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Chapter 1

Introduction

The standard model (SM) of particle physics is one of the biggest achieve-
ment of modern physics, together with the theory of general relativity it can
explain almost all physical phenomenons from the subatomic level to the
universe as a whole. The last missing piece of the SM, the Higgs boson was
finally discovered in 2012 by the Atlas and CMS collaboration at the LHC
[1, 2], which complete the SM picture as finalized in the 1970s. Despite the
great success of the SM, there remain unanswered questions coming from
some cosmological observations and inconsistencies within the model itself.
Among them the hierarchy problem which includes the disparities between
the masses of fermions, the weakness of gravity compared to other fundamen-
tal forces and the instability of the Higgs mass under radiative corrections,
which requires unnatural fine tuning to be compatible with the data. Fur-
thermore, astronomical observations made in the 20th century show that a
big chunk of the matter of universe, necessary to explain the formation and
the stability of galaxies, is constituted by invisible stuff called dark matter.
Another discovery that surprised the physics community in the late 1990 is
the accelerated expansion of the universe explained by the existence of mys-
terious energy density that act as anti gravity force expanding space and
pulling galaxies apart from each other. All these observations proved the
need for new theoretical framework that goes beyond the SM, models based
on extra particles or extended symmetries or even extra dimension, like string
theory, supersymmetry ext, were suggested to account for the short coming
of the SM. An interesting class of physics beyond the standard model (BSM)
is the hidden sector proposal, which describes undetectable fields interacting
with SM weakly via a mediator. Our work is based on one such model, the
unparticle model, proposed in 2007 by Georgi[3]. This model is formulated
as an effective theory describing the interaction of a scale invariant hidden
sector, unparticles, with the SM particles through contact terms. The unpar-
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ticle model was not initially conceived to solve any of the challenges facing
the SM. However, a lot of work have been devoted to tackle some of them,
for example Kikuchi Et al in [4] formulated a model based on parity odd
unparticle fields that serve as a candidate for dark matter. In the first pro-
posal, unparticle fields were considered to be singlet under the SM gauge
group SU(3)c x SU(2)r x U(1)y, since then, Cacciapaglia Et al in [5] intro-
duced unparticles that carrie quantum numbers dubbed gauged unparticle.
Our work is based on that model. In this thesis we compute the unparti-
cle contribution to electroweak observables. To reach this goal we consider
unparticle fields embedded in the SM electroweak group SU(2), x U(1)y.
These fields would induce loop effects on electroweak precision tests repre-
sented as contribution to the oblique parameters S and T'. In the course of
this thesis we also tackle the problem of the muon anomalous magnetic mo-
ment(AMM) which represent a promising signal for physics beyond the SM.
Recently, experiment conducted at the muon g — 2 collaboration at Fermi
Lab [6] has increased the discrepancy between the SM prediction for AMM
and experimental value from 3¢ deviation to 4.2¢, which is not enough to
declare a discovery but it represent a strong hint for physics beyond the SM.
In our work we used the spectrum of the left right symmetric model (LRSM)
coming from the extra gauge bosons of the extended group SU(2)g and the
Higgs sector to decrease the deviation from 2.60, measured at the time, to
2.50.

This thesis is organized as follows

The second chapter is dedicated to a review of the SM focusing on the
electroweak sector relevant to our work, then we touch upon spontaneous
symmetry breaking and the Higgs mechanism. Next we introduce oblique pa-
rameters which are a set of constants that parametrize the radiative oblique
corrections coming from any new physics in the form of virtual particles cir-
culating in the loops of electroweak SM gauges bosons self-energy diagrams.
We present the extended version of these parameters based on the work in [7].
Finally, we give some of the challenges to the SM which motivated physicists
to seek new approaches.

In chapter three we give a brief review of conformal field theory which
constitutes the theoretical framework of the unparticle model

In chapter four we introduce the unparticle model as initially formulated
by Georgi. Subsequent works treating conformal symmetry breaking in the
unparticle sector are also examined. Next, we give a brief description of an
alternative formulation to Georgi model based on spectral representation.
In the last section we comment on the relation between unparticles and the
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Ads/CFT correspondence.

Chapter five constitutes our original contribution. We begin by exploring
the general formulation of unparticle gauged model as discussed in the liter-
ature [, 8, 9] Then, we introduce the gauged electroweak unparticle model.
We derive the vertices describing the unparticle interactions with the SM
gauge bosons v, Z and W and then we derive their asymptotic forms in the
large momentum limit. Next, we use these results to compute the unparticle
contribution in the scalar and fermionic cases to polarization functions of
v, Z and W which allows us to calculate the oblique parameters S and T
The result are then used to find the region of parameter space of unparticle
compatible with electroweak precision measurements. In the last section of
this chapter, we estimate the scalar unparticle effects on the running of SM
gauge coupling and the grand unification scale.

In chapter six we calculate the contribution of the LRSM to the muon
anomalous magnetic moment which may provides an explanation for the
deviation between theory and experiment.

In the last chapter we give a summary of our work and a conclusion.

Finally, we attach four appendices. In Appendix A, we present general
formulas and detailed calculation of the loop integrals encountered in this
manuscript. In appendix B we give an explicit computation of some constants
related to unparticle vertices. In Appendix C we present the article published
in mod.phys.lett A and in appendix D we present a conference paper which
summerise our calculations of the muon AMM in the LRSM



Chapter 2

The standard model

The standard model (SM) is the unified theory of electromagnetism, weak
and strong interactions based on three principles: gauge invariance, renor-
malizability and spontaneous symmetry breaking via the Higgs mechanism;
We begin this review of the model by introducing the notion of gauge invari-
ance in quantum electrodynamic.

2.1 Gauge symmetry

The first use of the concept of gauge invariance date back to the 19 century
with the introduction of Maxwell equations and in the modern era it began
with an observation concerning the wave equation of quantum mechanics .
It has been noticed that the Schrodinger wave equation is invariant, up to a
scale, under phase transformation of the type:

P — @9 (2.1)

a(x) is a time independent local parameter and the transformation (2.1)
belongs to the abelian group U(1). This kind of invariance is called gauge
symmetry. In quantum electrodynamic, the theory must also be invariant
under space time transformations to be consistent with special relativity.
We must construct a lagrangian which is a Lorentz scalar as follows

— I .
L =iy, 0" — Z_lFM FL (2.2)
this lagrangian describes Free particle theory which satisfies the global sym-
metry of the transformation 2.1(« is a constant), but if we try to promote

this global symmetry to a local one, at every point of space-time, the gauge
symmetry of lagrangian (2.2) breaks down . To restore gauge invariance in

4
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this case we have to introduce a photon field A* with the following transfor-
mation propriety
At — A 4 0 a() (2.3)

in order for the theory to become locally gauge invariant we replace the
derivative 0" in the lagrangian density (2.2) with the covariant derivative
defined as

Dt = 0" 4 ie A* (2.4)

where e is the electric charge of the electron.

2.2 Weak interaction and gauge bosons

The first theory of the weak interaction was introduced by Fermi in 1932
[10]. It is based on contact interactions between a hadronic current and a
leptonic current described by the following lagrangian

LFermi = —%(2_97“”) (E’)/,uye) (25)

GF is the Fermi constant, n and p are the neutron and proton fields respec-
tively . e is the electron field and v, is the associated neutrino field. Although,
the Fermi model was successful in describing the weak interactions in § de-
cay at the time, it can not be considered a complete theory because its not
renormalizable. Moreover, the four point interaction lagrangian (2.5) violate
gauge invariance. A more complete description has been proposed later by
Glashow, Salam , and Weinberg [11, 12, 13] and in the process electroweak
unification was discovered. This new model is based on the gauge group
SU(2) x U(1). In this model the left handed components of leptons and
quarks participating in the weak interaction are organized in multiplets of

the group SU(2) as follow
_ (v
- (%) oo

we concentrate for simplicity on one lepton family the electron and its asso-
ciated neutrino. The right handed fermions eg and vy, are charged under the
hyper charge group U(1)y but remain singlet under SU(2). In this case the
leptonic currents participating in the weak interactions are the followings
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Jﬂ == ZE’)/HT+ZL
Jh =271,
J =20y, Tl (2.7)

where Tt = (T} +iTy) /2, T~ = T+ = (T\ —iT3)/v/2, and T* T?, T® are
the generators of the SU(2) defined by its algebra

[T°,T7] = ie?*T*", (2.8)

with the levi-civita symbol €7*. According to Neother theorem, the three
currents (2.7) define three conserved charges I;,I5 and I5. where I3 is the
weak isospin charge which takes different values for left handed and right
handed components of the same fermionic field. For example I3 = % for ey,
and I3 = 0 for right handed electron er. Let us now gauge the weak theory,
which means promoting SU(2), to a local symmetry. For this purpose we
replace, as we done in section 2.1, the field derivatives by the corresponding
covariant derivatives. The weak derivative fields reads

D, = 9" —igT'W;

where W; are three SU(2), weak bosons and g is the coupling constant of
the SU(2y) group. The lagrangian density (2.5) is replaced by

L=1Ly+ L.+ L, (2.9)
with the kinetic term
Lo = Z'EV“@JL +iegy"' O er + VRO, VR
and the charged interactions term
Le = gWH AT + gWl A" T2,

L. is usually expressed in terms of the charged complex fields Wf = (W,j + Wj) /V2.
The last term in the lagrangian (2.9) is

L, = gWH A" T30,

this term corresponds to a neutral interaction which does not exist in the
classical Fermi theory, at the same time it can’t be identified with the elec-
tromagnetic interaction because parity is conserved in this interaction, left

6
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handed and right handed component of a fermionic field participate equally
in the electromagnetic interaction, which is not the case for weak interac-
tions. The simplest solution to include electromagnetic interaction in this
construct is to extend the gauge group SU(2)y, to include the abelien group
U(1)y.The lagrangian density must be invariant under U(1)y gauge trans-
formations of the types(2.1), introduced in section 2.1. In this case however,
the generator of this transformation is the hypercharge operator Y related
to the charge operator ) through the Gellman-Nishijima formula

Y
T34+ — =
+ 5 Q
in this case a gauge field B* corresponding to the hypercharge group U(1)y
must be introduced and the covariant derivative of the extended group SU(2), x
U(1)y takes the form

, Y
Dt =" —igT'W; — ig'EB“ (2.10)

¢ is the coupling constant of the group U(1)y. Replacing D* from eq(2.10)
in the lagrangian density (2.9) we find the neutral interaction term

L, = gW¥I T3, + < BH (E’y“YlL + Y (eg)ery'er + Y(VR)ﬁ’y(‘uVR))

2.11
where Y is the hypercharge operator in the doublet representations of the
SU(2) group, Y (eg) is the hypercharge number of the right handed electron
and Y (vg) is the hypercharge number for right handed neutrino. Now we
define the column vector

b = (”L + ”R) (2.12)

er + er

we can rewrite the eq(2.11) as follows

_ Y
L, = 9" <gT3W3” + g'53#> " (2.13)

to identify the part responsible for electromagnetic interactions and the part
involved in neutral weak interactions, we perform a rotation in the internal
isospin space that transform the weak eigenstates W' and B* to (physical)
eigenstates Z* and A* as follow

(5) - (i mo) () ew
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where the angle 0y, is the Weinberg (electroweak) mixing angle defined as

g/2

sin?(Ow) =

Now substituting the vector fields W' and B* in eq(2.13) by the mixed states
(2.14) we find

Ly, =" (g cos(Ow )15 — gg’ sin(@w)) (VA

+ Py (g sin(Ow ) T3 + gg' COS(GW)) PYAH* (2.15)

with the appropriate choices of hypercharge numbers for left and right handed
leptons, Y'(11),Y (eg) and Y (vg), we can make the identification

Y
€Q = gSiH(ew)Tg) + Eg, COS(@[/V) (216)

by comparing this expression with the Gellman formula Q = T3 + ¥ we

2
deduce the following relation
gsin(fw) = ¢ sin(fy) = e

The first term in eq(2.15) defines the weak neutral current interaction with
the weak neutral vector boson Z*, by comparison to (2.16) we can deduce
the corresponding charge operator for weak neutral interactions

B 1
 sin(6y) cos ()

Qs (T3 — Qsin®(0w))

So far we have constructed a gauge invariant theory of weak and electromag-
netic interactions. These interactions are carried out by four massless vector
gauge bosons. In reality however, there is only one massless vector bosons,
the photon, associated with the infinite range of electromagnetic interaction.
To make the standard model consistent with observation we must introduce
mass terms for the other weak gauge bosons in a subtle way, without de-
stroying the gauge symmetry of the theory. This task has been achieved by
Petter Higgs and Other with the Higgs mechanism.

2.3 The Higgs mechanism

Spontaneous symmetry breaking is the process in which a symmetry exhib-
ited by a theory is not manifested in the solutions of that theory. Applying

8
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this process to local gauge theories, like the electroweak standard model, al-
low as to give masses to particles without spoiling the gauge invariance of
the model necessary for the renormalizability of the theory. This method
is called the Higgs mechanism. In this mechanism massless fermions and
bosons of the SM acquire mass via the interaction with universal scalar field
called the Higgs field. The fluctuation of this field around a minimum ground
state behave like a particle of well defined mass called the Higgs boson. To
apply the Higgs mechanism [14, 15] to the SM we introduce a scalar doublet

of the SU(2) group
P+
o= ( q)o> (2.17)

where the upper component is a charged complex field and the lower com-
ponent is a neutral complex field. The lagrangian for this scalar field is the
following

L =D"®'D,® + V(®)

D* is the covariant derivative defined in eq(2.10) and the Higgs potential V/
is chosen to be of the form

V(®T0) = A(®TD)? — 120D (2.18)
A is a positive parameter. If y* < 0, then V accept a trivial minimum at
® = 0. If in the other hand x? > 0, V has a minimum at

2
o)=L = L (2.19)

YNNG

so we have a degenerate minimum as depicted in Fig 2.1. Now we break the
symmetry by choosing a particular direction in the internal SU(2) space for
the minimum (2.19)

o % (g) (2.20)

this particular choice leaves the residual U(1)e, invariance intact because
the transformations generated by the charge operator Q = 7% +Y leave the
vacuum expectation value (2.19) invariant

Qb =0

So we have three broken generators (77,7,73) and one unbroken generator
Q. According to Goldstone theorem [16, 17], for each broken generator of the

9
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SU(2) group T;, there is a massless gauge boson (x) called the Goldstone
boson. Therefore, the fluctuating field around the minimum 2.19 takes the
following form

o = eXp(iTiQi(x))% (v 2 h) (2.21)

h is real scalar field called the Higgs boson. To get read off the unphysical
Goldstone bosons we perform a gauge transformation in the internal SU(2)
space as follow

® — U(0)d (2.22)

TIWF — UT'WPU + é(a“U)U‘l (2.23)

Substituting the new field ® = U(#)® in L with the usual covariant deriva-
tive DI = 9" — igT"W}' — ig’ B*%, we find
L= (0"+igT'W} —igBrY) @ (0" — igT'W}' —ig' B*Y) @
+u? (v + h)? = M(v + h)?)? (2.24)

N

>

Pre

>

Figure 2.1: Higgs potential.

10
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Expanding the lagrangian we can extract the term quadratic in the vector
boson fields

U2

L = [0 = 4 B,) (W = g B+ 27,0

the last term is the mass term of the charged vector bosons W* W~ with

v
MW:§Q

to find the mass term for the neutral vector boson Z we perform the same
rotation (2.14) done in the last section from weak eigenstates W2 ,B* to
mass eigenstates Z# and A*. After this rotation the quadratic term in vector
bosons fields become

(9° + g°)v?
8
we find that the Z boson has acquired mass given by

Y, _U /92+g/2
g = —

2

92U2

Ly 1

W, W 2, 7"

Using the relation gsin(fy ) = ¢’ cos(fw) we find

My,

M, = —W
77 cos(6w)

the absence of a mass term for A* means that the photon remain massless
as expected. The three massless Goldstone bosons have been eaten up to
generate masses for the vector bosons. There remains one scalar boson the
Higgs particle. To find its mass we examine the Higgs potential(2.18), after
spontaneous symmetry breaking, we find the following result

mp = V2 = V2

until 2012 the Higgs mass remained a free parameter of the SM. After the
discovery of the Higgs boson at Atlas and CMS collaborations [1, 2] the Higgs
mass was found to be

M, ~ 125 Gev

2.4 Yukawa terms

In the previews section, we used the Higgs mechanism to generate masses for
vector gauge bosons without destroying the symmetry of the lagrangian,

11
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but fermions remain massless. The introduction of a mass term in the
fermionic lagrangian is not allowed in electroweak theory because the mass
term ma ;g violate electroweak gauge invariance(left handed fermions and
right handed fermions have different hypercharge numbers). Fortunately,
we can use the same mechanism, spontaneous symmetry breaking, to give
masses to fermions via the interaction with the Higgs field as follows

LYukawa = _}/;E¢6R - n@@bdl% - YuGZT2¢*uR

here we have written Yukawa terms for the first family of leptons and quarks
for simplicity. When the Higgs field acquires non vanishing expectation value
(vev), the fermions gain masses. Then, the Yukawa lagrangian becomes

e =) ()52

— (%) ehe — (%) dhd — (%) whu (2.25)

from the first line we can deduce the masses of the fermions

Y.v
mMe =
V2
Y, v
my, =
V2
Y,
my = -2 (2.26)

V2

the second line in eq(2.25) corresponds to the Higgs-fermions couplings. We
notice that the coupling of Higgs bosons to fermions is proportional to their

masses
V2
=—m
9f.h o Y

2.5 Oblique parameters

Despite the success of the SM there remains unsolved puzzles like the hier-
archy problem, related to the instability of the Higgs mass under radiative
corrections, or the unknown nature of dark matter, which constitutes 75% of
the matter of the universe. A lot of new physics models, which involve new
particles or extended symmetries, have been proposed to solve these puzzles.
However, so far there is no direct evidence of physics beyond the SM. So, we
have to rely on all sources of indirect informations that current measurements

12
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provide. The most important of these measurements are precision study of
electroweak observables. These are the study of radiative corrections to scat-
tering amplitudes of light fermions involved in electroweak interactions like
for example ee — gg mediated by a photon or a Z boson. The most signifi-
cant of these radiative corrections are self-energy corrections to gauge bosons
propagators known as oblique corrections (see Fig (2.2)). Since the internal
states running in the loops can be arbitrarily heavy, new models can be tested
by computing their contributions to electroweak observables via oblique cor-
rections and comparing the new results to experimental constraints on these
observables, which allow theorists to constraint their models. The effects of
oblique corrections on fermions scattering can be determined by examining
how the vacuum polarization functions

% = aw(q*) 9" + (¢"q"term)

with a,b = v, Z,W appear in the new physics contribution to electroweak
observables. Since the most precisely measured quantities are probed at
specific momentum transfer scales, namely at low energy experiments ¢> = 0
and at the Z resonance ¢> = My, and ¢> = My, all oblique corrections
can be parametrized by a limited number of independent parameters. The
first three S, T, and U were introduced by Peskin and Takeuchi [18, 19|
under the assumptions that the new physics states are mush heavier than
the gauge bosons masses % < 1. In this case the polarization functions can
be expended to first order as follows

Hab = Aab + q2Bab (227)

dIIab(QQ)

dq?
ization functions IL,,, 11z, IIz,, and IIyw, the expansion Eq(2.27) defines
eight unknown quantities. Because of electromagnetic gauge invariance we
have

where Ay, = [1,4(0) and B, = 11/, = . Since we have four polar-

HW(O) = H’YZ(O) =0

thus, we are left with six independent parameters. We can eliminate an-
other three parameters by using the most precisely measured electroweak
observables and fitting them with three SM parameters, those are the fine
structure constant a, measured from low energy scattering experiments, and
Gr as measured from muon decay, and My. So, we have finally three in-
dependent linear combinations of the I1,s functions which are S, T', and U

defined as

4522 (Tzz(m%) —Tz7(0) 2 —s2 /
§=— ( ZM% — I, (0) — HW(O)> (2.28)

SwCw

13
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1 [Tlyw(0) IIzz(0)
T=— — 2.29
« [ M, M2 ( )
and
oo s (HWW(M%/w) —ww(0) (HZZ(M%z) - HZZ(O))
a MVZVW b Mz,
—s2 1L (0) — 25,11, (0)) (2.30)
e e
W W Z 7
¢ -
HO e \\]%6/
.’/ )
W W

Figure 2.2: Examples of Feynman diagrams contributing to oblique correc-
tions.

each of the these three quantities has physical meaning. S quantifies the
difference in mixing between the hypercharge and the third weak isospin cur-
rent at ¢> = M2 and ¢*> = 0. T describes the amount of custodial symmetry
breaking at ¢> = 0. On the other hand U measure the contribution of the
W, Z mass non-degeneracy to weak isospin breaking. As mentioned above,
the STU formalism is based on the assumptions that BSM physics enter at
a scale far above the weak scale (M >= 1Tev). However, when the new
physics scale is not large in comparison to electroweak breaking scale, the
linear approximation (2.27) becomes inaccurate. In ref [7], the authors ex-
tend the approximation (2.27) to include quadratic terms in ¢?. This extra
term necessitates the introduction of another 3 oblique parameters called V,
W and X that vanish in the linear approximation

, n,,(M2) —1I
aV =T, (M3) - ( 22 ZXP ZZ(O))
7Z
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Expressions for observables

'y = (I'2)s10.00961S + 0.02637 + 0.0194V°0.0207X (GeV')

Tyy = (T'pp) s170.00171S + 0.004167 4 0.00295V°0.00369.X (GeV')

Cpr- = (T4~ )52:0.000192S + 0.0007907 4 0.000653V°0.000416 X (GeV')
Thad = (Thaa)sM0.00901S + 0.02007 + 0.0136V°0.0195X (GeV')
App(p) = (App(1))s1,0.00677S 4 0.004797°0.0146 X

po,(T) (Apor(7)) 5210.02845 + 0.02017°0.0613X
A(P) = (Ac(P;))52,0.02845 + 0.020170.0613X

B( ) = (App(b)51,0.01885 + 0.01317°0.0406.X

r5(¢) = (App(c)2,0.0147S + 0.010470.03175X

ALR (ALr)s2r0.02845 + 0.02017°0.0613X

M2, = (M2,) s (1 —0.007235 + 0.01117T + 0.00849U)

Ty = (Ty)sa (10.00723S — 0.03337T + 0.0849U0.0781W (GeV))
9% = (¢2)sa — 0.002695 + 0.00663T

9% = (g%)sar + 0.00937.5 — 0.000192T

gy, (ve = ve) = (gv)sam + 0.007235 — 0.00541T

g4 (ve = ve) = (95)sm + —0.00395T

Qw('3C,) = Qw(Cs)sa — 0.7955 — 0.0116T

Table 2.1: Summary of the dependence of electroweak observables on
S, T,U,V,W and X.

