is

Esoft = _M}‘fF . (254)

The other one comes from the D-term potential, which is the last term in Eqn. (2.30),
with D* = —g(¢*T%¢). The potential contains the cross terms between the Higgs field

and sfermion field as

Vo = g*(Hi%g Ha+ HiFH)(['T5f)
(2.55)
+9?(—3 HiHa + HLH) (JY f).
Inserting the VEVs of Higgs doublets, one can rewrite the potential as

Vp = f* [%(COS2 B — sin? 8)(g*T3 — g’ZY)] f
= f* [W cos 283 (Ty — sin? Oy (T + Y))} f (2.56)

= f* [m2Z cos 23(1T5 — sin? QWQ)] I

For convenience, we define
Ap = m%cos2B(Ts — sin® O Q) . (2.57)
The mass of the first and second generation sfermions takes the form
mi = M7+ Af, (2.58)

where the mass proportional to fermion masses could be neglected since they are far be-

low electroweak scale. For the third generation sfermions, the contribution from Yukawa
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coupling and A terms in (2.41) could be significant. Carefully putting everything to-

gether, we have a squared-mass matrix for the stops in gauge eigenstate

- tr
Laop = —(F; Ty) m? , (2.50)

tr

where
MZ + A+ m} my X
m?; = : (2.60)
M Xy M2+ A+ m3

with the stop mixing parameter X; = A; — pcot 8. Similarly, we can find the mass

matrices for 7, 7 and b, b of the same structure with cot [ replaced by tan 3. Because
of mixing, in the third generation, one sfermion in mass eigenstate is pushed down in
mass, which is often the lightest squark or even the LSP of the models.

In a word, for the sfermion sector, the first and second generation sfermions come in 7
nearly degenerate unmixed pairs, (ég, fir), (L, fir.), (Ze, D), (UL, L), (4R, CR), (JL,§L),
(JR, Sr). The third generation sfermions are different, because of large renormalization
group effects [20] from Yukawa and (scalar)® couplings.

Finally, let’s scrutinize the gaugino and Higgsino masses. Since, gauginos and Hig-
gsinos have the same quantum numbers after electroweak symmetry breaking, they will
mix with each other. The neutral Higgsinos H 0 and [:[3 will mix with the neutral gaugi-
nos B and W0 to form 4 mass eigenstates called neutralinos, denoted as Nl-(z' =1,2,3,4).
The charged Higgsinos I:Ij[ and H ; Will mix with two charged winos W= to form 2 mass

cigenstates called charginos, denoted as C(i = 1,2), where W* = (W' T W?)/v/2.



41

From the fermion-gaugino-scalar coupling in (2.33), one finds the neutralino mass term:

9.

Ly == (BWO 70 ~3> Mg +ce., (2.61)

with mass matrix being

M, 0 —gva/V2 g, /V2

0 M, gra/NV2  —guu/V?2
Mg = . (2.62)

—g'va/V2  gua/V2 0 —u

glvu/\/§ _gvu/\/§ —H 0
The matrix is complex and symmetric, so can be diagonalized by a unitary matrix N to

obtain the mass eigenstates,

. o L N\NT
Mg = N'diag(mg,,mg, myg,mg)NU, Ny = Ny (B 1O 19 3) . (2.63)
Similarly, one finds the chargino mass matrix
~ ~ M2 GUy Wﬁ
Lo = —(WTH) . (2.64)
gva  p Hy
After diagonalizing, one get the double degenerate mass eigenvalue
2 1 2 2 2
me = lMaf* + |p* + 2myy
Gz 2 (2.65)

FV (M + [p]? + 2miy)? — 4|z — miy, sin 28] .
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One should notice that ¢ must be non-zero, otherwise, det(Mg) = 0, and the lightest
neutralino will be massless, the lightest chargino will have mass below 100 GeV. If
my < |p £ Mo|, and My, My < p, typical mass spectrum would be the lightest
neutralino Nl is the LSP and ”bino-like”, with the mass roughly Mj; the neutralino NQ
and the charginos C~’1jE are "wino-like”, with the mass roughly Ms; the neutralinos ]\7374
and the charginos C’Zi are "higgsino-like” | with the mass roughly pu.

For the gluinos, they are color octect fermions, which cannot mix with anything else.
A popular assumption is My = My = Mj at the grand unification scale, then with the
RG runs down to the TeV scale, the gluino mass parameter is related with bino, wino

masses by

M32M22M1%62311. (266)

So far, we briefly introduce the minimal supersymmetric standard model. For more

detail, one could see any up-to-date textbooks [38] or lecture notes [39].

2.3 Minimal SU(5) Grand Unification

The Standard Model quarks and leptons of each generation could fill in a multiplet of
gauge group SU(5). This suggests that one could fit the Standard Model gauge group
SU(3)xSU(2)xU(1) into larger single gauge group, SU(5), SO(10) or Eg, which describes
fundamental gauge symmetry. The Standard Model would be a lower energy version of
the unified theory after spontaneously breaking the unified group into the Standard
Model gauge group.

The generators of SU(5) can be represented as 5 x 5 Hermitian matrices which acts

on a vector in the fundamental representation. The Standard Model gauge group could
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be embedded in block diagonal forms. The generators correspond to the Standard Model

are identified as

1" 0 3 —31
SU(3) : , SU(2): , U): 4/ = , (2.67)

=)
9
Q
N =
[m

where T is a 3 x 3 SU(3) generator, 7* is a 2 x 2 Pauli matrix, and they are both
normalized as tr[T4, T%] = 645, The U(1) matrix tells the hypercharges by /3/5Y".
The vacuum expectation value of a Higgs field in the adjoint representation of SU(5)

can cause the symmetry-breaking. The VEV

(@) = v , (2.68)

commutes with the Standard Model generators in (2.67), but not commutes with other
off-diagonal generators of SU(5) gauge group. Therefore the VEV gives mass to off-
diagonal generators and break the gauge group SU(5) to SU(3)xSU(2)xU(1).

The matter field of the model could be organized as left-handed Weyl fermions in
the conjugate of fundamental representation 5 of SU(5), or in the representation 10 of

SU(5), which is the anti-symmetric matrix:

d 0 @ @ wu d
d -2 0 a wu d
5 d y 10 . Y y— ) 0 U d . (269)
e —u —u —u 0 e
v —d —-d —-d —e 0



44

By letting the generators in (2.67) acting on the fields, one could check that the quantum
numbers are the same with those of the Standard Model. 5 and 10 could be decompose

into the Standard Model gauge group as

5 = (3,1,+2/3) @ (1,2,-1),
(2.70)
10 = (1,1,+2) @ (3,1,-4/3) @& (3,2,+1/3).
The covariant derivative of SU(5) model is of the form
D, = 8, —iguASTS, (2.71)

where gy is the unique SU(5) gauge coupling constant, and 7} are the full set of SU(5)
generators. Since there is only one gauge group, it must have an unique coupling con-

stant, which requires all the Standard Model couplings related by

5
G=92 =93 = gu, Whereglz\/gg’,gzzwgs:gs- (2.72)

This is certainly not the case at current collider energy scale, or electroweak scale, so we
require they are unified when run to the so called grand unification scale, which is also
the way to define the GUTSs scale.

At one-loop level, the renormalization group equations evolve as

dOéZ‘ bz 2 92
1 o, where o; = ( 3)

For the U(1) part of the Standard Model gauge group, the RG coefficient
2 3 1 3
by = —— “YZ - = y? 2.74

which sum over all left-handed fermions and complex bosons, with the coefficient %

following the definition in (2.67). For the non-Abelian parts of the gauge group, the RG
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Figure 7: Renormalization group evolution of a; '(Q), with dashed lines for the Standard
Model and solid lines for the MSSM

coeflicient
b:——c2 ——Zcrf ——Zcrb (2.75)

where Cy(G) is the quadratic Casimir of the group G, and C(r) is the Casimir invariant

defined as Tr[T*, T] = C(r)d* with generators T, in the representation r.

rotr

The solution to the RGE (2.73) is

a;(Ay)

| ) | 2.76
a;(Q) 1— ;’—; log %ai(AU) ( )

where Ay is the grand unification mass scale, at which three gauge couplings g; become

equal, which is also the SU(5) symmetry breaking scale.
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For the Standard Model gauge group, one finds

by = — 3np o~ g,

_ 22 _ 4 _ 1 (2.77)
by = 3 31U 6V H
b3 = 11 — %nf,

where n; is the number of generations, which equals to 3 for the case of the Standard
Model, and ny is the number of Higgs doublets, which is 1. For a supersymmetric model,
one finds

b = - 2ny — 3y,

bg = 6 — an - %nH, (278)

b3 = 9 — 2nyg,

where in the MSSM, ny = 3 and ng = 2. Fig. 7 compares the renormalization group
evolutions of o; !(Q) for the Standard Model (dashed lines) and the MSSM (solid lines),
where the sparticle mass thresholds are varied between 250 GeV and 1 TeV with as(my)
between 0.113 and 0.123. Unlike the Standard Model, the MSSM ensures that the gauge
couplings can unify at a scale A;y ~ 10'6 GeV, which is an important phenomenon in
favor of the grand unification theory. For a more detailed analysis, see [40].

