UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Missing Symmetries of the Standard Model

Permalink
https://escholarship.org/uc/item/46m2h00p

Author
Lillard, Benjamin Guion

Publication Date
2019

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/46m2h00p
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA,
IRVINE

MISSING SYMMETRIES OF THE STANDARD MODEL

ROBUST SOLUTIONS TO THE STRONG CP PROBLEM

DISSERTATION

SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

IN PHYSICS
BY

BENJAMIN LILLARD

DISSERTATION COMMITTEE:
Professor Tim M. P. Tait, Chair
Professor Jonathan L. Feng
Professor Yuri Shirman

April 2019



(© 2019 — Benjamin Lillard

ii



In memory of
Ethan Robert Lillard
and

Robert Morgan Guion

il



Contents

Dedication . . . . . . . . L
List of Figures. . . . . . . . . e
List of Tables . . . . . . . . e
Acknowledgements . . . . . . .. L
Curriculum Vitae . . . . . . . .
Abstract . . . . .

1 Introduction

1.1 Axion Solution to the Strong CP Problem . . . . ... ... ... ... .. .....
1.2 QCD Axion Phenomenology . . . . . . . . . . ...
1.3 The Axion Quality Problem . . . . . . . ... .. ... ...
1.4 Robust Solutions to the Strong CP Problem . . . ... ... ... ... ... ....
2 Supersymmetry and Confinement
2.1 Supersymmetry and the Electroweak Hierarchy . . . .. .. ... ... ... ....
2.2 Superfields and Superpotentials . . . . . . .. . ... oL
2.3 The Minimal Supersymmetric Standard Model . . . . . . . .. ... ... ... ...
2.4 Seiberg Dualities . . . . . . . . . e
2.4.1 S-Confinement . . . . . . . . . . . e
2.4.2  SU(N) with antisymmetric tensor . . . . . . .. . ... ... ... ...
3 An S-Confining Product Gauge Group
3.1 Introduction . . . . . . . . e
3.2 Product Group Extension for an S-Confining Theory . . . . . . .. ... ... ...
3.2.1 Infrared Operators . . . . . . . . . . .. ...
3.2.2 Dynamically generated superpotential . . . . . . . ... .. ... .. ... ..
3.2.3 Additional tests . . . . . ...
3.3 Other S-Confining Theories . . . . . . . . . . . . .. .
3.3.1 Special case: SU(4) . . . . . . .
3.3.2 Sp(2m) with 2m +4) quarks . . . . . ...
3.3.3 SUSY QCD . . . . . .
3.3.4 Other Models . . . . . . . . .
3.4 Conclusion . . . . . . . .

4 Composite Axion Model from S-Confinement

4.1 Introduction . . . . . . . ..
4.2  Axion from a Supersymmetric Product Group . . . . . . ... ... ... L.
4.2.1 Confinement . . . . . . . . ..
4.2.2 Symmetry Breaking . . . . .. ... Lo

v

10
10
11
13
15
16
17

21
21
22
22
27
30
33
33
39
40
41
43



4.2.3 Gravitational Corrections . . . . . . . . . . . ... o
4.2.4 Benchmark Models: . . . . . . . . . . . e

4.3 Dynamically Generated Wiee . . . . . . . . . L

4.4 Conclusions . . . . . . . . . e

A High Quality Composite Axion

51 A New Hope. . . . . . . . . e

5.2 The Composite Model . . . . . . . . .
5.2.1 Axion Quality . . . . . . ..
5.2.2 U(l)BfL as U(l)X ................................
5.2.3 Alternativesto B— L . . . . . . . . ...

5.3 Gauge-Mediated Supersymmetry Breaking . . . . . .. ... ... 000

Conclusion

Properties of the QCD Axion

Al Axion Quality . . . . . . . .

A.2 Axion Assignment in a General Vacuum . . . . .. ... ...

S-Confining Product Gauge Groups

B.1 Derivation of classical constraints . . . . . . . . . . ... ... ...
B.1.1 D-Flat Directions . . . . . . . . . . . . . e
B.1.2 Special Cases . . . . . . . .



List of Figures

3.1

4.1

4.2

4.3

5.1

5.2

The matter content of the proposed s-confining theory is shown as a moose diagram.
Each G; represents a gauged SU(N) group, while the dashed circles represent the
SU(4)p x SU(N)g family symmetry. . . . . . ... ... ..o oo

Moose diagram indicating the matter content and gauge interactions of the SU(N)* x
SU(4) x SU(N)" composite axion model. Each G; and G; corresponds to a gauged
SU(N), whereas SU(N) flavor symmetries are represented by dashed circles. The
bifundamental fields Q, Q;, g, and g, are depicted as directed line segments con-
necting adjacent groups, while the field A (A) transforms under G (G;) in the
antisymmetric two-tensor representation. . . . . ... ..o
Minimum values for m, ¢ and r consistent with ‘9 ’ < 107! are shown as a function
of pi.4. For the first benchmark model with f, = 10'7 GeV, we show only values
of p 2 exp(—Mp/f,) ~ 107*34. The f, = 1012 GeV and f, = 10 GeV models are
depicted using dotted and solid lines, respectively. . . . . . . . . . .. .. ... ...
The matter content of the SU(N)* x SU(4) x Sp(2n) x SU(N)" composite axion
model is depicted in the moose diagram above, with Spo, = Sp(2N —4). The SU(2)
family symmetry of the A’ fields is broken explicitly by the tree-level superpotential
B (A3.7) o o oo

Moose diagram indicating the charges of bifundamental matter fields @1,2 and Q19
under the gauge group SU (N ) x SU(N)syuxSU(N)rxU(1)x and global SU(N); x
SU(N)y global symmetries. The Standard Model SU(3), x SU(2), x U(1)y is a
subgroup of Gqg. . . . . . . L
Maximum values of A\; &~ Ay consistent with Eq. (5.2.22) for given values of f, and
N = 4,5,6,7,8. The region to the left of each line indicates the axion models
which return }9_ ‘ < 107 without any fine tuning. From left to right within each
band of a given N, models are indicated with: sin2y = 0.1, tan 5, = tan g = 1
(thin, dashed); sin2y = 0.1, tan 5, = tan Sg = 10 (thin, solid); sin2y = tan 8, =
tan B, = 1 (thick, solid); and sin2vy = 1, tan f; = tan ;, = 10 (thin, dotted). In
each case Ay =~ As = 10°GeV. . . . . . o

vi



List of Tables

2.1

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

4.1

The transformation properties of the UV and IR fields under the family SU(4), x
SU(N)rxU(1)4 xU(1)p x U(1)g symmetry for the F' = 4 model are shown, along
with the charges under the spurious U(1);. The operators J, K, and Z are defined
whether N is even or odd; the fields U, V and W are specific to the even N case,
while the fields X and Y correspond to the odd N case. The U(1)g charges listed
refer to the scalar component of each superfield. . . . .. ... ... ... ... ..

Matter content of the proposed s-confining theory, showing the transformation prop-
erties under the gauged SU(N)* and the SU(4), x SU(N)rxU(1)4xU(1)pxU(1)x
family symmetry. The spurious U(1);—1_j charges are also shown. The alternating
(+) factors in the @, charges depend on whether k is odd or even: the upper choice
corresponds toodd k. . . . . . ...
Transformation properties of the composite fields in the confined phase of GGq, in
the limit where G5 X ... x G}, is weakly gauged. The composite fields U, V', and W
exist only if N is even; if N is odd, then they are replaced by X and Y. . . . . . ..
The transformation properties of the composite fields in the fully confined phase of
SU(N )k are shown. The subscript Bodd even refers to ¢ = 1.. .k, whereas the baryon
content B; = {U;, V;, W;} or B; = {X,,Y;} depends on N. The U(1)p charges of Jj
and K} are positive if k is odd, and negative if kiseven. . . . . . .. ... ... ..
Above, the original s-confining theory A + 4(Qy + Q,) is extended on the left and
right by gauging G% x é% and adding the @Q; and @, fields to cancel the anomalies.
To extend the model beyond ¢ = r = 2, more quarks @); and @j can be added with
alternating U(1)4 and U(1)p charges. . . . . . . ... ... ... ... ... . ...
All gauge groups except G have confined, leaving My and Mg. The {0,1} charges
of My and Mpg correspond to the cases where ¢ and r are odd or even, respectively.
Not shown are the baryons Z; and 7]-, which do not transform under the non-Abelian
Symmetries. . . . . ... L. e e
After all of the gauge groups confine, the infrared degrees of freedom are described
by the hadrons shown above. Their U(1)4 and U(1)p charges depend on ¢ and r,
respectively. . . . .. L
Above, we show the matter fields of the SU(4) ring extension to the A 4+ 4Q + 4Q
model. . . L
An Sp(2m) x SU(2m)*¥ model is shown, which is expected to s-confine. At the
bottom of the table, we list the degrees of freedom in the confined phase of Sp(2m).
Subsequent confinement follows the pattern of the A +4Q + NQ model. . . . . . .

Representations of the matter fields under the gauged SU(N) x SU(4) x SU(N)"
symmetries, the flavor symmetries SU(N) x SU(N)zrx U(1)*, and the approximate
U(l)pq Symmetry. . . . . . ...

vil

35



4.2

4.3

4.4

0.1

5.2
5.3

Operators describing infrared degrees of freedom in the confined phase of SU(N)¢ x
SU(N)", and their transformation properties under the approximate SU(N)j X
SU(N)g x U(1)pq flavor symmetries. . . . . . ... .. ... ...

Three benchmark points in the parameter space of A; and A;. With the exception

of (X) and (Y'), the expectation values of the SU(3). singlet fields are taken to be

A subset of the matter fields in the Sp(2N — 4) model are shown with their Peccei-
Quinn charges. All of the non-Abelian groups except for SU(2) are gauged.

U(1)pq charges and representations under the gauged G, x Gy x G and the global
SU(N); x SU(N)s symmetries are indicated for the bifundamental quarks (upper
half) and composite operators resulting from G, X Gr confinement (lower half).
Transformation representations of the superfields for the U(1)x = U(1)p_ model.
Charges of the matter fundamental superfields and Higgs doublets and composite
baryons and mesons in the “5/-3/1” U(1)x model. . . . .. .. .. ... ... ...

viil



Acknowledgements

Leading up to and during my time as a graduate student, I have relied on the support of a wide
community of people. I am especially grateful to my advisor, Tim Tait, whose support, guidance,
and insight on a wide range of projects propelled my research career. I am also very grateful to
my collaborators Jonathan Feng and Flip Tanedo for their mentorship, and for their investment
in making my graduate career successful.

I thank Mu-Chun Chen, Arvind Rajaraman, Michael Ratz, and Yuri Shirman for a great
number of productive conversations, and for their work in leading helpful graduate classes for
particle physicists. I am grateful for all that I have learned from my collaborators: Mohammad
Abdullah, Jonathan Feng, Sho Iwamoto, Tilman Plehn, Michael Ratz, Alexis Romero, Tim Tait,
Flip Tanedo, and Sebastian Trojanowski.

Without the support of several teachers, I would not be earning a Ph.D. in physics in 2019. 1
especially thank Mar Thomas, for her early support; Dan Capps, for all his extracurricular work
and for introducing me to physics; and Rick Pawlewicz and Matt Wigsten, for making sure that I
learned enough math.

To all of my friends: thank you for constant presence and encouragement. Thanks to Kellen
Kartub and Felix Kling for keeping me on track while I was writing this thesis. My deepest
gratitude is to my family, and especially to my parents, Pam and Tim Lillard, for providing such a
strong fabric of affirmation and love, and for encouraging me to follow my dreams, in every aspect
of life.

Aspects of this work received funding by NSF grants PHY-1316792, PHY-1620638, PHY-
1620638, and PHY-1607611, and from Simons Investigator Award #376204. My research support
while writing this thesis comes from the Chair’s Dissertation Fellowship from the Department of
Physics & Astronomy at UCI.

X



Curriculum Vitae

EDUCATION

Doctor of Philosophy in Physics
University of California, Irvine

Bachelor of Arts in Physics
Cornell University

RESEARCH EXPERIENCE

Graduate Student Researcher
University of California, Irvine

Undergraduate Researcher
Cornell University

TEACHING EXPERIENCE

Lecturer
University of California, Irvine

Teaching Assistant
University of California, Irvine

Instructor
Cornell University, Outdoor Education

AWARDS AND FELLOWSHIPS

Chair’s Dissertation Fellowship
Department of Physics & Astronomy, University of California, Irvine

Outstanding Service to Department
Department of Physics & Astronomy, University of California, Irvine

Pauline and Irving Tanner Dean’s Scholar
College of Arts and Sciences, Cornell University

SERVICE AND LEADERSHIP

Advocate for Teaching Assistants
Physics Graduate Caucus, University of California, Irvine

Pub Advisory Board
Associated Graduate Students, University of California, Irvine

2019

Irvine, CA
2014

Ithaca, NY
2014 — 2019
2012 — 2014
2017

2014 - 2019
2011 — 2014
2019

2017

2010 — 2014
2017 — 2019
2017 — 2019



MISSING SYMMETRIES OF THE STANDARD MODEL
ROBUST SOLUTIONS TO THE STRONG CP PROBLEM

BENJAMIN LILLARD

Abstract of the Dissertation

The strong CP problem is a compelling motivation for the existence of as-yet-undiscovered ad-
ditions to the Standard Model of particle physics. An extraordinary cancellation between two
apparently unrelated parameters in the Standard Model endows the neutron with an essentially
symmetric distribution of electric charge, implying that quantum chromodynamics (QCD) con-
serves parity and time reversal symmetries P and C'P, despite the fact that both are broken by
electroweak interactions.

Axion models provide a popular explanation to this puzzle of the Standard Model, by dynami-
cally restoring C'P as a symmetry of the QCD vacuum. Yet in the context of a high-energy theory
with broken global symmetries, which encodes for example the expected effects from quantum
gravity, simple axion models require their own severe form of fine-tuned cancellations to prevent
unacceptably large violations of C'P symmetry in the vacuum.

Constructing a model that safeguards the axion against these catastrophic effects is highly
nontrivial, and has been an active area of research from around 1990 to the present. Typical
solutions in the literature invoke intricate structures of new symmetries and particles, leading an
ongoing search for simpler and more aesthetically pleasing models.

This thesis explores some supersymmetric models proposed by the author [1-3] as new, robust
solutions to the strong CP problem. In particular, the composite axion model of [3] provides a
compellingly simple extension to the MSSM, with built-in B — L symmetry, a naturally O(TeV)
scale for electroweak physics, and sufficient protection from symmetry-violating effects for the
axion model in the preferred window of parameter space, where the axion is a viable candidate for
dark matter.

x1



xii



Chapter 1

Introduction

In terms of its ability to describe and predict the behavior of matter at its smallest observed scales,
the Standard Model of particle physics has been remarkably successful. Even so, it has several
unresolved and well documented shortcomings which indicate that it cannot be the complete
description of Nature. It does not address the particle nature of the dark matter which, by mass,
is evidently the dominant form of matter in the universe. The Standard Model does not explain
the asymmetric abundance of baryons over antibaryons in the early universe which prevented
the complete annihilation of matter, allowing the formation of complex structures that provided
the necessary conditions for life. Reflecting the broader difficulty in reconciling gravitation with
quantum mechanics, the Standard Model is also incapable of describing gravity.

Other puzzling aspects of the Standard Model include the hierarchy between the electroweak
and Planck scales; the observed pattern of fermion masses; and the strong CP problem, which is
the focus of this thesis.

In the case of the strong CP problem, two apparently unrelated parameters in the Standard
Model conspire to cancel each other to one part in 10'° or more. This extreme cancellation may
even be exact: state of the art measurements of this physical parameter through the neutron
electric dipole moment find only upper limits on its value. As a result, the strong interaction
appears to respect the symmetries of parity (P) and the combination of charge conjugation and
parity (C'P) to at least a very high degree, despite the fact that both P and C'P are violated by
the electroweak interactions.

Two terms in the Standard Model can in principle induce P and C'P violation in the strong
sector: the first,

_
642

is odd under the action of P or C'P, which interchanges éuv — _é;w and leaves G, invariant.
Complex phases in the quark mass matrix also violate C'P. By performing subsequent chiral
rotations on the quark fields, the degree of C'P violation in the Standard Model is encoded by a
single physical parameter:

N
3272

0P G o5 Gl = 0G,, G" | (1.0.1)

0 = 0 + arg det M,, (1.0.2)

where arg det M, is the phase of the determinant of the quark mass matrix. The physical parameter
0 is defined on the interval [0, 27): yet, measurements of the neutron electric dipole moment [4, 5]
show that it is

0] <6 x 107", (1.0.3)

suggesting an extraordinary cancellation between two apparently unrelated quantities.



A number of explanations for this tiny value have been proposed. For example, if C'P is
invoked as a fundamental symmetry of the Standard Model, then ‘é ’ = 0 automatically. However,
to reproduce the observed violation of C'P in the electroweak interactions, manifested for example
by the C'P-violating mixing and decay of mesons, C'P must be spontaneously broken in the low-
energy theory in such a way that § remains suitably small. Nelson [6] and Barr [7] proposed
models in which this is achieved at tree level. Preventing higher dimensional operators in these
models from shifting the # parameter away from zero remains a significant challenge: as outlined
for example in [8], the Nelson-Barr mechanism may need to be augmented by supersymmetry and
additional structure in order for it to produce § < 107! without requiring additional fine tuning.

Other possible explanations for the lack of C'P violation in the strong sector invoke a new axial
U(1) symmetry, which if unbroken would render § unphysical. If for example the up quark were
massless, m, = 0, then the determinant of the quark mass matrix would be zero, and its phase
would no longer be a physical quantity. In the absence of the mass term £ ~ m,urug, a global
U(1)4 symmetry emerges, under which uy — e ®uy and ug — €. The action of the U(1)4
symmetry, o — o + A« induces an analogous shift in § — 6 + 2A«q, rendering # unphysical.

The massless up quark scenario is no longer considered to be a serious solution to the strong
CP problem: lattice results [9] suggest m,/mg4 =~ 0.5, which is roughly ten orders of magnitude
too large to explain the value of §. If any such axial symmetry does provide the explanation to
the strong CP problem, then, it must be spontaneously broken. This axial U(1) is referred to as
a Peccei-Quinn symmetry, after [10,11], and is the foundation of QCD axion models.

1.1 Axion Solution to the Strong CP Problem

This section is devoted to unpacking the following statement:!

The QCD axion is the pseudo-Nambu-Goldstone boson of a spontaneously broken
global U(1)pq symmetry; its vacuum expectation value dynamically sets 6 = 0, restor-
ing C'P as a symmetry of the low energy theory.

A simple model that achieves this goal can be constructed by adding a complex scalar, ¢; left-
handed color (anti)-triplet fermions @ and @; and the interactions

LD V(o) + ¢QQ + h.c. (1.1.1)

where V' (¢) is arranged such that ¢ acquires a nonzero vacuum expectation value. We use Weyl
notation, where @ and @Q are two-component left-handed fermions, and Q' and @T are their

right-handed anti-particles. By design, the mass term qu@ + m;@TQT is forbidden, so that the
Lagrangian respects the following U(1)pq symmetry:

b — % Q — e 2Q Q — e Q. (1.1.2)

Similarly, V'(¢) is taken to be a function only of (¢*¢): just like m, # 0, terms such as (¢ + ¢*) in
V(¢) would violate the Peccei-Quinn symmetry.

The potential V' (¢) is minimized by some value of (¢) # 0: expanding about this vacuum
solution, the axion is identified as the phase of ¢:

¢ = (<¢> + %) exp (zfﬁ) , (1.1.3)

'For a more complete review, see for example [12,13].
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where o and a are real scalar and pseudoscalar fields, respectively, and where f, = v/2(¢). Upon
replacing ¢ with ¢ and a in the Lagrangian, one finds that ¢ has a mass on the order of m, ~ f,,
while the axion a remains massless. This is a result of the Peccei-Quinn symmetry: a U(1)pq
rotation by some phase a, as in Eq. (1.1.2), corresponds to a linear shift in the field a(x):

a(z) = a(x) + afs. (1.1.4)

A mass term of the form m?2a? is inconsistent with the shift symmetry, and is therefore forbidden
if U(1)pq is an exact symmetry.

In the case of the chiral theory described above, however, U(1)pq is not exactly conserved.
Even though it is a symmetry of the Lagrangian, it is explicitly broken in the quantized theory
by the chiral anomaly. As described by Adler [14], Bell and Jackiw [15], the axial vector current
is violated by the divergence of some triangle diagrams, specifically those with a closed fermionic
loop with gauge bosons as the external states. These triangle diagrams were originally invoked to
explain the 7% — v+ decay of the neutral pion. For the axion, the effect of the chiral anomaly is
to induce a coupling between the axion and the gluon field strength tensor,

2

L= Sgﬁ <§+ fi) GG (1.1.5)

This can be seen more simply by repeating the procedure that led us to combine 6 and arg det M,
into one physically relevant parameter, 6 = 6 + argdet M,. Once ¢ acquires a vacuum expectation
value, the ¢pQ(@) interaction endows the quarks with an effective mass term of order f,:

6QT — (B)e*/Qq Mg = o/t JL (1.16)
V2
Notice that the phase of the quark mass is determined by the value of a, making it a dynamical
quantity. In the same way that a chiral rotation of the Standard Model quarks allows the phase of
the determinant of the quark mass matrix to be shifted into the value of #, an analogous rotation
on @ and @ shifts this phase into 6 as well, so that

0 = 0 + arg det M, + arg det Mg —§+f£ (1.1.7)

is the physical quantity that determines the size of the neutron electric dipole moment.
Nonperturbative effects from QCD induce a periodic potential for the axion, which can be
heuristically described by the one-instanton potential

V(a) ~ m2f>2 (1—cos (%*9))’ (1.1.8)

a

inducing a mass for the axion m, ~ myfr/fs. A more precise expression can be derived from the
chiral Lagrangian, to include the effect of broken chiral symmetry on the axion potential [16]:

V(a) = m2f? (2—\/I+%cos (%—F@_)) : (1.1.9)
U d a

where m,, and my are the up and down quark masses, respectively. In this case the axion mass
would be

2 r9 2 r2
m?l _ ma,my mﬂ'fﬂ' — z mﬂfﬂ'7 (1110)
(M +mg)?  f2 (1+2)* f2

3



where z = m, /my. As a tangential observation, note that in the limit m, — 0, the shift symmetry
a — a + af, is restored in the vacuum.

Whether we use Eq. (1.1.8) or Eq. (1.1.9), the result is effectively the same: both potentials
are minimized by the vacuum solution

(a) = ~0fa, (1.1.11)
setting the physically relevant combination of C'P violating phases to zero:

- a
0+ — =0. (1.1.12)
Ja
Thus, C'P is restored as a symmetry of the QCD vacuum, in perfect agreement with measurements
of the neutron electric dipole moment.

1.2 QCD Axion Phenomenology

Originally, it was typically assumed that the axion decay constant f, would be related to the
electroweak scale [10,11,17,18], but this was quickly found to be phenomenologically unviable [19].
Two types of “invisible axion” models were soon formulated, both with f, > v,,. The KSVZ-type
“hadronic” axion [20,21] is the prototype for the axion model outlined in Section 1.1: new quarks
carrying PQ charge gain O(f,) masses when the complex scalar ¢ acquires an expectation value.
In the KSVZ model, the quarks and leptons of the Standard Model are neutral under U(1)pq, so
that the new superheavy quarks are the only fermions with PQ charge. A second class of invisible
axion, DFSZ [22,23] avoids adding any new fermions by giving the Standard Model matter fields
PQ charges: this model requires two Higgs doublets ¢, and ¢4 with hypercharge +1, and an
electroweak singlet ¢, with Peccei-Quinn charges such that the combination (¢,pq¢?) is neutral
under U(1)pqg. The expectation value of ¢ produces a light axion as the pseudo-Nambu-Goldstone
boson for the spontaneously broken U(1)pq symmetry, just as in the KSVZ model.

Both the KSVZ and DFSZ models feature a high scale for f, and a correspondingly light mass
for the axion. As the interactions between the Standard Model fields and the axion are suppressed
by powers of f,, the axion is also very weakly coupled: hence the nickname, “invisible axion”.
Astrophysical observations, especially of stellar cooling, constrain the value of f,: if f, is too low,
then production of axions through the Primakov process [24] allows stars to cool at an enhanced
rate. Observations of hydrogen- and helium-burning stars sets a lower bound f, = 10° GeV, or an
upper bound on the axion mass m, < 1072 eV [25,26].

A notable difference between the DFSZ and KSVZ models arises when considering the electro-
magnetic anomaly of the U(1)pq current. The mixed SU(2)?-U(1)pq and U(1)}-U(1)pq anomalies
induce an axion-photon coupling, £ = iGawaFWf ' where

o EF 244z
=0 === 1.2.1
G 27 f, (N 3 1—|—z>’ ( )

where z = m,,/mg, and E and N represent the electromagnetic and color anomaly coefficients of
the Peccei-Quinn current [27]. Because the DFSZ model utilizes only the Standard Model fermions,
the value of E'/N is unambiguously F/N = 8/3. In the KSVZ model, the value of E depends on
the electroweak charges of Q and Q: these are typically taken to be electroweak singlets, implying
E =0, but E # 0 can be achieved simply by giving some hypercharge to the superheavy quarks.

