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Abstract

This thesis is dedicated to construct a non-abelian holographic dynamical minimal composite
Higgs model. We first build a non-abelian bottom-up AdS/YM model that can explain the QCD
meson spectrum well. The model is made non-abelian by considering non-abelian DBI action in
the top-down model. We then change the dual theory from the QCD to the minimal composite
Higgs model U(4)/Sp(4). By adding a second explicit U(4) — Sp(4) breaking through the NJL
interaction at the boundary, we managed to construct a composite Higgs phase and a technicolor
phase in this model. The transition between the two phases is also realized, which is controlled

by the NJL coupling. This thesis is based on the works [1} 2].



Zusammenfassung

Diese Arbeit konstruiert ein nicht-abelsches holographisches dynamisches minimales Composite-
Higgs-Modell. Wir erstellen zunéchst ein nicht-abelsches Bottom-up-AdS/YM-Modell, das das
QCD-Mesonenspektrum gut erkldren kann. Das Modell ist nicht-abelsch, da die nicht-abelsche
DBI-Wirkung im Top-Down-Modell beriicksichtigt wird. Anschlieflend &ndern wir die duale
Theorie von der QCD auf das minimale Composite-Higgs-Modell U(4)/Sp(4). Durch das
Hinzufiigen einer zweiten expliziten Brechung U(4) — Sp(4), das die NJL-Wechselwirkung
an der Grenze durchbricht, konstruierten wir in diesem Modell eine Composite-Higgs-Phase
und eine Technicolor-Phase. Auch der Ubergang zwischen den beiden Phasen wird realisiert,

welcher durch die NJL-Kopplung gesteuert wird. Diese Arbeit basiert auf den Arbeiten [1} 2].
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Chapter 1

Introduction

The discovery of the Higgs boson at the LHC in 2012 [3, 4] found the last missing piece of the
standard model (SM). Even though the standard model has provided an elegant mathematical
tool that could explain most of the experimental data, it is known that the standard model
alone is not the end of the story. The SM fails to provide a candidate(s) for the dark matter
(DM). The neutrinos are predicted to be massless in the SM, where it has been found and
verified by the experiments [5, 6] that the neutrinos are massive. The quarks’ flavor hierarchy is
also not explained, where it is unnatural that the lightest quark is only a couple of MeV where
the heaviest one is 173 GeV [7]. Not to mention that the standard model only describes three
fundamental forces, where the gravitational interaction that we see and feel in everyday life is

not contained.

The most infamous problem the SM fails to explain in particle physics is the hierarchy problem.
The electroweak symmetry breaking (EWSB) is well explained by the then discovered Higgs.
But the Higgs model is more of a parametrization than a defining theory of the EWSB, since
the origin that generates the EWSB dynamically is still unknown. Aside from that, being an
elementary particle, the Higgs boson is not protected by any symmetry. The consequence follows
is that the Higgs mass receives a radiative correction that is a function of the energy scale. This
is then unbounded if the energy is set arbitrarily high. How would the EWSB scale be stable

comparing to much larger scales is not explained.

There has been attempts to resolve the hierarchy problem. The proposals usually modify the
symmetry that the theory describes. The most famous attempt in the past decades is the

supersymmetry (SUSY), which includes symmetry between the bosons and fermions. Due to



this extra symmetry, the cancellation of the contributions from the fermions and the bosons
protects the Higgs mass and makes it naturally light. Even though it’s a mathematically elegant
theory, the searches for SUSY particles at the colliders haven’t been succeeded. This sets bounds
on the SUSY particles’ masses higher and higher, making SUSY gradually less attractive for
physicists in the past decade.

Aside from the SUSY, all the other attempts assume certain compositeness of the Higgs boson
[8], whether it’s QCD (quantum chromodynamics) pion inspired composite state or in the sense
of string theory. The extension that is analog to the QCD pion is the technicolor (T'C) model [9,
10]. It considers EWSB to be a scaled-up QCD theory which is a simple and elegant extension
of the SM. However, the drawback of the TC is the absence of the scalar field, the Higgs. The
technicolor models also suffer from producing FCNC (flavor changing neutral currents) processes
that are not observed in the experiment. An economical way to resolve these problems from both
the Higgs model and the TC is to combine them together. The Higgs boson in this frame is no
more elementary, but a composite state made of fermions from an extended strongly interacting

sector. This is the so-called composite Higgs (CH) model, which is the main topic of this thesis.

The composite Higgs models, also the technicolor models, utilize an extra strongly coupled
sector. This sector introduces extra fermions, the so-called hyperquarks, that are charged under
certain symmetry group assumed in this sector. Given that the new particles are strongly
coupled, for low-energy effective theory the perturbative calculations are not viable. An old
alternative theory of the strongly interacting theory — the string theory — provides answers

to this problem.

String theory was born in the 1960s as a theory to explain the strong interactions in particle
physics where the strings are initially postulated as “flux tubes“. Later as the QCD theory was
developed and became the theory for strong interactions in particle physics, the study on string
theory in explaining strong dynamics cooled down for about two decades. Physicists’ interests
on this subject boost again after the famous paper by Maldacena [11] in 1998. In that paper,
dualities between strongly (conformal field theory, CEF'T) and weakly coupled theory (gravity) are
postulated, by identifying the theories on the two limits of the D3-branes. The most intensively
studied version of the duality is the AdS;/CFT,, which states the IIB supergravity living in the
AdS5xS® space is dual to the NV = 4 super Yang-Mills theory (SYM), i.e. a four-dimensional
CFT, living on the boundary of the AdSs, which is a flat 4D Minkowski spacetime. Other
variants of the AdS/CFT (anti de-Sitter, AdS) correspondence are Ad;/CFTg, Ady/CFTs,
Ad3/CFTy and Ady/CFTy [11},12].

10



This soon stimulated researches in various fields. The AdS/CFT correspondence is generalized
to the gauge/gravity duality, where the dual field theory becomes a general gauge theory, which is
not necessarily conformal. It is widely applied in condensed matter physics which later becomes
the AdS/CMT (condensed matter theory) correspondence. This is a very active research field,
where such correspondence are used in studying high-temperature superconductors [13] [14],
strange metal [15], superfluid [16] etc., see also [17] |1§]. It also leads to the birth of the SYK
(Sachdev-Ye-Kitaev) model 19} 20], which is involved in studying non-Fermi liquid [21] and

even realizing traversable wormhole on tabletop [22, [23].

One of the active research field of the AdS/CFT correspondence, or more precisely the gauge/gravity
duality, is the particle physics. It brings the string theory back to the origin, i.e. to explain
the strongly coupled sector of the SM, and generally a strongly coupled sector in beyond stan-
dard model (BSM) models. Initially the precise form of the duality is used in model building,
i.e. the dual field theory is conformal. The open string modes living in the world volume of
coincident N Dp-branes transform in the adjoint representation of the U(N) gauge theory. To
implement matter fields in the fundamental representation, extra Dg-branes are needed [24].
The open strings between the Dp- and Dg-branes transform in the fundamental representation
of the U(N) gauge group. Adding just the fundamental matter is not enough. To reproduce
the special features — confinement and chiral symmetry breaking, different geometries are con-
structed on the gravity side, for example [25-28], and more references see section Such
models involves the D3-stack/D7-probe set up based on the IIB superstring theory [24}, 29-31]
and the Sakai-Sugimoto model (D4-D8-D8) [32-38] based on the ITA superstring theory. These

models originate from supersymmetry theories, therefore contain more states than the QCD.

