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Abstract

The sum rules in QCD and dualities in supersymmetric theories are well-known
non-perturbative techniques. The sum rules can be derived for theories whose global
symmetry is dynamically broken. They provide us with non-trivial relations among the
physical quantities. In supersymmetric gauge theories, the Seiberg duality can often be
used to analyze the strongly coupled gauge theories by using their weakly coupled dual
descriptions. Although the sum rules and dualities are powerful techniques for strongly
coupled theories in general, sum rules for supersymmetric theories or dualities in non-
supersymmetric theories are not widely used for their analysis. Since one may obtain
new insights from such trials, we study sum rules for dynamical supersymmetry breaking
and also try to apply the idea of Seiberg duality to chiral symmetry breaking in non-
supersymmetric QCD. We report the results of those analyses in this article.
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Chapter 1

Introduction and Overview

1.1 Introduction

Many quantum field theories have symmetries. Those symmetries play important roles for
physics. For example they constrain interactions among the particles and the Lagrangian
of the low energy effective theories. The local symmetries explain fundamental interactions,
such as electromagnetic, weak, and strong interactions. Even if the some of symmetries
are spontaneously broken, they provide us with non-trivial imprints, such as the Nambu-
Goldstone theorem which claims that there exists the same number of massless particles as
that of broken generators.

Global symmetries sometimes can be realized as dynamically broken ones as a consequence
of strong interactions. There are two particularly important examples of dynamical symmetry
breaking in phenomenology of particle physics. One is chiral symmetry breaking in QCD.
The QCD describes the inter-quarks interactions and at low energy, the strong force between
quarks causes a spectacular phenomenon, the quark confinement. This strong interaction
also breaks chiral symmetry, SU(Ny)r, x SU(Ny)g, to diagonal subgroup, SU(Ny)y and
pions appear as Nambu-Goldstone bosons, the massless particle required in Nambu-Goldstone
theorem, of spontaneous broken chiral symmetry. The other interesting example is dynamical
supersymmetry (SUSY) breaking. SUSY is the only possible extension of space-time symme-
try consistent with Poincaré symmetry and relates fermionic degrees of freedom and bosonic
ones. Low energy SUSY has been considered as a solution to explain the light Higgs mass
compared with the scale of Grand Unified Theory. Also SUSY is required in superstring
theory, a candidate of fundamental theory of physics. Since we have not observed SUSY
yet, SUSY should be realized as spontaneously broken symmetry. Many dynamical SUSY
breaking models have been proposed in the literature.

Although the theories with dynamical symmetry breaking are important in particle physics,
their analyses are difficult since many important parts of physics cannot be accessed by the
perturbation theory. Therefore we need non-perturbative methods to analyze theories with
dynamical symmetry breaking. For example, Weinberg has derived non-perturbative results
in QCD using spontaneously broken chiral symmetry and its algebra [M]. His results are
called as the Weinberg sum rules. These are relations among spectral functions, and can be



derived if the ultraviolet (UV) theory is asymptotically free and the symmetry is broken by a
vacuum expectation value (VEV) of an operator whose mass dimension is high enough. The
ingredients for deriving the Weinberg sum rules are (well-defined) operators such as currents
and their transformation laws under the broken symmetry. In the case of chiral symmetry
breaking in QCD, by using the charge-current algebra, Weinberg has derived two sum rules.
Once the spectral functions are approximated by summation of one-particle states of hadrons,
the rules reduce to relations among hadron masses and decay constants: f2 — fp2 + fgl ~ (

and m?) flg —m? L 31 ~ 0. They catch qualitative features of hadron properties correctly.

Dualities are another class of non-perturbative method to analyze the dynamical system,
which is often used in SUSY theories. For example, the Seiberg duality [B] is known to be
the electric-magnetic duality in A/ = 1 supersymmetric gauge theories and is often used to
analyze strongly coupled supersymmetric gauge theories. The most characteristic feature of
Seiberg duality is to relate the gauge theories with different gauge groups. It is a duality
between SU(N.) gauge theory with quarks have SU(Ny) flavor symmetry and SU(N¢ — N,)
gauge theory with gauge singlet mesons and dual quarks. This duality passes the nontrivial
consistency checks, anomaly matching and the existence of mapping between their moduli
spaces.

The sum rules and dualities are well-known strong methods in non-SUSY and SUSY
theories, respectively, for the analysis of strongly coupled systems. However, the sum rules
for SUSY theories or dualities in non-SUSY theories are not widely used as tools for the
analyses, although in principle one may be able to obtain new insights from such trials. In
this article we report the results of such trials; we exchange the techniques to analyze chiral
symmetry breaking and dynamical SUSY breaking. We apply the idea of Seiberg duality [B] to
chiral symmetry breaking in non-SUSY QCD, and we derive Weinberg sum rules to dynamical
SUSY breaking from the SUSY current algebra [B]. Indeed, we obtain various new insights
as explained below.

We propose the low energy effective model of QCD to analyze the chiral symmetry
breaking through the idea of Seiberg duality. Since Seiberg duality is electric-magnetic duality
of supersymmetric gauge theory, we interpret the model as the magnetic dual picture of
QCD. If magnetic description is realized in QCD, the dual Meissner effect [@, B] is plausible
explanation of QCD confinement. The condensation of the magnetic monopole, (m) # 0,
makes the QCD vacuum to be in the dual superconducting phase, where color fluxes sourced
by quarks are squeezed into tubes, explaining the linear potential between quarks.

The magnetic description provides us not only the physical description of color con-
finement but also the vector mesons as the dual gauge bosons. It has been known that
the masses and interactions of the vector mesons, p and w, and 7 are well described by
spontaneous broken U(Ny) gauge theory [B]. In the model in Ref. [B], the vector mesons
obtain their masses through the VEV of scalar particles which have both gauge and flavor
symmetries. Interpreting the vector mesons as dual gauge bosons, such scalar particles are
magnetic monopoles since they have the quantum number of dual gauge symmetry. The
condensation of the monopole with flavor symmetry describes the both color confinement
and chiral symmetry breaking. Similar phenomena have been observed in supersymmetric
gauge theories [@, B, 8, [M].

We identify the U(Ny) gauge symmetry as the magnetic gauge symmetry and the magnetic



gauge bosons as vector mesons. The identification of the vector mesons as magnetic gauge
bosons is motivated by recent discussions in supersymmetric gauge theories [, [, [3]. (See
also [[] for an earlier discussion.) One can derive the U(Ny) gauge theory from the SUSY
regularized QCD with massive auxiliary fields [[2]. The model contains the vector and scalar
fields as well as the string as a solitonic object. Since string carries a magnetic flux in the
magnetic picture, it can be naturally identified as the confining string via electric-magnetic
duality. We examine whether such identification works at the quantitative level [[E]. By using
hadron masses and coupling constants as inputs, one can calculate the string tension and the
Coulomb force between static quarks. We obtain values which are consistent with those
inferred from the quarkonium spectrum and the Regge trajectories in the hadron spectrum.

We also consider the Weinberg sum rules in dynamical SUSY breaking models. We find
that sum rules can be derived for even “incalculable models”, such as models proposed in
Refs. @, [7] and for the models we have not found yet. When we apply the analogy to the
Hidden Local Symmetry in QCD to SUSY breaking dynamics, the rho meson counterpart
in SUSY breaking dynamics should be a spin-2 resonance. If there is a direct interaction
between the Standard Model particles and SUSY breaking dynamics, the sum rules among
higher spin resonances may be observed as the first sign of the dynamical SUSY breaking.

In next section we overview the chiral symmetry breaking and dynamical SUSY breaking
models. We construct and analyze the low energy effective theory of chiral symmetry breaking
as magnetic description of QCD in next chapter. In construction of our model we require
U(Ny¢) gauge group as magnetic gauge symmetry of SU(N.) and it contains the magnetic
monopoles with dual gauge and flavor symmetry as Higgs fields of dual theory. Those
feature can be seen in the Seiberg duality of supersymmetric models. In Section. BT, we
write down the Lagrangian of that model and discuss the particles which we can explain
through the model. Higgsing U(NNy) gauge model has vortex solution I3, [d, E0, EI] and it
can be interpreted as confinement string in our model since dual charge of our model can
be interpreted as ordinary color charge. The vortex solution and its comparison to QCD
data are discussed in Section. B2 and E=3 respectively. The chiral phase transition at finite
temperatures is discussed in Section. E4. The detailed discussion of relation between our
model and the Seiberg duality is in Section. 3. In Chapter. B we discuss the dynamical SUSY
breaking. The Weinberg sum rules of dynamical symmetry breaking are derived using the
correlators of component currents in the supercurrent multiplet. The supercurrent multiplet
is known to be well-defined in wide class of SUSY theories. From the transformation laws
of the component fields, a set of sum rules can be derived involving states with spins 0, 1/2,
1, 3/2, and 2. Their correlators and derived sum rules are discussed in Section. B and
Section. B=3 describes relationship between the sum rules and symmetry breaking models.

1.2 Overview

The chiral symmetry breaking in QCD and dynamical SUSY breaking are the most interesting
and attractive example of dynamical symmetry breaking in particle physics. We analyze those
dynamical symmetry breaking in this article. In this chapter we overview those dynamical
symmetry breaking.



1.2.1 Chiral symmetry breaking

In this article we discuss the dynamical symmetry breaking. The most famous example
of dynamical symmetry breaking is chiral symmetry breaking. The QCD with massless
quarks have chiral symmetry, SU(N¢)r, x SU(Ny)g and it is dynamically broken to diagonal
subgroup, SU(Ny)y. Although the quarks have masses, the chiral symmetry breaking
approximately explain hadron physics. For example pions can be interpreted as its Nambu-
Goldstone boson (their masses are 139 and 135 MeV for 7% and 7" respectively) and hadrons
can be classified through remaining SU(Ny)y symmetry.

Hidden Local Symmetry model

The non-linear realization of chiral symmetry is most straightforward model describing low
energy physics of QCD and contains only pions. We introduce the light hadrons such as vector
particles, rho mesons whose masses are 770 MeV, into this model as extension. Hidden Local
Symmetry (HLS) model is such model [B] which describes not only the pions but also rho
mesons as gauge bosons of hidden local symmetry.

In order to explain the HLS model, we first comment on non-linear realization of chiral

Symmetry:
: T
_ I 1
L= (8MU8 U ) (1.1)
U =exp|2in(z)/fr], m™=mT" (1.2)

where fr is pion decay constant and T'® are the generators of flavor symmetry normalized as
Tr T°T° = 1. The transformation low of U(z) under flavor symmetry is

U(z) = gLU(x)gh, (1.3)

where g7, and gr are elements of SU(Ny)r, and SU(Ny)g respectively. This Lagrangian (IT)
is non-linear realization of chiral symmetry and describes only pions and their interactions.
As next step we introduce rho mesons into this model as gauge bosons and derive HLS
model [B].