We give a fairly brief introduction about the idea of SU(5) GUT in this section, and

for a detail of grand unification theories, one could check the standard text books [41].

2.4 Top Quarks as a Window to High Scale Physics

The top quark plays a special role in the Standard Model and the searching for new

physics beyond the Standard Model. There are several considerations make it interested
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by high energy physicists [42]:

Top quark has a mass at the electroweak scale m ~ v/ V2, and largest Yukawa

coupling among the Standard Model fermions.

e Top quark loop makes the largest contribution to the quadratic divergence of the
Standard Model Higgs mass, which makes the top quark mass a crucial parameter

for precision electroweak test.
e Heavy mass of top quark make the decay to heavy final states a larger phase space.

e [t decays before getting hadronized, which save the opportunity for us to explore
properties of a "bare quark”, especially making the study of the spin correlation

possible.

There are two directions to study high scale physics via top quarks, i.e., decay and
production.

We are expecting 80 million ¢f events plus 34 million single-top events with the
designed luminosity at the LHC. This high production rate for the top quarks make us
a great chance to search for top quark rare decay with a branching fraction as small as
107°. Those rare decays might be a torch for new physics searching.

For the study of resonant production of top quarks via a heavy intermediate state,
such as a string resonance, with semi-leptonic decaying top pairs, it is possible to fully
reconstruct the resonance kinematics. This opens up a way to fully exploring of the
properties of the resonant state at the center-of-mass frame.

In the following sections, we will study the string resonances and baryon number

violation processes involving top quarks along these two directions.
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Chapter 3

String Resonance in ¢t Channel at

the LHC

'With the turn-on of the CERN Large Hadron Collider (LHC), a new era of discovery has
just begun. This is an opportune time to explore and anticipate various exotic signatures
of physics beyond the Standard Model (BSM) that could potentially be revealed at the
LHC. Arguably, a major driving force behind the consideration of BSM physics is the
hierarchy problem, i.e., the puzzle of why there is such a huge disparity between the
electroweak scale and the apparent scale of quantum gravity. Thus, it is of interest to
identify what kind of novel signatures can plausibly arise in theories with the capacity
to describe physics over this enormous range of scales. String theory being our most
developed theory of quantum gravity provides a perfect arena for such investigations.
Despite this promise, attempts to extract collider signatures of string theory have
been plagued with difficulties. First of all, the energy scale associated with string theory,
known as the string scale My ~ 1/ Va! , is often assumed to be close to the Planck scale
or the Grand Unification (GUT) scale [44], making direct signals difficult to access.
Secondly, most if not all string constructions come equipped with additional light fields

even in the point particle (i.e., & — 0) limit. These light BSM particles may include new

IThis section is based on the paper by Z.D., et. al. [43].
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gauge bosons, an extended Higgs sector, or matter with non-Standard Model charges.
Their quantum numbers and couplings vary from model to model, and thus their presence
makes it difficult to separate the “forest” (genuine stringy effects) from the “trees”
(peculiarities of specific models). Without reference to specific models, most studies
resort to finding “footprints” of string theory on low energy observables and the relations
among them, e.g., the pattern of the resulting soft supersymmetry Lagrangian [45-47].

In recent years, however, it has become evident that the energy scale associated with
string effects can be significantly lower than the Planck or GUT scale. With the advent
of branes and fluxes (field strengths of generalized gauge fields), it is possible for the
extra dimensions in string theory to be large [48,49] (realizing concretely earlier sugges-
tions [50,51]) or warped [52-57] while maintaining the observed gauge and gravitational
couplings. In the presence of large extra dimensions, the fundamental string scale is
lowered by the dilution of gravity. For warped extra dimensions, the fundamental string
scale remains high but there can be strongly warped regions in the internal space where
the local string scale is warped down. In either case, the energy scale associated with
string effects is greatly reduced and can in principle be within the reach of the current
and upcoming collider experiments. Indeed, preliminary studies have demonstrated that
if the string scale (fundamental or local) is sufficiently low, such string states can induce
observable effects at the LHC [58-70)].

Another development which motivates our current studies is the interesting obser-
vation that for a large class of string models where the Standard Model is realized on
the worldvolume of D-branes?, the leading contributions to certain processes at hadron

colliders are universal [62]. This is because the string amplitudes which describe 2 — 2

2For some recent reviews on D-brane model building, see, e.g., [71-74].
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parton scattering subprocesses involving four gluons as well as two gluons plus two
quarks are, to leading order in string coupling (but all orders in '), independent of
the details of the compactification. More specifically, the string corrections to such par-
ton subprocesses are the same regardless of the configuration of branes, the geometry
of the extra dimensions, and whether supersymmetry is broken or not. This model-
independence makes it possible to compute the leading string corrections to dijet signals
at the LHC [63]. Naively, the four fermion subprocesses like quark-antiquark scatter-
ing, include (even in leading order of the string coupling) also the exchanges of heavy
Kaluza-Klein (KK) and winding states and hence they are model specific. However,
their contribution to the dijet production computed in [63] is color and parton distribu-
tion function (PDF) suppressed. Moreover, the s-channel excitation of string resonances
is absent in these four fermion amplitudes. Therefore, not only do these four fermion
subprocesses not affect the universality of the cross section around string resonances,
the effective four-fermion contact terms generated by the KK recurrences can be used
as discriminators of different string compactifications [64]. Furthermore, due to the
structure of the Veneziano amplitude, the effective four-fermion interactions resulting
from integrating out the heavy string modes come as dimension-8 rather than the usual
dimension-6 operators (and thus further suppressed by s/M?2), leading to a much weaker
constraint on M; from precision electroweak tests [75]. Thus, within this general frame-
work of D-brane models, one can cleanly extract the leading model-independent genuine
stringy effects, while precision experiments may allow us to constrain the subleading
model-dependent corrections and hence the underlying string compactification.

In this section, we revisit the prospects of detecting string resonances at the LHC

in light of the above developments. By considering various possible decay products of
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the string resonances, we identify a unique detection channel as ¢t production. Be-
sides the enhancement of quark production in comparison to the electroweak processes
like diphoton or ZZ by the group (so called Chan-Paton) factors, the Standard Model
background for #f production is about 1072 of a generic jet and thus provides a good
signal to background ratio for detection of new physics (see e.g. [42])). In contrast to
other quarks, top quarks promptly decay via weak interaction before QCD sets in for
hadronization [76]. Rather than complicated bound states, the properties of “bare” top
quarks may be accessible for scrutiny, e.g., through their semi-leptonic decay [42], or
the more recently discussed methods to identify highly boosted tops. Among the most
distinctive features of string theory is the existence of a tower of excited states with
increasing mass and spin, the so called Regge behavior. The exchanges of such higher
spin states lead to unusual angular distributions of various cross sections, which can be
used to distinguish these string resonances from other new BSM massive particles such
as Z'. We investigate the discovery potential of string resonances at the LHC, with
particular emphasis on ¢t production and their angular distributions.

This section is organized as follows. In Section 3.1, we discuss string theory ampli-
tudes relevant for ¢ production at the LHC. We decompose the cross sections in terms of
the Wigner d-functions to facilitate the analysis of their angular distributions. We also
derive the decay widths of the first and second excited string resonances into Standard
Model particles. In Section 3.2, we present the results of our detailed phenomenological
study for the signal final state of ¢ at the LHC. We further extend the signal study to
include the ttg channel in Section 3.3, which leads to the possibility to discover both
n = 1 and 2 string states in the same event sample. We comment on the signal treatment

for a significantly heavier string state in Section 3.4. We conclude in Section 3.5.
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3.1 tt Production via a String Resonance

Let us start with the string amplitudes relevant to ¢f production. At the parton level,
the main contribution comes from the gg — t¢ subprocess since, as explained in [63], the
qq — tt amplitude is suppressed compared to gluon fusion by both color group factors
and parton luminosity. We can adopt the gluon fusion amplitude computed in [63] as it

does not distinguish, for the purpose of our discussions®, different types of quarks:

442 1 9
|M(gg — t1)]* = 96 ;u —(tVi+ uV,)® — nadaE (3.1)
S
V;f = V(S’tv u) = F(l - W) (1 - _)/F(l + W) Vu = V(S, u7t)7 (32)

and for completeness V; = V (¢, s,u). The Veneziano amplitude V' may develop simple
poles near the Regge resonances. In the following, we analyze this amplitude around the

n = 1, 2 resonances.

