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Prelude

One of the most relevant and challenging questions in particle physics is to elucidate
how the electroweak gauge symmetry is spontaneously broken. According to the Standard
Model (SM), the answer is a fundamental scalar (Higgs) field.

However, the SM Higgs sector is plagued by the so-called hierarchy problem meaning
that quantum corrections generate unprotected quadratic divergences requiring a huge
fine-tuning if the models were to be true till the Planck scale.

Moreover, we still do not know whether a fundamental scalar field exists. Finding its
replacement is one of the great campaigns, e.g. Technicolor (TC) and Supersymmetry
(SUSY).

On the one hand, the main idea of TC is to introduce a new strongly coupled gauge
theory in which Higgs sector of the SM is replaced by a composite field featuring only
fermionic matter. On the other hand, one of the prominent motivations of SUSY is to deal
with the same kind of untamed quantum (loop) corrections.

This qualifying report accounts for my work that I have been doing since the 15 of
September 2008. This report is divided into six chapters. A very short introduction to
Standard Model has been mentioned in Chapter 1. In Chapter 2, the chiral symmetries
and chiral symmetry breaking are precisely introduced.

The motivation of technicolor has been first taken into account in Chapter 3. In ad-
dition, more relevant details of technicolor theory have been mentioned afterwards. An
introduction to supersymmetry is subsequantly presented in the beginning of Chapter 4.
Later, the construction of the supersymmetry Lagrangian is also given in the same chapter.

After getting acquainted with technicolor and supersymmetry, the main route of Chap-
ter 5 is to combine them. The resulting model is called a supersymmetric technicolor
model. Besides, to go beyond this report, some specific plans for my future research are
also introduced in the last chapter.
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Abstract

The main objective is the study of the mechanism of dynamical electroweak symmetry
breaking (DESB) termed Technicolor (TC) and supersymmetric gauge theories (SUSY).
After introducing TC and SUSY, this work subsequently aims to tie such two agenda. The
resulting model is named a supersymmetric technicolor model.
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CHAPTER 1

Standard Model (SM) In A Nutshell

1. Particle Contents

According to the current understanding of physics, the basic constituents of matter are
a dozen of spin-1/2 particles (fermions). These are the three pairs of leptons (electron,
muon, tau and their associated neutrinos) and three pairs of quarks (up, down, strange,
charm, bottom and top) as shown below

Basic constituents of Matter

Fermion/Generation | 1% ond 3rd charge

awt | () | () 1 6) ()
teprons | () [ () ()] ()

The members of each pair differ by 1 unit of electric charge as shown in the last column,
i.e. charge 0 and -1 for the neutrinos and charged leptons and 2/3 and -1/3 for the up-
and down-type quarks. This is relevant for their weak interaction. Apart from this electric
charge, the quarks also possess a new kind of charge called color charge. This is relevant
for their strong interaction which binds them together inside, for example, the proton
(hadrons).

There are four basic interactions among these particles - strong, electromagnetic, weak
and gravitational. Apart from gravity, which is too weak, the other three are all described
by gauge interactions. They are all mediated by spin 1 particles, gauge bosons, whose
interactions are completely specified by the corresponding gauge groups.

Basic Interactions

Interaction | Strong | EM | Weak
Carrier g v | WEZ°
Gauge Group | SU(3) |U(1) | SU(2)
From the unified gauge theory point of views, the weak, electromagnetic and strong
interactions are given by a direct product of a weak and electromagnetic gauge group Gy
and a strong gauge group Gg. We know that Gy is SU(2) x U(1) which is the gauge group
of the original proposal of a unified gauge theory of weak and electromagnetic interactions,
and the strong gauge group Gg is SU(3) mentioned above. The strong gauge group Gg
has also its gauge coupling constant assigned as g;.
Roughly speaking, the theoretical version of the stamdard model (SM) is based on the
SU(3)c x SU(2), x U(1)y gauge group. The last two groups SU(2);, ® U(1)y define the
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2 1. STANDARD MODEL (SM) IN A NUTSHELL

theory of electroweak model, while SU(3)s characterizes the theory of strong interactions.
The SU(2) is called the weak interaction group, while U(1) is called hypercharge. The
SU(3) is called the color group.

The strong interaction between quarks is mediated by the exchange of a gluon. This is
analogous to the photon which mediates the electromagnetic interaction between charged
particles (quarks or charged leptons). The gluon coupling is proportional to the color
charge just like the photon coupling is proportional to electric charge.

Field content of the SM

Fields Component Fields | SU(3)¢ x SU(2), x U(1)y
(x)
Ly = E
L (17 27 _1/2)
b (1,1,1)
Matter (Fermion) Fields 0, - (g) (3,2,1/6)
L
3,1,—-2/3
. 3.1.-2/3
1,+1
Dy (3,1, +1/3)
Higgs Fields o (1,2,1/2)
W (1,3,0)
Gauge Fields B (1,1,0)
G (8,1,0)

In the minimal version, there is one complex (Higgs) scalar field which transforms as
doublets of SU(2),, and singlets of SU(3)c. The neutral component of such scalar develops
a non-vanishing vacuum expectation value (VEV) so that the SU(3)c ® SU(2), @ U(1)y
theory is spontaneously broken at a characteristic scale into SU(3)c®U (1) g, i.e. the color
symmetry of strong interaction and the symmetry of electromagnetism. Here U(1)gy, is
the abelian gauge group of electromagnetism. As a consequence, three gauge bosons (W, Z)
become massive by eating the three remaining Higgs bosons, while the photon A, is the
gauge boson of the unbroken U(1)gy group and remains massless.

2. SM Lagrangian

In the SM, the fermion fields of the theory consist of three families of quarks and
leptons, each family comprises left-handed doublets and right-handed singlets.

Q) = (g)L —(3,2,1/6), Lj— (gh —(1,2,-1/2), (1.1.1)

and



2. SM LAGRANGIAN 3

Up = (3,1,4+2/3),Dp = (3,1,—1/3) , Ep = (1,1,1), (1.1.2)
where U = u,c,t,D = d,s5,b,F = e,u,7 and N = v,,v,,v;. The first two entries in
each parenthesis denote the dimensions of the SU(3)- and the SU(2)-representation, re-
spectively, and the last entry denotes the U(1) hypercharge. Suppose the real world was
discribed by the standard SU(3)c ® SU(2);, ® U(1)y Lagrangian as follow [3]:

1 A ~Apv 1 a apv 1 v
ZG‘“’G we ZWH”W H ZB‘“’BH
+ Liy"D, L + Riy"D,uR + Qin"D,Q
+ (Dup)" (Do) =V (¢",¢) — 1 Lo R — g LR + h.c
1 -.
+ 59U Tt G, (1.2)

where the terms in the first line correspond to W+, Z° ~, gluon kinetics terms, and self
interactions. The second line corresponds to fermionic kinetic terms and their interactions
with W*, Z° ~. The third line corresponds to masses and couplings of W*, Z° ~ and
Higgs bosons. Whereas the last line corresponds to quark-gluon coupling.

Here the covariant derivatives are defined as follows:

Loy =—

D, = (0, + 2gr" W+ gYB, | | (1.3.1)
2 B2
D, = (@ + %gTaWﬁ + igsTAG;‘> , (1.3.2)
D, = (a” + %g’YB#) , (1.3.3)
and the field strength tensors as
W;}V = aNWIjl - aVWZ - Zg [Wm Wu] ) (141)
G, = 0,G7 = 0,G5 — 9. fapc GGy, (1.4.2)
Buu = auBu - aVB;m (143)
where (W, B) are SU(2) and U(1) gauge fields defined respectively by
"y
W,é ., By (1.5)
W,

The (gp, goT) are scalars with
+ 0=
p = <2000)§90T: (07 ¢%) 19" = @ =iony” = (90 _); (1.6)
i.e. p(p) is a Higgs (its conjugate) doublet.



4 1. STANDARD MODEL (SM) IN A NUTSHELL

After spontaneous symmetry breaking, the Lagrangian is [4]

zSMB—zwz(a e - %W)wz
Z@bz M(TTWE+ T W) o

- 62@1‘%’7 (v m

~ 2cosh ZJ}WM (gi/ - 9275) Uiy, (1.7)

where 6,, = tan™! (¢'/g) is the weak angle defined by the ratio of the SU(2) and U(1)

couplings; e = gsin6,, is the electric charge;

A, = Bucosﬁqustian, (1.8)
is the massless photon field;
1
+
W, = 7 (W, FW2), (1.9)

and
Z,=—B,sin6, + Wi cos 0, (1.10)

are the massive charged and neutral weak boson fields, respectively; T+ = (7! +i72) /2
and T~ = (7! —i7%) /2 are the weak isospin raising and lowering operators. The vector
and axial vector couplings are defined as

g%/ = t3L(i) — QQZ sinQ Gw,
g = tsr(i), (1.11)

where t37,(7) is the weak isospin of fermion i (41/2 for u; and v;; —1/2 for d; and e;) and
Q; is the charge of v; in units of e.

The second term in L3532 represents the charged current weak interaction [I]. For
example, the coupling of W to electron and neutrino is

A, = By cosf, + W) sinb,, (1.12)
which is the massless photon field;
e
———— [Woe" (1 =) v+ Wiy (1 —4°) el . 1.13
e W (=) v+ Wiy (1 =) e] (1.13)

The left-handed fermion fields

) ()



2. SM LAGRANGIAN 5

of the i fermion family transform as doublets under SU(2), and d; = 3 ; Vijd;, where
Vi; is the Cabibbo-Kobayashi-Maskawa mixing matrix, whereas the right-handed fields are
SU(2) singlets. Here 4* and ~+° are defined respectively as follows:

0 o# -1 0
wo__ 5 __

where o = (1,) and ¢ = (1, —&), and & are just ordinary 2 x 2 Pauli matrices.

The third term in £35F describes the electromagnetic interaction, and the last term
is the weak neutral-current interaction. In Eq.(1.7), m; is the mass of the " fermion );,
while H is the physical neutral (Higgs) scalar which is the only remaining part of ¢ after
spontaneous symmtery breaking. Here gm;/2My, is the coupling of scalar H to fermion ;
so-called Yukawa coupling.






CHAPTER 2

Gauge Symmetries and Chiral Symmetry Breaking

One can recognize two basic spin-1/2 representations of the Lorentz group transforming
in the following transformations:

b= (1=d 7= F-7) v,
¢RH<1—§-F+B'F)¢R, (2.1)

where 7 = &/2, and & is an infinitesimal rotation angle and 3 is an infinitesimal boost.
One can construct the four-component spinor from these representations. Thus we can

write it as:
_ VL
U = (wR) , (2.2)

where ¢, and ¥ are respectively left-handed and right-handed 2-component Weyl spinors.
Note here that this is just an usual 4-component Dirac spinor.

By defining the matrix ¢ = —io?, it is trivial to show from the first expression of
Eq.(2.1) that —ct} transforms like 1. As a result, hence, we can write all fermion fields
in our theory with left-handed Weyl spinor. Therefore, the Dirac spinor takes the form

U= (_‘gj%) = (?) . (2.3)

We know that the coupling constant g; of QCD becomes larger at low energies (or at
long distances), and then it becomes infinite at some significant value Aqcp. This value is
always referred to be Agcp ~ 200 MeV. The masses of the lightest quarks, v and d, are
of the order of a few MeV, and therefore much smaller than Aqcp. We can begin with the
approximation that the up and down quarks are massless. The mass of strange quark is
also less than Aqcp, hence it is sometimes useful to treat the strange quark as massless.

Let us now consider QCD with nyp = 2 flavors of massless quarks. Before writing the
Lagrangian, let us assign the color and flavor indices to two left-handed Weyl fields given
in (2.3). We have the left-handed Weyl fields x,;, where @ = 1,2,3 is a color index for
the 3 representation, and 7 = 1,2 is a flavor index, and left-handed Weyl fields £, where
a = 1,2,3 is a color index for the 3 representation, and 7 = 1,2 is a flavor index. In
this section we will follow the conventions given in [6]. By putting a bar over it, we can
distinguish the flavor index of £’s, and a superscript is assigned to £ for later notational

7



8 2. GAUGE SYMMETRIES AND CHIRAL SYMMETRY BREAKING

convenience. For massless QCD Lagrangian, we have

1
Lqocp = Y (2)iv' D,V (z) — ZFSVFWV’ (2.4)

where ¥ = U7, The gamma matrices in Eq.(2.2) are defined by
O2x2 0¥
mo_
7= (5.,u 02><2> ) (25)

where [ is 2 x 2 identity matrix and o* = (1,5),6" = (1, —&), and

a=(10) »=( 3) »=(5) 29

are the ordinary 2 x 2 Pauli matrices.
After substituting the fields in (2.3) into Eq.(2.4), the Lagrangian then becomes [6]

. i — L = N \¢ v 1 a prauv
Laop = ix*6" (D), xpi + iaro™ (D)5 €7 — T Ea . (2.7)
where D,, = 8, — igT§ Ay, and D, = 9, —igT3 A, with (T3)°, = — (T¥) 5"

This Lagrangian has not only the SU(3) color symmetry, but also a global SU(2), X
SU(2)g flavor symmetry. Hence this Lagrangian is invariant under the following transfor-
mations [6]:

Xai — Linaja (281)
at *\l o
— (R)';6%, (2.8.2)
where L and R* are independent 2 x 2 unitary matrices. The complex conjugate over R
is just a notational convention. Furthermore, these transformations can be also written in

terms of the Dirac field given in (2.3). To do that, let us define left and right projection
matrices as

P

(1-7%) = (%j 8) , (2.9.1)
(1+9°) = (8 (59]) : (2.9.2)

By applying the indices to the Dirac field,

- Xon’
0., ( @u) , (2.10)

the equation (2.8.1) and (2.8.2) respectively become [6]
PV, — L7P W, (2.11.1)
Pr¥,; — R PrV,;, (2.11.2)

when we take the conjugate transpose of both sides of Eq.(2.11.2), then we recover the
expression in Eq.(2.8.2). A symmetry that treats the left- and right-handed component of
a Dirac field differently is named as “chiral”.

Pr

N|— N -



2. GAUGE SYMMETRIES AND CHIRAL SYMMETRY BREAKING 9

However there is an anomaly in the azial U(1) symmetry corresponding to L = R* =
e’ ] which is equivalent to

U — ey (2.12)

for a Dirac field, or in terms of two Weyl fields:
x — Ly = e, (2.13.1)
£ — R*€ = ¢, (2.13.2)

this is often referred as U(1) 4 symmetry which does not correspond to a conserved quantity.
With L # R, the axial currents can be defined as j%° = UykyPW, 4% = WrykaSr00,
Without the anomaly, the global flavor symmetry of the Lagrangian is SU(2) x SU(2)g X
U(1)y where V stands for vector. The U(1)y transformation corresponds to L = R = e~
or equivalently

U — e "y (2.14)

for Dirac field, or in terms of two Weyl fields:
x — Lx = e "y, (2.15.1)
£ — R*¢ = e ¢ (2.15.2)

With L = R, the vector currents are defined as jfr = Uy*¥, ji* = Uy 790 and the
corresponding symmetry group is U(1)y and SU(2)y respectively. Hence this U(1)y defines
the classification of hadrond] by their baryon number. The remaining chiral symmetry
SU(2) x SU(2)g is spontaneouly broken into the vector subgroup SU(2)y determined
by setting L = R in Eq.(2.8.2). This vector subgroup is known as isospin symmetr
However isospin is not an exact symmetry, thus we see small differences in the masses of
these multiplets.

To spontaneouly break the axial part of the SU(2), x SU(2) g symmetry, some operator
must acquire a nonzero vacuum expectation value. When the axial generators are spon-
taneously broken, then the three pions identified as the corresponding Goldstone bosons
immediately emerge. Since the SU(2), x SU(2)r symmetry is not exact, the pions are
not exactly massless. The constraint of the spontaneous breakdown is that this operator
must be a Lorentz scalar, and to avoid the spontaneous breakdown of the SU(3) gauge
symmetry such an operator must also be a color singlet. Since we have no fundamental
scalar fields which are color singlet, this field has to be composite. According to [6], the

simplest candidate is x%,£27 = U™/ P, W¥,,; with ¢ an undotted spinor index. For the vacuum

*Note that there are two types of hadrons: mesons and baryons. Mesons are color-singlet bound
states of quark-antiquark pairs, e.g. pions, while bayons are color-singlet bound states of three quarks,
e.g. proton and neutron.