4



Bounds on f, from Primakov cooling, then, are model-dependent, but do not become weaker at
E = 0: on the contrary, with z ~ 0.5 the smallest values for G,,, are derived from models with
E/N ~ 22

Part of the enduring popularity of axion models is due to the fact that they provide an excel-
lent candidate for dark matter. Not only is the invisible axion suitably weakly coupled, but they
can be produced with sufficient abundance in the early universe through the misalignment mech-
anism [29-31]. At temperatures above the electroweak scale (T' > 100 GeV), the initial vacuum
expectation value of the field ¢ is set when the electroweak symmetry is still unbroken: because
the nonperturbative effects which generate the potential V'(a) for the axion turn off in the massless
quark limit, the initial phase of (¢) is essentially random:

_ﬁewo
<<zﬁ)—\/5 : (1.2.2)

As the temperature decreases to T' ~ v/m fr ~ 100 MeV, the QCD instanton effects serve to realign
the vacuum towards the true minimum of the potential V' (a) from Eq. (1.1.9), from (a)/f, = 6y to

{a)/f, = —0. The oscillation of the axion about its true minimum is described by the equations
of motion:
d*a da OV (a,T)
— H+T,)—+——*~=0, 1.2.
g2 T BH + o)+ —- 0 (1.2.3)

where H ~ T?/Mp is the Hubble rate, I', represents the axion decay rate to photons, a — 7,
and V(a,T) is the temperature-dependent potential for the axion. Considering that T, ~ m3/f?
well exceeds the lifetime of the universe, we treat the axion as fundamentally stable with I', = 0.
Approximating V (a, T) & m2 f2+ ;m2a? for the temperature-dependent mass m, (), the equation
of motion for the axion reduces to

+3H— +m2a =0, (1.2.4)

which represents the coherent production of nonrelativistic axions. As the universe continues to
cool, the energy density of the axion oscillations decreases as T3, while the energy densities of
the relativistic degrees of freedom decrease more rapidly as T*: thus, the axion can soon become
the dominant component of the universe’s energy density.

Overly robust production of axions in the early universe can create a catastrophically overdense
environment, where the energy density of axions p, exceeds the critical density p., “overclosing”
the universe and causing it to collapse. By solving Eq. (1.2.4) with the appropriate tempera-
ture dependence of the axion mass, the ratio p,/p. can be written in terms of f, and the initial
misalignment angle 6, [32]:

U6 1\ 2
=Pz g7 Jo 20 1.2.5
Pe 1012 GeV T ) ( )

where the requirement that axions not overclose the universe for O(1) values of 6, provides the
constraint f, < 10 GeV [29-31,33].

~

2Taking for example z = 0.56 [28], it is in principle possible to tune the fractional hypercharge assignment in
the KSVZ model with E/N ~ 1.95 so as to make G, effectively zero. The exercise in model-building is perhaps
a poor way to make friends.



If axions are to be the dark matter, Eq. (1.2.5) suggests a lower bound on f,: taking a
large initial misalignment 6, ~ 7 and matching 2, to the measured density of cold dark mat-
ter, Qcpurh? ~ 0.12, we find

fLEPM) > 9 2 % 10 GeV. (1.2.6)

For smaller values of f,, the misalignment mechanism no longer produces axions with the correct
abundance to compose 100% of the dark matter. Larger values of f, are made possible by somewhat
smaller 6, < 7, though values of f, much larger than 10'? GeV begin to require fine-tuned initial
conditions in the early universe.

The density Eq. (1.2.5) assumes that the spontaneous breaking of U(1)pq occurs before infla-
tion, so that Ay is a uniform feature of the observable universe. If the order is reversed, then 6,
varies across different parts of the early universe, and the average contribution to €2, is [32]:

) f 7/6
On?=03(—2 ) | 1.2.7
(1012 GeV) ( )

suggesting that QCD axion dark matter in this scenario calls for
FLOPM) 4.5 % 10 GeV. (1.2.8)

Bounds on axion models from the misalignment mechanism do depend on an initial temperature
well above T" ~ 100 MeV. Although a high reheating temperature Tk after the decay of the
inflaton is a standard feature of many cosmological scenarios, measurements of the primordial
abundances of light nuclei suggest only that T = 1 MeV to match the successful predictions of
Big Bang Nucleosynthesis (BBN). At such small initial temperatures the explicit Peccei-Quinn
violating effects from QCD instantons are felt strongly, the assumption that the initial phase of
(@) is randomly determined no longer applies, and the upper bound on f, from the misalignment
mechanism are relaxed. While many models of baryogenesis require high reheating temperatures,
a number of low-temperature baryogenesis models with 7 < 100 GeV have been developed [34-36]
that would be consistent with a higher value of f,.

Many of the constraints on the QCD axion rely on its relation between f, and mg, mgfo ~ mx fx,
which is the result of U(1)pq being explicitly broken by QCD instantons. By generalizing the QCD
axion to “axion-like particles”, or ALPs, and dropping the requirement that the subsequent model
is a solution to the strong CP problem, a wider field of phenomenological possibilities emerges,
providing for example a more generic class of dark matter models. Though the production rate of
the invisible QCD axion at particle colliders is negligible, and its lifetime very long, a less weakly
coupled ALP could be produced and detected by collider searches.

1.3 The Axion Quality Problem

As discussed in Section 1.1, axion solutions to the strong CP problem have a generic common
property: a spontaneously broken global U(1)pq, which is a symmetry of the classical action,
but is explicitly violated by the QCD chiral anomaly. This simplicity, together with the predictive
power of the theory and its viability as a dark matter candidate, has ensured the lasting popularity
of the QCD axion as a possible extension to the Standard Model. In this section we explore the
theoretical problems associated with simple axion models, namely a hierarchy problem and a
fine-tuning problem.?

3Parts of this introduction quote the description of the axion quality problem found in [3], by the author and
Tim M.P. Tait.



Simple axion models are plagued by the theoretical inconsistencies endemic to theories con-
taining fundamental scalar fields. The scale f,, set by the expectation value of a scalar field, is
sensitive to potentially large additive threshold corrections based on details of the high-energy
theory, for example at the GUT or Planck scales. This generic property of scalar fields is espe-
cially well-studied in the more severe case of the electroweak hierarchy problem. Solutions such as
supersymmetry or compositeness which can render the electroweak scale technically natural work
equally well to stabilize f, < Mp in the axion model.

The requirement that U(1)pq is an exact symmetry of the Lagrangian turns out to be a sig-
nificantly more serious liability than the hierarchy between f, and Mp, introducing a degree of
fine-tuning that is much more severe than the factor of 1071° it was designed to explain. Argu-
ments from general relativity [37-44] suggest that non-perturbative quantum gravitational effects
do not respect global symmetries such as baryon number or U(1)pq. If additional PQ violating
operators representing the short distance influence of quantum gravity such as

k+3
av(o) -

Ak + A\po") (1.3.1)

are present, the corresponding perturbation in V'(a) can shift (a) far away from the C'P-conserving
value of Eq. (1.1.12):

k
SV(a) ~ A f2 <]\JZ;P) cos (Alan_,g - gp) , (1.3.2)

where the phase ¢ is determined by A, and Apq is the U(1)pq charge of the operator ¢. It is
convenient to describe such perturbations by defining a “quality factor” @:

5V (a) = Qf* cos (J[ﬁ - ) . (1.3.3)

If we assume ¢ is not tuned to match the value of #, the measured value of ‘é ! < 10719 is achieved
only if 6V (a) satisfies
102 Gev\*
Q <1072 <f—e> . (1.3.4)

Satisfying this bound requires that the theory of quantum gravity somehow produce a severe fine-
tuning in the Az, such that even the dimension-12 operators in Eq. (1.3.2) must have Ay < 1. The
derivation for Eq. (1.3.4) is left to Appendix A.1.

In the “worst-case scenario” for the axion model, threshold corrections at the Planck scale
induce the k = —3 operator £ ~ A_3M3(¢ + ¢*), which spoils the axion solution to the strong CP
problem unless

A3 <1078 (1.3.5)

for typical values of f, ~ 10'2 GeV. Considering that the axion is introduced to explain fine-tuning
of O(1071%), this calls its motivation into serious question.

1.4 Robust Solutions to the Strong CP Problem

In a truly compelling axion model, the U(1)pq symmetry should emerge as a consequence of
some other underlying structure which forbids the problematic operators. For example, a gauged
discrete Z,, symmetry [45] for some n = 13 can forbid all PQ violating operators smaller than
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(¢"™ + c.c.). More sophisticated models can employ discrete groups as small as Z, while forbidding
the problematic operators [46,47].

Solutions without gauged discrete symmetries also exist: for example, a composite model [48]
with a gauged SU(N) x SU(m) x SU(3). protects U(1)pq to arbitrarily high order, with the
added benefit that the axion scale f, can be generated dynamically. Qualitatively different recent
models [49, 50] have also been shown to provide the appropriate protection from Planck scale
corrections.

Other constructions protect U(1)pq by gauging a related Abelian group. In one model [51] with
a compact extra dimension, a gauged U (1) symmetry is spontaneously broken by fields localized on
two separated four-dimensional branes. One combination of the fields is eaten by the gauge field,
while the other acts as the QCD axion and is protected from gravitational corrections. A related
model [52] gauges a product group of the form U(1)* with k& > 14, which can also be interpreted as
a k site deconstruction of a compact fifth dimension. In a different class of models [42,53], the fields
are assigned large and relatively prime U(1) charges, so that an accidental U(1)pq is protected
from low-dimensional operators. Many of these constructions are intricate and also rather delicate
in the sense that the axion quality is easily ruined in extensions of the model.

Some of these models, while successful at forbidding low-dimensional U(1)pq-breaking opera-
tors, still suffer from a hierarchy problem. One resolution is supersymmetry (SUSY), which protects
fa from loop-level corrections, so that the theory is technically natural if the SUSY-breaking scale
is not much larger than f,. Another compelling direction is composite models, which can suppress
dangerous gravitational contributions to the axion potential while allowing the scale of U(1)pq
breaking to be determined from the confining dynamics. For asymptotically free gauge theories
the confinement scale is expected to be exponentially suppressed compared to Mp, so the hierarchy
between f, and Mp can be naturally generated dynamically.

In this thesis, we explore the solutions to the axion quality problem based on confining super-
symmetric theories which have been proposed in two recent papers, [2] and [3]. Chapter 2 features
a brief introduction to supersymmetry, focusing in particular on the use of Seiberg dualities to de-
scribe the low-energy behavior of strongly coupled gauge theories. While the behavior of product
gauge groups is generally less well understood, a class of models investigated by the author [1] is
shown to confine without breaking chiral symmetry, and we devote the remainder of Chapter 2 to
these results.

In Chapter 4 we describe how a product gauge theory of this type can be employed as a
solution of the strong CP problem, following [2]. To ensure spontaneous breaking of the U(1)pq
symmetry at the appropriate scale, some modification to the original model is required: either a
deformation of the tree level superpotential, or an expansion of the gauge structure. While we show
that the resulting model does suppress PQ violating operators to the appropriate degree in the
superpotential, its intricate nature and large gauge groups lead us to suggest that the model is not
more realistic than the previously studied solutions to the axion quality problem [45,48,50,51,53].

A simpler and more promising model is examined in Chapter 5, based on the recently pub-
lished results of [3]. Here we show that a more concise group structure with strongly coupled
SU(5) gauge groups achieves sufficiently small values of 6 for f, < 3 x 10' GeV, in the preferred
region of parameter space where the axion is a compelling dark matter candidate. In addition
to satisfactorily addressing the stated goal of solving the strong CP problem, the model is well
suited to provide a solution to the p problem of the MSSM, as well as messenger candidates for
gauge-mediated supersymmetry breaking.

In this respect the model of [3] fulfills many of the criteria for a “truly compelling axion
model”: not only does it solve the strong CP problem in a robust way while providing a dark



matter candidate, but it also supplies a naturally TeV scale for the u term in the MSSM, all
without additional model-building effort.
In Chapter 6, we conclude with some remarks about possible future directions of research.



Chapter 2

Supersymmetry and Confinement

Quantum field theory, as the union of special relativity and quantum mechanics, is designed around
the symmetries intrinsic to flat spacetime: the translations, rotations and boosts that comprise
the Poincaré group. This framework greatly restricts the range of possible additional symmetries
that can be built into a model: a no-go theorem by Coleman and Mandula [54] based on the
analyticity of the S-matrix shows that the only symmetries consistent with the Poincaré group
are those which are internal, such as the interchange of two particles of identical spin, mass and
interactions with other particles.

Supersymmetry (SUSY) developed as an extension to the internal symmetries known to be
consistent with the Poincaré group. A supersymmetric transformation interchanges bosons and
fermions, and is described by a graded Lie algebra [55,56]. It was soon shown [57] that super-
symmetry, combined with the types of internal symmetries previously discussed, formed the most
general set of symmetries consistent with the Poincaré group.

2.1 Supersymmetry and the Electroweak Hierarchy

A number of observations about supersymmetric theories led to a dramatic increase in their pop-
ularity. Notably, supersymmetric theories are not perturbatively renormalized [58]: this property
makes supersymmetry an appealing possible solution to the electroweak hierarchy problem.

In the Standard Model, the electroweak scale depends on the quadratic term in the Higgs
potential, V ~ —p2 |H|> + X |H|*, with > < M32. A small value of £z? is not natural in the ‘t Hooft
sense [59]; no symmetry emerges in the p? — 0 limit, and the electroweak scale is very sensitive to
deformations of the high-energy theory. The presence of new heavy particles at some high energy
scale M,, such as the GUT or Planck scale, can introduce large threshold corrections to the Higgs
mass that tend to raise it to the high energy scale, u? ~ O(M?). Achieving p ~ 100 GeV in the low
energy effective theory from such a framework requires the parameters of the high energy theory
to be tuned to precisely cancel any such threshold corrections.! This sensitivity of the electroweak
scale to the details of the high-energy theory is referred to as the electroweak hierarchy problem.

Supersymmetric theories provide an exception to this rule. Nonrenormalization of the super-
potential stabilizes the Higgs mass parameter, as we discuss more generally in Section 2.2. In
the MSSM superpotential, a U(1)g symmetry is restored in the limit where the supersymmetric
Higgs mass vanishes: thus, if supersymmetry is manifest below the scales Mp and Mgy, then the
observed hierarchy between Mp and g is consistent with the ‘t Hooft definition of naturalness.

'For a recent comprehensive review of effective field theory, see for example [60].
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2.2 Swuperfields and Superpotentials

In this section we address some of the mechanics of supersymmetric theories that will be relevant
for the present discussion. As a canonical introduction to supersymmetry, we recommend [61] to
readers wishing for more detail.

The minimal realization of supersymmetry in four dimensions invokes four spinor generators
Q. and QL which interchange fermionic and bosonic degrees of freedom. These generators of the
supersymmetric transformation satisfy anticommutation relations,

{Qa. QL} = —200, P, {Qa,Qs} =10 {QL. QL =0; (2.2.1)
commute with the generators of spacetime translations,
[Qar P =0 QL. P =0, (2.2.2)
and therefore also with P? = P, P*; are charged under a global U(1) symmetry,
(Qa, B) = Qo QL B = -@Ql; (2:23)

and carry mass dimension %, as can be seen from the appearance of momentum P* in Eq. (2.2.1).
The dotted and undotted spinor indices @ = 1,2 and a = 1,2 refer respectively to left and right
handed spinors. Extended supersymmetric algebras A/ > 1 can be constructed by introducing
multiple copies of Q and Qf, but we focus exclusively on the A" =1 case.

Generically, the irreducible representations of the SUSY algebra are supermultiplets composed
of both bosons and fermions. In A" =1 SUSY, the simplest examples pair a chiral fermion either
with a spin-0 complex scalar field or a spin-1 vector boson; the resulting supermultiplets are referred
to as chiral (matter) or vector (gauge) supermultiplets, respectively, and comprise the building
blocks of renormalizable N' = 1 theories [61]. Note that the left- and right-handed superpartners
of the gauge bosons, “gauginos”, transform in the adjoint representation of the gauge group and
are Majorana in nature, while the fermionic components of chiral supermultiplets are generally
free to take complex representations.

The construction of an interacting supersymmetric theory is simplified by the introduction of
superfield and superpotential notation. A generic superfield is written as an expansion in terms of
four Grassmannian variables 6, and 6} [61],

S =a+0¢+ 0" +00b+00Tc+ 0'6"0v, + 00Ty + 0007CT + 0007614, (2.2.4)

where spinor indices have been suppressed: repeated variables 00 and 6707 implicitly refer to the
nonzero products of Grassmann variables 616 and 816, The generic superfield Eq. (2.2.4) includes
several spin-0 fields, a, b, ¢, d; left- and right- handed fermions &, 7, x' and ¢'; and a spin-1 boson,
v, and corresponds to a sum of irreducible representations of the SUSY algebra.

A description of the chiral and anti-chiral covariant derivatives used to define the irreducible
representations can be found in [61]. The result is quoted below: chiral and anti-chiral superfields
can generically be written as

= ¢+ V200 + 00F * = ¢* + V20Tt 4 ofot (2.2.5)

while the expansion of the vector superfield in the Wess-Zumino gauge [56] is
_ L1
V =016"0A, + 0T0T0) + 000" \* + EQQQTQTD. (2.2.6)
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The scalar fields F', I'* and D have no kinetic terms in the Lagrangian, and are referred to as
auxiliary scalars. Their presence is needed to match the number of off-shell bosonic and fermionic
degrees of freedom.

In the superfield notation, the simple supersymmetric theory of a single free chiral supermul-
tiplet ® from Wess and Zumino [56] can be written concisely as [61]:

Lo = / 20?07 d*® = 0" $0,¢* + iy 5" 9,0 + F*F, (2.2.7)

up to a total derivative. Supersymmetric masses and interactions can be added as well, for example
by

Ling = /d29 (1u®* + A®%) + h.c. (2.2.8)

More generically, the full Lagrangian of a theory with multiple chiral superfields ®; can be written
in the form

L= / d*0d*0T K (D;, ®1) + / dOW (®;) + / d20TW*(®)), (2.2.9)

where the superpotential W is a holomorphic function of the chiral superfields ®;, and the Kdhler
potential K(®;, @I) is a real function of the chiral and anti-chiral superfields.

If we restrict our attention to theories of k chiral superfields ®;_; with renormalizable interac-
tions, the canonically normalized Kahler potential is simply

k
K=Y o/, (2.2.10)
i=1
while the superpotential has the form

where repeated indices imply summation. Note that the mass dimensions of § and 6 are —%,
so that the integration rules [d?060 = 1 and [ d?0T0'6" = 1 imply that K and W have mass
dimensions +2 and +3, respectively. Nonrenormalizable interactions can be easily accommodated
by the Kéahler and superpotentials as well: for example, by K ~ %(@*@)2 or W ~ %6134 for some
mass scale A.

Recall that each ®; superfield contains a scalar F; with mass dimension 42, which appears
in the renormalizable Kéhler potential only as [ d*0 K — £ ~ F*F, with no derivative interac-
tions. These auxiliary scalars represent off-shell bosonic degrees of freedom, rather than on-shell
propagating states. As Fj is multiplied by 6 in the supermultiplet, the integral [ d?0 W can be

reformulated as a partial derivative, so that the F; dependence of the Lagrangian can be written:
ow ow*
Lr=FF,+—F+—F. 2.2.12
PR g T gy (22.12)
In cases where we are concerned primarily with the vacuum of the theory, we can integrate out the

auxiliary scalars to derive the scalar potential for the associated ¢;, using the equations of motion
from Eq. (2.2.12):

ow OW*
F=— Ff=— —— : (2.2.13)
0P; P 09; Pr—ygp*
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where & — ¢ indicates that after taking the partial derivative of W with respect to the superfield
®, the equations of motion are obtained by replacing ® with its scalar component ¢. It is a
standard abuse of notation to use ® to refer both to the superfield and its non-auxiliary scalar,
which we adopt throughout this thesis. With this convention, the scalar potential V' (¢;) is written:

2

W™~ (2.2.14)

09,

Vi(gi) = —Lr= ‘

Supersymmetric theories often feature a continuous space of degenerate vacua satisfying V' = 0,
known as a moduli space, parameterized by the expectation values of the scalar fields. The subject
of spontaneous symmetry breaking in supersymmetric theories is thus intrinsically linked to the
study of moduli spaces.

Thus far we have considered only supersymmetric theories with chiral superfields. Gauge
theories introduce vector superfields of the form Eq. (2.2.6). It is convenient to use the chiral
covariant derivatives to define the field strength chiral superfields:

l—/ _
Wea = —7DD (e Dae"), (2.2.15)

which in the Wess-Zumino gauge becomes:

Z -V a - a
Wi = N+ 0a D" + 5 (040 0)aF, + 00(0"V, AT (2.2.16)

following the conventions of [61] where V, is used to refer to the standard gauge covariant deriva-
tive,

VA = 9\ + igAST ) (2.2.17)

and where W, = 2gT*Wj, for generators T in the adjoint representation. The coupling g is
typically combined with the CP violating 6 term to define a holomorphic gauge coupling
1 0

== —i—. 2.2.18

T= g ( )

Supposing that there are some chiral superfields ®; which transform as some nontrivial represen-

tation r of the gauge group, the gauge-invariant supersymmetric Lagrangian for the theory can be
written [61]:
2

L= gz (/ d*0 rwwwngc.c.) +/d40 O (2TV) I + /d20 W(®) + c.c. (2.2.19)

2.3 The Minimal Supersymmetric Standard Model

The minimal supersymmetric extension to the Standard Model, the MSSM, introduces a scalar
superpartner for each quark and lepton, squarks and sleptons, and fermionic gaugino superpartners
for each of the gauge bosons. It also replaces the Standard Model Higgs boson with not one but two
chiral superfields, H, and Hy. A full list of the chiral superfields and their SU(3).xSU(2), xU(1)y
gauge charges is given below:

Qi (3,2)1, ﬂi:(ﬁ,l)_%, Ji:(g,l), L;:(1,2) é :(1,1), Hu:(1,2)%7 Hd:(1,2)_%,

(2.3.1)

1
_57

o=
wl—=
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where the index ¢ = 1, 2, 3 refers to the three generations of matter.

The need for two Higgs supermultiplets arises by requiring the cancellation of all anomaly co-
efficients for the electroweak gauge symmetries. Adding a single fermionic partner to the Standard
Model Higgs would create a model with an odd number of SU(2), fermion doublets, introducing
a Witten anomaly [62] and several other nonvanishing anomaly coefficients involving hypercharge,
any of which would render the theory inconsistent.

Interactions between the superfields are encoded in the superpotential

W =pH,Hy+ (Yy,)iju,Q;Hy, — (Yd)z‘jJng‘Hd — (Y.)i;€:L;Hy, (2.3.2)

in addition to the standard field strength terms for the gauge bosons. Crucially, several terms
allowed by gauge invariance are absent from this superpotential: for example, those derived by
interchanging L; and H, in Eq. (5.2.28), or the gauge-invariant operator iidd. These renormalizable
operators violate baryon and lepton number in contradiction with observation, for example by
inducing rapid proton decay.

An additional discrete symmetry is imposed on the MSSM to avoid these disastrous conse-
quences: “matter parity”, a discrete Zy subgroup of U(1)p_p,

Py = (—1)3B-D), (2.3.3)

Equivalently, by combining matter parity with fermion number F, this symmetry can be recast as
the “R parity”,
Pg = (=1)*F=0H (2.3.4)

under which all the Standard Model fields are even, and their superpartners are odd. Including
Py as an exact discrete symmetry of the MSSM is natural in contexts where B — L is locally
conserved, and spontaneously broken to a discrete subgroup at some high energy scale.

In general, B — L symmetry does not guarantee the absolute stability of the proton, as the
initial and final states of the decay process p — 7 4 et have the same B — L number. However, by
forbidding the renormalizable operators in the MSSM superpotential, B — L forces proton decay
to be mediated by irrelevant operators at signficantly suppressed rates.

Imposing R parity on the MSSM has significant phenomenological implications: the lightest
supersymmetric particle (LSP) is absolutely stable, providing a dark matter candidate if the LSP
is electrically neutral.

As the mechanics of supersymmetry breaking are unknown, the MSSM superpotential is sup-
plemented by a wide variety of Lagrangian interactions that explicitly violate supersymmetry, but
which could in principle be calculated once a precise mechanism of spontaneous supersymmetry
breaking (SSB) is chosen. This SUSY-breaking Lagrangian L. is not taken to be entirely generic:
instead, we impose the requirement of “soft” supersymmetry breaking, where Ly contains only
relevant operators (mass terms and other couplings with positive mass dimension), so that super-
symmetry is restored in the limit where all these mass scales are taken to be vanishingly small,
Moty — 0. Such a result stands in contrast to the counterexample in which marginal operators that
explicitly violate SUSY are included in £. A Ly,.q of this type reintroduces the dangerous sensi-
tivity of the Higgs mass parameter to the high-energy limit of the theory, spoiling supersymmetry
as a solution to the electroweak hierarchy problem.