3.1.1 n =1 Resonances

There are no massless particles propagating in the s-channel in the energy regime far
below the string scale. We will focus on the first Regge string resonance when s — M?2.

Expanding the expression around s = M2, we have for n = 1

7 g ut(u? + t2) ut(u® + t2)
— t1)]? 0.24 0.76
(Milgg =t = o M4 (s— M2+ (320 (s — M2)? + (D420, )2

(3.3)

where g* and C* label the string resonances of SU(3) gluon and U(1) gauge boson on the

U(3) QCD bane stack. We have included their decay widths to regularize the resonances.

3As we will discuss in Section 3.5, model-dependent processes such as four-fermion amplitudes can
distinguish different quarks as well as their chiralities.
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Figure 8: The normalized angular distribution of gg — tt via the exchange of a string
resonance for (a) n =1 (top), and (b) n =2 (bottom).

The decay rates are given by [68]

M, M,
=2 = 45 ) GeV dr/=2=175 ) GeV. 3.4
g (T ey GeV, and I (T Tev) Ge (3-4)

Let the angle between the outgoing ¢ quark and the scattering axis (£) be 6, the

Mandelstam variables ¢ and « can be written as
s s
t:—§(1+0089), u:—§(1—c089). (3.5)

It is intuitive to see the feature of the amplitudes in terms of the contributions from
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states with a fixed angular momentum. The amplitudes can be decomposed as follows
M(s,t,u) = 167 Z (25 + 1)aj,m7m/(s)dfn,m,(0), (3.6)

3,m,m/
where the Wigner d-function df‘n,m,(Q) signifies a state of total angular momentum j,

with m (m’) the helicity difference of the initial (final) state particles. We thus find

7 BAOP B OF 1, OF + 16O
= —g'M; 024 — : : : : :
g 10 = g0t {021 ¢ 2 400 (A

(3.7)

It yields a spin J = 2 resonance, with a dominant P-wave behavior. The angular
distribution of the gg — t¢ amplitude for n = 1 is depicted in Fig. 8(a).

The integrated cross section is, for m; < Mj,

Vdcost
o(gg = tt)p=1 = / ™ IM(gg — tt)|?
-1 s
7 gtM2 0.24 0.76
J=2 + =2 3.8)
240 327 [(s— M2)> + (Ty72M,)? -~ (s — M2)? + (G2 M)?

3.1.2 n =2 Resonances
Amplitudes

The Veneziano amplitude near the second Regge resonance is approximated by expand-

ing around s = 2M? as

Il —3£)P(1 = 57) o ulu+ M3

Vis:t,u) = T(1+ 5 S M2(s — 2M2)

Therefore, we find

3
IM(gg — t)]> = §g4M§

(1 —cos)?+ (14 cosh)? [sinfcosf>
(s 2077 5 : (3.10)
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The angular distribution can be expressed again in terms of the Wigner d-functions

as follows

1 — cos(d) sin(f) cos(d) l\/gdgvl(awldé,l(@),

2 2 3 6
1 + cos(8) sin(8) cos(6 1 /2 1
0@ eosl®) _ L2 ) L o) (3.11)

Rewriting (3.10) in Breit-Wigner form,

1 d3a () + |d5 , (0)?

15 (s — 2M2)2 1 2(TJ=2 M, )?

1 |d3,(0)] + |d5 1 (0)) 1\ﬁ ds1(0)d51(0) — d3 _,(0)d5 _,(0)
5

24 (s —2M2)? +2(TJ=2M,)% 6 (s — 2M2)% + [J2°TJ52 (2M2)

IM(gg — t1)]* = g" M,

s

1(3.12)

There are two string resonances of spin J = 2, 3 propagating in the s-channel. The
third term on the right-hand side is an interference term between J = 2 and J = 3
resonances. In Fig. 8(b) we plot the angular distribution. It is a superposition of P- and
D-waves. The interference vanishes upon integration and the cross section in the center

of mass frame is

G*M2T 1 1 L2 1
321 |60 (s — 2M2)2 + 2(TJ22M,)2 ' 105 (s — 2M2)% + 2(TJ=3M, )2

0(99 — tt—)n:Q -

where I"g],iZ and F‘;E?’ are the decay widths of the n = 2 string resonances with spin
J =2 and J = 3. The decay rates to Standard Model particles are calculated in the
following subsection, and can be found in Table 4. The total decay rate should also
include the decay channel to an n = 1 string resonance plus Standard Model particles.
Though we have not calculated this later decay rate in detail here, we argue below that

it should be comparable to the decay rates to a pair of Standard Model particles.
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The decay rate of an n = 2 string resonance into Standard Model particles

We calculate some decay rates of an n = 2 string resonance into Standard Model particles
such as gluons and quarks, following the approach in [68]. The Veneziano amplitude can
be expanded around the second pole as in Eq. (3.9).

We first look at the 4-gluon amplitudes. Using the approach in [68], the decay width
of ¢g** resonance with spin J and color index a into two gluons with helicities and color

indices A1, \g, a1, as can be written as

1
T4 s aras = F¥paranl’ 3.13
)\1)\2,(11(12 16(2J + 1)\/§7TMS )\1)\2,a1a2| ( )
Here FY{/\ ., 4, is the matrix element for the decay of a resonance g** with J, = Ay — A

into the two gluons, and can be extracted from the 4-gluon amplitude as

(34;0|M[12;0) = > (34;0|M*’[12;0)
a,J
= (s —2MH ' Fy F, A _aprsn, (0) (3.14)

A3Ag;a3a4” A1A2;a102

where d” is the Wigner d-function as before.

We expand the 4-gluon amplitude around s = 2M?
M(gi,95.93.98) = 44 |2V Te(TOTRTST 4 T=TTT)
u

+§Vu Te(T=T ToT% + T T T T"%)
2

oV T TS T 4 TSI ™)
u

892 M?2 cos(6)
= 22 B (e, oe T, T
O e 7 1)
8g°M?

() e s (3.15)

Here f®1%2% ig the antisymmetric SU(N) structure constant. The color index a = 0

corresponds to the U(1) gauge boson C' in the U(N), and since f1920 = () we see that
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the n = 2 resonance C** is not produced in gluon scattering and has no decay channel
into two gluons. This feature of n = 2 string resonances is different from that of the
lowest n = 1 resonances studied in [68].

From the above equation we see the string resonance has spin J = 1 and up to a

phase factor, the matrix element is

Folo = F%o = 2V2gM, fuoee (3.16)

——aia2

After taking into account a factor of § from the double counting of identical particles,
and also the fact that in this case these are two degenerate resonances with distinct
chiral properties, one of which decays into (4++) and the other one into (——), we derive

the decay width of the J = 1 resonance into two gluons

1 g°M
FJ**I _ 2t Fo/= 2 = 3.17
—gg9 2 6\/_(2J + 1 Z | ++a1a2| 12\/§7T ( )

Sa ,a2

Here the color index a # 0, and we have used the SU(N) Casimir invariant Cy(N) = N.
The other partial amplitudes can be obtained using cross symmetry. For example,
the partial amplitude M(g;, g4, 95,91 ) is obtained from the M(g;, 95,94 ,9;) above

by exchanging s and ¢ variables, as and az indices. We again expand around the second

pole s = 2M?2
n 2 892 1 + COSQ ’ aljaza faszaqa
Mgy ,95,95,91) = _8—2M82( 5 ) cosf) feraze fases
—892 1 2 ajaza faszaqa
T s _9oM? (gd%z(e) + gd%,2(9)> Jorese peses (3.18)

We see there are spin J = 2 and J = 3 resonances propagating in the s-channel. The
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Table 4: The decay widths of n = 2 string resonances. All quantities are to be multiplied
by the factor £ M For the Standard Model, N = 3, N; = 6.

matrix elements and decay widths are

a, 4 ajaza a 2\/_ aiaza
F:l:%]alz(lg = _ngf 1 ) F:I:%]ali?zg = f 1 (319)

V3

ZM QQM
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TN 799 Ao\ (3:20)

We then consider the decay channel to quarks

o - 1 /2 1 a3 ma
M(Ql 7q;_793 792_) = 4g2M52 (g\/gd%,—l(e) - édg,—1<0)) [T 37T 4]0410427 (321)

where a1, as are indices for quarks. We find the matrix elements and decay widths

a,J=2 _ \/g a a,J=3 _ 2 a
F:t%:F%maz o ?gM Ta1a2’ F:I:%:F%maz o \/_1_5 M Talaz (322)
- _ 9M, J=3 g°M

/=2 = 9% oo oI 90 3.23
90 9602 YT TP T go0 o Y (3:23)

We list the decay widths of various channels in Table 4. We see the decay width
to quarks are much smaller than the decay width to gluons. In our analysis of the tf
channel for the n = 2 string resonances, we will encounter the spin J = 2 and J = 3

resonances, but not the J = 1 resonance.