: My (M2,) — Ty (0)
aW = Iy (Myy) — ( e V?Wz =
w

My, (M3)
aX = —8,Cy <}\4—§ —1I,,(0)

to obtain bounds on new physics contribution, we have first to calculate
oblique corrections in the SM to various electroweak observables and then
express the same observables in terms of the oblique parameters S through
X, an example is given in Table 2.1. Extracting the SM model predictions
for the most precisely measured quantities from experimental results allow
us to make a global fit and find constraints on oblique parameters. After the
discovery of the Higgs boson with mass my, ~ 125, the reference point for SM
calculations has shifted. For the oblique parameters S, T, and U the best
bounds found so far are the following [20]

AS = §— Sgy =0.05+0.11
AT = T —Tgy =0.0940.13
AU = U= Ugy = 0.09 +0.094 (2.31)
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Chapter 2 — The standard model

2.6 SM challenges

Despite the great success of the SM in describing almost all experimental
data, it fails to explain some phenomenons which indicates the need for new
physics above the electroweak scale. In this section we give a short summery
of some of the challenges facing the SM today

2.6.1 The hierarchy problem

The discovery of the SM at LHC with mass M), ~ 125 completed the SM pic-
ture. However, there is a big discrepancy between the effective value (exper-
imental value) and the theoretical prediction of the Higgs mass if we include
radiative corrections, of the type depicted in fig 2.3, quadratic corrections
contribute a term proportional to the ultraviolet energy scale A

Figure 2.3: top quark contribution to Higgs self energy.

)\2

Amy = — 25 [Ny + .. (2.32)
If we suppose that the SM is a valid description of nature up to the plank
scale, the Higgs mass will gain an enormous contribution from A, which con-
tradict experiment, In order to solve this problem we have to add a counter
term to the lagrangian fine tuned to 1073 which is in contradiction with the
principle of naturalness. This problem find solutions in new physics proposal
like supersymmetry [21], where for each fermion there is bosonic partner
contributing to the Higgs mass with similar term like (2.32), but with the
opposite sign (see Fig(2.4))

AS a2

this make the total contribution, from radiative corrections, to the Higgs
mass equal to zero if we include both the fermionic and bosonic particles
(here we take Ag = Ay).
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Chapter 2 — The standard model

Figure 2.4: top super-partner contribution to the Higgs self energy.

2.6.2 Dark matter and Dark energy

Astronomical observations since the 1930th have found that 75% of the mat-
ter in the universe [22], responsible for holding galaxies together is not com-
posed of ordinary matter, that is to say, it is not composed by particles
predicted by the SM. A lot of proposed models including supersymmetry
have candidate particles to explain the nature of dark mature. The most
popular ones are the so called WIMP particles proposals which mean weakly
interacting matter particles. In addition to dark matter the discovery of
the accelerated expansion of the universe in the late 1990 [23] indicates the
existence of a mysterious energy with constant density, identified with the
cosmological constant of Einstein theory of general relativity. This so called
dark energy does not have any explanation in the SM.

2.6.3 Neutrino oscillations

Experiments performed at the Super-Kamiokade Observatory in Japan [24]
and others have shown that solar neutrino change flavour while travelling
from the sun to particle detectors at Earth. This phenomenon known as
neutrino oscillations indicates that neutrino have a non vanishing mass which
contradict the SM. We can solve this problem by adding right handed neutri-
nos in the model or by allowing a Majorana mass term for neutrinos. These
proposals do not explain the disparity between the measured neutrino mass
which is very tiny in comparison to other leptons, which means that this
problem does not yet have a complete solution.
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Conformal field theory

3.1 Conformal transformations

Consider a spacetime of dimension D endowed with the metric tensor
nuw(—1,1,...,1). A conformal transformation is the subgroup of coordinate
transformations that leave the metric invariant up to a scale

M = QU2) Ny

a subset of this transformation with Q(x) = 1 is the Poincaré group which
preserves distances. Conformal transformations (CT) leave the angles be-
tween two arbitrary vectors or curves invariant but change distances. To
determine the set of parameters of the conformal group, we consider the
infinitesimal transformation

i

T, =x,+t¢, (3.1)

under a general coordinate transformation the metric tensor takes the form
M = oz, 8@,%0

(3.2)

substituting (3.1) in (3.2) and using a first order approximation we find

/

n,uy = T/MV - (a,uey + 81/6“) + 0(62)
the requirement that the transformation be conformal implies that
Ouen + 0vey = f(2)n (3.3)

where f(z) is some function. If we take the trace on both sides of (3.3) we
find

f(r) = 0" (34
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By applying an extra derivatives on eq (3.3), permuting the indices, con-
tracting with 7, we arrive at the following equation

(D-1)9*f=0

If D = 1 there is no constraints on the function f which is not surprising
since in one dimension there is no angles. The case D = 2 is a special case
that we will not consider in this thesis. For D > 3, we see that f(z) is at
most linear in z, It follows from eq(3.3) that €, is at most quadratic in z.
So this set of transformations involves a finite dimensional conformal group
which takes the general form

et =a* + M*x, — \z" +b, (Qx“x” — n“”x2)

each parameter of this equation corresponds to an infinitesimal transforma-
tion as follows

Translations =gk gt
dilation: k= \gh
rotation: 't = Mhiz¥

, ot — bt
SCT xH =
1 —2b.x + b2z2

the generators corresponding to translation and rotations are the momentum
vector P* and the angular momentum tensor L*” respectively. The dilata-
tions parametrized by A is generated by the operator D, the special conformal
transformation (SCT) is represented by K*. These generators obey the fol-
lowing commutation relations, which define the conformal algebra

[ D, P*] =iP*
[D, K*] = iK"

[ K", P*] =2i (D — L")

[ KP, L) =i (P Y — oK) (35)

in addition to the familiar Poincaré algebra
[ PP, L] =i (P — o PP
[ L}U/7 Lpa] — (anLua + nuaLup . np,pLVO' . nl/O'Ll/p)
[ P*, P"] =0. (3.6)

From the generators mentioned above we can count the number of generators
of the conformal group explicitly as

1 dilatation + D translations + rotations

D+1)(D+2
:( i )2( i >gene7‘at07‘s (3.7)

D(D - 1)
2
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This is exactly the number of generators of the SO(D, 2) group. To make
this point more explicitly let us redefine the operators of eq(3.5) and eq(3.6)
as follows

1 1 .
Juﬂ/ = LM”’ J—l,u = D) (Pu - Ku) ) JO,M = ) (Pu + Ku) yJ—10=2D
for Juy = —Jpg and a,b € {—1,—1,..., D} (3.8)

Then the generators J,, can be shown to obey the SO(D,2) commutation
relations

[ Jab7 ch] =1 (nadjbc + nchad - nachd - ndeac) (39)
with the metric n(—1,1,...,1)

3.2 Representations of the conformal group

In order to find the representations of the conformal group in D dimension,
we have to show how classical fields are affected by conformal transforma-
tions. For this purpose we consider an infinitesimal conformal transforma-
tions parametrized by w,. Our goal is to find a matrix representations such
that the field ¢(x) transform as

¢'(2") = (1 —iw,Ty)p(x)

the method used in this case is to consider the action of the little group, which
is the subgroup that leaves the origin (x = 0) invariant. For the Poincaré
group the little group is identified as the Lorentz group. To find matrix
representations for the Lorentz group we use the following transformation
formula

’

L, (2)d(x) = e 7 L, (0)e

Using the Haudssauf formula
e Be* =B+ [B,A]+ ...

and the commutation relations (5.56) of the Poincaré group we find

L, (@)¢(x) = e L, (0067 = L,,(0) + z,P, — x,P,

1%

which gives the following

’

L, (v)p(x) =i (2,0, — 2,0,) + S é()

where S, is the spin matrix of the field ¢(z) and 70, is the familiar momen-
tum operator in configuration space. Now in the same manner we consider
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the full conformal group. We consider the groups of rotations, dilatations
and SCT which leave x = 0 invariant. We denote them by S,,, A and Ky
respectively . These matrix representation must satisfy the reduced algebra
of the conformal group

A, S8,]=0

A,k ] — IR

Ky ] 0

Ky Spv | = 1 (Nppkin — Nowkip)

Suvs Spo] = (MupSuo + MuaSvp — MupSve — Mo Sup)  (3.10)
Following similar steps as before, we find

e DemiP e = p 4 ' P,

eip*mkl(ue_ipkmA = K, +22,D — 22" L,,, + 2z, (" P\) — 2°P,  (3.11)

Now if we consider a classical field ¢ that belongs to the irreducible repre-
sentation of the Lorentz group, according to Shur lemma, an operator that
commute with all the generators S, is proportional to the identity matrix.
So, A = i/A where A is a number which is called the scaling dimension of the
field ¢(z). The inclusion of imaginary number ¢ is due to the fact that the
representation of the dilatation group on classical fields are non unitary. In
a classically scale invariant theory( for example a free field theory) the scale
dimension coincide with the canonical dimension dp = A[O] of an operator
O. However, in a renormalized quantum field theory, renormalization effects,
introduce a scale into the theory which spoil scale invariance. In this case
do # A[O], the difference v = d — A is called the anomalous dimension of
the operator O. Finally, since A is proportional to the identity, using the
commutations rules (3.10)we conclude that the x matrices vanish. This gives
us the following transformations rules for the field ¢

P,p(x) = —i0,¢(x)

Lo(x) =1i(z,0, — ,0,) ¢(x) + S,¢(2)

D¢(z) = —i (20, + A) ¢(x)

K,¢(z) = (-2iAx, — 2" S, — 2ix,2"0, +ix0,) (z)  (3.12)
From the above results, we can in principle derive the transformation rules

for ¢(x) under a finite conformal transformation. We will only consider the
result for spineless fields(S,, = 0). The transformations rule is given by

ox' |8/

d(x) = ¢ (2') = Iy o(z) (3.13)

Fields transforming in this manner are called quasi-primary fields

[
[
[
[
[
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3.3 Primary and descendant operators

In section 3.6 we will compute the general form of correlation functions for
primary operators using their transformation proprieties under the conformal
group. In this section, we will present these transformations determined by
the representation theory of the conformal group.

Following Mack and Salam [25], by restricting our study to operators
inserted at * = 0, we can find proprieties of operators inserted in other
locations by applying a translation

O(z) = e*PO(0)e" P (3.14)

we will take O(0) = O} ,.(0) to be the finite dimensional irreducible repre-
sentation r of the rotation group. These operators are characterized by their
scaling dimension A which is the eigenvalue of the dilatation operator D:

(D, 04, (0)] = AOL ,.(0)
Ly, O, (0)] = (Ryy)}; Ol ,(0) (3.15)

where R, are the generators of the representation r of the SO(D) group.
The operators P* and K* act on D as raising and lowering operators respec-
tively, which allow us to construct the eigen-fields (spectrum) of the dilation
operator. However, in any physically interesting theory, the spectrum of
the dilation operator is real and bounded from below. So, the conformal
multiplet must contain an operator of lowest dimension:

(K", 04, (0)] =0 (3.16)

operators satisfying this condition are called primary operators. The other
operators of the conformal spectrum are called descendants and they are
obtained from primary operators by acting on them with P*, in other words,
the descendent operators are derivatives of the primary operators.

The Operator O(0) is characterized by two main quantum numbers, its
scaling dimension A and its irreducible representation under the rotation
group. It is important to know the transformation proprieties of any operator
O(x) under general conformal transformation which can be achieved using
equations (3.14.3.15) here we will give its the explicit form

1

Oy, (2) = FjO) (x), F = Q@)s

R(M* () (3.17)

v

where R(M}(x)) is the matrix representation of the finite rotation M in the
representation r.
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3.4 The Energy-Momentum Tensor

According to Neother theorem every continuous symmetry implies the exis-
tence of a conserved current and a conserved charge. Under translation the
associated current is the energy-momentum tensor defined by

oL
TH = —ptv —_— 1
& n £+8(8“¢) (3.18)

TE” is the canonical energy-momentum tensor. The general expression for
a conserved current associated with the infinitesimal coordinate transforma-
tions 2'# = 2#+¢* and the corresponding field transformation ¢ (z') = Fo(z)
is

oL dz¥ oL OF
b | 2 9,h — ot - ol 1
/ 9 (0u9) Op = 0t o 0(9uo) e (319)
Using eq(3.18) J# can be rewritten as
dz¥ )
Jr=Th S oL oF (3.20)

de  9(0,0) de

To determine the conserved current associated with dilatations we consider
the infinitesimal transformation

gh =2t 4\ Fo=(1—d)\) ¢ (3.21)

Here d = A is the scale dimension of the field ¢. Using the definition (3.20)
we find the conserved current of the scale symmetry

oL
Dt =, TH —d 3.22
1500 522
Using the same procedure we find the current associated with SCT as follows
KM = 22"z, TH — 2° T — oL (2dz” + 2ix,S") (3.23)
9 (9u9)

The energy momentum-tensor (3.18) is not symmetric. However, it is possible
to obtain a symmetric energy- momentum tensor by adding the divergence of
an antisymmetric tensor in its first two indices, which does not spoil the con-
servation of the currents J. This new symmetrized tensor is called Belinfante
energy momentum tensor and it is given by

TH = TH + 8,B"" (3.24)
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Where
i oL oL oL
BHY = — SO+ ———=S"p+ SPr ) 3.25
(G0 s Taae) 6
Since S = —S"" we can show that the Belinfante tensor is symmetric.

With the new tensor 7% the dilatation and SCT currents takes a remarkably
simple formulas

D =, T8 (3.26)
KM = 2" DF — 2*TH” (3.27)
which gives the conserved charges
D= / >z, TY (3.28)
KM = / d*z (2°D" — 2°Tp") (3.29)

From eq(3.27) we see that if the divergence of D* vanishes so does the diver-
gence of KM which implies that scale invariance of a theory (expressed by
0,D" = 0) guarantee its conformal invariance. From both eq(3.26) and eq
(3.27) it is evident that the conservation of the dilatations and SCT currents
are satisfied only if the energy-momentum tensor has no divergence and is
also traceless

0,175 =0,:n,T5 =0 (3.30)

3.5 Conformal invariance for quantum field
theory

Up to now, we have seen conformal transformations and their representations
in classical field theory. We saw that conformal invariance is satisfied if the
energy momentum tensor is traceless, 7)) = 0. However, in a quantum theory
this condition is not satisfied because renormalization effects introduce a scale
i, called the renormalization scale, which breaks conformal invariance. So,
in order to find the condition under which scale invariance is preserved in the
quantum theory, we must take into account the variation of gauge coupling
under scale transformations. This can be done using the beta function which
governs coupling evolution according to the following equation
9y

8= T8 (3.31)
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If we perform a scale transformation we get

¥ = (1+e)a”

w) o (T ) R - = a0 - s 33
where 3; is defined as 5
Bi = B(g:) = mgzu) (3.33)

Now, If we take the classical action S = [d”L(®,,®), which depends on
some fields ¢ and their derivatives, we can use Noether theorem to write the
variation of the action under some transformation in the form

69 = / d?o,J"w" (3.34)

where J" is the conserved current associated with some transformation parametrized
by w® , in our case the scale transformation. According to Noether theorem,

in order for the classical theory to be invariant under such transformation,

we must have 05 = 0, but the evolution of gauge coupling in the quantum
theory induced by the renormalization procedure add a quantum term to
equation (3.34)

0S = 6Sclass + 5Squant

= /dD&,J;’wa—l— dDaﬁégl-
9gi
0
- / d?0,J" W — / d? a; Bi (3.35)
where the dg; is replaced form eq(3.32). Setting 5 = 0 we find
oL
0,J" = —pf; 3.36
e (3.36)

Using the fact that the current for a scale transformation is J¥ = D” = Tz
we find

v o __
T, = agzﬂl (3.37)
So, scale invariance for a quantum field theory is directly related to the an-
nihilation of the beta function g; = 0. It is worth mentioning that conformal
invariance in quantum theory is inferred from scale invariance because no
example so far have been found of a theory that satisfies scale invariance and
at the same time violates conformal invariance.
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3.6 Correlation functions

To perform calculations in a quantum field theory, we need to compute cor-
relation functions because the S matrix is not a useful tool in conformal field
theory. Due to scale invariance, the concept of a particle being far away is
equivalent to a particle being very close to the centre of the event. Con-
formal invariance imposes a severe restrictions on the form of correlation
functions, especially two point function, which we calculate in the following
for a quasi-primary scalar field ¢.
The expression of two point function is the following

L, 1 . . -
(M@)o (@) = / D[gl" (1) ¢ (w2) 5@ (3.38)
where the partition function Z is defined by

7 = / D[¢|e 51 (3.39)

Since the action S and the integration measure D[¢] must both be invariant
Under CT, we can deduce from (3.38) the transformation rules for two point
correlation function

dy/D da2/D

o
ox

ox’'

(@ (x1) % (22)) = 9

(M@)o ) (3.40)

T=x1 T=x2

d; is the scaling dimension of the field ¢’ and j its spin. We consider here
spineless fields for simplicity and we drop the upper-case j. From eq (3.13)
we found that the jacobian of a conformal transformation is given by

8_:(:’
ox

__ L g (3.41)

\/det

In the case of dilatation Q(z)=A. then, the transformation rule (3.40) be-
comes

(@ (21) ¢ (22)) = X" F% ((Az1)PAx2)) (3.42)

Invariance under translations and rotations means that the correlations func-
tions must only depends on the distances |21 — x»|. In this case, the two point
function takes the general form

(¢ (21) ¢ (22)) = [ (|21 — 22]) (3.43)
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Combing the conditions (3.42) and (3.43), the two point function takes the
form

C’12

(3.44)
|21 — 2

<¢ (1’1) ¢ (902)> =

d1+d2

where (5 is a normalization factor. The SCT imposes a further restriction
on the two point function as follows

Cha  Cp (7172>(d1+d2)/2
T

(3.45)

|71 — 2o

with v; = (1 — bx; + b*z?). This constraint is satisfied only if d; = dy oth-
erwise, the two point function vanishes. In other word, quasi-primary fields
are correlated only if they have the same scaling dimension

C(12 .
— 2 ifd=d
(6 (21) 6 (22)) = 4 Jor — (3.46)
0, if dy # d

A similar analysis can be carried out for fermionic fields (j = 1/2) ¢ with
scaling dimension dy, vector fields(j = 1) V# with scaling dimension dy and
tensor fields (j = 2) T" with scaling dimension dy. Here we just give the
final results for the two points functions for each case. We take z; = x and
To — 0

(¢ (2)¢(0)) = (52]7”)22 (le)ds (3.47)
(W @F0) = Ot e (3.48)
and s
(Vi @VE0) = Coig oy (3.49)
and
<T311/(5U)T32( >> C, Ojyja Lp(7) o (7) — %nwnpa tuev (3.50)

(2m)? ($2)dt

with I, = 1y — 2z,2, which is fixed by demanding invariance under the

SCT.
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3.7 Unitarity constraints

The unitarity condition imposed on conformal fields allow us to find a lower
bound on the scale dimension d for each type of field, scalar, fermionic,
vector, or tensor. This condition entails that the normalization constants of
the correlation functions (3.47,3.48,3.49,3.50) must be positive , C; > 0 [26],
this condition leads to the following constraint

d>j1+j2+2—065, (3.51)

where ji, jo are the spins of the corresponding fields. So, for scalar fields
¢, fermionic fields 1, vectorial fields V# and tensorial fields 7" we get the
following restrictions on their scale dimension

dp >4 (3.52)

In addition to the unitarity constraint, if the vector and tensor fields obey the
conservation requirements 0"V, = 0 and 0#T,, = 0, their scale dimensions
dy and dp take the canonical values d = 3 and d = 4 respectively.

3.8 Ward Identities

Ward identities allow us to restate the conservations laws, expressed by
Noethers theorem, in the form of operator equations. The general identity
for a conserved current J is the following

9 (JHx)p(x1) ... p(y)) = —i Z 0z —x;) (Pp(x1) ... Goay) ... p(xy))

OxH
(3.53)
where (G is the generator of the conformal transformation associated with J.
We use the notation X to denote the product of n operators

X =o¢(x1)...0(x)

The ward identity associated with translation invariance can be written by
identifying the current J with the modified energy momentum tensor 75"

and the generator G’ with the momentum operator P* = g as follows
x

% (TH(2)X) = —i ;5(3: — ;) <§§,> (3.54)
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Now, we use eq(3.12), which defines the generators of the conformal group
and the set of eq(3.42) and eq(3.27) to deduce ward identities for rota-
tions(Lorentz transformations) and dilatations. For rotations the modified
angular momentum currents is

MU = (TH P — THPgY)

and the generator of Lorentz transformation is given in eq(3.12). Therefore,
the ward identity is

O (T"al = THa” X) =i 6z —a;) (a0 — 00! —iS}*) (X)

using the first ward identity (3.54), we can rewrite the previews equation as
(T =T X) = 6z —x;)S}" (3.56)

where S} is the spin matrix for the i-th field of X. Applying the same pro-
cedure using the dilatation currents D* = T#x" and the associated generator

D = —i(2"0, +d)
the ward identity for dilatation is

O, (THa” X) = — Z 8(x — ;) (2V 0, + dy) (X) (3.57)

Using (3.54) again, we find
(ThX) == 6(z — ;)d; (X) (3.58)

where d; is the scaling dimension of the i-th field of the product X. Eqgs (3.54),
(3.56), and (3.58) are the Ward identities corresponding to the conformal

group.

3.9 Effective field theories

In physics we need to describe physical phenomenons that take place at
different scales. Since a fundamental theory of particle physics is not yet
known, we must contend with describing interactions in a particular scale
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with fields relevant to that scale. The theoretical tool to achieve this goal
is effective field theory(EFT), which is a field theory that describes physics
below some energy scale A, as opposed to a fundamental theory which is valid
in all energy scales. In fact, every field theory known to date is an effective
field theory, including the SM. The fact that we know that our theory is
valid up to a scale free us from the requirement of renormalizibility which
represents the biggest challenge in constructing a fundamental theory. One
only need to build an EFT with finite number of parameters that describe
physics up to effects suppressed by (%), where F is the energy of the particles
in the effective theory. The approach used in EFT is the Wilsonian approach
[27, 28] which consists in taking the lagrangian of a fundamental theory
splitting the fields into light modes and heavy modes, and then integrating
out the heavy fields above some cutt-off A. However, In practical calculations,
it is much easier to work with dimensional regularization in the M.S scheme
instead of the cuttuff A . To be more concrete let us consider a field theory
with a characteristic energy scale A. We are only interested in physics at
low energy £ < A. The dynamic of the full theory can be described by
correlation function defined by the following path integral

01T 6(w1) .. 6(x.) 0) = / Do (ay) ... (2) (3.59)

where Do = Hd(b(x@-) and Z = [D¢pe’®). To obtain the low energy

effective theory, we split the field ¢ into

¢ =g+ ¢n (3.60)

where ¢ contain all Fourier modes with w > A and ¢; contains the low
energy modes w < A. Since we are only interested in low energy physics,
we keep the light modes and integrate out the heavy modes. The resulting
correlation function is

O|T ¢y(z1) ... () [0) = /D¢leiSA(¢l)gbl(x1) o O(xy) (3.61)
where Sy (¢;) is defined by
Sy = / Depy,e'S1P19n] (3.62)

S|y, dn) being the full action from eq(3.59). Sy is called the wilsonian ef-
fective action. Because we have eliminated the high energy modes we end
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up with a non-local action according to uncertainty principle (Az ~ % #0).
We now expand the non-local action as a series of local operators. This is
allowed because F < A. The result has the form

Sy = / dz L5 (x) (3.63)

with
LT =" g:0i(x) (3.64)

Lf\f T is called the effective lagrangian and g; are referred to as Wilson coef-
ficients. If we perform a dimensional analysis on the lagrangian (3.64), we
find that the coefficient g; can be written as

1

9i = Ciya D (3.65)

where ¢; is dimensionless coupling constant and d; is the scaling dimension
of the operator O;. Since g;, hence ¢;, is obtained by integrating out the
heavy degree of freedom, all the information about the high energy scale M
(the scale of the fundamental theory) is encoded in ¢;. We can classify the
operators O; into three categories according to their dimensions d;

e Relevant if (d; < D)
e Marginal if (d; = D)
e Irrelevant if (d; > D)

The operator O; with d; > D are called irrelevant because they are sup-
pressed by power of (%) and become small at low energies. Operators with
d; = D are called marginal or renormalizable and they can teal toward rel-
evancy or irrelevancy because quantum effects could modify their scaling
behavior on either side. Operators with d; < D are relevant because their
effect becomes more important as the energy decreases.
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Unparticle model

4.1 Introduction

Unparticle model was proposed by Howard Georgi in 2007 [3] as a theoretical
curiosity. He suggested the existence of scale invariant hidden sector interact-
ing with SM particles at high energies with a connector sector, a messenger
that carries both the SM quantum numbers and the hidden sector quantum
numbers. The use of a mediator is a way of simplifying the complicated and
nonlinear interactions at high energies. Georgi has chosen to model these
scale invariants fields with the so called Banks-Zaks fields (BZ) proposed
in 1984 by the said authors. Banks-Zaks fields [29] are massless fermions
which belong to the fundamental representation of the SU(N) group, whose
dynamics depends on the numbers of flavours N in the fundamental rep-
resentation. These fields have non-trivial fixed point generated by running
the renormalized coupling using renormalization group flow. In his paper,
Georgi used these fields to construct an interacting theory between the SM
and the hidden sector which flows into a scale invariant theory at low en-
ergy. In what follow, we describe briefly the general principles beyond the
unparticle model.