Even with the requirement of soft supersymmetry breaking, the generic form for Ly includes
a great number of terms. This is the origin of the masses for the squarks, the sleptons and the
gauginos which make these heavier than their superpartners. Gauge-invariant trilinear couplings
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between the scalars are also included, in what is often referred to as the “A-term potential”.
Notably, the supersymmetric mass term W = pH,H, for the Higgs doublets is supplemented by a
non-supersymmetric “b0” term, Lqn = —bH,Hy + c.c., as well as their individual SUSY-breaking
masses my; and mj; .

Generating the appropriate potential for electroweak symmetry breaking requires p? and b to
match each other fairly well, u* ~ b. In principle the scales b ~ m2; and p* need not have any
relation to each other, making their coincidence highly suspicious. This is variously referred to as
the p problem, the ;1/b problem, or the p/B, problem of the MSSM. Various models have been
proposed which would explain the proximity of their values, typically by generating p by the same
mechanism that spontaneously breaks supersymmetry [63-66].

In Chapter 5, we show how the search for a simpler composite solution to the axion quality
problem led to the development of a model which accidentally resolves the p problem of the MSSM,
while at the same time supplying the B — L symmetry needed to forbid the problematic operators
in its superpotential.

First, we review some aspects of confining SUSY gauge theories in the following Sections 2.4
and 2.4.1. Section 2.4.2 discusses more specific properties of the A + 4Q + NQ model with an
SU(N) gauge group, including the coefficients in its dynamically generated superpotential. The
derivation is presented in Appendix B.1. All of the material in Sections 2.4, 2.4.1 and 2.4.2 has
been previously published by the author in [1].

2.4 Seiberg Dualities

It is generally difficult to analyze the infrared behavior of strongly coupled theories, due to the
failure of perturbation theory in this limit. Seiberg, Intriligator and others have made this prob-
lem more tractable by exploiting some of the remarkable properties of supersymmetry, allowing
some infrared properties of SUSY gauge theories to be calculated exactly [67,68]. Seiberg’s in-
frared dualities between different phases of gauge theories were central to these developments. We
summarize some of the results in this section; a more detailed review is given in [69].

Seiberg found that in SU(N) gauge groups with F' flavors of quarks and antiquarks, also
known as SUSY QCD, the infrared behavior of the /' = N and F' = N +1 cases can be completely
described by a set of gauge invariant operators, M = QQ, B = QV, and B = @N. This dual
theory has no gauge interactions, so the ' = N and F' = N + 1 theories are said to confine:
every test charge can be “screened” by creating quark-antiquark pairs from the vacuum, and a
gauge-invariant Wilson loop obeys a perimeter law.

Classically, the gauge invariant operators obey particular constraints, following from the Bose
symmetry of the superfields and the definitions of M, B, and B. For F = N + 1,

BM, = 0
MB = o0 (2.4.1)
(M)'det M = BB,

while for F = N
det M — BB = 0, (2.4.2)

where the indices i and j refer to the family SU(F) symmetries of the @ and Q. It has been
shown [70-72] that Eq. (2.4.2) is modified quantum mechanically:

det M — BB = A, (2.4.3)
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where A’ is the holomorphic scale
A = plexp {—87%/g* + ibym } . (2.4.4)

Here fyyy is the C'P-violating 6-term of the SU(N) gauge group, ¢ is the gauge coupling, and
b=3N — F = 2N is derived from the 8 function for the gauge coupling. The quantum-modified
constraint Eq. (2.4.3) can be enforced by a superpotential

W =X (det M — BB — A*") (2.4.5)

if we introduce a Lagrange multiplier superfield A. At the origin of the classical moduli space,
M = B = B = 0, the UV family symmetry SU(F); x SU(F)zx U(1)p is conserved. However, this
point is not on the quantum-deformed moduli space given by Eq. (2.4.3), so the chiral symmetry
is broken in the vacuum.

2.4.1 S-Confinement

In the FF = N + 1 case, the classical constraint equations are not modified. Instead, they are
enforced by a dynamically generated superpotential [73].

1

Wa= fav |

BMB — det M|, (2.4.6)
which has (M) = (B) = (B) = 0 as a solution to the equations of motion. This vacuum corresponds
to confinement without chiral symmetry breaking, which we refer to as s-confinement. More
precisely, a theory is s-confining if [74]:

e All infrared degrees of freedom are gauge invariant composite fields;

e The infrared physics is described by a smooth effective theory, which is valid everywhere on
the moduli space (including the origin);

e There is a dynamically generated superpotential.

For the effective theory to be smooth, there should be no gauge invariant order parameter that
can distinguish the Higgs and confined phases of the theory. The infrared degrees of freedom must
also satisfy the anomaly matching conditions.

Generally, the dynamically generated superpotential is determined up to an overall factor based
on symmetry arguments, and by matching its equations of motion to the classical constraints.
Its dependence on the holomorphic scale A’ can be found either on dimensional grounds, or by
requiring that W, is neutral under the anomalous U(1) symmetry.

The requirement that a superpotential is dynamically generated adds a powerful constraint on
the matter content of any s-confining theory. An N = 1 SUSY theory with f massless matter
superfields has a classical family symmetry of rank f+1 including the R symmetry, but the G*U (1)
anomaly removes one linear combination of the U(1) family symmetries. This allows us to define a
U(1)r symmetry such that exactly one of the matter superfields ¢; has R charge, ¢;, with all other
fields neutral. Using the normalization in which the gauginos have R charge +1, cancellation of
the G*U (1) anomaly requires that

¢ = i [Z i — MG] ; (2.4.7)
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where p; and pg are the Dynkin indices of the matter fields ¢; and the gluinos, respectively, with
the normalization u(0J) = 1. For the dynamically generated superpotential to have R charge +2
under any of the possible anomaly-free R symmetries, it must have the form

W~ H |:¢?/%‘i| _ H (Qﬁéu)Z/[Zj ni—ha| (2.4.8)

1

The matter content must therefore satisfy the index constraint of Csaki et al. [74]:

> pi—pe=2. (2.4.9)
J

In [75] this index constraint is used to find all N/ = 1 s-confining theories with one gauge group
and no tree-level superpotential. Both ' = N + 1 SUSY QCD and the A + 4Q + NQ model are
included.

In theories with a product gauge group this constraint is relaxed: the number of fields exceeds
the rank of the family symmetry, and it is no longer possible to identify a unique R symmetry for
each field.

2.4.2 SU(N) with antisymmetric tensor

Properties of the H+ F I+ (N + F —4) & model have been studied by several authors [76-79]. In
the F' = 2 case there is a superpotential generated by a one-instanton effect; for F' = 3 the theory
confines, with a quantum-deformed moduli space that induces dynamical symmetry breaking; and
for F' = 4, the theory is s-confining. The quantum modified constraints have been derived in [77]
for F' = 3, but the classical constraints for the A +4Q + NQ model do not appear in the literature.
We derive the relative coefficients of the dynamically generated superpotential in Appendix B.1,
and quote the results in this section.

Infrared operators: In the A+ 4Q + NQ model, the set of gauge invariant operators changes
based on whether N is even or odd. This is due to the H representation: if N = 2m is even, then
the gauge invariants include the antisymmetrized products (A™), (A™~1Q?%), and (A™2Q*), while
for odd N = 2m + 1 the gauge invariants include (A™Q) and (A™1Q3).

Below, we define the simplest gauge invariant operators for the N = 2m and N = 2m + 1
models. Both cases include the operators (QQ), (A@2), and (@N):

axls

J; = Q,0;, (2.4.10)
_Ol_ﬁ
Kjj, = Aa,Blesza (2.4.11)
_ Eal...aNﬁjl“'jN oy —as —an
Z = det@) = — N (le Qj2 Q]N) (2.4.12)

For even N > 4, we also add the gauge invariants

ai1az...a
612 N

U = PfA = 2m—W(Aa1a2Aa3a4...AaN71aN), (2.4.13)
(0102..aN ‘ ‘
Vaia = 2m=1(m — 1)12 (Aaras Aayas - Aay_san—s) Qay, Qi (2.4.14)
W = AN €j1527374 (A A A ) J1 J2 J3 Ja (2 4 15)
aia24tazaq - LAN-—5AN -4 anN_3¥anN_2¥anN_1 ¥Yan’ CE

2m=2(m — 2)I 4
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G|lSUM4), SUN)r| Ua Us Ur| U,
A H —4 -1 010
Q| O O N—-2 —1/2 1/2] 0
Q| O O 0 1 0 |1
Ab 0 0 0 | N
J O O N—-2 1/2 1/2] 1
K H —4 1 0 | 2
Z 0 N 0| N
U —2N —N/2 0 |0
1% H 0 ~-N/2 1 |0
w 2N  —N/2 2 |0
X O —-N —N/2 1/2] 0
Y 0 N —N/2 3/2|0

Table 2.1: The transformation properties of the UV and IR fields under the family SU(4); x
SUN)p x U(1)4a x U(1)p x U(1)g symmetry for the F' = 4 model are shown, along with the
charges under the spurious U(1);. The operators J, K, and Z are defined whether N is even or
odd; the fields U, V and W are specific to the even N case, while the fields X and Y correspond
to the odd N case. The U(1)g charges listed refer to the scalar component of each superfield.

whereas for odd N > 5 we include

ai1az...a
612 N

Xj = me‘ (AalazAa3a4 LR AaN,2CLN,1) ‘le]\ﬂ (2416>
6“1“2---‘1N €ic iz . . .
Y, = Jj2J3j4 (AalaQAa3a4 N -AaN_4aN—3) iLQN_Q zgv_l iév, (2.4.17)

2m=1(m —1)! 3!

The numeric coefficients absorb the combinatoric factors from the e tensors, with the convention
€123..y = +1. In general, we reserve the indices a, b, a, 5 for gauge groups, and use the indices ¢, j
to refer to family symmetries. Superscripts and subscripts are chosen for visual clarity, and do not
signify any particular group representation.

It is useful to classify the {U,V,W, X, Y, Z} fields as “baryons” and the J and K fields as
“mesons,” to separate the operators which scale with N from those which are independent of
N. The transformation properties of these operators under the family symmetries are shown in
Table 2.1. There is a continuous family of equivalent U(1)4 x U(1)p x U(1)g charge assignments,
but the choice shown in Table 2.1 is particularly convenient.

For N = 4, the theory contains four flavors of ) + Q. This value of N is unique in that both
maPf A and m;Qf‘@i are gauge-invariant mass terms: if these masses are large compared to A,
then every field can be integrated out above the confinement scale. This special case is discussed
in Section 3.3.1. For N = 3 the H and [J representations are equivalent, and the A + 4Q + 3Q
model reduces to SUSY QCD with F' = 4.

As discussed in Section 2.4, the form of the dynamically generated superpotential is determined
by the representations of the matter fields. For the A 4+ 4Q + NQ model,

N—24 N
War ) A#. (2.4.18)
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The sum includes all possible gauge-invariant contractions of the group indices, with some relative
coefficients:

1

Wodan  ~ b (XYZ+XK™ ' P+ YK™J]], (2.4.19)
1
Weenn ~ 15 [UWZ+V2Z+ UK 2]+ VKL + WE™]. (2.4.20)

Both Foqq = {J, K, X, Y, Z} and Feven = {J, K, U, V. W, Z} satisty the t” Hooft anomaly matching
conditions for the mixed SU(4)?U(1) and SU(N)?U(1) anomalies, the various U(1)*® anomalies,
and the mixed U(1) gravitational anomalies, for all U(1) symmetries listed in Table 2.1 except for
U(1);. The G3U(1); anomaly breaks U(1); explicitly at the scale A;, so it is not a symmetry of
the infrared theory.

Dynamically generated superpotential: The number of infrared operators, dim F, is larger
than the dimension of the moduli space, dim My = N(N —1)/2+ 4N + 1. For N =2m + 1,

N(N -1
dim{J, K, X,Y,Z} = (4N+¥+4+4+1>, (2.4.21)
and for N = 2m,
N(N —1 4
dim{J, K, U,V W, Z} = (4N+¥+1+%+1+1), (2.4.22)

implying for both cases that the number of constraints is
Neon = dim F — dim M, = 8. (2.4.23)

For odd N, the eight constraints are

; €j1j2---jN ;
X'Z = 2m—7n| (Kj1j2Kj3j4 s KjN—2jN—1) ‘]jN
vy — €j1j2..~jNeiizi3i4 (K- K K. . ) Jiz i3 i (2.4.24)
[ 2m_1(m _ 1)'3' J1J2+-*733J4 * * JN—-4JN -3 IN—2“IN—-17IN? e
while for even N
€j1...4
Uz = 2];7;5 K1 jo Kjsju - Kjy_1jy = PEK,
€13 Ciyigizi i i
Va2 = 2m_1](lmm_ 1)! o i Kie - Kinaina T3 i (24.25)
WZ - JLIN ! 234K Kj3j4"‘K]'N—5jN—4Jj11V,3Jj12\r,2Jjjv,1‘]j?\r'

om=2(m —2)l 4l 2

The index i = 1...4 refers to the SU(4) family symmetry.
By taking partial derivatives of Eq. (2.4.19) and Eq. (2.4.20) and matching the equations of
motion to the classical constraints, one can determine the relative coefficient of each term in the
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dynamically generated superpotential. The results appear below:

(8% i 6.71]1\’6217/4 11 1o i3 n
Woaa = A N2 = o — i (Kga - Kiseoaine-a) T o it 1 T
© omym) K(Kjle s KjN—sz—1)JjN}§ (2.4.26)

_ @ _ Cida v rivigy rizia
Weven = Ab{UWZ —222!‘/ Veuz — W PHK

€41...5 €i1inisi i1 ia
_Qm_;(lmﬁi 7 12!3 LU(Kjjy - Ky sina) (T3 o L)
€j1...5n Civinizi i1i i i
+4 ] JZmJ_J\lr(m _3 41)!V ! 2<Kj1j2 s KjNBjNQ)‘]ij_l‘]j;l\r}' (2'4'27>

As in SUSY QCD, the overall factor a cannot be determined by symmetry arguments. In principle,
it is possible to add heavy quark masses and integrate out two flavors of (QQ) so as to match the
F = 2 model, whose superpotential can be calculated from a one-instanton calculation analogous
to F =N —1 SUSY QCD.

It is useful to consider the phases of o and A’. As defined in Eq. (2.4.4), the phase of A
is determined by the C'P-violating fyy parameter. The phase of « is arbitrary: because Wy is
charged under an unbroken U(1)z symmetry, a can be made real by a U(1)g rotation.
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Chapter 3

An S-Confining Product Gauge Group

The following is based on a previously published paper by the author [1].

3.1 Introduction

Experimental evidence so far suggests that the Standard Model gauge group Gsy = SU(3). X
SU(2)r x U(1)y well describes the universe. Attempts to expand the gauge sector beyond Ggu
must therefore explain why the additional interactions have not yet presented any evidence for
their existence.

There are several well-motivated ways to achieve this. The new gauge bosons and matter fields
might form a “dark sector” and interact weakly (or not at all) with the particles described by the
Standard Model. It is also possible for an extended gauge symmetry to be spontaneously broken
to Ggm at some high-energy scale which we have not yet probed. In this chapter we consider the
alternative in which the new dynamics are so strongly coupled that particles charged under the
new interactions confine to form neutral bound states, with binding energies at the TeV scale or
larger.

We focus on a particular class of N' = 1 supersymmetric (SUSY) gauge theories with product
gauge groups of the form SU(N); x SU(N)gx...x SU(N);. Our model includes one antisymmetric
tensor A,s and four quark fields Q°, charged under SU(N);, and a series of bifundamental fields

(Q;)§ charged under adjacent gauge groups SU(N); X SU(N );11 as shown in Table 3.1. This theory
is an extension of a model, SU(N) : (H+ 404 NO), which has been shown to confine [76,78,80].

Figure 3.1: The matter content of the proposed s-confining theory is shown as a moose diagram.
Each G represents a gauged SU(N) group, while the dashed circles represent the SU(4), x SU(N)r
family symmetry.

We propose in the language of [74] that this SU(N)* model is “s-confining:” that is, the
theory confines smoothly in the infrared without breaking chiral symmetry, and it generates a
non-vanishing superpotential that describes the interactions between the gauge invariant composite
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fields. Although the AN/ = 1 s-confining theories with a simple gauge group are fully classified [75],
very few examples of s-confinement in product gauge groups are known [81,82].

Our SU(N)* product group model has two distinctive features which may be useful for model-
building. First, there are no small gauge-singlet operators: the number of fields contained in every
gauge invariant operator depends on k or N. Second, the various SU(N); subgroups generally
confine at different scales A;, with hierarchies based on the coupling constants g;.

Product groups of this form appear in studies of five-dimensional gauge theories [83-86]. The
model shown in Table 3.1 can be interpreted as a k-site deconstruction of a 5d SUSY SU () gauge
theory with a Zj orbifold. In the 5d theory the chiral fields {4, Q} and @, exist on opposing 4d
branes, while the bifundamental @, superfields correspond to a single bulk @ field. A natural
hierarchy between the A; arises if the extra dimension is warped: for example, the model with
Ay > ... > A; has A and Q on the ultraviolet brane and @, on the infrared brane.

3.2 Product Group Extension for an S-Confining Theory

Our interest in the product group model of Table 3.1 is motivated by an observation from the
G1 x Gy case, in which the family symmetry Gy = SU(N)g of the Q is weakly gauged. In the
confined phase of G, there are three types of operators charged under G5: one antisymmetric
K = H, four quarks J = [J, and N antiquarks @), = CJ. Remarkably, this is identical to the original
s-confining model.

The model described in Section 2.4.2 can be extended indefinitely by adding more gauge groups
G; and bifundamental matter @l Aslongas Ay > Ay ... > A; > Ajy1, confinement under G; always
produces mesons charged as H + 400 under G;;1. This is the model shown in Table 3.1, where the
gauge group is G; X ... X Gi. In this section we devote our attention to the question: is this
SU(N)* theory s-confining, or is s-confinement disrupted by the product group?

There are two obvious ways in which the K 4+ 4.J + NQ, “k=2" model differs from the original
(“k=1") s-confining theory. First, in the & = 1 model there is no tree-level superpotential, but
in the & = 2 case there is a superpotential from G; confinement that may alter how {K, J, P}
confine under Gs. Luckily, inspection of the classical constraints shows that K, J, and @, may be
varied freely, as long as the baryon products {UZ,VZ WZ} or {XZ,Y Z} vary in accordance with
Egs. (2.4.24) and (2.4.25). The second main difference is that under G, the classical moduli space
is modified quantum mechanically. For the k > 2 theory to be s-confining, we must determine
whether or not the origin remains on the moduli space.

Of the existing literature regarding SUSY product groups, the work of Chang and Georgi [86]
on SU(N)* extensions to F' = N SUSY QCD is particularly relevant to our present study. Our
method also has some similarities to deconfinement [76,87], particularly in Section 3.3 when we
consider Sp(2N) groups.

3.2.1 Infrared Operators

To understand the infrared behavior of the theory, we develop a basis of gauge invariant operators
which describe the moduli space and obey anomaly matching conditions. Then in Sections 3.2.2
and 3.2.3, we find the dynamically generated superpotential and perform some consistency checks.

Let us define a basis for the anomalous U(1) charges, U(1),=1.x, such that the anomaly co-
efficient A(G7U(1);) is zero if and only if ¢ # j, as shown in Table 3.1. Each U(1); is explicitly
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broken at a scale associated with A;, so that the approximate UV symmetry is broken to:
SU(4)L X SU(N)R X U(l)R X U(1>k+2 — SU(4)L X SU(N)R X U(l)R X U(l)A X U(l)B (321)

The U(1); charges of the A? are determined by the G?U(1) anomaly coefficients. Note that b =
2N — 1 for A%, while b = 2N for Ai-’#.

G Gy Gs3 ... Gp|SUM4) SUN)| Ux Us Ur| U U, Us U,
Q| O O N-2 —-1/2 1/2] 0 0 0 0
A H —4 -1 0] 0 0 0 0
Q|0 O 0 1 0|1 0 0 0
Q, 0 O 0 —1 0 |-1 1 0 0
Q5 0 0 1 0|1 -1 1 0
: 0 0 : 0 : 0
Q, 5 O 0 +1 0 |+1 F1 =1 1
Ab 0 0 0[N 0 0 0
AS 0 0 0/ 0 N 0 0
Ab 0 0 0] 0 0 N 0
: : : : : 0
AY 0 0 0/ 0 0 0 N

Table 3.1: Matter content of the proposed s-confining theory, showing the transformation properties
under the gauged SU(N)* and the SU(4) x SU(N)r x U(1)4 x U(1)p x U(1) g family symmetry.
The spurious U(1),—;.  charges are also shown. The alternating (£) factors in the @, charges
depend on whether k is odd or even: the upper choice corresponds to odd k.

From Table 3.1, it is clear that combinations of the form

@) (@) (e.@
A\ T ) AD

are neutral under all of the symmetries, including the spurious U(1);. Therefore, the dynamically
generated superpotential has the form

AN-2 4 AN —N-—=N\ P2 /—=N—=N\ P3 —N_ @N Dk
o5 {() (58] (58] ()

Pp2..-Pk

for some powers p; = 0,1, ... for each i = 2,3,... k. Any such superpotential has an R charge of +2
under all of the possible U(1)g symmetries. Before we can find the individual terms that appear
in W, it is necessary to understand the equations of motion between the infrared operators.

To find a set of gauge invariant operators in the far infrared, let us consider the ordered case
Ay > Ay > ... > Ay, As discussed in Section 2.4.2, (G; confinement produces the operators

Ji = (QQ,), Ky = (AQy), Z = (@), (3.2.3)
Up = (A™), Vi=(A"'Q%), Wi =(A"2QY; X,=(A"Q), Yi=(A"'Q%, (3.24)
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where J; and K7 are charged under G5. Although U(1); is broken, the U(1)sXx...xU(1); symmetry
is approximately preserved above the scale Ay, adding O(k?®) anomaly coefficients that must be
calculated.

This is the benefit of the strategically-defined U(1); charges shown in Table 3.1: the fields
{Q, A, Q,} are neutral under U(1),...U(1), and all of these anomaly matching conditions are
trivially satisfied. The fields J; and K transform similarly to ) and A under the non-Abelian
symmetries, but their U(1)p charges are different, as shown in Table 3.2.

Gy Gs ... G,|SUM4) SUN)| U,u Us Ur| U, Us U

Ji | O O N—-2 +1/2 1/2] 0 0 0
K | H —4 +1 00 0 0
Q, | O O 0 -1 0|1 o0 0
Qs 5 0 +1 0 | -1 1 0
: 0 0 : 0 : : 0
Qp 0 0 0 +1 0 | F1 *1 1
Uy —2N —-N/2 0[]0 0 0
Vi H 0 -N/2 1 |0 0 0
Wi 2N  —-N/2 2 |0 0 0
X, O -N —-N/2 1/2] 0 0 0
Yy 5 N —=N/2 3/2] 0 0 0

| Zy | \ | o0 N 00 0 0 |

Table 3.2: Transformation properties of the composite fields in the confined phase of G, in the
limit where Go X ... X (G, is weakly gauged. The composite fields U, V', and W exist only if N is
even; if N is odd, then they are replaced by X and Y.

At the scale Ay < Ay, the G, fields confine to form the following G'; x G5 singlets:

Ty = (1Qy) Ky = (K:Q,) Xy = (K" Jy) Yo = (K1) (3.2.5)

Uy = (K}") Vo = (K" J3) W = (K772} Zy=(Qy). (3.2.6)

The fields J5 and K5 transform under G5 as [J and H respectively.

It is convenient to define the shorthand notation B;, where B; = {U;, V;, W, } for even N = 2m,
and B, = {X;,Y;} for odd N = 2m + 1. At scales below Ay and above Aj, the intermediate
degrees of freedom are {Jy, Ko, By, Ba, Zy, Z3,Qs, . .., @, }. This set of fields satisfies the anomaly
matching conditions for SU(4), x SUN)gp x U(1)a x U(1)p x U(1)g x U(1)3 x ... x U(1)y.

It is straightforward to continue this procedure until all groups including Gy have confined,
using the following recursive operator definition:

Ji = (JiaQ)) K, = (K;1Q)) Xi = (K" Ji1) Y; = (K7 ) (3.2.7)

2

—N

U; = (K",) Vi = (K"{'J2) W; = (K" J) Z; = (Q; ). (3.2.8)

This definition can be applied to i = 1 as well if we define Jy; = @) and Ky = A. Below the scale
Ay, all of the gauge groups have confined, and the approximate U(1);—1. x symmetries are broken
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SUMA);, SUMN)z| Ui U Ug
Tk O O N—2 +1/2 1/2
K, H —4 +1 0
Upad —2N —N/2 0
Vodd H 0 —N/2 1
Waad ON  —N/2 2
Ueven —2N  +N/2 0
Viven H 0 +N/2 1
Weven 2N  +N/2 2
Xoad O N —N/2 1/2
Youd 0 N  —N/2 3/2
Xeven 0 —N  +N/2 1/2
Yowen | O N  +N/2 3/2
Zodd 0 N 0
Deven 0 —-N 0

Table 3.3: The transformation properties of the composite fields in the fully confined phase of
SU(N)* are shown. The subscript Bodd,even Tefers to i = 1...k, whereas the baryon content
B; = {U;,V;,; W;} or B; = {X,,Y;} depends on N. The U(1)p charges of J, and K}, are positive if
k is odd, and negative if k is even.

to discrete Zy groups. The charges under the remaining continuous family symmetries are shown
in Table 3.3.