Estimation of the total decay width of n = 2 string resonance

It is well known that the highest spin of string excitations at level n is J = n + 1.

Therefore, for an n = 2 string resonance, there are three possible spins associating with
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it, listed in Table 4, and the states of different J should correspond to different particles,
as in the case of the Standard Model. Thus we could estimate the decay widths for the
different J states separately.

In section 3.1.2, we derived the decay widths for the various channels of an n = 2
string resonance decaying into two Standard Model particles (both identified as n = 0
ground states). Other than these channels, the n = 2 string resonance (SRs) could also
decay into an n = 1 string resonance (SR;) and an n = 0 Standard Model particle (SM).
The decay width of these later processes is what we would like to estimate here. We will
leave an explicit calculation of such decay width for future work, as it is sufficient for
our purpose to estimate and compare it with the decay width of SRy — SM + SM. We
will assume that the decay matrix elements for SRy — SR; + SM to be comparable with
SRy — SM + SM. We then count the multiplicity N of the possible decay channels and
multiply N by the typical SRy — SM + SM widths to get an estimate of these partial
widths (and thus eventually the total width).

Although there are many excited string states, most of them are not charged under
the Standard Model and their presence does not concern us since they will not be
produced on resonance. Meanwhile, we can make a physically justified assumption that
the n = 0 states do not contain non-Standard Model fields charged under the Standard
Model gauge group? (implicitly assumed in [59,77,78]) or else these new particles would
have been observed in experiments. In principle, the SR; states can decay to SMs with
internal indices (e.g. a gluon in higher dimensions appear to be a scalar in 4-D) but

such states are absent by assumption, so we only need to consider SR, states with 4-D

4This means we assume that there are no chiral exotics charged under the Standard Model, and any
vector-like states are made massive by whatever mechanism that stabilizes the moduli.



60

indices.

Take n = 2 J = 3 string resonance (SR3=?) as an example. It could decay to either
a pair of fermionic states or a pair of bosonic states. For the bosonic pair (i.e. a SRy
with integer spin (J = 1,2,3) + a gluon), at n = 1 level, we know there are 5 string
resonances of gluons (see Appendix A), and each one corresponds to a particle, i.e.
consisting of a spin 2 particle, two spin 1 particles and two spin 0 particles. Since there
are b n = 1 particles, in the worst scenario, the multiplicity is 5. However this is very
unlikely, since the two SR{=! have different chiralities, so a SRy usually decays to only
one of them. The same argument applies to two SR{=". So the multiplicity is at most
3. Based on this argument and Table 4, the decay width of SR3= — integer spin SR;
+ gluon should be roughly 60 GeV(Mg/1 TeV).

For the fermionic pair (i.e. a SRy with half-integer spin (J = 3/2,1/2) and a fermion),
there are at most 4 J = 3/2 resonances, and 2 J = 1/2 resonances. So the number of
decay channels is at most 6 times bigger than that of SRy — ¢¢. Then the decay width
of these channels should be no more than 25 GeV(Mg/1 TeV).

Collectively, the total decay width of SR3=® is roughly 100 GeV(Mg/1 TeV). On
account of the same assumptions and method, the decay widths of SR3=2 and SRy~!
are roughly 250 GeV(Mg/1 TeV) and 300 GeV(Mg/1 TeV), respectively. Since J = 3

resonance has the narrowest width, it will be the dominant SR; signal.

3.2 tt Final State And String Resonances at the LHC

As a top factory, the LHC will produce more than 80 million pairs of top quarks annually

at the designed high luminosity [42], largely due to the high gluon luminosity at the
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Figure 9: Total cross section for a string resonance production at the LHC versus it mass
scale M, for (a) n = 1 and (b) n = 2 (mass 1.4M;). Solid curves represent gg — tt.
Dashed curves include the top quark decay branching fractions for the semi-leptonic
mode tt — blv, bjj'.

initial state. It is therefore of great potential to observe string resonances in the ¢t
channel if they couple to the gluons strongly. The Chan-Paton coeffient is unsuppressed
(compared to say ZZ production), and the Standard Model background is several orders
of magnitude lower than that of the di-jet signal. Furthermore, the top quark is the only
SM quark that the fundamental properties such as the spin and charge may be carried
through with the final state construction, and thus may provide additional information
on the intermediate resonances. The total production cross sections for a tt final state
via a string resonance are shown in Fig. 9 by the solid curves at the LHC for 7 and 14
TeV, respectively. The dashed curves include the semi-leptonic branching fraction. The
signal rates are calculated near the resonance peak with £10%M,. We see that the rate
can be quite high. With 100 fb~! integrated luminosity at 14 TeV, there will be about
100 tt — blv, bjj’ events for an n = 1 string resonance of 4 TeV mass, and a handful

events for n = 2 of 5.7 TeV mass.
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Table 5: Basic acceptance cuts for ¢t events at the LHC.

pr (GeV) | n rapidity
12 20 3
j 30 3
Pr 30 N/A
AR 0.4 0.4

3.2.1 Invariant Mass Distribution of ¢t Events

With the semi-leptonic decay of ¢t one can effectively suppress the other SM back-
grounds [79] Furthermore, the t¢ events may be fully reconstructable with the kinemat-

ical constraints [80]. Thus, we consider here the semi-leptonic final state
tt — blv, bjj, (3.24)

with a combined branching fraction about 30%, including ¢ = e, u. The total signal
production rates including this semi-leptonic branching fraction are plotted in Fig. 9 by
the dashed curves.

To simulate the detector effects, we impose some basic acceptance cuts on the mo-
mentum and rapidity of the final state leptons, jets and missing energy. We also demand
the separation AR among the leptons and jets. The cuts are summarized in Table 5.
Figure 10 shows that both n = 1 (peak position at Mg=1 TeV) and n = 2 (peak position
at Mg=1.41 TeV) string resonances are evident at LHC with the c.m. energy at 14 TeV
and 7 TeV.

Though the Standard Model background is large as seen in the figure for the contin-
uum spectrum, we still get abundant resonant events in the peak region. Assuming the
annual luminosity at the LHC to be 103 em™2s7! ~ 100 fb~! per year with the c.m. en-

ergy 14 TeV, one would expect to have about a million n = 1 string resonance events
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Figure 10: Invariant mass distribution of ¢¢ at the LHC (a) with the c.m. energy 14 TeV,
(b) with the c.m. energy 7 TeV. Decay branching fractions with one hadronically and
the other leptonically have been included. All channels (All), in the figure, include both
string resonance signal (SR) and Standard Model background (SM). The distributions
of J =2 and J = 3 states are shown for n = 2 resonance, respectively.

in the peak region 900-1100 TeV, for M;=1 TeV (with decay width calculated by [68]).
Similarly, one may expect about a thousand events around my ~ 1.4 TeV. At the lower
energy of 7 TeV with an integrated luminosity 1 fb~! as the current planing for the
initial LHC running, we would expect to have about 500 events near my = 1 TeV, and
about one event at 1.4 TeV.

A distinctive feature of string resonances is their mass ratio. Suppose the masses
of the first and the second excited string states are Mz, and M;m» respectively, then
Mz /My, = /2 ~ 1.4 (as in Figure 10), which can potentially distinguish them from
other kinds of resonances. It is important to note that, at leading order of the gauge
coupling, this mass ratio is model independent and does not depend on the geometry
of compactification, the configuration of branes, and the number of supersymmetries.

Higher order corrections to this ratio depend on model specific details, and if measurable,
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Figure 11: Normalized angular distribution of ¢f at the LHC via the string resonance ex-
change in the peak region 900 — 1100 GeV for n = 1, and in the region 1350 — 1450 GeV

for n = 2.

can serve as a discriminator of different string theory compactifications.