Georgi model is based on two interacting sectors, a visible sector (SM
fields) and a hidden sector (BZ fields) which communicate with each other
through the exchange of very heavy field, of mass M. Using effective field
theory as a tool, we can integrate out the mediator fields and we end up with
an effective Lagrangian describing the interactions as follows

L < coM* =P, 0y, + ¢, M** 0,0, + co M** 720,020, + ... (4.1)

where O, are the operators representing the SM fields and O, represent the
BZ fields. The coefficients ¢; are dimensionless coupling constants. The first
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term in this Lagrangian represents the interaction between BZ fields and the
SM fields. The second term is a contact interaction between the SM fields.
The other terms are non-renormalizable interactions suppressed by power of
M. So, the term relevant to our model is the first one, which can be expressed

in the generic form
1

MC
If we decrease the energy further, according to BZ [29], a scale invariant sector
emerges at a scale A. Below this scale dimensional transmutation occurs.
That is the dimensionless coupling ¢; transmute into dimensionful coupling
and the BZ operators match onto unparticle operators. The interaction (4.2)
becomes

OsmOpz (4.2)

AdBz—dy

Cu=7—OsniOu (4.3)

where dy; is the scaling dimension of the unparticle operator Oy,.
Describing unparticle physics using the term (4.3) has multiple advan-
tages:

1. In the low energy theory, below the scale A, the BZ fields decouple
from the SM fields which help us keep the IR theory (unparticles)
scale invariant, otherwise the situation would have been a lot more
complicated.

2. If we make the mass of the mediator field M large enough, the coupling
between the SM and unparticles becomes very weak at low energy,
which explain the absence of detection of these novel fields in currents
colliders.

Because of scale invariance, unparticles do not obey the usual dispersion
relation w? = c2k? + m2c*/h. Unparticles do not have a definite mass. They
are either massless fields or they have a continuous mass distribution. This
is because the presence of a mass term in the Lagrangian destroys scale
invariance. If we take the dilatation operator D, it can be shown that

eiaD‘PQefiaD — e2aP2 (44)

If we apply this equation on the vacuum state, it shows that scale invari-
ance cannot exist in a massive theory. Thus, conformal symmetry must be
spontaneously broken. To prove this concept let us consider discrete massive
state with p?> = m?, using the conformal algebra of eq(3.5), we find

[P?, D] = P*|P,, D]+ [P" D|P, = 2iP? (4.5)
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Then,
(p| [ P?, D]|p) = 2i (p| P* |p) = 2im?, (4.6)

in the other hand we have
(p|[P?, D]|p) = (p|m*D — Dm?|p) = 0 (4.7)

which means m? = 0. Hence, all massive states break conformal symme-

try. A conformal invariant theory should only contains massless states or a
continuous mass spectrum.

4.2 Phase space

In order to compute the probability distribution involving unparticle states,
we have to find the phase space of unparticles. For this reason, we start with
the Whitman correlation function defined as

W () = (0] Ou()0,(0) [0) (4.8)
If we insert the complete set of intermediate unparticles momentum states
| = / A\ (A (4.9)
and we use the properties of the translation operator P, we find
(0] Ou(x)0f,(0) 0) = (0] €Oy (0)e ™+ 0},(0) |0)
=[x [ ax ©10uo) X} (Y1 3 (3 0L0) 1)

_ / e (0] Oy (0) [N 2 (4.10)
d*p
inserting the unity relation f o) 464 (p — pxn) = 1, we can rewrite the Whit-
7
man function (4.10) as
T d4p —ip.x 2
(0] O ()0}, (0) 0) = 2n) pu(p) (4.11)

where py(p?) is a Lorentz invariant spectral density function defined by

oo (?) = (2m)° / AN (p — pa) | (0] Ou(0) |

= (2m)" 0(0°)0(p*) e (v°) (4.12)
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the heavyside step function 6(p°) ensures that the spectral function contains
only positive energies and 0(p?) ensure that unparticles are not tackyonic. If
we substitute the second equation from (4.12) in eq(4.11) we get the following

d*p
(2m)*

In the other hand, from eq(3.46) we see that conformal symmetry imposes
a particular form on the two point correlation function. For scalar field it is
given by

(0] Ou() 0 (0) 0} = / PO ) (413)

1 1

(01 0u(@0u(0)10) = Cu (4.14)
In momentum space this expression translates to
01000 0) = CgZy [ SRemor (as)

Now, comparing eq(4.13) and eq(4.15), we find
pu(p?) = A(d)(p*)"~? (4.16)

where A(d) is a normalization factor to be determined. Using eq(4.12), the
spectral density for unparticle states is

pu(p®) = A(d)O ()0 (p*) (p*)" (4.17)

this expression allow us to define the phase space of an unparticle state with
momentum p as follows

) = ) 5 - A<d>e<p0>e<p2><p2>“<2d47’;4 (4.18)

We see that this expression is similar to the phase space of n massless scalar
particles:

n

d®.(p) =[] éTp;ch (2) 0 () (27)* & (p - lez) (ZT];LL

_ A<n>e<p°>e<p2><p2>n-2(j47’;4 (4.19)
where
Ay = 207°VE T (nt 1)) (4.20)

(2r)*" T(n—1)I'(2n)
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So, if we take the limit n — d and A(n) — A(d), the normalization factor
(4.20) takes the form

(@) = 16727 T (d+1/2)
T (2n)M T(d—DI(2d)

(4.21)

d, the scale dimension of unparticles, can take fractional values which is a
peculiar feature of unparticle physics. The phase space of an unparticle state
resembles that of a fractional number of massless particles. Or as Georgi put
it

“Unparticle stuff with scale dimension d look like a non-integral number
of invisible particles”

If we take the limit d — 1, we can recover the phase space of an ordinary
scalar particle as follows

1

: _ ooond—2 L
lim A(d) = 2m, lim(p)= = e (4.22)
Using the propriety lir% @ = §(x), we find
e—0 pt—¢
lim AG)90) ()2 = 200()3(0) (4.23)
%
So,
2 0 2y d'p
dP g1 (p”) = 270(p")0(p”) - —3 (4.24)
(27)

which is indeed the phase space of a massless scalar particle.

4.3 Propagators

In this section we use the spectral density, constrained by conformal symme-
try, and the Kallen-Lemman spectral representation of propagators [30, 31]
to find the propagators in momentum space for unparticles fields with differ-
ent spins. We start by considering a scalar unparticle ;. We can define the
propagator in configuration space as follows

Ay,(z —y) = / g:fDeip(x—y)Zus(p?) (4.25)

where ﬁus is the propagator of scalar unparticle in momentum space. We
start our derivation by the definition of propagator in configuration space

Ay, (x —y) = (0| TU(2)Us(y) |0) (4.26)
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where T" denote the time ordered product of the Uss operators. Inserting the
completeness relation

/dA A (A =1 (4.27)

between the operators Us(x) and Us(y), we find

A —y) = / AX (0] 2s(z) 1) (M () [0) (4.28)

here the + in A indicates that z° > 3°, so we dropped the time ordered
product T. Now, using the transformation property

Uy (1) = e T U(0)e " (4.29)

where P is the momentum operator which satisfy P |\) = py|\), eq(4.28)
becomes

Bl =v) = / dA (0] e U(0)e’™ [N) (A ™92, (0)e' |0)
= /d)\eip»(w—y)|<0|us(0> |/\>|2 (4'30)
Now inserting the unity relation

/5(]7_}?)\) (Zi)D =1

in eq(4.30) we get the following formula

Mite—) = [ a5 [ ouO WP - @3

Next, we define the spectral density

o) = / (0114 (0) | 1) [26(p — pa)dA

which is the same spectral density defined in the previews section (eq(4.12)).
So, we can write

pu(p?) = 0(p*)0(p°) pu(p®) (4.32)
with
pu(p®) = A(d)(p*) " (4.33)
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Now, we come back to the time ordered green function Ay, (x —y). We can
write it as

(O] TU(2)Us (y) 10) = 0(2"—y”) (0] Us (x)Us (y) [0)+6(y"—2°) (0] Us(y)us((x) |0)>

4.34
where (0 U, (y)Us(x) |0) = A (y — z) is the propagator for 4° > 2% A (z—
y) and A}, (y — x) can be rewritten in the following form

o0 d D )
AZ{—&(J} . y) — /0 dM2p(M2) / #elp'(m—y)é(pQ + M2)

B / T AME (M)A (@ — i M) (4.35)

and

Az—/{:(?/—x) :/ dMQp(M2)/(2i)Dezp(y )(S(I?Q—G—MQ)
0

_ /OOO AM2p(M2)A* (y — z; M?) (4.36)

Using Eqs(4.35,4.36), the time ordered propagator function is

(O] TU, (2 (1) |0) = —i / T (M) AR — g MY (437)

where Ap(zr — y; M?) is the Feynman propagator for a spinless particle of
mass M:

—iAp(z—y; M?) = (2" —y°) A* (z—y; M?)—0(y° —2°) AT (y—z; M?) (4.38)
the scalar unparticle propagator in momentum space is

R () = / 0Pz exp(—ip - (z — y)) (0] TUs(x)Us(y) 0) (4.30)

Knowing that
1

/de exp(—ip - (z — ) Ar(z —y; M?) = P2+ M2 — e (4.40)
this yields the spectral representation of unparticle propagator:
~ 00 M2) 00 A(d)(MQ)d87%

Ap) = [ a0 / M 4.41

(v°) /0 p? + M? — ie 0 p? 4+ M? — ie ( )
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performing the integration we get finally

~ A(dy,) —i
Ay (p?) = : 4.42
u,(p”) 2sin(mdy,) (—p? — Z.E)D/Q—dus (4.42)

in 4 spacetime dimension D = 4, this expression becomes

Ay, (p?) = 2;;(?;(}319) — __;6)2_du5 (4.43)

the factor (—p* — 2'6)27%’5 can be expanded in the following way

(_p2 B 2.6)2—011/15 _ (p2)2—dus <(_1 _ Z-E)Q—dus (14 ie)2_d“6>
~ (p2)2fdus (e—i(dus—Q)w _ e—i(duS—Z)ﬂ)
— (p°)* ™ (—2isin(dy, 7)) (4.44)
So eq(4.43) simplifies to
A (%) = Aldy,) ()™ (4.45)

in the limit d;, — 1 we recover the familiar propagator of an ordinary scalar
field

lim Ay, (p?) = = (4.46)

dus—>1 p2

4.3.1 Fermionic unparticle

Proceeding in the same manner as in the scalar case, we first consider the
green function of fermionic unparticles

(0 TU; (2)U;(0) |0) = / dX (0] TU; () |A) (A TU}(0) [0)
_ / AP (0] Uy (0) [ W)
= [ atpers [ @rsto - pa)l0]4:0) P
= [ e o010 (447)

where p(p?) is the spectral density corresponding to unfermions in the final
states.
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In the other hand, we can use conformal symmetry to determine the two
point function in configuration space of fermionic fields, the result is the
following

Cy x
(2m)? (=22 + ie) s

this expression can be transformed to momentum space via Fourier transfor-

(0] Tty ()45 (0) 0) = (4.48)

mation as follows

(01 TU(x)Uf(0) 0) = / ng;ZLeip"”A(duf —1/2p ()™ (4.49)

comparing equation (4.49) to eq(4.47) we can deduce the expression for the
spectral density p(p?)

p(p*) = A(dy, —1/2)0(p*)0(p°)p (p*)
= 0(p*)0(p°)p(p) (4.50)

Now, using the Kéallén-Lehmann spectral representation (4.41), we compute
the propagator in momentum space

du;—5/2

1= p(M?)
2\ 2
Ay, (p?) = 2W/O M e (4.51)
Aldyy =1/2) [ 1 ()"
= dM*——"F—— 4.52
27 /0 p?— M? + z'ep (452)
_ Aldy, —1/2) ip (453)

2 cos (Wduf) (—p2 — i€)5/27duf
Using the same method described in eq(4.44), this expression simplifies to

Doy (07) = —Aldy, — 1/2)p(?)"* s (4.54)

4.3.2 Vector unparticles

For vector unparticles the Whittman function is defined as
(O] U ()14, (0) [0) = /dA (02 () [A) (A[24;(0) [0)
= [ o) ) )0

_ / dpe " Ay OGPV (4.55)
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where the spectral density p(p?) is defined as before eq(4.33). In the other
hand if we Fourier transform the two point function (3.49) for vector confor-
mal fields into momentum space we find

KU — Co 1 o _ 20 T”
O TUL DU O 10) = 1,5 (n = )

d'p 2(dy, — 2) p'p”
= [ ety (- 2 =2

(2) dy, —1 p?
(4.56)
Comparing eq(4.55) to (4.56) we find
p(p*) = Aldu,)0(p*)0(p°) (p*) =2 (4.57)
and o4 o) i
VuV:an_ (Z/{v_ )pp (458)

dy, —1 p?

then, using the spectral representation of the propagator (4.41), we have

1 [ M?
AZ/{U (p2> /0 dM2p2 p( ) V,uzz

" or — M? +ie
e 2\dy,, —2
:i/ dMQA(de)(M ) L{‘v vV
27 J, p? — M? +ie

(e 2 =2
i —

_ A(duy,) dy, —1 p*

~ 2sin(7dy,) (—p? — ie)?~ %

(4.59)

4.3.3 Tensor unparticles

Due to conformal invariance tensor unparticles are restricted to be either
antisymmetric or symmetric and traceless. Pursuing a similar procedure as
outlined above, we can construct the propagator for tensor unparticles.

We start by considering the case of antisymmetric unparticle tensor (U* =
—U""). The two point function is given by

O/ TU U ) ]0) = [ X O/ () 1) 7 0) 1)
- / dXe ™ (0] L4 () |A) (A4 (0)[0)

_ / dtpe= " A(dy )6 ()OO P T (4.60)
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where p(p?) is the usual spectral density and T#77 is a function of p that
encode the tensorial structure of the propagator (4.60). Now, going back
to eq(3.50) we see that conformal symmetry restrict the form of two point
function of tensorial fields to be

O/ TU (Ut (0)0) = Ci —

1p vo L po
WW([I (z)T ($)+M<—>V]—§77 n )

(4.61)

oV
where M (z) = n — p f . Performing a Fourier transformation to mo-
x
mentum space we get
N po _ d4p ipx 2\dy, —2rpuvpo
OITUT @)U (0)10) = [ Hrae” Aldu ) 7)™ 7T (p) - (4.62)

here the tensor structure is encoded in TH#7° as
d
THPT — dz,{t (dut — 1)(7],upnzxo + o < V) + ( - %(dut + 1)) T],uzz,r]pa

Py’ PP
— 2(dy, — 1)(dy, — 2) (U“pp—z + " R + [ V)

2 - P'p” P pp?
+ 4(dy, — 2) (77“ e +n” ?> + 8(dy, — 2)(duy, — 3)W
(4.63)

Comparing eq(4.62) to eq(4.60), we find the spectral density
p(p*) = 0(0°)0(p*) Aldy, ) (p*) ™ =214 (p) (4.64)

In the case of symmetric and traceless unparticle operator U}y = 0, 77 (p)
takes the form

2

" (p) = % (H“”(p)ﬂ”"(p) + 11" (p) 1" (p) — gﬂ””(p)ﬂ’”(p)) (4.65)

pHp”
—.

with TI*(p) = —n* 4+ Now, substituting the expression of p(p?) from

eq(4.64) in the spectral representation (4.41) we find the propagator of tensor
unparticles

Ay, (p?) 1 / dar p(MQ)_T“”’”’(p)

T on p? — M? + e
1 A(dy, ) (M?)du =2
- dM2 t T,uzzpa
27r/ p? — M? + ie ()
A(d, )
W) ) (4.66)

T2 sin(mdy, ) (—p? — i€)? %
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4.4 Deconstruction of unparticles

The unparticle fields as defined by Georgi are continuous distribution of
massless states. Another representation of unparticles was introduced by
Stephanov [32]. In his model, unparticle are represented as an infinite tower
of massive particles with spacing A, which when it goes to zero A — 0, we
recover the familiar unparticle representation.This deconstructed version of
unparticles can be very useful in practical calculations (see for exemple ref
[8]). Here we give a brief description of this model.
The correlation function of a scalar unparticle operator is
4 ip-.x T . dM2 2 i
/d 267 (0] TO()0T(0) [0) = / PO (M) gy (167)

scale invariance restrict the form of the spectral function p to be a power of
M? as we have seen in previews sections

po(M?) = Ag, (M)~ (4.68)

where Ay, is the normalization constant defined in eq(2.11), and we also have

po(M?) =21y 6(M* — M3) (0] O(0) |A) (4.69)

The sum is in fact an integral over the normalized states |\). If we assume
scale invariance to be broken in a controllable way, in place of a continuous
spectrum of states [A), we will have a discrete tower of states with the spacing
between them controlled by the parameter A

Mz = A’n (4.70)
If we introduce the matrix element
F2 = [{0]O(0) |An)? (4.71)
we can then write
po(M?) =2y " 6(M* — M})F? (4.72)
and the correlation function becomes
- 9
4 ipw 1 _ oF

in the limit A — 0, the sum becomes an integral which must match the
definition (4.67). So, we get

A
F2 = S0 A2(y2)du2 (4.74)

" s
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4.5 Conformal symmetry breaking

Unparticles are conformal fields with a continuous mass distribution, but in
reality we have not yet observed any fields with these characteristics. The
absence of detection of scale invariant fields indicates that if unparticles exist
in nature conformal symmetry must be broken at some energy scale. To
implement conformal symmetry breaking (CSB) in the unparticle sector, the
authors in [33] proposed the coupling of unparticle fields with Higgs boson
as described by the following interaction term

1

Mduv—2 ’H|QOUV (475)

Oypy stands for the banks Zaks fields. At the energy scale A this interaction

term flows to
Advv—dir 5 5

where U is scalar unparticle field with scaling dimension 1 < dyy = d;g < 2.
The Higgs potential is as usual

Vo =m?H|* + M\H[* (4.77)

Where m? is a term that can take either positive or negative values. When
the Higgs field acquires VEV, via the normal process of electroweak sym-
metry breaking, it introduces a scale into the unparticle sector through the
interaction term (4.75) which breaks the conformal invariance of the theory.
In the language of renormalization group flows we say that the unparticle
sector flows away from its conformal fixed point at an energy scale A. Below
this scale the unparticle stuff behave like a traditional particle sector

4—d A dov—du 2—dy 2
A=+ M2y (4.78)

To keep the conformal window open, we must have A > X. This condition
put a lower limit on the energy scale at which unparticle physics may be
observed directly, which is consistent with experimental observations since
no unparticle signals have yet been observed.

Since we de not know the details of CSB mechanism we can propose a
simple model to incorporate scale invariance breaking into our theory. As is
done in [5], we can adjust the spectral density (4.17) to be

p(p?) = Ag, 0(0°)0(p* — m*)(p* — m?) %> (4.79)
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where m? is the energy scale at which conformal invariance is broken. This
term is equivalent to eliminating the mass modes of the unparticle spectrum
inferior to m? which means that we introduced a mass gap into the the-
ory. Another interesting proposal have been suggested by Delgado et al [34].
In their model the authors use a deconstructed version of unparticle fields
(introduced in the previews section) to compute the VEV of the unparticle
sector induced by its interaction with the Higgs field. In this case, there
is an interplay between the unparticle sector and the Higgs sector in which
the Higgs sector breaks conformal invariance of the unparticle sector and the
unparticle sector, via the mixed term vHU, shifts the VEV of the Higgs so
the Higgs mass is no longer the familiar v2Av? but it is defined as the pole
of the spectral function constructed from mixed spectrum of the Higgs and
unparticles.

The authors of [4] propose a slightly different interaction between the
Higgs and unparticles. In this case, they imposed a parity symmetry on
the unparticle fields to stabilize the vacuum so unparticles can be a viable
candidate for dark matter. But the parity symmetry means that unparticle
can only interact as pairs. So, the interaction term with the Higgs field is
the following

Lint = —— U (HH) (4.80)

A2dz,(

4.6 Unparticle interactions

Unparticle interactions with SM particles are organized in the form of an
effective interaction in accordance with the generic term

AdBz—dsm

Osmld (4.81)

MdSM +dpz—4
u

the term A serves as a cutuff energy scale to suppress interactions, so that
the absence of detection of unparticles at low energy experiments, can be
justified by the weakness of the coupling between the SM operators and
unparticles. We can in principle construct different interaction terms in the
form of (4.81) with scalar, vector, tensor and fermionic unparticles. Since in
this chapter we only consider unparticle singlet under the SM gauge group
the only symmetry that we must implement is Lorentz invariance. For scalar
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unparticles we have the following interactions [35, 36]

1 —
)\omffu

-
Aomﬂ%ﬂ/{

1 —
/\omf%%fauu
1

T [MoGapG™ + NGapG U (4.82)

G°? is the gauge field strength tensor which can be gluons, photons, or weak
gauge bosons and G°? is given by

s 1
G = S uas G (4.83)

f is a standard model fermion which can be singlet or doublet. the term A is
a dimensionless coupling constant defined generically in eq(4.81). For tensor
unparticles we have the following interactions

1 1
I

1 .
i [22Ga Gl + NGl (4.84)

- = - ,
filvs Do+ s D ) fu

Ua
where D, = 0, — zg;Wl‘j — g %BM is the covariant derivatives in the SM.

For vector unparticles we have
L = iz
Al Adu—l f,yufu

1 _
Mg s U (1.85)

fermionic unparticle interactions with SM particles are more stringent due
to Lorentz invariance. We can only construct terms of the form

Tt A¥ (4.86)

here A* is a standard model gauge boson.