Another approach is from the bottom-up. The so-called AdS/QCD model was first proposed
in [39]. This model takes the common property of the top-down models, constructed the dual
gravity theory of QCD on the AdSs. It assumes a chiral symmetry that is spontaneously broken,
the vector fields in the bulk are implemented in a hidden-local symmetry way [40], such that
they are dynamical fields in the bulk and dual to the vector mesons in the QCD. This model
takes only three free parameters, but is able to make a rough prediction of the meson spectrum

which makes it a powerful alternative of lattice QCD.

The bottom-up model is much easier to apply on model building, since one no more needs to
consider complicated brane architectures to get the dual gauge theory right. The cost is that
the result is only an approximation. For AdS/QCD model, the error is usually at 10-15% level

[39], which is already a good estimation. Thus bottom-up models are actively used in BSM

11



model building, such as technicolor [41-47], composite Higgs [48+53|, neutrino physics |54} 55],

dark matter and dark energy [56], see also [57] and references therein.

This thesis aims to construct a holographic composite Higgs model, which contains two phases
— the composite Higgs phase and the technicolor phase — and the transition between the two.
In that, we first constructed a non-abelian AdS/YM (Yang-Mills) theory, non-abelian in the
sense that the flavor symmetry of the dual field theory is made explicitly by considering the
non-abelian Dirac-Born-Infeld action (DBI action) and imposing different boundary conditions
for the flavor branes in the gravity dual. As a first test, we compared the meson spectrum
predicted by our model with the QCD data, which shows a good agreement. The same technique
is them applied to the construction of the holographic composite Higgs model mentioned above.
Both of the two phases and their transition is realized. The symmetry breaking pattern is
U(4) — Sp(4) — SU(2) x SU(2). This involves two different U(4) — Sp(4) breakings, the first
one comes with the holographic model, realized in the similar way as the AdS/QCD. The second
is introduced by inserting the NJL (Nambu-Jona-Lasino) interactions at the boundary. After a
unitary transformation, such a construction finds itself to be simply a non-abelian holographic
model that we constructed in the first place. We computed the bound states’ spectra and decay

constants. The results show that the transition between the two phases are highly fine-tuned.

The structure of this thesis is organized as follows. It contains two parts. The first part is the
theory part. In this part we review the necessary theory backgrounds that will be used in the
research part. Our research involves mainly two theories — the composite Higgs models and
the gauge/gravity duality. Both of them cover a vast range of topics. We will only review the
basics and focus more on the related topics that are relevant to our research. The fundamentals
of the composite Higgs models are reviewed in chapter 2] especially we review the 4D field
theory composite Higgs model that we made holographic in the research part in section [2.3
Other holographic composite Higgs models are also briefly discussed. In chapter |3| we review
the AdS/CFT correspondence and more generally gauge/gravity duality when applied to the
particle physics. We discuss both the abelian top-down and bottom-up holographic models and
set our conventions for later parts. Especially we discuss realizing confinement, chiral symmetry
breaking and inserting NJL interaction terms on the boundary in the holographic models in this

chapter.

The second part is the research part. It contains also two chapters. In chapter [4] we introduce
our work that published in [1]. In that we first reviewed a non-abelian top-down D3/D7 model,

and constructed a bottom-up model along this line and tested it against the QCD data. We

12



developed the numerical tool that could cope with the coupled equations of motion that appear
frequently in the non-abelian holographic models. We show at the end of this part that we have
constructed a non-abelian dynamical AdS/YM model. In chapter [5| we apply this AdS/YM
model to a U(4) — Sp(4) global symmetry breaking composite Higgs model that we reviewed
in chapter This chapter introduces the work that we published in [2]. We first look at
the degenerate case, which corresponds to a U(4) — Sp(4) composite Higgs model. Then we
look into the case where the flavors are no more degenerated. It’s role becomes clear when we
add a second U(4) — Sp(4) symmetry breaking through inserting the NJL interactions at the
boundary. In the end, we are able to realize a holographic model which manifests a transition
between a composite Higgs and a technicolor model. In chapter [6] we make our conclusions and

discuss the outlook of our work.

We put the supplementary materials in the appendices. In appendix [A] we show explicitly
the calculations in the non-abelian top-down model. Similar calculations are performed in the
bottom-up model and automatized with Mathematica. Therefore we only show the calculation
once and list the equations directly in the later parts. In appendix |[B| we review the imple-
mentation of the dynamical running introduced in section In appendix [C] we derive the
equations of motion for a general parametrization in the non-abelian bottom-up model, to moti-
vate the parametrizaiton we adopted in the main text. The resulting equations of motion using
the adopted parametrization is shown in appendix [D] and appendix [E] for two- and three-flavor
QCD, respectively. In appendix [F| we work out explicitly the relation between the Am? and
A that show up in the holographic composite Higgs model we constructed in chapter In
appendix [G] we list the equations of motion when adding the NJL interaction in the holographic

composite Higgs model.
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Chapter 2

Composite Higgs Models

In this chapter we review some fundamentals of the composite Higgs models. Topics like CCWZ
construction [58,|59| that is important in building a CH model from possible symmetry breaking
patterns, possible modifications to resolve certain model dependent problems, current bounds
on specific BSM particles will not be discussed. We will start from its origin in the technicolor,
introduce the basic idea of CH in section and move to a minimal composite Higgs model
in section to see how the physical quantities are calculated. Then we will introduce another
minimal and viable composite Higgs model in section that is made holographic in the later
research part in chapter [5l At the end of this chapter, we will mention briefly the holographic
extensions of the composite Higgs models in section Some of the content in section is based

on [60/{62]. Further reviews see also [63].

2.1 General Idea

The Higgs model is an economical way to explain the EWSB by just adding a weakly interaction
scalar singlet under the EW (electroweak) gauge group. At leading order the Higgs is a light
scalar, this makes the theory calculable and compatible with the electroweak precision test.
However, it’s mass is not protected by any symmetry, in that the Higgs boson’s potential is
sensitive to BSM physics. This hierarchy problem is a long-time puzzle that is not solved until

now in the standard model.