"We know that hadrons can be represented by the SU(2)y representations. Concretely, the lightest
spin-1/2 hadrons, proton and neutron, form a doublet (or 2) representation, while the lightest spin-0
hadrons, pions, form a triplet (or 3) representation.
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expectation value (in [31], this is called an order parameter) of this composite field, we
presume that [6]

(0] x&:65710) = —v’7, (2.16)

where v is a parameter with dimension of mass. A measured magnetude of v is at 200 MeV
approximately corresponding to Aqep. In the standard SU(2),®@U(1)y electroweak theory,
the order parameter of symmetry breaking is (p)-the expectation value of the neutral
component of the Higgs doublet. Now let us work further to see precisely how the fermion
condensate in Eq.(2.16) signals the breaking of the axial generators of SU(2);, x SU(2)g,
and how the vector generators are still preserved. By substituting the transformation of
fields in Eq.(2.8.1) and Eq.(2.8.2), we obtain the transformation law of Eq.(2.16) as

(0 x&i€a710) — L;* (R*); (0] xar€a™ 0)
- _U35kﬁLik (R*)jﬁ
— —v* (LET),. (2.17)

The right-hand side of Eq.(2.17) is unchanged from the value in Eq.(2.16) if we take
L = R which corresponds to an SU(2)y transformation. This indicates that SU(2)y (and
also U(1)y) is unbroken. With L = R, we thus have

where U(1)y corresponds to the baryon number conservation. It is clear that there exist
four spontaneouly broken symmetries associated with the four axial vector currents. The
order parameter has the dimensions of a cubed mass E] whereas the Higgs field in the
Weinberg-Salam theory has dimensions of masg} The value of the order parameter is
determined by the symmetry breaking scale. In QCD, (0| x%,£27|0) = (urup + drdgr) ~
(200 MeV)? and in the Weinberg-Salam theory (p) ~ (246 GeV). Generally the masses or
mass differnces resulting from the symmetry breaking will be in the order of the breaking
scale or smaller [9][31].

The pions, which would be the Goldstone boson for an exact symmetry, are not exactly
massless, so let us work further to calculate their masses. We first assume that the orien-

tation in flavor space of the order parameter is a function of spacetime, so we can write
[6]

(01 (@)€7(2) [0) = —v*U, (a), (2.19)
where U(x) is a spacetime dependent unitary matrix. This unitary matrix can be written
as

U(z) = exp|2in®(z)T/ fx], (2.20)

where T = ¢%/2 with a = 1,2, 3 are the generators of SU(2),n%(z) are real scalar fields
identified as with the pions, and f, is the pion decay constant with dimension of mass.
By assuming that these pions can be associated with the axial isospin current, we can

[X] = [€] = 3/2
1

i
o]
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define the pion decay constant via the matrix element of the axial currents j#°* between
the vacuum and on-shell pion states as [2]

(0] 7 |7*(p)) = —ip" f-6%e P, (2.21)

where a, b are isospin indices.
If we take the conservation of axial currents into the account:

(0] 0,51 | 7" (p)) = p* fr6*Pe™"* = 0, (2.22)

then we find that an on-shell pion must satisfy p*> = 0, and that it must be massless as
required by Goldstone’s theorem.

However the U(1)4 symmetry is eliminated by the anomaly, so we do not include the
fourth generator matrix proportional to the identity; it would be the Goldstone boson for
the U(1) 4 symmetry. If we now restore the quark mass terms in Eq.(2.7); — (mxa:&* + h.c.),
then the axial currents corresponding to the transformation laws in Eq.(2.13.1) and Eq.(2.13.2)
are no longer conserved.

Let us now include the small masses for up and down quarks to the Lagrangian. The
most general mass term we can have is of the form [6]

Emass = _gaijiXai + h.c.
= —M;'Xai§™ + h.c.

= —Tr (Mx§) + h.c., (2.23)
where
m, 0O
M = < 0 md) (2.24)

is the quark mass matrix. Next, we replace y;£* in Eq.(2.23) with the order parameter
as a function of spacetime in Eq.(2.19); then Eq.(2.23) becomes [6]

Linass = v°Tr (MU + MTUT)). (2.25)

To keep Tr(MU) invariant, we need the following transformations:
M — RML, (2.26.1)
U — LURT, (2.26.2)

precisely,

Tr (MU) — Tr (RM L'L URT>
=1

=Tr (RMUR')

= Tr (MU RTR>
=1

= Tv (MU). (2.27)
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Now let us expand the Eq.(2.25) by expanding the matrices U(x) and U'(z), and use
MT = M. We obtain in inverse powers of f;

Luass = =2 (V¥ f2) Tt (MT*T") 77" + ...

=— (/) T | M{T*,T"} +M [T, T"] | 7°n"+ ...
N—— N——

:(Sab/Q =0 under Tr
03
= ———Tr (M6®) mx® + ...

2f2
3
= —Q—fETI' (M) T4r® + ... (228)
We see that all three pions have the same mass
, U3 v?
mi = FTr (M) = (my + my) 7 (2.29)

By substituting the following numerical values: v ~ 246 MeV, f, ~ 93 MeV, and

(my + mg) ~ 10 MeV, we obtain m, ~ 140 MeV. However we know that the mass of the

7t is slightly heavier than that of 7° because of electromagnetic interactions.



CHAPTER 3

An Introduction to Technicolor

1. Motivation for Technicolor

The Lagrangian of a massless doublet of up and down quarks in ordinary QCD, already
introduced in Chapter 2, has a SU(2), x SU(2)g x U(1)p symmetry. The remaining
symmetry of the theory we want to work with is the SU(2);, x SU(2)g symmetry, and
that turns out to be spontaneouly broken down to the vector subgroup SU(2)y known as
1sospin. This spontaneous breakdown is associated with the non-zero expectation value of
the fermion condensate

(0] x2:€57|0) = (urur + drdr) # 0. (3.1)

Note that this condensate is not invariant under SU(2);, or SU(2)g, but it is invari-
ant under only the group that treats left- and right-handed parts equally: SU(2)y or
SU (2)isospin- From the symmetry breaking by the condensate, there will be three massless
spin-0 bosons identified as Goldstone bosons. In this case, this means that they are three
massless pions, m,, forming an isotriplet. As previously reviewed, these pions are associ-
ated with the axial isospin currents. However, the triplet of axial isospin currents may be
written either in terms of the quark fields ¢ = (u, d) or pion fields 7* as follows [7][8]:

7_(Z

jga = q,yﬂr)ﬁ?q = fﬂauﬂ-a) (32)

where 7% with a = 1,2,3 are 2 x 2 Pauli matrices, and f, is the pion decay constant in
QCD, independent of weak interactions, defined by the following matrix element [2][8]:

(0] j8q mo(p)) = —ifrp" Oap- (3.3)
With the following definitions:
I = 55 £ ik g5 = s, (3.4)
and

7E = m £ imy, Ty = T3, (3.5)

we obtain
AT = dy'yPu = fre0iaT, (3.6.1)
B =uyty’d = fr- 0t (3.6.2)
G = % (tr"y°u — dy*y°d) = fro0"mo. (3.6.3)

13



14 3. AN INTRODUCTION TO TECHNICOLOR

Now let us define the 7% and 7~ fields in terms of the creation and annihilation operators

as:
7 (2) ~ / (;i];g (e—ip'fap,_ + e+ip-xa;+) : (3.7.1)
nt(z) ~ / (;ljf;?) (e’i”'xap,Jr - e”p“ai,’_) : (3.7.2)
7(z) ~ / (3;1)73 <e_ip'$ap,0 + e”p“a;(,) . (3.7.3)

T
P,—

T state |77 ;p) = aL,, |0), while ai,’ + and ap 1 are the creation and annihilation operators

The operators a;, _ and ap — are the creation and annihilation operators acting on the

acting on the 7t state |77;p) = aLHr |0), and so on. After working further with the
commutation relation [ap.+ o, aIﬁ;i,O] = (27)% 0% (p — P), we get

O] g% |7 = for (0] 07T |7 F) = —ifrrp, (3.8.1)
O£ |77) = fom (0|07~ |77 ) = =i frp, (3.8.2)
(0] 35° |7°) = fr0 (0] 0#7° |7°) = —i frop. (3.8.3)

We assume first that the electroweak interaction is turned off for the time being. What
happens if we take the electroweak interactions into account? In doing so. let us now
turn on the ordinary SU(2), x U(1)y electroweak interactions and ignore the fundamental
scalar fields which are usually introduced to give mass to W= and Z. In this case, the
massless pions replace the conventional scalar fields, and then they are eaten by the gauge
bosons becomimg the longitudinal components of massive bosons W* and Z.

Let us first consider the kinetic terms of the quark field Lagrangian,

@y Dyuqr + upy*Dyug + dpy* D, dg, (3.9)

where D,qr, = (@L +igAnT" + ig’YB#) qr, is the covariant derivative, and where 7 and Y
depend on the particular representation to which fermion field belongs. Using the above
results, we can write the kinetic terms as

/
LI Wiornt + S f Wy o'n™ + S fa Wi n® + L B0, (3.0)

where the derivative couplings give us the factor of p*. The W’s couple to the currents jlf’o
with strength g/2. The current j5° couples to the 750 with strength fr+0 as in Eq.(3.9.1-
3.9.3). Next let us consider the weak gauge boson propagator since one can find W%, Z
mass as a position of the pole of the W*, Z propagator. Consider the vacuum polarization
diagram contributing to the propagator given in Fig.3.1.
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J v I v o 9fx gl v
2 2

Fig.3.1: The charged gauge boson propagators.

Similar to QED, the propagator of gauge boson W* given by the geometric series can
be determined as

—iP,, —iP, o —i P
D,uu = p2 + p2 (gfﬂ.i/2) p2 —|—

_ =B |, 0F:2/2"  (9fe/2)"
= 3 + 3 + 1

p I p p

. B 2 -1
_ _Z-P,uu 1 . (gfﬂ'i/2)

P | p?

—1P,,

PR (3.11)
p*— (“‘%)

where P,, = g, — pup,/P? is the projection matrix in Feynman gauge. It is simple to
see that the pole in the gauge boson propagator is shifted from zero to p = gf,+/2 which
implies that the W gauge boson has acquired mass:

(3.12)

However the neutral gauge boson propagator is slightly complicated since there is the
mixing between the Z and . Consider the W and B propagators including the mixing
shown in Fig.3.2.

w' w* B x' B w' B
VavaVaVa A VAVAVARF W WaWa AV VAVAR - WaVals A VAVAUe

Fig.3.2: The neutral gauge boson propagators.

In this case, we can perform the calculation by introducing the following mass matrix
[7] whose elements come from the diagrams in Fig.3.2:

M2 M2 W/ HO 30 g2 gg/ W HO
(W ) (Mv%VoOB MVE?) (B“):(W’(‘) BT o o2) e ) G

- S >

Vv
mass matrix mass matrix
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Similary to the SM electroweak theory, we have to diagonalize this matrix by making
a transformation into the physical fields (Z#, A*):

WO cosf, —sinb, ZH
(B“) - (sin@w cos 0, > <A"> ’ (3.14)
where 6, is a mixing angle between Z and A. After diagonalizing such a matrix, the
eigenvalues are

My = \/92+g’2%, My =0 (3.15)

with corresponding eigenvectors,
gWH — ¢ Br

zZ" (3.16.1)
/92 +912
/117 10 B#
AP = M (3.16.2)

these eigenvectors are identified as weak neutral boson Z and usual photon A. Moreover,
we see that the gauge boson mass ratio is in the form

My« o 92 St
Mz \/g? + g7 fao
= cos Qw%
= €08 0. (3.17)

This shows that QCD induced dynamical electroweak symmetry breaking (DESW) pro-
duces the correct tree-level ratio of gauge boson mass My« /My = cos0,,.

However, we can not recommend this as an accurate model of the real world. The
reason is that the masses of the W* and Z obtained by substituting the known values of
g,q¢ and f, are in the tens of MeV, viz,

M+ = % ~ 29 MV, (3.18)

whereas its measured value is much higher at My~ ~ 80.4 GeV. As it is well known in
SM, this f; should be replaced by the VEV v ~ 246 GeV. If we can find some scheme for
boosting f. by a factor of 2,650, then the W+, Z masses would be shifted to the correct
values. This leads to the empirical need of new scenario. Some of these model involve a
new sector called Technicolor (TC) [9][31].

2. Technicolor

According to the electroweak theory, we know that one way for giving masses to the
electroweak gauge bosons W*, 7 is by spontaneous symmetry breaking through elementary
scalar (Higgs) fields. Alternatively, we have just mentioned that we can achieve the same
thing by the chiral symmetry breaking in QCD.



2. TECHNICOLOR 17

2.1. General Convention. To get acquainted with TC, let us suppose that an elec-
troweak doublet of fermion fields engages in a new strong interaction called technicolor.

We naively write this doublet as [5]
U
o (1), "

where Ty is an SU(2), doublet, while Ug and Dg are SU(2),, singlets. These fermions
interact through the techniforce, and hence we call them technifermions. The interaction
is almost like in QCD except that it is established on the scale of weak interactions. Here
the (U,D) doublet is just like (u,d) except that color is replaced by the technicolor. TC
provides a new strongly interacting gauge theory with new technifermions charged under
the electroweak gauge group. We know that in fact the weak force carriers W, Z have
non-zero masses, thus the electroweak symmetry of boson is spontaneously broken. This
breakdown is due to the formation of a bilinear condensate of technifermions similar to
the chiral condensate in ordinary QCD. Hence if the scale of symmetry breaking is the
electroweak scale, the W and Z will gain the correct masses. To set up a TC model, we start
defining an additional non-abelian strongly interaction gauge theory with an associated
gauge group Grc. By extending the SM gauge group, we have to include Gr¢ as follows:

SUB)e x SU2), x U(l)y — Gre x SU3)e x SU(2), x U(1)y. (3.20)

Here G'1¢ is an arbitrary gauge group. It is conventional but not neccessary to identify
the TC gauge group with unitary gauge group SU(N)rtc. However, there are alternative
gauge groups, e.g. SO(N)rc and SP(N)r¢, which can be viable candidates.

Now let us consider the single techni-family scenario based on the unitary gauge group:

SUN)1c x SU(3)e x SU(2), x U()y (3.20)
with the following field contents [7]

ree _ (UL9)" _
QL - gC - (NJSJ 27 +1/6)7

UR® = (N,3,1,+2/3),
DR = (N,3,1,-1/3),
T NTCN\“

LL = (E%C) = (N71727_]-/2>7

NEC" = (N,1,1,41),
ELY" = (N,1,1,0). (3.21)
The first entry in each parenthesis denotes the dimension of the SU(N )¢ represen-
tation, and the second and the third entries denote the SU(3) and SU(2) representation,

respectively, while the last entry denotes the U(1) hypercharge.

The technifermions which carry technicolor and QCD color are referred to as techni-
quarks, whereas the technifermions which carry only technicolor but not QCD color are



18 3. AN INTRODUCTION TO TECHNICOLOR

called technileptons. However, the ordinary quarks and leptons are still technicolor singlets

;UL

L= (DgL) =(1,3,2,+1/6),
Uk =(1,3,1,+2/3),
D% =(1,3,1,-1/3),

LlL - (ZL) = (17 1727 _1/2)7

L
Ve =(1,1,1,41),
e =(1,1,1,0), (3.22)
where a = 1,2, ..., N is the Gp¢ index, and 7 = 1,2, 3 labels the three families of quarks
and leptons. As usual, the first entry stands for the SU(N)r¢ group, the second and the

third refer to SU(3)¢ and SU(2)r, and the third is the hypercharge. The electroweak
symmetry is broken by the condensates,

(UF°UR) = (DICDRC) = (NONE) = (EI°EES) 0 (329

2.2. Minimal Version Of TC. Let us discuss further about the minimal version of
TC model. It consists of a minimal set of technifermions:

(pL)a = (N,1,2,0),

qr
pr = (N,1,1,+1/2),
q%:(N,l,l,—l/Q), (3.24)

where a = 1,2, 3 labels TC. We assume here that each techniquark carries only TC but not
ordinary color, and the left-handed techniquarks form an SU(2) doublet just like ordinary
quarks. By the definition of the electric charge operator @) = T5 + Y, we will find that
p and ¢ have charges +1/2 and —1/2, respectively. Due to the requirement of anomaly
freedom, the electric charges sum to zero.