We divide U(z) into two new fields, {1, (z) and &g(x), as following:
U(z) = &} (2)r(2), (1.4)

where {7(x) and {gr(x) transform under SU(Ny) and SU(Nys)g respectively. Using this
notation the theory have additional SU(Ny)y symmetry and their transformation laws are

Er(z) = hér(z)gh,  €r(x) — hép(z)gh, (1.5)

where h is element of SU(Ny)y. In order to localize this additional symmetry we introduce
the gauge fields V,,which transform as

V,, — ih(2)9,h(zx)" + h(z)V,h(2)T, (1.6)



and covariant derivatives as D &p 1 = [0, — iV, (2)])¢R,r. The Lagrangian is

L= —4;21?3” +La+aly, (1.7)
2 2

La=—""Tr (Dute &) — Dutn- ) (L8)
2 2

Ly == (Dube € + Dyt -€}) (1.9)

(1.10)

where a and g are model parameters and F),, are field strength derived from V), (x). If we fix
the gauge as £ = 52 =R, L4 is identical to the Lagrangian (W) and Ly is

2
Ly = f7Tx {Vu A f)} : (1.11)

which vanishes when we submit solution of V,, equation of motion.

The Lagrangian (IZ) describes the interactions between pions and rho mesons. After
rescaling g_qu — V), we obtain

1
9pnm = iag’ (1.12)
m?) = ag’f2. (1.13)

The observed value of g,rr, m, and f; are

my, = T70MeV,  gprr = 6.03, fr =92.4MeV. (1.14)
If we take the model parameter as,

a~2 g=~06, (1.15)

this model well describes those masses and interactions.

1.2.2 Supersymmetry and its breaking

The dynamical SUSY breaking is another interesting example of dynamical symmetry break-
ing. We derive the relationship of parameters in low energy description of dynamical SUSY
breaking through the approach of the Weinberg sum rules [0} which is traditionally used for
chiral symmetry breaking. In this subsection, we explain basic idea of supersymmetry and
its breaking.

SUSY is the only possible extension of symmetry of S-matrix consistent with relative
quantum field theories and relates the fermionic degrees of freedom and bosonic ones. This
relation derives attractive feature, the cancellation of quantum corrections between fermion
loops and boson loops, for supersymmetric theories. This is the main motivation of SUSY at
low energy since the expected value of higgs boson mass is too large without any cancellation
of quantum loop corrections.



If SUSY is realized in nature, there should be additional particles as the partners of
ordinary Standard Model particles which we have already observed since SUSY requires
same numbers of fermionic and bosonic degrees of freedom. For example the supersymmetric
partners of gauge bosons are gauge adjoint Majorana fermions called as gaugino and that
of quarks are the complex scalar particles. Although the SUSY has attractive feature to
explain light higgs mass, we have not observed such supersymmetric partner particles yet.
Therefore we expect SUSY is realized as spontaneous broken symmetry. If SUSY is broken,
SUSY algebra requires that the VEV of the Hamiltonian takes the non-zero positive value,
i.e. (H) > 0. Therefore the Hamiltonian and hence the diagonal components of energy-
momentum tensor become order parameters of SUSY breaking. In discussion of SUSY
breaking, we attention this property, (H) # 0, and consider the scalar potential takes non-
zero value or not since the non-zero expectation values of kinetic terms of Hamiltonian and
non-zero spin particles break the Poincaré symmetry.

Since we discuss the concrete model of dynamical SUSY breaking in next subsection,
we comment how to construct the SUSY models. First of all we consider the multiplets
of SUSY. The SUSY multiplets contain same numbers of fermionic and bosonic degrees of
freedom. For example chiral multiplets contain two components Weyl spinor and a complex
scalar field and vector multiplets contain two components Weyl spinor and vector fields with
+1 helicities. The superfields describe those multiplets using additional coordinates, 6, and
6%, which are transformed like Weyl spinor under Poincaré symmetry. The chiral superfields
are the superfields which depend on only the coordinates y* = z* — ifo* 0 and @ where z*
are ordinary space-time coordinates and the superfields satisfied real condition are called as
real superfields.

Using the transformation laws of those superfields, we can construct SUSY invariant
Lagrangian. We extract the components fields which are transformed to the total derivative
terms or zero. We find that #9 components of chiral superfields and 6006 components of
real superfields have such transformation laws. Therefore we can define SUSY theory using
two combinations of superfields and covariant derivatives. One of them is Kahler potential
which is combinations satisfied real conditions and contains kinetic parts of Lagrangian. The
remaining one is superpotential satisfied chiral superfields conditions.

Since Hamiltonian is the order parameter of SUSY breaking, we consider the scalar
potential to check whether the model breaks SUSY or not. The concrete formula of scalar
potential is

1
V= Y FF'4 ) DD (1.16)
for each fields for each fields

where F and D® are 66 and 6060 components of chiral and real superfields respectively and
index a describes gauge index of vector field, if the theory has canonical Kéhler potential which
does not derive non renormalizable interactions. The auxiliary fields F' can be determined
by superpotential W as following,

oW™
do*
where ¢ is the complex scalar component of chiral superfield corresponding with F' compo-
nent. From this scalar potential (ICI8), we immediately conclude that the non-zero expecta-

F=-—

(1.17)



tion value of F imply the spontaneous broken SUSY. Therefore we analyze the superpotential
in the investigation of many SUSY breaking models.

In the last part of this subsection, we also comment on R-symmetry which plays an
important role in our discussion in Chapter. B. The R-symmetry is the phase rotation
symmetry of the generators of SUSY. Since the component fields in superfields transform
each other under SUSY transformation, each components in superfields are assigned different
R-charges. This fact also remarks that the new fermionic coordinates, 6, and 8%, have the
R-charges, —1 and +1 respectively.

The R-charge of real superfields are zero since real conditions determine its phase. How-
ever those of chiral superfields are determined by the concrete formula of superpotential.
The R-charge of the superpotential is 2, since the 0 component of superpotential appears in
Lagrangian.

1.2.3 SUSY breaking models

There are many kinds of dynamical SUSY breaking model, such as IYIT model, “incalculable
model” and so on. In order to image the mechanism of dynamical SUSY breaking, we briefly
overview the dynamical SUSY breaking models and simplest linear model in this subsection.

O’Raifeartaigh model

At first we comment on linear sigma model such as O’Raifeartaigh model [E2], though it is
not the dynamical symmetry breaking model. The simplest example of O’Raifeartaigh model
has superpotential,

W = —k®; + m®y®s + %@@32, (1.18)

where ®’s are chiral superfields and k, m and y are model parameters. Deriving the scalar
potential through this superpotential, we get

V= R+ B+ B2,

Fi=k=36¢5", Fa=-mg; IFy=-m¢,—ydi¢s.

Fy and F5 cannot be zero simultaneously and the R-charge of both F' terms are 0. Therefore
in this model, the SUSY breaking operator is dimension 2 operator F' and the R-symmetry
is unbroken.

IYIT model and vector-like models

The simplest mechanism of dynamical SUSY breaking is conflicts between the minimum of
the scalar potential derived from superpotential at classical level and the constraint of moduli
space which comes from quantum effect. This mechanism breaks SUSY even if theories are
vector-like such as I'YIT model [23, E4] and models in Refs. [23, E8, £3].



IYIT models [23, E4] are examples of dynamical SUSY breaking without R-symmetry
breaking. The simplest IYIT model is SU(2) SQCD with SU(4)r flavor symmetry. The
matter fields are SU(2) doublet chiral superfields, @, and singlet superfield, S. There
representation under SU(4)r flavor symmetry are 4 and 6 corresponding with @ and S
respectively. Its classical superpotential is

Wclassical = )\SijQina (12())

where ) is model parameter and 4, j are SU(4)  indices. Indices of S¥ are antisymmetric, such
that S¥ = —S7% since S belongs to 6 representation of SU(4)r. The effective superpotential,
which takes into account the full non-perturbative effects, are written down by gauge-invariant
low energy degrees of freedom M;; = Q;@;. The concrete form of it is

Wiyt = ASYM;; + X (PEM — AY), (1.21)

where X is new chiral superfield, PfM = eijklMiijl are Pfaffian of antisymmetric matrix
M;; and A is dynamical scale of SU(2) gauge interaction. The additional part of superpoten-
tial comes from the constraint, PfA/ = A%, of quantum moduli space. This is O’Raifeartaigh
type superpotential and breaks SUSY.

ISS model

ISS model [E8] has metastable SUSY breaking vacuum. This model is SU(V,) gauge theory
with Ny flavor. Its superpotential is

W = m;QiQi, (1.22)

where Q; and Q; are quarks and antiquarks, m; are their mass parameters which are assumed
to be much smaller than the dynamical scale A, and index i takes the integer value between 1
and Ny. We assume N, < Ny < %NC, where there is weakly coupled description of the theory
below the dynamical scale A. This weakly coupled description has gauge group SU(Ny — N,)
and meson fields M;; ~ Q;Q; and dual quarks ¢; and §; as law energy degrees of freedom.
The superpotential is

1 _

W = szzz — XqiMijqj. (1.23)
The Fyy;; are

. Loy
Farij = —m;dij + inTq]T-- (1.24)
The Fj; = 0 condition for all components of M;; cannot be satisfied. The matrix ¢;q; has
at most the rank Ny — N, since the ¢; (g;) are (anti-)fundamental field of SU(Ny — N.).
The rank of mass matrix m;d;; is maximum rank, Ny. Therefore this superpotential breaks
SUSY. Once we take into account the non perturbative effect, true supersymmetric vacuum

appear far away from the origin of the meson fields, M. The life time of fake vacuum can be
arbitrarily long if m; < A.

10



incalculable model

It is suggested that SUSY is dynamically broken in the theory which has no flat direction
at the fundamental level and spontaneous broken global symmetry. If global symmetry
is spontaneously broken in SUSY theory and SUSY is not broken at low energy, massless
chiral multiplet arises since it must contain Goldstone boson, and if the superpartner of
the Goldstone boson is not itself a Goldstone boson, this massless scalar boson reflects the
existence of flat direction at low energy effective theory. It seems quite implausible that the
low energy effective theory has flat direction if the classical theory at fundamental level does
not have flat direction. This means SUSY is not preserved at low energy.