Before the Higgs was discovered, another type of model also provides interesting explaination to

the EWSB. It’s the so-called technicolor model [9, [10], for systematic reviews on this topic, see
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[64H66]. This type of model assumes that the EWSB could be a scaled-up QCD. The starting
point is in the chiral limit, to let the QCD vacuum break the EWSB at a scale F; = v = 246
GeV through the interaction of the EW gauge bosons with the hyperquarks. The constant
F is analog to the pion decay constant fr = 93 MeV. Also the Higgs boson is removed from
the model. However, the EW gauge bosons W and Z are not massless, since due to the Higgs
mechanism, the massless QCD pions are eaten and become the longitudinal components of the
gauge fields. The QCD pions are composite states of the elementary quarks. In this way, the W
boson receives a mass of about 29 MeV. This is of course too few comparing to the measured
W mass. In general one considers an extended technicolor sector with a global symmetry
SU(2)r x SU(2)r with the gauge group SU(Np¢). Then the Goldstone bosons (GBs) that
becomes the longitudinal parts of the gauge bosons are linear combinations of the pion and
the techni-pion from the new sector, with the mixing angle tana = f;/F;. The gauge bosons
W and Z will get much more massive since the mixing is dominated by the TC-pion, since

Fr > fr.

Technicolor theories solve the hierarchy problem by giving a dynamical origin of the EWSB, in
the same way as the QCD scale is generated. But it has several drawbacks. The technicolor
models fail to keep the Peskin-Takeuchi S parameter [67], 68] in the correct range constraint by

the EW precision tests. The Peskin-Takeuchi S parameter is defined to be 68|
S = —4r (I, (0) — I 4 (0)) (2.1.1)

where ITyy and I14 4 are the vector-vector and axial-axial (axial-vector) correlators, respectively.

The TC predicts an S parameter about 1 where the current bound is [7]
S<0.14 @ 95% CL. (2.1.2)

Another failure is related to the generation of fermions in the TC models. Different families
of fermions are embedded in the same extended technicolor group, this violates the CP and
leads to FCNC processes that set constraints on the energy scalesﬂ The walking technicolor
model was proposed to resolve this problem, but this idea leads to problems like the anomalous

dimension of the fermion mass operator isn’t large enough |71].

!The problem with FCNC processes is typical in the one family model with extended techni-color (ETC)
group [69]. Additional terms contribute first to the K — Kg mass difference that is accurately measured and
second, to the y — eée, ey, which is not observed. Having the FCNC processes suppressed requires an ETC scale
~ 10® TeV [70]. This will in turn lead to a mismatch of the top quark mass. Review see for example [71]. Adding
scalar to TC models see |72H75|
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Both of the attempts face different challenges when trying to explain the origin of the electroweak
symmetry breaking. The Higgs model is confirmed by the discovery of the Higgs boson at the
LHC, but it suffers from the naturalness problem. In the meanwhile the technicolor models
can’t find a balance between the solving the naturalness problem and having FCNC processes
under control. Also it does not contain a light scalar that can be identified as the already found
Higgs boson. A new type of model must be constructed that contains a naturally light Higgs

boson while can explain the dynamical origin of the EWSB.

Clearly, combining the two ideas of the Higgs model and the technicolor is a natural and
economical candidate of such a model. If the Higgs is a pseudo Nambu-Goldstone boson (pNGB)
of a broken symmetry, then it’s mass can be naturally light. This is the idea behind the
composite Higgs model. First brought up by Kaplan and Georgi [76-78], the CH model considers
an extra strongly interacting sector, like in the technicolor models. This new strong sector has an
global symmetry G. This global symmetry group is sponatenously broken down to a subgroup
H at the energy scale f. The degrees of freedom (dof) from the coset G/H give rise to the
Higgs and longitudinal components of the W and Z bosons. At this stage the Higgs is still an
NGB. The standard model particles are considered to be external of this strong sector. If gauge
the subgroup Hy C G with the SM EW gauge group and the composite operators are in the
complete representation of the global group, the interactions between the SM gauge bosons and
the extended quarks from the new strong sector will break the global symmetry G explicitly.
This generates a Higgs potential at 1-loop that triggers an EWSB at the energy scale v = 246
GeV.

The spontaneous and explicit breaking happen at different energy scales f and v, their ratio
¢ = sin? f/v characterizes the vacuum misalignment. Unlike the TC, these two scales are
separated in the CH models. In the limit £ — 0, the CH model becomes the Higgs model. In
the other limit £ — 1, the CH model is a technicolor model plus a light scalar field. Usually the
realistic CH is defined with a small £ < 1.

The choice of the global group is constraint by the experimental data. To protect the Peskin-
Takeuchi S and T parameters, the invariant subgroup H must contain the custodial symmetry
SU(2)cus P79). Also the invariant subgroup must contain the SM EW group SU(2)r, x U(1)y

as a subgroup. The coset must contain one SU(2)y, to allow a Higgs doublet in the model. For

2This symmetry is an unbroken global symmetry in the Higgs sector which relates the charged current interac-
tion with the neutral current interaction in the weak interacting sector. The four components of a Higgs doublet
has a SO(4) symmetry before spontaneous symmetry breaking. When the Higgs acquires a vev, this SO(4) is
broken down to an SO(3) ~ SU(2). This SU(2) is the custodial symmetry.
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a general non-abelian global flavor symmetry with any gauge group having Dirac fermions, the
symmetry breaking pattern is limited by the reality of the representation of the Dirac fermion
[80]. If the fermions are in the real or pseudoreal representation, then the global symmetry is
bound to be SU(2Ny) with Ny the number of flavors. One can rewrite the Dirac fermions as 2Ny
Weyl fermions w{ , f=1,...,2N;, and the simplest condensation is w,{ wf,, If the fermions are in
the real representation, then the global symmetry is broken down to the SO(2Ny) subgroup. In
this case, the invariant product is in the symmetric 2-index representation of SU(2Ny). If the
fermions are in the pseudoreal representation, the symmetry breaking pattern is SU(2Ny) —
Sp(2Ny), with condensates in the anti-symmetric 2-index representation. If the fermions are in

the complex representation, the global flavor symmetry can only be SU(Ny) x SU(Ny).

Based on this discussion, one of the minimal composite Higgs model would have the direct
global symmetry breaking as SU(4) — SO(4). However this breaking doesn’t provide a GB
Higgs which makes it not favored for constructing composite pNGB Higgs model. But it’s
still interesting for technicolor models and lattice studies. The other minimal model will be
SU(4) — Sp(4). This model contains a composite pNGB Higgs and is the minimal model
that we used in the later research. We will review its model construction in section 2.3l Aside
from these models, one can also have SU(5) — SO(5)E| and SU(6) — Sp(6), where both models
provide 14 GBs. For complex representation, the minimal construction would be SU(4) x SU (4),

which has 15 GBs in the coset, provides two Higgs doublets, one triplet and four singlets.

We have only listed the minimal composite Higgs models that have fermions in the fundamental
representation of the gauge group. If the fermion masses are explained through the partial
compositeness, then the models are further classified depending on the gauge symmetry of the
strong sector and different representations of fermions that can form invariants. These mod-
els are named with M; — My in [86]. They are particularly interesting for phenomenological
searches. We will not list them here given that the focus of this thesis is to construct a holo-
graphic version of the minimal model. For a thorough discussion see the original paper [86] and

review [62].

The initial minimal CH model is SO(5) — SO(4) proposed in [87]. It couldn’t be realized
according to the former discussion, but it still serves as a good toy model to explain all the
essential and general discussions on the composite Higgs models. We will review this model in

the next section and justify the introduction of the essential concepts like vacuum misalignment

3Note that for flavor symmetry of the form SU(2Ny + 1), the discussion in the last paragraph doesn’t apply,
see also [81]. In this case the symmetry is realized using just Weyl fermions instead of Dirac fermions. Model
constructions see [82H85].
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and partial compositeness.