3.2.2 Angular Distribution of ¢ Events

Other than the distinctive invariant mass distribution, the normalized angular distri-
bution can provide a great discriminator between string resonances and the Standard

Model background. The shape of the angular distribution for a string resonance is
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mainly a result of the Regge behavior of the string amplitudes. Figure 11 shows the nor-
malized angular distributions according to the cross section of all channels (including
string resonance and Standard Model ¢¢ background) in the 900 — 1100 GeV peak region
for n = 1, and in the 1350 — 1450 GeV region for n = 2. The angle is defined for the
outgoing top quark with respect to the incoming beam direction in the ¢ c.m. frame,
which can be reconstructed for the semi-leptonic channel on an event-by-event basis.
We observe the qualitative difference between the string resonance signal and the SM
background: The signal is protrudent at the large scattering angular region cos@ — 0,
where the Standard Model background is collimated with the beam direction, due to
the dominant behavior of the ¢- or u-channel, scaling as (14 cos#)~!. As shown earlier,
there is even a clear difference in shape between the n = 1 and n = 2 states, as indicated
by the solid curves (All). It is interesting to note that for an n = 2 resonance, the shape
difference between J = 2 and J = 3 states is also evident. However, since they are
all degenerate in mass, one would have to use more sophisticated fits to their angular
distributions to disentangle them.

The major advantages for considering the semi-leptonic decay of the tf are that
(1) we will be able to tag the top versus anti-top, and (2) the angular distribution of
the charged lepton in the reconstructed c.m. frame can carry information about the
top-quark spin correlation [81], and thus provides an effective test for the nature of
the top-quark coupling. Since the resonance couplings under our consideration are all

vector-like, we will not pursue further detail studies of these variables.
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3.3 ttg Final State And String Resonances at the

LHC

For an n = 2 string resonance, it could decay not only directly to two n = 0 Standard
Model particles as discussed above, but also to an n = 1 string resonance and an n =0

Standard Model particle. Thus, there is an additional decay chain
(n=2)—=(n=1)+g—tt+g, (3.25)

following an n = 2 resonance production. The kinematics of this channel may lead to
further distinctive signatures. First of all, the additional gluonic jet is highly energetic,
with an energy of the order M,/v/2, quite distinctive from QCD jets. Secondly, there
are two resonances with n = 1 and 2 respectively, both appearing in the same event
sample. One would thus expect to establish a convincing signal observation with the
mass peaks at My ~ M, and M;; ~ 1.4M,. Figure 12 shows the invariant mass
distributions for ttg production from an M, = 1 TeV string resonance and the Standard
Model background. The upper panels present the M, distribution where an n = 1
resonance peak is apparent. The lower panels are for the My; distribution which shows
the expected n = 2 resonance peak. The two linear plots on the right column are the
blow-up view near the resonances in units of number of events per bin (10 GeV) with
an integrated luminosity of 10 fb~!. The different angular momentum states J = 1,2, 3
are also separately plotted. Since they are all degenerate in mass, one would have to use
more sophisticated fits to their angular distributions to disentangle them, as discussed

in the previous sections.
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Figure 12: Invariant mass distributions in the g + ¢ — n = 2 resonance — n = 1 reso-
nance + g — tt+g channel. Upper two graphs: ¢t invariant mass signal and the Standard
Model background. Lower two graphs: tt + g invariant mass signal and the Standard
Model background. The summed signal, in the figure, includes the contributions from

both J = 2 and J = 3 resonances.
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3.4 Higher String Scale signal

As seen from Fig. 9, a string resonance of mass about 4 TeV for both n = 1 and 2 may
be copiously produced at the LHC with the designed luminosity of 100 fb~!. However,
as the mass of the string resonance increases, the decay products become more and
more collimated, and the fast moving top quark is a “top jet”. Figure 13 reveals the
dependance of the cross section on the minimum separation between any two jets from
top decay in the peak region (& 100 GeV around the peak). Based on the figures, one
notices that, for an 1 — 1.5 TeV string resonance, AR = (.3 is efficient in defining an
isolated lepton or jet. For a higher string mass, the top quarks are highly boosted and
too collimated to be identified as multiple jets. One may use various methods [82,83] to
identify the highly boosted top produced by string resonances as a single “fat top jet”.
Non-isolated muons from the top decay may still help in top-quark identification.
Furthermore, the granularity of the hadronic calorimeter is roughly An x A¢ ~
0.1 x 0.1 [79]. To identify individual decay products, one needs the separation AR
between any two decay products to be at least 0.1 — 0.2. From Figure 13, we see that
we could identify the boosted tops if the string scale is below 4 TeV. For a string scale
above 4 TeV, we could not tell the difference between top quarks and other QCD jets
from light quarks or gluons. Then, our background will be from QCD dijet, and there
would be no advantage in considering ¢t final state. The situation is similar to the study

in [63] for light quark final states.
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Figure 13: (a) The distribution of the minimum separation between any two jets from #(¢)

decay ARj;. (b) ARJ.Cj“t Efficiency: Peak region cross section percentage versus ARJ-CJ-“t

of tt semi-leptonic decay at the LHC. The energy labels in the legends stand for the
resonance masses.

3.5 Discussions and Conclusion

In this section, we have studied the discovery potential of string resonances at the LHC
via the ¢t final state. In a large class of string models where the Standard Model
fields are localized on the worldvolume of D-branes, the string theory amplitudes of
certain processes at hadron colliders are universal to leading order in the gauge couplings.
This universality makes it possible to compute these genuine string effects which are
independent of the geometry of the extra dimensions, the configuration of branes, and
whether supersymmetry is broken or not. Among the various processes, we found the
production of ¢t pairs at the LHC to be advantageous to uncover the properties of
excited string states which appear as resonances in these amplitudes. The top quark
events are distinctive in event construction and have less severe QCD backgrounds than

other light jet signals from string resonance decays. The swift decay of top quarks via

0.8
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weak interaction before hadronization sets in makes it possible to reconstruct the full
decay kinematics and to take advantage of its spin information. We investigated the
invariant mass distributions and the angular distributions of ¢t production which may
signify the exchange of string resonances.

Our detailed phenomenological studies suggest that string resonances can be observed
in the ¢t channel for a string scale up to 4 TeV by analyzing both the invariant mass
distributions and the angular distributions. For a string scale less than 1.5 TeV, we
proposed to use semi-leptonic decay to reconstruct the ¢¢ c.m. frame and obtain the
angular distributions to disentangle string resonances with different angular momenta.
For a string scale between 1.5 TeV and 4 TeV, we need to identify the boosted tops
as a single top jet and directly observe the angular distribution. If the string scale is
higher than 4 TeV, we cannot observe the substructure of quark jets and so the signal
will be submerged by the QCD dijet background. The potential benefits for using the ¢t
final state in the semi-leptonic mode is that one would be able to tag ¢ from ¢, so that
the coupling properties of the string resonance, such as parity, CP, and chirality, could
be studied via the angular distributions of the top, especially the distributions of the
charged lepton with the help of the spin-correlation.

The current work focuses on string amplitudes which give the leading order (in
string coupling) contribution to ¢g production at the LHC. These amplitudes are model-
independent as they do not involve exchange of KK modes. As a result, such amplitudes
do not distinguish between different quarks (their flavors or chiralities) even though they
may have different wavefunctions (classical profiles) in the internal space. This is however
not the case for the subleading contributions to ¢g production as one finds KK modes

propagating as intermediate states in these processes (e.g. in 4 fermion amplitudes). The
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overlap of the KK mode wavefunctions with that of the quarks determines the coupling
strength of these processes. For example, in warped extra dimensional scenarios, the
KK modes are localized in the highly warped (or the so called infrared) region so are
the heavy quarks. In these scenarios, the production of ¢f is dominant among such 4-
fermion amplitudes. Given that phenomenological constraints imply that string states
are generically at most a factor of a few heavier than the lightest KK modes [70, 84, 85]
in Randall-Sundrum like scenarios, it is worthwhile to explore warped extra dimensional
models in the context of string theory®. For example, the open string wavefunctions
obtained in [88] and the effective action describing closed string fluctuations (massless
and KK modes) in warped compactifcations [89,90]° may be useful in determining the
aforementioned amplitudes. Furthermore, quarks with different chiralities can attribute
differently to these amplitudes, as they have a different origin in D-brane constructions.
The left-handed quarks are doublets under the weak interaction and so the corresponding
open strings end on the weak SU(2) branes whereas those associated with the right-
handed quarks do not. Thus, e.g., in the Drell-Yan process ¢ — ¢/, certain parts
of the amplitudes are only attributed to the left-handed quarks [62]. Similar features
are expected for processes involving quark final states such as qg — tt. It would be
interesting to study whether measurements of these chiral couplings can be used to

distinguish between different string theory models.