Concretely, let us address the comparison of minimal TC and QCD with one quark
doublet shown in Table.3.1.

QDC TC
SUB3)c SU(N)rc
Quarks Techniquarks
u p
(4) 9
(au+ ddy ~ Ncp, (pp + 49) ~ i
SU(Q)L X SU(2)R — SU(Q)L+R SU(2)L X SU(Q)R — SU(Q)[,;,.R
3 QCD Pions 3 Technipions
frt = fro =93 MeV F.+ = F.o~246 GeV
AQCD ~ 200 MeV ATC ~ 500 GeV
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From the above table, there is a doublet of massless quarks and a doublet of massless
techniquarks. The three pions and three technipions are massless. When SU(2), @ U(1)y
interactions are turned on, then three of the pions will be eaten by the Higgs mechanism
and the other three pions will remain in the spectrum as physical states. The eaten three
pions are mainly referred to technipions, while the three physical pions are mainly QCD
pions. Next let us assume that quarks as well as technifermions interacts with the gauge
bosons of SU(2), @ U(1)y. The pion states will result from a linear combination as follows
[5]:

Fr Ja

that will become the longitudinal gauge boson components, while

FTI' . fﬂ'
hysical pion) = ———— |QCD pion) — ————
becomes the orthogonal combination and remains massless. Since F;; ~ 246 GeV >> f, ~

93 MeV, the physical pion is mostly a QCD pion, whereas the eaten pion is mostly a
technipion. To see how these linear combinations signify, we then consider as usual

7Tf?CD(p)> = —i fxp" dab, (3.26)

|eaten pion) = |technipion) + |QCD pion) , (3.25.1)

|technipion) (3.25.2)

(01 j2, |QCD pion) = (0] jz,

and

(0] j54 |technipion) = (0] jz,

7TZeChnipion (p)> — _iFﬁpM5Gb7 (327)

where j£ is the axial isospin currents. By substituting the linear combinations given above,
we will obtain respectively

<0|jga ﬂ_gaten pion(p)> = — Fg + fﬁpuéaba (328)

and

(0] J5a

7Tl}))hysical pion (p)> =0. (329)

As it is shown in Eq.(3.3), the weak gauge bosons couple to the pions through the axial
isospin current. So the physical pion has no coupling, while the orthogonal combination is
completly absorbed.

2.3. Weak Gauge Boson Masses. Now we are going to recover the correct mass
of weak gauge bosons by considering a particularly simple [10] TC model. With this
model, we take the gauge group as SU(N)rt¢ x SU(2)r, X U(1)y, where we choose here the
technicolor group as SU(N)rtc. Now we assign the technifermions to be in the fundamental
representions of the electroweak gauge group SU(2), xU(1)y. For more simplicity, we shall
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restrict ourselves to work with one flavor doublet, and assign the techniquarks to be in the
fundamental representation for both SU(3)¢ and SU(N )¢ groups,

<1U))a — (N,2,+1/6),

L
Up = (N,1,42/3),
Dla%: (N717_1/3>7 (330)

where a = 1,..., N is the TC index. As usual, the first entry stands for the SU(N)r¢
group, the second refers to SU(2), and the third is the hypercharge. Let us start writing
the Lagrangian for two-flavor massless techniquarks ¢} = (U, D)* with the electroweak
interaction switched off,

1 ) L
Lrc = _ZTY (FWF") + qu (19" Dy) s 45 (3.31)
r.f

where Fy,, = Fj,T“ is the field strength tensor of SU (N)rc, T® are the group generators,
D, = 0,—igrc AT is the covariant derivative, and grc is the TC gauge coupling. Similary
to QCD, this Lagrangian has a global symmetry [10]

U2), x U2)g ~ SU2), x SU©2)g x UL)y x U(1) 4. (3.32)

The transformations of these various groups are in the form, respectively,

U2)r:qr— {eXp [—iPL (QTTH }ff as,
)]

U1y : qf — exp (—ia) g5
U(1)a : g — exp (—ias) qr- (3.33)

Due to an anomaly, the axial current j*° = £ 4r 54 is not conserved. To verify
that, we now consider the coupling of the quark (axial vector) currents to the gluon fields of
QCD. Here we expect that an axial vector current will receive an anomalous contribution
from the diagrams 2] shown in Fig. 3.3.

Since we are working for non-abelian gauge fields, so the anomaly should be generalized
from the abelian case. After obtaining such group factors from Fig 3.3, for axial isospin
current j#° = q;v,757%¢s, we have [2]

2
-puba g afuv b C agbyc
QLJ“ ——@6 'u]:aﬁ]:uy'TI'[Ttt]

2
= M Fr, e[ T[], (3.34)
™

where F7, is a gluon field strength tensor, €*PH is an anti-symmetric tensor, 7% is an isospin

U2)r:qr — {eXp

matrix, while ¢° is a color matrix, and the trace is performed over colors and flavors. Here
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Fig.3.3: Diagrams that lead to an axial vector anomaly
for a chiral current in QCD.

we find Tr [77] [t"¢¢] = 0 since the trace of 7 vanishes. Therefore the axial isospin currents
are said to be an anomaly free.

However, in the case of the axial current, j*° = G7,75¢s, the matrix 7* will be replaced
by the unity matrix, and we obtain

2
- g (0% 174 C
@JM::—I&Eeﬁ“Jﬁ@ﬁW. (3.35)

Thus this expression tells us that the axial current is not conserved. The resulting
chiral symmetry is SU(2), x SU(2)g x U(1)y. Now the situation is exactly parallel to
the chiral limit of ordinary QCD. Thus the TC vacuum has only SU(2)isospin and baryon
number conservation U(1)y. Hence this concerns with the condensate

(UU) =(DD) #0, (3.36)
which breaks the resulting symmetry down to
SU(Q)L X SU(2)R X U(l)v —>SU(2)L+R X U(l)v, (337)

dynamically. There are three broken generators assigned to be technipions mp¢. Let us
start considering the vacuum polarization given in Fig.3.4.

W W W= Wt e Wt

It v Il v J gF  gFx v

Fig.3.4: The charged gauge boson propagators.

The massless technipion couples to the axial isospin currents with the strength F;;
defined in Eq.(3.27). In this case, we have technipions instead of QCD pions, and we can
replace the pion decay constant f,; by the technipion decay constant F, given in Eq.(3.27).
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The propagator of gauge boson W* given by the geometric series can be determined as
—iP, —iP, —iP,

o nv nv 2 nyv
D,, = 2 + o (gF+/2) o + ...
—ip,, | Fi/2?  (gF.+/2)"
=P |y, @F/2 | (o j)l
p p p

p2

- -1
:—mwl_W%ﬂq

—iP,,
S (3.38)

2
gF +
p? — (T)

As one can see, the pole in the gauge boson propagator has shifted from zero to p =
gF,+ /2 which implies that the W= gauge boson has acquired a mass:
g%

5
However there is a mixing between the Z and . We can determine the expression for

the mass of Z by introducing a mass matrix similar to that of Eq.(3.13). After diagonalizing
such a matrix, we obtain the following eigenvalues:

MWzt =

(3.39)

Fr
My = g2—|—g’27, My = 0. (3.40)
Here we see that these results fix the technipion decay constant as
2 M, —1/2
F,= W (\/§GF) ~ 246 GeV, (3.41)
g

which leads to the correct mass of weak gauge bosons My, ~ 80.4 GeV and My ~ 91.2 GeV.
However TC itself is not enough to provide the SM fermion masses. To generate the

masses of the fundamental fermions, one needs to work further by embedding the TC gauge

group into a larger gauge group known as Extended Technicolor (ETC) [11][32][33].

2.4. Minimal Walking Technicolor: A Brief Review. According to the theory
of renormalization group [2], one suggests that the parameters, e.g. coupling constant,
of a renormalizable field theory can be assigned to be scale-dependent quantities. The
dependence of a coupling a(u) on the momentum (energy) scale is known as running of
the coupling, e.g. the coupling constant of QCD-like theory is given in the left panel of
Fig.(3.5).

However, it is possible for theories in which the technicolor gauge coupling as a function
of the renormalization scale walk rather than run illustrated in the right panel of Fig 3.5.
Besides, our situation is rather critical due to the fact that simple technicolor models are
severely constrained by the limits on flavor changing neutral currents (FCNCs) and by the
emergence of unwanted additional pseudo-Goldstone bosons.
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Fortunately, these problems can be suppressed by introduing walking technicolor the-
ories [34][35][36] in which the technicolor gauge coupling evolves slowly because of a
near-conformal behavior illustated in Fig 3.6.

To achieve conformal behavior with much smaller particle content, higher matter field
representations are impressively proposed [14][37][38]. According to [15][39], the phase
diagrams for higher representations concerning walking technicolor model building were
constructed and sensational candidates for minimal models of walking technicolor were
also implemented.

With just two techniflavors in the adjoint representation of the SU(2)1¢ gauge group,
the theory is already close to, or even within, the conformal window. In particular, the
theory with two-color and two-flavor is called the Minimal Walking Technicolor (MWT).

Y & (v &

near-conformal

I
|
|

non-conformal Apre = 100 — 1000 Age !

|
|

5 I -
> b

12 —"\TC i'\ET(;'. H
Fig.3.5: Left panel: the QCD-like behavior of the coupling constant o as a function of
momentum g (running). Right panel: Walking-like behavior of the coupling constant as a

function of momentum (walking)

In Fig.3.6, a cartoon shows a /3 function associated to walking theory with a negative
first coefficient that starts out in the UV region similary to QCD, due to the asymptotic
freedom. However, contrary to QCD, the second coefficient is positive and large enough
to turn the curve around at larger o. If the coupling is sufficiently large, the 3 function
would hit the IR-fixed point a,. However, before this happens, the coupling would get
significantly large around . so that chiral symmetry is trigged.

Concretely let us review an SU(2)1c gauge theory with two flavors belonging to an
adjoint Dirac technifermions [15]. The two adjoint fermions may be written as follows:

Qs = (g) UL DY a=1,23, (3.42)
L

where a is the adjoint technicolor index of SU(2)rc. Up and Dy are respectively the
left-handed techniup and left-handed technidown, while Ur and Dp are the corresponding
right-handed particles. The left-handed are rearranged in three doublets of SU(2), weak
interactions in the standard fashion. The following condensate <U U+ DD> breaks the
electroweak symmetry.
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Fig.3.6: Cartoon of the beta function associated to a generic walking theory.

With all above field contents, the theory which has an odd number of the left-handed
fermion (or EW) doublets (and no other representations) is mathematically inconsistent
featuring a so-called Witten anomaly [10].

However, this can be simply solved by adding a new weakly charged fermion doublet
which transforms as a technicolor singlet [15]:

L, — (]g) . Np. Eg. (3.43)
L

The gauge anomalies can be completely suppressed by the following hypercharge as-
signments:

Yy y+1 y—1
Y(QL):? Y (Ug, Dg) = (—2 Ty >,
“3y+1 —3y—1
Y(LL):—B%, Y(NR,ER):< 3/2 , 3/2 ) (3.44)

where y can take arbitrary real value. In this convention, the electric charge operator is
Q = T3+ Y, where T3 is weak isospin generator. Hence the choice y = 1/3 corresponds to
the SM hypercharge assignment.



CHAPTER 4

Introducing Supersymmetry

All observable phenomena at low energy (weak) scale, Ayeax ~ 100 GeV, can be impres-
sively described by the Standard Model. However, up to now, there are some phenomena,
e.g. the dark matter represented by a new stable weak-scale particle with weak coupling
and the acceleration of the universe, which can not yet be described by such a model.
Moreover, there is a problem in the scalar sector with the quantum (loop) corrections.
To see this concretely, let us now begin by considering a theory with a single fermion, 1),
coupled to a massive Higgs scalar [29],

AR
V2

We will take o = (h 4+ v)/ V2, with h the physical Higgs boson leading to spontaneous
symmetry breaking. After spontaneous symmetry breaking, the fermion acquires a mass,
mep = A FU / \/5

L, =1 (i7"0,) ¥ + 0,0)* — m% |@|” — ( Db + h.c.> : (4.1)

.......

P £k p

Fig.4.1: Fermion mass renormalization from a Higgs loop.

First of all, let us consider the fermion self-energy contributing from the scalar loop
diagram illustrated in Fig. 4.1. From such a diagram, the propagator is given by

Propagator = Z—gtﬁf; [—iXFr(p)] Z—(}gt”;z%)’ (4.2)
where
; _ (—iAr o d% Ti(H+ mp) i
s = () 2y e ]
"2 ) e [ e ik (43)

25
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Introducing a Feynmann parameter to combine the two denominators, we have
1 /1 4 1
—_= €T .
(k2 —mi] [(p — k) — mg] o [K2=2x(p-k)+ap?—am? —(1— z)m2)’

Defining a shifted momentum ¢ = k£ — xp, we have

—iSr(p) = &/ﬂ/o d:r[ [+ zp+ mp) . (4.5)

(4.4)

2 J (2m)* ¢ —am} — (1 - z)m3)”
Dropping the linear term in ¢ from the numerator, we obtain
, M2 d*q [! rp+ mp
—iXp(p) = & / 1 / dx ( 2 ) 212" (4.6)
2. @) Jo g —amf — (1 —x)m3]
The renormalized fermion mass is given by
mh, = mhe 4+ Smp, (4.7)

where

omp = Xp(p)|p=ms

by dq [! 1
. z—F4/ 1 / dz mpletl) (4.8)
s2rt ) 2m)t Jo [ — am — (1 - 2)m}]

This integral can be simply determined by making the following transformation into
Euclidean spcace

Q@ =iqe, d'q=id'qe, ¢ =—q. (4.9)

Since the expression (4.8) depends only on ¢%, we can determine such an expression by
using the following expression:

/ d*quf (qp) == /0 ydyf (y) (4.10)

where A is a high (UV) cut-off of order a GUT scale or even the Planck one.
So, the expression (4.8) becomes [29]

2 1 A?
5mF=—>\FmF/ dI(l—{—x)/ Uv[ ydy
0 0

32m? y +azm? + (1 — z)m2)
A2 A?
= -3 617:21? log (W;sz) + (regular terms), (4.11)
F

where the regular terms argue that such terms are cut-off independent or vanish when
AUV — 0OQ.

However, the situation is very interesting when we consider the renormalization of a
Higgs boson mass from a fermion loop illustrated in Fig.4.2. Using the same Lagrangian
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Fig.4.2: Higgs mass renormalization from a fermion loop.

given in Eq.(4.1), we have [29]

—i¥s(p) = (—1)/ (;l:;ﬁf K_\%F) (g/—imF) (_%F> ((zf—éfj—mF)}
o (_?;)2(@_)2 | él;;T (k + ) (7= ) + ) ] |

(k2 —m7) ((p = k)" —m3)
Integrating with a momentum space cut-off A as above, we obtain the contribution to
the Higgs mass, dM? = Yg(m,) [29],

(4.12)

2 A% 2 2 2 A 2 mg
(5Mh)a:_@ Ay + (m5—6mF) log p— + 2mF—7 (14 I(a))
1
+0 (—) , (4.13)
ARy

where I (a) = fol dzlog (1 — az(1 — x)), with a = m%/m?%.

We see that the Higgs boson mass diverges quadratically. The correction is not pro-
portional to the Higgs mass. Unfortunately, there is nothing that protects the Higgs mass
from the large corrections.

Now we can write the renormalized (physical) Higgs mass, M, as

M} . = M} e + 6 M} + counterterms, (4.14)

where the counterterms must be introduced to the theory in order to cancel the quadrat-
ically divergent contributions to dM7. The adjustment must be made at each order in
perturbation theory. This is so-called the hierarchy problem.

Fortunately, the quadratic divergence can be suppressed if one introduces additional
two complex scalar fields, 1, @9, interacting with the physical (SM) Higgs boson, h. So,
our Lagrangian can be written as [29]

L= ’au@l‘Q + |au902’2 ‘2

- mgl lo1|” — m?qQ |902|2 + As ’90’2 (‘901’2 + |902|2) + 2, (4.15)
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where .Z, is given in Eq.(4.1). Here we consider the contribution to the Higgs mass [29]
illustrated in Fig.4.3:

d4k . .
6347), = s [ S5 [+ o

(27T)4 kz_m%ﬁ _m52
g Auy Ayv
=2 2A%, —2m% 1 —2m2 1
o |20 =2 o () — oo (22 )
1
+ O (—) ) (4.16)
ARy

Comparing Eq.(4.13) with Eq.(4.16), we find that if A = A%, the quadratic divergences
coming from these two terms cancel each other. Note here that the cancellation appears to

be independent of the masses, M and mg,, as well as of the magnitude of the couplings,
Ag and Afg.

s 2

h .. __ h

Fig.4.3: Higgs mass renormalization from scalar loops.