2.2 A Minimal Example

This section summarizes the results of the minimal SO(5)/S0(4) composite Higgs model pub-
lished in the early papers by Contino et.al. |87, |88]. We review the basic construction of the
composite Higgs model in solving the naturalness problem and the fast FCNC problem of the
technicolor while providing a naturally light Higgs. For details the readers are recommended to
consult the original papers and the reviews |60, 61]. Related topics on this model see also [58,

59, [89192].

The global group of the composite sector is SU(3). x SO(5) x U(1)x. The SU(3). doesn’t
involve in the discussion, so we omit it and considers the global symmetry SO(5) x U(1)x. This
is spontaneously broken down to SO(4) x U(1)x. Since Lie algebra of the SO(4) is isomorphic
to the ones of SU(2)r, x SU(2)g, this model contains the SM EW group SU(2);, x U(1)y as an
unbroken subgroup, Y = T3 + X. The custodial group is identified with the invariant SU(2)y,
this will protect the Peskin-Takeuchi T parameter from receiving large corrections in this model.
The standard model field contents without the Higgs boson are the elementary particles in
this model and are taken to be external to the composite sector. The coset SO(5)/SO(4)
contains 4 real degrees of freedom. Before gauging the composite sector with the EW gauge
symmetry, these dofs are NGBs. These four NGBs transform as the fundamental representation
of the SO(4), or a complex doublet of SU(2)r. Together with it’s charge conjugation, (H, H¢)
transforms as bidoublet under the SU(2)r x SU(2)g.

Mathematically the spontaneous symmetry breaking are formulated using the effective theory
similar to the chiral symmetry breaking. The GBs are expressed in the Goldstone matrix using

the CCWZ construction
—ivV2pa a
S = e 7 M@ 50— (0,0,0,0,1), (2.2.1)

where a represents the broken generators of the SO(5). f is like the pion decay constant fir,
and it represents the typical scale of the symmetry breaking. The most general Lagrangian of
the relevant part we are interest in that respects the SO(5) x U(1)x symmetry to the quadratic

order is

1
£:§GHWUﬁ@%&XﬁJMfﬂﬂ&Aw+Hﬂfm&Aﬁﬂ, (2.2.2)
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where Pr is the transverse projector (Pr)* = nt — q’;—g”, q is the momentum. X, and A, are
the U(1)x and SO(5) gauge fields, I, II; are form factors. To get the effective action that
contains only the mass and the Higgs interaction terms, the heavy states are integrated out and
only the EW fields are considered. To further simplify the calculations, we take large N limit
of the form factors and expand around small ¢?. The Higgs doublet is defined and rotated to
align the vacuum expectation value (vev) along the h? direction

1 1 (At —in?

—H=-> — (R, h2, 3, k%) = (0,0,1,0). (2.2.3)
h h h3 —i h4

The final effective Lagrangian that considers only the composite sector and the EW contributions
is

Leyy :<PT)’“’{; (fzsmiiw (BuB, + W W — 2W3B,) + (W) WJW;)

2
+ % [II5(0)WiEWer + (TTH(0) + 11 (0)) BB, | + }
(2.2.4)
where II' = dI1/dq®. Identifying the factors with the EW coefficients, one see that the EW scale
is

v = fsin @ (2.2.5)

f

One can define a parameter ¢ to better describe the ratio of the EW and strong dynamics’ scale

=l 5

¢ . sin? <§ﬁ> (2.2.6)

Expanding the Higgs field around the vev
ht = , (2.2.7)

one can get the vector to Higgs couplings modified with the parameter £

gvvi = V1 =€, avvan = (1 —28) g5 - (2.2.8)

The interaction of the SM gauge fields with the composite sector induces a Coleman-Weinberg

potential at 1-loop level. Summing up all the diagrams in fig. the Coleman-Weinberg
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Figure 2.1: The 1-loop diagrams of the gauge bosons that contribute to the Coleman-Weinberg
potential [60]. The grey blob encodes the strong dynamics represented by the form factor II;.
potential from the gauge boson loops is
9 [ d*Q 111, (Q?) h
V(h) == log |1+~ sin? ( — || . 2.2.9
=3 | Goros 1+ amom o (5 229

The form factors are associated to different currents at large Euclidean momentum Q2. Il is

related to the products of conserved currents Jy; where II; is related to the difference between

the conserved and the broken ones

(JH@) T3 (—q)) = To(q*) (P, (JH@) I3 (—q)) — (J2(q) T2 (—q)) = —%Hl(qg)(PT)W-

(2.2.10)
Thus the II; is an order parameter that characterizes the transition from the symmetry broken
phase to the unbroken phase, and it should vanish in the higher energy scales. If II; vanishes
fast enough in the higher energy, the integral in the potential will be convergent and positive.
However, as pointed out by Witten [93], like in the QCD, the gauge boson loop induced Coleman-
Weinberg potential of the pions tends to align the vacuum along the direction that preserves
the gauge symmetry. This also happens in the minimal composite Higgs model. Where one can
show that after including the Higgs potential generated by the gauge boson loops, the vacuum

is aligned with the SU(2), preserving direction, i.e. £ = 0.

Several proposals are brought up to misalign the vacuum, such as introducing additional ele-
mentary scalar that mixes with the composite Higgs [76]EL exchange of heavy vectors at higher
scale to break the global symmetry explicitly |77], extend the composite sector global symmetry
to include an extra U(1)4 such that the EW is preserved while the global symmetry is broken
[78, 182,94, |95]. An very interesting solution among them is the partial compositeness, which

we will discuss next.

“This is done by introducing an extra fundamental scalar (not Higgs), which in turn introduces a Yukawa
coupling that forces the misalignment.
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2.2.1 Partial Compositeness

So far the discussion is restricted to the gauge bosons’ contributions. The effective Lagrangian
eq. doesn’t contain the terms that explain the fermion mass. This issue is also related
to the hierarchy of the quark masses. Why do the quarks have the observed flavor families
where different families are separated by mass gaps. Especially the heavies quark, the top
quark, is about 10° times heavier than the lightest quark — the up quark. This could be
explained, together with the fermion mass generation and vacuum misalignment, by the partial
compositeness of the physical quark. Since the top quark is the heaviest, it suffices to restrict

the discussion on the partial compositeness of the top quark.

The idea of partial compositeness is to inlcude a linear coupling of the elementary fermions with

the strong sector fermionic operator [8} 87, (96]
AL = AGO + h.c., (2.2.11)

where A is the linear coupling, ¢ is the elementary fermion. O is the composite fermionic operator
that has the same quantum number as the SM fermions under the SM group. It is analog to
the QCD baryonﬂ This interaction adds an additional contribution to the Coleman-Weinberg
potential and thus misalign the vacuum. The different quark mass hierarchies are controlled
by the coupling strength of different quark families, if such interactions are added for all three
quark families. This mechanism gives in this way a natural explanation of the flavor hierarchy
— the heavier quarks have stronger couplings. To see that including such a contribution to
the Coleman-Weinberg potential misaligns the vacuum, it suffices to include just the top quark

generation.