4.7 The AdS/CFT correspondence

Since the paper by Maldacena [37] that established a correspondence between
a bd gravity in the anti de sitter space (AdS) and a 4d CFEFT theory on

46



Chapter 4 — Unparticle model

the boundary, a lot of effort have been devoted to holographic models in
many area of theoretical physics [38]. The advantage of this approach is
that problems which are very difficult typically in CF'T are easier to solve
on the gravity side and vise versa. The unparticle model, which is a CFT
theory is no exception. The use of the correspondence to better understand
unparticle physics is still a work in progress. Authors like Cacciapaglia et
al have found a way to use this duality to deal with the limitation of the
effective lagrangian description of unparticles. For example in the paper
[5] it was shown that cross section for two particle scattering mediated by
charged scalar unparticle takes negative value for scale dimension d > 2, but
in [39] the case for d > 2 was treated successfully using the correspondence.
However, despite the advantages of the AdS/CFT correspondence, there are
considerable challenges, particularly that not all CFT have AdS duals, and
in case they do, finding them is not a trivial task. As Georgy himself said,
"while Ads based models can provide very useful guidance and examples,
their ability to describe realistic unparticle physics scenarios is limited” [40]
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Gauged unparticles

The nontrivial form of the unparticle propagator, with non integer scaling
dimension d, leads to nonlocal action for unparticles which make a gauge
invariant formalism harder to construct. In this case, the minimal coupling
prescription used in the SM is no longer valid. Fortunately, a similar problem
has been solved by Terning [41] et al and Holdom [42] in the context of non
local chiral quark model. Based on that work the first gauged unparticle
model was constructed by Cacciapaglia et al [5]. Later works in this subject,
based on different approches, subsequently followed [43, 44, 9]. In this chapter
we follow the work of [5].

The presence of unparticle that carries SM quantum numbers can modify
drastically the low energy phenomenology, including electroweak precision
observables, which are in excellent agreement with the SM predictions. For
this reason conformal symmetry must be broken, so that unparticles fields
don’t appear at low energies in contradiction with experiments. One way to
implement conformal symmetry breaking is to modify the unparticle propa-
gator with an IR cut-off m, which parametrize our ignorance about the details
of conformal symmetry breaking. In this case the spectral representation of
scalar unparticles is

Bupom) = [ o 0| TU@UI0) 10)

Ag, [ dyg. —2 i
= —= [ dM? (M? —m?)™ T o — 5.1
o / A v

m?2
performing the integration in (5.1) we find

Ay, i

T sin(wdy,) 34(p%, m?) (5:2)

Ay(p,m)
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where 2,(p?,m?) = (m2 — p?)° . In the limit d, — 1 this propagator

reduces to a propagator for free massive scalar field. The effective action
corresponding to the propagator (5.2) is the following

5= [ S ZUmA Gt ()

(2m)
2sin(mdy, ) d'p 9 o\2—duy,
T Ag, / (2@4“5(1’) (m* =p*)" ™ Us(p) (5.3)

If we Fourier transform the action (5.3) we arrive at a non local action in the
configuration space

5= [ dadt ()8, o~ o)t (v) (5.4)
where A71(2) is the Fourier transform of A1 (p, m)
d4p .
A_l — 1p~zA—1 ]
20 = [ e A o) (55

To insure gauge invariance we introduce a Wilson line W [45] between the
two unparticle fields

5= / dhed Ul () AT (& — y)W () Us(y) (5.6)

where y
W(x,y) = Pexp <—igsTa/ AZ(u)du“) (5.7)

where T are the generators of the SM groups SU(3)¢, SU(2)r or U(1)y. The
vectors fields A are the corresponding gauge bosons. P is the path ordering
operators for the fields Aj between the points z and y. The Wilson line
(5.7) obeys the Mandelstam condition, applied by that author to quantum
electrodynamics, as follows [46]

9 : ma pa

a similar condition holds for y. The action (5.6) is invariant under the fol-
lowing gauge transformations

1
U — U U, U - UIU, A, =T A% - UTA U+ =UT9,U (5.9
ig
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as the Wilson line transforms as
W(z,y) = U (z)W(z,y)U(y) (5.10)

Now, using the same techniques developed by Terning et al, we can derive
the vertex functions describing the interactions between unparticle fields and
any number of gauge bosons A,,. For the propose of our work, we only focus
on the coupling between unparticles and one (AZZ/ISL{ST Jor two gauge bosons
(A ASUUT) as follows
B i3S
8 A (q)SUL (p + q)Us(p)
= ig,T*(2p" + ¢") X5 (p, q)
2sin(rdy,) [(m* = (p+ q)*)* % — (m? — p?)* %]
Ady, 2p-q+ ¢

ap

195l

=1ig, 1" (2p" + ¢")

(5.11)
we can check that this vertex satisfies the Ward-Takahashi identity [47, 48]
iq, L = AN (p+ ¢,m)T* = A (p,m) (5.12)
For the coupling between unparticles and two gauge bosons we have
i3S
8 A (q1)6 A (g2) UL (p + a1 + g2)Us (1)
= ig2 [{T, T " 23 (0, 1 + @2) + T°T°(2p + ¢2)" (20 + 2q2 + q1)"

- 21abur
ngr -

X 35(p, g2, 1) + TbTa(2p + )" (2p + 2q1 + )" E5(p, 1, Q2)]

(5.13)
where the form factors ¥ and X3 are given by
ES( ) _ 2SiIl<7TduS) [(mQ B (p + q)2)2_dMS - (m2 T p2>2_d1/{5:|

1p7q Adus 2pq+q2

_ 2sin(mdy,) S5(p + q)2— 202(p) (5.14)
Ay, (P+9)?—p

21 ) + — 2 )

E;(p, Q1,QQ) _ 1(p q1 QQ) 1(p QI) (515)

(P+a+a)?—(p+aq)
In the canonical limit, dy,, — 1, eq(5.11) and (5.13) reduce to the usual
coupling between standard scalar fields and gauge bosons

igs [ =igsT*(2p + q)* (5.16)
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igeT = ig2 (T°T" + T°T*) (5.17)
Now, we repeat the same process for fermionic unparticles. The propagator
of unfermion is

_ - 20002 _ 02)\5/2—duy iy
Ay(p,m) = - /m2 dM= (M= —m?) fpz—Mz—i—Z'e
_ Ay i (5.18)
2cos(dy;m) (p — m) =4 (p) '

where ©(p) = (m2 — p2)** s The corresponding effective action is

d* -
- / )BT )t ()

2COS(duf7r) dp —  (m®— p2)5/2—duf

T A, 1) p+m U (p)

_ QCoz(ddufW) / gjﬁ;ﬁf(p)(mQ P22 (g — ) ()
cos(dy,m 4y

- A(d:f ) / (;ZWZ;MJ” (P)Z5(p) (p — m)Us (p) (5.19)

To implement gauge symmetry we Fourier transform the action (5.19) into a
no local action in configuration space and introduce a Wilson line as follows

2 cos(dy,m —
5= 20T [ i o) (<0,54 0 ) W wttty) (520
du
where W (x,y) is the same as (5.7).
Now, we derive the vertex functions for the coupling of unfermion with
one and two gauge bosons by taking functional derivative of the appropriate
fields. The coupling between two unfermion and one gauge boson is given by

. ta i0°S
1g I = —
0 A (q)oU ;(p + ¢)Us (p)
=iZ {1 S+ )+ S 0)| + @p+4—2m) T2 + 0y Sl (p.a) }
(5.21)
where the form factor Z{ is the following
2 2\3/2—du; _ 2 _ 2\3/2—du;
Sl (p.q) = [(m* = (p+ 9)?) (m? —p?) ] (5.2

2p - q+ ¢?
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Chapter 5 — Gauged unparticles

One can check that the vertex (5.21) satisfies the Ward-Takahachi Identity
ig, " = [A;l(p +q,m) — A;l(p, m)| T* (5.23)

The coupling between two unfermions and two gauge bosons is given by

Z-92 Fabuu _ 2535
d 5 A (q1)6 A (q2)0U ¢ (p + @1 + q2)Us (p)

2
= Zg_zf{ (2p + gr + g5 — 2m) [{Ta7 Tb}n“”Ef(p, @+ @)+ TT(2p + g2)"

X (2p+ 22 + )" SL(p, g2, 1) + T°T(2p + )" (2p + 2q1 + q2)"
X E£<pa a1, QZ)} + ,}/MF(]I‘bV(pa q2, ql) + ’YVF(;IW(pa q1, Q2)} (524)

where the form factor Zg is given by

ST q+ @) — 2 (0, q1)

Prata’—b+a) (5.25)

S5 p, q1, q2) =

and I"}b” is the following

T (p, qu. g2) = T°T*(2p + @1)" 2 (p, g2) + T*T(2p + 2¢2 + 1) S (p + g2, @1)

(5.26)

In the canonical limit, dpy, — 3 /2, we recover the usual vertex of fermion-
gauge bosons couplings

ige DY — igg T 9" (5.27)

igi TP = 0 (5.28)

The second vertex vanishes in (dy, — 3/2) which means that the coupling
between two unfermion and two gauge bosons is a novel interaction for un-
particle physics(there is no equivalent interaction in the SM).

5.1 Unparticle coupling with SM electroweak
gauge bosons

In our work, we will need to derive expressions for unparticle coupling with
SM electroweak gauge bosons W, Z and ~. For this purpose, we derive
in this section the vertices that enter in the computation of polarization

functions 1", I1#%, I1"?, and II"". We will use the results to calculate
the oblique parameters and the evolution of the running coupling induced by
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virtual scalar unparticles that carries both the color charge and electroweak
quantum numbers.
We start from the action

S = /d4;pd4y (z,{z(x)ﬁal(x — y)We(z, y)UL(y)

+Ul(2) Ay (& — y)Walz, y)UR(y)> (5.29)

here we suppose that unparticles carries weak quantum numbers. U}, is a left
handed unfermion doublet that transform under the group SU(2)., and U, is
a singlet under the group SU(2), but transform according to the hypercharge
group U(1)y.

To insure gauge invariance we have introduced the Wilson lines Wy,
defined as

We(x,y) = Pexp < /x y(—@'gTawg(u) — igIYBN(u))du“) (5.30)

Wr(z,y) = exp (/: —z’g’QBM(u)duﬂ) (5.31)

where as usual P denotes path ordering that effects on the generators 7
in the unparticle representation. () is the charge operator defined in the
same representation. g, ¢’ are the gauge coupling of the SM groups SU(2)y,
and U(1)y respectively. W are the weak gauge bosons associated with the
three generators of the isospin group SU(2), and B, is the gauge boson
associated with the group Uy. To find the interaction vertices of unparticles
with the physical gauge bosons Z, W and v we replace W¢, B, in eq(5.30)
and eq(5.31) according to the relations

Wi = cos(Ow)Z" + sin(Oy, ) A* (5.32)
B* = —sin(0w ) Z" + sin(fOy ) A" (5.33)
WH = (W) 4 iWy) /V2, WH = (W, — i) /V2 (5.34)

where 6y is the Weinberg mixing angle. Substituting in the action (5.29) we
get

S = /&m@{u}@)&gl(x —y)Pexp < —ig /xy %(U_Wu_(u) + o W (u))dut

) )
- / i(g%cos(@w)—i— gV sin(0y)) Z,(w)du — e / (%H@) Aﬂ(u)du#)uL

+ U;z(x)ﬁz;l(x —y) exp (+ig' /: sin(Ow )QZ,(u)du + ie /: QA#(u)du“)L{R}
(5.35)
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where Uy, Ui are defined as

1 _
U, = 2752/1
|
Up — 7;7%1 (5.36)

Substituting the last two expressions in eq(5.35) we find

S = /d4xd4y{Z/{T(ag)Au1(m — y)Pexp ( —ig /y %(UWM(U) + oW (u))du”

—/ji(g%cos(@w)—kg/}ﬁ Sin(QW))Zu(u)du”—e/y <%+Y1> Au(u)du“>1_2752/l(y)

Uy}

T+7s

~ Y Y
+ UM (z)A, (z — y) exp (+ig’/ sin(Ow)QZ,(uw)du” + ie/ QAH(u)du“)
(5.37)
where U = Up + Ug is the parity conserving fermionic unparticle. Now,
using functional derivatives with respect to the appropriate fields we find the
coupling of unparticles to one photon
an 639
A (q)oUL(p + q)Uy (p)
} L=

ing

— 5

)
|

1
+(2p+q—2m) 20+ 0)"S{(p, q)

T+
2

+(2p+ ¢ —2m) (2p + ¢)"Z{ (p, q)

— N A
\%R
[—
\g!
oS
=
+
=
+
Ng!
oS
S
SN—
| I —_
[\

(5.38)

this vertex is equal to the one described in eq(5.21) if we make the following

substitutions
gr=e¢T"=0Q (5.39)

If we take the canonical limit dy;, — %, 19" becomes
igp I = deQy" (5.40)

which is exactly the vertex describing the interaction between an ordinary
fermion and a photon.
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The coupling between two unfermion and two photon is found to be
B %S
A (q1)d A (q2)0U y (p + qu + 42)Us (p)

e? 1—7 , ,
=i @+t 2m) = QR 0.0+ @) + Q2 + )
X2p+ 2q2 + %)”22 (p, @2, 1) + Q*(2p + )" (2p + 2¢1 + (&)”25(?7 q1, (&)}
’751—\ab,u<

1_fy5 abv 1/]'_
+’Y”Trfb (P, a2, 1) + o r

Z‘g‘?rabuy

P, Q17Q2)}
e? 1+ 5 2, uvxf 2 v
+Z_{ (2p + g+ g5 — 2m) —— 5 [QQ 3 (p,qn + q2) + Q% (2p + q2)

2p + 2g2 + ¢1)" S (D, qo, 1) + Q(2p + ¢1)" (20 + 2q1 + @) 3 (D, q1, @2)]

1+IY5 abr ]'_I_,YB a
P ’ <p7 Q27CI1> +ry I b#(p7 q17QQ)}

L 2

(5.41)

after simplification we find

. v .62 v v
igFrat = 25{ (2p + g0 + g5 — 2m) [2Q°0" S (p, 1 + q2) + Q°(2p + 2)

X 2p+2q2 + ql)uzg(p’ &, q) + Q°(2p + )" (2p + 2¢1 + Q2)u25(pa q1, %)}
+ ,yurslcbl/(p’ q2, QI) + ,}/I/Fl}bu(p’ q1, QQ)}
(5.42)

where the form factors Z{ , Ef are the same functions defined in the previews
section eqs(5.22,5.25). Fab” is given by

I = Q2 (p+ @) Slp.a) + @p+ 20+ @) S+ a,e)  (543)
Repeating the same procedure we find the coupling between unfermion
and Z bosons. The UTUZH vertex is
i3S
8Z1(q)0UN p + q)Uy (p)
g@ — ¢'Y sin(Oy)

ing““ =

—i—2 5 {“[Egpﬂz ) +Zh(p )}1_2%+(217f+9—2m)(2p+@“
Xzf(p,Q)l_z%} gsm(j 2L {r [Ef(erQ)JrEf(p)]#
+(@ptg—2m) 20+ 02 (0.0 20 (541
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using the relation e = gsin(fy ) = ¢’ cos(fy) and the Gell-Mann—Nishijima

formula Y = @ — % we find

e

Tsn (@) cos(@) {7’* [Eg(p +4q)+ Eg(p)} (% — 2sin(0w)*Q — %75)

+@ptg—2m) (T = 25n(0w)’Q — Z3) 20+ 'Sl (p,0) |
(5.45)

ing““ =1

If we take the limit dy, — %, this vertex reduces to

ig; T = i ¢ T3 9 sin(6w)?Q — %75) (5.46)

. 0 (
2sin(fy ) cos(Ow) 2
this expression is the same vertex describing the the interaction between an
ordinary fermion and a Z boson in the SM.

The vertex describing the interaction between two unfermions and two Z
bosons is the following

ig2rab;w _ 153S
d 02 (q1)6 2% (q2)0U s (p + @1 + q2)Us (D)

62

o 2 2
4 sin(fy )" cos(Ow)

x{ (2p+ g+ g5 — 2m) (UZ?Q’ +2 sin(@w)4Q2 — sin(@w)203Q — 5 (034 — sin(@w)203Q))

X [77“”2{(297 @+ q2)+2p+q2)"(2p+ 2¢2 + Q1)MZ£(P7 G2, q1) + 2+ @)" (20 + 2q1 + )"

ng(p7 qi1, QQ)i| + V#FJ%ZV(]% q2, QI) + Ffzﬂ(p7 qi1, QQ)}

(5.47)

where the form factor F?Z" is defined as

o3 . . o3
F?Z“(p, 0@, q) = (Z?’ +2 51n(0w)4Q2 — 81n(9w)203Q — Y5 <Z3 — 81n(9w)203Q>>

X ((217 + %)uZ{(Pa @)+ (2p+2q + %)”Z{(p + q1, CI2))
(5.48)

in the same manner we derive the vertex functions for weak gauge bosons
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W, WT. For the vertex UTUW* we have
i3S
SWar(q) UL (p + q)Us (p)

ing““ =

=it 0+ Sw)] +epea—2m o+l
(5.49)

for the vertex UTUWHW" we have the following result
639
SWer(qy)SW (q2)U ¢ (p + a1 + q2)Uy (p)

igj%rabuu —

2

Z.—g{ 2p + g0+ g7 —2m) [{o~, oI 2l (b, 1 + @2) + 0 0t (2p + qo)”
8sin(byy)

X 2p+2q2 + Q1)ME§(Pa G, q1) + 00 (2p+ @) (2p+ 2q1 + CIQ)MZg(pa q1, QQ)}

1—
+ VMchVWV(p, G2, q1) + ’YVF;VW“(Z?, qi, CI2)} 275 (5.50)

where the form factor FJVCVW“ is given by

TYWE = o~ ot 2p+ )" Sl (p, a2) + 0 0 (204242 + 1) S (p+ @a, 1) (5.51)

here o=, T are the lowering and raising operators, receptively, of the the

SU(2) group defined by
_ oy —ioy . 01+ti0;
o =——= 0" =—+-—= 5.52
where oy, o9 are Pauli matrices. Finally, we derive the vertex function de-

scribing the coupling between two unfermion, one photon and one Z boson
UTUZIAY as follows

Z~92Fab;w _ 2533
d 6 Z(q1)0AY (qo)oU ¢ (p + q1 + q2)Uy (p)
2
. e
~ "Lsin(Ow) cos(Ow)

X{ (2p + gr + g5 — 2m) [UWZ{(R @+ q2) + (20 + q2)"(2p + 22 + Q1)“E£<pa 9, )

+(2p + )" (2p + 21 + )" S (p. a1, %)} + T (p g2, 1) + WIT?ZM(]?, ¢ CD)}

X (% — 5 (032 — 2Sin2(0W)Q)> (5.53)
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Uy
Uy

\Y vV’

Uy
Vv’ A%

Figure 5.1: The one loop contribution to polarization functions from charged
fermionic unparticle fields, V" and V' stand for v, Z or W.

Taking a closer look at the structure of the previews vertices, we can give a
general form for the interactions between one gauge boson and two unfermion
as follows,

ig0 = i, {7 (Tu + Ty15) [} (p + ) + SH(p)| + (2p +4 = 2m) (T + Tis)

x (2p + ¢)"S{ (p, Q)} (5.54)

in the same manner we can generalize the expression for the coupling between
two gauge bosons and two unfermion with the general expression

igags M = igagb{ (2p + gr + g5 — 2m) (T1 + Tyys) [77’“}2{(177 G+ ) + (2p + q2)”
X 2p + 2¢5 + @1)PS4(p, g2, 1) + (20 + @1)M (20 + 21 + ¢2)" X5 (p, 41, @2)]

+7"(Ty + Toys)TF" (py g2, 1) + 77 (Th + TQ%)F(}W(]?, ¢, Q2)}
(5.55)

5.2 Polarization functions for unfermion

Now that we have derived Feynman vertices for the interaction between
unparticles and electroweak gauge bosons, we can calculate the unparticle
contribution to the polarization functions I1%°*. Later we will use these
functions to compute the fermionic unparticle contribution to the oblique
parameters. In Fig (5.1), we show a typical diagram of the fermionic unpar-
ticles loops contributions to the self-energy functions I1%°** at the one loop
level, where V' and V' stand for v, Z or W.
The expression for the diagram in the right hand side (a) is given by

o ap [ d° . )
" = —u' D/ (%fD Te (T (p, ¢, p + )SIT™ (p+ ¢, —¢. —p)S(p + )
(5.56)
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For the diagram on the left hand side (b) we have

abyv o [ 4P o pab
" = -’ D/ 2np O @.a.p+ 0S5 W) (5.57)

where I'*(p, q, p+q) is the three point vertex function (5.54), [ (p, q, p+q)
is the four point vertex function (5.55), S(p) is the unfermion propagator in
momentum space and g is the renormalization constant. The complicated
Feynman vertices and the non standard form of the propagator (5.18) do
not allow the application of the usual tensor reduction recipe to compute the
integrals (5.56) and (5.57). However, If we look at the large p region of the
loop integrals, we can affect a Taylor expansion of the functions Zg(p +q)
for small ¢, this is allowed because the beta function of the theory is sensible
only to the UV regime [49]. We begin by writing £/ (p) as follows

S (p) = (m® = (p))*7 M = (=) (p)* = m?)PH (5.58)

(For simplicity, from here on, we will use d to denote the scale dimension
of scalar and fermionic unparticles, instead of dy, 1, ). If we make change of
variable p’ = p + ¢ we get

Si(p) =250 — )
= (12U ((p)? —m® 4 ¢* = 2p - )PP
= (1)WY = m? 4 )Y (5.59)

Applying a Taylor expansion with respect to y we find

(3/2—dp)(1/2-4d) , "2
(p? f_ m2)? (¢"—2q.p")"+ )

(5.60)

3/2—d

p/2 —m2 (q2—2qp/)+

S5 —q) = 250 (1—
from this expansion we get

Sip+q) —Zi(p) = - (Eg(p' —q) — Eg(p’))

— (q2 o 2(]]7/) . (3/2(]9_/2d)(1/22_ d) <q2 o 2(]-]91)2 4.

(5.61)

— m2)

Taking the first order in the expansion coefficient y = ¢ — 2¢.p’, the form
factor X7 (p, ¢) becomes

3/2—d
o+ 0 — m2)i17

S(p,q) = (-1)%* (5.62)
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Using this approximation for Z{ (p, q) we can derive a similar approximation
for Eg(p, ¢, q2) as follows

E{(P; @+ @) — Z{(Z% q1)

P+a+a¢)?—@+aq)

- (—1)3274(3/2 — d) ( 1 B 1 )
P+a+a)?—@+a)? \(p+a+ae¢)?—m?)i=12 ((p+q)?—m2)d-1/2

— (—1)5/%4(3/2 — d) ((p + )2 — m?) 2 — (p? — m?)4=1/2

<<p/ + q2)2 _ <p/>2)((p/ + q2)2 _ m2)d71/2(p/2 _ m2)d71/2
(5.63)

S p, 1, q2) =

where in this case p’ = p + ¢;. now we take a first order approximation for
the expression ((p' + gz)? — m?)4-1/2

((p/ + q2)2 . m2>d—1/2 — (p/2 + qg + 2p/ o — m2)d—1/2

2 / d—1/2
(2 2)d1/2 B2 g
_(p _m) (1+ p/g_mg

2 2 /.
~ (= )12 (1 -1 /2)w)

P2 —m?
(5.64)
plugging the result (5.64) in eq(5.63) we find finally
—1)%274(3/2 — d)(d — 1/2
Eg(p7 Q17(J2) R <2 ) ) ( / )< 2 / )2 d—1/2 (565)
(P +q)* =m?)((p+ @ + @2)* —m?)