It must be shown that the basis of infrared operators is large enough to cover the moduli space.
For the SU(N)* gauge group with fields {4,Q,Q,,...,Q,}, the dimension of the moduli space is

N(N -1 N(N -1
(T)+4N+kN2—k(N2—1):4N+¥

while the operator basis {Jy, Ky; B1, ..., Bx; Z1, ..., Zx} has dimension

dim Mo (k) = + k, (3.2.9)
1
Nops = 4N + N(N — 1) + 9%, (3.2.10)

implying that there are 8k complex constraints. By rearranging Eq. (3.2.7) as follows, we can find
8(k — 1) of the constraint equations:

Xi = (K Jia) = (Ki—2@§_21)m(Ji—2@i) = (Kﬁsz‘—ﬁ@?ﬁJrl: Xi1Zi (3.2.11)
Y, = (KPR = (KioQr )" (JimaQiy )P = (KI5 L) (@) = Y Ziy,
for : = 2,3... k. Similarly,
Ui=U;12; Vi=VisiZi Wi =Ui1Z; 4. (3-2-12)
The eight remaining constraints are provided by
X2y, = K] Jj, YiZp = K" 13, (3.2.13)
or
UpZy = Pf(K}) ViZy = K" N7 WiZy, = K" 2T} (3.2.14)

It is possible that these classical constraints may be quantum-modified.
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Reduced operator basis: The classical constraints for B;.; are mildly problematic, because
Egs. (3.2.11) and (3.2.12) imply that these operators are redundant: that is, they can be written
as products from a smaller operator basis, { By, Z1, Zs, ... Zx}, and are therefore not independent
degrees of freedom. Excitations of the B; fields above the vacuum acquire O(A;) masses if they do
not obey the classical constraints. These massive modes decouple at the scale Ay, leaving only the
degrees of freedom consistent with the classical (or quantum-modified) constraints. Unfortunately,
anomaly cancelation depended on the fields B;—s_j: if these are not true degrees of freedom, then
the anomaly matching conditions might not be satisfied.

A solution to this problem can be seen by studying the X,qq and Y, charges in Table 3.3.
Their fermionic components have opposite charges under each of U(1)4, U(1) 5, and U(1)g. When
we calculate the anomaly coefficients for each of the mixed and pure U(1) anomalies, the contri-
butions from each X,qq cancel those from a Yy, field. This is also true for the SU(4)*U(1) and
SU(4)? anomalies. Therefore, we refer to X,qq and Yeyen as an “anomaly neutral pair,” indicating
that they can be removed without changing any of the anomaly coefficients. Similarly, Xeyen and
Y,4q also form an anomaly neutral pair.

If £ is odd, then all of the operators {Xs,Ys,..., X}, Yx} can be removed in neutral pairs.
Substituting X and Y} with their equations of motion, Eq. (3.2.13) becomes

(X121 Zy ... Zy 1) Zy = K], MiZ\Zy ... Zyn) Zi = K1 T (3.2.15)

This is not possible if k is even. To remove all the redundant operators, we must also remove a
pair { X1, Yeven} O {Xeven, Y1}, and this is inconsistent: both X; and Y; are necessary to describe
the moduli space.

This can be seen if we move away from the origin along the flat direction parameterized by
(A™Q), while keeping @, = 0. Along this flat direction X, increases, but Xeyen = 0. Therefore,
Xy describes directions on the moduli space that cannot be described by Xeye,. Similarly, by
increasing (A™~'@Q?%) and fixing @, = 0, we can see that Y] is just as necessary.

Quantum modification to Eq. (3.2.15) could explain why the odd &k and even k situations are
different. If U(1)p is broken in the vacuum, then {X;,Y;} become an anomaly-neutral pair under
the remaining symmetries, for any value of : = 1... k. Based on F' = N SUSY QCD, one would
expect the classical relationships involving Q; and Q; 41 to be quantum-modified. Specifically,
the combination (Z;_,7;) has the same spurious U(1); charge as A’=2" | allowing modifications to
equations such as Eq. (3.2.15). For example, the classical k = 4 constraint for X,Z, might become

X1 (21222520 + Pr1NSZ3 2y + B2 Zi NS Zy + B3 21 Zo NG + BuNSAG) = K, (3.2.16)

with some as-yet-unknown coefficients ;. As long as the coefficients are not zero, then the flat
direction corresponding to (A™Q) # 0 with @, = 0 now requires some of the Zi+1 to have nonzero
expectation values. In this Z; = 0, X # 0 example, Eq. (3.2.16) implies that A4(Z32, + A4) = 0,
spontaneously breaking U(1)p even in the limit where (X;) > Aj. Once U(1)p is broken in the
vacuum, the operators {Jy, K4, X1,Y1, Zi—1._ 4} obey the anomaly matching conditions.

A quantum-modified constraint like Eq. (3.2.16) also explains why {Jx, K¢, X1,Y1, Zi—1. x} is
consistent at the origin of moduli space if k£ is odd. In this case the Z; = 0 solution remains
valid far away from the origin, because every A’ term multiplies at least one Z field. Consider
Eq. (3.2.16) with k = 5:

K'Js = Xy (Z1Z2Z3Z425 + BiNS Z3 24 Zs + BoZy NS Zu Zs + B3 22 Zo NS Zs + BuZy Zo Zs Y
+B5 Z1NSAL + BeASZ3 AL + BrASNS Z5). (3.2.17)
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In this case, the (A"Q) # 0, @i\ilk = 0 flat direction remains on the moduli space for arbitrarily
large values of (A™Q).

This does not mean that U(1)p is necessarily broken in the vacuum if k is even. Let us fix
Z; =0 for all i = 1...k to ensure that U(1)p is not broken at the scale A;. After imposing this
constraint, Eq. (3.2.16) becomes
K,

X, = —2+22
1 AgAZa

(3.2.18)
implying that X is not an IR degree of freedom when U(1)p is conserved. The same is true for
YiASAS = K71 J3. In this particular vacuum X, and Y; are redundant operators, and after they
are removed from the calculation the U(1)p anomaly coefficients match the ultraviolet theory.

Theories with even N behave in essentially the same way. Under the exact family symmetries,
the operator pairs {Usaq, Weven }> {Ueven, Wodd }» and {Voad, Veven} are anomaly-neutral. As in the
odd N case, if k is even then it is not possible to remove all the redundant {U;, V;, W;} operators
while preserving the anomaly matching. This leads us to expect that the classical constraint
equations

Uk == Ul <Z1Z2...Zk,1), Vk = ‘/1 (leg...Zkfl), Wk - W1 (ZIZQ...Zkfl) (3219)
receive quantum modifications of the form
PEK, =Uy (Z1Zo ... Zyy + oo+ (NSNS N _) 21 2y + (ASAS .. AD)) . (3.2.20)

if k is even. Either U(1)p is broken in the vacuum, or the operators {Us, V1, W, } are not degrees
of freedom: in both cases, the IR theory satisfies t” Hooft anomaly matching. Thus, the reduced
operator basis describes all infrared degrees of freedom, for both even and odd N.

3.2.2 Dynamically generated superpotential

In this section we find a dynamically generated superpotential in the region of parameter space
with Ay > Ay > ... > Ay. We begin by considering how the W, of Eq. (2.4.26) and Eq. (2.4.27)
becomes modified at the (G5 confinement scale. Ignoring the precise relative coefficients between
terms,

1

Wiy = a7 (X2 = XiRT L) = ViR ) (3.2.21)
1

Wi = 55 UWZ = VPZ - DEP P+ VKPR - WIETY)  (3.2.22)
1

At the scale Ay, we expect J; and K; to confine to form the By baryons. If we make these
replacements in WM it becomes

1

Wi = AF (X1Y1Z1 — X1Ys — Y1Xo) (3.2.23)
1

We(\}e)n = Al (U1W121 — VP Zy = WilUs — UyWs + V1V2) (3.2.24)
1
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It is likely that G confinement changes the holomorphic scale A, to some new Kg. To find the
relationship between Ay and As, let us normalize the hadrons to have mass dimension +1:*

~ i ~ K ~ Z

Jl Al 1 A% 1 Ajlv_la (3 5)

and similarly for the baryon operators B;. The dynamically generated superpotential W5 has the

form N N
]?N—le_ KN-2J40)
we =3 <1N—b1Q2> =y (1T~1b622> : (3.2.26)
A3 ATTAZ

contr. contr.

From Eq. (3.2.2), symmetry requirements ensure that the superpotential has the form

—N =N-=N _o 4 =N
W@ o AN2QMQ, Q) Q, N K2 J1Q, (3.2.27)
Ay A3 ATAS h
allowing Kg to be expressed as
AN = iAgN. (3.2.28)
Ay

This expression can also be derived with the same result by matching the gauge couplings at the
mass threshold A;. Based on this agreement, we do not expect the superpotential W5 to receive
modifications of the form
YAVA
w® (1 + % +.. ) w®, (3.2.29)
2
even though such terms are consistent with the family symmetries.
As confinement continues, the products of intermediate mesons J, and K, can be replaced with
G5 baryons. Each i = 1. ..k superpotential W® becomes

-1

Wé(’;k) = (ﬁ A?‘ (XYiZ; — X;Yiqn —YiXip) (3.2.30)
J;l B
W = (H N ) (XWYiZe — XeKP TR~ VKT | (3.2.31)
jjl B
We(\ie<nk) = (H A? (Uin‘Zi - ViZZi —WUis1 — UWi1 + VEV@'H) (3.2.32)
J:l B
Wi, = (H A ) (U2 = V22 = WiK] — UK 20 + VK1 J2) . (3.2.33)
j=1

The full superpotential is the sum

k
Wy=>» Wb (3.2.34)
=1

!Even after dividing by these powers of A, it is not necessarily true that the fields are canonically normalized.
Corrections in the K&hler potential are likely to require additional normalization.
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Equations of motion: Let us consider equations of motion of the form 0W/0B;, where B; =
{U1, V1, Wy, X1,Y1} is any of the G baryons. It is easy to show that these equations are

Yo =Y12, X, =X17, X117=0 (3.2.35)
for odd N, and
Wy = W12, Vo =V12, Uy, =U1%7, UW, =V (3.2.36)
for even N. The 0W/0B, equations yield more surprising results: for example,

OWq i Yoz,
=T T AbAR
0X, AL ADAS

=0 — YpZy— Y3 =YAL (3.2.37)

The classical constraint Y37, = Y3 is modified, due to the appearance of X, in both WM and
W® . Fori=23...(k—1), we find
BiZ; = Biyy + AB;_y. (3.2.38)
The equations of motion 0W;/0Z; are not modified, so that
X;Y; =0, UW,; = V? (3.2.39)
for all 7. Finally, the By equations of motion are
XpZp = KM + AV Xy, ViZp =K T4+ AVY, (3.2.40)
for odd N, and
UnZp = K" + NoUp 1, ViZpy = K 'R+ AV, WiZy = K20+ AW, (3.2.41)

for even N.

Recall from Section 2.4.2 that each gauge group SU(N); has a related C' P parameter 6;, which
determines the phase of the holomorphic scale A?. Although A’ did not appear in the k = 1
equations of motion, the phases of A® do affect the equations of motion in the product group case.
The overall phase of W; can still be removed by performing a U (1) rotation; however, the relative
phases between the A; may have physical effects.

Armed with these iterative equations of motion, we can rewrite the larger baryons B;~; in
terms of {B;} and the Z; fields. For example,

By, = BZ (3.2.42)
Bs = Bi(Z1Z,— \b) (3.2.43)
By = B(Z,2,75 — Ny Zs — Z1AY) (3.2.44)
Bs = B(Z212:737y — Ny Zs 7, — Z\N5Z4 — 7, Zo NS + ASAY). (3.2.45)

Our guesses in Egs. 3.2.16 and 3.2.17 as to the form of the quantum modification are correct, with
B; = £1 for each coefficient. This process is extended to arbitrary B; in the following way: each
classical constraint involving products of the form (Z,Z, ... Z;) is modified by replacing adjacent
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pairs (Z;_17;) by (—A?), and each possible term is added to the product (7 ... Z;). After making
these adjustments, the k' equations of motion return the following constraints if & is odd:

KMl = Xi{(Z.. Zk) A(Zs...Z) + ...+ (— 1)(<k DIZ(ASAY LAY )2}

K\ = {4 —A5(Zs .. Zk)+ A (D) EEDR2ABAG LAY )2k},

KM = Ul{(z1 Zk —A(Zs. .. Zp) + .+ (“D)EDR(ABAL LAY )2 (3.2.46)
Ky 2 = Vi{(Z Z A(zs ) + +< D®=D2(ABAL AL ) 2}
KP208 = Wil(Zie 20) = No(Z . Z) o+ (1) D(ABAL AL )2},

or if k is even:

Kpdy = X {(Z Z) + o= ()3 (NS AL )2 1 Zy + (—1)5 (ABAS .. AD))
Kr = Y{(Zo. Z) 4. = (=13 (MY AL ) Z 1 Zy + (—1)5 (ASAG . AD) ),

K = U{(Zi.. Z) 4o — (D)5 (A AL ) Z 1 Zg + (—1)3 (AGAG .. AD)}
KPtg2 = Vil(Zy . Z) + o= ()3 (MY AL )2 1 Zy + (—1)5 (A5AS .. AD))
K2 WH{(Zy . Zy) 4 = (1) (A AL ) Z 1 Zg 4 (—1)2 (ABAY .. AD) )

In both cases, the origin of moduli space is a solution to the equations of motion.
As we suggested in Section 3.2.1, if k is even then the B; fields are not independent degrees of
freedom when Z;—; . = O:

K" = Uy(- 1)§(AbAg...Az)
K 'JE = Vi(—=1)2(A5AY .. AY)
K28 = Wy(—1)2(ALAL .. AD)

m _ ErAbAD b

i = TR W )
K Ji = V(=12 (A3Ag. . A7)
Therefore, if U(1)p is a symmetry of the vacuum and k is even, then the B; fields are completely
determined by Ji and Kj. After removing the By fields, the t” Hooft anomaly matching conditions
are satisfied. Elsewhere on the moduli space the B fields may vary independently from K and
Jg, U(1)p is spontaneously broken by (Z;) # 0, and the anomaly coefficients for the infrared
symmetries match the values calculated in the ultraviolet theory.

3.2.3 Additional tests

So far we have restricted our attention to the ordered Ay > ... > Ay case to find the dynami-
cally generated superpotential. Due to the holomorphy of the superpotential, changes in the A;
hierarchy should not alter the form of the superpotential. In this section we test this supposition
by considering the A; < A;,; case. In this limit the SU(N)* model reduces to an SU(N)*!
extension to F' = N SUSY QCD which has been studied by Chang and Georgi [86].

As A} — 0, the A and @ fields decouple from the strongly coupled @;. Chang and Georgi find
that the infrared operators involving only @, obey the following constraints:

det(Q,Q,) = Z1Zy — A} (3.2.49)
det(Q1Q2Q3) = Z1Z273 — NyZs — Z1 A} (3.2.50)
det(Q,QyQsQy) = Z1Z5Z3Zy — Ny ZsZy — ZhN§Zy — Z1 Zo N + AJA, (3.2.51)

and so on. This is exactly the same form we derived for B;>s in Section 3.2.2. At _sciles ab_ove
O(A4) but below A;~1, the G charged degrees of freedom include A, @, and M = (Q,Q5 ... Q}).
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Let us define the mass-normalized field M,

(Q1Qs--- Q)
= .2.52
M ANz .. Ay (3252)

and let the fields {A, @, M} confine under G4, producing
Jp = QM, K, = AM?, Zy = det(M), (3.2.53)

and the baryons By = {Uy, Vi, W; X1, Y1} as defined in Section 3.2.1. The dynamically generated
superpotential is

X\YiZy — X K"V = YK

Woaa = —— ik “kIk ok (3.2.54)
A

(UWy = V) Zy — UL K 2T+ VIK = WK™

Ab ’

Weven —

(3.2.55)

The effective scale Kl{ contains a product of (@iv .. @]kv) and A5 ... A% so that the superpotential
is invariant under the spurious symmetries.
There is also a quantum modified constraint

Zy =det M = (Zy...Z) — Ny(Zs ... Z3,) + {all other contractions}. (3.2.56)
If we use a Lagrange multiplier A, Eq. (3.2.56) follows from the superpotential
Wi =MZy — (Z:1...Z) + (all contractions)} . (3.2.57)

After replacing Z), with {Z;}, the equations of motion are identical to Egs. (3.2.46) and (3.2.47),
suggesting that there is no phase transition in the parameter space.
Notice that the equations of motion from Z,; also determine a vacuum solution for A:

OWoda XiY

= — A=0 3.2.58

aI/Veven U1W1 - ‘/12
= ———4+ =0 3.2.59
i ot (3.2.59)
(3.2.60)

Thus, the Lagrange multiplier can be treated as a new redundant baryon operator, which should
be integrated out along with the other redundant fields.

Finally, let us consider regions of parameter space in which A; is neither the largest nor the
smallest confinement scale. In these cases the redundant operators include a mix of B; and Z;;, all
of which produce the same equations of motion in the reduced operator basis. For any arrangement,
at the last confinement scale A there is a dynamically generated superpotential of the form

IoN—2 74 A 4N
K} JiM

W~ ~ , (3.2.61)
Af

where Jy, K¢, and M are such that

(M) = Q@ Q) @y Q) = T (K M) = (4Q7 .. Q)@ Q1) = K
(3.2.62)
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and where {jf, K 7, M} are normalized to have mass dimension +1. Under the remaining gauged
Gy, these fields satisfy the index condition for s-confinement, >, u; — i = 2, and there is a
dynamically generated superpotential. Lagrange multipliers \; enforce the constraint between
the operators det(Q), .. @J) and {Z;...Z;}, and the equations of motion provide a relationship
between \; and the other hadrons. After replacing the redundant operators with their equations
of motion, we find that the constraints relating {Ji, K;} to {Bi, Z;} are unchanged.

Flow: It is a necessary condition for s-confining theories that their description in terms of gauge-
invariants is valid in the Higgs phase, when some fields acquire large expectation values and
spontaneously break the gauge group to a subgroup. If the low-energy theory does not s-confine,
then the original theory cannot be s-confining either. This is the “flow requirement” of [74], which
we use in this section to test the SU(N)* theory.

In the (Ji); > A vacuum with (A.3) = 0, the SU(N)* group is broken to SU(N — 1)* in the
classical limit. This requires a nonzero (@l)g for every Q,, which break each gauged SU(N); to
SU(N —1);. The SU(N); x SU(N);;; bifundamentals @; decompose into SU(N —1) x SU(N —1)
representations as follows:

SU(N) x SUN) = SU(N —1) x SUN —1):  ([@,0) — @,0) & @1) @ (1,0) & (1, 1).
(3.2.63)

The (2N — 1) broken generators of each gauge group G,z “eat” the combination 1+ 0+ 1 from
Q,_, and Q; to create (2N — 1) massive gauge superfields, leaving behind the (J,0) bifundamental
fields.

The G, group behaves somewhat differently: its broken generators “eat” the (0, 1) part of @,
and a linear combination of the O superfields ;—1. 4. Under SU(N —1); the H field decomposes as
(H @), so that the “eaten” @ field is replaced by a component of A. After removing the massive

superfields, the SU(N —1); charged matter is A’+4Q’ + (N —1)@,. The overall effect of (.J;) > A
on the SU(N)* model is to replace N with N — 1.

Now let us consider the limit where (A,3) > A and (J) = 0. In the even N = 2m case with
(Ur = PfA) > Ay, SU(2m); is broken to Sp(2m); and [ decomposes into [y @ 1. Here Hg is
the (2m? — m — 1) dimensional representation of Sp(2m). There are also (2m? —m — 1) broken
SU(2m) generators, so the superfield A" = HSP is eaten.

The fields @ and Q; are not directly affected by (PfA): however, as Sp(2m) has no complex
representations, @ and @, are effectively (2m + 4) quarks charged in the [J representation of
Sp(2m). This theory is known to s-confine [88]. It is likely that the Sp(2m) x SU(2m)*~! product
group theory is also s-confining: we explore this possibility in Section 3.3.2.

In the case where N is odd, an expectation value (X;) = (A™Q) > A breaks SU(2m + 1) to
Sp(2m) instead. Aside from a few extra singlets and massive gauge bosons, there is little difference
between the odd N and even N cases: the infrared theory is Sp(2m) x SU(2m)*~!

Conclusion: Our product group extension to the A + 4Q + N@Q model exhibits the behavior
required for an s-confining theory. The set of gauge invariant operators {Ji, Ky, By, Z1. 1} satisfies
the t” Hooft anomaly matching conditions; the origin remains on the quantum moduli space, so
the theory can confine without breaking chiral symmetry; and there is a dynamically generated
superpotential. Furthermore, the operators {Jy, K, B1, Z1. 1} provide a smooth description of the
entire moduli space: there is no gauge invariant order parameter to distinguish the confined and
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Higgs phases. By considering the flow along flat directions, we have also found another product
group extension to an s-confining theory, Sp(2m) x SU(N)*~1.

3.3 Other S-Confining Theories

In the previous section we find strong evidence that the product group extension to the A+4Q+NQ
model is s-confining. In this section we consider the follow-up question: how many other s-
confining models can be extended into product groups? We have already suggested that Sp(2m)
with (2m + 4)0 can be extended into an Sp(2m) x SU(N)*~! product group model. If this theory
is not s-confining, then the SU(N)* A +4Q + NQ model is not s-confining either. We discuss the
behavior of this theory in Section 3.3.2.

There are also additional possibilities for the A 4 4@Q + N@Q model in the case where N = 4. In
this special case the entire SU(4), x SU(N)g family symmetry can be gauged: we consider whether
or not such theories are s-confining in Section 3.3.1. In Sections 3.3.3 and 3.3.4 we discuss the
other s-confining theories in [75] with family symmetries large enough to accommodate a gauged
SU(N) subgroup. This includes SUSY QCD with F' = N + 1 flavors, and Sp(2m) with (H+ 60)
matter for m = 2 and m = 3. We show that some of these theories are not s-confining.

Due to the lack of an index constraint on the matter content, it is difficult to conduct a
systematic search for new s-confining product groups. We have seen in the A + 4Q + NQ model
that GGy confinement increases the index sum of the Gy charged matter by +2, but other confining
theories tend to change the index sum by varying amounts. Therefore, the list of theories considered
in this section is presumably incomplete.

We restrict our attention to s-confining models which can be extended by gauging a subgroup of
the family symmetries and adding bifundamental fields. Our goal is to determine whether product
group s-confinement is possible in each model, based on the index constraint after confinement.
This is sufficient to show which of the product group extensions are obviously not s-confining. A
more detailed analysis is appropriate for the theories which pass this test.

3.3.1 Special case: SU(4)

In this section, we extend the N =4 A+ 4Q + NQ model by gauging SU(4)} x Gy x SU(4)}, for
some ¢ and r. Here Gy is the SU(4) gauge group containing the H+ 4(00+ 0) matter, and every
other gauged SU(4) contains four flavors of (004 ). It is convenient to relabel the hadrons to
reflect the QQ <> Q symmetry of the matter content of the A + 4Q) + 4Q model:

M=QQ, K=AQ, K=AQ, U=A  7z=Q, 7Z=Q. (331

A convenient redefinition of the U(1)4 x U (1) x U (1) g charges is shown in Table 3.4, for { = r = 2.

After extending the model in this way, the model has a “left-right” symmetry which simplifies
many of the calculations in this section:

(or, GGy Ao N, SU@A)L < SU@DR, UDacUlp Qi+ Q,. (3.3.2)

Above, A; corresponds to the group G;, while A; is the confinement scale of the group G,;. The
group Gy x U(1)g and the field A are invariant under the discrete transformation.
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SUA) |Gy G Gy Gy Gy | SUAR|Us Up Ug
Q- 0 O 1 0 0
Q: O O -1 0 0
Qo O O 1 0 0
A H -2 -2 1
Qo g O 0 1 0
Q, 5 O 0 -1 0
Q, O O 0 1 0

Table 3.4: Above, the original s-confining theory A +4(Qo + Q,) is extended on the left and right
by gauging G2 x G% and adding the Q; and_@i fields to cancel the anomalies. To extend the
model beyond ¢ = r = 2, more quarks @; and @; can be added with alternating U(1)4 and U(1)p
charges.

Infrared operators: Based on our understanding of the (¢ = 0,7 = k — 1) models developed in
the previous section and the vectorlike nature of the Gy-charged fields, we can guess the form of
the gauge-invariant operators which describe the moduli space:

U = A? My = (Q(Z c Q1Q0Qp( - - Qr)
F={ Zi = @ Ky Q7 ... Q3A) 5 (3.3.3)
Z, = @, K. = (AQ-..Q)
fori=0,1,...,fand 5 =0,1,...,7.

Only under certain conditions do we expect the basis F to obey the anomaly matching
conditions for the family symmetries listed in Table 3.4. We have already seen that in the
(¢ = 0,r = k — 1) models with even k, some of the operators in F become redundant in the
U(1)p preserving vacuum. If this pattern continues in the (¢,7) models with ¢ # 0 and r # 0, then
we would expect that the set F obeys the anomaly matching conditions only if £ and r are even.
If either ¢ or 7 is odd, we expect that some operators in F become redundant if U(1)4 x U(1)p is
preserved in the vacuum.