The attempts for solving such a problem lead to construct theories beyond the Standard
Model such as Technicolor and Supersymmetry [13].

1. The Construction Of Supersymmetric Field Theories

To naturally maintain our model, the Higgs mass term u? ](p]2 has to be generated
through a well-defined mechanism. A prerequisite for this is that the term p? should not
receive the additive radiative corrections. Hence this requires that the emergence of a non-
zero ;12 in the Lagrangian should be forbidden by a symmetry of the theory. Therefore,
alternatively, we can postulate a symmetry that connects ¢ to a fermion field ¢ [17]:

Sp =€, (4.17)

The expression looks quite strange, but it leads to the construction of supersymmetry
(SUSY). Roughly speaking, supersymmetry is a symmetry between bosonic degrees of
freedom and fermionic degrees of freedom. Supersymmetry requires every type of particle
to have an associated superpartner. For example, the superpartner of an electron (a
fermion) is so-called a selectron (a boson). A symmetry that links a boson with a fermion
is generated by a conserved charge operator (), so-called supercharge that carries spin
1/2 in such a way that

[Qas 0] =9, [Qa, H] =0, (4.18)
with H being the Hamiltonain of the system.
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In this chapter, we will review the supersymmetric field theory. The notations and
conventions we used are almost based on the Wess and Bagger’s book [13].

1.1. SUSY Algebra. Roughly speaking, SUSY is an extension of the Poincaré sym-
metries of space-time that relates bosons to fermions, i.e. Eq.(4.4). In doing so, it is
consistent to express the supersymmetrically extended Poincaré algebra in terms of two
-component Weyl spinor Q, and its conjugate Q4. Since these generators are fermionic,
their algebra can be written in terms of the anti-commutators such that

{Q1.Q°} = {Qan, Qpp} =0, (4.19.1)
{QaA7 QﬁB} = QUgBPuéAB7 (4192)

where P, is the usual momentum operator. Here the indices o, 3 of () and o, ﬂ of Q
run from 1 to 2 and denote two component Weyl spinors, o# = (1,0") with ¢’ being the
ordinary 2 x 2 Pauli matrices, the capital letters, A, B, refer to the internal space which
run from 1 to the integer N, and p identifies Lorentz four vectors.

To achieve the SUSY transformations, we have to extend our formalism from Minkowski
space to superspace. The Elements of superspace are called supercoordinates which
are composed of the usual four Minkowski space-time coordinates and four anticommuting
Grassmann variables. In terms of two-component Weyl spinors, these variables are

{6}, a=1,2 and {6,}, a=1,2, (4.20)

which transform under the self-representation of SL(2,C) and the complex conjugate self-
representation of SL(2,C), respectively, and they are assigned to be independent. For these
anti-commuting Grassmann variables, we commonly see that

{0005} = {0a,05} = {0,605} = 0. (4.21)
A finite SUSY transformation can be written in the form
exp [z {QQQa + Qa0* — a:“Pu}] . (4.22)

Hence this can be compared with a non-abelian gauge transformation with exp [i6,7]
being the gauge generators. Note that the SUSY transformations will act on the objects
understood to be functions of both 6 and 6 as well as the space-time coordinates z*. These
objects are called superfields.

Furthermore, it is very useful to consider the infinitesimal SUSY transformations. These
can be generally written as

65 (57@ o (I7 97 6_) = (gaQa + go'sz) ¢ (I, 07 0_)
o -0 - 0 _
= 650 T 655 (§00 — B0"€) o | ® (z,0,0) , (4.23)

where ® is an arbitrary superfield and &, € are also Grassmann variables. This corresponds
to the following explicit representation of the SUSY generators:

Qo = % — iaggéﬁﬁu, Qs = —% +i0°0%,0,, (4.24)
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where, for later convenience, from now on we write d, instead of d/0x*. With this no-
taion, the SUSY-covariant derivatives which anti-commute with the infinitesimal SUSY
transformation in Eq.(4.23) are of the form
0 3 _ 0
_ 1 pB Ny | g
D, = 509 —l—waﬁ@ Ou, Da 55 0”7 0%4,0,- (4.25)
Note that all expressions given above imply that # and 6 have mass dimension —1/2,
while D and @ have mass dimension +1/2. Alternatively, we have two more slightly
different (irreducible) representations often referred to as chiral representations. With
the chiral representations, we have

L-representation:

o -0 -
P, = |¢— — + 2ifo* d 4.26.1

0 - _ 0
-7 00, - = 4.26.2
DL 90 + 2i0 98“, DL 89, ( 6 )

R-representation:

o -0 _
= —_— _— — ) H
ds (&, €) Pr 50 +589 2i€a”00, | Pr, (4.27.1)
_ 0 0
= —— — ) H N = —
DR 90 2ifo 8#, DR 89 (4272)

Here there are three different operators which lead to three different types of superfields
®, &, and Pr. Hence we can prove that they are related by the following identity

® (2,0,0) = Oy, (2" +i00"0,0,0) = ®g (2" —i05"0,0,0) . (4.28)

An arbitrary superfield ® is in general a reducible representation. However, we will
only need these two special superfields which are in an irreducible representation of
the SUSY algebra by imposing supersymmetric conditions on the superfield.

1.2. Chiral Superfield. The first type of superfield we have to work with is a chiral
superfields. This superfield is named from the fact that the SM fermions are chiral which
transforms differently under SU(2) x U(1)y. Hence we need this superfield with only
two physical fermionic degrees of freedom which can precisely describe the left- or right-
handed component of SM fermions. In addition, this superfield itself will also contain
bosonic partners, the sfermions.

The chiral superfield, @, is obtained by imposing either

D®;, =0 (P is left-chiral) or (4.29.1)
D®r =0 (P is right-chiral) . (4.29.2)
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Clearly, these constraints show us that in the L-representation ®;, is independent of
but depends on both z# and #. Since 6 is an anti-commuting Grassmann variable, we can
then expand ® in which its expansion is finite as follow:

O, (y,0) = d(y) + V20°Pa(y) + 0°0°capF (y)

= 0lr) + i60"00,0(x) + 1096I06(x)
1
V2

where y* = a2 + ifo*6, summation over upper and lower indices is understood, and €8 18
the anti-symmetric tensor in two dimensions. Since 6 has the mass dimension —1/2, we now
assign the usual mass dimension +1 to the scalar field ¢ which gives the mass dimension
+3/2 for the fermionic field v, and the unusual mass dimension +2 for the (auxiliary)
scalar field F'. Thus the superfield ® itself has mass dimension +1. The expansion of ®, is
exactly finite since @ has only two components. The F' term in Eq.(4.25.1) has been taken
into account for the off-shell degrees of freedom of the chiral multiplets.

We see in Eq.(4.21) that the square of any one component of § vanishes. Hence the
expansion of ®; can not have any terms with three or more factors of 4.

In addition, the field ¢ and F" are in general complex scalars, while 1) is a two-component
Weyl spinor. From the above information, we see that ®; contains four fermionic and
bosonic degrees of freedom: just the off-shell degrees of freedom. Likely the expression for
®p in R-representation is very similar to the case of @y in L-representation obtained by
merely replacing 6 by 0, i.e.,

Dp(2,0) = 6" (2) + V200(2) + O0F*(2)
— ¢*(x) — i00"00,0* (z) + i%ée_t\gb* (z)

+V20¢(x) 000,10 (x)0"0 + 00F (z), (4.30)

+ V200 (z) + E9990“(3“@(:):) + 60F ()", (4.31)

where 2/ = x# — ifo*0. Applying the infinitesimal SUSY transformation in Eq.(4.26.1) to
the left-chiral superfield in Eq.(4.30), we have

o -0 _
= — — 0ot
5P, [589 + &5 + 200 ga,,} o
o -0 _
— |egg+ € + 280760, [0 + VBB 0a(0) + 60 crsF )
= V2P + 267070 F + 2i0°0" Oud + 2v/2i00" Bgﬁeﬂawﬁ

= 650 + V20051 + 005 F. (4.32)

The first two terms of the third line come from the application of the 9/90 part of
ds, whereas the last two terms come from the 0, part. Note that the d, part applied to
the last term in Eq.(4.30) then vanishes since it will contains three factors of 6. The last
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line implies that a SUSY transformation applied to the left-chiral superfield should again
give a left-chiral superfield. It is simple to see that this is precisely true by comparing the
Eq.(4.30) with Eq.(4.32).

Thus by equating the coefficients in Eq.(4.32), we explicitly get
Ssp = V280 (boson o5 fermion) (4.33.1)
o5t = V2EF + i\/éa“f_al@ (fermion ‘5 boson) (4.33.2)
osF = —iv/20,1pa"E <F % total derivative) (4.33.3)

Note that the result of Eq.(4.33.3) implies that [d*zF(z) is invariant under SUSY
transformations obtained by assuming that boundary terms vanish.

1.3. Vector Superfield. In the previous section, we saw that the chiral superfield can
be only used to describe spin-0 bosons and spin-1/2 fermions, e.g. the Higgs boson and the
quarks and leptons of the SM. However, we have to also describe the spin-1 gauge bosons
of the SM. To this end, we have to introduce some additional superfields called vector
superfields V. The vector superfield is obtained by imposing the following condition:

V(2,0,0) =V (2,0,0). (4.34)

In terms of the power series expansion in # and 6, we will obtain V in terms of the
component fields as follow:

V (2,0,0) = C(z) +ifx — iflx
+ 566 [M(2) +iN(2)] - 560 [M(x) + iN()]
— 00" A, (z) + 1060 P(m) + %6“8,»((:6)]
_ 660 [/\(x) + %0“8@2(:6)]
+ Lo0io [D(x) + %DC(JU)] | (4.35)

that we can rewrite as

V (2,0,6) = [1+ " pogac

Cla) + {z’@ - %090“0%] (@)
+ %ee (M(z) +iN(z)] - %éé [M(z) — iN(z)]
i [—w‘ N %ée‘a“eau} T(x) — 0064, (x)

— 000N () + 100X () + %eeééD(x), (4.36)
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where O stands for 9,0". Here C, M, N and D are real scalars, x and A are Weyl spinors,
and A, is a vector field. If we want A, to describe a gauge boson, hence V must transform
as an adjoint representation of the gauge group. A non-abelian supersymmetric gauge
transformation acting on V' can be represented by

eV — eIV gigh (4.37)

where A = A(z,0,0) is a chiral superfield and g is the gauge coupling. In the case of an
abelian gauge theory, this transformation rule can be written as

V —V+i(A—A") (abelian case). (4.38)

Note that a chiral superfield contains four scalar (bosonic) degrees of freedom as well
as two Weyl spinors. The special gauge is defined by

x(x) =C(x) = M(x) = N(z) =0, (4.39)

removes the unphysical degrees of freedom in Eq.(4.36), and is called “Wess-Zumino”(WZ)
gauge. Note here in WZ gauge that we assign mass dimension +1 to A*, and this gives the
mass dimension +3/2 for the fermionic field A, while the field D has the mass dimension
+2 just like the component field F' of the chiral superfield in Eq.(4.30). As a result, the
vector superfield V' itself has no mass dimension.

In addition, we can easily compute powers of the vector superfield V' in WZ gauge:

_ _ __ 1
V = ~00"04,(x) + i000X(x) — i000A(x) + 50000D ().

V2 - —%999914#(95)14%[;),
V3 =0. (4.40)

Applying a SUSY transformation in Eq.(4.23) to the vector superfield in Eq.(4.36),
it gives us lengthier expressions than in case of chiral superfields. Let us show only the
following result which is useful for constructing the Langrangian

dsD(z) = —€o" 9N\ (x) + 57O, \ (). (4.41)

This significantly shows that the D component of a vector superfield transform into a
total derivative.

2. SUSY Lagrangian

After getting acquainted with the superfields introduced in the previous subsections, we
now are ready to construct the Lagrangian of a supersymmetric field theory. We assume
that, by definition, the action must be invariant under the SUSY transformation:

55/d4$£SUsy(l‘) =0. (442)

Hence this is satisfied if Lgqugy itself transforms into a total derivative. As experienced
above, we saw that the highest components of the chiral and vector superfields obtained
by looking at the largest number of # and 6 factors satisfy this requirement. Therefore,
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they can be used to construct the required Lagrangian. Hence we can write the action S
of the form:

S = / d*zLsusy (z). (4.43)
The following integrations over Grassmann variables provide useful later:
/dea =0, /eadea =1, (4.44.1)
/ 026 (66) = 1, / 29 (00) = 1, (4.44.2)
1 _ 1 - .
d*0 .= —Zdﬁo‘dﬁﬁeaﬁ, d*0 .= —Zdedd%eo‘ﬁ. (4.44.3)

Before constructing the SUSY Lagrangian, it is useful to compute the product of two
left-chiral superfields:

51051 = (6i(y) + V20Ui(y) + 00Fi(w)) (65(0) + V105 (y) + 00F;(v) )

= 0i(y)d;(y) + V20 [Yi(y) 5 (y) + 6i(y) 5 (y)]
+00 [0:(y) F(y) + 6, (y) Fi(y) — ¢iy);(v)] - (4.45)

;1P 1P = 0i(y) 05 (y) Pk (y)
+ V260 [1i ()65 (1) Dr(y) + 5 () k(1) Bi () + Lr(y) i (1) D5 (y)]
+ 00 [Fi(y)é; () k() + F3(0)on(y) i (y) + Fu(y)oi(y) b5 (y)]
— 00 [vi ()0 (1) dr(y) + 13 (W) k() di(y) + e (W)i(w)d;(w)] . (4.46)

Of course, we see precisely that the product of two and three left-chiral superfields is
still a left-chiral superfield. Thus, we can now conclude that the same must be true for the
products of any number of left-chiral superfields, i.e. ®; ...®;  is again a chiral superfield.
By integrating over Grassmann variables for the highest component in the product of three
left-chiral superfields, we then obtain

/ d*0®; @, Py = / 4?0 (00) (Fy(y)o;(v)ox(y) + Fj(y)or(y)di(y))
n / 026 (66) (F(y)6:(y) b5 () — sl (1) (v))

- / 026 (69) (0, () (1) 8s() — uly)bs()5 (1)

= Fi(y)0;(y) e (y) + F(v)on(y)0i(v) + Fi(y)i(y) b (y)
— Vi) (Y) ok (y) — (W) e(y)di(y) — V(W) i(y) 5 (y).  (4.47)

Note that the last three terms in Eq.(4.47) describes Yukawa interactions between one
scalar and two fermions. We know that in SM these interactions give rise to quark and
lepton masses. By assuming [12] ¢; to be the Higgs field, and ); and v to be the left- and
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right-handed components of the top quark, respectively, Eq.(4.47) will not only produce
the Higgs-antitop-top interaction but also interactions between a scalar top t, the fermionic
“higgsino "h, and the top quark, with equal strength.

As it is mentioned above, there are some terms which can give rise to fermion masses,
;1 in Eq.(4.45), and Yukawa interactions as in Eq.(4.46). Unfortunately, we have not
yet discovered any terms with derivatives which lead to the kinetic energy terms. Alterna-
tively we can get inspiration by looking at the products between the left- and right-chiral
superfields.

.I.
Explicitly, the product CIDTLQ)L is self-conjugate, i.e. <®TL<I>L> = @TLqDL, so it is a vector

superfield. So far, there are lengthy expressions for such products. Here is part of the
significant candidates contributing to the construction of the Lagrangian of Eq.(4.43)

/ d*0d*00" & = F*(x)F(z) — 0"¢10,¢s — ith(x)0"D,1b(x). (4.48)

Precisely, this contains kinetic energy terms not only for the scalar component ¢, but
also for the fermionic component 7. In addition, the auxiliary field ' can be integrated
out by using the equation of motion, e.g. page 32 of [13].