Using these approximations we can proceed with the calculation of the loop
integrals represented in Fig (5.1). We note that the second diagram, which
involves interaction of two unfermion with two gauge bosons, does not have
an equivalent in the SM. Eq (5.56) can be written as

[qebw _ 4D / dPp Tr (T(p,q,p+ @) (p + m)T"(p+ ¢, —q¢, —p)(p + 4 + m))
(a) p (2r)D (2 — m2)572-4((p + q)2 — m2)5/2—4

(5.66)
and Eq(5.57) becomes

a 174 — de al v —
e =t | G T (T 0o+ )+ ) (0 =
(5.67)
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Substituting the expressions from eq(5.62) and (5.65) in the previews two
equations we find the following

Hab,u,u _ _Iu4—D de ;w( 1
(a) 2m)P 1" \(p2 — m2)d-1/2((p + q)2 — m?2)5/2—d

1 2 w3
+(p2 _ m2)5/2—d((p + q)Q _ m?)d—1/2 + (p2 _ m2)((p + q)2 _ m2)> + N2 (2 d)
1 1
B (e e A o (R

) + Ny”(g —d)

1 1
=2+ g — )2 G PR+ q)? - mQ)>
Ny (5 —d)? }
(p? =m?)*((p + q)* — m?)?

where

n (5.68)

N = Te (YT} + T5ys) (p +m)y" (T7 + Tys) (p + 4 +m))
=4 (" (m*A—p-qB—p°B) + (2p"p" + ¢"p" + ¢"p") B)  (5.69)
with
A=Tr (T{T) — T313) . B =Tr (T{T) + T9T3) (5.70)

N = (2p + @) Te(y"(T7 + T5s) (p + m) (2p + ¢ — 2m) (1Y + T37%) (p + ¢ +m))
=4 (q“ (Bp2 — C’m2) —pt (2m2 — 2pg — 2p* — q2) B) (2p+q)” (5.71)
with
C = Tr (T{TY + 3T5TY) (5.72)

N§" = (2p+ @) Te((2p + ¢ — 2m)(TY + Ts )" (17 + Ts) (p + 4 + m))
= (2p+q)H4 (q” (Bp2 — Am2) —p¥ (Qm2 — 2pg — 2p* — q2) B) (5.73)

and
NI =Tr((2p+ ¢ — 2m)(T{ + T5ys) (p +m)(2p + ¢ — 2m) (T} + Tays)(p + 4 + m))
x (2p+q)"(2p+q)”

D
=4B <—p2 (8m* —8p-q—3¢*) —p-q(8m* — ¢*) + m* (4m2 — q2§)

+2(p-q)°B+ 4p4B) (2p+ q)"(2p + q)” (5.74)
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with
D = Tr (3T{TY + TyT3) (5.75)
In the same manner substituting the approximated form factor (5.65)
leads to the following expression for the four point polarization function

(5.57)

P 2—d 1
abuv 4—D p 2 ! v
H(b)lu =TH gagb/ (27-(-)D (p2 _ m2)5/2—d {Nl <277ﬂ (p2 _ m2)d—1/2

- 9"Cr-ad-3)  (2p+9)'Cr+a)(d—3) )
((p—q)? =m?)(p* —m?)4=1/2 ((p+ q)* — m?)(p? — m?)?-1/2
» (2p — q)” (2p —q)” » (2p + )"
N G ar o+ )+ (G e
(2p — )"
+(p2 _ m2)d—1/2> } (5.76)
where

N =2Tx((p +m)(p — m)(Ty + T575))
= 8Tr(T1)(p* — m?), (5.77)

Ny =Te((p + m)y* (11 + Tays))
=4Tr(Ty)p" (5.78)

and

N3 = Tr((p +m)v"(Ty + Tays))
= 4Tr(Th)p” (5.79)
where T is the operator corresponding to the four point vertex function de-

fined in eq(5.55). With tensor manipulation of the p terms in the numerators,
we can reduce all integrals in eq(5.68) and (5.76) into ones of the following

form " -
ko) = [ 55 )
(2m)P (p? = m?*)*((p + q)? — m?)”
which is found to be (more details in appendix A)

[<k7&75):%3FQ ({1705+ﬁ_g_kaaaﬂ}a{a—gﬂaa_'_g—i_l}?i)

(5.81)

(5.80)
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where 3 is hypergeometric function that converges for § = % < 1, which
is consistent with experimental data since ¢2, the momentum transfer in elec-
troweak precision experiments, is in the vicinity of M% and we will assume
that m the CBS is superior to Mz. We can express the polarization func-
tions (5.56) and (5.57) in terms of hypergeometric functions like the one in
(5.81). Since our goal is to calculate the oblique parameters and the beta
function of gauge coupling, we concentrate on the physically relevant part of
the polarization functions (5.68,5.76), which is the transverse part, the part
proportional to the metric tensor I1%#(¢?) = in**11%°(¢?) + . ... Hence, the
polarization function expressed by the sum of diagram (a) and (b) in Fig

(5.1) (I1%° = H‘(lb) + H‘(lb)) is the following

() = - 8i (ijj” (m2)?—2{r(2 - g){Fl + (g —d)BF; + (g ~ d)*BFy}
D3 & b_ ( re-3%)

(5.82)

where the superscript a and b denote the SM gauge bosons v, Z, or W and
the functions from Fi to Fj are the following

D 1
F1 :—Bm2|:3F2 ({2——,d—§
D 15
Am? | F. —Zd-=-2—d
+ m|:3 2({3 2a 272 7{

B G- (-3
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D\ [—8m? +3¢* + % D57 16 D7
=1 LR (2,3 =, | —44 2 Fi(3,3——=, =~
3 (‘1‘2){ e 21<, 27274) q F(G)zl(’ 27274):|
4 ,2+3)(1+3%) D57
4
D 0 4
4m? — ¢*= (861 ——2>
B D5 T m D 7T
Fp=————=MN(24—— -, - | " 4—— —L F 4 — —, - —
4 F(4) 2 1( ) 27274> F(6) 2471 (37 27274
['(4) D9 T
—4¢? Fi(44-—= >~ .
q F(8)2 1( ) 27274> (586)
and
D 37 D 15 3] 7
Fy=m?|6-8(d—1/2),F (1,2— =, =, - |+23F (32— =,d— =, - — L=, =
(5.87)

The result (5.82) is not renormalizable. To find the renormalized polarization
function 1% (¢?), we use the M S renormalization scheme. After separating
the divergent and the finite parts, we arrive at the renormalized polarization

function (see appendix A for details)

3
02, (7) = %2 B+ (- dyE) - gWF
3 2
- 1n(51—22) {Z“;gj(ﬂ +F) + g Trmig 7 2m2} (5.88)
where

F! =m2{—2+%7 (d— %) (g—d) WFy (1,1,d+%,;—d,2,2,g,£)
+é72F1 (112%” +m? (g—d) {4—1—%7‘ (d+%> <g—d>
% 4 Fs <1, 1,d+ ; ;,2,3, g i) n %r NZ (1, 1, g %) ] (5.89)
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8m? — L2 5 24 7
Fy = u2F1 (1 2 T) + —)q22F1 (1,3=—,Z)

7724 F(6 2°4
4 7T am? — @2 5 7
— 54+ —73F(1,1,3,2, =, - | )| - —E, (2,2, =, —
F m<+ T3 2(7777274>> F(4) 21(77274)
4 7T I'(4)? 9 7
- 2,3, =, — | —44* F(2,4,= - 5.90
F(6 ( ) 1() 7274> q F<8)2 1(7 7274> ( )

1 1 5 T 1
F} = —6m* + 8m? (d— 5) <1+67 oy (1,1,5,1» —2m2(1—|—67'

1 5) 17 5 T
x (d—§) (§—d)4F3 (1,1,d+2,2 d,2,2 ,5,1)) (5.91)

F4_4Bm2+Am2(3F2({1,d ,g—d} 1, } )+2F1<1,1,2D>

1
2
+B(g_d)2(% (_8m2+; 2) ( . T)—ﬂq2

>3'3) T T(o)
X oF) (1 3, ; Z) + %m ) (5.92)

and

FézB(%—d){%( ({1d ;2 b {1, 2} 4)+2F1(1,1,;,£))
+%<<d+%) (g—d)gFg({1,d+;,g—d},{3,§},£)+22F1<1,2,g,£))

N 6m2} (5.93)

Now that we have found the general expression for the fermionic polariza-
tion function, we can express the polarization functions I17%, I14% II"" and
II"W just by replacing the constants A, B, C' and D and Tr(T}) for each
case. Following the definition of these constants from eqs(5.70,5.72,5.75) and
relaying on the definition of the corresponding generators (deduced from the
vertex functions (5.38,5.42,5.45,5.47,5.49,5.50,5.53) we find the following re-
sults(more detail in appendix B):

65



Chapter 5 — Gauged unparticles

For I177 we have
A=B=q;+q;
D =3(q; + q3)
2

— =2 225
ga_gb_zag - 9

Te(Ty) = ¢2 + ¢ (5.94)
For 1144 we have the following

A =2sin®(0w)(qa — qu + 250> (Ow) (¢ + ¢2))

B =1+ 2sin*(0w)(qa — qu) + 4sin* (0w) (¢ + q3)

D =2+ 6sin*(0w) (qa — ¢u) + 125in* (0w) (2 + ¢3)

Ja = 9o = 4sin(fy ) cos(Oy)’ g = 4sin? (O ) cos? (O )

1

To(Ty) = (04 25in(0) g — ) + Asin'Ou) (a2 aD). (599

For I1"% we get

1 )
A=B— 5(qu —qq — 451n2((9w)(q3 + qﬁ))

3 .
D = ~(qy — qq — 4sin*(Ow) (¢ + ¢3))
e 2 62

P
e

Ja =g = 4sin(By ) cos(Oy)’ g ~ 8sin(fy) cos(fy)
1

Te(Th) = 5(au — 9a), (5.96)
and for TI"'W we have
A=0
B=1
D=2
T =0 = Lsin(Ow) 7 T Ssind(0w)
1

with the computation of the self energy functions to the electroweak gauge
bosons induced by unfermions, we can proceed with the calculation of the

oblique parameters
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5.3 Oblique parameters for unfermions

As we have seen in chapter 2, the oblique parameters are used to represent
the contribution of new physics models to electroweak observable measured
at low energy. In this work, we will use this approach to constrain the
parameters space of the gauged unparticle model described previously. In the
literature there are six independent parameters . The STU parameters were
introduced in the original paper of Peskin and Takachi [18]. In that paper,
the authors made the assumption that the new physics is much heavier than
the masses of the gauge bosons My, My, which allowed them to consider a
linear approximation to calculate the polarization functions IT°. In our case,
the equivalent to the mass of the new states is the CSB scale m. We de not
known at what energy scale the conformal symmetry is broken, but we will
assume m is in the range [100, 1000] Gev. We begin by defining the S and T
parameters in terms of the polarization functions I1* as follows

4522 (Tzz(m%) —Tzz(0) 2 —s2 /
5= ( i~ Sy, (0) - HW(O)> (5.98)
1 /1 0 I1z(0
T== ( Wvg( ) _ ZZQ( )) (5.99)
« muy, my

where the derivatives IT,(¢?) are defined by 1T, (¢*) = dlla(¢?)/dq?. a is the
fine structure constant and s,, = sin(fy ), ¢, = cos(fy ). Using the results
for the polarization functions (5.88) and making the appropriate substitution
from eqs(5.94...5.97)) in (5.98 ) and (5.99 ) we find the expressions for the
oblique parameters to be

m? 23 . "
= —— = dd—2d* + (1 + 252 (qa — it (2o (T g 10 5
Srs2 212 { o Hdd =2 + (1425 (g0 — qu) + 45,,(0; + 43)) (=5 +6d — =-d

2 (§—d> 1+ 352 (qa qu)+63,Z,Equ+qd)>+l <u ><_§ LML

3\2 1+2s2(qa — qu) + 452 (2 + ¢2) m? 4 2

+ (1+2s2(qa — qu) + 455 (2 + q3)) | 43 — 44d + 12d°

L 450 (90 = @) + 254, (40 + 43)) ))%

1+ 252 (qq — qu) + 4524 (2 + ¢3

(5.100)

and
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14252 (qa — qu) + 4y, (42 + ¢3 i
g_ _( w(qd q2)7T w(Qu Qd>> Fl// —|—F2”+1n (%) (Fé/ +inl+F5//)

2 .2 — gy + 252 (g2 2
T (qd Qo t 7f)w<q“ T94) (6115 — 62194 4 5684 + 420d°) + 8(gu — a)
T

x (3/2—d)*(d—1/2) +1n (::1_22) (g2 — qu — 455, (q0 + q3)) (—16 — 33d + 28d°> — 4d3)>

22 (g2 + ¢2) [ 7123 — 4959d + 848> — 1404 2
L Suculda + ) (7123 — 49594 + 843 0d® (1 (=16 — 33d + 28 — 4d?)
247 70 m?

(5.101)

where
F{’z%(d—%)Q (g—d> JFy (1,1,d+%,;,2,2,g,%) i(d+%)

X (g—d) (g—d) Fy (1,1,d+g,;—d,2,3,g,%) +
(2 (23)- 33 (01

(

7 1
Fy11,1,3,2,—, —
+83 2(7 a37 7274))>

3 20/2m?> 1\ 1+4352(q0 — qu) + 654 (g2 + 2 5
F2”:— °_ 4 _m_z__ + sw(qcl Q)+ Sw(qu+q62l)2F1 2’2’_’2
2 3MZ  3) 1+2s2(qa — qu) +4s8,(a2 + q3) 2 4
1 TN 1 9 71 2m?
—(8=1)oF) (2,3, =, L) +—oF (2,4, 2,2 ) - ==
METTE 1(’ ’2’4)+352 1(’ ’2’4) 3M3
1+ 352 (g4 — qu) + 654(62 + 3) 1 1B, 4, > T
2 w( T 22 oe (12 ) (5103
and

1 1 5 17 57'1 57'1
F! == - = - — K1 - =—d,2, =, — Fi(l1,2 -, —
3 6((d 2) (2 d>3 2( >d+ 2a2 d7 72a 4)+2 1(7 a274))

3 i m’ 7 5 T 6 7T m m?

°_ 4 g Ty (12,2 ) 2 (13 L ) 4
+(2 )(( M%+4>21(”2’4) 521(”2’4>+M%)
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and

m? 2 1 5 37 5 T
9 2 ((a+2)(2-d)sm(1,d — 4,320
M%+F(5) ("‘2)(2 )3 2(7 +2a2 772a4)
57’1
201 (1,2, =, —
+2 1(77274)>)
and

942 — gy + 25242 + 2 15 3
= Sw(qu G + Sw(autqd))Q <3F2 <1,d__,_—d,1,_,ﬁ)
+28w(qcl_qu)+4sw(qu+qd) 22 2 4

3 T
+oF (1,1,5,2) —2) (5.106)

M2
where 7 = —%

5.3.1 Phenomenology

To find the region of parameter space of fermionic unparticle that is compati-
ble with experimental limits, we must compare the unparticle contribution to
the oblique parameters S and T to their experimental values deduced from
electroweak precision measurements. Taking into account the discovery of
the Higgs boson with mass m;, = 125.18 4 0.16, the fitted values of S and T,
as reported in ref [20], are the followings

AS = S— Sgy =0.05+0.11
AT = T —Tsy =0.09+0.13 (5.107)

To illustrate the bounds on unparticles parameters from electroweak precision
tests we present in Fig. 5.2 and Fig. 5.3 contour plots in the plane of (d, m) in
the regions 1,5 < d < 2.5 and 100 < m < 1100 for S and 100 < m < 250 for
T'. In this study, we have chosen the values ¢, = —1, g4 = 0 for the charges
of the upper and lower components, respectively, of the unparticle multiplet.
In Fig. 5.2 contour plots for experimental upper and lower bounds S = 0.11
and S = —0.11 are depicted for two choices of the renormalization scale .
For ;1 = Mz/2, the solid line in the right hand side represents S = 0.11 and
the solid line in the left hand side represents S = —0.11. For u = 2Mj,
the dashed line in the right represents S = 0.11 and the dashed line in the
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left represents S = —0.11. As can bee seen from this figure, for values of
scale dimension d < 1,7, there is practically no constraints on the values
of conformal breaking scale m, but for values of d > 1.7 m is restricted to
m < 200 Gev. The allowed region in the parameters space (d, m) becomes
narrower as d increases. For y = 2M the scale dimension d must be inferior
to 1.7 to satisfies the experimental bounds. Fig. 5.3 shows contour plots

1100 l
1000 [,
900 f
800 [
700 ¢
600
500 f
400 f
300
200 f
100

1.5 2 25
d

m (Gev)

Figure 5.2: contour plots in the plane (d,m) for S = 0.11 on the right hand
side and S = —0.11 on the left hand side, solid lines are contour plots for
i = 2Mz and dashed lines are contour plots for u = My /2.

for the upper and lower experimental limits 7" = 0.13(the upper solid and
dashed lines) and 7' = —0.13(the lower solid and dashed lines). The solid
plots represent T for the renormalization scale value y = My and the dashed
plots represent T' for u = 2My. The region between the two solid lines
and the two dashed lines is consistent with measurements for the chosen
renormalization scale value. It is clear from this figure that the oblique
parameter 1" imposes a strong constraint on the allowed region of parameter
space. For u = 2M, values of the conformal breaking scale m > 200 are
excluded in the range 1.5 < d < 2.5. For u = M, the allowed region is even
smaller. The allowed values of the scale dimension d shrinks to the range
1.5 <d < 1.7and m < 110.
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250
200
.
%\ N
o BN
= N\
AN
150 f
NS
AN
AS
N ~
100 .
1.5 2 2.5
d

Figure 5.3: contour plots in the plane (d,m) for 7" = 0, 13 represented by the
upper solid and dashed lines and 7" = —0, 13 represented by the lower solid
and dashed lines, solid lines are contour plots for 4 = M, and dashed lines
are for p = 2Mjy.

Fig. 5.2 and Fig. 5.3 are based on the bounds expressed by Eq. (5.107),
in which S and T are taken as independent parameters. In reality, there is a
correlation between these two observables expressed by the correlation coeffi-
cient p = 0.9 [20]. Fig. 5.4 shows scatter plots in the (d, m) plane compatible
with 1o experimental bounds of electroweak precision data, in which the cor-
relation coefficient p is taken into account. The blue dots represent scatter
points for the renormalization scale value 2M . The red point represents the
allowed region for ;4 = M. From this figure, we see that the allowed region
is highly sensitive to the value of the renormalization scale in the chosen
range. The IR cut-off scale m is constrained to the interval 100 < m < 200,
but the scale dimension can take value up to 2.34 for p = 2M,. In general,
the combined fitted results of S and 7', expressed by Fig. 5.4, are compatible
with the restrictions imposed by the oblique parameter T (Fig. 5.3) except
that the allowed region gets smaller in the edges, when d approaches 2.4 and
the conformal breaking scale m approaches 200.
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200

190 F N,

180 |

170 .
=160 f v
S 150 | g
€140t N

130 *

120

110 *
0 ..
100 " " " " A YN

Figure 5.4: scatter plot in the plane (d, m) which show the region in param-
eters space compatible with the 1o experimental bound.

5.4 Oblique parameters for scalar unparticles

Following similar steps as in the fermionic unparticle case, in this section we
compute the scalar unparticle contribution to oblique parameters, then we
use the results to find bounds on the parameters space of the scalar unparticle
sector.

the couplings between SM gauge bosons and scalar unparticle are ex-
pressed by the vertex functions given in eqs(5.11,5.13). The scalar unparticle
contribution to the polarization functions I1% is depicted in Fig (5.5). The
right hand side diagram (a) is

abuv — dD a
mes = D/#Tr (T“(p,q.p+ @) S(P)L™(p + ¢, —¢, —p)S(p + q))

(5.108)
and diagram (b) is
e — oo [P gy (T (p, q, —q)S(p)) (5.109)
s(b) K (27T)D p,q,—q p .
where S(p) is the scalar propagator given by
Ald) ’ (5.110)

S(p) = 2sin(wd) (m? — p? — ie)2—4

The structure of Feynman vertices I'*, T'®* and the propagator S(p)
makes the calculation of the integrals (5.108,5.109) complicated. To deal with
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Us
PR %
/ N us
|\ /’ I
\\ // / \
\ /
S
U
Vv’ Vv

Figure 5.5: The one loop contribution to polarization functions from charged
scalar unparticle fields, V' and V' stand for v, Z or W.

this problem, we use a Taylor expansion of the vertices (5.11,5.13), as we did
for the unfermion case. For the form factors 35 and %3 (Eqs(5.14,5.15)) we
get the following results

2 —d
((p+¢q)? —m?)a

Zip,q) ~ (=1)*™ (5.111)

(2—d)(1—d)

Gratar-myprar-m oM

E;(z)u q1, QQ) ~ (_1)27d

the asymptotic forms for the vertices (5.11) and (5.13) are the following

2sin(md) 2—d

T (p, q, ~ g, T2 (2 #(—1)2"1 5.113
(p, ¢, p+q) =g Ad) (2p+q)*(-1) (= mo)i ( )
_ . 5 2s8in(7d) _ 2—d
2Fab,u1/ ~ 2 _1\2—d uv frpa Tb
tg (p7 qi, QZ) tg A(d) ( ) ((p +q + q2)2 - m?)d—l (77 { ’ }

(1—=d)(2p+ q2)"(2p + 2q2 + q1)*

’ + TaTb
(p+ q2)* —m?
+ TbTa (1 — d)(zp + ql)“(2p + 2q1 + Q2)V>
(p+q)? — m?

Using these approximations, the first diagram (a) is

d’p  (2p+ @ (2p+q)

(2m)P (p* —m?)((p + ¢)* — m?)
(5.114)

e = 1P gagy Tr (T°T") (2 — d)’ /

and the second diagram is the following
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e = —p* Py, T (T°TY) (2 — d) / @y 1
s(b) (27T>D p2 — m2
(2p — )" (2p — )" (2p + @)"(2p + q)”
x (20" + (1 —d +(1—d
(20 + (1= 0) TR e Ul e e e )
(5.115)
Thus, we have
abuv abuv abuv 4-D arb d"p —2n"
I = Hs(a) + Hs(b) =K <2 o d)gagb Tr (T T ) (27T)D p2 —m? o (1 o d)
(2p — )" (2p — )" N (2p + 9" (2p + q)” (5.116)
(p—q? —m?)(P* —m?)  (p> —m?)((p+q)* —m?) '

To perform the loop integrals in (5.116), we proceed in the same manner
as we did in the fermionic case explained before. Here we just give the final
result which is the following

oy (2= d)gagy Tt (T°T") m* u? 2
9" =4 5 " 1+ In " +dg(r) —d(1+1n g Vf(T)
(5.117
where
-
=1-—=
flr)=1-1
T 5 71 ['(3)? 7T
= —— R (1,1, - 2 Fy(1,1,3,2,—,
g(T) F(4)2 1(772a4)+7— F(6)3 2(77a7274>
with 7 = 73722 Now, to find the polarization functions II"7,--- we must

replace gq, g, and T% T° defined by eqs(5.38...5.53) in section (5.2) in
eq(5.117). Finnaly, the scalar unparticle contribution to the oblique param-
eters S and T are the following

s2.c2d(2 — d) [ 5 +4s5(qz + 47) + 257 (9a — qu)
2s2.¢2

1 1 5 T1 F(3)2 7 1 ,UQ
— (11,20 2 m (11,325 ) —m( L )
X( 6+F(4)“< 24)+71F(6)“ 21 ) M2

1
c2, — 52,500 — qu) — 250, (dz + q3) 1H(M2) N qi;qﬁ IH(M_Q)}
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and

2-d)(1+d) m’ 1w 3 4.2 2 2
T=fea g \Te) )\~ 2ulet @) - sula —a)
(5.119)

5.4.1 Phenomenology

In order to find the region of parameters space of the scalar unparticle model
compatible with experiments, we should compare the contribution of scalar
unparticle to the oblique parameters S and T to their experimental limits
expressed by equation (5.107). In this phenomenological study, we focus on

1000
900
800
700 |
600
500
400 | ’
300 | !