“Incalculable models” are this kinds of dynamical SUSY breaking models such as chiral
gauge theory in Ref. [[@, [7]. In this kind of model one cannot obtain the low energy modes
and its superpotential via direct calculations. An example of incalculable model is SU(5)
SUSY gauge theory with two chiral multiplets whose representations are 5 and 10. Since
we cannot construct gauge invariant polynomial from those two chiral multiplets, this model
does not have superpotential. After some discussion we conclude that this model has no flat
direction. We explain the explicit proof of this fact according to the discussion in Ref. [I7].

Since this model does not have superpotential, the classical scalar potential is determined
by D* in Eq. (O8). The auxiliary fields D* are proportional to #TT?p, where ¢ contains
all scalar fields and the T are the generators of gauge group in the (generally reducible)
representation to which ¢ belongs. The necessary condition to vanish scalar potential is

HIT% =0, (1.25)

for any values of a. We consider the linear combination of the generator matrices of funda-
mental representation of SU(5) and the unit matrix with complex coefficient and introduce
new basis in the space expanded by them. This new basis contain real orthogonal matrices
(a';) for (i,j = 1,..,5) and real antisymmetric matrices (a’; — /) for (i,j = 1,..,5,i # j)
where (a’;) W= 616!, Using this new basis the condition (IZ3) are modified as

PTA'jp = Ny, (1.26)

where matrix Aij is the tensor product of aij corresponding with the representations of ¢
and ) is (real) constant. Since A comes from the unit matrix part and it is contributed to a';
with same coefficient for each value of 7, Eq. (Z8) takes same value, A, for any values of i, j.
We compute the condition (I28) in case of SU(5) with a 5 (F") and a 10 (T;;). We obtain

2AT'T); — F'F] = \o';. (1.27)

To satisfy this condition we simultaneously diagonalize the both hermitian matrices, TTT
and FFT. Since T is antisymmetric, the eigenvalue of T7T are of the form (a, a, b, b,0) with
a,b > 0. However that of FFT are single positive value. Therefore the condition (I_Zg) cannot
be satisfied, unless 7' = F' = 0. This implies that this model has no flat direction.

This model also has two non anomalous U(1) symmetries. The first, we denote U(1)4
symmetry, is transforms two chiral superfields as

F — exp(3ia)F, T — exp(—ia)T. (1.28)

11



The second symmetry is R-symmetry whose transformation laws are

Wo(0) — exp(—ia)Wa(Heia),
F(0) — exp(9ia)F (), (1.29)
T(0) — exp(—ia)T(he'®),

where W, is the gauge adjoint chiral multiplet which contains the gaugino and field strength
of gauge bosons. (The gaugino is contained in the lowest component of W, and the fermionic
components of other two chiral multiplets are the § component of them.) If those two non
anomalous U(1) symmetries are unbroken at low energy, 't Hooft anomaly match conditions
must be satisfied. There are four anomalies in this model. Using those charge assignments®
one can easily compute them:

> R = 4976, > R?A = 1500,

> RA® = 450, > A% =125,

Those anomalies should be reproduced by low energy modes if those two U(1) symmetries
are unbroken. Therefore we discuss the U(1)4 charges, A, and R-charges of the chiral
superfields describing the low energy modes. There are no massless fields with conserved
U(1) charge and spins greater than 1/2 because of theorem of Case, Gasiorowicz, Weinberg,
and Witten [29]. Therefore the low energy modes can be described by the spin less chiral
superfields or spin 1/2 chiral superfields with R = —1 and A = 0. At first we discuss the
possibility of zero spin chiral superfields. From the gauge invariance we conclude that the
A = 5n, where n is some integer. Using this integer n we also constraint the R-charges as
(n 4+ R) mod 2 = 0, since the chiral superfields at low energy can be constructed by the
chiral superfields, F', T, and W%, as well as even numbers of covariant derivative to satisfy
Lorentz invariance. (This implies that R + A is odd for fermions.) Considering the fact that
S (R + A)3 is odd, we cannot reproduce anomalies (IZ30) with even number of fermions.
In case of other possibility of chiral superfields, A is zero and R-charge of fermion is —1.
Those charges satisfy the same condition, R 4+ A is odd, of fermionic components of chiral
superfields.

(1.30)

Affleck et al. compute for the solutions of anomaly equations. There are no solutions
with three particles and —500 < A;, R; < 500. With five particles and —50 < A;, R; < 50,
there are three:
Solution 1: (—5,—-26), (5,20), (5,24), (0,—1), (0,9),
Solution 2: (15,-6), (—15,—4), (10,13), (—10,11), (5,12), (1.31)
Solution 3: (—5,-10), (5,12), (5,16), (0,3), (0,5).

Clearly the simplest sets of chiral superfields with these quantum numbers are extremely

complicated. It seems quite implausible that the theory realizes the fermions with those
complicated quantum numbers at low energy.

This results suggest that the R-symmetry and/or U(1)4 symmetry are spontaneously
broken at low energy. If the R-symmetry is spontaneously broken, there is a simple order

* The charge assignments of each constituent fermions are 10, 0, and —1 for F', T', and W, respectively.

12



parameter to describe the breaking of this symmetry: A*A,. If gaugino condensation,
(A*Aq) # 0, happens, R-symmetry is spontaneously broken and the Konishi anomaly [B0]
implies SUSY is also broken. Since this discussion is independent on whether U(1) 4 is broken
or not, we consider the case that U(1)4 is broken and R-symmetry is unbroken as next step.
In this case R? anomaly matching requires at least three massless fermion fields. The simplest
solution is three fermions with R charges (17,4, —1). Such a complicated spectrum already
seems implausible. Even if those fermions are realized at low energy, spontaneously broken
U(1) 4 suggests that SUSY is spontaneously broken following the first part of this discussion.

13



Chapter 2

Application of Seiberg duality to
chiral symmetry breaking

The chiral symmetry is dynamically broken in QCD which confines the quarks into hadrons at
low energy. We consider the low energy description of QCD. In supersymmetric gauge theory
we obtain the low energy descriptions through the duality called as Seiberg duality [B]. We
adopt the characteristic features of Seiberg duality to construct low energy effective model
of QCD.

2.1 Magnetic linear sigma model

Seiberg duality relates infrared limits of two supersymmetric gauge theories. The gauge
theory describing magnetic description has the different gauge group from original one. This
suggest us to consider that U(Ny) gauge theory of HLS can be interpreted as magnetic
description of QCD. Therefore we construct U(/Ny) gauge theory. This model is Higgs model
of U(Ny) gauge theory and describes Higgsing of the magnetic gauge group as well as chiral
symmetry breaking. (See the Section B3 for concrete relation our model and Seiberg duality.)

2.1.1 Lagrangian

We propose the following Lagrangian to describe the magnetic picture of QCD. It is a
U(Ny) gauge theory, and the Lagrangian possesses the U(Ny¢)r x U(Ny¢)g chiral symmetry.
The vacuum expectation values (VEVs) of the Higgs fields, H;, and Hpg, break the chiral
symmetry down to the diagonal subgroup, U(N¢)y, providing massless Nambu-Goldstone
bosons identified as pions and 1. The n meson (or 7 in the three-flavor language) can obtain
a mass through a term which breaks axial U(1) symmetry explicitly such as det(HpHp)
although we ignore it in this paper. The VEVs of the Higgs fields give masses to U(Ny)
gauge bosons. We identify these massive gauge bosons as the p and the w mesons®. The

*In the three-flavor language, one should include K*(892) and ¢(1020) in the vector mesons.

14



Lagrangian is given by

r _ _i F) plom _ % Eip)a plowa

2
+?”Tr [|D,HL|* + |D,Hg|?]

—V(Hr, HR). (2.1)
The first and the second terms represent the kinetic terms of the U(1) and the SU(Ny) parts
of the U(Ny) gauge bosons: w,, and P, respectively. The Higgs fields Hy, and Hp are Ny x Ny
matrices which transform as

Hp — grHrgy', Hr— guHrgg', (2.2)

under the U(Ny)r, the gauged U(Ny), and the U(Ny)p group elements, gr, gu, and gg,
respectively. The covariant derivatives are, therefore, given by

D,LLHL = 8/,LI—IL + ingLPzTa + ingwuHLa (23)

D,Hr =08,HRr — igngTaHR —ig1QwuHR. (2.4)

Here, we normalized the SU(Ny) generators in the fundamental representation, 7, and the
U(1) charge, @, such that

Tr (T“T”) - %5“’, (2.5)
and
1
S 2.
@ 2Ny (2.6)

The most general potential terms consistent with the symmetries are given by

Mo — Aa
8Ny

2
V(Hy, Hg) = ﬁ[ (Te(HLH]) + Tr(H ] HR) — 2N )

J%“ {1 [ e + Hrm)?] - 4 (Te(HLH]) + Te(H | HR) ) |

)\/ _ A,/ t t 2
5y, (Te(HLH]) - Te(H]HR))
! i )2
+ 50 [(HLHL — HpHY) } : (2.7)
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where we assumed the parity invariance under H; <> Hpi. This potential stabilizes H;, and
Hp at

(Hr) = (Hgr) = 1. (2.8)

At the vacuum, 4]\7]% degrees of freedom in Hy and Hp break up to N]% massless Nambu-
Goldstone bosons, N]% longitudinal modes of the gauge bosons, N]% massive scalar particles,
and NJ% massive pseudoscalar particles. The decay constant of the Nambu-Goldstone particles
is given by f, at tree level. The gauge group is completely broken and the unbroken global
symmetry is vectorial U(Ny)y .

The physical modes at the vacuum can be classified by the representations of U(Ny)y,
the spin and the parity. The masses of the physical modes are given by

singlet Nambu-Goldstone boson (n): m, =0, (2.9)
adjoint Nambu-Goldstone boson (7): m, =0, (2.10)
singlet vector (w): m2 = g?f2, (2.11)
adjoint vector (p): mf, = gaf2, (2.12)
singlet scalar (fo): m% = 2Xof2, (2.13)
adjoint scalar (ag): m?% = 2Xaf2, (2.14)
singlet pseudoscalar: m%bg = 2\ f2, (2.15)
adjoint pseudoscalar: m% 4 = 2\"f2, (2.16)

at tree level. Terms with )\ and A\’ are not very important in the following discussionfl.

Hereafter, we take

g1 =02 =9, (2.17)

as the p and w mesons have similar masses.

! The pseudoscalar particles are, in fact, CP even, and thus they are exotic states which are absent in the
hadron spectrum. One should take large A’ and A" to make the exotic states heavy so that the model can be
a low-energy effective theory of QCD. We thank M. Harada, V.A. Miransky, and K. Yamawaki for discussion
on this point.
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2.1.2 Vector mesons and pions

When we integrate out the massive scalar and pseudoscalar mesons, the model reduces to
a non-linear sigma model of Ref. [B]. The matching at tree level gives a = 1, where a is a
parameter in the low-energy Lagrangian:

L3> wT [10u(ULUR)[?] (2.18)
4 r u\ULUR . .