To see exactly how to remove the F-field from the Lagrangian, we have to introduce
the superpotential P(®;):

1 1
i ij i,k
where the ®; are all the left-chiral superfields, and the k;, m;; and g;;; are constants with

mass dimension 2,1 and 0, respectively. We are now ready to construct our Lagrangian in
which it can be written as

L= Z { / PPOd*00!d; + [ / d*0P (®;) + h.c.] }

=F/F; — 8”92513“@ - “/_’i(x)auauwi(x)
1

where W; = OP/0¢; and W;; = 0>°P/0¢;0¢;. As early mentioned, we can remove the
auxilairy field F' by looking at their equations of motions obtained by the following algebraic
schemes:

OLJOF =0 — FF +W; = 0,

OLJOF* =0— F,+ W/ =0. (4.51)
Substituting this result into Eq.(4.50) yields
1( %P oP |’
=Lyin — = | ==—5—Yi¥; + h.c. | — : 4.52
¢ =t~ (g o +he) |5 (452




36 4. INTRODUCING SUPERSYMMETRY

where Ly, except FF; refers to the second line of Eq.(4.50). Furthermore the fermion
masses and Yukawa interactions are described by the second term of Eq.(4.52), while the
last term describes a scalar mass terms and also scalar interactions.

To complete the construction of a renormalizable supersymmetric Lagrangian, we need
to introduce gauge interactions. The “minimal coupling’of the gauge superfields to the
chiral matter superfields is automatically introduced by the following substitution:

/ d*0d20!®; — / d*0d*0D!e* @,
= —D"¢ID,¢; — i;0" D,ab; + 9ol Do,
+iv2g (d)l X — Mi@) + F}F;. (4.53)

Here we have used the WZ gauge, V' = Vyyz, and gauge-covariant derivative D, =
Op + igA;T*® with T the group generators. Note that these pieces not only describes
the interactions of the matter fields, fermions and bosons, with the gauge fields, but also
contain gauge-strength Yukawa interactions between fermions (higgsinos) v, sfermions (or
Higgs bosons) ¢, and gauginos A.

So, the last ingredient we need is the kinetic terms of the gauge field which can be
constructes with the help of the following additional superfield:

W, = —ED-D%_%VD eV
(0% 8 (0% (0%
= —igha(y) + 90.D(y) — g0 "05F ., (y)
+9(00) 0" . DA (y), (4.54)

and its conjugate

— 1 _
W4 = +§DO‘Da629VDde_29V
= +igha(2) + 905D (2) + igedﬁﬁg Sééﬁw(z)
— g (00) 450" BéD“)\g(z), (4.55)

where we can simply prove that F,(y) = F(z) = F.(v) = 0,A,(v) — 0,A,(z) +
ig[Au(x), A,(x)] which is just usual field strength tensor, and D,D are again SUSY-
covariant derivatives which carry the spinor indices. In additon, we can recover the abelian
symmetries by reducing the above expression, i.e. W, = —1/4DsD%D,V. However we
find that DyW, = 0, so W, itself is also a left-chiral superfield as well as D,W, = 0, so

W, itself is again a right-chiral superfield.
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One can verify that some pieces which are useful to construct the Lagrangian are
obtained from the following expression

16k g2 00Ty [(WOW,) 6%(0) + (W) 6%(0)]
- _iF ) () PO () + %D“(x)D“(x) — X (2)7 D\ ()

(4.56)
Now, we discover the kinetic terms for the gauge fields as well as the kinetic terms for
the gauginos A% Note again that we can integrate out the D, fields from 9L/9D" = 0, so
we obtain

Dy(z) = —goI T\ ¢;.

17 1j

(4.57)
In addition, combining the third term in the second line of Eq.(4.53) and the second
term in Eq.(4.56), we have

1 a a a a J—

5D @)D (@) + g6 D(x)o = 0" (61T50,) (41T56,) = Vi (4.58)
This contributes to the scalar interactions in the Lagrangian. Therefore, now we have
completely constructed the Lagrangian for the renormalizable supersymmetric field theory

2.1. SUSY Breaking. For simplicity, now we would like to start by considering a
single anti-commuting generator @),. The theories with single such a generator are referred
to as N = 1 which reflects the fact that there is only one irreducible generator

In this case, the Hamiltonian of any SUSY theory obtained from the Eq.(4.19.2) can
be written as

{Qur @3} = 20",
Multiplying from the right by GvE

(4.59)
and summing over a and 3, we have
—Vﬁa . —IIBOL
{Qa,Qﬁ} 20550 P
=2Tr[o"5"| P,
= —4n"P, = —4P". (4.60)
Setting v = 0, we obtain

1 _ .
PP=H =-2{Qa,Qy} ™

1
= _ZL [QaQﬁ + QﬁQa} Uoﬂ 5 UO - _12><2

= 1 (@01 + Q101 + Q05 + Q3Q2].

(4.61)
The invariance of the theory with respect to SUSY transformation implies that the
Hamiltonian H commutes with the generators of the SUSY transformation, i.e

[H,Qo) = 0= [H,Qa] . (4.62)
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For an arbitrary state [¢), the spectrum of the Hamiltonian is positive definite, i.e.
(Y| H 1) > 0. If there exists some state |0) such that E,.. = (0| H |0) > 0, i.e.

ch |O> - 07
Qa0) =0, (4.63)

then the vacuum state |0) is said to be supersymmetric. However, if the vacuum state
is not supersymmetric meaning that at least one SUSY generator does not annihilate the
vacuum, then the Eq.(4.61) implies that F,,. > 0. Concretely the global symmetry can be
spontaneously broken if there exists a positive vacuum energy.

In addition, in SUSY field theory, we can write the scalar potential related to the
superpotential as

¢T (a)

Zgg

- VF — VD

(4.64)

where i runs over all the scalar field labels, while j runs over all the gauge group labels,
and a is the gauge group index. In the case of F,,. = 0, this can be illustrated in Fig.4.2
for a theory with scalar superfields.

Vid', o)

0]

Fig.4.2: With V' = 0. No breaking of SUSY and also an internal symmetry

According to Fig.4.2, supersymmetric ground states are at E,,. = 0.

However, supersymmetry is unbroken since the ground state energy, the minimum of
the potentiaal, is still zero.

Alternatively, we can consider the case in which the vacuum state is not annihilated by
the supercharge, i.e. @, |0) # 0, which implies in view of Eq.(4.47) that E,.. = (0| H |0) #
0.

Now we conclude that: If supersymmetry is not spontaneously broken, i.e. the vacuum
is invariant under SUSY transformation, i.e.

05 10) = (£*Qq + £:Q%) |0) =0, (4.65)

the energy of vacuum is still zero.
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Vo', o)

K / O

Fig.4.3: Degeneracy of the SUSY ground state. No breaking of SUSY
but breaking of some internal symmetry

V(o' &)

} B, 0

D

Fig.4.4: The case of broken supersymmetry
but no breaking of internal symmetry.

However, if supersymmetry is spontaneously broken, the vacuum energy is positive
Eyoc > 0. The case of broken supersymmetry are illustrated in Fig.4.3 and Fig.4.4. In
Fig.4.3, the expectation value of the scalar field is zero, but supersymmetry is spontaneously
broken since the energy of the ground state is greater than zero.

However in Fig 4.5 we show that the case in which the expectation value of the scalar

field is greater than zero and supersymmetry is spontaneously broken.
Precisely, We can break SUSY if either (F;) = (0P/0¢;) # 0 for some i or if (D;,) =

<Zj ¢3Tj(a) gbi> # 0. In the latter case, some gauge symetries will also be broken.

For phenomenological purposes, however, we need to introduce some additional super-
fields into the theory. One of these objects is called soft-breaking terms which can be
introduced simply using the physical components of the superfields. Such terms are the
ones which do not introduce quadratic divergences.

We know that, at least at the one-loop order, quadratic divergencies still cancel if
we introduce [12] (1) scalar mass terms, —mj, |¢:|%, and (2) trilinear scalar interactions



40 4. INTRODUCING SUPERSYMMETRY

Vo', &)

@

Fig.4.5: The case of broken supersymmetry
and also some internal symmetry.

—Aijk¢i®;¢r + h.c. into the Lagrangian. However we need three additional types of soft-
breaking terms (3) gaugino mass terms —1/2m;\\; where [ labels the group factor, (4)
bilinear terms —B;;¢;¢; +h.c., and (5) linear terms —C;¢; (that are only allowed for gauge
singlets).

2.2. R-Symmetry. There is an additive symmetry in supersymmetry: the so-called
“R-symmetry”. The R-symmetry does not commute with the supersymmetry generators.
Such symmetries can be continuous or discrete. For the continuous case, the 8’s can be
transformed by the phase (U(1)) trasformation, ¢**. Then the Lagrangian L is invariant
under a new U(1) symmetry which acts as follows [17][18]:

Dp(z,0) — e 0 (z,€0), VO (2,0,0) — V(x,e0,e7F), (4.66)
or, in terms of the component fields,
¢k N e—irkagbk’ ,Qbk’ _ ei(l—rk)oawk’ Fk N Gi(Q_rk)aFk, N e—ioa)\a. (467)

In the minimal supersymmetric standard model, we can take r;, = 2/3 for all of the
chiral fields. Since all left-handed fermions have the same charge under Eq.(4.67), then
the R-symmetry will have an axial anomaly. To suppress such an anomaly, it is possible
to combine the transformation laws in Eq.(4.66) with other U(1) symmetries to define a
non-anomalous U(1) R-symmetry. Under such a symmetry, we will have

Dp(x,0) — e Dy (z,e"0) such that P (z,¢) — e**P (z,e0). (4.68)

Here P is a superpotential which has dimensionful coefficients. In general, the case of
N > 1, the R-symmetry has to be extended to SU(2) for N = 2 and to SU(4) for N = 4
supersymimetry.

3. The Minimal Supersymmetric Standard Model

3.1. Particle Contents. In this section, we will briefly discuss the minimal super-
symmetric standard model (MSSM). In particular, the word “minimal” means that
one wants to maintain the number of superfields and interactions as small as possible. Now
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let us assign the matter fields of the SM to chiral supermultiplet and the vector fields in
the SM to vector supermultiplets.

The vector supermultiplets correspond to the generators of SU(3) x SU(2) x U(1) gauge
group. To do this, we will refer to the gauge bosons of these groups as gy, W7 and B,

respectively. The Weyl fermion partners of these fields will be represented as g%, We and
B so-called the “gluino,wino”and “bino”, or collectively, “gauginos”.

The quarks and leptons will be assigned as fermions in the chiral superfields, and we
consider left-handed Weyl fermions as the usual particles and right-handed Weyl fermions
as their antiparticles. In the SM, we have

L:(g),

Here the field € is the left-handed positron; the fields u, d are the left-handed antiquarks.
The right-handed fermion fields are the conjugates of these fields. To make the supersym-
metric Lagrangian, we have to double the number of fields in the theory by associating to
each SM field a superpartner field, which we define by adding a “tilde”to the symbol of the
SM field. For the SM fermions, therefore, we can write

o

Qz(Z), a,  d (4.69)

L, & O, @& d (4.70)

The particle contents given in Eq.(4.69) and Eq.(4.70) make up the physical conponents
of the “chiral supermultiplets”. Each supermultiplet contains both boson and fermion
states. Note that the scalar particles in these supermultiplets are so-called “slepton’and
“squarks”; or collectively, “sfermions”. What about the Higgs field? In SUSY, we have to
include a Higgs supermultiplet with Y = +1/2 and a second Higgs chiral supermultiplet
with Y = —1/2. Thus, for Higgs chiral supermultiplets, we have

H, = (gﬁ) H = (gf) | (4.71)

However, in MSSM, one adds a new symmetry which can eliminate the possibility of B
and L violation terms in the superpotential. This symmetry is so-called “R=Parity”which
can be defined for each particle as

R = (_1)3(B—L)+25 : (472)

where S is the spin of the particle. Hence all of the SM particles and Higgs bosons have
even R-parity R = 41, while all of the squarks, slepton, gauginos, and higgsinos have odd
R-parity R = —1. The R-parity odd particles are known as “sparticles”. If R-parity is
exactly conserved, then there can be no mixing between the sparticles and the R = +1
particle given in Table 4.1.
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Particles | even R-parity | odd R-parity
gauge bosons
Bosons | Higgs bosons sleptons
. squarks
graviton
gauginos
Fermions 165;;)11{15 higgsinos
4 gravitino

Table 4.1: R-parities in the supersymmetric standard model.

The Weyl fermion partners of these fields are called “Higgsinos”. Note that it is nec-
essary to include both Higgs fields in order to obtain all the required couplings in the
superpotential. In additon, there is another reason for which the axial vector anomaly
of one U(1) and two SU(2) currents given in Fig.4.6 must vanish to maintain the gauge
invariance. In SM, this anomaly cancels between the quarks and the leptons mentioned
in [2]. However, in SUSY, each Higgsino makes a non-zero contribution to this anomaly.

So these contributions cancel if we include a pair of Higgsinos with opposite hypercharge
[18].

Fig.4.6: The anomaly cancellation that requires two doublets of Higgs fields in the MSSM.

Now let us emphasize that if there is only one Higgs chiral supermultiplet, the elec-
troweak gauge symmetry will suffer a gauge anomaly. This is because the conditions for
the cancellation of such anomaly requires [17] Tr [T3Y] = Tr [Y3] = 0, where T3 and Y are
the weak isospin component and the weak hypercharge, respectively. Note that the trace
runs over all of the left-handed Weyl fermionic degrees of freedom.
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Super Fields | Comp.Fields Name spin-0 | spin-1/2 | SU(3),SU(2),U(1)
ur, Quark
_fuL dr, Quark i, ur
o (dL) ur, Squark dr d (3,2,1/6)
dr, Squark
+ R. Handed ]
U Yff Upquarké& wh U}z (3,1,-2/3)
YR Upsquark
_ dt R. Handed . i
d Jf Dquark& d, d}f% (3,1,1/3)
R Dsquark
vr Lepton
(VL er Lepton UL v -
b (eL) VL Slepton ér er (1,2,-1/2)
er Slepton
! Antilept
> ep ntilepton | :
‘ e Antislepton | R €R (1,1,1)
H* Higgs
H* e Higgs H+ o+
H(HO) H* Higgsino HO 0 (1,2,+1/2)
HO° Higgsino
a" Higgs
1" " Higgs | H® | H"
,_ & ~ —_—
e (Hl_) " Higgsino | H'~ - (1,2,-1/2)
H'~ Higgsino

Table 4.2: Chiral supermultiplets in MSSM. The spin-0 fields are complex scalars, and
the spin-1/2 fields are left-handed two-component Weyl fermions.

Notice that if we define each Higgs chiral supermultiplets to be a weak isodoublet with
weak hypercharge either Y = +1/2 or Y = —1/2, we will get the cancellation of the
anomaly contribution. Moreover, there is another requirement for including two Higgs
supermultiplets. Such requirement is that only Y = 41/2 Higgs chiral supermultiplet can
have the Yukawa couplings to give masses to up-type quarks, and only Y = —1/2 can have
Yukawa couplings to give masses to down-type quarks and to charged leptons.

Now all of the chiral supermultiplets of the MSSM can be summarized in Table 4.2.
Here @ stands for the SU(2), -doublet chiral supermultiplet containing u, @y with weak
isospin component T3 = +1/2, and dy,, d;, with weak isospin component T = —1 /2, while

u stands for the SU(2) -singlet chiral supermultiplet containing uTR, uy. The Higgs chiral

supermultiplet H; containing (H’O, H'~ H", ]:I’*> has the same quantum numbers as the

left-handed sleptons and leptons L;, e.g. (71, €L, v, er).
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Super Fields | Comp.Fields | Name |spin-1/2| spin-1 | SU(3),SU(2),U(1)
i | 3 [y [y | e
o | e | s e wewe | a0
B°, B gz B]]Boii’ls(fn BO BO (1,1,0)

Table 4.3: Vector supermultiplets in MSSM.

The vector bosons of the SM should be clearly placed in vector (gauge) supermultiplets.
Their fermionic superpartners are generally called gauginos. We know well that the SU(3)¢
color gauge interactions have the gluon as mediators whose spin-1/2 superpartner is the
gluino. Therefore we need eight gluinos g as superpartners of the eight gluons g of QCD,
three winos W as superpartners of the SU(2) gauge bosons W, and bino B as U(1)y
gaugino. Since electroweak SU(2) x U(1)y is broken, the wino W3 and the bino B are
not mass eigenstates. These eigenstates mix to give mass eigenstates Z°, 7. If SUSY were
unbroken, they would be mass eigenstates with masses m  and 0. We summarize the gauge
supermultiplets in Table 4.3.