200 } !

%% 17 1(;8 1.9 2

Figure 5.6: scatter plot in the plane (d, m) which shows the region in param-
eters space compatible with the 1o experimental bound.

the scatter plot Fig (5.6) which expresses the 1o electroweak bound from both
S and T, taking into account the correlation between the two observables.
The red dots represent the scatter plot for the renormalization scale value
i = Mz. The yellow dots represent scatter points for p = 2M5. From
this figure, we see that there is no constraint on the value of the CBS m
toward the decoupling limit d — 2. For u = My there is a thin region in
the parameters space which is compatible with experimental bounds in the
range 1 < d < 1.8, between 1.8 < d < 2 the constraints on m become more
relaxed and it can takes values up to 300 Gev when d — 2.

For pn = 2M 4, we note from the figure that the range 1 < d < 1.65 lie outside
the experimental bound, but as d approach d = 1.9, the compatible region
becomes larger.
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In conclusion, we have shown, in this study, that the oblique parameters
impose a strong constraint on the CBS(m) value. Generally speaking, this
value must be inferior to 200 Gev to be compatible with electroweak precision
measurements. We note that constraints imposed by the OP on the value of
the scale dimension d of scalar unparticles are stronger then that off fermionic
unparticle. m is a parameter that represent a cut-off under which unparticle
degree of freedom disappear. an upper limit of 200 means that the breaking
of scale invariance must take place in the energy range inferior to 200 in order
to be compatible with experiments. For scalar unparticles this constraints
becomes more relaxed as we increase the value of scale dimension d. In
the next section, we give remarks concerning unparticle phenomenology in
general and its relation to our work with oblique parameters.

5.5 Comments on unparticle phenomenology

A lot of phenomenological studies prove that unparticles can decay, just
like normal particles. They can be regarded as a sum over several particle
propagators, where the particles have a continuously distributed mass and
a width related to the imaginary part of the loop correction as required
by unitarity. Scalar unparticles with these interactions can be produced
at colliders through gluon-gluon fusion, in the subprocesses gg — U,gg9 —
gU.The unparticle can decay through the processes U — gg and U — 77,
leading to multijet events, or events with two photons plus jets.For the scale
dimension d = 1.1 and d = 1.4 [50]. For larger values of the scale breaking
m the decays are almost all prompt. For small m, more unparticles with a
long lifetime can be produced, and we get a large number of monojets. This
provides a new type of signal of unparticles. Note that if the unparticle is a
singlet under SM gauge group transformations, there is a limited number of
ways that the unparticles can couple to SM particles [51] . Another scenario
is when the unparticles have electroweak quantum numbers. For example
unquarks can decay into ordinary quarks and will have a resemblance to
a 4th family. It is very important to mention that unparticles can decay
even if they are singlets under SM gauge group transformationss (they do
not carry SM quantum numbers) [52]. If we consider unparticles as a 4th
generation quarks, the collider bounds on masses, precision observables and
the renormalization flow of coupling are equivalent to imposing constraints
on gauged unparticles parameters which depend on the process and type
of unparticles (scalar, vector, spinor or tensor) under consideration. The
analysis of electroweak precision tests imposes severe bounds on the involved
parameter space, particularly the quark mixing between the third and 4th
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family and the possible mass differences within the new quark and lepton
doublets Constraints on the masses of the 4th family fermions are obtained
from their contributions to the electroweak correction parameters S and T.
The CCollaboration put a lower bound on the mass of 4th generation up-type
quark of about 450 GeV and exclude 4th generation down-type quark in the
mass region 255 — 361GeV at 95% C.L [53].

To see the effect of the experimental results on the unparticles parameters
space when decaying or interacting with SM particles let us consider the work
of ref.[54] where it was shown that the scalar and spinor colored unparticle
loop contributions have an important impact on Higgs phenomenology at the
LHC and can explain the excess in h — 7 observed by ATLAS experiment.
In fact in the scalar case, an enhancement in the Higgs diphoton decay rate
requires a negative coupling AhU, and a large electrical charge to restore the
naturalness and vacuum stability, while in the spinor case an enhancement
can be obtained by either negative or positive coupling to the Higgs boson
depending on the scale dimension d; due to the flipping of the sign of the
spin-1/2 contributions. In both cases, a significant enhancement of h — ~+
selects a very special region of the unparticle parameters. The present data
of ATLAS in diphoton decay rate of SM-like Higgs boson around 125GeV
serve to constrain the unparticle parameter model. Concerning the uncol-
ored unparticles, both scalar and tensorial interactions to SM fields can lead
to sizable observable effects in the invariant mass distributions of dilepton
pairs at hadron colliders in the large invariant mass region [55, 56]. energy
from the unparticle at hadronic collisions are explored. The complex phase
in the unparticle propagator that can give rise to interesting interference
effects between an unparticle exchange diagram and the standard model am-
plitudes are found sensitively depending not only on the scale dimension but
also on the spin of the unparticle. Furthermore the possible effects of unpar-
ticules through photon-photon scattering, rare annihilation type B decays,
top quark rare decays and comparaison with experimental data put severe
constraints on the unparticles parameter space. As a concrete exemple for
the triangle exchange of fermionic unparticles to saturate the upper bound of
the electron, muon and neutron electromagnetic dipole moments, one has to
have Ay = 1TeV (Energy scale at which unparticles emerge), m = 200GeV/,
d € [1.5,2], [57]. In the electroweak gauge boson W scattering and since
the vector unparticles propagator dependes on the scale dimension d mea-
suring the angular distribution of the W boson, one can determine the scale
dimension d. For the scalar signal at the LHC [58], A detailed study of
certain processes within the unparticles scenario pp — 4v ... pp — 2v2g
coopp = 2921, pp — de ... pp — 4 ... pp — 2e2u at /s = 14TeV is
carried out. Using basic selection cuts and analyse various distributions to
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discriminate the signals over the SM background. Using the experimental
values, limits on the uncolored scalar unparticles parameters d and Ay are
set. The bound on Ay can get as large as 1TeV for small d values, but it is
smaller for larger values. Finally, we conclude that. the unparticles (gauged
or ungauged) decays and interactions with the SM particles are very impor-
tant and lead to sizeable effects. Imposing the collider and/or electroweak
precision data tests which are in general complementary will affect more the
parameter space region like (Ay, d) ete. .. depending on the type of unparti-
cles (scalars, vectors. . ..) and the process under consideration. In the present
case if we consider the unparticles effect like the one of the 4th generation of
quarks, we believe that the collider bounds on the 4th generation of fermions
will impose stringent constraints on the other gauged fermionic unparticles

parameters like the unparticle SM charge @)y and Yukawa coupling Ay, and
Ay.

5.6 Effects of unparticle on gauge coupling

In this section, we study the effects of scalar unparticle on the running of the
SM gauge couplings and the unification scale. For this purpose, we consider
unparticle contribution, at the one loop level, to the beta function of the SM
gauge groups U(1)y, SU(2) and SU(3).. In previews works, the authors of
[59],[60] have only considered unparticles defined in the r representation of
the color group SU(3)., but neutrals under the weak and hypercharge groups
SU(2) and U(1)y. In our work, we take unparticles charged under all three
gauge groups and compute their contribution to the beta function. Then,
we search for the unification scale by scanning the parameter space of scalar
unparticles which consist of the scale dimension d, and the number of species
ns. We have found that the unification of the three gauge couplings takes
place for a large number of unparticle species, ngy = 9, for the scale dimension
value d = 1.5 and the corresponding unification scale is My = 10'2 | which is
orders of magnitude lower than the grand unification scale (GUS) achieved
using supersymmetric particles [61]. We note that in our work, we did not
use a canonical normalization for the hyper-charge group coupling ¢ as is
usualy done in grand unification models [62].

5.6.1 The beta function

The coupling constants are defined as effective values at some energy scale.
This is a characteristic of QFT discovered by Wilson, Polchenski and others.
Dynamical constants such as mass, coupling strength are constants in a par-
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ticular energy range but change value when we go from low energy to high
energy. these variations are governed by the renormalization group equation
(RGE). For our purpose, we focus on RGE for gauge coupling. The one loop
RGE for the SM is given by

dg b;

:—3: i i .:1...N 5-120
i = 1% Bi(gs), i (5.120)

where N is the number of gauge coupling in the theory. u is the energy scale
at which g; is evaluated and f; is the beta function for the gauge coupling g;.
In the SM, the gauge couplings are gg, g and ¢’ corresponding to the gauge
groups SU(3)., SU(2) and U(1)y respectively. The constants b; encode the
contribution, at one loop level, of virtual particles to self energy diagrams
of the SM gauge particles. Any contribution from new physics, in the form
of extra degree of freedom circulating in the loops, can be added to the
constants b;. Here, we consider the contribution of scalar unparticles and in
this case, b; can be written as

by = bPM + b (5.121)

where b7 is the contribution of the SM particles given by

by =T
19
=%
41
= 122
)= (5.122)

and BY is the contribution of the unparticle sector. In section (5.4) we already
calculated scalar unparticle contribution to the polarization functions of the
SM gauge bosons. That result will be used to compute the unparticle beta
function for each SM gauge coupling.

The beta function £ is related to the polarization functions of SM gauge
bosons via the counter terms d3 used to eliminate the divergent part of these
functions. we can write 3 as follows

p= 9#% (gég) (5.123)

Since 03 is proportional to the divergent part of the polarization functions
1%’ here we give its expression in the scalar unparticle case extracted from
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equation (5.116)

11, = P20 2 ) BT (1T 2 —
(47)%

xngl—n<1+dlim<1—$;a1—@)gA> (5.124)

in this equation we added the number of unparticle species ng. The next step

is to rewrite eq (5.124) to be proportional to I'(e) = I'(2 — £). Using the
identity
D, Tr2-%
r1-2)= (—D2)
9 1-D

and a Taylor expansion to the first order in €, we find the expression for d3

GaGb L _9 armb 1
03 = d(2 —d) Te(T*T ——ny 5.125

3 ((47T)2(m )z d( ) Tr( ) 3" ( )
substituting in eq(5.123), we find the one loop beta function for scalar un-

particle
1

3

= ——¢°d(2 —d)C(r)ns 5.126

8(0) = g0 d2 — CIn (5.126)

where C(r) = Tr(T “Tb) is the quadratic Casimir operator for the repre-

sentation r of the gauge group. From the last equation, we can write the
unparticle contribution to the running coupling, ¥, as follows

ﬁfziégg%uz—wmcoﬁns (5.127)
To calculate the unparticle contribution to the running of gauge coupling, we
need to add b to the coefficients b; of the SM. However, since unparticle fields
have not been detected at low energy experiments, scale invariance must be
broken at some energy scale m. So, unparticle fields do not contribute at
low energy to the beta function. To take this fact into account, we divide
the energy range from low energy scale, at which current experiments are
conducted, to the grand unification scale, in two ranges. In the energy range
from My up to m only the SM particles contribute to the beta function. From
m, at which the unparticle sector appears, to Mgy we consider the effects of
unparticle loops. The next step is to scan the parameters space of unparticles
namely, the scale dimension d and the number of species ng, to find a set
of values for which the unification of gauge couplings is possible. We found
that for a number of generations n, = 9 and scale dimension d = 1.5, the
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unification of all three SM coupling is achieved at the energy scale Mgyr =
10'2. Results are depicted in Fig (5.7). It is notable that this unification
scale value is orders of magnitude lower than the value Mgyt susy = 1016
achieved using supersymmetric models.

60
55 |
50 |
45}
q|40>
235 F

30
25 |
20 |
15

10 12 14 16 18 20

log (k)
Figure 5.7: Unification of gauge coupling as a function of the energy scale
. The red line represent hyper-charge coupling, blue line represent the

weak coupling and the yellow line represent strong coupling. The three lines
intersect at Meyr = 10'2 for ngy =9 and d = 1.5.
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Chapter 6

Muon Anomalous Magnetic
Moment in the Left-Right
Symmetric Model

The work presented in this chapter represents an original contribution to the
international conference of theoretical physics held in Constantine in October
2013. In this work we calculate the contribution of the left right symmet-
ric model (LRSM) to the the muon anomalous magnetic moment (AMM).
Specifically the effects of virtual loops of extra gauge bosons associated with
the model. We found that for the chosen parameters values the AMM re-
duces from 2,60 to 2.50 which is small but not negligible. The deviation
between the SM predictions for the muon AMM and experimental results,
which persisted during the years, represents a strong hint for physics beyond
the SM. Recently this discrepancy has received a further confirmation by the
muon g-2 experiment at Fermi lab . The current value of the deviation sits
at 4.2¢0 which is not high enough to declare a discovery, a 5o is necessary for
particle physics experiments. However, this new results prompted the search
for new physics solutions.

Our work is based on the minimal left right symmetric model. This model
has been proposed in the 1970s by Salam and pat [63] and later on by Mo-
habatra [64]. The original motivation for this model is to treat left handed
fermions and their right handed counterparts on an equal footing. This is
done by adding an additianal gauge group for right handed particles SU(2)g.
So the electroweak group becomes SU(2);, x SU(2)g x U(1)p_r. Where here
B — L is the difference between baryons and lepton number. Mohabatra also
proposed in [65] to restore parity symmetry at high energies, using sponta-
neous symmetry breaking as a mechanism, to explain the violation of left
right symmetry at the electroweak scale. The symmetry breaking in this
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model takes place in two stages. In the first stage a right handed scalar
triplet Ag break the left right symmetry down to SM symmetry

SU(2)L XSU(Q)RXU(l)B,L%SU<2>LXU(1)y (61)

In the second stage the familiar symmetry breaking via, in this case, a bidou-
blet scalar field ® looks like

SU(Q)L X U(l)y — U(l)em (62)

A left triplet Ay is introduced to maintain parity symmetry into the theory.
The three scalars are the following

AT /\/§ AT ) (q)O CI)+>
App=["LR LE ) =1 ~1 6.3
( Ay —ATRIV2 o, o (6.3)

for each generator of the SU(2)gr we associate a gauge boson which are
Wh W2 W3 plus a vector field V# associated with Up_; gauge group. The
symmetry breaking induced by the vev of the Ag give masses to right gauge
bosons but kepp left bosons Wy, Z; massless. If we perform a rotation in the
internal isospin space of the group SU(2)g x U(1)p_1 we will get the neutral
gauge boson Zg as follows

(%) - (7 ) (V) o

where ¢ is defined by

gr 9B-L
) = sinle) = e
9r + 981 9r +9B-1

where g is the coupling constant of the SU(2)g group and gp_y, is the cou-
pling constant of the U(1)p_y, group. The masses for right gauge bosons Wg
and Zg can be extracted from the kinetic term of the Higgs sector associated
with A R

cos sin( (6.5)

2 V2 3 V2
Tv |D*Agl* = gRTRWﬁ WE + 5 (05 = 95-2V") (92WE’ — g5-LV")

27,2 2
95V, _ V

R2 BWE—Wh' + 7RZ§Z§ (6.6)
by the end of the first stage of SB, we end up with two charged right gauge
bosons ng, one right neutral gauge boson Zg, two neutral scalars HY, two
pseudo scalars ¢?, two singlet charged Higgs scalars H;" and two doubly
charged scalars H;"*, where i = 1 or 2. For more detailed study of the left

right symmetric model see the review [66].
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6.1 Calculation of the AMM in the LRSM

In our work, we use the LRSM to explain the anomalous magnetic moment
of the muon (AMM). The study of AMM represents a very sensitive test of
the SM at the quantum loop level and permits the investigation of physics

that lie beyond it. The magnetic moment is defined as p = g(2i)s, where
m

g is the gyromagnetic ratio, s is the spin of the particle. The deviation of
the magnetic moment from the value of the point-like Dirac particle (g = 2)
is induced by the interactions of leptons with virtual particles which couple
to electromagnetic field. Whereas, the electron anomaly provides the most
precise measurement of the fine structure constant, the muon anomaly is more
sensitive to virtual gauge bosons(because the muon mass is much larger than
the electron mass). In this work, we consider all possible contributions from
extra gauge bosons at the one loop level. Our purpose is to get a better
interpretation of the experimental results of the muon anomaly.

6.1.1 Values of q, in the SM

The muon anomaly in the SM is the summation of three contributions

SM __ _QED Weak Had
a,” =a:"" +a, " +a, (6.7)

These contributions have been determined precisely in previews works. The
QED contribution is the dominant one, and it has been calculated up to the
fourth order a*. The weak contribution has been calculated up to 3 loop
level and it has not changed much in the last years. We present below the
best results of the muon anomaly calculation in the SM [67]

a?"P = 11658471.958(0.143) x 10~ '° (6.8)
a, " =15.4(0.2) x 107" (6.9)
all* = 697.2(5.9) x 107" (6.10)
The total SM value for a,, is
a?"P = 11659184.56(5.9) x 10~ (6.11)

and the present experimental value for a,, is
a;™ = 11659208.56(6) x 107" (6.12)

thus, the deviation of the experimental value of the anomalous magnetic
moment of the muon from the SM prediction is the following

Aa, =a," —a;™ =23.4(9) x 107" (6.13)

w

84



Chapter 6 — Muon Anomalous Magnetic Moment in the Left-Right
Symmetric Model

6.1.2 Calculation of q,

The LRSM contribution to the muon anomaly is done using one loop cor-
rections from the heavy weak gauge bosons Wx and Zi and the the neutral
scalar and pseudo-scalar from the Higgs sector HﬂQ and ¢f,. In our calcu-
lations we find that the most important contribution to the anomaly come
from the weak gauge bosons Wg, Zr. The contribution of the charged Higgs
is negligible compared to other particles. The finals results are the following
(for more details see appendix E)

2
W o my, 7 my,
R _ Z 14
" Tomsin® (6w) (MWR) g 3+O(<MWR>> (o1

Zn am? 1 — tanQ(OW)(l + tanz(QW))
G = 127r]\;§R sin? (O ) (1 — tan?(fy)) (6.15)
o (@) an’) (m \* e\ (M
“w T 8n sin?(Oy) 1 —tan?(B)) (MWL> Mo " m2
(6.16)
o _ a (14 tan2(3)) [ m, \> [ m ’ MJ%IS
CL/Ij - 87TSiH2(9W> 1 —tan2(5)) (MWML) <M;S) In < mz (617)
0o _ a tan2(8)(1 + tan2(8)) [ m, \> [* x3
ot = 8msin®(fy) 1 —tan®(8)) (MV” /0 " 24 (1—ux) &
v a 2
2 (6.18)
g _ e (1+tan?(3)) [ m, ! 3
o = 8msin?(fy) 1 — tan?(B3)) <MWL> /0 d M?, (6.19)

2 1— 2
2+ ( x)m

where [ is a parameter of the LRSM related to the expectation value for the
bidoublet ®

tan(f) = ==
(@) = ('Bl /32) (6.20)

6.1.3 Numerical results

To calculate the effects of the LRSM spectrum on the AMM we use the fol-
lowing values for the LRSM parameters [68]: My, = Mz, = 1Tev,Mpo =
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My = My = M, = 5Tev, tan(f8) = 10. After summation of all contribu-
tion we get the result
al™ =0.137 x 107" (6.21)

the deviation of the experimental value of AMM of the muon from the SM
prediction is reduced to

Aay, = a,"? — ap™ T = 23.26(0.9) x 1071 (6.22)

so we conclude that the LRSM with the current phenomenological constraints
on its parameters, coming from direct production channels of the heavy weak
bosons, and electroweak precision measurements, allows us to reduce slightly
the deviation of the theoretical prediction of AMM from experiments from
2.60 deviation in the SM to 2.50 in the LRSM.
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Conclusion

Unparticle model, which started as a theoretical curiosity by Georgi and
Co, ended up producing a reach theoretical and phenomenological conse-
quences, ranging from dark matter and black holes to superconductivity. In
this thesis we focused on construction of unparticle model charged under the
electroweak standard model group SU(2) x U(1). We were able to derive
vertex functions describing the interaction between the unparticle sector and
the SM gauge bosons v, W and Z, and derive their asymptotic forms in the
large momentum limit, which dominates in loop integrals. Then we used
these vertices to calculate the polarization function of v, W and Z, with
scalar and fermionic unparticle fields circulating in the loops. The results
of polarization functions allowed us to compute the oblique parameters S
and T in the scalar and fermionic cases. Then we used these results to find
the region of parameter space, namely scale dimension d and the conformal
breaking scale m, compatible with electroweak precision measurements. The
results suggest that the CBS m must be inferior to 200 Gewv, in the case of

: . : Mz
unfermion, for a renormalization scale value ranging from —= to 2M . for

scalar unparticles the allowed CBS values must be inferior to 350 Gev for
the same renormalization scale interval, which enlarge the conformal window
for unparticles assuming that the unparticle scale is Ayy ~ 1Tev. These re-
sults implies that unparticles effects should be detectable in the energy range
m < 200 Gev < E < Ay for unfermion and m < 350 Gev < E < Ay for
scalar unparticles.