The unitary matrices U, and Up are fields to describe the Nambu-Goldstone modes including
the ones eaten by the gauge bosons. The transformation properties of Uy, and Ug under the
gauge and flavor groups are the same as Hy, and Hp, respectively. From the low energy data,
the preferred value of a is estimated to be a ~ 2 with an error of 15% [BI]. Although there is
a factor of two difference from the prediction, this discrepancy can be explained by including
quantum corrections and/or higher dimensional operators. As discussed in Ref. [B], the
quantum correction makes the Lagrangian parameter a(A) approaches to unity when we take
A to be large, such as a(A) ~ 1.33 £0.28 for A = 4w fr ~ 1 GeV. Moreover, the quantum
corrections from the scalar loops give positive contributions to the gauge boson masses, that
further reduces the a(A) parameter. Therefore, one can think of the Lagrangian in Eq. (E71)
as the one defined at a high energy scale such as the mass scale of the scalar mesons.

However, the large quantum corrections result in predictions which depend on the choice
of input physical quantities when we work at tree level, although the differences should be
canceled after including quantum corrections. In this case, one should choose a set of physical
quantities which gives small enough coupling constants so that the use of the perturbative
expansion is valid and the tree-level results are reliable.

The Lagrangian has four parameters relevant for the discussion: g, fr, Ag, and Aa. The
Ao and A4 parameters can be obtained from the scalar masses as we discuss later. The gauge
coupling constant g and the f; parameter can be estimated from two of physical quantities.
The well-measured physical quantities which can be used as input parameters are [BI:

gp = (340 MeV)?,  gprr = 6.0, Fr=92MeV, m,="770MeV, (2.19)

where g, and g,rr are the decay constant and the coupling to two pions of the p meson
measured by p — eTe™ and p — w7 decays, respectively, and F is the decay constant of the
pion. The relations to the Lagrangian parameters at tree level are given by

g
9o =912 Gmm=15, Fr=fr, my=gfr. (2.20)

27

Among them, the pair to give the smallest gauge coupling is g, and m,, such as

2
g=—L =50, fr="2 =150 MeV. (2.21)
9p Mp

The value ¢ = 5.0 means that the loop expansion parameter, g>N ¢/ (47)?, is of order 30%
whereas other choices of input quantities give 90 — 210% for Ny = 2. Therefore, the choice
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above is unique to make a quantitative prediction. Indeed, the values in Eq. (E220) are close
to the ones evaluated at one-loop level. In Ref. [B1]], the parameters at a scale A ~ 1 GeV is
obtained to be g(A) ~ 3.3—4.2, fr(A) ~ 130—150 MeV, and a(A) ~ 1.0—1.5, which reproduce
all the physical quantities in Eq. (BZI9). We use the values of g and fr in Eq. (2220 in the
following discussion. However, we should bear in mind that there are theoretical uncertainties
at the level of a factor of two in the results obtained at the classical level.

2.1.3 Scalar mesons

In the hadron spectrum, there are light scalar mesons, such as o, x, fp(980) and ay(980),
which have not been understood as g states in the quark model since they are anomalously
light. We propose to identify them as the Higgs bosons in this linear sigma model. We do
not consider heavier scalar mesons as candidates since otherwise the formulas in Eqs. (E13)
and (E14) indicate that the coupling constants are large and the perturbation theory would
not be applicable.

By taking the masses of f5(980) and a((980) as input quantitiest, i.e.,
mg =ma = 980 MeV, (2.22)

Egs. (Z13) and (EZ14) give the coupling constants Ao and A4 as

VAo = VAa = 4.6, (2.23)

at tree level, where f; in Eq. (E220) is used. We use these values of coupling constants for
later calculations.

2.2 Vortex strings

Since the model has a spontaneously broken gauged U(1) factor, there is a vortex string as a
classical field configuration. The string carries a quantized magnetic flux. Below we construct
a solution with a unit flux, which will be identified as the confining string.

There have been similar approaches to the confinement in QCD. The Ginzburg-Landau
models (the magnetic Higgs models) are constructed from phenomenological approaches [[9,
B2, B3] or based on the QCD Lagrangian [B4, B3] through the abelian projection [BH], and
the stable vortex configurations are identified as the confining string. In supersymmetric
theories, there have been numbers of discussion on the vortex configurations [P0, 21, B2, B,
B9, @0, @0, @2]. In particular, the non-abelian string [P0, E1], which we discuss shortly, has
been extensively studied as a candidate of the confining string.

Our model combines Higgsing of the magnetic gauge group and chiral symmetry breaking.
As discussed in the previous section, the model parameters are fixed by physical quantities
such as masses and couplings of hadrons. Therefore, the properties of the strings such as the
string tension can be evaluated quantitatively. Below, we explicitly construct a classical field
configuration of the vortex string.

iSince o and k are quite broad resonances, we do not use their masses as inputs.
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2.2.1 Non-abelian vortex solutions

In this model, there are string configurations called the non-abelian vortices which carry the
minimal magnetic flux. By defining the following gauge field,

A = V2 (Quyudi; + T55) (2.24)

there is a vortex configuration made of, e.g., the ¢ = j = 1 component rather than the overall
U(1) gauge field w,. Compared to the string solution made of w,,, this non-abelian string
carries only 1/N; of the magnetic flux and thus it is stable.

In constructing the vortex configurations, we follow the formalism and numerical methods
of Ref. [E3], where the potential between a monopole and an anti-monopole is evaluated
numerically in the abelian-Higgs model. Classical field configurations are constructed by
numerically solving field equations while imposing the gauge field to behave as the Dirac
monopoles [@d] as approaching to their locations.

We consider a non-abelian vortex solution, where the magnetic flux is sourced by a Dirac-
monopole and a Dirac-antimonopole configurations of the A/ gauge field with i = j =
1, representing non-abelian monopole configurations. These monopole and anti-monopole
are not present as physical states in the model of Eq. (E1), and we introduce them as
field configurations with an infinite energy, i.e., static quarksd. The object we construct
here, therefore, corresponds to a bound state of heavy quarks such as the charmonium and
the bottomonium. In order to describe light mesons, the light quarks should be present
somewhere in the whole framework. We discuss a possible framework in Section EZ3.

In the cylindrical coordinate, (p, ¢, z), where the monopole and the antimonopole located
on the z-axis at 2 = £R/2, we denote (Ap),; as the configuration to describe the monopole-
antimonopole system. They are given by

(Ap){ =0, (2.25)
Ag =0, exceptfor i=j=1, (2.26)
and
Ny 1 —R/2 2 .

V2o P+ G- RRPIP T P G R/

The number of the flux, Nguy, is quantized as Ngu € Z by the Dirac quantization condi-
tion [Ed]. Equivalently, the magnetic charge of the monopole is quantized as

47 Nfux

qdm = .
V2g

$In U(N) gauge theories with Higgs fields in the adjoint representation, there are monopoles as solitonic

objects which are identified as junctions of vortices [E3, EG] rather than the endpoints. The monopoles we are
considering should not be confused with such configurations.

(2.28)
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The gauge field is well-defined everywhere except for the interval —R/2 < z < R/2 on the
z-axis. The Dirac quantization condition ensures that the interval is covered in a different
gauge. For constructing a vortex configuration, the following ansatz are taken:

Al = AigH Al = (Ap)i +dl, (2.29)
(Hp)ij = (HRr)ij = ¢i(p, 2)dij, ¢i= ;. (2.31)

With the ansatz, the Lagrangian is reduced to
_ _1 Z ik pi
= 12 o
1
17D (0udi)’ Ix QZ@ (4,)°

i

2
A
o, (Z of - Nf)
2
A
st (wxe- () ). 25

and the field equations are obtained as

A

2
2 i1 _ 2 .
vd’z_*(a"i_a 51 z 2Nf Z¢]_Nf ¢1+2Nf
J

5 Nyof =397 | 0:(233)
J

v? - 1 at = g—z(ai + apd™)¢? (2.34)
2 - 9 D 79 .
where we take the unit of
V2fy =1. (2.35)

For i # 1, a* = 0 is the solution.
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The potential energy between the monopole and the anti-monopole is given by

2N}
V(R) = —927;“
2
+/d3a: S-gi(a’ +ap)a’ - ;Jﬁf <Z¢?> - Ny
Z2
—Q{?f Nf;eﬁ? - <Z ¢?> : (2.36)
The first term comes from the magnetic Coulomb potential, Vioguiomp = —q?nag /AT R. The

second term is the contribution from the non-trivial field configurations, and gives the linear
potential between a monopole and an antimonopole for a large R. The self-energies of the
Dirac monopoles are subtracted, and thus this expression provides a finite quantity.

For \g = A4, which is the case as in Eq. (Z23), the problem simplifies to the case of the
abelian string. The field equations gives

¢i =1, fori#1, (2.37)

as solutions and the equations for ¢; and a' becomes

v2¢_92(1 25 A0 (2 2.38

1 2a+aD)¢1—2(¢1 ) b1, (2.38)

<V2—1>a1:g2(a1+a )2 (2.39)
p* 2 bJeL: '

The potential energy is in this case given by

27rN2u g° A
vir) = Ty [ d |- apit - (61 1)) (2.40)

The Ny dependence disappears from the potential energy.

2.2.2 Numerical results

We numerically solve Eqgs. (E238) and (EZ39) by following the procedure explained in Ref. [E3].
The partial differential equations are solved by using the Gauss-Seidel method. The obtained
field configurations are used to evaluate the potential energy in Eq. (EZ20).

In the unit of Eq. (E33), the potential energy V(R) times the gauge boson mass m, can
be obtained as a function of m,R. In this normalization, we have a single parameter x defined
by

ms Vo _ VAa
Vem, g g

K= (2.41)
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Figure 2.1: Potential energy of the monopole-antimonopole system for « = 0.1, 0.9, 1.7 and
2.5. The fittings with the Cornell potential are superimposed (dashed lines).

This corresponds to the Ginzburg-Landau parameter of superconductors. The numerical
results are shown in Fig. I, where the potential energies for Ngu = 1 are drawn with four
choices of parameters, x = 0.1, 0.9, 1.7, and 2.5. We see a linear potential in a large R
region. By fitting the slope of the linear regime, one can extract the string tension & in
the unit of Eq. (2233). We show in Fig. B2 the tension ¢ as a function of k. These results
are all consistent with Ref. [E3], except that the unit of the flux is different due to the non-
abelian feature of the vortex. For x = 1/4/2, the field equations reduce to a set of first order
differential equations whose solutions are known as the BPS state. In this case, the tension
is simply given by & = w, which we have confirmed with an accuracy of 0.1 — 0.2 percent.