Suppose the global symmetry is still SO(5) x U(1)x. The elementary particles are the SM
ones. The composite fermionic operators transform as a complete representation of the global
symmetry group, but the elementary fermions don’t. The Lagrangian will in addition contain
the terms

L = Xgqr.Og + M, Oy + AgdrOg + h.c.. (2.2.12)

For simplicity the coupling matrices A\, , 4 are assumed to be diagonal. The fermion fields are

SIf realize this holographically, the operator @ will be a fermionic operator in the field theory, which is realized
in the bulk (gravitational theory) as a fermionic bulk field. This is however beyond the scope of this these, we
will not discuss the further details.
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embedded in the full SO(5) spinorial representation as

4R (I}iz
qr
V= v Wu= | (ur) |, Wa=| [uR) | (2.2.13)
QL P ;
R Ry

where Qp,, qR , up and d’, are spurions. They are external non-physical sources. Consider the
most general Lagrangian that is invariant under SO(5) x U(1)x, keeping only the top quark
generation as physical fields while setting all the other quarks to zeroﬁ]7 one arrives at the effective

Lagrangian

Lesry =qrp (I (p) + 111 (p) cos(h/f)) qr + trp (1§ (p) — 1Y (p) cos(h/ f)) tr

) (2.2.14)
+sin(h/f)M{ (p)gr Htg + h.c..

where H is defined in eq. 1' and H¢ = io2H is the charge conjugation of the Higgs doublet,
with o2 the second Pauli matrix. ITp,; and M; are the form factors in the kinetic and the mass

terms.

The additional Coleman-Weinberg potential from the fermionic loops is

ZN/ {2 og(l%—ﬁ%cos?)%—log( —EZCOS?)
¢ log <1 (M sin(h/ f))?

(2.2.15)
p?(I§ + I1{ cos(h/ f)) (11§ — 11} COS(h/f))> }

The form factors I17"? and M} decrease fast enough for large Euclidean momentum p?, the

integral is finite and the potential can be approximated with

h h

V(h) ~ acos — — Bsin® — 2.2.16
(h) ~ 7 7 ( )
where o and [ are defined as
4 T 4 My 2 I
azch/ dp4<i2 q) 4 /d ( e u91>,
(2m)t \ 11§ 1T p?) (g + 117 (1§ — I1})  81Io
(2.2.17)

Then the Higgs potential has a minimum at
h 2
¢ = sin? <f> =1- <;‘5> , (2.2.18)

SMore generally, one can realize this by performing a rotation in the flavor space, which results in a basis
where only the third quark generation contributes.
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if a < 28. Le. vacuum is misaligned by including the linear coupling between the top quark

and the composite fermionic operator.

2.3 An SU(4)/Sp(4) Model

In this section we review a minimal composite Higgs model that is made holographic later in
the research part. The original paper is ISOE A thorough review including the application of
partial compositeness mechanism and lattice results can be found in [62]. Earlier constructions

see [97].

2.3.1 Model Setup

The global symmetry in the composite sector is SU(4) realized by two Dirac fermions trans-
forming as the fundamental representation of the SU(2) gauge group. Such a model is first

constructed in [98,99]. The general Lagrangian in terms of Dirac spinors is
1 _ _
L= —ZFﬁyF““V +U(iv" Dy — m)U + D(iv*D,, — m)D, (2.3.1)

where U and D are the fermion fields from the new composite sector having the same mass
m, D, is the covariant derivative contains gauge bosons from the strong sector. In the limit

m — 0, the above Lagrangian manifests a SU(4) global symmetry of the fermions

1 1 1 1
Up=5(1- YU, Up= S+ U, Dy = 5= YD, Dy = S+ YD, (2.3.2)

For a non-vanishing fermion mass m # 0, the global symmetry SU(4) is broken explicitly. This
can be seen by performing an SU(4) transformation on the Lagrangian as follows. Rewriting

the Lagrangian as

1 a auyv ST e m ; m ;
L= = F " +iUy" DU +iDy" DyD + 5QT(—m?)CEcH (EQT(—ZJQ)CEQ)T, (2.3.3)

"Here we choose to keep the original notation such that one can compare with the paper immediately. We
changed the notation in the research part in chapter [5, but the main idea is the same. The take home message
is that a mixing angle 6 characterizes the transition between the CH an TC phases in this model.
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where () is defined as

Q=1 |, U,= —ic?CU}L,  same for Dy. (2.3.4)

0 0 10
0 0 01
E = (2.3.5)
-1 0 00
0 -1 0 0
Now performing a general SU(4) transformation
15
Q- (1+iY apTQ (2.3.6)
n=1
on the Lagrangian eq. (2.3.3)), this will generate an extra term
im
Lo Lt Y a"Q" (—io®)C(ET™ + T E)Q + h.c., (2.3.7)
n=1
which only vanishes for the generators that fulfill the condition
ET" +T"'E =0. (2.3.8)

This is the defining condition for Sp(4) generators. IL.e. for non-vanishing fermion mass from

the new sector, the global symmetry SU(4) is explicitly broken down to Sp(4).

The same symmetry breaking can be induced spontaneously when the strong sector fermions
condense. The electroweak sector is embedded in the model by organizing the two left handed
strong Weyl fermions into a SU(2), doublet Q1 = (Ur, Dy) with hypercharge of 0. The two

singlets U, an Dy, are assigned with hypercharge :I:% respectively.

The spontaneous breaking of the global symmetry is modeled non-perturbatively using the

CCWZ construction. The definition of the vacuum ¥ in not unique. There are two inequivalent
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vacuums

109 0 109 0
Y4 = , Xp= , (2.3.9)
0 oo 0 —iog

that are not related to each other by any transformation. But the choice is physics independent

and both of them preserves the electroweak symmetry. In the following the vacuum is chosen

to be Y.

Using eq. (2.3.8) and replacing F with X5, one arrives at the unbroken SU(4) generators

0 0 pso_ 1[0 i) g1 (0
0 —of V2 \ig; 0 2v2 \4
(2.3.10)

The generators S123456 form a SU(2);, x SU(2)r subgroup of SO(5). The five broken gener-

51,2,3_} o; 0

, S4,5,6:
2\0 o

N | =

ators are
2v2 \o3 0] 2v2 \—; o)’ 2v2\o; 0)°
(2.3.11)
x4 1 0 o9 5 1 1 0

- . X =
2v2 \5, 0 2v2 \o0 -1

Having found the broken generators, we can write the Goldstone matrix to the first order in

fluctuations as

0 iP5 g+ i3 P2 —iPy
%L xi 1 —ips5 0 —2 — i1 P4 — i3
Y= NSt L (23.12)
2VRf | —gy—idy o tid 0 is
—@2 +ip1 —¢s + i3 —1Qs5 0

The interactions of the GBs are encoded in the kinetic term
TrD, X D'Y, (2.3.13)

where D), is the covariant derivative that contains the EW gauge bosons. This term doesn’t

generate mass for the gauge bosons, so introduce the matrix
Yy =FE=2V2iX*%p, (2.3.14)

which breaks the EW symmetry completely. When ¢4 acquires a vev, the GBs ¢1 23 are eaten
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by the W and Z bosons and contribute to the gauge bosons’ masses. The electric charge is

Q=T2+Y = 83+ S% which is invariant with respect to the vacuum Y.