For a given (¢,r), the number of infrared operators is given by

4(3 4(3
dim]—":1+(€+1)+(r+1)+42+%+%:€+r—|—317 (3.3.4)
while the dimension of the classical moduli space is
4(3
dim My = (¢ +1)4* + % +(r+ 14— (L+1+7r)4*—1)=C+7r+23. (3.3.5)

This implies that there should exist N ., = 8 constraint equations.

Equations of Motion: It is easiest to derive the equations of motion in the case where Gy
confines last. The groups G7 X ... x Gy and G; X ... X GG, confine separately to form the mesons
My =(Qqp...Q) and Mp = (Q,...Q,), the baryons Z;—y_, and 7]»:0“, and some larger baryon
operators with quantum-modified constraints. The charges of M and My are shown in Table 3.5.
In the limit where A is small, the theory reduces to two copies of F = N SUSY QCD with product
group extensions. According to [86], the fields obey the following constraints:

det My = (ZoZy...2) —No(Zy. .. Z4) — ... — (Zo... Zuio)AD + ... (3.3.6)
det Mg = (ZoZ1...Zy) —N(Zs... Z)) —...— (Zo... Zrs)Ko + ... (3.3.7)
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If 7 is odd-valued, then the sum of neighbor contractions includes a constant term, (AjA% ... Ab); if
¢ is even, then all terms include some power of Z;. The same relationship holds for r» and det Mg.
As in the SU(N)* models, we expect that the distinction between even and odd ¢ and r determines
which of the operators in F are redundant when U(1)4 and U(1)p are conserved in the vacuum.

SUMA), [ Go | SUA)R | Ux  Us Ug
M,| O |O 0,1y 0 0
A A —2 -2 1
Mp O| O 0 {01} 0

Table 3.5: All gauge groups except Gy have confined, leaving M and Mg. The {0,1} charges of
My, and Mp correspond to the cases where ¢ and r are odd or even, respectively. Not shown are
the baryons Z; and Z;, which do not transform under the non-Abelian symmetries.

When Gy confines, { M, A, Mp} form the following hadrons:

U1 = A2 Mgr = (MLMR)
Zp = det Mg K, = (AM?) (3.3.8)
Zr = detMp K, = (AM}%)7
with the dynamically-generated superpotential
AMIMY U225 — ZpK? — Z, K — U ME + K, MK,
Wy~ AMiMe | Ui1Z078 = ZrKi = ZUK, = UnMy, & KoM, Ky (3.3.9)

Ab Ab(Ay. . A Ay A,

for some 7\3 consistent with the anomalous symmetries. We show the charges of the composite
fields in Table 3.6.
The equations of motion from U;, K,, and Z; produce the following constraints:

det My, = ZpZg K Zp = MK, PfK, = U Zg

UM? = K,MK,, K.Z;, = K/M2, PfK, = U, Zy. (3.3.10)

These equations are not all independent, but contain N..,s = 8 independent constraints.

SU(4>L SU(4)R szdd [4 UZVEH l U%dd T U%ven T UR
b 0 -2 0 -2 -2 |1
K, H —2 -2 -2 1
Ux —4 —4 —4 —4 2
Zevenz' _|_4 +4 0 0 0
Zodd i —4 4 0 0 0
7even 7 0 0 +4 +4 0

Table 3.6: After all of the gauge groups confine, the infrared degrees of freedom are described by
the hadrons shown above. Their U(1)4 and U(1)p charges depend on ¢ and r, respectively.
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If we introduce Lagrange superfields A\; and Ag, the quantum modified constraints relating
{Z1,Zr} to {Z;, Z;} as a superpotential:

W, = )\L(ZL—(ZOZl...Zg)—|—A’{(Zg...Zg)+...—|—(ZO...Zg,g)AZ—l—...) (3.3.11)

Wr = AR(ZR—(ZZ..Z)+K’;(72...Z)+...+(70...Z_2)Kfi+...). (3.3.12)

Redundant Operators: In this section we use the equations of motion to study the operator
basis F. In the U(1)4 preserving vacuum with (Z;) = 0, the expectation value of Z; depends
heavily on whether £ is even or odd. If £is even, then Z;, ~ 0; if £ is odd, then Z; ~ (ASAS ... AY) >
0. The same pattern holds for r and Z; when U(1)p is preserved.

It is simplest to consider the case in which both ¢ and r are even. Expanding about the Z; =
Z; = 0 vacuum to first order in Z; and Z;, we find that every term in Eq. (3.3.10) contains a product
of at least two fields, so that none of the operators in the set F are redundant. This is consistent
with the fact that all of the anomaly coefficients from SU(4), x SU(4)g x U(1)4a x U(1)p x U(1)g
match the ultraviolet theory when r and ¢ are even.

This is not true if ¢ is odd. In this case the equations of motion for K,Z; and U;Z; can be
rewritten as

K, =——F"T—, U=——F—-+—7—-.
(APAL .. AD) (APAL . AD)

(3.3.13)
near the U(1)4 x U(1)p preserving vacuum. Similarly, the equation of motion for det M, becomes

det MgT
(APAD ... AD)

Zo(Ahy . R+ N Zo(X . R 4.+ (AAy .. K )7, = (3.3.14)
which can be recast into a linear constraint equation for any one of the Zoven fields.  Taken
together, Eqgs. (3.3.13) and (3.3.14) imply that the operators {K,, U}, Zeyen} should be removed in
the U(1)4 x U(1)p preserving vacuum if ¢ is odd and r is even. In the even ¢, odd r case it is the
operators { Ky, Uy, Zeyen} Which become redundant, and Zg rather than Z; remains large in the
Zj = 0 vacuum.

If both ¢ and 7 are odd, then the origin of moduli space is no longer a solution to the equations
of motion:

det My, = (APAL.. AD)(RIA,...K)) — (ZOZlAg AN+ ZoALZs AL .)(Kﬁ A
—m§”MNZEJQHH+7Jﬁguﬁ+”>+”. (3.3.15)

To satisfy this constraint, either (M) # 0, (ZevenZoad) # 0, of (ZevenZoad) # 0. Different family
symmetries are broken in each case, leaving different sets of independent operators.
In the (M) # 0 vacuum where M} is proportional to 0%, SU(4); x SU(4)g is broken to its

diagonal subgroup SU(4)4. The fields Q, and Q, transform under SU(4)4 as 0 and [J, respectively,
while the meson M decomposes as

OO0=1& Adj : Mgr — (TI‘ Mg7«> &} (M[T —Tr Mg,«). (3316)

In the U(1)4 x U(1) g preserving vacuum with Z; = 7]- = 0, it is possible to write K, and U, either
in terms of K, and M,,, or K, and U; in terms of K, and M,.. Therefore, we can either remove
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the set {K;, Uy, Tr M} or {K,,U;, Tr M}. This degeneracy is related to the fact that K, and K,
have the same transformation properties under SU(4)q x U(1)4 x U(1)p x U(1)g.

If instead (M) = 0 and (ZeyenZoaa) # 0, only U(1)4 is broken in the vacuum. One “(Zeyen +
Zoaa)” linear combination determined by the ratio of the expectation values becomes massive, and
all sixteen M; degrees of freedom remain independent. The operator K, is not redundant in this
vacuum: the Z; K, equation of motion includes a term ZgyenZoaq{, which is not small. The set
of redundant operators is { Ky, U1, (Zeven + Zoda) }-

Finally, if the nonzero expectation value is (ZevenZoda), then U(1)p is broken. As we would
expect from the left-right symmetry, the redundant operators are {FT, Uy, (Zeven + Zodd)} in this
vacuum. It is also possible to break a linear combination of U(1)4 and U(1)p if (ZevenZodd) 7 O
and <Eeven70dd> 7é 0.

Anomaly Matching: We have discussed six distinct cases with maximal symmetry in the vac-
uum, based on ¢ and r. Below, we show a summary of our results for each case:

(4,r) Broken symmetry | Redundant operators
(even, even) None None
(odd, even) None {K,, U1, Zoyen}
(even, odd) None {K, Uy, Zeyen}
SU(4), x SU(4)g | {K, or K., Uy, Tr My, }
(odd, odd) U(1)a {5, Ur, (Zeven + Zoaa) }
U(l)B {KmUly(Zeven+Zodd)}

For the remaining symmetries and operators in each case, we have verified that the anomaly
coefficients match the UV theory. There are 21 matching conditions for each of the first three cases,
17 for the fourth case, and 12 each for the final two cases. Although some of these coefficients are
related to each other via the left-right symmetry, the explicit calculation is lengthy and not very
illuminating.

Let us also consider points on the moduli space with nonzero (Z;) or (Z;), where none of the
operators in the set F are redundant. In these vacua U(1)4 x U(1)p is spontaneously broken, and
the infrared operators should obey anomaly matching conditions for the remaining symmetries.

For the odd ¢, even r case, U(1),4 is broken by (Z;) # 0 for some Z;. After U(1), is broken,
{Uy, Zeyen} form an anomaly-neutral pair: their U(1)p r charges are opposite, so all of the U(1)3
and gravitational U(1) anomalies cancel. The fermionic part of K, is neutral under U(1)p x U(1)g,
and it is in a real representation of SU(4)g: therefore, K, contributes nothing to the remaining
anomaly coefficients. Thus, the t’ Hooft anomaly matching conditions are also satisfied in the
(Z;) # 0 vacuum where the operators {K,, Ui, Zeyen} are independent degrees of freedom.

In the even-¢, odd-r models, the operators { Ky, Uy, Zoyen } are restored as independent degrees of
freedom when (Z;) # 0 and U(1)p is spontaneously broken. Applying the left-right transformation
to the above results, the introduction of { Ky, U1, Zeyen } has no net effect on the anomaly coefficients
once U(1)p is removed. Finally, when (Z;) # 0 and (Z;) # 0 in the odd-¢, odd-r models, the
operators { Ky, Uy, Zeyen} are restored as independent degrees of freedom without contributing to
the anomaly coefficients of the remaining symmetries. Both U(1)4 and U(1)g are broken in this
case.

Flows: Our proposed s-confining extensions to the SU(4) model pass several consistency checks.
As a final test, let us spontaneously break the gauge group by giving large expectation values
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to the gauge invariant operators. For example, (M) > A breaks SU(4)“ 1 to SU(3)* 1,
leaving H + 40+ 30 matter charged under SU(3)y. Three of the O fields come from the Gy x Gy
bifundamental )y, while the fourth comes from

SUM4)—SUB): H—HeO. (3.3.17)

Note that H = O for SU(3), so that there are effectively (3 4 1) flavors of (1] + ) charged under
SU(3)p. The low-energy theory is a left-right extension of F' = 4, N = 3 SUSY QCD, where an
SU(3)r x SU(3) g subgroup of the family SU(4), x SU(4)r is gauged. In Section 3.3.3 we consider
such models in more detail.

Along flat directions with (PfA) > Ay, SU(4), is broken to Sp(4), leaving an (¢, r) product
group extension of the s-confining Sp(4) : (4 + 4)0 model. In this theory an SU(4), x SU(4)r
subgroup of the SU(8) family symmetry is gauged. We discuss models of this type in Section 3.3.2.

Summary: In every (¢,7) model with (¢,7) # (0,0), there are quantum deformations to the
classical moduli space. The origin remains on the moduli space unless both ¢ and r are odd. In
the mixed case where only one of {¢,r} is odd, eight of the fields become redundant in the vacua
which conserve U(1)4 x U(1)p. If £ and r are both even, all of the infrared operators in Eq. (3.3.3)
are independent, interacting degrees of freedom even at the origin of moduli space. Due to the
existence of a dynamically generated superpotential and the possibility of confinement without
chiral symmetry breaking, we conclude that the (¢,7) models are s-confining if ¢ and r are not
both odd.

SU(4) Ring Extension: Before moving on to consider other types of models, let us extend
the (¢,r) model even further by gauging a diagonal subgroup G4 of the family SU(4); x SU(4)g
symmetry. This connects the left and right ends of the (¢,r) extension as shown in Table 3.7, so
that different models are labelled by the sum (£+7). Models of this type appear in deconstructions
of 5d gauge theories, as in [83].

Gy Goow ... Gy Gy
Q¢ | O O
Q-1 | O U
: O
1 o O
Qo O O
A H

Table 3.7: Above, we show the matter fields of the SU(4) ring extension to the A+44Q +4Q model.

Although the baryon operators Pf A and det (); are unaffected by the ringlike nature of the prod-
uct gauge group, there is now only one gauge-invariant meson operator: Tr M = Tr (QoQ; - . . Q).
For any group G}, the adjoint operator

(M) = (QiQis1 - QuQo- .. Qi1)§ — %(TrM)ég (3.3.18)

is a degree of freedom in the limit where G; is weakly gauged, and can be used to create gauge-
invariant operators of the type Tr (M;M;) and Tr (M?). In this notation, Q_; = @y for the i = 0
case.
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Even when these operators have large expectation values, the gauge group is not completely
broken. It has been shown [89] in the SU(N)* extension to F' = N SUSY QCD that at an arbitrary
point on the moduli space has a remaining U(1)® gauge group. In the A + 4Q + 4Q model it is
also possible to set (PfA) > Ay, so that SU(4) is broken to Sp(4). This reduces the rank of the
group by one, but is not sufficient to break U(1)? completely. Therefore, the SU(4) ring extension
has a Coulomb branch, and is not s-confining.

3.3.2 Sp(2m) with (2m + 4) quarks

In Section 3.2.3, we found that the SU(N)* extension of the A + 4Q + NQ model flows to an
Sp(2m) x SU(2m)*~! theory. In the limit where Sp(2m) is much more strongly coupled than the
SU(2m) groups, the (2m+4) quarks confine to produce the operator M = (Q?), which transforms
in the H representation under the approximate SU(2m + 4) family symmetry.

The fields () and M have the following charges:

Sp(2m) | SU2m+4)  U(l)r

Q O O 1/(m+2)
| M | \ H 2/(m +2) |
A dynamically generated superpotential
Pt M
reproduces the classical constraints on the @); fields.
SU), | Sp(2m) | SU2m); ... SU@2m) | SU(2m)g
Qr U U
Qo 0 0
Q1 O
@_k—l L
Qy O L]
@) [ H
<Q£?0) O u
(Qo) H
@ 0
@k O L]

Table 3.8: An Sp(2m) x SU(2m)* model is shown, which is expected to s-confine. At the bottom of
the table, we list the degrees of freedom in the confined phase of S p(2m). Subsequent confinement
follows the pattern of the A + 4Q + N(Q model.

In the product gauge group model shown in Table 3.8, an SU(2m) subgroup of the family
symmetry is gauged and new bifundamental fields are added to cancel the anomalies. The family
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SU(2m+4) is explicitly broken to SU(2m) x SU(4) x U(1), under which the meson M decomposes
as

H— HL-4) e O0m—2)&(1,H2m): M — My @ Mg @ My, (3.3.20)
and the dynamically generated superpotential becomes

M=t M3 M

Wi A2m+1

(3.3.21)
Including the bifundamental field Q,, the SU(2m); charged matter in the confined phase of Sp(2m)
is Ma+4Mg + 2m(@),, which is expected to s-confine.

This model can also be derived using the deconfinement technique of Berkooz [76], by treating
the matter field A as a bound state of two quarks transforming in the fundamental representation
of a new Sp(N).

3.3.3 SUSY QCD

A product group extension to FF = N + 1 SUSY QCD can be derived from the N = 3 case of
A+4Q+ NQ. In SU(3), the H representation is the same as T, so that the Gy matter is effectively
40+ 40. By gauging the SU(3) family symmetry of the Q and adding a sequence of bifundamental
fields @;, we have found a product group extension to SUSY QCD.

For larger values of N, let us gauge an SU(N) subgroup of the SU(N + 1) family symmetry
as shown below:

SU(N+1), | SUN); SU(N), | SU(N)r
Q O O
q O
Q O O
Qs O O

After SU(N); confinement, the hadrons are (Qq), (QQ,), (QV), (@iv), and ((j@iv_l), which trans-
form under SU(N ), and the family symmetries as:

SU(N + 1), | SU(N)y | SU(N)g
(Qq) 0
Q) =
@)
Q@) 0 0
(@) ) =
Q, 0 O

Under SU(N ) there are (N +1)(00+0) matter fields, which is consistent with the index constraint
for s-confinement.

For this theory to be s-confining, it must be shown that the dynamically generated superpoten-
tial from SU(N); does not prevent the operators (QQ,) and ((j@iv_l) from varying independently;
that the infrared operators obey the appropriate anomaly matching conditions; and that the ori-
gin is on the moduli space. The additional gauge groups are likely to introduce quantum-modified
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constraints between some of the operators, which may induce chiral symmetry breaking in some
cases.

This theory can also be extended by gauging an SU(N) subgroup of SU(N + 1), so that the
most general product group extension is SU(N)* x SU(N)o x SU(N)". Based on the behavior of
the (¢,7) A+ 4Q + 4@ model for odd ¢ and r, we expect that some of the (¢,7) SUSY QCD models
also break chiral symmetry.

Alternating Gauge Groups: The F' = N+1 model can also be extended by gauging the entire
SU(N + 1) family symmetry. In this case, the gauge group has the alternating form SU(N) x
SU(N +1) x SU(N) x SU(N +1) x ..., with a series of bifundamental fields:

SUN + 1) | SUN); SUN+1)s SU(N); | SUNN + D)z
Q O O
Q O u
Q, m D
Qs m O

The matter content is simpler in this case, as all of the fields are SU(N + 1) x SU(N) bifunda-
mentals. When SU(N); confines, we are left with

(@) O
@Qy| 0
@) 0
) O O
Qs O a

Under SU(N + 1), there are (N + 1) flavors of 01+ 0 which is expected to confine with chiral

symmetry breaking. Many of the G4 singlets we would naively construct, such as (Q@l)(@f{), are
set to zero by the equations of motion, so G5 confinement leaves the following charged fields:

SUN+1); | SUN) | SUN + Un
(@Y o
(QQ1Qy) D O
Qs O =

After G7 x Gy confinement, the low energy theory is simply F' = N + 1 SUSY QCD with some
gauge singlet fields.

Both product group models based on SUSY QCD have the potential to be s-confining, and
may be promising directions for future study.

3.3.4 Other Models

Of the s-confining theories listed in [75], there are only a few models possessing non-Abelian
family symmetries larger than the gauge group. We have already discussed the SU(N) models
with A +4Q + NQ and (N + 1)(Q + Q), as well as the Sp(2m) model with (2m + 4)Q. There
are two remaining cases based on Sp(2m) with A + 6Q [90,91]. If m = 2 or m = 3, an SU(4) or
SU(6) subgroup of the family symmetry can be gauged. In this section, we show that the product
group extensions do not exhibit s-confinement.
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Sp(6) with A + 6Q: Consider the m = 3 case with just one extra product group. Below, we
show the matter fields above and below the Sp(6) confinement scale:

Sp(6) SU6) | SU(6)x
Al H
Q ] ]
Q O O
(A2)
(A?)
Q%) H
(QAQ) H
(QA%Q) H
Q O O

In the confined phase of Sp(6), the SU(6) index sum becomes

S pi—pe=3-(6-2)+6-1-26=+6, (3.3.22)
J

so the product group does not s-confine. It may be possible to remove some of the degrees of
freedom by adding a nonzero tree-level superpotential, but this is outside the scope of the current
study.

Sp(4) with A + 60Q: In the Sp(4) case, an SU(4) subgroup of the SU(6) family symmetry is
gauged.

SUQ). | Sp(4) SU(4) | SU(6)r
QL O O
A H
r | O
Q 0 O
The set of Sp(4) invariants is
F ={(A%):(Q1).(QLQr). (QR): (QLAQL), (QLAQR), (QrRAQR)}. (3.3.23)

The operators (QrQr) and (QLAQg) are bifundamentals of SU(2) x SU(4), while (Q%) and
(QrAQR) transform as (1,H). The other hadrons are gauge singlets. Together with @, the SU(4)
charged matter is 24+ 400+ 40, with the index sum

D pi— e =2(2)+4(1) +4(1) —2-4 = +4. (3.3.24)

Therefore, the Sp(4) product group extension to Sp(4) : (A + 6@Q) is also not s-confining.
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3.4 Conclusion

For several s-confining theories, we find product gauge group models with the following properties:
e All infrared degrees of freedom are gauge invariant composite fields;

e The infrared physics is described by a smooth effective theory, which is valid everywhere on
the moduli space (including the origin);

e There is a dynamically generated superpotential.

This allows confinement without symmetry breaking, even when the quantum and classical moduli
spaces are different. In particular, this behavior may be found in the following models:

SU(N): A+4Q+ NQ Sp(2m) : (2m +4)Q SU(N): (N +1)(Q+ Q).

In this chapter we argue that the A 4+ 4Q + NQ and Sp(2m) : (2m + 4)@Q product group models
s-confine. Based on less rigorous arguments we suggest two product group extensions of SUSY
QCD which may also be s-confining, but a more detailed analysis is required. It is also entirely
possible that there are many other s-confining product group theories unrelated to the models
considered here.

In the A +4Q + NQ model with N = 4, we consider a set of product group extensions of the
form G§ x Gy x G%. When £ and r are both odd, the chiral symmetry is necessarily broken in the
vacuum, so the theory is not s-confining. If instead the sum (¢4 r) is odd, then the origin remains
on the quantum-deformed moduli space, and some of the infrared operators become redundant in
the symmetry-enhanced vacua. Finally, if £ and r are both even, we find that all of the operators
are interacting degrees of freedom in the neighborhood of the origin. In each case, there is a
dynamically generated superpotential.

A promising direction for future study is to treat the product gauge groups as k site decom-
positions of 5d SUSY theories. Exact calculations in N' = 2 SUSY may provide us with a better
understanding of the 4d A/ = 1 models considered here.

One feature of the product group models is the lack of small gauge-invariant operators, which
has a promising phenomenological application to composite axion models. After lifting some of
the flat directions, a Peccei-Quinn U(1) symmetry may be dynamically broken when the gauge
group confines, producing a light composite axion. If the product gauge group is suitably large, the
Peccei-Quinn symmetry is protected against the explicit symmetry breaking effects which would
otherwise be induced by higher-dimensional operators. Chapter 4 is devoted to the study of this
scenario.
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Chapter 4

Composite Axion Model from
S-Confinement

The following is based on a previously published paper by the author and Tim M.P. Tait [2].

4.1 Introduction

Compositeness is invoked in many of the solutions to the axion quality problem discussed in
Section 1.4. A properly constructed model can protect the axion potential from the PQ violating
effects that induce CP violation in the vacuum, while also generating the scale f, dynamically.

If the axion is a strongly bound state of multiple fundamental fields, ¢ ~ 9™, the problematic
Lagrangian operators of the form £ = m?(¢ + ¢*) originate from nonrenormalizable interactions
in the high-energy theory, suppressing the magnitude of the coupling m3. Taking A as the scale
at which the fields 1 confine to form the composite axion, ¢ ~ " /A"~ Planck scale violation of
the Peccei-Quinn symmetry induces the effective operator

n *70 Anfl n *n
P P

Luyy ~ An—1  An—1

implying that the coupling m® is of order A" 'Mz™". In terms of the quality factor defined in
Eq. (1.3.4), a satisfactory solution to the strong CP problem would require

A"EMET f, < 1079%(10" GeV)™. (4.1.2)

With the simplifying choice A ~ f, ~ 10'? GeV, an appropriately small value for m? is attained if
n > 12, just as in the case where U(1)pq is protected by a Z,, discrete symmetry [45].

A complete solution to the axion quality problem must also satisfy several additional criteria.
First, the U(1)pq symmetry must have no chiral anomaly with the strongly coupled group: other-
wise, instanton effects will explicitly break U(1)pq at the scale A, completely invalidating the axion
model. Second, all low dimensional PQ violating operators should be forbidden, even those not
directly involving the scalar field ¢. In particular, tree level masses for SU(3). charged fermions
or other types of U(1)pq violation, £ ~ m,qq + ML*(ch)2 + ... introduce loop-level perturbations
to the axion potential V(a), easily resulting in effective values of 8 larger than 107!, This cri-
teria applies even to supersymmetric theories, due to loop effects below the scale of spontaneous
supersymmetry breaking.
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Simultaneously satisfying these various requirements is a highly nontrivial exercise, and this
is reflected in the relatively small set of models in the literature. Typical solutions, whether
composite [48-50] or not [42,52,53], rely on some sort of product gauge group to protect the axion
potential from all the possible loop-induced PQ violating effects.

In this regard, the structure of the s-confining theory outlined in Chapter 3 makes it a nearly
ideal candidate for QCD axion model-building. The “meson-like” gauge invariant operators J, =
QQ,Q,...Q, and K; = A@i@g . @i grow in dimension with the length of the product gauge
group, SU(N)y x SU(N)g x ...SU(N)g, while the dimensions of the “baryon-like” operators scale
with N. By increasing N and k, Planck scale Peccei-Quinn violation can be made arbitrarily
irrelevant at low energies, ameliorating the axion quality problem.