2.3 Comparison to QCD data

Now we compare the numerical results with data from experimental measurements. We
identify the non-abelian Dirac monopoles with the minimal magnetic charge, Nqux = 1, as
static quarks, since otherwise the string with Ng, = 1 is stable and such a stable string is
absent in QCD. The potential between a quark and an antiquark with a distance R can be
parametrized by the following form:

V(R) = —% +oR. (2.42)

This potential, called the Cornell potential, well fits the quarkonium spectrum with param-
eters:

A~0.25-05, +/o~430MeV. (2.43)
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K

Figure 2.2: The string tension & in the unit of 2f2 as a function of the Ginzburg-Landau
parameter .

A similar value of the string tension o is obtained from the Regge trajectories of the hadron
spectrum. The lattice simulations also reproduce the shape of the potential with A ~ 0.25 —
0.4 [E2, 88, 89] and /o /m, ~ 0.50—0.55 [60]. In perturbative QCD, at tree level, the Coulomb
part V ~ —A/R is obtained from the one-gluon exchange between quarks. At a higher loop
level, the shape of the potential approaches to the form in Eq. (222) [6X]. Computations at
three-loop level have been performed recently in Refs. [B2, B3], and it is reported that the
result is in good agreement with lattice simulations up to a distance scale R < 0.25 fm [B2].
See, for example, Ref. [B4] for a review of the static QCD potential.

The Cornell potential also well fits the numerically obtained potential in the previous
section. We superimpose the fittings with the Cornell potential in Fig. I as dashed lines.

2.3.1 Coulomb potential
In the electric picture, i.e., in QCD, the Coulomb part V' ~ —A/R is obtained with

A_N§—1£

= — 2.44
2N, 4rx’ (2.44)

where the strong gauge coupling g, depends on R through renormalization.

By duality, in the magnetic picture, the Coulomb term is accounted by a magnetic
Coulomb force between monopoles. By using the magnetic charge in Eq. (228) with Ny = 1,
the coefficient is given by

2
q 27
— 47; = (2.45)
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This corresponds to the first term in Eq. (2220). Using the value of ¢ in Eq. (E221I), we obtain
A=0.25. (2.46)

The value is consistent with Eq. (Z223). This is already an interesting non-trivial test of the
hypothesis that the vector mesons are the magnetic gauge fields.

Note here that the Coulomb term in Eq. (220) arises from a solution of the classical field
equations with boundary conditions given by the Dirac monopoles. Although the vacuum
is in a Higgs phase, the Coulomb force dominates when the distance R is small compared
to the inverse of the gauge boson mass. In the world-sheet theory of the string, it has been
known that the Coulomb force can be reproduced as the Liischer term which stems from
the boundary conditions of the string world sheet [BH]. Interestingly, the Liischer term gives
A =m/12 ~ 0.26 which is pretty close to the above estimation.

2.3.2 Linear potential

As we have seen already, the linear potential is obtained as in Fig. B The normalized string
tension ¢ is shown in Fig. B2 as a function of x. From Eqs. (2220), (2223) and (EZ2), the ~
parameter is given by

r = 0.90. (2.47)
With this value, we obtain from Fig. P2,

6 =3.5. (2.48)
By using f in Eq. (B220) to recover the mass dimension, we obtain

Vo =400 MeV. (2.49)

This is close to /o in Eq. (E23). The prediction is not very sensitive to x. For example,
k = 0.6 —1.2 gives /o = 360 — 420 MeV. Although we expect a large theoretical uncertainty
from quantum corrections, it is interesting to note that the estimated string tension is in the
right ballpark. The hypothesis that the p and w mesons as magnetic gauge bosons and light
scalar mesons as the Higgs bosons is found to be consistent with the experimental data.

It is important to notice that there is no dependence on Ny in the field equations (EZZ33),
(2239) or in the expression of the QCD potential (2220). It is essential to have this property
that the string is non-abelian. The dimensionless quantity /o /m, is, in this case, predicted
to be Ny independent, which is consistent with the results from the lattice QCD [B0].

2.4 QCD phase transition

At a finite temperature, QCD phase transition takes place. The lattice simulations support
that deconfinement and chiral symmetry restoration happen at similar temperatures. The
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chiral transition temperature has been computed in lattice simulations, and found to be
T. ~ 150 — 160 MeV [B8, 4] for physical quark masses.

A simple estimate of the transition temperature is possible in the magnetic model in
Eq. (Z3). The deconfinement and the restoration of the chiral symmetry both correspond
to the phase transition to the vacuum with Hy = Hpr = 0, which is stabilized by thermal
masses at a finite temperature. When we define the transition temperature T, to be the one
at which the Higgs fields become non-tachyonic at the origin, the temperature is obtained to
be [B3]

/8
T, = nTfo”’ (2.50)

where the factor n is a dimensionless quantity given by

2 2 2
n:1+2mp L Zmps +ms
m% Bm%

, (2.51)

at the lowest level of perturbation. Each term in the 1 parameter represents the contribution
to the thermal masses of the Higgs fields from different particles. The first term, the unity,
is the contribution from the scalar mesons. One should add up all the particles which obtain
masses from the VEVs of H;, and Hgr. The estimation of n is quite non-trivial since there
are particles which we did not consider, such as nucleons, and also the summation should be
weighted by the abundance in the thermal bath, which may be affected by their large thermal
masses, i.e., there may be large higher order corrections.

By putting fr in Eq. (2220), we obtain

~1/2
170 MeV x (ﬂ) (N =2),

T.= 37 1 (2.52)
140 MeV x (g) . (N;=3).

The value n ~ 3 seems to give temperatures consistent with ones from lattice simulations. It
is interesting that n ~ 3 is obtained from Eq. (2251) when we take mpg around the cut-off
scale, A ~ 1 GeV.

The formula in Eq. (230) predicts that the transition temperature is inversely propor-
tional to \/Vf This is numerically consistent with the flavor dependence of T, studied in
Ref. [B0] for two and three flavors in the chiral limit. There, T, is obtained to be 173+ 8 MeV
and 154 + 8 MeV for two and three flavors, respectively. A simulation with a larger number
of Ny should be able to test this prediction.

2.5 Non-supersymmetric duality from the Seiberg duality

The assumption in the whole framework is the electric-magnetic duality between the SU(N.)
gauge theory with N; massless quarks and U(Ny) gauge theory with bosonic Higgs fields.
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SU(N,) SU(Ns)L SUNpr Ul)p SUN)y U(l)g U

Q N Ny 1 1 1 0 (Nj—No/Ny
Q N 1 Ny -1 1 0 (Ny— Ne)/Ny
Q N, 1 1 0 N. 1 1
QN 1 1 0 N, -1 1

Table 2.1: Quantum numbers in the electric picture.

The replacement of N in the gauge group with Ny is familiar in supersymmetric gauge
theories. For example, the Seiberg duality in the N/ = 1 supersymmetric theories replaces
SU(N.) gauge group by SU(Ny — N.) in the magnetic picture. We explain here a possible
connection between the Lagrangian in Eq. (20) and the Seiberg duality, which is discussed in
Ref. [[2]. We extend the discussion of Ref. [[J] regarding the vortex string and interpretations
of constituent quarks.

It is obvious that the non-supersymmetric QCD can be obtained from supersymmetric
QCD’s by adding masses to superpartners and send them to infinity. What is non-trivial is if
a vacuum in the theory with small masses of superpartners is continuously connected to the
non-supersymmetric theory when we send the masses to large values. Such a continuous path
may or may not exist depending on the space of parameters defined by a supersymmetric
theory to start with. Recently, it is found in Ref. [[2] that there is an explicit model which
reduces to QCD in a limit of parameters and has a vacuum with the same structure as the
low energy QCD in a region of parameters where the Seiberg duality can be used. By hoping
that the region extends to the QCD limit, one can study non-perturbative features of QCD,
such as strings, at the classical level in the dual picture.

The proposed mother theory is ' = 1 supersymmetric QCD with N, colors and Ny + N,
flavors. By giving supersymmetric masses to the extra N, flavors and soft supersymmetry
breaking masses for gauginos and scalar quarks, one obtains non-supersymmetric QCD with
N colors and Ny flavors. The global symmetries and quantum numbers are listed in Table 27T,
where SU(N,) is the gauge group. The U(1) g symmetry is absent in the actual QCD, and will
be spontaneously broken in the vacuum we discuss later. In order to avoid the appearance of
the unwanted Nambu-Goldstone mode associated with this breaking, we gauge U(1)ps. The
SU(N.)y group is also an artificially enhanced symmetry, and thus we gauge it. Since the
added gauge fields only interact with extra flavors, the limit of large mass parameters still
gives the non-supersymmetric QCD we wanted.

The magnetic picture of the mother theory is an SU(Ny) gauge theory with N;+ N, flavors
and meson fields. The particle content and the quantum numbers are listed in Table EZ. It
was found in Ref. [[2] that there can be a stable vacuum outside the moduli space by the
help of the soft supersymmetry breaking terms. The vacuum is at (q) = (q) # 0, where
SU(Ny)x SU(Nyg)r x SU(Ny)r is spontaneously broken down to a single vectorial SU(Ny)y
symmetry, that is the isospin symmetry. The symmetry breaking provides massless pions
and simultaneously gives masses to the SU(Ny) x U(1) g gauge fields. Those massive gauge
fields can be identified as the vector mesons, p and w.
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SU(Ny) SUWNy)L SUNg)r U(l)p SU(N:)v U(1)p UL)r

q Ny Ny 1 0 1 N./Ny¢ N./Ny¢

q Ny 1 Ny 0 1 —N./N;¢ N./Ny

o 1 Ny Ny 0 1 0 2(Ny — N.)/Ny
q Ny 1 1 1 N, —1+ N./Ny 0

7 Ny 1 1 -1 N, 1— N./Ny 0

Y 1 1 1 0 1 + Adj. 0 2

Z 1 1 Ny -1 N, 1 (2N; — N.)/Ny
Z 1 Ny 1 1 N, -1 (2N; — N.)/Ny

Table 2.2: Quantum numbers in the magnetic picture.

Although the deformation with massive N, flavors provides us with a QCD-like vacuum,
there are several unsatisfactory features as noted in Ref. [[2]. Here we discuss those issues
and consider a possible interpretation. In the above discussion, it sounds somewhat strange
that the U(1)p gauge field is identified as the w meson which is in the same nonet as the
p meson, whereas the U(1)p seems to have a completely different origin from the SU(Ny)
magnetic gauge group. Second, in the particle content in Table P2, there are fields which
have U(1)p charges 1, i.e., “quarks.” These degrees of freedom do not match the picture of
confining since they look like free quarks. Finally, there is a vortex string associated with the
spontaneous breaking of U (1) g/, which we would like to identify as the QCD string. However,
since the stability of the string is ensured by topology, it is stable even in the presence of the
massless quarks. The real QCD string should be unstable since a pair creation of the quarks
can break the string.