®Even within an effective field theory context, the kinds of warped geometries arising in string theory
have motivated new model building possibilities, see, e.g., [86,87].

SFor some earlier work discussing issues in the effective theory of warped string compactifications,
see e.g., [91-93].
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Chapter 4

Baryon Number Violating Processes

with Top Quarks

Tn the Standard Model (SM) for fundamental interactions, baryon (B) and lepton (L)
numbers, associated with accidental global symmetries, are classically conserved quan-
tities; a (tiny) violation is, however, induced by non-perturbative effects [95]. Baryon
number violation (BNV) also naturally occurs in Supersymmetry [96], in Grand Unified
Theories [97], where BNV is notably mediated by new gauge bosons, and in black hole
physics [98]. The cosmological production of matter from a matter—anti-matter symmet-
ric initial condition moreover requires B to have been violated in the early Universe [99].

On the other hand, experimental constraints on several BNV processes have reached
impressive heights. Nucleon decay channels provide the best examples, though baryon-
number-violating decays of the 7 lepton or, much more recently, of heavy mesons have
also been investigated [100]. These latter measurements opened the way for direct
experimental tests of the baryon number conservation law within the second and third
generations of quarks and leptons but have not really extended the range of energy
scales. The only direct experimental constraints on BNV beyond the GeV scale are

bounds on the Z — pe™, pu~ branching ratios obtained at LEP [100]. The LHC comes

IThis section is based on the paper by Z.D., et. al. [94].
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as a natural step forward in probing the baryon number conservation law beyond the
TeV scale and the first generation. In particular, with a very large production rate and
unique experimental signatures, top quarks are an interesting option: the top flavor can
be clearly identified, the ¢ and ¢ are distinguishable via the charged lepton in their decay,
and the hadronization effects unimportant. Consequently, BNV could be probed at the
quark level.

We choose to consider interactions involving one single top quark and a charged
lepton. The presence of a single final state lepton produced from the proton-proton initial
state implies a total change in lepton number AL = +1, and, by conservation of angular
momentum A(L + 3B) € 27, requires a simultaneous violation of B. Thus a single
charged lepton without missing energy points toward BNV. In the presence of neutrinos
in the production process, though, the lepton number is intractable. Consequently,
baryon-number-violating processes would be more difficult to identify unambiguously,

and could, for instance, be confused with flavor-changing neutral currents [101, 102].

4.1 Effective operators

The effective BNV Lagrangian can easily be built out of five lowest dimensional effective
operators [103-105] that preserve Lorentz invariance and SU(3)c ® SU(2), ® U(1)y
gauge symmetries, along with an accidental global B — L symmetry. Following the

notation of Ref. [103], we write
13
LRRE =15 D0, (4.1)
i=1

where ¢; are the effective (dimensionless) coefficients of the corresponding operators O

and A is the mass scale associated with physics responsible for BNV beyond the Standard
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Model.
Expanding SU(2), indices in operators O~ and identifying one up-type quark as
the top, the effective terms that do not contain neutrinos can be parametrized as linear

combinations of only two operators (and their Hermitian conjugates),

O = e[t (aPy + bPr) D, ][U5(cPy, + dPg) E], @2)

O = *P[te (a/ P, + V PR)E)| [U5(¢ Py + d' Pr)D,], |
where D, U, E respectively denote generic down-, up-type quarks and charged lep-
tons. We emphasize that fermions in Eq. (4.2) are taken as mass eigenstates. Charge
conjugated fields are defined as ¢°¢ = C@T with C', the charge conjugation matrix;
2P r = 1 F 7 colors are labeled by Greek indices; a, d,... are fermion-flavor-
dependent effective parameters.

Three comments are in order. First, the (s), (¢) labeling in Eq. (4.2) reminds that
the scale A in Eq. (4.1) may be linked to the mass of a heavy mediator (with electric
charge 1/3) exchanged in s or ¢ channels, respectively. If so identified, then the coupling
parameters a, d, ... could be naturally of the order of unity. We stress that the operator
O = e [t2 PLUs][DS PLE) arising from O™ and possibly associated with a mediator
of electric charge 4/3 exchanged in the u channel does not need to be introduced at the

effective level. The reason is that the Schouten identity,
[CPLli;|C Pl — [CPLwlCPL]j + [CPLla[C P = O,

can be used to express O™ in terms of O and O®, j.e., OW = —0W(a =c=1,b=
d=0)—-0Wa = =1, =d =0). Second, heavy gauge mediators (vectors) give
rise to O only [103,106], which in our basis, Eq. (4.2), entailsa =0 =dorb=0=c

(or primed analogs). Third, operators involving two top quarks can also be obtained
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from Eq. (4.2) by substituting ¢ for U. Note, however, that in this case O® and O®
are no longer independent and considering only one of the two is then sufficient. Such

operators could, for example, mediate processes like e~d — ¢t in future e p colliders, or

gd — tte™ at the LHC.

4.2 Processes
At the LHC, possibly relevant BNV processes involving a top quark are

t 2N TDE+ (decay)
(4.3)

UDEY TE+ (production)

(and their charge conjugate analogs) where, in the first case, top quarks are produced
through SM processes. Since, as mentioned above, a single charged lepton without any
missing transverse energy () in the final state is a clear signal for BNV, it is simpler
to avoid signatures that lead to neutrinos in the final state. Fully reconstructed top
leptonic decays could be considered in more refined analyses. We also note that the
flavor assignments can be very relevant from the phenomenological point of view. In
decay, heavy flavors such as charm and bottom could be tagged in jets. In production,
the relevance of initial quark flavors is determined also by proton parton distribution
functions (PDFs).

Neglecting all fermion masses but the top one, m;, and using the algebraic rules

introduced in Ref. [107], the squared amplitude for the processes in Eq. (4.3) induced
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by the operators of Eq. (4.2) reads
, 24
Z IM[" = N (e - pp) (pv - pE) (A+C)

spin,color —or-p0) (0m - pm) €
+(pi - pr) (po - pv) (B+C)] (4.4)
where
A= (laf? +[81%) (e +1d]?)
B = (la* + V) (I +1dT%) , (4.5)
C =Ref{a*cdd +b*d*Vd'},
arise respectively from the square of O®), of O® and from the interference between these
two operators.

For a BNV decay, we obtain the following partial width:

me/2
22 A 2F A
FBNV:/dE Mmife (2 p 1_ =t A
t Paomnd \3 TP T ¢ my G
0

- m 1
19273 16A4

[A+B+C],

where E is the lepton energy in the top rest frame. In Fig. 14, we compare the charged
lepton energy spectrum in a SM decay to that in a BNV decay for three different rep-
resentative choices of A, B and C'. Inputing the SM width for the top quark (1.4 GeV),

the BNV branching ratio can be conveniently written as

BrEN = 1.2 x 107 <

my ) 5 (1TeV
173 GeV A

>4[A+B+C].

Taking the ¢t production cross section at the 7 (14) TeV LHC to be 150 (950) pb, we
can expect 0.35 (2.2)/fb~! BNV top decays if A+ B + C = 1, for each allowed flavor

combination.
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Figure 14: Energy spectrum of the charged lepton in the SM ¢ — bE*vg (blue curve)
and in BNV ¢t — U D E* top decays.
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For BNV production, the partonic cross section reads

0

1 | E(E—m}) (s —m?) t
BNV~ [qi | A Y . B t/ L 90-
T / 2 5 T203
m%—§
5 m2\? [/ A m2 A
= j 4+ B+C —t 4.6
967TA4( §>K3+ +)+§6}’ (4.6)

with the Mandelstam variables § = (py + pp)? and t = (py — pg)?. As expected from
dimensional arguments the cross section induced by the operators in Eq. (4.2) grows as
§/A*. However, in setting lower bounds on the scale of new physics, it is important to
always keep in mind that the validity (and unitarity) of the effective field theory itself
assumes § < A2

Out of the six possible initial quark flavor assignments, (namely, ud, us, ub, cd, cs

and cb), we consider

ud —tEt — the most PDF — favored,
ub—tet — possibly flavor — unsuppressed,
cb—tput — the most PDF — suppressed,
— possibly flavor — unsuppressed,

as well as their charge conjugate analogs. Operators with two pairs of fermions in the
same generation could be favored by the flavor structure of the underlying theory. In
Table 6, we collect the cross sections for the different processes at the LHC with /s =7
(14) TeV. To enforce unitarity and not to artificially overestimate cross sections, we
impose v/§ < A. This cut has an important effect on valence quark initiated processes

but a very mild one on processes initiated by sea quarks.
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o[fb] ud — tE* ub — tet b — tut

ABC ad = tE~  ub—te” @b —tu”
oo 250 (690) 30 (150) 1.2 (10)
14 (74) 3.1(21) 1.2 (10)

O 10| 910(1900) 110 (440) 37 (28)
45 (220) 9.1 (60) 3.7 (28)

Ly | 2100 (4600) 240 (980) 9.1 (66)
110 (500) 22 (140) 9.1 (66)

Table 6: Cross sections (fb) for representative BNV production processes at the LHC,
with three different choices of A, B and C, /5 < A =1 TeV, /s = 7 TeV (14 TeV in
parentheses) and CTEQ6L1 PDF [108] (renormalization and factorization scales set at
my = 173 GeV).