A number of practical questions must be addressed, in order to convert the s-confining theory
of Chapter 3 into a working QCD axion model. To solve the strong CP problem, the SU(3).
gauge group must be present somewhere in the theory, embedded for example within the SU(4) or
SU(N)g global symmetries shown in Table 3.3. Ensuring anomaly cancellation will necessitate the
addition of new, presumably non-composite fields. Sections 4.2 and 4.2.1 in this chapter develop
a model based on one particular set of choices, corresponding to the moose diagram shown in
Figure 5.1. Assuming that all of the anomaly-free global symmetries are broken to some extent
by the Planck-scale perturbations to the theory, we identify the unique combination of the global
U(1) symmetries that corresponds to U(1)pq.

An s-confining theory by definition includes the origin on the moduli space: this is the vacuum
in which the expectation value of every scalar field is zero, and every global symmetry of the
high-scale theory is manifest in the infrared limit. This “confinement without chiral symmetry
breaking” is not the right behavior for an axion model, because U(1)pq must be spontaneously
broken in order to solve the strong CP problem without new, massless fields. Engineering the right
vacuum thus requires an external superpotential, which when combined with the dynamically gen-
erated superpotential successfully excises the origin from the moduli space, spontaneously breaking
U(1)pq with some f, determined jointly by the confinement scale and parameters in the external
superpotential. In Section 4.2.2 we show how this is accomplished. Section 4.2.3 estimates the size
of the leading gravitational corrections, and determines parameters such that the axion quality
problem is ameliorated to a sufficient degree. In Section 4.3, we show how a simple extension of
the basic model can dynamically generate superpotential terms on which the basic module relies,
resulting in a theory in which all of the essential mass scales are generated from strong dynamics.

As we shall see, solving the quality problem can imply that a theory whose low energy limit looks
like a rather standard invisible axion model may blossom at high energies into a rich interlocking
structure of gauge dynamics.

4.2 Axion from a Supersymmetric Product Group

The construction of our axion model begins with a gauge group SU(N)q), with one matter field
A transforming in the antisymmetric (H) representation; four quarks, @; and N antiquarks Q.
This theory is known to s-confine [76-78,88]: that is, a set of gauge-invariant operators provides a
smooth description of the moduli space which is valid at the origin, and a dynamically generated
superpotential enforces the classical constraints between operators [74,75]. When supplemented by
an appropriately chosen external superpotential, U(1)pq is spontaneously broken when SU(N))
confines.

High axion quality is enforced by expanding SU(N )y into a product gauge group, SU(N)" =
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Figure 4.1: Moose diagram indicating the matter content and gauge interactions of the SU(N)¢ x
SU(4) x SU(N)" composite axion model. Each G; and G; corresponds to a gauged SU(N), whereas
SU(N) flavor symmetries are represented by dashed circles. The bifundamental fields Q, Q;, ¢,
and g, are depicted as directed line segments connecting adjacent groups, while the field A (A)
transforms under G; (G) in the antisymmetric two-tensor representation.

SU(N)@y x SU(N)@2) % ... x SU(N)(. In addition to the SU(N)(1y-charged A 4 4Q), the matter
fields include a set of bifundamentals (); which transform under SU(N)u x SU(N)(i41), and
N antiquarks @, charged only under SU(N )y- It has recently been demonstrated that this
product group model s-confines [1], and that the gauge-invariant operators include “mesons” of the
form (QQ,Q,...Q,) and (A@f . @i), “baryons” (@fv) for each ¢ = 1...r; and special baryons
(A¥Qp) for 0 < p < 4, subject to the condition that (N — p) is even. An axion living in
a combination of these fields enjoys the feature that increasing r and N results in increasingly
suppressed gravitational corrections.

To accommodate QCD within the model, we introduce a second copy of the matter fields
A+4q+G, +...+G,_, + NG, charged under a new s-confining SU(N)* gauge group, and we let Q
and ¢ transform in the fundamental () and antifundamental (OJ) representations under a weakly
gauged SU(4) which contains SU(3). as a subgroup. The full matter content of our theory is
thus {4,0Q,Q,...Q,;A,q,G, ...q,}, with the gauge group SU(N)" x SU(4) x SU(N)*. The gauge
structure and matter assignments is represented as a moose diagram in Figure 5.1, and is vaguely
reminiscent of a deconstructed extra dimension with a bulk SU(N) broken to SU(4) on a defect.
As we show in Section 4.2.3, this structure permits smaller values of NV for a given axion qualty.

For convenience, we introduce the notation SU(N)* = Gy x Gy x ... x Gy and SU( )=
G1 X Gy X ... X G,, where G; and G, represent SU (N ) groups that confine at scales A; and A;
respectively. Up to a constant, the holomorphic scales A; and A; are defined as

A = pb exp{—872/g2 + ib;}, AV = b exp{—87%/g? + i6;}, (4.2.1)

where ¢g; and g; are the coupling constants of the gauge groups CN}’Z and G;. In the dynamically
generated superpotential for each group there is an overall constant that is not determined by
symmetry arguments; to simplify the notation, we absorb these constants into A® and A?.

In the absence of an external superpotential, there is a conserved U(1)4 x U(1)p x U(1)¢ X
U(l)gr x SU(N)L x SU(N)g global symmetry, and an approximate U(1)pq that is broken by the
SU(4)2-U(1) anomaly. Charges are shown in Table 5.1, where for convenience we have taken the
U(1)g charges of Q and A to be equal to g and A, respectlvely, with go = =% and g4 = 1((5 QN) By

defining U(1)pq as in Table 5.1, we assume that the operator (AQ1 . Qf) is more suppressed than
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SU(N). | G, G, | SUM4) | Gy G, | SUN)g | Us Us Uz Ug|U@Q)pg
7 O O 0 0 +1 0 0
Ty O O 0 0 F1 0 0
7 O O 0 0 1 0 0
A H —4 0 X qa 0
q O O N-2 0 0 qo 0
Q O | O 2-N 0 0 gqo| EHX
A H 4 X0 qu| 4/N
Q, 0 O 0 1 0 0 0
Q1 O O 0 F1 0 0 0
Q, n 0 0 +1 0 0 0

Table 4.1: Representations of the matter fields under the gauged SU(N)* x SU(4) x SU(N)"
symmetries, the flavor symmetries SU(N) x SU(N)z x U(1)*, and the approximate U(1)pq
symmetry.

(A2 ...q?%), so that U(1)pq is expected to be a better symmetry than U(1)4. Appropriate U(1)pq

charges in the opposite limit can be recovered by performing the following outer automorphism on
the moose diagram:

(<, A; < A, A A, Q <+ q, Q; G, (4.2.2)

At a generic point on the moduli space the full global symmetry is spontaneously broken,

producing a number of Nambu-Goldstone bosons. Although the explicit symmetry breaking from

gravity would supply masses for the pNGBs, a tree-level external superpotential

(@)
M3

@)
My—3

(Aqigs ... q})
g_
MZ?

(A QA Q%) | (A" (A" )

Wtree =
My MN-1

+ + (4.2.3)

increases the pNGB masses by breaking the global symmetries more severely. This is essential
in the case of the second (Mp) term, which as we shall see below determines the PQ symmetry
breaking scale f, after confinement. The remaining M; could be safely taken to be Mp without
harm. In addition, to avoid deforming the G; confinement, we choose them to satisfy Ay < M;.

In Section 4.3 we discuss the possibility that some of the terms in Eq. (4.2.3) are generated
dynamically through the s-confinement of a strongly coupled Sp(2n) gauge group, providing a
natural and completely dynamical origin for the scale f,.

4.2.1 Confinement

We choose the UV gauge couplings such that SU(N)* and SU(N)" confine at an intermediate scale
where SU(4) remains weakly coupled and supersymmetry is unbroken. For odd N = 2m + 1, the
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groups SU(N)* and SU(N)" confine separately to produce the following hadrons:

Jo= @0, 09, KL=(@q ... ¢GA), x1= (qu)’ Y1 = (Zm_l %, (G)
(4.2. 4)
Jr=(QQ,Q,...Q,), Kp=(AQIQs...Q0), X\=(A"Q), Yi=(A""'Q%, Z = Q))
4.2.5

Their transformation properties under the global symmetries are summarized in Table 4.2. These
operators obey quantum-modified equations of motion, for which we define the shorthand notation:

(212023 ... 20) — Kg(z3z4 ce2g) — zlﬁg(@ . Zp) + KSKZ(Zg, cozg) e

even /: pORPUNS 2 B ZH
i) - + (RBRERL . AL )2y + (RGRUAL .. R0 ,AD),
1 = ~ ~ ~ o~
odd 7 (212023 .- 20) = Nj(z820. . 20) — 21Aj (20 20) + ASAG (25 20) + . ..
-+ zl(AgAgA’§ . AZ) + .+ (AgAﬁAg .. .Ag_lZg);
(4.2.6)
oven (Z1ZyZ5 ... Zy) — Ab(ZgZ4 ) — ZlAb( L)+ ASAZ(Zg, )+
- T RN A)Z 2 (AN ATLAD)
(II1Z) =
odd r (Z1ZyZ5 ... Zy) — Ag(ZgZ4 o Zy) — ZlAg(Z4 L)+ ASAZ(Zg, )+
+Zu(ALABAL AR+ (ALABAL A 7).
(4.2.7)
The constraint equations include:
KpJ, = a([TE2) KL = y(Ti2) vy =0 o
KnJr = X(II}7) Ky 'J =Yl Z) XY =0. -

Not shown above, X, Y, z, and y each carry an SU(4) gauge index, which is summed over in
the expressions z%y, = X,Y* = 0. Each term in the equations above is invariant under the
SU(N)p x SU(N)g family symmetry. Combinatoric coefficients have been suppressed for clarity.

The analysis is simplified by introducing spurion superfields X;~1, Yi~1, z;>1 and y;~1, such that
the constraints between operators follow directly from the dynamically generated superpotential

Wd = WL + WR, where

W, — TiA T DYy — iy Z TiliZi — Tili) — YiTivr | Ty — K7V — g K

A — APAL . Ab AVAL .. Ab
(4.2.9)
W — X1Y121 — X1Ys — YV1.Xo L = XYiZ — XiYi — YiXip . XY, Z, — X, K} ' J} — Y, K} Jg
e Ab o ABAE . AY AbAS AL ‘
(4.2.10)

Each of the fields {X;>1, Yi>1, Tis1, ¥i>1} 18 a redundant operator: that is, the equations of motion
determine the low-energy behavior of each superfield exactly, leaving no independent degrees of
freedom. For example, the constraint 0W,;/0X; = 0 determines the value of Y;4:

Yo = Y124, Y; = Yi(Z1Z, — AS), Yi = YiZ, — Y,y = Yi(IT} 2). (4.2.11)
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SUM4) | SUN)L SUN)r | U(1)eq
T E‘ 0
Y1 U 0
2 1 0
Jr, O O 0
K, | 1 n 0
X1 1 1
Yi 0 -1
Z; 1 0
Jr | O O N
Kp| 1 A 4/N

Table 4.2: Operators describing infrared degrees of freedom in the confined phase of SU(N)* x
SU(N)", and their transformation properties under the approximate SU(N ) x SU(N)g x U(1)pq
flavor symmetries.

After confinement, the tree-level superpotential Eq. (4.2.3) leads to

(KL)iyi, Z Z1 X7y atyt

Wtree — +
Mz‘fo Mé\f—i% MéV—3 M]]%V_l M#V—l ’

(4.2.12)

where the indices i and « refer to SU(N), and SU(4), respectively. In the discussion that follows,
we assume that Mp is several orders of magnitude below Mp, and that Mg S Macr, S Mp.

4.2.2 Symmetry Breaking

Each term in W, is introduced to break an undesired global symmetry: however, the Z; and z;
tadpoles induced by Wi,.. also have a significant effect on the vacuum structure. Added to the full
superpotential,

W = Wiree + Wi, + Wk, (4.2.13)

the Z; and z; tadpole terms in W;,e. shift the moduli space away from the origin: specifically, their
equations of motion cause (X;Y}) and (z1y;) to be nonzero. In this section we consider the case
(X1Y1) > (z1y1) and show that SU(4) x U(1)pq is spontaneously broken to SU(3)..

It is convenient to normalize the infrared operators by appropriate factors of A; so as to give
them canonical mass dimension +1:

5 Jr ~ K, ~ T ~ n ~ Zj
J, = —, Kp=——, ==, = , i = = 4.2.14
L Aé L (A%)Q AT A71n+1 Ai\[_l ( )

~ _Jr ~ Kpr s Xy ~ Y ~ Z;
J , Kgr = , X=— Y = , Z; = 4.2.15
A TR AT AP R

where

AL = (AA, .. Ay, A= (MDA, A). (4.2.16)
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In terms of these operators, the tree-level superpotential Eq. (4.2.3) becomes

N-3
A\ 2~ AN A -
2 ) 2 A2
Wiree — A2 (MA) (Kp)iyi, + A2 ( MB> 7y + A2 ) A

A\ A N-1
1 o< e 1 ~~

and the dynamically generated superpotential includes the leading terms

e X\Ys +ViX
Wi+ Wg =375 + XY Z) — mlyzj;ym . 2; 22 (4.2.18)
1 1

The equation of motion W/dZ, = 0 enforces:

o ANfl

XY = e =02 (4.2.19)

By performing an SU(4) gauge transformation, the nonzero expectation values can be rotated into
the a = 4 component such that

- - 1 - -

<X>(4) = po, <Y>(4) = 30, (X)az123 = (Y)az123 =0, (4.2.20)

where [ parametrizes a flat direction of the degenerate vacua, which is likely to be lifted in a
particular model of SUSY breaking; we treat it as a free parameter. An SU(3),. subgroup of SU(4)
remains as an infrared symmetry, and the other 15—8 = 7 generators of SU(4) are broken. Through
the super-Higgs mechanism, 7 of the 8 would-be NGBs are eaten by the SU(4) superfields to make
them massive, and a single NGB remains massless. The matter fields decompose into irreducible
representations of SU(3). as follows:

0o — oe1, 0O — b1, Adj — Adjenedael, (4.2.21)
Xy — XQ@X(4), Yo, — YQ@YVM), Aa — )\ZI@AJF@)\f@)\O o
A combination of the superfields )N(a:17273 and 37&:17273 are eaten by the massive A* vector super-
multiplets. Another linear combination of X and Y is eaten by the diagonal T'% generator of
SU(4), leaving exactly one massless superfield to play the role of the axion.

We introduce the real scalar fields ¢1, ¢2, a and n to describe the bosonic degrees of freedom:

(Xew)) exp | £ (a+an)]

L+
£+ <Y(4)>> exp [E (—a + 577)] ’ (4.2.22)

e s

where f, is the axion decay constant, and « is a constant determined by requiring canonical
normalization of the scalar kinetic terms. It is convenient to define v; 5 such that

o = V2|(Xw)| = V2150 v = V3| (V)| = V2|2 (4.2.23)
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so that normalization of the scalar fields requires

f2 =0} + 3, a=—. (4.2.24)

In the discussion above we assume that X and Y are the only U (1)pq-charged fields with nonzero
expectation values. This is not necessarily true: for example, (Kg) may acquire an expectation
value without breaking SU(3),.. In the limit where (Kg) < o its contribution to the axion potential
is vanishingly small, and the physics remains approximately as discussed here. For completeness,
in Appendix A.2 we derive the composition of the physical axion in the more general (Kg) # 0
case. B

To preserve SU(3). in the vacuum, the QCD-charged components of the scalars z, y, J;, and
J, r must not acquire expectation values, which places mild constraints on the unspecified nature
of SUSY-breaking. Nonzero VEVs for the i« = 4 components of the scalar fields are permitted.

4.2.3 Gravitational Corrections

Non-perturbative gravity produces U(1)pqg-violation, which at low energies are described by local
gauge invariant operators in an effective superpotential. The leading (in 1/Mp) terms are:

(@ep—1 - 19QQ,Q ... Q,) (@eGe—1---019) (AmQ) (AmQ) (AmQ) (AQ QZ Q )
MG T2 MZ+m 1 MET M2

(4 2.25)
with coefficients p; which encode the details of the unknown quantum gravitational physics. Naive
power counting would argue for p; ~ O(1), whereas computations based on wormhole configura-
tions or stringy realizations of quantum gravity favor p; ~ O (exp [—Syn]) with Syn ~ Mp/fa. To
capture the range of possibilities, we will consider a range of p; (all taken to have roughly equal
magnitudes) in our analysis below.

After confinement, W, maps on to:

Wg:ﬂl

E r L Am AmAm . (Ar)2

AT AT ATAT
(JLJR)+P2W(JLX)+P3 S (TX) + s s

W, —
g 7 P1 M” M MP M27‘ 2

(KR>j1j27 (4'2'26>

where the index j refers to the SU(N)g family symmetry.
There are two types of tree-level corrections to the axion potential. In the supersymmetric
limit, the equations of motion from Wi,ee + Wy + W, produce operators in the Lagrangian of the

form
Ly~ (H cbz-qb;) (©+ %), (4.2.27)

where @ has non-zero U(1)pq charge (and thus some of its phase is part of the axion), and ¢;
and ¢} are scalar fields as determined by the equations of motion. Replacing the fields with their
expectation values, £, corrects the axion potential by:

5V a] ~ <H<¢i><¢;>> (D) cos< T +90> (4.2.28)

ihj

Clearly this type of correction is only operative if all of the relevant fields ¢;; have non-zero
expectation values.
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The second type of tree-level correction arises once SUSY is broken, and the low energy La-
grangian contains A-terms of the form

Ly ~msW,+ h.c. (4.2.29)

(where W, should be understood to have its super-fields replaced by their scalar components, and
there is a separate SUSY-breaking coefficient of O(m;) for each term in W,). In the cases where
the necessary scalar fields have zero expectation values, these terms can still correct the axion
potential at loop level.

As can be seen from Eq. (4.2.8), the moduli space includes vacua with (Kg) = (Jg) = 0. These
flat directions are lifted by SUSY-breaking, and thus model-dependent. Rather than getting bogged
down in the details of a specific model, we make the pessimistic assumption that the resulting
expectation values are large:

(Jly), (K7172) ~ O(m,). (4.2.30)
This assumption additionally simplifies the analysis in that for such large expectation values, the
tree-level corrections to the axion potential are expected to dominate over any of the loop level
corrections.

Generically, the leading contributions to the axion potential are expected to arise from SUSY-
breaking rather than from the equations of motion. This is because the equations of motion
from W, involve high-dimensional operators, which are only important at tree level if all of the
participating fields have relatively large expectation values. For example,

2

oW NA, - (XKW JRERTY (KR Lot
@ n Mlﬁ+7‘—1( L) = Am T T Am-1 (4.2.31)
reduces to
ACAT, (KMYY  ~
'Eg ~ (:A4é;rf1§\nfzz> <JL>}% + h.c. (4;2.32)
P T

In the product (K), the SU(N)g indices are contracted antisymmetrically. If some of the expec-

tation values are close to zero, the entire product vanishes. Only in the case where (K) and (J)
are comparable to A, does Eq. (4.2.32) contribute significantly.

Quality Factors: The SUSY-breaking A-term corresponding to the p; term in W is

L AT
ALAR

l+r—1
My

Ly ~ mgp ( ) (JL)$(TR)S + hec., (4.2.33)

where the indices i and j correspond to the SU(N), x SU(N)g global symmetry. As Jp is charged
under U(1)pq (JrJr) # 0 shifts the axion potential by

AS AT, ~ a
oV lal ~ pim, (£t )(JL>(JR)‘ cos (s +60) (4.2.34)
P a
with ¢y = X = O(1). From Eq. (??), consistency with ‘6’_‘ < 10719 requires
s Mp <L><JR>] AL AT
p1 - ( L R) <107%2 (4.2.35)
(1012 GeV) MET
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Bl | (GeV) || B2 | (GeV) || B3 | (GeV)
Jfa 10" Ja 102 Ja 107
Ay | 107 | A, | 102 || A | 100

Ay | 108 || Ay | 102 || Ay | 107
A, | 101 A |10° A | 10t
M 106 M 10% M 10*

Table 4.3: Three benchmark points in the parameter space of A; and /~\z With the exception of

(X) and (Y), the expectation values of the SU(3), singlet fields are taken to be O(m).

A limit on r is set by the ps term:
2r
R
M2r—2
P

6Va] ~ pami (KR)jisa)

cos (qui + 90) , (4.2.36)

where g = 4/N. Ignoring the O(1) number g,

(4.2.37)

maM2 [(Kn)| 7 A\
P4 ( R) <1072,

(1012 Gev)* \ Mp

From the p3 term

cos <ﬁ + 90) , (4.2.38)

we find a constraint on N = 2m + 1:

; msMp () (X ) <£) (Al )m <1079, (4.2.39)

(102 cev)t  \Mp ) \Mp

Finally, the p, term sets an additional constraint on ¢ and N:

AKLAT O a
6V[G] ~ mspgm <JL ><X(4)> cos | — + 00 s (4240)
Mg fa
ms Mp{JL) (X (4)) (AL )f ( Ay )m 6
— — < 107<. 4.2.41
P20z gevyt \Mp) \Mp (4.2.41)

As long as [ is neither very large nor very small, Eqgs. (4.2.35), (4.2.37), (4.2.39) and (4.2.41)
provide the most restrictive constraints on m, ¢ and r. A wide range of values is allowed for each
of the parameters, as we discuss in more detail below.

4.2.4 Benchmark Models:

In this section we consider the quality of the axion potential in three particular models, with
fo = 10" GeV, f, = 10" GeV and f, = 10° GeV. For simplicity, we take Ay ~ Mp ~ f, and
Aiz1 ~ A; for each model, and we allow all QCD singlet scalar fields to acquire O(m;) expectation
values. Choices for each of these scales are shown in Table 4.3. N
Model B1 is particularly susceptible to gravitational disruptions, as the scales A; and A; are
taken to be relatively close to the Planck scale Mp ~ 102 GeV. In this model even exponential
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Minimum Values, SU2m+1)'xSU@)xSUQRm+1)"
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70 -60 =50 —-40 =30 -20 -—10 0
log;(p)

Figure 4.2: Minimum values for m, ¢ and r consistent with |§‘ < 107% are shown as a func-
tion of p;_4. For the first benchmark model with f, = 10'7 GeV, we show only values of
p 2 exp(—Mp/f,) ~ 107434 The f, = 102 GeV and f, = 10° GeV models are depicted using
dotted and solid lines, respectively.

suppression of the constants p; ~ exp(—Mp/f,) ~ 107* cannot account for the high quality of
the axion potential, and large values of N, ¢ and r are required. Models B2 and B3 have values
of fu S 10'2 GeV consistent with the axion dark matter hypothesis; with its smaller values of A,
and A;, model B3 is more adept at suppressing gravitational corrections.

In Figure 4.2 we show minimum values for m = ¥-1, ¢, and r consistent with |§| < 107 for
the SU(N)* x SU(4) x SU(N)" composite axion, as a function of the parameters p;. A wide range
is shown for p, to accommodate both exponentially suppressed and O(1) values. In the p; = O(1)
limit, the minimal gauge groups for the three benchmark models are:

Bl:  SU(23)" x SU(4) x SU(23)°
B2:  SU(9)® x SU(4) x SU(9)* (4.2.42)
B3:  SU(T)? x SU(4) x SU(7)*.

Naturally, if after SUSY breaking the scalar fields J; LR, T, Y, and K r do not acquire expectation
values, then the U(1)pq violation induced by W, affects the axion potential only at loop level,
and smaller values for N, ¢ and r are permitted. In the limit where p is exponentially suppressed,
6] < 107 no longer constrains m, ¢ or 7. Although Eqs. (4.2.35), (4.2.37), (4.2.39) and (4.2.41)
are valid only for m > 2, r > 1 and ¢ > 0, smaller values for m and r are shown in Figure 4.2 to
indicate where p is small enough that compositeness is no longer necessary.
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4.3 Dynamically Generated Wi ee

As described in Section 4.2, the SU(N)* x SU(4) x SU(N)" composite accidental axion has a high-
quality scalar potential and most of the important scales are derived from the confining dynamics,
with the exception of Mp in the tree-level superpotential. This is a relatively minor shortcoming:
f. is determined by the relationship between Mg, Aq, and 82 = (X)/(Y),

AN 1
13 ZQ‘MN - (62 612)’ (4.3.1)

and the scale Mg < Mp is added “by hand” in the tree-level superpotential. In this section we
show how the Mp term in Wi,e. can be dynamically generated by the s-confinement of an Sp(2N —4)
gauge group, so that all of the important mass scales are determined by strong dynamics.

A gauge theory with 2N quarks ¢ charged under Sp(2N —4) in the fundamental representation
s-confines [88] to form mesons M;; = eqt){)?, with the superpotential

Pt M

We break the SU(2N) flavor symmetry by gauging its SU(N); x SU(N )y = G1 X Go subgroup:

O— G e (1,0 Ui — (V1)g @ (¥2)5, (4.3.3)

where o and [ correspond respectively to the SU(N); and SU(N)y gauge indices. The meson
M ~ H decomposes into irreducible representations of G; x GY:

(¥1)a" (1) €ap

() (Wa)yew OB (¥2)2 (v2),” €ab
Ao )

—af
M — - ,
1 Ql AO 2 AO )

(4.3.4)

where Ag is the confinement scale of Sp(2N — 4). In terms of these operators the dynamically
generated superpotential is

PE(¢?) (A"

2N—-3 = A2N-3
Ag Ay

—2m—1 —2m-+1

Wq = MUQMY + MT_IQTM?_I AMQT M+ Q)

] . (4.3.5)

in the case where N = 2m+1 is odd. Combinatoric factors for each term in the expansion of Pf M

such as @le = det @, have been suppressed.
To match this theory with the A44Q 4+ NQ model, the M; and M, degrees of freedom must be
removed. This is achieved by adding the following matter fields charged under SU(N); x SU (N )s:

2A' +4Q + x + NQ, = 2(H, 1) @ 40, 1) @ (1,F) @ N(1,0). (4.3.6)

In the SU(N)¢ x SU(4) x SU(N)" composite model, the SU(4) and SU(N) family symmetries of
the @ and @, are gauged. The full matter content of the theory is shown in Figure 4.3.