A possible interpretation is emerged from the consideration of the origin of U(1)p/ in the
magnetic picture. As one can notice from the quantum numbers, U(1)ps in the electric and
magnetic pictures look different. In particular, the gauged global symmetry in the electric
picture is U(N,) ~ (SU(N.) x U(1))/Zn, whereas one cannot find a U(N,) gauge group in
the magnetic picture. This leads us to consider a possibility that there is an additional U(1)
factor as a part of the magnetic gauge group. The actual magnetic gauge group is U(Ny),
and it is broken by a VEV of a field with the quantum number of Q"V¢¢™s so that U(1)p in
the magnetic picture is an admixture of two U(1)’s. Namely, the duality of the gauge group
goes through an intermediate step:

SU(N.) x U(N;) (electric) — U(Ny)x U(N.) (magnetic)
— SU(Ny) x SU(N.)v x U(1)p (magnetic).  (2.53)

Under this assumption, when we send the gauge coupling of U(1)(C U(N.)) in the electric
picture to be a large value, the gauge boson of the U(1)p/ factor in the magnetic picture is
mostly the one from the U(Ny) magnetic gauge group. The identification of the w meson
becomes reasonable since the origin is now the same as the p meson.

Since U(1)ps is spontaneously broken by (q) = (q) # 0, there is a stable vortex string
which can be explicitly constructed as a classical field configuration in the magnetic picture.
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(electric charges)/e  (magnetic charges)/(27/e)

Q 1 0
7 -1 0
q; 1-1/N. 1
a -1+1/N, -1
drn —1/N. 1
(j}# 1/N, -1
Z 1/N. -1
Z —1/N, 1

Table 2.3: Electric and magnetic charges under a U(1) factor in SU(Ny) x U(1)p.

The duality steps (E33) imply that there is another string in the magnetic picture: one
associated with U(Ny) and another with U(N.). However, if we go back to the electric
picture, there is only a single U(1) factor in U(N.), which can only give a single kind of
string. This sounds like a mismatch of two descriptions.

We propose here that the U(Ny) string, made of ¢, g, p, and w, is in fact unstable since
the “quarks” can attach to the endpoints, and thus that is the one which should be identified
as the QCD string. The U(IV.) string is stable, but should decouple in the QCD limit. As
mentioned already, there are “quarks” in the magnetic picture, ¢, ¢, Z and Z. They are
natural candidates of the “quarks” which attach to the U(Ny) string. In turn, if they are the
degrees of freedom at the string endpoints, a linear potential prevents them to be in the one-
particle states. Therefore, the “quarks” disappear from the spectrum. This interpretation
seems to give resolutions to all the unsatisfactory features raised before: the nature of w, free
quarks, and the stable string.

For this interpretation to be possible, ¢/, ¢, Z and Z should carry magnetic charges of
U(Ny) in addition to the quantum numbers listed in Table 2. Since we assume the electric-
magnetic duality between the SU(N.) and the U(Ny) gauge groups, it is equivalent to say
that ¢/, ¢, Z and Z should be colored under SU(N.), i.e., Z and Z are the quarks (the
non-abelian monopoles in the magnetic picture) and ¢’ and ¢ are non-abelian dyons. It is
interesting to notice that they indeed have N. degrees of freedom.

In the SU(Ny) x U(1)p magnetic gauge group, there is a U(1) factor which rotates a
particular component of ¢y and ¢;, where I is the index of the SU(Ny) gauge group. The
vortex string associated with such a U(1) factor is called the non-abelian string and the
one with the minimal magnetic flux is stable. Therefore, the “quarks” should attach to
this string. When we take ¢; is the one which rotates under the U(1) factor and normalize
the charge of it as unity, the charges of other charged fields are listed in the left column
of Table E23. By assuming that ¢ and ¢ have no magnetic charges, the Dirac-Schwinger-
Zwanziger condition [B9, B0] allows the magnetic charges listed in the right column of Table P23
as the minimal magnetic charges divided by (27/e) with e being the gauge coupling constant.
Interestingly, they agree with the “color charge” of SU(N.)y up to a normalization, which
may be indicating that a part of SU(N.)y in the magnetic picture descends from the
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electric gauge group, SU(N,). For dynamical fields with both electric and magnetic quantum
numbers, we loose the standard Lagrangian description of the model. However, since the
sector of ¢, ¢ (and ®) is all singlet under SU(N,)y and is decoupled from the colored sector,
there can be a Lagrangian to describe it, and we assume that is the model in Eq. (E70).

It is amusing to see that many ingredients to describe the hadron world are present in this
model, such as the vector mesons, the pions, the light scalar mesons, the QCD string, and
the constituent quarks. This is somewhat surprising since the Seiberg duality is supposed
to describe only massless degrees of freedom. The non-trivial success of the model may be
indicating that the addition of N. massive quarks is a right direction to fully connect the
electric and magnetic pictures of AV = 1 supersymmetric QCD.
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Chapter 3

The Weinberg sum rules for
dynamical SUSY breaking

In previous chapter we discuss the dynamical chiral symmetry breaking and construct the
effective model of QCD as the magnetic description. In this chapter we consider the dynamical
SUSY breaking, the other interesting example of dynamical symmetry breaking. In particular,
we derive the Weinberg sum rules among particles in the dynamical sector.

3.1 Weinberg sum rules

In this section, we explain the procedure of deriving sum rules rather in detail. The starting
point is the symmetry transformation of current correlator® as

" (x —y) = <5Q [t ()75 ( y)]>, (3.1)
where dg implies the symmetry transformation corresponding with spontaneous broken sym-

metry. This current correlator should vanish if the symmetry is unbroken.B

We use the momentum space in later discussions and we simply describe II1#¥(k) as the
Fourier transformation of II"(z —y). We extract the Lorentz structure and define the scalar
part of this correlator as

1" (k) = k*EVTL (K2) — B2t TIo(K2), (3.2)
where II; (k?) and II5(k?) are only dependent on k? since they are Lorentz scalar.

We extend the function II;(s) to a complex plane; it has a branch cut on the real and
positive value of s. By the Cauchy integral theorem, we obtain the following identity:

0= /CA ds s"I11(s) + /CB ds s"Iy(s), (3.3)

*We define (---) by the path integral, and thus they are Lorentz covariant.
In original Weinberg sum rules, we use axial part of chiral symmetry transformation as o and vector and
axial vector currents as 74 and jb§ respectively.
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Figure 3.1: Contour of the integral.

where n is an integer. The paths C4 and Cp are shown in Fig. B where sg is an arbitrary
real and positive number.

The Weinberg sum rules can be obtained by using the operator product expansion (OPE)
for the second integral. We here consider an asymptotically free theory where the OPE at a
UV scale can be done perturbatively. Let O be the lowest dimensional operator whose VEV
breaks symmetry we consider, and d be the mass dimension (defined by the classical scaling
in the UV theory) of O. If we determine di; as the dimension of I1;, it can be expanded as

co(O)

Wils) = —@—an sz

T (3.4)

where - - - are higher order terms in the 1/(—s) expansion and ¢ is a dimensionless coefficient.
Here (d — dyr)/2 should be an integer since it can be obtained by a calculation of Feynman
diagrams. If (d — dir)/2 is not an integer, such an operator either does not contribute or
should be supplied by some dimensionful parameter in the Lagrangian. The second integral
in Eq. (B3) vanishes for n < (d — dm)/2 — 1.

On the other hand, the function II;(s) for the real and positive s can be expressed in
terms of a spectral function as follows:

IM@:—AWMQﬁM%+A@, (3.5)

s— 02+ e

where A(s) represents contact terms which are regular everywhere. By using the expression
in Eq. (B3), the first integral in Eq. (833) reduces to

S0

27 ds s"p(s) (3.6)
0
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for n > 0. For n < 0, the integral depends on A(s).

In asymptotically free theories, the use of the OPE is justified when (—s) is sufficiently
large. Therefore, the quantity (8@) should asymptotes to zero for sy — oo if n is within the
window:

d—d
0<n< 1

- 1. (3.7)
In this window, we obtain,

/00 ds s"p(s) =0, (3.8)
0

for each integer value of n satisfied the condition (BZ). Approximating the spectrum function,
p(s), as the sum of low energy effective modes, we obtain the sum rules which relates among
the physical quantities of such low energy effective modes.

To obtain concrete image of this derivation, we explain the derivation of the sum rules in
QCD as example. In QCD case, the current correlator is

Wen(z —y) = (9, | i@ 5@ | ), (3.9)

where d¢g, implies the transformation of axial part of chiral symmetry, j{j and j'; are vector
and axial vector currents respectively, and a, b, and ¢, denote the flavors indices. From the
current algebra, we easily derive the following formula,

o (@ — ) = i i) 35 ) ) + i @) i) ), (3.10)

where f%¢ is structure constant of flavor symmetry group and each current correlators
proportional to 6% and §°¢ respectively. Extracting Lorentz and group structure we obtain
kMEkY part of this current correlator as,

Mqep1(k?) = Maa(k?) — vy (k?), (3.11)

where the IT4 4 and ITyy correspond with first term and second term of Eq. (BI0) respectively
and negative sign of second term reflects the antisymmetry property of structure constant,
focb = — fabe The mass dimension of Eq. (B) is zero (i.e. dp = 0). The lowest dimension
operator appeared in the OPE of Eq. (B) is (gg)? whose dimension is six (i.e. d = 6).
Therefore we obtain two sum rules as

/O T ds (paals) — pyv(s) =0, (3.12)

[ ds s (oaats) = povish o (3.13)

where paa(s) and pyy(s) are spectrum functions corresponding with 1144 (s) and Ilyy (s)
respectively. As final step we approximate those spectrum functions as sum of the low energy
modes as following:

paa(s) = 126(s) + f2,6(s — m2,), (3.14)
pvv(s) = pr(S(s - mz) (3.15)
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Using this approximate formula of spectrum functions, we obtain the Weinberg sum rules,

=1+ fi ~0, (3.16)
m>f7 —m. f2, ~0. (3.17)

3.2 Supercurrent and sum rules

In this section we derive the sum rule for physical quantities in the low energy effective theory
of dynamical SUSY breaking using the algebra of the supercurrent multiplet. Same analysis
can be applied to the General Gauge Mediation (GGM) [Bll] formalism which describe the
soft SUSY breaking terms as the current correlators. The sum rules for GGM are discussed
in Appendix. [Al.