In the course of this thesis we also used polarization functions to estimate
the effects on the running of gauge coupling induce by virtual unparticle
fields with spin 0. Contrary to other works in the literature, in this case
we considered unparticle fields that are charged under all three SM gauge
groups SU(3)¢, SU(2)r, and U(1)y. We found that the unification between
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the three gauge coupling gs,g and ¢’ requires a large number of unparticle
species ng = 9 for the scale dimension value d = 1.5. The unification scale
attained through unparticle contribution is Mgy = 10'? which is orders of
magnitude lower then the value reached using supersymmetric models.
In the last part of this thesis we presented a computation of the muon anoma-
lous magnetic moment of the muon, at the one loop level, based on the left
right symmetric model. We found that the contribution of the extras gauge
bosons and the Higgs sector decreases the discrepancy between the SM pre-
diction and experimental results from 2.60 deviation to 2.50 which is small
but non negligible contribution

In future works we hope to use the Ads/CFT correspondence, mentioned
briefly in chapter 4, to achieve a deeper understanding of unparticle physics.
For example unparticle hadronization process which is related to strong cou-
pling conformal field theory. In addition to that we aim to construct a gauged
model for vector and tensor unparticle which is absent in the literature.
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Appendix A

Loop Integrals

There is multiple ways to perform loop integrals, in our work, we use Feyn-
man parametrization and dimensional regularization. The general form of
Feynman parametrization is the following

1 n a;—1 n

i1 ) I, dwizi" 5
H A% Hz 1 F<al) 0 (Z?:l Alxl) i=1 ;

where A; are arbitrary complex numbers, in our case the denominator of the

propagators inside the loops. I' is the gamma function defined by the integral

I(z) = / el dt (A.2)
0
['(z) satisfies the following proprieties

[(z+1) = 2I'(2)
I'(n+1) =n! (A.3)

the gamma function admits poles for negative integer values z = 0, —1, -2, .. ..
In the vicinity of the pole z = m we have the following approximation

I'(z) = (V"1 + (_1)mw(m +1)+0(m+ 2) (A4)

m! m+z m)!

where 1 is the logarithmic derivative of I’

0(z) = - In(I(2) (A5)
which have the following proprieties
(1) = —y
V(z+1)=9Y(2) + % (A.6)
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where v = 0.5772156649 . .. is the Euler constant. From eq(A.4), we conclude
that for e = 0

D) = - + (1) +O(9)

I'(—n+e€) = ﬂ (% +y(n+1)+ 1) (A.7)

n!
with the help of these proprieties of the gamma function we can perform loop

integrals and separate the divergent and finite parts. Other useful formulas
are the Euler function, B(«, ) defined as

! I(a+1)I(B+1)
B = [ dxa®(1—2)’ = A8

@.8) = [ dran( -y = SE (A5)

and the generalized hypergeometric functions o F},3F5,4F5 defined as

[T (ai)n 2
er1Fy(ar, . age1; by, by 2) = Z T 1(5‘)n o
q q
tal—l b —a;— 1 — t: aﬁ-ldt
(Hraz b—CLZ)/ /H z ( ZH )

(A.9)
Re(b;)) > Re(a;) >0N1<i<qgAl|arg(l—2z2)| <= (A.10)

where the second equation is the integral representation of the generalized
hypergeometric function, 1 F,. (a;), is the Pochhammer symbol defined as

(@i)n = r(;(_:)n) (A.11)

A.1 Evaluation of the integral I(k,«, ) from
section (5.2)
Next we evaluate the integrals I(k, a, 8) from eq(5.81) section(5.2). All the

loop integrals encountered in the course of this thesis can be reduced to one
of the following form

[ dPp (p*)*
“hmﬁ*i/QMDwﬁwwwmwwﬂ—mWE (A-12)
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We will use dimensional regularization to compute loop integrals. In this
method integrals of the type (A.12) can be calculated by using Feynman
parametrization method relaying on these basic formulas

Pp 1 i1 T2 e
| e = e T

/ dPp P _ i(=)*'DIl(a-n/2-1) (A2)e/2-att
(2m)P (p? — A2)e  (4m)/2 2 ['(a)
dPp prp’ (=) T =n/2=1) o i
| G = Ty AU ()

the result for the integral (A.12) is the following

1 TE+kM(a+8-2 k)

I(k,a,p) = (4 D(e)I(B)I(2)

X 1 dex® (1 —2)"71 (1 - q—Qx(l — ) e (A.14)
J ( )

(mQ) %-&-k—a—ﬁ

m2

2
we will assume 7 = q_2 < 1 which is consistent with experimental data since
m
q* will be in the vicinity of M2 and we will assume that m the CBS is superior
to M. To calculate the integral (A.14) we affect a Taylor expansion for the
2 2
coefficient (1 — q—gx(l — z) 7 TF=2=F with respect to T = q_g The result is

the following

FHk—a—f _ o 1F(1_<%+k_0‘_ﬁ)+j) j G j
(1 —72(1 —x)) —Xgﬁ Ti=(Z+k—a—7) (1 —z)T

(A.15)
substituting eq(A.15) in (A.14) we find
1 PE+RT(a+8-5—k), ,0.p o
I(k ’ — = 2 2 2\5+k—a—8
b 8) = a2 r<a>r<6>r<§> "
1 —|—k—oz—ﬂ)+j) . -
a— 1 ﬁ 1 J _ J+J
X/de:c Z T h—a—3) (1 —x)T
(A.16)

using the definition of the beta function eq(A.8) and the following propriety
of the gamma functions

['(2a) = 227 2T(a)T (o + %) (A.17)
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we arrive at the result

R Pl oy e
2 7 2 ’
A (-5t} 252 24).

3Fy is a Hypergeometric function defined in eq(A.9) which converge for 7 =
2

q_2 < 1. In using Feynman parametrization we made the substitution p = p—

m

q(1 —z) in the denominator of the integrals (5.68,5.76) a similar substitution

must take place for the numerators Eq(5.69-5.74) and Eq(5.77-5.79) as well.

Taking these changes into account we can express the polarization functions

(5.56) and (5.57) in terms of hypergeometric functions like the one in (A.9)

for each integral in (5.68) and (5.76). So the polarization function expressed

by the sum of diagram (a) and (b) in Fig (5.1) (I1* = H‘(’“b) + H?)) is given

M = — 8 (ijb? (m2)€2{r(2 - g){F1 + (g — d)BF, + (% ~ d)’BF, |
D 3 . 92 2 %,QF(Q - %)
+1'(3 - 5)(5 —d) BF5} —4i )2 (m?) ﬁ Tr(Ty) Fs

(A.19)

The result (A.19) is not renormalizable. To find the renormalized polarization
function 11% (¢?), we use the M S renormalization scheme. In this scheme
we replace the spacetime dimension D by 4 — 2¢ in all the terms of (A.19)
that contain D. Then, we extract the terms proportional to I'(e). these
terms diverge when we take the limit ¢ — 0. After that, we make a Taylor
expansion to first order for terms like a® ~ 1 — In(a)e. Then, we isolate the

ones proportional to I'(¢). and we make the substitution
1 2
I'(e) = -7 + O(€”) (A.20)

For terms proportional to hypergeometric functions o} and o F5 we have two
possibilities, either we have terms of the form « 3F5 where « is independent
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from T'(¢), or we have terms of the form I'(¢)3F,. For the first type we find

4 (e,7) (f,J)
1 7\ T(e+ §)(a+ 5)T(b+ j)
>3 (&) T Ter g

L(eT(f) =1 (7\iT(e+)T(a+)Tb+j)
F@W@ﬂﬁ)%}ﬂQﬁ Do+ )T +J)

asFy({€ a,bH{e, f}; i) = aZ% (Z)j (e,) (a,5)(b. )

(A.21)

If we take the limit € — 0 we get I'(¢) — oo, so the sum in eq(A.21) vanishes
and we end up with

lim a3 Fs({e a,b}e, £ ) = a (4.22)

for terms of the form I'(¢)3Fy we have

o L(e)(f) * 1 iP(e+j)la+j)T'(b+j)
(e)sFa({e.a,bHe, [} 7) = T(e) T(a)T(b) ;;(‘> T(e+ /)0(f+7)

(A.23)

taking the limit ¢ — 0 for the second term in eq(A.23) and making the
substituting j = j' + 1 we get the following result

S T
P(e)aFal{e a.bHe. 1} ) =10 + 5 yray

1\ TA+ ) (a+ 1+ )b+ 1+ 5)
XY ( (Z)

D] e+ 1+ /)T + 1477
_F(GHF(e)P(f)F(a NP+ 1) 7 & ( ) T, ) e+ 1) (b + 1,5
- D(@T() Te+ DI(b+1) 4 2= 2,7 (e+1,7)(f +1,7)
F()+a—;4F3<{1,1,a+1 b+ 1}, {2.e+1,f+1}, ) (A.24)

using both eq (A.22) and (A.24) we can renormalize the polarization func-
tion eq(A.19). We will find a sum of terms proportional to I'(e) and terms
independent from I'(¢). We will get rid off the former and keep the rest. The
renormalized expression is given in the main text eq(5.88)

93



Appendix B

Calculation of the constants
A,B,D from chapter (5)

In this appendix we calculate the constants that appear in the calculation of
the polarization function I1"?,I14Z and I1%7. We begin with II"?, in this case

the coupling constants are
e

ga:gb:§

where e is the electromagnetic coupling constant. We have from eqs(5.70-
5.75)

A=Te(T{T — T5TY)
B =Te(T{TY + T3 T3)
D = Tr (31717 + T5T%)

since electromagnetic interaction conserves parity, the coefficient T propor-
tional to 75 is zero. So, we get

A=B="Te(T{TY)
D = 3Tr(T{TY)
for electromagnetic interactions the generator T¢ = T} = @, where Q is the
charge operator given by
_ (@ O
¢ (0 (Jd)

Qu, qa are the charges of the upper and lower components, respectively of the
unparticle multiplet introduced in eq(5.35). So we conclude

A=B=Tr(Q) =q.+a;
D =3(q; + q3)
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In addition to A,B,D we should calculate Tr(77) related to the loop integral
involving two gauge bosons and two unparticles, we find

Tr(T) =Q*=¢ + ¢

B.1 Constants for [144

In this case the coupling constants are

e
~ 4sin(fy) cos(By)

Ja = Gb
the generators of the ZU coupling are the following
a b 03 : 2
=17 = 5 = 2sin” (0w )@
T¢ =T = - =2
2 2 5
so A, B and D are given by

) 2
A= Tr(Tlale — T;sz) ="Tr (2 sin®(Oy) (2 S (0w ) g, = au

0
— 25020y ) (qa — qu + 2500w ) (2 + ¢2))

1 — 4¢in? 2
B =Ta(T7T) + TT)) = Tr ( (<1 Asin (O )q)? + 1

4 0
=1+ QSiHQ(QW)(Qd — qu) + 4sin4(0w)(qg + qﬁ)

— 44in? 2
D = Te(8T{TY + T5TY) = Tr (;1 (<1 A sin’ (6)q.)

0
=2+ 6sin®(0w)(qa — qu) + 12sin* (0w (¢ + ¢3)

and
1

T, = (a§ + 8sin* (O ) Q? — 403Q sin2(8W))

T4
which gives

TI'(Tl) =

N | —
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(1+ 4sin2(9w)qd)2

(14 4sin (0w ) (2 + ¢3) + 25i0°(Ow) (¢4 — qu))

2 sin2(0w)q§ +qq

))

(1 +4sin®(0y)qq)? + 1

)+

1
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Appendix B — Calculation of the constants A,B,D from chapter (5)

B.2 Constants for 147

The coupling constants in this case are the following

€ €

Ja =9 9= 4sin(Oy) cos(Oy)

and the generators for one unparticle one gauge boson interactions are given
by
7'=Q, Ty =0

for yU vertex, and

03

T = % — 2sin”()Q, T§ = —

for yU vertex. So, we get

A =Te(TeT) — TTY) = Te(TPTY)

1

= 5 (0w = aa — 4sin*(Ow) (g5 + ¢2))

and
B =A== (q.—q4—4sin*(Ow) (g2 + q3))

and

3 .
D=34=3 (¢u — qa — 4sin®(Ow) (g2 + q3))

the generator corresponding to Z~yUU interaction is
o3 1 (q. 0
T = _— = —
1=« 2 2 <0 —qd)

1) = 5 (00— )

So, we get
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We calculate the one loop contribution from an unparticle gauged model, based on the
group SU(2) x U(1), to the electroweak oblique parameters S and T'. Using the current
bounds on S and T from electroweak measurements, we find the constraints on the scale
dimension d of the unparticle fermionic fields to be 1.5 < d < 1.7 and the constraints on
the conformal breaking scale m to be 100 < m < 200 Gev. The bounds on m impose a
lower limit on the conformal window of the unparticle fields which means that unparticle
are not detectable below 100 Gev.

Keywords: Unparticles; gauged model; oblique parameters.

PACS Nos.: 12.60.-i, 12.90.+b, 14.80.-]

1. Introduction

The Standard Model (SM) has been so far in excellent agreement with experiment.
However, it fails to explain neutrino oscillations, dark matter, and the origin of
baryon asymmetry in the universe. Moreover, the hierarchy problem indicates that
the SM in its basic version cannot describe physics above the weak scale. These
inconsistencies and shortcomings of the SM prompted the study of physics beyond
the Standard Model (BSM). A particularly interesting model of BSM proposed
about a decade ago is unparticle model,! which describes a scale invariant hidden
sector interacting with SM particles at high energy via messenger particles. These
interactions are organized in an effective field theory in which unparticles are repre-
sented by scale invariant operators. An extension of the unparticle model to include

*Corresponding author.
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operators with quantum numbers was introduced in Ref. 2. For any new physics
model to be valid, it must be consistent with the SM predictions. In this regard,
the electroweak precision tests represent a powerful tool to check the compatibility
of a new model with experimental data. To achieve this goal for the unparticle
model, we consider unparticle fields embodied in the SM electroweak group. These
fields would induce loop effects on the electroweak precision tests, represented as
contributions to the oblique parameters S and 7.3

In Sec. 2, we give a short review of gauged unparticle model and we calculate
its contributions to the oblique parameters S and T'. In Sec. 3, we use the results
of the previous section to study the parameters space of unparticles, and finally a
short summary and conclusion are given.

2. The Model

The purpose of our paper is to calculate the effects of unparticles sector on elec-
troweak observables. For this reason, we must find Feynman vertices describing the
interactions of unparticle fields with the electroweak SM gauge bosons.

The unparticle stuff are described by scale invariant fields with scaling dimen-
sion d. Conformal invariance impose a particular form for the green function of
unparticles. The free propagator of fermionic unparticles in momentum space is:

A(d—1/2) i
2cos(nd) (p— m)So(p) (1)

where ¥o(p) = (m? — p?)3/2=?, p is the momentum, m is the conformal symmetry

AUf(p7/‘l’) =

breaking scale, and A is a normalization factor defined by:

_167%2 T(d+1/2)
Ald) = (2m)2d) T'(d — 1)T'(2d) @)

with 3/2 < d < 5/2. In order to incorporate the unparticle fields to the SM gauge
group, we use the following action:

s = [atedty(U} @Az @ - Wale.lhy

+Ul(@)AL (@ — Y)Wl y)r) (3)

where U, is the left-handed unparticle multiplet, which transform according to
the gauge group SU(2)r,. Ug is the right-handed SU(2), singlet, which transform
according to the hypercharge group U(1)y. To ensure gauge invariance, we have
introduced the Wilson line W(z,y) defined as:

)
Wr(z,y) = Pexp ( / (TW; — ig’YBu)dU“>, (4)

Wr(z,y) = exp ( / —ig'QBy, dU“>, (5)
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where P denotes path ordering in the generators 7' in the unparticle representation.
@ is the charge operator in the same representation. To find the interaction vertices
of unparticles with physical gauge bosons Z, W and v of the SM, we replace W,
B in Egs. (4) and (5) according to the relations:

WL = cos(Ow ) Z* + sin(fw ) AH, (6)
Bt = —Sin(ew)ZM + sin(@W)A“, (7)
WH = (W) +iWs)/V2, WH = (W, —iWs)/V2 (8)

where Oy is the Weinberg mixing angle.

Now, using the same techniques developed by Terning et al., in the context
of nonlocal chiral quark model (see Ref. 4), we derive Feynman vertices for the
coupling of unparticles with one and two gauge bosons as follows

538

oE ) = 'SV (@)U (b + 9)U(p)
= i3 (0 (T + Ti5)(So(p) + Zo(p + 0))
+ 2+ —2m)(To + Tyys) (20 + @) E1(p; 0))- 9)
As a check, we note that this vertex satisfies the Ward-Takahashi identity®
iqu " = A7 (p + ¢, m)T* = T*A™ (p,m). (10)

We will also need the explicit form of the vertex involving two unfermions and two
gauge bosons:
ig"g" T (p, q1, ¢2)
. 539
VeV (a)0U (0 + a1 + a2)oU(p)

Galdb
2

+TOTP(2p" 4 265 + ¢4 (20" + ¢5)D2(p, g2, 1) + TPT(2p" + ¢}

=1

(29 + g0+ g7 = 2m) [{T*, T"} g %1 (p, 1 + a2)

x (2p" + 241 + ¢4)S2(p, a1, 42)] + VT (D, @2, @) + 7T (p, qu, Q2)>- (11)

g and g, denote unparticle coupling with SM gauge bosons, T;, and T}, are operators
defined in the unparticle representation and the form factors are

~ Yo(p+4q) — Zo(p)
1(p.g) = (p+q)?—p?

Y1(pyg1 +q2) — X1(p, 1)
(P+a+a)?—(p+aqi)

(12)

Y2(p,q1,q2) = (13)

and T'%0# i defined as

Do = 7T (2p" + ¢} )21 (p, 2) + TPT(20" + 2¢2 + ¢ )S1 (P + @2 qn)- (14)

2050241-3



H. Taibi & N. Mebarki

Uy
Vv’ |4

Fig. 1. The one loop contribution to polarization functions from charged fermionic unparticle
fields, V and V' stand for v, Z or W.

For the Abelian group U(1), it is sufficient to replace T;, with 1 and T} with 0.
For W and Z we define T, and T} as follows

- +
o o

for W: T, = —,Tp = —, 15

or 5 T = (15)
0'3 O’3

for Z: T, == - 25in?(0)Q, T, = -5 (16)

0~, ot and o3 are Pauli matrices.

Now that we have derived Feynman vertices we can calculate the unparticles
contribution to the oblique parameters S and T'. The explicit expressions of these
parameters are the following

dsicn, (Nzz(m%) —Hz7(0) < —si /
. ( 22( 2)2 zz(0) Z’y(o)_H’Y’Y(O)) (17)

o m7 SawCuw

and

T — l |:HW{/;/(O) . HZZ2(O)

(18)
« my my

., (q?), where a, b stand for v, Z or W, denote the new physics contribution
to the part proportional to the metric g,, of the self-energies functions II"/ (%) =
19, ap(q?) + - - - . The derivatives IT/, (¢) are defined by IT/, (¢*) = dIl.s(q?)/dq>.
« is the fine structure constant and s,, = sin(fy ), ¢, = cos(fw ).

In Fig. 1, we show a typical diagram of the fermionic unparticles loops con-
tributions to the self-energy functions Il,,(¢?) at the one loop level, where V' and
V' stand for v, Z or W. The complicated Feynman vertices (9 and 11) and the
nonstandard form of the propagator (1) do not allow the application of the usual
tensor reduction recipe to compute the integrals corresponding to the diagrams in
Fig. 1. However, if we look at the large p region of the loop integral, as is done in
Refs. 6 and 7, we can affect a Taylor expansion of the function X (p+ ¢) for small gq.

S(p' —q) = 2@) (1 — H((f —2q-p')
+ (3/2<p_/2d_)(;/22)2_ 9 (®—2q-p' )"+ > (19)
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where p’ = p + ¢. Taking the first order in the expansion coefficient y = g — 2¢q - p’
the form factors ¥; and ¥, defined in Egs. (12 and 13), become

(-1)*279(3/2—d)

B (TR e 2
and
L (C1)PP(3/2 — d)(d - 1/2)
Y2(p, a1, q2) ~ (+q1)° —m?)
! e (21)

X
((p+ @1+ q2)* = m?)?=1/2

Using Egs. (20) and (21) in the calculations of the loop integrals contained in
the polarization functions of Egs. (17) and (18), we find the one loop contribution
of unfermions to the oblique parameters S and T as follows

m

2 23
T=———— +4d—2d* + (1 + 25 (qa — qu) + 455 (¢> + ¢
&rs?uc%;M%{ 6 + (14 25,(9a = gu) + 454, (0, + 4a))

2 2 4 (2 2

10 2/(3 1+3 —qy)+6 +
X —z+6d——d2——(——d) S;u(‘]d Gu) SZU(QZ qg)
2 3 3\2 1 28w(Qd - qu) 4Sw(Qu qd)

N2 5 14 2 2 4/ 2 2
+ In ) _Z+7d_4d + (1 +253,(qa — qu) + 45y, (q, + q3))

X (43 a4 1247 + 22ull00 = 9u) + 250,(4, + 41)) )) } (22)

1+ 252 (qq — qu) + 482 (a2 + 2

and

g (1+255(9 (12)7T Sw(lu + 93)) F1+F2+1n(% (Fs + Fs + F5)

+ (6115 — 6219d + 568d* + 420d°)

2 — 52 (qa— qu+ 252 (2 + ¢2)
487 70

80— )32~ 0= 1/ (L) (0 0~ 45306+ )

s2.¢2(q2 + q3)
24w

x (=16 — 33d + 28d* — 4d3)> +

m?2

y (7123 — 4959d + 848d% — 14043
70

2
+1n ( a )(—16 — 33d + 2842 — 4d®)

N——
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with

3
2
Am?2 11 57\ 4m?
—— — — |oF(1,2,=, - | — =——
(3M% 24>2 1(7 7274) 3M%

7T T 7T
F(13 <= F(1,1,3,2,-, - 24
+ (2 l( 7372;4) +83 2( ) 737 7274>)) ( )

3 20(2m> 1\ 14352 (qa — qu) +65L(¢2 +q3) 5 T
F=—(2_4 S = e b 2,2, 5, —
2 3Mz  3)1+2s2(qa — qu) +4s8,(a2 +q3) 2°4

1 7T 1 9 7

— (8 — 7)o Fy (2.3~ — —oF1 2,4, -, —

+30(8 T)2 1( 737274)+352 1(7 72’4)

_ 2m? 1+ 3s2 (g4 — qu) + 655, (42 + Q?z))
3MZ 1+ 252, (qa — qu) + 454 (a2 + 43)

1 13 4 5 T
+ (E +od- §d2>2F1 (1, L3 Z) (25)

and

1 1 5) 17 5 T S5 T
Fs=—((d=2)(2-d)sk(1,d+>,2-d,2,2, )+, (1,22,
3 6(( 2)(2 )3 2(, +272 ) 7274>+2 1(’ 72’4))
3 2 m? T 5

Z_d A4+ — o Fy (1,2, =

(2 )(( M%+4)2 1(7727 )

6 7T m?
S8 m (1,3, LT pal 26
52 1(7 7274)+ M%) ( )

A~

and
3 m2 1 15 3T T
Fh==-—-4d —_— = = Flld+-—-——d2 -, — Fl1l,1 - -
4 (2 )((M% 2)(3 2(, _'_2,2 77274)+2 1(1 7274>)
m? 2 1\ /5 37 5 T
— 92—~ |([d+Z= — —d|sFl1,d+ -, ——d, 3, =, —
M%m)(( +2>(2 ) T ’3’2’4>

+ 2. (1,2, g %))) (27)
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and

252 (4 — Gu + 252 (4% + 2 15 3
1+ 25%,(qa — qu) + 453, (a2 + q3) 22 2°4

3
+2F1 (1717572) _2) (28)

where 7 = MZ/m? and 2 Fy, 3F> and 4F3 are the generalized hypergeometric func-

F;

tions. qu, qq are the electric charges in unit of e of the upper and lower component
of the unparticle doublet Y. pu is the renormalization scale constant. In general, u
takes arbitrary values but since we are working with experimental data extracted
at the LEP experiments, with momentum scale around the Z pole, we choose in
the following study values of y in the range p € [Mz/2,2Myz].

3. Phenomenology

To find the region of parameter space of unparticle that is compatible with ex-
perimental limits, we must compare the unparticle contribution to the oblique
parameters S and 7' to their experimental values deduced from electroweak pre-
cision measurements. Taking into account the discovery of the Higgs boson with
mass my = 125.18 £ 0.16, the fitted values of S and T', as reported in Ref. 8, are

the following
AS =8 —Ssm =0,05£0,11,
(29)
AT =T —Tgy = 0,09+ 0,13.