Gauge-invariant operators of the form (A’¢)?) and (x13) can be added as marginal operators
in a tree-level superpotential:

Wtree = )‘i(A;’)alaQ (¢ ) (wl)azealfw + )‘OXIBLBZ (¢2> (w2)1326a1a27 (437>
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Figure 4.3: The matter content of the SU(N ) x SU(4) x Sp(2n) x SU(N)" composite axion model
is depicted in the moose diagram above, with Sps, = Sp(2N — 4). The SU(2) family symmetry
of the A’ fields is broken explicitly by the tree-level superpotential Eq. (4.3.7).

where the indices i, a, a and J correspond to SU(2), Sp(2N—4), SU(N); and SU(N )3, respectively,
and \; and \g are dimensionless coupling constants. After Sp(2/N — 4) confines, Wi, becomes

Wtree = AiAO(A;)alaQM?um + A0A0X5162M51ﬂ2- (438)

This is extremely convenient: in the limit where Ay > A;, the fields M;, Ms, x, and the linear
combination “(A] + A})” all acquire large masses and decouple. One linear combination of A} and
A, remains massless, which we define as A:

Ao A — MA,

A= G ,

(4.3.9)

with some normalization factor N.
The dynamically generated superpotential simplifies greatly when we consider the fact that
M and M have O(Ag) masses from Wiee:

ow ow

(9_14; = )\iAOMla W = )\OAQMQ. (4310)
After integrating out the heavy fields, the superpotential becomes
—N
@
W= AN (4.3.11)

Not only is this the desired tree-level superpotential for the composite axion model, but all of the
extra matter fields A’, y, M and My have decoupled, leaving only A and (), as infrared degrees
of freedom. In Eq. (4.3.1) Mp is replaced by Ag, so that

ANfl
Agl)v—?’ (52 + %) ‘ . (4.3.12)

Every important scale other than Mp is now determined solely by confining dynamics.
The nonzero Sp(2N — 4)2-U(1) g anomaly breaks U(1)p explicitly, as can be seen from the Wy
of Eq. (4.3.5). Although in principle the new fields x and A’ provide two additional anomaly-

free U(1) symmetries, these are broken by the tree-level superpotential Eq. (4.3.7), and only the
SU(N)L x SUN)gpxU(1)a x U(1l)e x U(1)g global symmetry remains. Introducing

—_9__ _ - m m— —m —m—1
(A7igs - q7) | (@) | (A"Q)A™'Q?) LA g 7°)
Miﬁ—? Mé\f—?) Mg—l MNfl

fo=2

- -

Wireo = (4.3.13)

r
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Sp(2N —4) | SU(N); SU(N)y SU(N)s SU(4) | SU2) | U(1)eq
(0 O O —2/N
Yo O O +2/N
A’ H 2 4/N
X H 1| —4/N
Q 0 0 N
Qs O O 0

Table 4.4: A subset of the matter fields in the Sp(2/N —4) model are shown with their Peccei-Quinn
charges. All of the non-Abelian groups except for SU(2) are gauged.

with My ~ Mgc ~ Mgr ~ M, ~ Mp is sufficient to give masses to the additional pNGBs. In
Table 4.4, the Peccei-Quinn charges of each field is shown.

Axion Quality: Of the new superpotential terms which break U(1)pq, the leading terms are

X Q2Q3 +Z Am pAQQ QQ1QQ Q)

Wg Mm+r 4 Mm+€ 1

(4.3.14)

As x has a mass of O(/Ag) and no expectation value, the x™ interaction has no tree-level effect on
the axion potential. The only effects are loop-induced and receive additional suppression.

One linear combination in the (A7 " A5Q) sum corresponds to the infrared operator (A"Q),
which has the expectation value (X;). This term is already included in the W, of Eq. (4.2.25).
Every other term in the sum includes a power of the massive combination (A A; + Ay As), which
has no expectation value, and is therefore less disruptive to the axion potential than the effects
already considered in Eq. (4.2.25).

Aside from the replacement of Mp by Ay, the quality factors calculated in Section 4.2.3 are
largely unchanged. Operators involving @, are the exception: now that Q, = 11102 /Ao, a suppres-
sion of Ag/Mp is added to the operators involving Jr and K, marginally improving Eqgs. (4.2.35)
and (4.2.37):

msMP‘ULM‘]R)‘ Ao\ (ALARY e (4.3.15)
P (1012 GeV)* Mp ) \ M{H" o
mleg <I?R>‘ A 2 A 2r
pr—a— (X)) (2R} < 107 (4.3.16)
(1012 GeV) Mp Mp

For many values of p; this decreases the minimum value for r by one, as can be seen from the three
benchmark models at p; = O(1):

Bl:  SU(23)" x SU(4) x Sp(42) x SU(23)?
B2:  SU(9)? x SU(4) x Sp(14) x SU(9)? (4.3.17)
B3: SU(7)* x SU(4) x Sp(10) x SU(7)2.

Alternate Confinement Order: Thus far, we have required that Ag > Ay, simply because the
dual of SU(N) : 2A +4Q + (2N — 4)Q with the tree-level superpotential Wiee ~ A@Q does not
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appear in the literature. In principle the infrared behavior of the 24 +4Q + (2N —4)Q theory with
Wiree # 0 can be determined using “deconfinement” techniques [76] and_ a sequence of dualities: a
similar calculation [92] has been completed for A + FQ + (N + F — 4)() with a superpotential of

the form W ~ A@Q.

Without calculating the degrees of freedom and the superpotential in the infrared dual of
SU(N) : 2A +4Q + (2N — 4)@, it is not known how the scale f, is set in the dual theory. If in
the Ag < Ay limit U(1)pq is still broken at the scale f2 ~ AY~*/AY™3 then f, ~ 10'2 GeV can be
achieved with much smaller values of Ay and Ay, significantly improving the axion quality.

4.4 Conclusions

In the composite axion model based on the gauge group SU(N)* x SU(4) x SU(N)", a U(1)pq
is spontaneously broken by the vacuum expectation values of the SU(4)-charged hadrons X; =
(AmQ) and Y} = (A™1Q?), simultaneously producing the QCD axion and breaking SU(4) to
SU(3).. All important scales in the axion model are generated dynamically from confinement, and
are naturally small compared to the Planck scale.

By calculating the disruption to the axion potential V[a] induced by Planck-scale effects, we
have demonstrated that the composite model is successful at preserving the quality of the axion
potential even when large expectation values are permitted for all of the U(1)pq-charged QCD-
singlet scalar fields. In realistic models incorporating SUSY breaking with positive quadratic terms
for these scalars such that no large expectation values result, the quality of the axion potential
will improve significantly for any given IV, £ and r, as the terms in W, disrupt the axion potential
to a lesser degree. It would be worthwhile to further investigate such constructions.

It is likely that the success of the SU(N)*x SU(4) x SU(N)" composite axion can be replicated
by embedding SU(3). within the SU(N)g flavor symmetry of the A + 4@Q + NQ model. In this
case U(1)pq will be more closely associated with the U(1)p flavor symmetry of Table 5.1 rather

than U(1)4, and the axion will be generated from a linear combination of (va) baryons.
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Chapter 5
A High Quality Composite Axion

The following is based on a previously published paper by the author and Tim M.P. Tait [3].

5.1 A New Hope

Axion models with sufficiently protected Peccei-Quinn symmetries have proven so far to be an
illusive target. Quite apart from the aspiration that an axion arises as an “accidental” consequence
of some simple extension to the Standard Model, most existing solutions to the axion quality prob-
lem are the results of clever and deliberate model-building. “Cleverness” as a pejorative term [8] is
certainly a valid criticism of the axion model developed in Chapter 4: after invoking the strongly
coupled Sp(2n) to generate the terms in the superpotential needed to instigate spontaneous U(1)pq
breaking, the moose diagram Figure 4.3 represents a theory that is substantially more complex
than the Standard Model. While we would by no means propose this as a rubric for aesthet-
ics, Figure 4.3 shows roughly one node for every order of magnitude in the strong CP problem
(]6] < 10710).

A much simpler and more appealing model is presented in this chapter, based on an SU(5) x
SU(5) confining supersymmetric gauge theory with local B — L symmetry. The Standard Model
matter fields and interactions are easily embedded, and we show that the axion quality is preserved
even with the addition of new fields. Certain mesons in the theory are identified as composite Higgs
fields, ameliorating the 1 problem of the MSSM by coincidentally generating a TeV scale value for
p~ f2/Mp. Gauge coupling unification is preserved, and the remaining non-Higgs mesons provide
composite messengers for gauge-mediated supersymmetry breaking.

These positive developments are natural consequences of the structure of the axion model, with
little to no additional model-building effort. Only the Higgs Yukawa couplings must be added “by
hand” to the superpotential to complete the MSSM: all of the undesirable baryon and lepton
violating superpotential operators are forbidden by the gauged B — L symmetry. Taking all these
beneficial qualities into account, we argue that the model described in this chapter represents one
of the most compelling known solutions to the axion quality problem.

5.2 The Composite Model

Before specializing to the SU(5), B — L model promised in the introduction, we present the
generic framework for the composite axion model as a solution to the axion quality problem, with
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Figure 5.1: Moose diagram indicating the charges of bifundamental matter fields @172 and (12
under the gauge group SU(N)p x SU(N)sy x SU(N)g x U(1)x and global SU(N); x SU(N),
global symmetries. The Standard Model SU(3). x SU(2), x U(1)y is a subgroup of Gj.

the generic results shown in Figure 5.2. The minimal SU(5) B — L version which fits so well with
the MSSM is developed in Section 5.2.2

Conjectured dualities [68,72] allow one to analyze the low energy behavior of supersymmetric
gauge theories. In particular, an SU(N,) gauge theory with N; = N, flavors of quarks (Q + @) in
the (anti-)fundamental representation is expected to confine at a characteristic scale A, such that
the low energy degrees of freedom are described by the gauge-singlet operators

—N

M = (QQ), B=(Q"), B=@Q"), (5.2.1)

subject to the quantum-modified constraint
det M — BB = A*. (5.2.2)

The constraint Eq. (5.2.2) guarantees that the global SU(Ny) x SU(Ny) x U(1) symmetry is
spontaneously broken, either by (M) # 0 or (BB) # 0. Similar behavior has been demonstrated in
theories with product gauge groups of the form SU(N)x SU(N)x...x SU(N) with bifundamental
matter [86]. We show that a composite axion emerges in a subset of these theories, with sufficiently
high axion quality.

We invoke the gauge group SU(N) x SU(N)sy X SU(N)grx U(1) x, where SU(N)gps contains
the Standard Model SU(3). x SU(2); x U(1)y either as a gauged subgroup or as an SU(5) grand
unified theory. The strongly coupled SU(N)y, g confine at the characteristic scales Ay, g > TeV, but
the Abelian U(1)y is weakly coupled'. The bifundamental fields @, , and Q2 have U(1)x charges
+1, as depicted in the moose diagram of Figure 5.1, with U(1)pq charges shown in Table 5.1.

Below the scales A; and Ag, the low energy degrees of freedom are described by the composite
operators satisfying equations of motion:

M=@Q) B-@) B-@
M = (Qng) B1 = (Q{V) BQ = (QN) A%{N =det M — BlBQ.

N —_ —_
A2 — det M — B, B
2) r e (5.2.3)

In the absence of a superpotential, this model respects the global SU(N); x SU(N ), symmetries
shown in Figure 5.1, as well the gauged U(1)x. There is also a conserved U(1)g, under which
the gauginos have charge +1 and all of the @172 and ()12 are neutral, which remains unbroken
everywhere on the moduli space.

In the regime where Gy is weakly coupled, there is another nearly exact global symmetry,
U(1)pq, which is broken only by the G2-U(1)pq anomaly. Due to the locally conserved U(1) x, there

!The axion construction leaves the charges of the MSSM matter under U(1)x largely undetermined. We explore
several alternatives below.
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SUN), |G, Go Ggr|SU(N) | U(l)x U(1)pq
Q, O B 1 —(1—a)/N
Q, O O -1 (1—a)/N
ON O 1 (1+a)/N
Q- O O —1 —(1+a)/N
M 0 0 0 0
M B 0 0
By N 1+«
Fl —-N 11—«
Bl N 1 +O./
Bs —N -1 -«

Table 5.1: U(1)pq charges and representations under the gauged G x Gy x G and the global
SU(N); x SU(N ), symmetries are indicated for the bifundamental quarks (upper half) and com-
posite operators resulting from G x Gg confinement (lower half).

is no unique assignment of Peccei-Quinn charges: rotations under U(1)pq can always be combined
with a global U(1)x transformation to define a new, equally valid Peccei-Quinn symmetry. This
degeneracy is parameterized by the parameter « in Table 5.1.

On the quantum-deformed moduli space described by Eq. (5.2.3), the global SU(N); xSU(N )X
U(1l)x x U(1)pq symmetry must be broken to a subgroup. Furthermore, if the low energy limit
of this theory is to approach the Standard Model, then it must be true that det M = det M = 0;
otherwise, SU(3). would be broken in the vacuum. The vacuum therefore must be engineered to
lie on the (B By) # 0, (B1By) # 0 branch of the moduli space, where U(1)x and U(1)pq are both
spontaneously broken, and the U(1)x vector supermultiplet acquires a mass by “eating” a combi-
nation of the chiral superfields. This is accomplished by including a term in the superpotential of
the form:

(Q2Q1) (Q1Q2)
M,

(5.2.4)

which after confinement generates a mass term for the mesons, W ~ uM M, lifting the mesonic flat
directions. If not otherwise present, this term is expected to be induced by quantum gravitational
effects.

A unique definition of the Peccei-Quinn charges emerges once U (1) is broken: by canonically
normalizing the kinetic terms of the (would-be) Nambu-Goldstone bosons of U(1)pq and U(1)x,
the parameter a of Table 5.1 is related to the vacuum expectation values (VEVs) of the baryons
as 2 =2 .2 2

kB el (5.2.5)
Ix

where

2 2

B;
o2 :2‘<—> : fr =01+ 05 +vi+ 03, (5.2.6)

2 N-1
AL

(B;)
AN

)

, v2:2’

and where the axion decay constant f, is
fo=1%(1-0a?). (5.2.7)
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With this normalization, a U(1)pq rotation by a phase 6 is achieved by the linear shift
a—a+0f,. (5.2.8)
Although the products v1v, and 9105 are set by the quantum modified constraints,
010y = 2|A7], v = 2|A%|, (5.2.9)
the values of the decay constants f, and fx vary along the flat directions within the allowed ranges
, < (5.2.10)

The case f, < fx is achieved in the limits A, > Ar or Aj, < Agr, as a — +1. Conversely, the
special case v + v3 = ©v? + v3 corresponds to f, = fx.

fx = 4[AT| +4]A%

5.2.1 Axion Quality

To examine the axion quality, we introduce operators characterized by Mp which represent an effec-
tive field theory description of the low energy residual effects of quantum gravity. It is convenient
to introduce a set of rescaled composite operators with mass dimension +1:

o @)

—N

@) 5 @)

- @)
AL AR ‘ Agfl

= AN_1°
Ap

B;

(5.2.11)

The effective gravitational superpotential violating all of the global symmetries takes the form:

=N N —N N —N., ,—=N N N -
W, = )\1_(%\14%)](\8; ) + Ao (%\Zéj(v% ) + A3 (C?\Zéjggé ) + M\ (%\Zéfv% ) + m <Q2QE\)4(PQlQ2) + ...
(5.2.12)
N—-1AN-1
- (Ajj\/[zljv\—:% > {)\1?131 + )\2?232 + )\33132 + )\43132} + o1 <AJ€4/?)R> MM + ... ,
P
(5.2.13)

with parameters \; and p; encoding the UV physics. Of the operators listed above, only the
two associated with A\; and Ay violate U(1)pg. All of the lower-dimensional operators such as
(Q5Q,)(Q1Q2) are neutral under U(1)pq, and thus not harmful to the axion quality.

In a supersymmetric vacuum, the leading U(1)pq violation appears with Mp" % suppression
in the Lagrangian: for example, within terms such as

2

OW 2 ANflANfl o 9
‘ 889 = ‘ []/ngi%g, })\181 +>\482’ ) (5214)
1 p
implying a perturbation to the axion potential on the order of
VAR
QY ~ M| ( ML R) ME(B1)(By). (5.2.15)
P

Taking Ap ~ Ar =~ f, ~ 10! GeV as a benchmark and ignoring O(1) factors, the quality factor

Q ~ |\ Ay] 10%8732N (5.2.16)
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satisfies the bound given in Eq. (??) for N > 3, even when the \; are O(1).
More serious perturbations to the axion potential emerge when supersymmetry breaking is
taken into account. Supersymmetry breaking induces an “A-term” potential,

AN—lAN—l . o .
— Ly = (?\42—]\,&> {A1>\16151 + Ao BBy + AzA3B1Bs + A4)\48152} + h.c, (5.2.17)
P

where the mass scales A; are in principle calculable once a particular mechanism of supersymmetry
breaking is specified. To remain agnostic concerning the details of supersymmetry-breaking, we
assume that the A; should be of roughly the same magnitude as the SU(3). x SU(2), x U(1)y
gaugino masses.

Both the A; and A, terms in Eq. (5.2.17) perturb the axion potential:

ANflANfl o a o a
5V(a) = 2—L 2N§3 {|A1)\1 <Bl><81>} COS (2— + (,01) -+ ‘Az)\2<82><62>‘ COS (2— + @2) } .
M fa Ja

(5.2.18)
Again taking Ay p & f, &~ 10" GeV, the constraint on the quality factor Eq. (??) can be written

as
NA; (100GevT 0 AAr \VT (BB
104 GeV Mp 1022 GeV? 1022 GeV?

for 7 = 1, 2, indicating that models with N > 5 are free from fine-tuning as long as the characteristic
scales Az g and f, are not much larger than 10 GeV.

In Figure 5.2 we plot the maximum values of \; consistent with Eq. (5.2.19), for given values
of f,, N, and the other parameters, with the simplifying assumptions A; ~ Ay and \; = Ay. It is
convenient to label the vacua with the following parameterization:

S1071V < 10776 (5.2.19)

x 2
tan f, = -2 tan By = 2 sin?2y = 14— 1 _ 2. (5.2.20)
v

1 U1 X

All of the dimensionful parameters except for A; and Mp are now expressed in terms of f,:

_ cosf _ sinfg
U1 = fa Vg = fa U1

cos f3r sin Br
=5 = = f
cos 7y 2cosy

- a = . as 5221
2sin~y 2 ZSln'yf ( )

so that the axion quality condition is expressed:

Qf. 12 N( in 23, sin 23 )% M Aq cos Br, cos Br 4+ Ao Ag sin Gy, sin fr
= . S1n S1n
M 8M32 sin 2y k g Mp

< 107%.

(5.2.22)

Because [ g label degenerate vacua on the moduli space defined by Eq. (5.2.3), particularly

large or small values of tan 51, g are typically unnatural. On the other hand, v is primarily deter-
mined by the ratio Ay /Ag:

AL sin 25L

tany = —
any AR sin2ﬁR’

(5.2.23)

so large or small values of tany are more easily tolerated from a naturalness perspective. As we
see from Eq. (5.2.22), the best axion quality is achieved for tan~y = 1, when f, = fx and A; = Ag.

We show the maximum tolerable A; & Ay as a function of f, for a few choices of N, tan 3, =
tan fg, and sin 2y in Figure 5.2. While effective field theory would suggest that generic theories
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Figure 5.2: Maximum values of A\; & Ay consistent with Eq. (5.2.22) for given values of f, and N =
4,5,6,7,8. The region to the left of each line indicates the axion models which return || < 107!
without any fine tuning. From left to right within each band of a given N, models are indicated
with: sin2y = 0.1, tan S, = tan g = 1 (thin, dashed); sin2y = 0.1, tan 5, = tan g = 10 (thin,
solid); sin2vy = tan 3, = tan 5, = 1 (thick, solid); and sin2y = 1, tan §;, = tan 8, = 10 (thin,
dotted). In each case A; ~ Ay = 105 GeV.

of quantum gravity should produce A\; 5 ~ O(1), in [39,40,43] it is argued that wormhole-induced
U(1)pq violation yields suppressed values of \; ~ exp(—S,,), where the wormhole action S, de-
pends logarithmically on the axion decay constant, S, ~ a—blIn A’;—‘; For typical cases the resulting
suppression in J); is modest: values as small as A ~ 1077 are achieved in [43] for f, ~ 10'% GeV. For
N = 5 such that Gy is large enough to contain the SM, O(1) \’s are consistent with f, < 10 GeV.

Generally, the high axion quality observed in Eq. (5.2.19) is preserved even when new fields
are coupled to the model provided that they are neutral under U(1)y. Problems arise if there are
fields S with U(1)x charges:

N N N
ds :iN’i57i57'..’iﬁ’ (5224)

for which case W, includes gauge-invariant terms SPB; o or SPFLQ for some power p < N.

5.2.2 U(l)B_L as U(l)X

From Eq. (5.2.19) we see the remarkable fact that for f, < 10" GeV and O(1) values in the
couplings \;, sufficient protection of the axion quality requires N > 5: precisely the right size to fit
the entire Standard Model within Gg. In this section we take Gq = SU(5) to be a global symmetry
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SU(B), | SUs SUy U()y | SUB)s | UM)p-1 | U(1)pq
MY s |3 1/3 0 0
M? | s 2 —1/2 0 0
MO 3 —-1/3 5 0 0
M3 2 1/2 5 0 0
Qr 3 2 1/6 +1/3 0
g 3 —2/3 ~1/3 0
dr 3 1/3 —-1/3 0
L 2 —1/2 +1 0
er +1 ~1 0
7 0 —1 0
By, B, 0 5q +1+a
By, By 0 ~5¢ | +l—-a

Table 5.2: Transformation representations of the superfields for the U(1)x = U(1)p_ model.

with a gauged SU(3). x SU(2)r, x U(1)y subgroup, and we identify U(1)x as the B — L symmetry
of the Standard Model. The mesons M(5) and M(5) decompose into irreducible representations
of SU(3) x SU(2) x U(1):

M(5) — MP(3,1)_1 & MP(1,2)

M(3) — M7(3.1), o M7 (1,2)

(5.2.25)

I

(5.2.26)

ol

Table 5.2 indicates the representations of the composites under the SM, plus three generations of
MSSM matter and three right-handed neutrinos necessary to cancel the U(1)p_; gauge anomaly.

The B — L charges of the baryons B; and B; are left in terms of a constant ¢ # 0 which
parameterizes their size relative to the canonical charges of the MSSM matter. While generic
values of ¢ are phenomenologically viable, certain choices would permit low-dimensional U(1)pq-
violating operators and spoil the axion quality. The problematic ¢ can be identified by considering
all of the low-dimensional SU(5)sy singlet operators with nonzero B — L charge:

Or)-1 On EMP) @My, (MUQuL)pys  (5.227)

where the subscripts indicate the B — L charge of each operator. Since none of these carry PQ
charge, the superpotential operator constructed by multiplying any of them by a baryon superfield
would violate U(1)pq unacceptably. To avoid this issue, we restrict ourselves to the cases where
q # x5z, forn=0,1,2,3,4, and also q # j:%.

Composite Higgs Doublets

The identification of X = B — L has positive implications for the superpotential, notably by
forbidding many of the operators that would mediate highly constrained B and/or L violation
such as proton decay [93]. The allowed low energy effective superpotential has the form:

W = gMP M+ ) MO MO 14,0 MDDt +90Q MY dg -y LM enty, M@, (5.2.28)
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containing mass terms for the doublet and triplet mesons, and Yukawa interactions for the doublets
with the MSSM matter.

The mesons H(Z) and M have the same gauge representations as the MSSM Higgs superfields
H; and H,. We take the economical route of interpreting the lightest W(Q) + M® pair of the
five flavors of SU(2); doublet mesons as composite MSSM Higgs superfields, which potentially
offers insight into the p problem of the MSSM. The terms in Eq. (5.2.28) descend from non-
renormalizable composite operators in the UV theory. In the case of the u terms, these operators
are dimension-4 and violate the U(1)r symmetry. If generated by quantum gravitational residuals,
the natural mass scale for y and g’ would thus be:

W, ~ (QzQﬁlez) . Aﬁ;R (m@) M L ™ M<3>) — ppl ~ AZ}X)R' (5.2.29)

This is u ~ O(TeV) for our benchmark choice of A & Ag & 10! GeV.

The Yukawa interactions of Eq. (5.2.28) similarly correspond to dimension five operators in the
UV. Realizing the large couplings necessary for the heavy quarks requires that they be generated
at a lower scale Mp < Mp:

W = y; QL(QIQQﬁZR + y&QL(@]\Z?l)JR /L(@2@1)6R

2.
o (5.2.30)

where y; ~ 1 requires Mr ~ Agr (and y, requires Ay is not much larger). Unlike the dynamics
generating the y terms, the Yukawa interactions are compatible with the U(1)g symmetry, which
allows for the disparate scales to remain technically natural.