3.2.1 Supercurrent and correlators

In a wide class of supersymmetric field theories, one can define a real supermultiplet called
the supercurrent (J*) [B2] (See [B3] for a recent discussion). It is composed of the SUSY
current (S%), the symmetric energy momentum tensor (T"), the R-current (j*), and a
scalar operator z. The 6 and # expansion of supercurrent are as following:

Ju(2,0,0) =5, +i0 (S + \[O'M/J> ( é&ﬂ))

; _ _ 2 1
+ %eeauﬁ - 709@056 + 00”0 [QTW = 3T N = 5 Eupo 05

— 1666 [ 09,8, + —=0,6,0" w]

2xf
+ 0000 [—28#8"3',, + 4823'4 .

The R-current defined in this way is not conserved unless the theory is conformal. The
transformation laws of those component fields under SUSY are given by

1

6gin = —in (SM - BUMUVSV> , (3.19)

2 _
dor = —ginJ“S“, (3.20)
5QxT = 0, (3.21)
0QSua = 2(ouwn)ad (3.22)

. . 1
6QS, = i(a"n)" [QT,W + 10y — M0 - j — iem,pgapj" , (3.23)
1

ST = -5 [na?t9,S” + not”9,5"] . (3.24)
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Correlators R-charge Dim. of O

C1, Cs, Cr 0 do
C2) 037 C57 08 2 d2
Cy 4 da

Table 3.1: R-charges associated with each correlator. dy, dz and d4 denote the dimension
of the lowest-dimension SUSY breaking operator which contribute to the OPE of correlators
with R =0, 2 and 4.

By using the above component fields, we define the following set of current correlators:

P (ay) = <65 (51 () T ()] ><ov>m, (325)

5 (w,y) = <Q[s (@ )m>< ) (3.26)
O (ay) = <65 :S“B<x>x*<y>}><a”>a5, (3.27)
i (y) = <625 S¢<x>x*<y>}><amm, (3.28)
(@) = <625 :S“B<w>x<y>}><a”>aﬁ-, (3.29)
CE"(2.y) = <63 [S“<x>x<y>]><a”~>;, (3.30)
CE(a,y) = <ag [ y>]><a”>aﬁ~, (3.31)
L (ay) = <5 >]><am>07. (3.32)

If SUSY is unbroken, all of them are vanishing.

Since it will become important when we derive sum rules, let us here discuss R-charges
associated with the above correlators. The R-symmetry plays a crucial role for SUSY
breaking [B4], and in most cases, it is assumed that UV theories of SUSY breaking models
are R-symmetric. Therefore, in the present study, we assume that UV theories, from which
OPE of the correlators are calculated, have R-symmetry. The R-charges associated with
each correlator are uniquely fixed since the components of the supercurrent have R-charges
determined from the SUSY algebra. Those are summarized in Table B, and operators
that appear in the OPE of each correlator should have the same R-charges as corresponding
correlators. If the R-symmetry is not broken spontaneously, correlators with non-zero R-
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charges should vanish identically, and only correlators with zero R-charge, namely Cy, Cg
and Cr, would provide non-trivial sum rules. Meanwhile, if the R-symmetry is spontaneously
broken, correlators with non-zero R-charges are also non-vanishing, and further sum rules
can be derived. For later convenience, we introduce dy, ds and d4 to denote the dimension
of the lowest-dimension SUSY breaking operator which contribute to the OPE of correlators
with R = 0, 2 and 4. (See Table B.) The number of sum rules we can derive from each
correlator depends on values of dp 24 as we will discuss in detail later.

3.2.2 Sum rules in effective theories

An explicit form of sum rules can be derived by approximating the spectral function by one-
particle states of hadrons. Such an approximation is valid when there is a weakly coupled
description of hadrons at low energy. We assume that there is such an effective description.
As hadronic degrees of freedom, we introduce fields with spins from 0 to 2 as follows:

massive or massless spin 0 (scalar)),

* 9
0

(
(massive or massless spin 0 (pseudoscalar)),
A (the Goldstino, spin 1/2, massless),

(

e x (massive spin 1/2 (Majorana)),

e v, (massive spin 1 (real)),

¥, (massive spin 3/2),

h* (massive spin 2).

Except for A, there can exist multiple particles with the same spin and parity. In the following,
we suppress the indices associated with such multiple particles. The sum rules we obtain
below should be understood as the one with summations of these indices.

One particle parts of the supercurrent multiplet can be parametrized as follows:

St = iftat X — 22 f'a" O\ — 2my fyot Vb, — 2,0 DX + -, (3.33)
SHE =i fIGHN — 2f% f*5M O N — 2my 6"y — 2f50M O X + - (3.34)
Ty = —%m%m%hw - %(muﬂ — 0u0))+ -+, (3.35)
x = cigb +ic2m 4 (3.36)
g* = my foot + frOMm 4 (3.37)
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where --- are terms which are not linear in fields. The normalization of the fields are
such that the propagators are given in Appendix B. We have implicitly assumed the CP
invariance, i.e., the absence of the mixing between ¢ and =, for simplicity. By using the
above parametrizations and the propagators in Appendix B, one can explicitly calculate the
correlators Eqgs. (B2Z4)-(BZ32) as a sum over the contributions from hadrons.

Following the same procedure in Section BT, one can derive the sum rules from C7 — Cg
using the effective theory. For example, we obtain

2 8
\f’l2+|fx|2+§|fw\2=f£+§m1% (3.38)

from the correlator C'. This rule applies to the models with dy = 3 and dy = 4. To derive this
rule, we use two approximations; one is the tree level approximation in the effective theory and
the other is the perturbative calculation of the OPE for the correlator. The effective theory
should have a UV cut-off, Ag, below which the picture of the hadron exchange (tree-level
approximation) is justified. On the other hand, the OPE is a good expansion at a sufficiently
short distance, (—s) > Aopg, where Agpg is a typical scale where the UV description breaks
down. Therefore, the above sum rule gives a good approximation if A.g > Aopgr and if
one takes sg in Fig. Bl within the window, Aopg < s < Aeg. In the case of QCD, this
condition, Aqg > Aopg, seems to be marginally satisfied, therefore the Weinberg’s sum rules
are satisfied in the real world to a good accuracy. The hadron summation in the sum rules
should be taken while masses exceed Aopg [B3, GH.

Repeating the same discussion for the rest of the correlators, Co — Cg, we obtain sum
rules:

e Boson sum rule (dyp = 3 and 4)

8
fo+3mb=fa+ 10, (3:39)

e Scalar sum rule (dy = 4)

foch =0,  frci =0, (3.40)
e Fermion sum rule (dy = 4)
2 g1 2 3 2
[ f=myfy = _mefx‘ (3.41)

The correlator Cy does not lead any sum rule for dy < 4. For dy > 4 and d4 > 4, there can
be more sum rules. However, we do not try to derive those in this paper since we are not
aware of such models.

36



3.2.3 Improvement of currents and sum rules

The entries in the sum rules, such as f’, fy, fs, and fr, depend on the definition of the currents
in the UV theory. In deriving the sum rules, we have defined the currents as components of
the supercurrent multiplet, J*. Moreover, we have implicitly assumed that the current does
not contain parameters with negative mass dimensions, otherwise the dimension of O can be
arbitrarily small.

If such a supercurrent is uniquely defined, there is no ambiguity for f’s. If it is not uniquely
defined, the sum rules should hold for any choice of the supercurrents. The supercurrent J*
has in general a freedom of the improvement,

Jy = Jy— 0u(Q+Q), (3.42)
where 2 is a chiral superfield. Therefore, the improvement is possible when there is a gauge-

invariant chiral superfield with a mass dimension less than or equal to two in the UV theory.

For example, if there is a chiral operator M with dimension two and R-charge zero, such as
a meson operator, M can be the operator €). In the same way as the currents, we parametrize
the one-particle parts of the operator M by low energy variables as

I _\%(5%¢_igﬂ>+...7 (3.43)
VMo = \}5 (F'Ma + FyXa) +-- -, (3.44)
Fy = —i(CPlo—iClm) +- -, (3.45)
where
M(y,0) = m(y) + V209 (y) + 00Frr(y). (3.46)

With these parametrizations, the improvement in Eq. (B22) with = c¢M, with ¢ a real
dimensionless parameter, shifts the decay constants as

o= f el (3.47)
fx — [y +cFy, (3.48)
fo — [fs+cFy, (3.49)
fr = fxtcFr, (3.50)
035 — ci + CCQ%, (3.51)
2 = E+cCR (3.52)

The constants f, f,, fy, and mp are unchanged by the improvement.

When dy > 3, sum rules in Egs. (8338) and (839) should hold for any choice of c.
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Therefore, we obtain the following relations:

|F'*+ | > = F3, (3.53)
Re[f*F'| + Re[fiF\] = fsF, (3.54)
F; = F} (3.55)

fsFy = frFp, (3.56)

in addition to Eqgs. (B338) and (B=39). As a trivial example, the effective theory described by
a single chiral superfield,

M o ¢ +im + V20(\ or x) + 00F, (3.57)

satisfies the sum rules in Eqgs. (B53)—(B20).

3.3 UV models and sum rules

In this section, we consider the explicit models of dynamical SUSY breaking and discuss which
sum rules in Eqgs. (B338)—(B2) apply to them. Here, we classify those models by whether
R-symmetry is spontaneously broken, and by dimensions of the SUSY breaking operators.

3.3.1 Models with unbroken R-symmetry

We first discuss the models without spontaneous R-symmetry breaking. In this case, the
correlators with non-vanishing R-charges identically vanish, and thus only Egs. (B338) and
(B339) can apply. Since R-symmetry is not broken, f/ = 0 in this case. In most models,
dp = 4 (except for the model with non-vanishing D-term for a U(1) factor), and therefore
both sum rules apply.

A famous example is the O’Raifeartaigh model [22).8 However, in this case, the sum rules
do not give new information since one can explicitly derive the low energy models. Examples
of dynamical SUSY breaking models are the IYIT model [Z3, E4] and the ISS model [28] where
the ISS model has unbroken discrete R-symmetry. Both of the examples have calculable IR
descriptions which reduces to the O’Raifeartaigh models.

3.3.2 Models with spontaneous R-symmetry breaking (d; < 3)

When R-symmetry and SUSY are both broken by an operator with R = 2 and dimension
less than four, those models predict the sum rules in (B38) and (839).