4.3 LHC searches

We now briefly discuss BNV signatures at the LHC. For the sake of illustration we make

a definite choice for the fermion flavors in Eq. (4.3) and consider

1. BNV decay: pp SNy +£ with the top decaying via a BNV interaction ¢ LALN beut
and the anti-top decaying fully hadronically, which leads to the u*™+5-jet final

state;

2. BNV production: pp ——s ¢ w with u, d flavors in the initial state, the anti-top

decaying fully hadronically, leading to u* + 3 jets.

The first interesting observation is that there are no irreducible backgrounds to such
signatures as both of them have no Jr. On the other hand, processes resulting from a
leptonically decaying W with a small reconstructed £r could mimic the signal. A proper

investigation of such backgrounds requires not only parton showering, hadronization
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and realistic detector simulation but also data driven methods. However, a few relevant
observations can already be made with a simple parton-level simulation. To this aim, we
have implemented BNV interactions in MADGRAPH 5 [109] via FEYNRULES [110] and
generated events for both signal and representative backgrounds in the same simulation
framework.

The search for BNV decays proceeds through the selection of ™ +5 jets with an upper
cut on the Jir. The presence of two tops, one hadronically decaying W and possibly
two b-tagged jets can be efficiently used to better reconstruct the event kinematics. In
addition, note that the BNV decay of a top quark gives uTb at variance with the SM
semi-leptonic decay which gives p*b. Determining the bottom quark charge (e.g., via a
lepton tag) in the BNV decay could therefore offer crucial discrimination power. The
main SM backgrounds to this signature come from ¢ ¢+ 1 jet and W +5 jets, the former
being dominant after b tagging.

The search for BNV production proceeds through the selection of u™ + 3 jets with
an upper cut on the fr. The reconstruction is simpler than in the BNV decay search, as
there is no combinatorial background and the top and W mass constraints can be used
to improve the resolution on the signal kinematics. In Fig. 15, we compare the pr of
the charged lepton in the signal to that of the W*+3-jet and ¢t W (with W+ — putv,)
backgrounds. We require three central jets (pr > 40 GeV,|n| < 2.5,AR;; > 0.5), a
central isolated lepton (|n| < 2.5,AR;, > 0.5) and Fr < 30 GeV. In the W*+3-jet
background we also demand |m;;; —m;| < 40 GeV and a b tag. As expected from the §
enhancement in the cross section, eventually tamed by requiring v§ < A = 1 TeV, the

pr distribution of the lepton in the signal is much harder than in the backgrounds.
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Figure 15: Transverse momentum for the charged lepton in the BNV production signal
t " (from wud initial state) and in the W*+3-jet and ¢{WW* backgrounds. Top quarks
are decayed hadronically. Selection cuts on the three jets and the muon are given in the
text.
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The LHC reach for the processes in Table 6 can be expressed in terms of the minimal
value for the parameters defined in Eq. (4.5) leading to a sensitivity S/v/S + B > 5.
For the sake of illustration we consider 30 (100) fb™! of collected luminosity at the LHC
for /s = 7 (14) TeV, the event selection described in the above paragraph with the
additional requirement pr > 150 GeV for the charged lepton (one flavor), both ¢ and ¢

production, only the tW background, and A = B = C'. In so doing, we find

wd—>tE: A, B, C>00076 (0.0046)
ub—te : A B,C >0.084 (0.026)

cb—>tp : A B, C>16 (0.21)

which point to a sensitivity at the 107! — 1072 level for the effective coefficients ¢; of
Eq. (4.1) at the TeV scale.

Finally, we stress that, for both BNV production and decay signatures, selecting high-
pr tops could be advantageous. In this limit, the BNV production signal is enhanced
with respect to the backgrounds, while for the BNV decay search, top decay products
might cluster into one jet, curbing, for instance, the combinatorial problems in the p*+5-
jet signature and also controlling better fr uncertainties. To this aim, efficient boosted

reconstruction techniques for the top quark should be employed [111].

4.4 Indirect constraints

In principle, the operators considered in Eq. (4.2) also contribute indirectly to nucleon de-
cays [112] through tree and/or loop diagrams. Tree-level diagrams with one IW-emission,
such as that in Fig. 16a provide formidable high lower bounds on A (or equivalently up-

per bounds on the effective parameters) if the lepton is not a 7. In fact, two W-emissions
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Figure 16: Representative (a) tree-level and (b) two-loop-level diagrams involving the
BNV operators given in Eq. (4.2) and leading, in principle, to nucleon decay.

are needed for a udtT-operator to be relevant in nucleon decays and the constraints be-
come weaker. Moreover, if the dominant BNV dimension-six operators only involve the
third and second generations of quarks and leptons, three WW-emissions are required,
and the rate is suppressed to a level consistent with the data. In BNV production,
these theoretical considerations tend to favor the PDF-suppressed processes of Table 6.
By considering a single operator contribution at a time, with fixed flavors in the two-
loop diagram of Fig. 16b, extremely small upper bounds on the effective parameters
can also be obtained [112]. Yet, strong cancellations may occur when summing over all
possible UDUE virtual contributions and allow effective parameters to be large (say,
of order one). Mechanisms that could lead to such GIM-like cancellations at one- and
two-loop level remain to be examined within a complete theory for flavor, starting from

dimension-six BNV operators expressed in terms of weak eigenstates.
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Chapter 5

Summary

Although the Standard Model has been quite successful in explaining high energy particle
physics phenomena up to the energy scale reached by the current collider experiments,
people believe there is deeper underlining theory governing the desert between the elec-
troweak scale and the Planck scale and giving rise to the electroweak symmetry breaking
and Higgs mass, which is the last missing piece of the Standard Model measurements.

We study the discovery potential of high scale physics via top quarks at the Large
Hadron Collider.

For the study of string resonance decaying to ¢t final state, we point out that top
quark pair production is a promising and an advantageous channel for studying such
resonances, due to their low Standard Model background and unique kinematics. We
find that string resonances for a string scale below 4 TeV can be detected via the tf
channel at the LHC, either from reconstructing the tf semi-leptonic decay or recent
techniques in identifying highly boosted tops.

For the study of baryon number violation processes involving top quark, we find
that subject to strong experimental constraints at low energies, baryon number viola-
tion is nonetheless well motivated from a theoretical point of view. We adopt a model

independent effective approach and focus on operators with minimal mass-dimension.
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Corresponding effective coefficients could be directly probed at the Large Hadron Col-
lider (LHC) already with an integrated luminosity of 1 inverse femtobarn at 7 TeV, and
further constrained with 30 (100) inverse femtobarns at 7 (14) TeV.

To conclude the discussion in this thesis, high scale physics is under the spotlight
with the LHC reaching the TeV scale, and being a golden key for new physics searches,
the study of top quark physics at high scale will keep in great demand with remarkable

pace.
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Appendix A

Physical Degrees of Freedom

Counting for n = 1 Resonance

Here we focus on gluons and their excited string modes. In D-brane model building, the
gluons are realized as open strings attached to a stack of 3 D-branes, forming adjoint

representation of a U(3) gauge group. The gluons are represented by a vertex operator:
e, |0; k) (A1)
2

where T° is the Chan-Paton matrix, e, is the polarization vector of the gluon, _ 1
is a world-sheet fermion creation operator, and |0; k) is the open string vacuum state
in the NS sector. Here we consider string states in 4 dimension, so the index u goes
over 0,1,2,3 and the momentum £k is a 4-dimensional momentum. We will use the
(—,+, +, +) signature. The gluons are massless, and are the lowest string states because
the NS vacuum is projected out by the GSO projection. The physical state conditions
constrain the momentum k? = 0 so this is a massless vector particle. The polarization
vector also satisfies the physical state condition e - k£ = 0 with the equivalence condition
e=e+k.