To illustrate the bounds on unparticles parameters from electroweak precision tests
we present in Figs. 2 and 3 contour plots in the plane of (d,m) in the regions

1100 I
1000
900
800 [
700
600
500
400 |
300
200
100

1.5 2 2.5
d

m (Gev)

Fig. 2. Contour plots in the plane (d, m) for S = 0,11 on the right-hand side and S = —0, 11 on
the left-hand side, solid lines are contour plots for 4 = 2M 7 and dashed lines are contour plots
for pu = Mz/2.
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250
200
~
’q>: N
o A
£ N
A
150
NS
AN
AN
NS
~
100 .
1.5 2 2.5
d

Fig. 3. Contour plots in the plane (d, m) for T' = 0, 13 represented by the upper solid and dashed
lines and T' = —0, 13 represented by the lower solid and dashed lines, solid lines are contour plots
for u = Mz and dashed lines are for p = 2M 5.

1,56 <d<2,5and 100 < m < 1100 for S and 100 < m < 250 for T'. In this study,
we have chosen the values ¢, = —1, g4 = 0 for the charges of the upper and lower
components, respectively, of the unparticle multiplet. In Fig. 2, contour plots for
experimental upper and lower bounds S = 0,11 and S = —0,11 are depicted for
two choices of the renormalization scale p. For p = Mz /2, the solid line in the right-
hand side represents S = 0,11 and the solid line in the left-hand side represents
S = —0,11. For p = 2My, the dashed line in the right represents S = 0,11 and
the dashed line in the left represents S = —0,11. As can bee seen from this figure,
for values of scale dimension d < 1,7, there is practically no constraints on the
values of conformal breaking scale m but for values of d > 1,7 is restricted to
values m < 200 Gev. The allowed region in the parameters space (d, m) becomes
narrower as d increases. For y = 2M 7, the scale dimension d must be inferior to 1,7
to satisfies the experimental bounds. Figure 3 shows contour plots for the upper
and lower experimental limits T = 0,13 (the upper solid and dashed lines) and
T = —0,13 (the lower solid and dashed lines). The solid plots represent T for the
renormalization scale value u = Mz and the dashed plots represent T for yu = 2M .
The region between the two solid lines and the two dashed lines is consistent with
measurements for the chosen renormalization scale value. It is clear from this figure
that the oblique parameter 1" imposes a strong constraint on the allowed region of
parameter space. For y = 2M 7, values of the conformal breaking scale m > 200 are
excluded in the range 1,5 < d < 2,5. For u = My, the allowed region is smaller.
The allowed values of the scale dimension d shrinks to the range 1,5 < d < 1,7 and
m < 110.

Figures 2 and 3 are based on the bounds expressed by Eq. (29) in which S and
T are taken as independent parameters. In reality, there is a correlation between
these two observables expressed by the correlation coefficient p = 0,9.% Figure 4
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200
190 F ™\,
180 } .
170 } \

25160 s X

G 150 .

E 140 | ,
130 } .

120 } ’,
110 } N

100 b— : : e
16 18 2 22 24

Fig. 4. (Color online) Scatter plot in the plane (d,m) wish show the region in parameters space
compatible with the 1o experimental bound.

shows scatter plots in the (d,m) plane compatible with 1o experimental bounds
of electroweak precision data in which the correlation coefficient p is taken into
account. The blue dots represent scatter points for the renormalization scale value
2M . The red point represents the allowed region for 4 = M. From this figure, we
see that the allowed region is highly sensitive to the value of the renormalization
scale in the chosen range. The infrared (IR) cutoff scale m is constrained to the
interval 100 < m < 200 but the scale dimension can take value up to 2.34 for
= 2Mz. In general, the combined fitted results of S and T', expressed by Fig. 4,
are compatible with the restrictions imposed by the oblique parameter T' (Fig. 3)
except that the allowed region gets smaller in the edges when d approaches 2,4 and
the conformal breaking scale m approaches 200.

4. Conclusion

In this work, we have calculated the contribution of a gauged unparticle model,
based on the electroweak group SU(2) x U(1), to the oblique parameters S and 7.
We have used the results of this calculation to construct the region in the parameters
space (d, m) consistent with electroweak precision measurements represented by S
and T'. For different choices of the renormalization scale constant, we have found
that the conformal breaking scale must lie in the interval 100 < m < 200 Gev for
1,5 < d < 2,4 in order to satisfy the experimental bounds. m is an IR cutoff scale
introduced in the propagator (1) to parametrize our ignorance about the details of
how scale invariance of the conformal sector (unparticle) is broken in the IR. The
constraints on m mentioned above suggest that the unparticle physics is relevant
only for experiments that probe energies £ > m =~ 200 Gev. Below this limit,
the unparticle sector become an ordinary particle sector. Thus, the most promising
probes of the unparticle effects must come from high-energy physics.
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It is worth to mention that the unparticles can decay, just like normal parti-
cles. They can be regarded as a sum over several particle propagators, where the
particles have a continuously distributed mass and a width related to the imagi-
nary part of the loop correction as required by unitarity. Scalar unparticles with
these interactions can be produced at colliders through gluon—gluon fusion, in the
subprocesses gg — U, gg — gU. The unparticle can decay through the processes
U — gg and U — 77, leading to multijet events, or events with two photons plus
jets. For the scale dimensions d = 1.1 and d = 1.4.2 For larger values of the scale
breaking m the decays are almost all prompt. For small m, more unparticles with
a long lifetime can be produced, and we get a large number of monojets. This pro-
vides a new type of signal of unparticles. Note that if the unparticle is a singlet
under SM gauge group transformations, there is a limited number of ways that the
unparticles can couple to SM particles.!® Another scenario is when the unparticles
have electroweak quantum numbers. For example, unquarks can decay into ordi-
nary quarks and will have a resemblance to a fourth family. It is very important
to mention that unparticles can decay even if they are singlets under SM gauge
group transformations (they do not carry SM quantum numbers).!! If we consider
unparticles as a fourth-generation quarks, the collider bounds on masses, precision
observables, and the renormalization flow of coupling are equivalent to imposing
constraints on gauged unparticles parameters, which depend on the process and
type of unparticles (scalar, vector, spinor, or tensor) under consideration. The anal-
ysis of electroweak precision tests imposes severe bounds on the involved parameter
space, particularly the quark mixing between the third and fourth family and the
possible mass differences within the new quark and lepton doublets. Constraints
on the masses of the fourth-family fermions are obtained from their contributions
to the electroweak correction parameters S and T'. The CMS Collaboration put
a lower bound on the mass of fourth-generation up-type quark of about 450 GeV
and exclude fourth-generation down-type quark in the mass region 255-361 GeV
at 95% C.L.12

To see the effect of the experimental results on the unparticles parameters space
when decaying or interacting with SM particles, let us consider the work of Ref. 7
where it was shown that the scalar- and spinor-colored unparticle loop contributions
have an important impact on Higgs phenomenology at the LHC and can explain
the excess in h — vy observed by ATLAS experiment. In fact in the scalar case, an
enhancement in the Higgs diphoton decay rate requires a negative coupling AhUj,
and a large electrical charge to restore the naturalness and vacuum stability, while
in the spinor case an enhancement can be obtained by either negative or positive
coupling to the Higgs boson depending on the scale dimension d; due to the flipping
of the sign of the spin-1/2 contributions. In both cases, a significant enhancement of
h — ~7 selects a very special region of the unparticle parameters. The present data
of ATLAS in diphoton decay rate of SM-like Higgs boson around 125 GeV serve to
constrain the unparticle parameter model. Concerning the uncolored unparticles,
both scalar and tensorial interactions to SM fields can lead to sizable observable
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effects in the invariant mass distributions of dilepton pairs at hadron colliders in the
large invariant mass region.!® Missing energy from the unparticle at hadronic col-
lisions are explored. The complex phase in the unparticle propagator that can give
rise to interesting interference effects between an unparticle exchange diagram and
the SM amplitudes are found sensitively depending not only on the scale dimension
but also on the spin of the unparticle. Furthermore the possible effects of unparti-
cles through photon—photon scattering, rare annihilation type B decays, top quark
rare decays, and comparison with experimental data put severe constraints on the
unparticles parameter space. As a concrete example for the triangle exchange of
fermionic unparticles to saturate the upper bound of the electron, muon and neu-
tron electromagnetic dipole moments, one has to have Ay = 1 TeV (energy scale at
which unparticles emerge), m = 200 GeV, d € [1.5,2].14 In the electroweak gauge
boson W scattering and since the vector unparticles propagator depends on the scale
dimension d measuring the angular distribution of the W boson, one can determine
the scale dimension d. For the scalar signal at the LHC,'> A detailed study of cer-
tain processes within the unparticles scenario pp — 4vy...pp — 272g...pp — 2721,
pp — de...pp — 4u...pp — 2e2u at /s = 14 TeV is carried out. Using basic
selection cuts and analyze various distributions to discriminate the signals over the
SM background. Using the experimental values, limits on the uncolored scalar un-
particles parameters d and Ay are set. The bound on Ay can get as large as 1 TeV
for small d values, but it is smaller for larger values.

Finally, we conclude that the unparticles (gauged or ungauged) decays and in-
teractions with the SM particles are very important and lead to sizable effects.
Imposing the collider and/or electroweak precision data tests, which are in gen-
eral complementary will affect more the parameter space region like (Ay,d) etc.,
depending on the type of unparticles (scalars, vectors ...) and the process un-
der consideration. In the present case if we consider the unparticles effect like the
one of the fourth generation of quarks, we believe that the collider bounds on the
fourth generation of fermions will impose stringent constraints on the other gauged
fermionic unparticles parameters like the unparticle SM charge )y and Yukawa
coupling \i7, and Ay.
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Abstract. The measurement of muon anomalous magnetic moment provides a test of the
standard model and of the physics that lies beyond it. Currently, there is a deviation of
2.6cbetween the standard model prediction and the experimental results. In this work, the
contribution of heavy gauge bosons from the left right symmetric model (LRSM) is calculated.
We find that the LRSM can give a relatively small but non-negligible extra weak contribution
to the muon anomalous magnetic moment and can reduce the deviation of Aa, from 2.60 for

the SM to 2.50 for the LRSM model.

Introduction

1. Introduction

The SM has been so far in excellent agreement with experiment. However, some problems do not have
any explanation in its minimal version. Among them, the hierarchy problem (the stability of the higgs
mass under radiative corrections) [1,2], neutrino masses [3] and the anomalous magnetic moment of
the muon [4], which is the subject of this work.

The left right symmetric model based on the gauge group SU(2), < SU(2)g % U(1)z_;, is the most
natural extension of the standard model. It can explains parity violation at low energies [5,6] and
provide a seesaw mechanism that give masses to neutrinos in a natural way.

In our work, we use the LRSM to explain the anomalous magnetic moment of the muon (AMM). The
study of AMM represents a very sensitive test of the SM at the quantum loop level and permits the
investigation of physics that lie beyond it. The magnetic moment is defined as i = g(e/2m)s, where g
is the gyromagnetic ratio. The deviation of the magnetic moment from the value of the point-like
Dirac particle (g = 2) is induced by the interactions of leptons with virtual particles which couple to
electromagnetic field. Whereas the electron anomaly provides the most precise measurement of the
fine structure constant, the muon anomaly is more sensitive to virtual gauge bosons.In this paper, we
investigate the effects of the left right symmetric model on anomalous magnetic moment of the muon.
We consider all possible contributions from extra gauge bosons at the one loop level. Our purpose is to
get a better interpretation of the experimental results of the muon anomaly. In section 2, we give a
short review of the LRSM, its theoretical basis and the structure of the gauge sector. In section 3, we
give the calculation of muon g-2 in the LRSM. In section 4, we give a numerical estimation of the
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value of the anomalous magnetic moment of the muon. Finally, a short summary and conclusion are
given.

2. Review of the left right symmetric model

The main motivation for the left right symmetric model is the treatment of the right-handed particles
and their interaction on an equal footing with the left ones. In this model the weak interaction is based
on the gauge group SU(2), X SU(2)g x U(1)p_, , where B — L stand for the difference in baryon

and lepton numbers. The symmetry breaking (SB) of the LRSM is achieved in two steps via the
vacuum expectation value (VEV) of scalar triplets and multiples.

_(At/V2 At ) _ (qb? ¢1+>
Apr ( 2 —arpz) A VY (1)

The symmetry-breaking scheme is as follows

SU(2), % SU@)x * U(L)g—; SSUQ), x U(L)y @

At this stage the right scalar develop a vev (Ag) = Vi and break the left right symmetry to the
electroweak symmetry giving masses to heavy electroweak gauge bosons. After the first stage of SM,
the kinetic term of the higgs sector become

T 2 — 9RVR yru—yy+ 4 VR u3 u u3 u
7|D,Ag | ==V WR,u+7(gRWR = gp-LV")(GrWr = — gp-LV*) 3)

The physical heavy field Zg,and the U(1l)y gauge field B, are derived by appling unitry
transformation characterized by the mixing angle ¢

Zpu\ _ (cos (@) —sin (@) (W5
(Bﬂ ) B (Sin (p) cos (p) )( V##> 4)
Where ¢ is defined by

cos(p) = =Z— sin(p) = =2E=L— Q)
1/9§+95_L 1/9§+95_L

In the second stage of symmetry breaking, the other higgs fields ¢ and 4, get vev and give masses to
the SM gauge bosons W; and Z;

@=(g o) wr=(, o ©

The gauge bosons masses are given by

M, =0, (7
MZ =912 42 4 ay2) (®)
Zy 2 COSZ(GW) 1 2 L)

Mz, = 2(g9k + 95-L)Vi ©)



1st Franco-Algerian Workshop on Neutrino Physics IOP Publishing

Journal of Physics: Conference Series 593 (2015) 012017 doi:10.1088/1742-6596/593/1/012017
2 gk

M2 < =B (ki + K5 +4AV}P) (10)
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R

3. Calculation of a,, in the left right symmetric model
3.1. Values of ay, in the SM
The muon anomaly in the SM is the summation of three contributions

SM — QED Weak Had
= ayem + AQusm + Qusm (12)

These contributions have been determined precisely in previews works. The QED contribution is the
dominant one, and it has been calculated up to the fourth order a*. The weak contribution has been
calculated up to 2 and 3 loop level and it has not changed much in the last years.

We present below the best results of the muon anomaly calculation in the SM [7,8,9]

al%y = 11658471.958(0.143) x 10710 )
al‘f,/SeI%k =15.4(0.2) x 10710 (14)
a4l = 697.2(5.9) x 10710 s)

The total SM value for a, 1S
aﬁM = 11659184.56(5.9) x 10710 (16)

and the present experimental value for a,, is
aiw = 11659208.56(6) x 10710 a7

thus, the deviation of the experimental value of the anomalous magnetic moment of the muon from the
SM prediction is

Aa, = a, P — a5 = 23.4(9.0) x 101 (18)
3.2.Calculation of a,, in the LRSM

The LRSM contribution to the muon anomaly is calculated using the diagrams of fig 1. In our
calculation, we use the t’Hooft Feynman gauge for the propagator of gauge bosons. The total
amplitude for the diagrams of figl can be written as

Myr = —eg, (q)u(p)*u(p) (19)

Where q is the four-momentum of the photon, p and p' are momentum of the incoming and outgoing
muon respectively, I'* is the vertex function which has the general Lorentz structure

Y Y
I = @y + F(e) 0t + @) == (20)
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Because F;(q?),F,(q?) and F;(q?) are related to the electric charge, the anomalous magnetic moment
and the electric dipole moment respectively, we must calculate only the form factor F,(g?). The
LRSM contribution to the muon anomaly is derived as

—9-2 _
a,r(1loop) = = F,(0) 21
In our calculation we find that the most important contribution to muon anomaly came from the extras

gauge bosons Wy, Zy related to the gauge group SU(2)g.For Wy, we find the following result for the
vertex function

iglem,

7 r

using the Gordon identity (p +p’) p = 2my, —ioc"*q, and the definition of the AMM (eq(21)), we
find the following result

2 4
Ho o~ a Ty Z i
Awg = 16msin?(Oyy) (MWR) 3 +0 <(MWR) ) )

where « is the fine structure constant.

Figure 1. The electroweak one loop Feynman diagrams of the muon anomalous magnetic moment in
the left right symmetric model

In the same manner, we calculate the heavy neutral gauge boson (Zy) correction to the vertex function,
and we deduce the corresponding muon anomaly

wo_ am? (1—tan2(9)(1+tan2(9))) s
aZR - 1271M%R sin2(0)(1—tan2(0)) ( )

The calculation of the muon anomaly corresponding to the charged higgs, represented by diagrams
three and four in Fig 1, show that its contribution is negligible compared to the W and Z contribution.
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For the scalar neutral higgs H?,HY and the neutrals pseadoscalar higgs ¢ and ¢2, we get the

following results

2 2
e tan?()(1+tan*(B)) ( m, )2 my g (M 25)
Hy 8msin2(0) (1-tan2(p))? My, MH? mﬁ
a (1+tan2(ﬁ)) my \° [ m 2 M12~I°
aflo ~ in2 2 2( . ) g L 21 (26)
2 8msin2(0) (1—tan(B)) My, MH(Z) my
u o a tanz(ﬁ)(1+tan2(ﬁ)) my, z 4 x3
apo = 8mwsin2(8)  (1—tan2(B))? My, fo dx Mz, 27
x2+(1-x) (’;1
myu
u o « (1+tan2(ﬁ)) my 2 1 x3
aqo(z) " 8msin2(8) (1—tan2(B))2 My, fo dx MZ(p(Z’ (28)

X2+(1—X)m—2

Where £ is a free parameter of the LRSM defined as

K1

tan(B) =2 (29)
K2
3.3. Numerical results
To get an estimate of the value of muon anomalous magnetic moment in the LRSM, we use the

following values for the LRSM parameters:a = é, Mz, =90Gev,My,, = 1Tev, Mz, = Tev,M Ho =
Myo =M,o =M,o = 5Tev,tan(B) = 10,sin?(8) = 0.223.After the summation of all contributions,
we get the final result

at, =0137 10710 (30)

so, the deviation of the experimental value of the AMM of the muon from the SM prediction is
reduced in the LRSM to

Aa, = a;? — alR = 23.26(0.9) x 1071 31)
4. Conclusions and Summary

The LRSM is an alternative candidate of new physics beyond the SM which can explain parity
violation at low energies. The LRSM predicts new particles, such as heavy gauge bosons (Wx,Zy),
and heavy charged and neutral higgs (H; Z,Hfz,gogz). In this work, we have calculated the muon
anomalous magnetic moment at the one loop level in the LRSM. We find that the LRSM electroweak
contribution can reduce slightly the deviation of the theoretical prediction of muon AMM from the
experimental result. The total contribution of LRSM to muon g-2 is about 0.137 x 10710, so the
muon anomaly decreases from Aa,, = 23.4 x 107'%n the SM to Aa, = 23.26 x 107'? in the LRSM,
which is 0.6 % smaller. We conclude that the LRSM gives a small but non-negleagble extra
contribution to muon g-2, and reduce the deviation Aa,, from 2.60 in the SM to 2.5¢ in the LRSM.
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Abstract

Though very successful at describing a wide variety of particle physics
phenomenons, the standard model leaves some proprieties of nature unex-
plained. This fact lead physicists to search for new solutions based on ex-
tended symmetries or extra degree of freedoms. In this thesis we focus on two
of the new physics proposal, the unparticle model and the left right symmet-
ric model. We begin by presenting the theoretical framework upon which
unparticle are founded, conformal field theory. Then, we describe briefly
the original formulation of the unparticle model by Georgi and subsequent
works relevant to our study. Next, we construct a gauged unparticle model
charged under the standard model electroweak group SU(2) xU(1). Any new
physics model must be compatible with the standard model predictions. In
this regard the electroweak precision tests represent a powerful tool to check
the compatibility of new physics model with experimental data. For the
gauged unparticle model we calculate the oblique parameters S and T' that
parametrize the contribution of new physics states to electroweak observ-
ables. We then use the bound for these parameters extracted from LEP and
other experiments to constrain the parameters space of unparticles. Finally,
we consider the effects of left right symmetric model spectrum on the muon
anomalous magnetic moment and use it to decrease the deviation between
the SM predictions and experimental observations . A paper describing part
of the results of this dissertation has been published in the Journal Modern
Physics Letters A, entitled: ”Constraints on electroweak gauged unparticle
model from the oblique parameters S and T”.

Keywords: unparticles , gauged model, oblique parameters, left right sym-
metry, muon anomaly



Résumé

Le modele standard est une théorie tres efficace pour décrire une grande
variété de phénomenes de physique des particules, mais il n’éxplique pas cer-
taines propriétés de la nature. Ce fait a conduit les physiciens a rechercher
une nouvelle solution basée sur des symétries étendues ou des degrés de lib-
ertés supplémentaires. Dans cette these, nous nous concentrons sur deux
propositions du physique au dela du modéle standard , les unparticles et
le modele symétrique gauche droite. Nous commencons par présenter le
cadre théorique sur lequel les unparticles sont fondées, la théorie des champs
conformes. Ensuite, nous décrivons brievement la formulation originale du
modele unparticle due a Georgi et les travaux ultérieurs liés a notre étude.
Ensuite, nous construisons un modele de gauge pour les unparticle, précisément
nous considérons des unparticles chargés sous le groupe du modele stan-
dard électrofaible SU(2) x U(1). Tout nouveau modele de physique doit
étre compatible avec les prédictions du modele standard. A cet égard, les
tests de précisions électrofaibles représentent un outil efficace pour vérifier la
compatibilité du nouveau modele avec les données expérimentales. Pour le
modele unparticle chargé, nous calculons les parametres obliques S et T' qui
parametrisent la contribution des nouveaux états physiques aux observables
électrofaibles. Nous utilisons ensuite les bornes de ces parametres extraits
des expériences LEP et autres pour construire l’espace des parametres des
unparticle compatible avec 'experience. Enfin, nous considérons les effets
des spectres du modele gauche droite sur le moment magnétique anomale
du muon et nous l'utilisons pour diminuer la déviations entre la prédiction
du modele standard et les observations expérimentales. Un article décrivant
une partie des résultats de cette these a été publié dans le Journal Modern
Physics Letters A, intitulés: ”Constraints on electroweak gauged unparticle
model from the oblique parameters S and T”.

Mots-clés: unparticles, modele de gauge, parametres obliques, symétrie droite
gauche, anomalie du muon



ek

sbj\.b.: Ua.gjl‘ B_\a” . J\'.Q‘ ;_Q..aj J J\.\.{ \p\ﬁ > &JL.J\ Coj.g.J‘
J&WLJ\&)‘P Ca‘jﬂ P . dadall U"’L“;‘L}"""M JJ‘“" Sl Y Olecud
oda §.aslel & g_)lo.ij‘ iwge ol bLS & e dnae (i e Eamdl
m.}w Csjfj oY) Csﬁ*”' £ el | d,u\ sda e OS] _;;;J; :L,j);xn
d‘” uL«..wo}U C’f uL..w. p 3 LM-J. uyf “-‘a».u“ . JL"\”) (s
0% Ol et Buas b LG F . SU@) «U1) Ll o) ol o
g_;)&al.-.“ sLa.? J\a.;l.bj\&j LEP UJB U’° bfc...m.“ 41;\.“ g_;MAL-.“ (;\2 L}; Jj,.a”
Lyl
0ol