Examples are incalculable models such as chiral gauge theories in Ref. [[@, [2]. There are
also possibilities that the incalculable Kahler potential can produce a non-trivial R-symmetry
breaking vacuum in the vector-like theories such as in [23, BB, 4], although there are known
effective descriptions in these cases.

iThere are also the O’Raifeartaigh models with broken R-symmetry [avi] 8
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In models of Ref. [M@, [7], it is suggested that the gaugino condensation, which has
dimension three, breaks both SUSY and the R-symmetry through the Konishi anomaly [B0].
In the vector-like models in Ref. [E3, BB, 4], a dimension-three operator, 5Qd(7,/7§5), is the
one which breaks both SUSY and R-symmetry, where ¢¥g and S are the fermionic and the
bosonic components of a gauge singlet chiral superfield.

3.3.3 Models with spontaneous R-symmetry breaking (ds > 4)

Possibly some gauge theory without a matter field can be of this type, although there is no
known example. In this case, all the sum rules in Eqs. (B2338)—(8Z1) can be derived.

Since R-symmetry is spontaneously broken, one can say fr # 0. This implies that the
left-hand side of Eq. (B339) is non-vanishing and therefore the left-hand side of Eq. (BZ3R)
is also non-vanishing. Together with Eq. (BZ1), m,, fi is non-vanishing (unless there is a
cancellation among same-spin fermions). Therefore, this type of model generally involves
massive spin-3/2 field.

If one finds that the sum rules in Eqgs. (820) and (BZd) apply in some hadronic models
of SUSY breaking such as the dual gravity constructions B3, B9, [[0], it may be suggesting
that the microscopic description is in this category.
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Chapter 4

Summary and discussion

In this article we discuss the techniques of dynamical symmetry breaking. The interesting
examples of dynamical symmetry breaking are the chiral symmetry breaking in QCD and
dynamical SUSY breaking. The quite different approaches are adopted to analyze those
dynamical symmetry breaking. For analysis of chiral symmetry breaking, Weinberg derived
powerful non-perturbative result called as Weinberg sum rules [[]. For analysis of dynamical
symmetry breaking, we often use the Seiberg duality [B], the electric-magnetic duality of
supersymmetric gauge theories, since the dynamical symmetry breaking are considered in
the context that supersymmetric gauge theories are strongly coupled. We exchange those
analyzing techniques each other, i.e. we use the idea of Seiberg duality to construct effective
model containing chiral symmetry breaking and derive the sum rules for dynamical SUSY
breaking.

Since Seiberg duality relates the gauge theory with different gauge symmetries, we con-
sider the gauge theories with non-SU (N,) gauge symmetry and interpret that gauge theory as
magnetic description of QCD. It is known that the higgsing U(NNy) gauge theory well describes
the vector mesons and pions which are the lightest hadrons appeared as a consequence of
the color confinement in QCD. Therefore we construct higgsing U(Ny) gauge theories as the
magnetic description of QCD and examine whether this interpretation works well or not.

Our effective model contains the vector mesons and Nambu-Goldstone bosons as well as
the scalar particles. Those particles can be interpreted as the hadrons realized in nature. For
example the magnetic gauge bosons are interpreted as the vector mesons and scalar particles
are the scalar mesons, i.e. fy and ag corresponding with flavor singlet and adjoint scalar
respectively. It is the most interesting point of interpretation of such U(Ny) gauge theory as
magnetic description of QCD that the string solution as a solitonic object of U(Nf) gauge
theory can be identified as the confinement string since such vortex strings carry magnetic
charge of our model and the magnetic charge of our model can be interpreted as the color
charge in original electric description of QCD. To examine this identification we compare the
energy of vortex string and the potential energy between the static quark and antiquark. Our
model reproduces the qualitative feature of the potential energy, although our analysis is at
tree level. Therefore our model and interpretation work well at least qualitative level.

We also consider the other interesting dynamical symmetry breaking, the dynamical SUSY
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breaking. To approach what happen in low energy description of dynamical SUSY breaking
models, we derive the sum rules, which have been derived for chiral symmetry breaking in
QCD, for dynamical SUSY breaking models. The sum rules involve massive fields with spin
3/2 and 2. It is interesting to note here that there is an analogy of this situation in QCD.

The Nambu-Goldstone bosons (pions) associated with the chiral symmetry breaking are
described non-linear sigma model which has UV cut off scale. The cut-off scale can be pushed
higher by including massive hadrons. The simplest possibility is to promote the non-linear
sigma model to a linear-sigma one by introducing a scalar field (which is usually called the
sigma meson). The sum rules for chiral symmetry breaking require the existence of the spin-1
hadrons instead of massive scalar particle. Indeed, a vector meson (the rho meson) appeared
as the next lightest in actual hadronic world. The HLS model [B] contains the vector meson
(the rho meson) and well describes its interactions and mass.

In SUSY breaking case, the low-energy effective Lagrangian is formulated by Volkov and
Akulov in Ref. [[], where the Nambu-Goldstone fermion, the Goldstino, is introduced as
non-linearly transforming field under SUSY. The simplest possibility for the next lightest
mode is the superpartner of the Goldstino, formulating the low-energy effective model with
a chiral supermultiplet. This is analogous to the linear sigma model realization of the chiral
symmetry case. As in QCD, it is worth considering an alternative realization, namely the
SUSY breaking model equivalent of the HLS realization. Such a realization is achieved by
introducing the massive spin-2 field, as discussed in Ref. [2].

Another realization of the massive higher spin states in SUSY gauge theories is related
to the gauge/gravity correspondence. For example, in the Holographic QCD model [Z3,
[, 3, @], the HLS naturally emerges and the rho meson appears as a “Kaluza-Klein
(KK)” excitation mode of the five-dimensional gauge field in the holographic dual. In the
context of the gauge/gravity duality, the possibility of the dynamical SUSY breaking has
been discussed [B8, B4, [M]. If the gravity dual of the dynamical SUSY breaking model is
successfully constructed, the Goldstino should be identified with a normalizable zero mode of
the KK modes of the bulk gravitino [[[d]. Furthermore, massive spin-3/2 and massive spin-2
modes also appear from gravitino and graviton in the dual supergravity. In this sense, our
effective theory with the hidden local SUSY can be related to the dual supergravity.
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Appendix A

Direct gauge mediation and sum
rules

In this section, by using the language of the general gauge mediation [El], we derive sum
rules which are related to the current correlators in the hidden sector. Then, with those sum
rules, we show that the sfermion mass squared can be expressed in terms of masses of the
spin 0, 1/2 and 1 particles in the SUSY breaking sector.

A.1 Current multiplet and correlators

We introduce the current superfield J = J(z,0,0). It is defined as a real linear superfield
which satisfies the current conservation conditions, D?>J = D?J = 0. In components, it can
be expressed as

J =J+i0j —ifj + 05"0j, — %9055“%’ + %ééea“aﬂj — i%e_éml (A.1)

Transformation laws of these component fields under SUSY are given by

o) = —ing, (A.2)
60i® = (@) (ju + i0,), (A.4)
(5qu = —na‘uj. (A.5)
Here, 7 is a parameter of the SUSY transformation, and we defined 6QO = —1a050.
Now, we consider the following current correlators®:
D (z,y) = (88 [(* @) W)] Yo")aa (A.6)
Di(w,y) = (8 [*@)I )] )(@")as- (A7)

*We define (---) by the path integral, and thus they are Lorentz covariant.
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These D’s should vanish if SUSY is unbroken. For later convenience, we rewrite Eqs. (A8)
and (A7) in terms of the Fourier transformed functions, C’s, introduced in Ref. [E1):

o) = [ (@ ) e, (A3
@O0 = [ A (@ ), (A9)
W )W) = [ () e, (A10)
cartBipl) = [ 5 Gulohint) ), (A1)

where M is a characteristic mass scale of the theory. Using those C’s, we can write down the
kEFEY part (k* part) of Dy (Ds) as follows:

Ny . d4k v (A~ 2 ~ 2 —ik-(x—
DY g = —2z/i(%)4kuk (Cl(k: ) — C4a(k ))e (@), (A.12)
[ dY%k R

A.2 Sum rules

In this section, we derive the sum rules through the currents correlators (AM) and (B=1). We
define,

Mp, (s) = Ci(s) — C~'1/2(5), (A.14)
Mp,(s) = Co(s) — Cyyals), (A.15)

as I1;(k?) in the deriving procedure in Section. B. The mass dimension of both functions
are zero. Therefore we take dip = 0 and obtain the window of Eq. (B22) as,

O§n<g—L (A.16)

In general d < 4 since T#,, can always be the SUSY breaking operator.

From d < 4, such n can only be zero. For d = 3 or 4 the sum rules we obtained from D;
and Dy are

| s i) = p1a(6)) =0, (A17)

| s oos) = p12(6)) =0, (A18)
where

@@%=—Awwﬁyfg?k-(a=&lﬂ,w (A.19)

No sum rule for B /2 1s obtained from other correlators.
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A.3 Low energy models and sum rules

Let us assume that the SUSY breaking model is a confining theory and its low-energy physics
is well described by the lowest modes a la Weinberg [M]:

pals) = £25(s — m2). (4.20)
In this case, the sum rules Eqs. (BT4) and (BATR) suggest

fo = Fip=f=1i (A.21)

It states that the decay constants are the same even though the masses can split.

By using the formula of the general gauge mediation [B], the scalar masses via gauge
mediation are given by

dk 1, - -
2 4 2 2 2
m2 = g CQ/Z_(QW)W (3C1(k) — 4G o (K?) + ColR?))

4 2 2,,6
9027 mom
hlog 0’1

(47)? méf/Q

(A.22)

Here, mq, my /5, m1 are masses of the particles with spin 0, 1 /2, and 1 in the hidden sector,
respectively, and co is the quadratic Casimir invariant. A finite result is obtained due to
the sum rules. (Similar to the 77 — 7% mass splitting by QED. See [8].) Interestingly, in
Ref. [[[], the same expression for the sfermion mass squared was derived in a model with
gauge messengers.

From Eqgs. (A=) and (B=2), the gaugino masses can also be calculated as

2 r2
my = S Ih (A.23)
mi/2

In summary, by using the sum rules, one can express the sfermion and gaugino masses by
hadron masses in the hidden sector.
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Appendix B

Propagators

4 .
@) = [ T mﬁ”k(f)_ _ihien)

k

Puv:—(mu—%> (%+mw)—;<7u+m’;> (k—mw)<

(]

2 / d4k BHVipO
1

e_ik'(w_y)‘
(2m)4m? — k2 — ie

(W (@) (y)) = —5
P
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(B.1)

(B.2)



k. k k,k
Buvips = TV Y R
pvip (nup m% ) (77 m}gl ) + (W m
2 ki koko
§ <77/u/ mi > <77p0' m}% > .
o) = [ LI S AT
wir= i(2m)* mi — k% — ie '
d*k 1 "
= -t (mfy)
(m(z)m(y)) /i(27r)4 T :

ik g — B e
(2m)4 k2 —m?2 +ie ¢

) = [ ;
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