The presence of the four additional M® and M in Eq. (5.2.30) poses a potential phe-
nomenological problem. In the absence of any additional structure, the y, ;. couplings of the
matter fields with the heavier SU(2); doublets will generally introduce flavor-changing neutral
currents (FCNC). A number of potential solutions exist in the literature. For example, by impos-

ing minimal flavor violation [94] on Eq. (5.2.30), the M® and M? can have masses as small as
a few TeV. Or, as we discuss in Section 5.3, a discrete symmetry can be imposed (even if broken
at Mp) to forbid the y, , . couplings for all of the mesons except for H,, and Hg.

Color-Triplet Mesons

ALAR>

As illustrated in Eq. (5.2.29), we expect that gravitational effects induce electroweak scale O( o

supersymmetric masses for each of the five pairs of ﬂ(g)./\/l(?’) color triplets. Generically, color
triplets with weak scale masses are very tightly constrained, especially because the interactions

Wiad ~ Qe ML + apMPeg + dgM® + MV apgM® + . (5.2.31)

if present, would mediate fast proton decay. Fortunately, every term in Eq. (5.2.31) is forbidden
upon gauging U(1)x = U(1)p_z. Thus, M® and M(?’) are distinct from the Higgs color triplets
which typically appear in SU(5) grand unified theories. In Section 5.3 we explore the possibility
that they could (along with the extra SU(2); doublets) serve as messengers for gauge-mediated
supersymmetry breaking.
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SU(), | SUs SU, U()y | SUB)y | U)x | U(L)pq
MY | s 3 1/3 0 0
M? | s 2 —1/2 0 0
MG 3 —~1/3 5 0 0
M@ 2 1/2 5 0 0
By, B, 0 5 +1+a
31732 0 -5 +1 — o
QL 3 2 1/6 +q 0
g 3 —2/3 +q 0
dg 3 1/3 —3q 0
L 2 —1/2 —3q 0
€Rr +1 +q 0
7 0 5q 0
H, 2 1/2 —2q 0
H, 2 —1/2 2q 0

Table 5.3: Charges of the matter fundamental superfields and Higgs doublets and composite
baryons and mesons in the “5/-3/1” U(1)x model.

5.2.3 Alternatives to B — L

In addition to B—L, there are a number of other acceptable anomaly-free U(1) x charge assignments
for the Standard Model matter. While none are as attractive as B — L, in this section we sketch
three alternatives: a “5/-3/1” pattern of U(1)x charges within each generation; every matter
superfield neutral under U(1)x; and a L; — L; model.

5/-3/1 Model

An alternative charge assignment is shown in Table 5.3: @1, g and ep fields have U(1)x charge
q; L and dp have charge —3¢; and the Uy has charge 5¢ to cancel the U(1)3.. anomaly. Forbidding
all U(1)pqg-violating operators of dimension less than 10 requires:
11 1 5 5
+1,+—, =, -, +—, +=
q % ) 2 ) 3 ) 4 ) 2 ) 3 )
but otherwise ¢ is a free parameter describing a family of models. With this charge assignment
the undesirable baryon and lepton number violating operators LH,,, LLér, QLdr and urdrdp are
all forbidden, and proton decay occurs via the dimension 5 operator W ~ tgtigdgrér/Mp.

Unlike in the B — L model, U(1)x forbids the mesons M and M? from having Yukawa
interactions with MSSM matter unless ¢ = 0. Thus, additional fundamental Higgs doublets H,+ Hy
with U(1)x charges £2¢ must be added to generate quark and lepton masses,

(5.2.32)

Wy = uH,Hy+ y,QrH,iig + yaQrHadg + y.LHaer + y, LH,Vg. (5.2.33)

As in the MSSM with fundamental Higgs doublets, there is no a priori reason for u to be at the
weak scale.

Renormalizable couplings between the mesons M and M and the MSSM fields are mediated
exclusively by gauge interactions. Direct couplings in the superpotential are suppressed, beginning
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with the dimension-7 operators (MM)H, Hy. Direct couplings which would allow the mesons to
decay entirely into the Standard Model depend sensitively on ¢, with the operators permitting
prompt decay also typically violating U(1)pq and forbidden by Eq. (5.2.32). As consequence, the
lightest mesons tend to have long lifetimes, and for some values of ¢ can be absolutely stable and
bounded by the strong constraints on colored or charged cosmological relic particles.

q = 0: Neutral MSSM

In the limit ¢ — 0, the MSSM decouples from U(1)x. This assignment allows for Yukawa inter-
actions between the mesons and MSSM matter, permitting M® and M(g) to play the role of the
MSSM Higgs doublets, with O(A,Ar/Mp) supersymmetric masses as in Eq. (5.2.29). However,
U(1)x no longer forbids the problematic operators of Eq. (5.2.31) or

Wiaa ~ LM® + LLég + QLdR + tipdrdg. (5.2.34)

Among the potentially disastrous consequences of W}, is a short proton lifetime. This problem is
averted in the MSSM by imposing a Zs R parity, which ensures that the superpotential respects
the B — L global symmetry. Upon imposing R parity or some other discrete symmetry on the
q = 0 model, the superpotential comes to resemble that of the B — L axion model in all respects
except one: if ¢ = 0 the right-handed neutrino is a singlet under the gauge symmetries, at which
point it can be safely omitted.

L; — L; Models

The Standard Model also admits anomaly-free U(1) symmetries for which charges not are uniform
across all three generations. The combinations of L, — L, and L. — L, are among the phenomeno-
logically interesting alternatives. Models of this type are typically consistent with a composite H,
and H,, but as in the MSSM, an R parity must be imposed on such models to ensure that all of
the B and L violating operators of Eq. (5.2.34) are forbidden.

5.3 Gauge-Mediated Supersymmetry Breaking

Beyond the usual MSSM superfields, there are relatively few additional light degrees of freedom:

e The four baryons B;, and B, contain at most two light fields in the (B;) # 0, (B;) # 0
vacuum. There is a chiral multiplet containing the composite axion.

e For U(1)x gauge coupling gy < 1, there is a U(1)x vector supermultiplet with a mass
mx ~ gx [x, where fx is typically ~ f,.

e The mesons M and M have O(AAgr/Mp) vectorlike masses. In the B — L model and its
variants, the lightest such SU(2). doublets are identified as the MSSM H, and H, leaving
four heavier M® + M@) pairs, and five color triplets M®) + m(g).
In this section we explore how these mesons may be utilized as messengers of supersymmetry
breaking.

We parameterize the supersymmetry-breaking in a secluded sector as a set of one or more chiral
superfields X; acquiring F-term expectation values,

(X) =X +6*Fx, (5.3.1)
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with Fx # 0. Introducing superpotential terms of the form W ~ XM(3’2)M(3’2) communicates
supersymmetry breaking to tEe_MSSM [95,96]. In the UV theory this superpotential originates
from dimension-5 operators (Q,Q;)X (Q1Q2)/M2, reducing in the IR to

rii [ ALAR ——3) 1 ,(3) i [ ALAR (2 4 4(2)

where the indices 7,7 = 1...5, for some scale Mg 2 /A, Agr which we take to be small compared
to Mp. It is convenient to absorb the factors of ApAg/M g into the definitions of g 3:

N5 = A&—?A;@ (5.3.3)
As with the Yukawa couplings of Eq. (5.2.30), the superpotential W respects a global U(1)g
symmetry under which the mesons M and M are neutral, and X has charge +2.

As discussed in Section 5.2.2, Yukawa-like couplings between the matter fields and the four
heavy M®) + ﬂ(z) may introduce unacceptable flavor-changing neutral currents. A standard
solution is to impose a “messenger parity” on the model, under which the Higgs H, ; are even, and

the messengers M ?3) and ﬂ@’g) are odd. Thus, the direct couplings between messenger SU(2),
doublets and the matter fields are forbidden, and the problematic flavor-changing neutral currents
are avoided.? Imposing this Z, symmetry reduces Eq. (5.3.2) to:

W, = A\ XM MY e\ X HH Y Y (AQJ’XW?”MP + AQJ’XME”M?’) . (5.34)

i=2...5 j=2...5

where, if the messenger parity is derived from the global symmetries of the quarks @y and Q,, we

take the SU(3). triplets ﬂﬁg’ and Mf” to be even under the 7, messenger parity.
Since the mesons come in complete SU(5) multiplets, gauge unification at a scale Mgyt is

preserved due to the fact that M® + M® and M(g) + ﬂm) form complete SU(5)sy multiplets.
Following [97], the gauge coupling strength agur at the unification scale Mgyt is modified by

N M,
(5@5%” — L Ut

5.3.5
2 X ( )

where Ny = N. = 5. Requiring that SU(5)gy remains perturbative up to the unification scale
imposes a lower bound on X
X z 10713 X MGUT ~ 2 TeV. (536)

In addition to Eq. (5.3.2), the meson messengers also acquire U(1)g violating mass terms from
the Planck scale effects, po3 ~ ApAr/Mp, leading to a scalar mass matrix:

( M Mias > ( (AosX + pi2,3)T (A2 3 X + pia3) (e 750! ) ﬁ%m)
(2,3) (2,3) Ao 3 Fx (A2,3X + pi23) (A2 3 X + p12,3)" Mz '
(5.3.7)

2The messenger parity is a discrete subgroup of the SU(5); x SU(5)s flavor symmetry, and can be derived from
the breaking pattern SU(5)1,2 — SU(4)1,2 x U(1) with Zy C Z4 C U(1), where H, 4 and the corresponding SU(3).
triplets are invariant under the action of Zj.
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Performing SU(4); 2 x U(1); 2 rotations on the fields M? and M@ the matrices (Ao X + p12) and
(A2 Fx) can be simultaneously diagonalized and made real:

M; = (Ao X + pia)ii, F; = (MNaFx)iis (5.3.8)

with eigenvalues M? + F;. This basis also diagonalizes the scalar mass matrix of ﬂ(g) and M®)
in the special case Ay = A3 and uy = p3 (but not in general). Positivity of the (squared) messenger
masses imposes a constraint on the F-term VEV of the superfield X:

2

Fx < % F 2 4 Ao X (5.3.9)
2

for each pair of A% and p% in the diagonal basis. Note that due to the compositeness of the
messengers, the couplings A\g 3 are suppressed by a factor AjAr/M2 which may be much smaller
than unity.

To produce the correct electroweak scale, the M? and F terms for H, and H; must coincide.
Taking /\é’1 ~ % and ,u;’l ~ %, this condition implies a relationship between the scales Mg,

X and Fx:

X M\’
~AAR|—+—" . 5.3.10
Fx LAR (Ms + ]\/[p> ( )
Taking the simplifying case A AR ~ f, ~ 10" GeV and Mg 2> f, in the limit X < 10° GeV,

Eq. (5.3.10) reduces to the condition /Fx ~ % An investigation of the extensions to the
composite axion model satisfying this constraint would be an interesting opportunity for future
work.

70



Chapter 6

Conclusion

In Chapter 5 we explored a composite axion model in which an accidental Peccei-Quinn sym-
metry naturally emerges as a solution to the strong CP problem. Gravitational perturbations to
the axion scalar potential are shown to be sufficiently suppressed in the N, = 5 model to permit
an axion decay constant of f, < 3 x 10! GeV, even under the pessimistic assumptions that su-
persymmetry breaking induces the most dangerous U(1)pqg-violating A-term potential, and that
the higher-dimensional operators representing quantum gravitational effects are parameterized by
O(1) coupling constants.

In addition to providing a satisfactory solution to the axion quality problem, this composite
framework is easily extended to any model of axion-like particles (ALPs) with masses much smaller
than the scale of spontaneous symmetry breaking.

The general SU(N ) x SU(N)g x U(1)x axion model allows the Standard Model matter fields
to carry nearly any anomaly-free U(1)x charge assignment without negatively affecting the axion
quality. In particular, attractive features emerge when U(1)x is associated with gauging the
Standard Model B — L global symmetry. The leading terms in the superpotential are those of
the MSSM, with none of the problematic B or L violating operators that would otherwise need
to be forbidden by invoking a discrete “matter parity”. Additionally, if the Higgs H, and Hy are
taken to be the lightest of the SU(2), charged mesons from SU(5);, and SU(5)g confinement, the
dimension-4 gravitationally-induced operator naturally generates an electroweak scale p term for
fa ~ 10" GeV. Other choices of U(1)x charge assignments share this feature, that the SU(2)r
charged mesons have the same quantum numbers as H, and Hy, and could therefore produce a
composite Higgs with a TeV scale p term.

The low energy phenomenology largely resembles the MSSM plus a chiral superfield containing
the standard QCD axion, axino, and a saxion. More unique are the presence of meson fields in
vectorlike color triplet and electroweak doublet representations. In theories in which the lightest
weak doublet pair are identified as the MSSM Higgs superfields, they will have ~ TeV masses. Their
detailed phenomenology depends on the U(1)x charge assignments and some choices of (perhaps
slightly broken) global symmetries, and their presence indicates that the Large Hadron Collider
could potentially uncover clues to higher scale physics. Alternatively, some of these fields could
play the role of messengers, leading to a picture in which supersymmetry-breaking is mediated by
gauge interactions.

Among the many opportunities for future work, some promising directions include developing
the supersymmetry breaking sector, explaining the pattern of Yukawa couplings in the MSSM, or
exploring the cosmological implications of the composite model in the early universe.
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Appendix A

Properties of the QCD Axion

These appendices originally appeared in [2], by the author and Tim M.P. Tait.

A.1 Axion Quality

To leading order in a, the QCD-induced axion potential V' (a) has the form
1 _
V(a) = Vo — §m2 (a+ f.0), (A.1.1)

which is minimized when (0) = (a/f, + 0) is equal to zero. It is convenient to define the shifted
field a = a + f,0, so that (0) = (a)/f,. Explicit U(1)pq violation elsewhere in the theory adds
corrections to V(a),

3V (a) = Qf! cos <ﬁ (J,_i + e‘) + 90) , (A.1.2)

which for small values of (#) is approximately

2
§Via) = Qf! (1 — % (l}—?) ) cosfy — Qf2 (l}—?) sin . (A.1.3)

As 0y is determined by the precise manner in which U(1)pq is broken, we do not assume that it is
smaller than O(1). Combining Eqs. (A.1.1) and (A.1.2), V(a) becomes

1
V(ia) = (Vo + Qf;‘ cos 60) - (ij’/@ sin 90) o — 3 (mi + Qf3/€2 cos 90) a?, (A.14)
so that the expectation value (o) shifts away from zero:
3 .
(@) = @ rsin by (A.1.5)

Cm2 + Qf2rZcosby’

Experimental measurements of (#) set an upper bound (a) < f, |@max|- Assuming |Opmax| £ < sin 6y,

the corresponding bound on @) is

m? O max]

< = : A16
@ 12 K |sin | ( )
Using m2 = m2 f2/ 2 and assuming £ sin 6y = O(1), Eq. (A.1.6) implies
12 4
Q<107 (%ﬂ) : (A.1.7)
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A.2 Axion Assignment in a General Vacuum

Suppose there exist many fields ®;, each with a Peccei-Quinn charge ¢;. Let us define the charge-
normalized expectation value

v; = ¢;V2(D;) (A.2.1)

for each field ®;. If there are n fields with nonzero expectation values, then let us define n — 1
fields 7; and the axion a, with the following assignment:

o, (% + (@ >) exp ( f (a+ a1n1)> (A.2.2)
0 = (G5 @) ) oxp (et o + o) (A2.9
Py = (% + <<I>3>) exp (fa (a+ym +yene + 73773)) (A.2.4)
o, : (QS:E + (@n_1>> exp (iq}:l @+ + .+l 1)) (A.2.5)
o, = (j% + (D, >) exp <f (a+alm+ ...+ afﬁlnn_l)) (A.2.6)

In the sequence above, the first appearance of each field 7; is in the phase of ®;. The field ®,, does
not introduce any new 7; fields.

Let us define the following (n — 1) constants:

v = f=m=b=...=a""=a"” (A.2.7)
Ty Yo=0=...=a"" =l (A.2.8)
T3 = 03=...= ozén_l) = ozgn) (A.2.9)
Tns = aly) =al, (A.2.10)
Ty = o) (A.2.11)

These equalities follow from the vanishing of the kinetic cross terms, which also give the following

relationships between the x; and {ay, 82,73, - . . ,a,(f:ll)
0 = 1+ 104 (A212>
0 = 1+4a]+ 325 (A.2.13)
0 = 1+a]+23+a373 (A.2.14)
0 = l14+ai+.. .+, +a 0. (A.2.15)

Finally, we require that the kinetic terms (9,,7;)* and (9,,a)? are canonically normalized. This leads
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to the remaining n constraints:

AL 1+oz2

v3 '

2

= = 1+ 22 + 63

U3

2

20— 1 qa? a2

U3

2 1
v2a = 1+x?+x§+---+$i_2+(aﬂ_l))2
n—1

f_f = l+ai+as+...+22_,+a2

o — 1 5 n—2 n—1-

These systems of equations have the solutions:

o St P
Uy f2 =i
g _ U2 =0t g 32
vi(fa — o) (fa — ot —o3)(fZ — D)
PR AU B R B |
vi(f2 — v —v3) (f2 —vi —v3 —v)(f2 — v —v3)
and so on. The general solution is
(agi))z J;f(fg_vf_vg_“-_vg)
VI(f2—vf—vi—... —vly)
z; = 2 _ .2 QU?fg 2 _ .2 2\
(f2—vi—vi—.. =) ([ —vi—v3—...—vi,)

fori=1...(n—1). Each OéZ@ and z; must also obey

Ozz@a:i <0,

but the signs of (¥ and z; are otherwise arbitrary.
Finally, the axion decay constant is:

2= vi+ui+.. R+l

a
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(A.2.22)

(A.2.23)
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Appendix B

S-Confining Product Gauge Groups

This appendixz originally appeared in [1] by the author.

B.1 Derivation of classical constraints

In this appendix we find the classical constraints between gauge singlet operators in the A+4Q+NQ
model, along with the coefficients in the dynamically generated superpotential. It is useful to
consider a particular non-trivial solution of the D flatness conditions.

B.1.1 D-Flat Directions

The auxiliary gluon scalar fields have interactions from the Kéhler potential given by V = %D“D“,
where

D= —yg (Q:“(Tﬁ)ﬁ% +qQ (T%)g@? + A*ﬁo‘(Té)gfﬂA&) . (B.1.1)
Ground state solutions are given by D*D* = 0. Equation (B.1.1) can be simplified by replacing
T and TH with T4:
(T8)5 = —(T)a. (T ais = (T5)ad% + 00 (T1)5- (B.1.2)
With this substitution, we may write D* as

D' — —g (Q;an ~-QQs + 2A*°”A,yﬁ> (T)°. (B.1.3)

The indices i and j refer to SU(4), and SU(N)g, respectively, while o, 5 and 7 correspond to the
gauge group. The generators 79 span the set of traceless N x N matrices, so if the fields satisfy

Q°Q% — QTQ% + 24 Ay = pss (B.1.4)

for any constant p, then D® = 0. It is useful to define the matrices d, d, and d as follows:

v e ]

df = Q7*Qj, a5 =Q; Q5 , (da)g = A7 A, (B.L.5)
so that Eq. (B.1.4) can be written as
df — df +2(da)§ = pdj. (B.1.6)
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Each d term defined above is invariant under the SU(4), x SU(N)g flavor transformations.

By rotating the SU(N) color basis, it is possible to block-diagonalize the matrix A such that
the only non-zero entries are Ay = —Ag = 0y, Asy = —Ay3 = 09, etc. For even SU(N = 2m),
this continues until 0, = Ay_1 y. In this basis, the d4 matrix is diagonal and equal to

(da)§ = Diag(|o]*, o], |oal*, [oal”, - - lowl”, low|*), (B.1.7)

with PfA = 0105...0,,. Forodd N =2m +1, 0, = Ay_on—1, and Ajy =0forall j =1...N.
The d4 matrix is again diagonal, but with (d4)¥ = 0.

(da)§ = Diag(|o1|?, [o1[*, |02, |o2]?, - - - [oml|?, low?, 0). (B.1.8)

The Pfaffian, Pf A, is not defined for odd-dimensional matrices.

It is not generally possible to simultaneously diagonalize d4, d, and d. This is a departure from
SUSY QCD: in this case, if d is diagonal, then df = dj + pdj must also be diagonal. Once dy is
added, this condition is relaxed.

B.1.2 Special Cases

In this section we consider the (¢) > A limit along particular flat directions in which d4, d, and
d happen to be diagonal. Let us begin with the N = 2m case:

0 o1 U1 0

—o1 0 0 vy 0 v 0

0 o 0 vy O 0 vy

A= —09 0 , Q: 0 wm , @: 0
: 0 0 0 0
0 o, : :
—o, 0 0 0 0 0

(B.1.9)

In this vacuum, the matrices d4, d and d are:

dA = Dlag (|Ul‘2>|Ul‘2>|02‘27’02‘27~"7‘0m‘27’0m’2) (Bll())
d = Dlag (|U1|2,|U2|2,|1)3|2,|U4|2,0,...,0> (Blll)
J = Dlag (|@1|27|@2|27’@3|27"'7|@N—1|27|T)N|2) ) (B112>

subject to the constraint

d® —d* +2(da)% = p. (B.1.13)
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In the classical limit, the gauge-invariant operators are

U101 0
0 Vg9 0
0 U3V3 0
J = 0 V44
0 0 0 0
0 0 0 0
0 Via 0 0
| -vie 0 0 0
Vo= 0 0 0 Va4
0 0 —V3 O
where we define
‘/12 = ('U1U2)0'20'3 O

fori=1...m.

0 01
-0 0
0 (o)
, K = —6'2 0
0 o,
by 0
U = 0109 ...0m
5 w = V1UV2030V403 .. .0
Z == 1_}11_)2’1_13...1_)]\7,
Vay = 01(v304)03. .. 00, O0i = 0iU2;1V2;

Y

(B.1.14)

(B.1.15)

(B.1.16)

In the N = 2_m + 1 case we add a row and column to A, with A, v = Ay = 0 for all o« and
B. The form of @Q is left unchanged, but we add a nontrivial N** row to Q% with entries ¢* # 0.

With these modifications, the matrices d4, d and d become

da
d Diag

d

[

Dlag (|Ul|2 ; |0-1|2 ) |0-2|2 ) |0-2|2 P |0-’rn|2 ) |O-TI’L|2 70)

|Ul|2 ) |U2|2 ) |U3|2 9 |U4|2707 cee ’O’Z |q2|2>
)

and the gauge-invariant operators are

?711}1 0 0
0 @21)2 0 _6—1
0 U3U3 0
0 2_141}4
J=1 0o o o o |+ K=
0 0 0 0
UNQ1 UNG2 UNG3 UNQa 0
1=1:
X' = o0109...00G v 1=2:
Z = 0p...0n ) i=3:
1=4:

7

Diag (|01]*, [02]”, 03], .., [on-1]”, [On )

01U30V403 ...0p0(2
—01V3V403 ...00pm 1
V1V20203 ...0)(Q4
—UV1V20203 ...0)M(3

(B.1.17)
(B.1.18)

(B.1.19)




Classical constraints The dynamically generated superpotential has the form W ~ AN=2Q*QN.
For odd N, there are three ways to contract the gauge indices:

@ i 1 dN Y i is i
Wd = F (X }/;Z + ,8161'1”.2'4€J IN X (Kj1j2 P KJ'N—4J'N—3)Jj12\],2‘]ij,1Jj?\/
+ﬁ2€j1ijY;(Kj1j2 s KjN—sz—1)J]Z:N)7 (B'1'22>

while for even N there are five terms:

- iviz rigia i1 is
Wd = F (UWZ + ’}/161'1,“1'4‘/ VASIE A + 72€j1-..jN€i1~..i4U (KJIJQ Ce KJ'N—5,]'N—4) <JjN73 Ce JJN)
+’}/3€j1ij€il.“i4vi1i2 (Kj1j2 .. Kijs,jN72) (J]Z?\f—ljjlfv) + 74WPfK> (B123>

The relationships between the coefficients are determined by matching the equations of motion
from W, to the classical constraints on the operators.
In the classical limit for even N, it follows from Eq. (B.1.15) that

PtV = ‘/12%4 = (0’10'21)11)2’03’04)(0'3 ce O'm)2 =U- Z, (B124>
for example, so that
1

Applying this technique to other products of gauge invariant operators, we find

1 1
2T T om=2 (g — 2)lal” V= i — ) B ( )
For odd N the relevant classical constraints have the form
X'Z = =B IN(Kjy o Ky iy 1) (B.1.27)
}/;Z = _Bleii2i3i4€]1mﬂN(Kj1j2 R KjN—4jN—3)J;12v_2J_;?v_1J;;‘ (B128)

Based on Egs. (B.1.20) and (B.1.21),

Y;Z = (0'11]31}40'3...JmQQ)(171...’UN), (B130>

which when matched to the corresponding products of J and K imply that

1 1

= — - B.1.31
b 2m=1(m —1)13” b= =i ( )

In both cases the overall constant « has no effect on the equations of motion, and cannot be
calculated from the classical constraints.
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