When ¢4 acquires a vev, ¢4 is identified with the Higgs. The left scalar ¢5 is a singlet and is
identified as 1. The broken generators associated with Xz are S — 84, 82— 65 63— 56 S8 and
X4, where the invariant ones are S' 4 S4, 524 5%, §3 4 56, §7910 and X235, The generators

St + 54,82 + 8% 53 + S5 manifest a invariant SU(2)p.

The full symmetry breaking pattern in this model is organized by the superpositions of the two
vacuums

S = cos O p +sin 0%y, Bi¥o=1. (2.3.15)

In this way, the vacuum is actually a mixture of two breaking procedures. The angle parametrizes
the type of the model: this setup will describe a technicolor model in the limit § = 7/2, and
it will become EW unbroken model in the other limit # = 0, where when 6 < 1 it describes
a realistic composite Higgs model. The broken generator in this case are also parametrized by
the mixing angle

Sl_\/;l’ Y=o + 8932\_/255’ Y2 = X"+ 20 ng;;ﬁ’ (2.3.16)

Y4 =Xx*4, Y5 = cpX? — 5558, cp = cosll, sy =sinb.

Yl :Cg)(1 — Sp

The fluctuations associate to Y123 are eaten by the W and Z bosons, and the fluctuations
associate to the Y* and Y are the physical Higgs and singlet scalar with respect to SU(2)r,

respectively.

2.3.2 Further Aspects of this Model

If one plugs in the above definitions into the kinetic term of the Goldstone matrix, one can read
off the masses of W and Z bosons and their coupling strength to the Higgs h and the singlet 7.
We will not review the exact expressions in this section, but rather summarize further physical

interesting implementations in this model.

Introducing the EW gauge interactions into the strong sector will induce a Coleman-Weinberg
potential as usual. Also, the vacuum is misaligned by the contribution of the top quarks. This

is implemented by inserting a dimension-six four-fermion operator in a technicolor way [100,
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101]
& et 1T pa
13 (@ P, (2:3.17)

where P® is the projectors that select the part of ¢4 that transforms as a SU (2)1, doublet.
1 is the techni-fermion from the strong sector. If adding only the Coleman-Weinberg potential
generated by the top loop, one finds that the minimum is at § = 7/2. So adding top contribution

will align the vacuum to the technicolor one.

There is an interesting case associated with the dark matter. One can introduce a techni-Higgs
o, like the o field in QCD. When in the technicolor vacuum, i.e. setting § = /2, o becomes
the actual Higgs, while (h,n) are degenerated and stable. They make thus good candidates for

dark matter in this model.

This model predicts a lightest p mass of about 2.5 TeV and the lightest axial-vector mass
my of 3.3 TeV, both in the technicolor limit. For a composite Higgs model, their masses are
generally much higher, and are therefore expected to be challenging to find at the LHC. Later
in chapter [5| we predicted the mass ratio between the two, see section We predict a ratio of

my /ma ~ 1.26, which is larger than the ratio shown here ~ 0.76.

2.4 Combining with Holography

One way to perform calculations related to the strong dynamics in CH models is to employ the
gauge/gravity duality and construct a holographic CH model by turning on extra dimensions.
Such a model was first proposed in [87], the aim was to employ the holography to move the
hard calculations to a 5D model where perturbative calculations are viable. The model was
inspired by the AdS/CFT correspondence, but the discussions was not based on the explicit
conjecture. The extra dimension in this model was merely a tool to provide easy solution on

the calculations that a pure 4D theory isn’t able to provide.

The basic idea in the early model is to rewrite the 4D composite Higgs model in a 5D form.
The symmetry breaking is manifest using two branes, IR and UV branes, located at different
positions along the 5th dimension. In the bulk, i.e the space between the two branes, the
model is assumed to have a global symmetry SU(3)c x SO(5) x U(1)x. This is the same
symmetry as in the 4-dimensional case. On the IR brane, this global symmetry is broken down
to SU(3)c x SO(4) x U(1)x, while on the UV brane, the global symmetry is broken down

to SU(3)c x SU(2)r, x U(1)y. These breaking patterns are implemented by imposing correct
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boundary conditions for the gauge bosons. The bulk gauge fields A, representing the global
symmetries have non-vanishing fifth component only for the ones associated with the coset
SO(5)/S0O(4). Tt’s exactly these components that are later taken to be the composite pNGB
Higgs. The 5D theory is then matched with the 4D theory by integrating out the bulk fields on
the UV-brane. The form factors are calculated in the 5D theory and plugged in the 4D theory

after matching the two theories.

Simply extending the theory to contain an extra dimension is a common way to perform per-
turbative calculations in the CH models. Usually this doesn’t imply that the model has a well
defined UV theory that evolves all the way down to the low energy theory like in QCD. Another
possibility is to stick to the definitions of the holography and interpret the UV brane as where
the UV theory is defined. This idea is realized in the same way as the AdS/QCD model, except
that the dual strong theory is more broadly defined. Such models are mostly based on the hard-
wall AdS/QCD model, where the UV and IR scales are introduced as cut-offs, see for example
[88]. Some of the models are constructed analog to a soft-wall model (for definition and details
see section , but IR scale in the end is not dynamically generated, see for example [49-51,
102]. The reason for that is, the soft-wall models usually adopt an extra warp factor that is a

function of the extra dimension into the action without justifying it’s origin.

The holographic CH model constructed in this thesis has three main differences comparing to
the others. First the IR scale is generated dynamically where it’s origin from the top-down
model in the string theory is made clear. Second, the composite pNGB Higgs is not just
the fifth component of the gauge field, but rather a scalar field that lives in the bulk and
evolves dynamically together with the theory. Also, even though the global symmetry group is
claimed to be non-abelian in many models, their actual holographic constructions are essentially
degenerated abelian theories. In our research, we construct a true non-abelian composite Higgs
model by considering multiple flavor branes located at different positions in the transverse

directions. The degeneracy is lifted by the separations of the flavor branes.
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Chapter 3
Gauge/Gravity Duality

Being initially a theory proposed to explain the strongly coupled quark bound states, string
theory has always been deeply related to strongly coupled gauge theory, for instance the QCD.
Corresponding researches are boosted by the birth of AdS/CFT correspondence [11]. Such
a conjecture went through rapid development and the correspondence is extended to general

gauge theories, giving rise to the more general gauge/gravity duality.