The chiral and gauge supermultiplets given in Tables 4.2 and 4.3 give rise to the particle
content of the MSSM. Up to now, none of the superpartners of the SM particles has
been discovered. Seemingly, supersymmetry should be a broken symmetry in a vacuum
state ruled out by Nature. With the supersymmetry breaking, we now return, for the
time being, to the motivation obtained by the gauge hierarchy problem. Supersymmetry
forced us to include two complex scalar fields. This is just what we need to enable a
cancellation of the quadratically divergent piece 6 M7 of Eq.(4.14). This sort of cancellation
also requires the relation between dimensionless couplings, e.g. Ag = M%. In fact, the
unbroken supersymmetry guarantees that the quadratic divergences in scalar sector must
vanish to all order in perturbation theory.

To provide a solution to the gauge hierarchy problem, one introduces the so-called
“soft” supersymmetry breaking term. Therefore the Lagrangian of the MSSM can be
written in the form

L = Lsusy + Leoft, (4.73)

where Lgysy, obtained by returning to the section 1.1 and 1.2, contains all of the gauge and
Yukawa interactions and also preserve supersymmetry invariance. The Lq.f term violates
supersymmetry and contains only mass terms and coupling parameters with positive mass
dimension. The soft supersymmetry-breaking terms in the Lagrangian can be in general
written in the form [17]

1
[’soft = - (5

They consist of gaugino masses M, for each gauge group, scalar squared-mass terms
(mZ);. and b, and (scalar)’ coupling a’*, and “tadpole’couplings t'. The softly broken

bhe -1 (m2)§, o (4.74)

1 .. 1 .. )
AN+ éa”ktbiqﬁjqbk + §b”¢i¢j + tl¢i) 5
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terms are obtained by re-writing the superpotential, given in Eq.(4.29), in terms of the
scalar fields together with its Hermitian conjugate, and also the mass terms of gauginos
and the mass terms of scalar field.

In the MSSM case, the superpotential is given by [19]]20]

Pussns = o [~ BPQTy0, + AVQR B, + APLEPE, — pir" 7). (079
where €,, = —€,,, and €12 = 1, and the superfields are defined in the following standard

ways:

1o — (H> _ (H*a P!*)
H? H° HY )’
N f{/l H’O, H°
e — (]:[’2> = (H'_, f{") ’ (4.76)
where i, 5 = 1,2, 3 lebel the family indices. The soft supersymmetry-breaking Lagrangian
Lo, obtained from the Eq.(4.74) takes the following form [19][20]:

1 _ o
~Laott =3 | Mg+ MWW + MyBE + hc

+ e [—Hﬂ@;‘&w U; + H*Q%da, D; + H? L7 G, E; + h.c.

+m%, |H'| +m2 |H|> — (bue,y H?H + h.c.)

+ Qfm%ij Q;p + fjipm%ij_ [Z;” + (_Ji*szij Ur + D;‘m%w Df + E;‘m%ij EY, (4.77)
where A represents the SU(3) indices, while a represents SU(2) indices. The terms in the
first line contain mass terms for the gauginos. The second line contributes to the potential

for the Higgs bosons. The SU(2) representations of the squark, slepton, and Higgs doublets
in Eq.(4.77) can be expressed as follows:

R R ORI VO R
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The Higgs fields acquire the following non-zero vacuum expectation values:

= (o). = (1), (4.79

where v2 4+ v2 = 0%, tanf = v,/vq, and v? = (174 GeV)* = 2m%/ (¢°> + ¢”%). Here g
and ¢’ are respectively the SU(2) and U(1)y gauge couplings which commonly satisfy
e = gsin#, = ¢’ cosb,, where e is the electron charge and 6, is the electroweak mixing
angle.

The soft term couplings are also responsible for electroweak symmetry breaking. The
scalar potential for the Higgs sector (further details are presented in Appendix A) at tree-
level is given by [20]

VH = m%{ |H|2 + m%{/ |]‘.[/|2 - (buEin/iHj + hC)
2 2 2
+ 2
P P+ o (1 + S (1P = 5P) + S HE (480)

Here, the first line comes from the soft SUSY breaking terms, the second line is obtained
from the F-term and D-term potentials, respectively.



CHAPTER 5

Technicolor Meets Supersymmetry

The main idea of Technicolor (TC) is to introduce a new strongly coupled gauge theory
replacing the Higgs as a fundamental degree of freedom. In TC models, the electroweak
symmetry is dynamically broken by a bilinear condensate of techifermions similary to the
chiral condensate in QCD. Furthermore, in TC, the scale of symmetry breaking is at the
EW scale, so the W and Z gauge bosons will gain the correct masses.

On the other hand, naively, one of the main motivation of supersymmetry (SUSY)
comes from the quadratically divergent contributions to the Higgs squared masses. For
exact unbroken supersymmetry, one would predict that a particle and its superpartners
would have the same mass. Unfortunately, up to now, the superpartners of the Standard
Model particles have not yet been observed. This indicates that supersymmetry must be
spontaneously broken at a scale of the order of the weak interactions.

According to [24], new types of theories, which combine supersymmetry and a new
trong interaction which is referred to as supercolor, have been proposed. In [24], the
authors constructed a specific example featuring the gauge group

SO(N)sc ® SU(4)ps @ SU(2)L ® T3, (5.1)

where SO(N)sc is the supercolor group which becomes strong at the scale Age, SU(4)ps
is the Pati-Salam group, T3 is the third component of right-handed isospin and SU(2)y, is
the standard left-handed weak isospin. The weak hypercharge in such a model is a linear
conbination of T3g and the 15th component of SU(4)ps.

While in [26], the gauge group is of the form

SU(M)sc @ SU(N)1c @ SU(3)c @ SU(2), ® U(1)y, (5.2)

with coupling constants respectively gas, gn, g3, g2 and g;. The first two groups (supercolor
and technicolor) have been taken into account for breaking supersymmetry and electroweak
interactions, SU(2);, ® U(1)y, respectively. They assume that the supercolor, technicolor
and color interaction are all asymptotically free and characterized by scales Asc, Arc, and
A¢, respectively, such that

Asc > Arc > Ac, (5.3)

Technically, this model has two weak doublet chiral superfields with supercolor inter-
actions. The component fields of these doublets form condensates at a scale Agc of order
10 TeV. These condensates break SUSY but not SU(2), ® U(1)y. The breaking of SUSY
gives rise to masses for the scalar partners of quarks and leptons, as well as for fermionic
partners of all gauge bosons.

47
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In addition, the model contains a weak doublet and two weak singlet chiral superfields
with technicolor. At a scale Arc, the fields in principle will form condensates which breaks
SU2),®U(1)y down to U(1)gys electromagnetism. Importantly, the model also contains
two weak doublet (Higgs) superfields, neutral under all strong gauge groups, introduced to
give rise to masses for quarks and leptons. Lastly, the model has weak Yukawa couplings
to the technicolored fields as well as the quark and lepton superfields. As a result of these
couplings, the techniquark condensates induce vacuum expectation values (VEV’s) for the
Higgs fields. These VEV’s give masses to quarks and leptons.

Here we consider the case in which the technicolor group is SU(2). In this report,
the SU(2) technicolor gauge group is taken into account. Contrary to [24] and [26], the
model features two weak doublet superfields charged under the technicolor gauge group.
By combining the supersymmetric technicolor sector with the traditional MSSM we define
the super technicolor models |21].

Clearly these type of models are still a highly natural extension of the SM while pos-
sessing further advantages with respect to the traditional technicolor models:

i) It is possible to give masses to the standard model fermions without introducing
extended technicolor interactions which are typically hard to construct.

ii) The top mass can be easily reproduced.

iii) One can interpolate, depending on the way that supersymmetry is broken, between
MSSM and ordinary technicolor.

We will also see that the simplest incarnation of the supertechnicolor model feature,
for the first time, the maximal supersymmetry in four dimensions.

1. The MSSM Sector
In general, we can write the supersymmetric Lagrangian in the following form:

1

Lsusy = T6kg?

v [ / POLE (W88 + WaT7%5%)

+ /dQHdQQ(I)ZT exp (2gV) ®;

+ / d*0d*0 [P5*0 + h.c.] (5.4)
where
1. _.
W, = —gDaD“e‘zgvDae”gv, (5.5.1)
_ 1 _
Wi = +2 D" Doe™" Dae ™. (5.5.2)

Here V = VT4 is the vector super field in the Wess-Zumino gauge Viyz(z, 8, 0) given
already in chapter 4.
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Applying some results given in chapter 4, the defined Lagrangian can be written as
follow:

Lsusy = Ziin + Ly—vuk + Lp + L + Loyuk + Liotts (5.6.1)

or, in terms of component fields,

1 _ _
Lin = —Zﬂ‘[jlﬁ}(a)“” — A5 DA — DD, el — i D, (5.6.2)
Loy =Y _iV2g, [gbjTj.(“)wiA;“) - xyh@T;a)@] 7 (5.6.3)
J
or |
LS 2 (i@ )
J

L|_ &P @,

Lovue=—5 | —a-—a¥i ¥r +hel, (5.6.6)
2 (00" 06}

where the first expression, Eq.(5.6.2), represents the kinetic terms, the second one corre-
sponds to the Yukawa terms obtained from gauge and superpotential interactions, while
the third and the forth ones are the F' and D scalar interaction terms, respectively, and
the soft SUSY breaking Lagrangian is given in Chapter 4.

We now begin by considering N/ = 4 supersymmetric Yang-Mills theory with gauge
group SU(N) in four dimensions. The N = 4 supersymmetric Lagrangian for an SU(N)
gauge theory can be written in terms of three N' = 1 chiral superfields ®;,7 = 1,2, 3 and one
N = 1 vector superfield V', in which all such superfields fall in the adjoint representation of
SU(N). Here we introduce the superpotential for the N’ = 4 Lagrangian in the following
form [22]:

o g abcFaF b pc . _ . — 2
P = _ﬁemkf (I)Z (qu>kﬁ 7, k= 1, 2, 3, a, b, C,= 1, 2, PN N* — 1, (57)
where g is the coupling constant, and ¢ is the structure constant. After substituting the
superpotential in Eq.(5.7) into Eq.(5.6), we obtain
1 a a)uv -3 (a) = a a a - 7a) = a
Lsusy = — - F\o pom Z/\E‘ )U“DM ' — DD, — i (5D,

4]#”]

Vg (olutx = Xbor) + Toeons™ (o1 + didler)

— S0 (e et gt (538)
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where ) is the gaugino, while v; and ¢; are the fermionic and bosonic components of
the chiral superfield ®;, respectively. Further details of deriving Eq.(5.8) are presented in
Appendix B. Here the field strength tensor F;, and covariant derivative D,, are respectively
defined as

Fp, = 0,40 = 0,A5 — gf™ AL A, (5.9.1)
D/LCa — auga o gfabCAZCca CC — )\c’ wc’ ¢c' (592)

Furthermore, to make explicit the SU(4) R-symmetry of the above Lagrangian, we can
use the following change of variables:

a a a 1 a a 1 a a a a a
Prs = “Psrs Pia = § i Pig = §€ijk¢kTa i = Wi Ny = A oo s=1,2,3, 4, (510)
or precisely,

O v

Ll —-¢3" 0O 15 V3
a — _ s f": a . 511
907‘8 2 ;T . (111' 0 (bg n w& ( )

—0f —¢5 0§ 0 A

The Lagrangian in Eq.(5.8) can be rewritten in the form
1

Lsusy = — 1Fl(“@)};’(a)/w _ TI"DNQDaTDM(,Da — i7" D’
— V291 (@lntns + iilers)
1 al ace aobe rac (& e
=59 (Ffe + fre ) Tro o Trpt . (5.12)

Further details of deriving Eq.(5.12) are presented in Appendix B. Under SU(4), we
see that ¢y transform as 6, § transforms as a 4, while A7 transforms as a 1 which leave
the Lagrangian in Eq.(5.12) unchanged.

2. Higgs Sector

In order to cancel the gauge anomaly, contrary to the SM, a second Higgs doublet has
to be introduced. Such two Higgs doublets have the following charge assignment:

. 1 N 1
H~|1,1,2,+= | H ~(1,1,2,—= ). (5.13)
2 2
One Higgs doublet, H, gives mass to the up-tye fermions (with weak isospin +1/2),
while the another doublet, H', gives mass to the down-type fermions (with weak isospin
—1/2) and charged leptons.
Recalling the trilinear superpotential given in chapter 4
Patssut = e |~ HPQ7y 05 + HQ7yi D; + WP LTy By | (5.14)

)
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concretely, the vacuum expectation values of two Higgs doublet described by H = H,
and H' = H, generate up-quark, and down-quark and charged-lepton masses, given by
My = YuUu/2, Mg = Ygva/2 and m, = y.vg/2, respectively.

3. The M4ST Sector

The gauge group we study here is SU(2)rc ® SU(3)c ® SU(2), ® U(1)y. In the
technicolor sector, the field content is constituted by four techni-fermions and also one
techni-gluon in which all field contents fall in the adjoint representation of SU(2)rc. The
only source of electroweak symmetry breaking is the vacuum expectation value of the
techni-fermion bilinear.

Now let us upgrade minimal walking technicolor, presented briefly in chapter 3, to
N = 4 super Yang-Mills (4SYM). To couple the new supersymmetric sector to the weak
and hypercharge interactions of the SM, we need to gauge part of the SU(4)r global
symmetry of the supertechnicolor theory. In doing so, one of the four Weyl technifermions
is identified as the techni-gaugino and is assigned to be singlet under the SM gauge group.
Here, the only possible choice for this role is Dy for y = +1, whereas the alternative
candidate is Uy in the case of y = —1.

Superﬁelds SU(Q)TC SU(S)C SU 2)L U(l)y
QL = (%) 0 1 o | +1/2
2
P53 = [pg,, Ur] i 1 1 -1
V =[G, Dg] il 1 1 0
. A,
Lp="% 1 1 -3/2
- (A2) 5 i
N = (¢x,, Nr) 1 1 1 +1
E = (¢g,, Er) 1 1 1 +2
= (H, ﬁl) 1 1 o | 12
A = (H’,ﬁ’) 1 1 o | -1/2

Table 5.1: Vector superfield, chiral superfield and Higgs superfield properties are
summarized in terms of Young Tableaux

Here, we will choose y = +1 and identify Dy as the techni-gaugino. The charges of
the technicolored particles are implemented by imposing hypercharge conservation as well
as the cancellation of the gauge anomalies. The technicolored chiral superfields and their
SU(2)rc @ SU(3)c ® SU(2), @ U(1)y representations are listed below [21]:

1 — _
QLN<3,1,2,+§), Ur~(3,1,1,—-1), Dgr~ (3,1,1,0),

LL~(1,1,2,—;), Np~(1,1,1,41), Ep~(1,1,1,+2). (5.15)
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Based on these assignments, we can define the scalar and fermion components of the
N = 4 superfields, presented in terms of three N' = 1 chiral superfields ®; and one N =1
vector superfield, as follows:

o, 3 (UL,UL>, o, > (DL,DL>, Oy 2 (ﬁR,UR>, V> (G, Dy), (5.16)

with a tilde labeling the scalar superpartner of the corresponding fermion. Here, ®;, i =
1,2, 3 represent the three chiral superfield of 4SYM and V' represents the vector superfield.
Furthermore, there are four more chiral superfields needed to supersymmetrize the MWT
model. These additional chiral superfields are

Ao (NL,NL), Ay 3 (EL,EL>, N3 (J\?R,NR), E> (ER,ER>. (5.17)
3.1. The M4ST Superpotential. The M4ST superpotential can be written as
P = Pyssm + Pre;, (5.18)
where Pygsym is the MSSM superpotential given in Eq.(5.7), and
PTC = _Bgi\/%qjkeabc@?@?@z + yUEiqu)?f{jq)g + yNEZ'j3/A\i]:.IjN + yEEijSAi A]{E7 (519)
Yre P;,IX
Pre

where P, contains both TC fields and MSSM (Higgs) ones. To recover the N' = 4
invariance, one takes the limit when gr¢ is much greater than the gauge coupling constants
g1, gy, and Yukawa coupling constants yy, yn,yr. Note that the gauge invariance of the
PS¢ in Eq.(5.19) is guaranteed by the unbroken SU(4) flavor symmetry and the need of
gauge anomaly cancellation.