We can write the vertex operator of gluons using the state-operator correspondence.
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For open strings, we replace the bosonic and fermionic creation operators with world-

sheet bosons and fermions as follows:

The vertex operators for gluons in the —1 and 0 pictures are the following:

O(2).1 = Tue ?H(2)e™ X,

O(2)g = T, [i0X" 4 (2a/)(k - )ypH]e* X ) (A.3)

Now we consider the next level of string states. Because of the GSO projection, the

next level number is % They will be referred to as the first excited string modes (or
n = 1 string modes), and we refer to the gluons as n = 0 string modes. Using the bosonic

and fermionic creation operators, a general n = 1 open string state can be written as

) = [(€0u" s + (€Dt 0% + (€0t 07 307 )0 ) (A.4)

1
where (£3),,, is antisymmetric since the fermionic operators ¢_ 1 anti-commute.

We will use the OCQ (old covariant quantization) method for quantizing string the-
ory, as we only need to deal with the matter sector in this formulation. The physical

state conditions for |x) are as follows:
1
(Lo=3)) =0, L) =0, Gilx) =0, Gslx) =0 (A.5)

Here the L,, and G, are superconformal Virasoro generators for the matter sector on the
world-sheet, and the constant —% in the first equation takes into account the contribu-

tions from the ghost sector in the NS vacuum. The superconformal Virasoro generators
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are:
1 Lo . 1 . 14 .
L, = 3 Z O Qn * 7 Z (2r —m) Yl by Fadmo,
nez rez+i
G, = Z g (Vu)r—n (A.6)
nez

Here the constant a = 0 in the NS sector, and the zero mode bosonic generator is related
to the momentum off = (2 )%k“ for the open string sector we consider. The :: denotes
normal ordering of creation operators with negative indices and annihilation operators

with positive indices.

The zero mode of the Virasoro generator is Ly = o/k? + N where N = % is the level
number for the string state |y) in (A.4), so the the first physical state condition in (A.5)

gives k* = —L,. The mass of the n = 1 string mode |x) is

1

M, (A7)

m =

S

Using the commutation relation of the bosonic and fermionic operators {¢#, ¥} =
o, _s, [, o] = mn* 6., _pn, we find that the rest of the physical state conditions in

(A.5) are given by:

(20')2 (&) -k + (&)™ = 0
(€1)y + (22)2 K" (&) = O

(E2)ar — (E2)up + 6(20) 2k (E) sy = O (A.8)

We also need to consider possible “null states” which are states that can be written
as Ly|¢) or G,|¢) with n,r > 0 for any state |¢). It turns out that at this level 2, all

physical states satisfying the constrains (A.8) are not null. An intuitive understanding

is that because the n = 1 states are massive, all physical polarizations are non-trivial,
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as opposed to the case of massless vector particle where one does not have longitudinal
polarization.

Let us count the physical degrees of freedom in 4 dimensions. Since the polarization
tensor &3 is antisymmetric, the total number of polarization before taking into account
the physical state condition is 4 + 4 x 4 + 4 = 24. The physical state condition (A.8)
imposes 11 conditions, so we have 24 — 11 = 13 physical degree of freedom. In 4
dimension, a massive spin J particle has 2J 4+ 1 physical degrees of freedom. From
the calculations in a previous work [68], we know the n = 1 string modes include two
J = 0 particles, one of which decays exclusively to two gluons with (4+4) helicity and the
other to two gluons with (——) helicity. Therefore, the 13 degrees of freedom correspond
naturally to that of one J = 2, two J = 1, and two J = 0 string resonance modes.

Using the state-operator correspondence (A.2), we can easily write the vertex oper-
ator for the n = 1 string mode (A.4) in the (—1) picture as follows:

l

(2/)}

O(2) = [(&),.00" + (&) OX Y + (€3) up" Y Y| T2 P& (AL9)
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Appendix B

Complete set of independent

operators

We discuss here the independent operators respecting SU(3)c ® SU(2), ® U(1)y/2 and
Lorentz symmetries while violating baryon (and lepton) number(s) (with B — L con-
served).

Let us first remind a few equalities concerning Lorentz scalar and vector bi- or quadri-
linears made of chiral fields. They are extensively used to manipulate operators and

obtain the results presented below. We have:

[CPR,L]pq = _[CPR,L]qp and [CVHPR,L]pq = [C“Y“PL,R]qm (B.1)
[CPr,1]pgCPr Llrs — [CPr Llpr[CPr Llgs + [CPrLlps[CPrLlgr = 0, (B.2)
[C”YMPR,L]pq[C’YuPR,L]TS = _[C'YMPR,L];DS [CPYMPR,L]qH (B-B)

(CY* P 1) pg | CYuPr,R)rs = +2[C P Rl ps|C PR L] gr- (B.4)
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We start from the operators’ classification of [103-105]:
Olha= (@)2(w))  (@DW  easy €
O = (@2’ @)2(e)a  eapy €
Oi= @@ @ WL €asy €gen,
0(4) — —c)ia JB _ck'yll
abed — (q )a (q)b (q )c ( )d 60‘5’7 [ET]ZJ [ET]kb

0% = (@) @) 2e)a  €apy,

with the ¢¢ = CET and therefore ¢ = ¢TC and 7'; the Pauli matrices. This is a
complete and independent set (basis) of B-violating operators constructed with the fields
and preserving the symmetries of the Standard Model. Note the sixth operator of [103]
can be re-expressed in terms of O®) and O®% alternatively rewritten as combinations
of a new OW [105, Eq. (1.6) — (1.9)].
These five operators can be interpreted as originating from the exchange of heavy
bosons. The exhaustive list of their possible transformation properties under SU(3)c ®
SU(2)r, ® U(1)yys is the following [103]:
~ (3,1, —1/3) scalar for O1235) or tensor for OG?)
~ (3,3, —1/3) scalar or tensor for O™
~ (3,1, —4/3) scalar for O®),
- (3,2,-5/6) vector for O and,
- (3,2,1/6) vector for O

Instead of O we can indeed choose equivalent vector operators, for instance:

1HV To\a 7 — ] . 1
OV = (@) () @)l € eapy = —200,

OSY = (@)ieqr ()] (@)D Vu(€)a € €apy = 2000,
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We can form an equivalent basis with SU(2),, indices expanded. Given the notation

convention ¢§ , = (¢, r)¢, we have the following complete set of independent operators:

O = @R)2(dr)! ()1 (er)a €apyr O = (@)% (ur)) (d5)1(VE)a €aprs
0% = (W5)2(dr); (WR)I(er)a €asms
09 = @)2(dy)! (WS)l(e)a €apyy O = (d0)(ur)? (dS)(V1)d €apys

0, = @R)2(dr); (WR)l(er)a capy-

The alternative vector operators for O(@?)

a T\ c )V _ e\« Jc
O = (§)2"(dr); (Wi)ivu(er)a €apys O = (@)3" (ur)y (510 (V1)a €apns

1% — (¢ \x SOvel
O((zb)cd = (UR)aVH(dL)f (UL)Z%(eR)d €aBy;

satisfy OV, = 20%)  The explicit correspondence with the Q12345 basis is estab-
Y Yabed bad

C

lished by the following equalities:

1 a a,v

Oc(zb)cd = —0§a3;d - Oz(zbcd)7 (B-5)
2

Oc(l,b)cd = Oabcd + Obacdv (B-G)

3
Oc(zb)cd = Oabcd + Obacd
+ O(chd) + Obacd’ (B7>

4 _ (c)
Oabcd - Oabcd - Obacd + 2Obcad

+ Oc(z,z’c,;l) - Ol(mcd - 201720,1:17 (BS)
5 d
O((lb)cd = _Ol()a)cd' (B,9)

Let us now focus on operators involving one top quark and no neutrino. Choosing to

work in the scalar operators basis, we have four operators that do not involve neutrino,
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Ol@bed) with for each of them two possible assignments for the top flavor: a — t or
¢ — t. The eight operators obtained in this way can then be gathered in the following
compact form:

0% = (@) (a+0y) )7  (@)(c+dP) e €aprs
(B.10)

O0Y = (1)(d + V) (e) (W)2( +dV)A)Y  €apy-
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