One major application of such correspondence is the calculations in SM strongly interacting sec-
tor and BSM model building. Giving that QCD is strongly coupled in the low energy regime,
perturbation theory is no more applicable as in QED. The correspondence provides an econom-
ical tool to perform such calculations in the dual gravity theory. Not only is it useful in QCD,
an active research field of the correspondence is to construct BSM models that contains strongly
coupled sector(s), such as the composite Higgs models and the technicolor models with the help
of the gauge/gravity duality. The major advantage of the correspondence is the potential of
linking the low-energy effective BSM field theory to theories at higher energies that can provide
a dynamical origin of the model. Such applications is the focus of our research present in this

thesis.

This chapter is dedicated to review and summarize the necessary materials of the gauge/gravity
duality. The focus of this thesis is the D3/D7 model, it’s non-abelian construction of the
bottom-up version, and the application of such a bottom-up model on composite Higgs models.
Therefore in the following we will only review selective topics that are relevant to our research.
Since the whole discussion is based on gravity theory in AdS spaces, we will first review the AdS

space in section Then in section we review the concept of AdS/CFT correspondence
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and the holographic dictionary (field-operator map). After establishing the fundamentals, we
review a top-down model constructed by D3-stacks and D7-probe in section |3.3] This model
utilizes the AdS;/CFTy correspondence to reproduce meson spectrum. Of course such a top-
down model cannot reproduce QCD in the dual gauge theory, since the supersymmetry is not
completely broken and it doesn’t incorporate the confinement and chiral symmetry breaking,
which distinguishes QCD from many gauge theories like the electormagentic theory and N = 4
SYM. Therefore, we first review the implementation of confinement in holographic model in
section [3.4 Then we introduce the Constable-Myers background which shows confinement for
certain parameter space, and introduce the chiral symmetry breaking in this background in
section We review briefly another background that incorporates both of these properties
in section which will be useful in the research part in chapter

We have collected all the essential parts from the top-down model at this stage, so we move on
to the bottom-up models. We first review the AdS/QCD model proposed in [39] in section
This is the foundation of general bottom-up models. Then we review the dynamical AdS/YM
model in section This model captures the essence of the top-down D3/D7 and the bottom-
up AdS/QCD. The dual theory is no more restricted to QCD, but to a general YM theory.
The confinement is generated dynamically and is no more inserted by hand as in the AdS/QCD
model. This dynamical AdS/YM model is the starting point of our research part. In the end, we
review Witten’s double-trace prescription and the insertion of NJL interaction in holographic

models. These two techniques are useful in constructing the composite Higgs model in chapter

3.1 AdS Spacetime

The Anti-de Sitter (AdS) spacetime lies at the heart of the AdS/CFT correspondence. The
isometry group of AdS;1o — SO(2,d + 1) coincides with the conformal symmetry group of the
d + 1-dimensional Minkowski spacetime. It is this relation that leads to the identification of the
physics defined on the two sides. In this section we summarize some basic concepts of the AdS

spacetime.

Usually the AdS geometry and related properties can be found in various lecture notes, text-
books or reviews of the AdS/CFT correspondence or gauge/gravity duality. [12] provides a
comprehensive introduction to the AdS geometry and the field theory’s properties. The dis-
cussion in [103] is more thorough and contains more details on the causal structure of the AdS

spacetime and it is more physics-related. For a concise introduction see |104]. Various coor-
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dinates of the AdS are associated to different physical problems. They are most thoroughly
gathered in [105]. For a more mathematical discussion from an abstract differential geometry
and group theory point of view, see [106], also [107]. The following review is mainly based on

[12).

The AdS spacetime is the solution of Einstein equations associated to the negative cosmological
constant, with negative curvature. The “anti” in its name refers to the sign difference comparing
to the de Sitter spacetime, since the de Sitter spacetime is the solution with a positive curvature,

associated to a positive cosmological constant.

To construct a d+ 2-dimensional AdS spacetime, the easiest way is to embed a d+ 2-dimensional
hyperboloid in a d + 3-dimensional flat spacetime with two timelike directions R>%+1. Mathe-

matically it is expressed as

d+1 d+1
Xg+Xio—> XP =R’ ds®=-dX§—dXj,+)» dX}, (3.1.1)
=1 i=1

where R is the radius of curvature.

There are various solutions (coordinates) that satisfy this definition. We will only discuss the
most commonly used ones. There are three of them. The first solution is the global coordinates
of AdS (7, p,Q;)

Xo= RcoshpcosT, X449 = RcoshpsinT,

(3.1.2)
X; = R(sinh p)Q;, (i=1,...,d+ 1;2%2 =1),

w; are the coordinates of the S sphere. In this coordinate, the AdSgy2 metric becomes
ds® = R*(— cosh? pdr? 4 dp® + sinh? p dQ?). (3.1.3)

Where 7 € [0,27) and p > 0 covers the hyperboloid once. The 7 direction forms a closed
timelike circle, which is disfavored by the causality. To construct a causal AdS spacetime, one

simply opens this circle, by letting the time extend from —oco to co.

The second coordinate is the conformal coordinate. This coordinate is called “conformal” due
to the fact that after a conformal compactification, the AdS;ys boundary coincides with the

one of one half Einstein universe. To show this, start with the AdS;s space

ds? = —dr? + d6* + sin® 0 dQ?. (3.1.4)
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=0 - 1

0=n/2

Figure 3.1: The conformal mapping of a constant 7 slice of AdS3 to half of the Einstein universe.
Picture taken from [12]

Perform a transformation tan 6 = sinh p, 6 € [0, 7/2), this will bring the metric to the form

2
ds® = L —d7r? + dO? + sin® 0 d0?). 3.1.5
cos2 6

A conformal rescaling of the above metric arrives at the Einstein universe, while the causal
structure is preserved. This shows that the conformal boundary of AdS; s is a flat (d + 1)

Minkowski spacetime, or the AdS spacetime is asymptotically flat.

Pictorially, this can be viewed as follows. After conformal compactification, for a constant 7
slice, the north pole of St is mapped to the center of the disk D?, the equator is mapped
to the boundary and the spaces in between is mapped to the inside of the disk. The equator
becomes the boundary of the space with the topology of S¢. For an evolving timelike 7, the

AdS spacetime is mapped to a “cylinder”, as illustrated in fig.

The third coordinate is the Poincaré coordinates (u,t, ¥)

. | |
Xo=o- (1+v(R*+ 7 = 1%), X'=Rua', (i=1,...d),
u

| (3.1.6)
X = " (1-u*(R* -2 ++¢%), Xgo=Rut, u>0,7eR™
U
In this coordinate, the AdS;ys metric is
2 2 du? 2 2 2
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This coordinate covers only half of the hyperboloid. Further define z = %, this will transform

the line element into
2

R "
ds® = = (d2* + (—dt* + d7?)) . (3.1.8)
Both of these two definitions are widely used in the AdS/CFT literature, usually u is replaced

by r, representing the radial direction.

3.2 AdS/CFT Correspondence

In this section we will review the AdSs;/CFTy correspondence. This conjecture is based on
the dynamical object, the so-called D-branes in string theory. D-branes or more explicitly Dp-
branes are objects where the open strings can end. “D” stands for Dirichlet, means that the
open strings ending on the branes have Dirichlet boundary conditions. It is p + 1-dimensional,
where p represents the number of spatial directions. For IV coincident Dp-branes, the massless
open strings live on it realize a U(IN) gauge symmetry. The action of a single Dp-brane is
described by the Dirac-Born-Infeld action (DBI action), it’s explicit form will show up in the

later sections.