3.2. The M4ST Lagrangian. The Lagrangian of the M4ST can be written as

Lyvust = Lussm + Lo, (5.20)
where Lyssy is the MSSM Lagrangian, and

1 _ 4
Lro=5Tr [ / 420420 (W“Waézé F WLV 529)]
+ /d26’d2§<b} exp (29xVx) &y

+ / d*0d*0 [Prcd°0 + h.c] (5.21)

where
q)f :Qv q)?n Av Na Ea X:TC, Cy L, }/, (522)

where Q and A are defined as the weak doublet superfields with components ®;, ®,, and
Ay, Ao, respectively. The superpotential Pr¢ is given already in Eq.(5.19). In the same
manner as MSSM, the first line in Eq.(5.21) gives rise to the kinetic terms of the Lagrangian
for the self-interacting techni-gluon and techni-gaugino, while the second line gives rise to
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the kinetic terms for the TC superfields. Finally, the last line corresponds to the mixing
between TC and MSSM superfields.

4. Technicolor Meets Supersymmetry

Using all given equations in Eqs.(5.6), it is rather straightforward to precisely write the
M4ST Lagrangian. Here, let us present the result only for the L1 sector. First of all, the
kinetic terms are rather trivial:

1 apy P o = na
ETCJ(in - — ZFZV’chTé - ZDRO-MDMDR
- DH@?T‘DMQ? <q)za = QL) ﬁR? EL, ﬁRa ER)
- Z‘\TjgaﬂDM\D;z (\Ij? = QL7 UR; LL7 NRa ER) (523)

where F, ¢ = 0, A, —0,Aj, —l—che“bcAZ.Aﬁ is the TC field strength tensor, a,b,c = 1,2, 3.
For the left-handed techni-fermions, the covariant derivative takes the form

D.Q} = (6% + grodye — JW, - 75 - z‘g’%Bué“) ‘. (5.24)

where A, are the techni-gauge bosons, while W, are the gauge bosons associated to SU(2)y,
and B, is the gauge boson associated to the hypercharge assiments. Here, 7% are the ordi-
nary Pauli matrices and €** is the anti-symmetric tensor. There is no weak interaction (the
third term) in the case of right-handed techni-fermions, and the hypercharge assignment
y/2 has to be replaced according to whether it is an up- or down-type techni-quarks. In
the same manner, the left-handed leptons do not contain the second terms (technicolor
interactions), and the hypercharge y/2 has to be replaced by —3y/2. Finally, only the last
term is present for the right-handed leptons with an appropriate hypercharge assignment.
Here, we have herein selected y = +1 for our theory.
The gauge Yukawa terms are given by

Eg—Yuk :\/igTC X
(0405 Dy, — D300 + Dy D5 Dy, — Dy.Dy D5, + UL U5 DY, — DRULTS] e

o QLI — WHQLQ) + LI — WL of

+ 2.\/EgY Z YL [%Ep'@bpé - B@Ep@zp ) 1/’;0 = Ug, D%, U}%? NL7 EL7 NR; ERa (525)
p

where W* and B are the wino and the bino, respectively, 0¥ is the 2 x 2 Pauli matrices,
i,j =1,2;k,a,b,c=1,2,3, and each field 1, has the hypercharge Y, presented in Eq.(5.15).
The D terms are given by

1 o 1
Lp = —5 [97¢DicDic + 91 DLD} + g Dy Dy| + 5 |1 DI Dj + gy Dy Dy]

2 2 MSSM °

(5.26)
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where

jod ~ = ~ ~ =~ 1 = . ~ . = . ~ -
Diyo = —iet™ (040 + DyDf, + UkU%) , Df = 50 (Qu@L + LLLL) + Dssu

Dy =Y Yt + Dy nssu. (5.27)
p

The rest of the scalar interaction terms is given by

Lr =~ ghe (04T} + DYDY + U4
+ 97¢ (szfg +DVDS + ﬁ,‘;U,g) ((7202 +DVDS + U}’;(}g)
— v} (MDy — iL0¢) (MDg — 1,0%) + U305 (HiHy + i)
~ v UR0% (O3U% + DDy ) — i (N — Buf ) (Npf, — By, )
- y?VNRﬁR (ﬁlﬁ[l + ﬁsz + NLK[L + ELEL)
— 3 (Nofs — B ) (N Hy — B i)
- ?J?ENRK[R <ﬁ{ﬁ[{ + géflé + E’LEL + ELE:L>
+ {V2yugree [UZDE (ﬁhf)% - ffﬁf) + U508
- yUyN[jﬁzﬁR (ﬁZNL + ﬁ%EL) - yNyENRER (ffllf:[{ + HyHy ) + h.c.}
+ Lonix, (5.28)

where L« is defined as a function of the auxiliary fields F' associated with the MSSM two
Higgs super-doublets:

ﬁmix = - ZF¢p,TCFTp7MSSM7 ¢p = H17H27H{7Hé7 (529)
ép

where

Fy,rc = —yuDiUR — yn EL Ng,
Fryre = yoUiUs + yv N Np,
Fyirc = —ypEL Eg, Fyyre = yeNLEr. (5.30)
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The remaining Yukawa interaction terms determined by the superpotential terms are
given by

Ly = V2grce™ [UZD%[?E +UIDLUS + UEUZUE}
+ oy |(Hi D} — HoUE) Uy + (ﬂlDz - ﬁl2Ug> e + (HI[DZ _ HQUg) ’g}

+ YN [(HlEL — HyNp) Ng + <H1EL — H2NL> Ng + (ﬁlEL - [:IZNL> NR]

v yp [(HIE, — HIN) Ep + (H{EL . HgNL) Ep+ (FI{EL - F[gNL) ER}
+ h.c. (5.31)

By adding the techni-gaugino and scalar mass terms into the superpotential in Eq.(5.19),
ie. —1/2M3N*A% + h.c and —M(%,Z_CI);[(I)“ the soft SUSY breaking terms are given by

Lsoft = —aTc€abC(I)(f¢)g(I)§ + aUe,-j;),(I)?]:Ij@g + CLNEZ‘ngiI:IjN + CLEEZ‘ngiI:IJ/»EA
1
— 5M§A%\“ + h.c
— M2 ol
— e PIBLDE + ay [@gﬂg - @gﬁh] s
+ an |:/A\1H2 - ]\2[:[1:| N +ag [Alﬁé — Ag[’i’{] E
1
— §MA2)\“)\“ + h.c
- Mg ®]d;, (5.32.1)
or
Lo = = loroe™ UL D405 + ay (Hi D — B,0%) U+ aw (B — B,N,) N
~ o~ ~ o~ ~ ]_ — — ~ o~ ~
+ap (H;EL - H;NL) Efy+ 5 Mp DDy + h.c] — M3Q3 Q5 — MEURUR
— M2L,L; — M3NgNg — M2EREp. (5.32.2)
Note here that more details of deriving for Eq.(5.31) are given in Appendix E.






CHAPTER 6

Future Research Plans

1. Novel Candidates for Dark Matter

One of the significant flaws of the Standard Model (SM) is that the SM itself does not
account for dark matter (DM). One suggests that DM, for example, can be represented in
the form of “Weakly Interacting Massive Particles (WIMPs)”. The WIMP paradigm argues
that DM consists of particles which interact very weakly with SM charged particles.

Now the WIMP paradigm has being attractive since several WIMP candidates arise
naturally in the context of some theories beyond the SM such as supersymmetry, e.g.
[30]. In the context of MSSM, there are four neutralinos, x?, which may yield the DM
candidates.

Based on [21], T would like to study further the WIMPs motivated by supersymmetric
technicolor model, supertechnicolor WIMPs. I do expect here that there would be several
viable supertechnicolor WIMPs which may yield novel candidates for DM.

2. Different Matter Representations

Having proposed the N' = 1 extensions of the Minimal Walking Technicolor, called
Minimal A/ = 1 Super Technicolor (MST) [21], they have taken into account the chiral
(matter) superfields transforming according to the adjoint representation of the SU(2)rc
gauge group.

However, one can generalize to TC gauge group from SU(2)r¢ to SU(N)rc, and,
forthermore, define the matter superfields in a representation different from the adjoint
one, for example the fundamental representation and two-index antisymmetric representa-
tion, which can be phenomenologically viable interesting extensions of the SM. In looking
for such viable, alternative to the M4AST or MST, supertechnicolor models, the SU(N) su-
persymmetric phase diagram for matter fields in different representations provides useful
[25].

It would be of great interesting for me to explore these different scenarios. In particular,
I would like to study the technisuperfield belonging to the fundamental representation of
the SU(3)rc gauge group.
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APPENDIX A

Details of the derivation of the expression (4.82) in chapter 4

Now let us start by considering the first contribution to the Higgs potential so-called
the D-term, VI

1
Vi = Z EDADA, D* = —gadi T}  ¢;. (A1)
A

For scalar components of Higgs superfileds, H (H'), we have Y = 1/2(—1/2) and so
the D-terms are given by,

Uy Dlz—%/<|H|2—]H’|2>, (A2.1)

SU@2), : D= _g (H7&HI + H'78HY) (A2.2)

where T = 7%/2. The D-terms contribute to the scalar potential:

2 2

g g i, _a j i, _a i 2
v =L (|H|2 - |H’|2> + & (H'ryH + H'rHY)' (A3)
Using the following SU(2) identity,
For =TT = 26465 — 010w, (A4)

we find

(Hir8HI + H'rtHY)? = (H™r8 B9 + H™ 78 1Y) (HY i HY + B 1Y
= 20" H76:8;, H™ H' — H™ H7 6,0, H* H'
+ 2H™ H7 86, H™ H" — H* H 6,6, H™* H"
+ 2H"™ H" 6,8, H™ H" — H"™ H" §;;0,, H** H'
+ 2H"™ H 546, H™ H" — H'™ H" 6,00 H™ H". (Ab)
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After matching all indices of the above expression, we obtain
(Hir8HI + H''r HY)? = 2H™ HI 830, H H' — H™ HI6,;6, H* H'
+ 2H™ H7 56, H™ H" — H* H7 6,6, H™* H"
+ 2H"™ H" 6,8, H™* H' — H"™ H" §;;0,, H** H'
+ 2H"™ H" 6,8, H" H" — H"™ H"6;;6,, H"* H"

* 112 2 12 2
:4|H-H|+<|H|—|H|>. (A6)
Therefore for the D-term, we obtain
2 2 2 2

Now the last contribution to the Higgs potential is the F-term. We can write such a

term as

oP|?

Vil = Tl (A8)
where ¢; is a scalar component of i** superfield. For Higgs superfields, P is given as

Py = —pe; H'H. (A9)

After plugging the expression (A9) into (A8), thus for F term, we obtain
VE =l (1HP + ). (A10)

Thus we find the potential in the following form:
V=VI+Vv

= |l (| + 1) + ("9 gga) [l \H’|2]2 + %2 H - HP? (A11)

This potential has its minimum at (H°) = 0 = (H") which give (V) = 0. This
represents a model with no electroweak symmetry breaking as well as no SUSY breaking.

Adding all possible soft SUSY breaking terms given in Chapter 4, we obtain the scalar
potential involving the Higgs fields in the following form:

Vi = Veott + Vr + Vb
= (|jul> +m%) |H" + (|u]” + m%.) |[H')? — (bpei; HH? + h.c.)
@2 +g?
8

where b is a new mass parameter.

_|_

2 /22 92 * 12
P ) (A12)



APPENDIX B

Details of the derivation of the expression (5.8) in chapter 5

First of all, let us suppress, for a while, all indices of the superpotential given by the
expression (5.4) in chapter 5. By replacing the chiral superfield with its scalar componet,
we now onsider

oP g 0*P
= —Lefoo,
99 V2 ulee

Restoring all indices, we have

= —\V2gef . (B1)

1 1
Lp_yur = Eg (eijkfabc¢2w$¢? + h.c.) = Eg (_ekjifabc¢f¢zwg + h.c.)

1 1
= —=g (ejui [ SV, + hec.) = —=g (€gnf ™ PiUIUE + h.c.)
V2 V2
1

=3’ (=€ foivsup + hee.) = %9 (i f i Ui + hc.) (B2.1)

and

Lr = 30" (ef66) (ef6'6") = — 507 (eunf " 6365) (cam f6i1e5]
2

1 C e
= — g e O] B = —592f b F9 (8510 — OjmOkt) 0501 B

2
= —sg e { Shorofto — dleren s}
g0 { el — o pe ogatiest

1

_ _592 fabt:fade ¢ ¢k dT¢ fabCfade (b ¢k¢ZT¢eT
be——e b——d
— _%QQ faBCfadb¢§¢z¢;iT¢ fadcfabe ¢d¢c¢ ¢e1‘
d——e
=~ { = attosatios — ol oetios )
=+ 2facefadb¢§f[¢;2¢;”¢j’ (B22)
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and
1

Lp = —59°0]" (=if™) 650 (—if**) 5
1
_ 592 fabc]cadeqsffqbqu?fqb;'
So we obtain

1
£F + /CD — 5g2 (fabCfade + 2fa06fadb) ¢?T¢;ﬁ¢§”’¢§

_ % g2 ( fabc fade — g faee fabd) ¢?T o ¢§!T gzﬁj-.
Considering the following Jacobi identity:
(79, [T°,T°]] + [T, [T, T"]] + [T°, [T, T"]] =0,
we have
fabe peda | pacd peba | padb peca _ ()
Consider
fabe pade _ g pace pabd _ pacd preba | fadb geca _ o pace pabd
_ _ facd pabe __ face pabd
Therefore, the Eq.(B3) finally becomes
Lp+ Lp = %g2 (_facdfabe o facefabd) gb?%fqﬁ?%j

_ _%,92 (facdfabe + facefabd) ¢?T¢f¢;ﬂ¢j

The last piece is the £,_y,; term. To this end, we now consider
Lomvar = V2g 651 (=if™) A = Xuf (=if ™) o]
= iv/2g [ =i G + iRl
= V2g e [gtutae — Xetes]

(B2.3)

(B7)

(B8)



APPENDIX C

Details of the derivation of the expression (5.12) in chapter 5

Now we will start here by using the following change of variables:

1

a __ a . a __ a
Prs = ~Psr S0Z4_§ [

a 1 a a a . .
ol = Jeadils =0 i g k=1, 2,3,
nyg =A% r, s=1,2, 3, 4,

Then we have

o7 = 20%; ¢ = —2¢0],
¢;;1T = GiijD?k; oF = —GiijO?;ia
Mg = A"y =

So we then obtain

—iA G D A" — ipia" D = —iniet Dyt — intet Dt

I e 1) a
= —in, 0" Dy,

—D"¢{"D, ¢ = —D" (eijuy’y) Dy <—€ﬂm90?;>
= EzjkEumD”@?kDuSO%
= (010km — Ojm0r) D" Dy,
= 2D%¢},, Dy
=2Tr [D"p"'D,¢"], I, m=1, 2, 3,
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D' D, = —< | DPo D, o + DM D, 00

= _—D”@C'LTD;L(?? - D”‘PlamDMO?Jl

= — = |D*¢! D¢t + Do D, 68

- Duw?mDMSO(rlrjl

— — [0 (—2611) Du (26) + D (268 Du (26)] — Dt DUl
= —D"¢{ Dyl — D"¢iI Dyply — D'of, Doy

= — D"} Dyt
= —Tr [D“@“Dugpaq

(C3.3)

C 1 C C 1 C 1 C
¢?T¢i = B [Cbiﬁﬁbz + Cblzﬁﬁbz] = §¢5T¢z - §Eijk€ilm¢?j90l;

1 bt se c
= 5@%1 + SO?nz%:n

4
1

1 (& (& C
= < |#6s + otte] + s,

b c c .
= 7 [(—26]) 20t + (2601) (—205)| + bl

= Sy + P + i

= s,

= Tr [¢"T¢], (C3.4)
o e ot = Tr [0"f] Tr [p™e°] (C3.5)

V2g [ + Aglor| = 2v2g 5™ |~ pilntng + it
aoc 1 a (& a C
= 229" (5) (—id ) b+ (=oT) it + e

= Vg | (—gi) i+ (=oil) ol + he| . (C3.6)
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T leand oo+ el = T [eeun (~eih ) b + e |
= T (O = dyuie) (=il ) s + ]
= Vg | (—¢ih ) nbmg, + e (C3.7)
VRgf [N + X068 ] + T e ot + e
= Vg | (=i ) nims + (=il) ol + e + V2g 5 | (=i ) mi, + hc
= —\/2gfabe [onine + h.c]. (C3.8)

Collecting all terms we just derived, therefore the Lagrangian of expression (5.12) in
chapter 5 becomes,

1
Lsusy = — 7 o F™ — TeD!o™ D" — i Dy

1t
— V29" (inine — nenletl,)

1
. §g2 (fabdface + fabefacd) Tl"(pr(pCTl"gOdT(pe, (C4)






APPENDIX D

Details of the derivation of the expression (5.28) in chapter 5

Let us first consider the following expression:

2

oP
Lp=— )
" ‘fkb?
where the superpotential P is given by
P = Prc + Pussm
- pp
+ Pmix
+ Pyssm
grc abe c
-—gzéeﬁwzb@g¢§®k
+ yueis®LH; G + yneijshi H; N + yEeij?,Aif{j,‘EA'
+ Pussm-

(D1)

(D2)

Note here that €2 is the fully antisymmetric symbol. In terms of component fields, we

have
_ lopr) ‘ap ? ‘ap ?
Lp=— - -
oLl o5 o
oP > |orP > |oP |
oei,| ‘3%2 - ‘%
oP > | orP |> | opP |
RET ‘3%1 - ‘Wm
op " |op [
|0 | |00 |
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and

grc abeFaFbFC

- 3V2
+yu (@‘11]3[2 - qDSﬁl) 3
+yw (At = Ao f) N
+yp <A1FI§ . J\Qﬁ;) E
+ Pyissu- (D4)

By the definition of L, hence we have to write the superpotential in terms of all its
scalar fields. Taking derivative to such superpotential with respect to scalar fields ¢, it
yields

opP|* grc 2
“lage| T '—%Gijkeab%?cﬁi + Yucijsdp, 05| (D5)
or in terms of component fields,
aP ’ g abe c a ?
“lag| T —%Gljke G0k + yuda, o3| (D6.1)
1
oP |? 2
“loge| T~ —%62jk6abc¢?¢2 — Yo b, 43| - (D6.2)
2
8P ’ g abe c a a 2
B ’aja == ‘_%Eiﬁke b+ yu (Odg, — 304,) (D6.3)
3
The remaining expressions we can have are given by
op |? )
T oo T lyv (04,05, — D4,9m,)| - (D7.1)
P |? 2
“oes| T ‘?/E <¢[\1¢ﬁ1§ - ¢A2¢fq> : (D7.2)
oP |? 2
Ay
opP |? 2
- “9¢A2 == ‘_yN¢H1¢]\7 - yE¢fq¢E‘ , (D7.4)
‘ or ’ ’ ¢ ¢ ¢a¢a+ 8PMSSM ? <D7 5)
T | T T |TUNPLPN Y ; :
9%, MPREN IR T 00,
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2 2

oP 0 Pyssm
— 5| = |yn0i,Ox +Yudids + , (D7.6)
’a¢ﬁ2 MTN 173 8¢H2
op [ OPyssu |
MSSM
5| =—|~Yedi o5+ , D7.7
op | OPyssu |
MSSM
_ = _ L he D7.8
For more useful later, let us define the following expressions:
TC _ aa Mssm _ OPussm
Fao = —ynoi, 08 —yudads, Fpo = —F—) (D8.1)
0d .
TC a s mssm _ OPhissm
Fr, =ynos, 05 +yuids,  Fp,oo = ——, (D8.2)
by,
0P,
Fie = —ypos,05 R = aZ?SM, (D8.3)
Hy
0P,
Fie =ypos 05 FhoM = %. (D8.4)
Hj
Now let us calculate term by term of Eq.(D6.1)-Eq.(D7.8)
opP |? ) o
n Doy = YN (¢f\1¢ﬁ2 - ¢A2¢ﬁ1) <¢A1¢ﬁ2 - ¢[\2¢gl) : (D9.1)
opP | _
- ’875]; = —yp (%1%5 - ¢A2¢ﬁ;) <¢[\1¢FI§ - ¢[\2¢H1> : (D9.2)
opP |? - -
~ 5o | = (wouds +usouos) (4uds +vebuds)
1

= ~ PO O5 0O — Yiba @b dr

- (yEyN¢ﬁ2¢N§£HééE + h.c.) ) (D9.3)
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2

oP - .
- ‘3& = — <_yN¢ﬁ1¢N - yE¢ﬁi¢E> (%ﬁh%v + yEcbgi%)
Ao
= —YnPm O Ox — Vb 050 Ok
- (yEyNQéf{ld)NQEﬁiﬁgE + h-C'> :
or | TC MSSM |2
|90, = 1
= _FICFJC _ pssM piMssM_ (FESF}%SSM + h.c.> ,
orP |? 2
TC MSSM
B % - ‘FH2 + FH2
= —FJCRJTC . pAssM piMssv_ (FESF}I?SSM v h.c.> ,
2
_|or :_‘FTIC+ M/SSM’Z
8¢ﬁi 1 1
_ FT{C FI];?C _ FII}/IiSSM F]];I\i/ISSM _ < FT{C FI];I\{ISSM i h.c.) ’
2
_|or ) _)FT/(J+FB/I/SSM‘2

_ TC 2iTC _ MSSM 2iMSSM (2 TC »tMSSM
= —FECFIC — pyssv (FAFRS™M 4 he.).
Here for F-terms, we have
2 aa S b
|Fic | = (—ynoa, o5 — yodss5) (—ynds,dx — yudhds)
= Y5 O5050505 + YR 0,05 Pa, 05 + (VYN s, Ex B304 + huc.)

|Fie = (ynda, 05 + yudids) (unds, o5 + yudids)
= Y[ P50 % + Z/JQV¢A1¢N¢3[\1<5N + (yUyN¢A1¢N¢3‘f<E§ + h.c.),

2 _ _
‘FTlc‘ = YpOA,Pp0i, 00

(D9.4)

(D9.5)

(D9.6)

(D9.7)

(D9.8)

(D10.1)

(D10.2)

(D10.3)
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2 —_ —
‘F i} ‘ = Ypdi, P59, Vi (D10.4)
Collecting all F-terms, we obtain

2
TC|? TC|2 TC
_|FH1 _|FH2 _‘FH{

=~y 0505 (050] + 0305) — yxdx Py (04,94, + P4, P4, )
— [yUyN¢]\7$g (¢A1<5(11 + ¢[\2$21) + h.c.}
—ypdpdp (04,04, + P4,%4,) (D11.1)

or in terms of component fields,

2
_ FTC
‘ Hy

2 2
TC|2 TC|2 TC TC
_‘FHI _‘FH2 _’FH{ _‘FHQ‘

= —y%ﬁza%ﬁg (Uﬁ[sz + D%52> - yJQVﬁRNR <NLNL + ELEL)
- [yUyNﬁfRUE (Mﬁg + Ej);) + h.c.]
- Q%ERER <NLK[L + ELE:|L> : (D11.2)

Taking into account the expression (D7.1) and (D7.2), we have

opP | ) o
- ‘@ = =y (04,91, — 93.9m,) (94,9, — 94,%1,)
= _y]2\[ (NLﬁZ - EL]Z[1> <J\:fLP:[2 — ELffl) , (D12.1)
opP |? S
B ‘aTsE =k (qb&gbﬁg - ¢A2¢ﬁ;> <¢A1¢H§ - ¢A2¢gi>

= —up (NLﬁé — ELFH) (J\:foIQ - ELP:I{) . (D12.2)
Next we consider the expression (D7.3) and (D7.4)

2

= — (yNgbﬁQQbN + yEQSHéqu) <yNa)H2Q;N T yE&Hé&E)

B ‘ P
96n,

=~y 050,05 — YEDa0pPm Pp — (yEywczﬁggcbm@géqz?E + h.c.>

= _y?VﬁQﬁRﬁIQNR - y%ﬁééRﬁéER — (yEyNﬁQJ\:fRﬁQER + h.c.) , (D13.1)
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‘ oP ( YNGi, P — ?/E¢1§q¢E> <_yN$ﬁ1&N_yE$ﬁ{éE>

994,

= —Ynba, O5Pa, 05 — Vb PpPm i — (yEyN¢ﬁ1¢N¢;ﬁ1$E + h.c.>
= _yﬁvﬁlﬁRﬁlNR — y%ﬁ{ERﬁI{ER — <yEyNﬁ1]\:]RﬁiEN'R + hC) . (D132)

Finally, let us consider the expression (D6.1)-(D6.3)

2

opP|? B grc abe 4b
_ 507 — ﬂeljke ¢k + Yu P, 93
gTC abe b gTC abc b ¢ a T
= — (— NG €1jK€ qzﬁ or + yU¢H2¢3) (_ﬁeljke ¢j¢k + yU¢ﬁ2¢3)

2

= _QTTC (eljkeabcqbgaﬁ,ﬁ) yU¢H2¢3¢H2¢3 { ﬁeljkeabc¢b¢kyU¢H2¢3 + h.c. } (D14.1)

2

oP |? grc abe b ic a
— 0% = — —%62]'1@6 ¢j¢k _?JU¢H1¢3
2

aoe afl . A 9 abc c T Ja
= g§C (came™0l05)” — b, 030,05 — {%emeb¢2¢kyU¢Hl¢3+h.c.}, (D14.2)

oP |* grc be b 2
_ ‘T&; = — '—%Eljkga C(ﬁj‘ﬁi + Yu (Qb(ll(éﬁb — ng(bljh)
— 9:;0 (eae™dles)” — v (d50m, — 30n,) (6165, — F50a,)
+ {ggc (esje™™d56%) yu (S10, — d50p,) + h.c.} . (D14.3)

Collecting the second term in each above expression, we have

— Y, G3D 1,05 — Yo P, O3bi, 05 — vi (050p, — 0505,) (105, — 0504,
— U040 (H 4 Haf) + (O, = Dy ) (Ui, = D) | (D15)
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Here we collect the first term in each expression

9 2
-2 (e i)' B2 feape o)’ = 222 (e

== QTTC (ﬁijkeabc¢?¢z)

a b d
= Groe" e o b5 o
— 972"0 (5Cd5€b . 5Cb56d) ¢Ib¢f¢;d¢]€

= o'l S — grool’ 8ol e, (D16)
or in terms of component fields,
— 97cOl DO + Grodl o))
= —shc (U0} + LD + U30%)
+ g (0105 + DD + 0405 ) (0405 + DyD5 + 040 ) (D17)

Collecting the last term in each expression of (D14.1)-(D14.3), we have
ijgC [61jkeabc¢?¢id3g2<5§ - €2jk€abc¢?¢2$ﬁﬁg + (€3jk€ab6¢2¢i) (&1@1{2 - @%&Hl) + h.c.}
= BEC (e oot — e ohon) 0,05 — I (oot — e h5) 0, 0%
gt (@05 — e*0505) (Fidn, — P50p,) + hoc.
abc c\ 7 Ta Yvgrc abc c\ +  Ja
5 (26°0405) g, 05 — = o= (-2¢™0165) 0, 5
y grc abc c Ja i ga 7
U\f; 2e G} 65) (0107, — P50, ) + hoc.
= Vasgroe™ (6465) 65,35 + (6105) 6,5+ (0165) (193, — 0803 + el (DI8)
or in terms of component fields,
V2yugroe™[(0505) 0,05 + (6105) b, 05 + (6165) (104, — 0504,) + hoc]
= V2ypgree DV USHLUS + U USH, US + UL DS (ffgﬁIQ - f)gﬁl) +he).  (D19)

Collecting all terms, we exactly obtain the expression (5.28) in chapter 5.
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\)







APPENDIX E

Details of the derivation of the expression (5.31) in chapter 5

Let us consider first the TC superpotential given in Chapter 5

Proe — grc e
TC — ——=6€ijk
3v2
~ ~ < i i
A

abC(I)g(I)g(D’i +yUGZJS(I)?ﬁ](I)%+ yNGZ]dAzIA{]]Y"i_\yEEUdAz ;EA’ . (El)

The Yukawa interaction terms here can be determined by the above superpotential.
Next, let us consider the following Yukawa interaction Lagrangian given in the last line of
expression (5.8) of Chapter 5:

1[ 9P
2 | 0¢70¢]
where 4, j run over all scalar field labels. Here let us consider the expression (i) in Eq.(E1).
We start by taking derivative with respect to the scalar fields, i.e.,

Lpyuk = — Vi) + hee.|, (E2)

D*PREe
W = —\/§9Tc€€¢; (E3)
or
82Ppure abe ¢
WEZ? = —\/EQTCGijkE ’ D (E4)

Substituting Eq.(E4) into Eq.(E2), it yields

L;= [greeine™™ Vi) ¢;, + h.c]

olS

= 791’0[6“%?#}%5 + e YgUse] + e UsYIH

_ Eabcw%wg¢§ - Eabc¢gw?¢§ o €abc¢§¢g¢i + hC]
\/§ aoc a C ca |.a C ca a C
= TQTC’[E ’ wﬂ?%% + ¢ ¢1¢l27w3 te bwl ¢g¢3
— "l bl — €Ut Yidg — e PlIs + hc]
\/5 aoc a C aoc |a C aoc a C
= TQTC[E b ¢1¢S¢3 + e ¢1¢g¢3 + e ¢1¢g¢3
et @has 4 eepipbes + PPt + h.c]
= V2grcle™ Y Phes + e gl + e ghvs + h.cl, (E5)

7



78 E. DETAILS OF THE DERIVATION OF THE EXPRESSION (5.31) IN CHAPTER 5

or in component fields,
Li = 2gpo€™ UL DU + UpULTS + Ug DL US| + h.c. (E6)

Next let us consider the expression (ii). We start by taking derivative with respect to
the scalar fields, i.e.,

82Pm1x 82 R
= 3P H ;D5
9600 " ap0g T
0% o 2 0 .
= €ij ﬁ@?H'@a - ﬁ@?H'@a
Yu ]3[3¢8¢ i®3 0600 i¥3
2 v 62
+ ——Q/H,;®5 — <I>“H Pa,
dpdg 96
2
+ ——/H,;P5 ? P g, (E7)
oJotelo) ol0)
where
2
O = avé’iD, (E8.1)
0AOB 0A 0B
2
" ep=2p2e (E8.2)
0AOB 0A 0B
Plugging Eq.(E7) into Eq.(E2), we obtain
1 0 . = 0? .
L = i TH; @ — ——&7H; D5
[yU j3[8¢8¢ i¥s3 500 i*3

O? g . o2 ° L
+ ﬁ@?Hj@% — ﬁ@?Hj@GS
eluteloy 9909
D L 9% o .
+ V—q)l-lH‘(I)a — ﬁq)?H'q)a W5+ h.c.
85— o BB, + e

00d
= —SlesllVfba, — 50alés
+ [0, — 63008
¥ 1050, — 505 105] + ), (59)

or in component fields,

Lii = yu [(HlD% — H,Uy) :1% + <H1D% - H2Ug> Ug + (f:hD% - EWE) U%]
+ h.c. (E10)
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Here it holds for the third and fourth terms in Eq.(E2). For the third term, namely,
we just replace ®¢ with A;, and ®§ with N such that

1
Liii = __[yNeijC’)Hw]\inj - ¢Ajwf1i]¢1\7

2
+ [04:0m, — 4, ¥a)Yx
+ [V4,08, — Va0 Y] + hel, (E11)

or in component fields,
Lis = yx |(H1By = HyNp) N+ (HiEy = HoNy ) Nu+ (HiBy — HoNy ) Nal
+ hee. (E12)

Finally, for the last terms, we just replace ®¢ with /A\Z-, H; with fIZ’ , and N with E such
that

Liy = —%[yEﬁija[[wAﬂﬂg; — Y5,
+ 08 — oa¥m Ve
+ V8,08 — Va0 sl + hel, (E13)
or in component fields,
L = yp | (H|E; — HYNL) Eg + (H;EL - H;NL> En+ (H;EL - F[;NL) ER]
+ h.c. (E14)

Collecting all expressions just derived above, we exactly obtain the expression (5.31)
given in Chapter 5.
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