In the following we review the conjecture based on the two limits of the D3-brane. Then we
show the field-operator map, or the so-called holographic dictionary. In the end we show the

explicit relation that connects the theory on the two sides.

The AdS/CFT correspondence has different versions depends on the dimensionality of the AdS
space. For this thesis, we only need the AdS;/CFT, correspondence. This subject is usually
covered in standard string theory textbooks and various lecture notes, with different focuses.

The review in this section is based on [12| [108-111].

3.2.1 A Qualitative Explanation

The bridge that connects the two sides of the duality is the D3-branes stack, i.e. N coincident
D3-branes. The correspondence can be understood from two aspects. The easier and more
elegant aspect is the symmetry. In 10D spacetime, N coincident D3-branes describe SU (V)
N =4 SYM theory. The N' =4 SYM theory is a theory with conformal symmetry SO(4,2).
which contains usual Lorentzian symmetry transformations plus conformal transformations, in

total 15 symmetry generators. From the supersymmetric perspective, the N' =4 SYM has an
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internal global symmetry, which is the R-symmetry, represented by the SU(4)%. The conformal
group is isomorphic to SU(2,2), together with the R-symmetry group, they can be written
compactly as SU(2,2|4), which describes a N/ = 4 supersymmetric theory.

On the other hand, the near-horizon geometry of a D3-stack is an AdSs x S° spacetime. The S°
has a SO(6) ~ SU(4) isometry, where AdSs has a isometry group SO(4,2). Since the symme-
tries of the weakly coupled gravitational theory on AdS space matches with the symmetries of
the strongly coupled N' = 4 SYM theory, it was postulated that the two theories describe the

same dynamics in the form of duality.

The other aspect of understanding the duality is using the two limits of the D3-stack in the
low-energy limit vVo/E < 1, or equivalently E < Ey when o/ — 0, Ey represents an energy
bound here. o is the slope parameter which is related to the string length I, as I, = heve!. The
true low-energy limit is the Maldacena limit if in addition U = 75 is fixed given that F oc U.
Here r is the u in eq. . Note that one can also understand the r as the distance between
a D3-brane sitting at 7 and a D3-stack sitting at ¥ = 0. Then the “W-boson”, which is the
string stretching between the two D3 sets, has a mass proportional to this distance r. There
are two types excitations in the theory: open and closed strings. The coupling between the
open and closed strings is g, where one can define the ’t Hooft coupling A\ = 4rgN = g% ulN
with N the number of D3-branes. Through out the discussion, the large N limit is kept. In

the large N limit, the leading order diagrams are planar diagrams [112], where the higher order

contributions are suppressed by powers of 1/N.

Consider the IIB superstring theory in flat (9-+1)D Minkowski space, where the D3-stacks are
embedded along the directions (¢,x1,z2,23). In the limit when the string coupling ¢ is small
g < 1, the theory describes open string excitations from the D3-branes interacting with the
closed string from the 10D flat Minkowski spacetime. The interactions are weighted by the
string length squared o/. When taking the low energy limit o/ — 0, the open strings decouple
from the closed strings. One finds that the open strings describe a SU(N) N =4 SYM theory

while the closed strings describe a free I1I1B supergravity theory in flat 10D spacetime.

If now dial up the string coupling constant g to the regime g/N > 1, the gravitational effect of
the D-branes changes the spacetime geometry, where the D3-branes become solitonic solution

of supergrvity. In this case the solution is

ds* = H(r)"Y2datdx, + H(r)Y?(dr? + r2dQ3), (3.2.1)
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with

H(r) =1+ <R>4, (3.2.2)

where z# for p = 0,...3 is the 4D spacetime, 72 = 2?24 xf and R* = 4rgNa'? is the radius of
the horizon. Depending on the relation of R and r, the geometry has different asymptotics. In
the near horizon region or throat where » < R , one has H(r) ~ R*/r*, the metric describes
an AdS5xS® geometry. At the infinity r > R, H(r) ~ 1, the metric essentially describes a flat

spacetime.

An observer at the infinity can observe two kinds of low energy excitations: one is the low energy
excitations at the infinity, which are the closed strings in 10D flat spacetime, the other one is the
red-shifted high energy excitations from the throat, which are closed strings on the AdSs x S°.
In this case, the theory is well described by two decoupled systems: low-energy closed strings
on the flat space and IIB superstrings on the near-horizon geometry. When looking at the two
limits of the same D3-branes, there are two sets of decoupled theory while both of them contain
a IIB string theory on 10D flat spacetime. The remaining two theories must describe the same
dynamics. Therefore one can identify the SU(N) N = 4 SYM theory with the IIB supergravity
on AdSs x SSD This is the AdS5;/CFT,4 correspondence, the coupling constants g, gy, the
horizon radius R and the string length v/o' are related by
R

A\ =dngN = gi N = T (3.2.3)

The AdS/CFT correspondence is still a conjecture. Depends on it’s range of validity, there are
three versions of the correspondence. The strongest version states that the conjecture is valid
for all values of g and N. The weaker version assumes that the correspondence is valid in the
large N limit for any finite g/N. The weakest version requires that the correspondence is valid
only in the ’t Hooft limit, i.e. in the large N and large g/N limit. For the works reviewed and

developed in this thesis, we assumed the weakest version of the correspondence.

The correspondence relates a 10D IIB superstring theory in AdSs x S® with a SU(N) theory
in the 4D flat spacetime. Since the asymptotic boundary of AdSs is the 4D flat spacetime, after
Kaluza-Klein decomposition on the S°, this correspondence realizes the holographic principle,

which states that the informations in a V41 volume is encoded on it’s A; boundary area [108].

!Theoretically, N coincident D-branes manifest a U(N) gauge symmetry. But the duality is only about an
SU(N). The reason is that, the U(1) factor corresponds to the center of mass motion of the D-branes, which
encodes the topological theory of the Kalb-Ramond B-field on AdS. This U(1) gauge field lives on the AdS
boundary, and the corresponding modes are called singletons [12].
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3.2.2 Field-Operator Map

Following the discussion in the last part, the correspondence states that the bulk fields in the
5D theory after the Kaluza-Klein decomposition on the S° is dual to the operators in the 4D

CFT lives on the conformal boundary of the AdS space

0« ¢|AdS boundary - (324)

Moreover, the mass of the field is related to the scaling dimension of the dual operator. To see
this, one can consider, without loss of generality, a scalar field (also called primary operator) in
CFT. Under the dilatation

xh — Axt, (3.2.5)

the primary field O scales as
O(z,) — A\"20(\x,), (3.2.6)

where A is the scaling dimension of the primary operator (ﬂ

Now consider an AdS;;1 spacetime on the Poincaré slice, as defined in eq. (3.1.8])
o R
ds® = o) (dz* + dx,dzt) . (3.2.7)

The action for a scalar field ¢(a*,2), p = 0,...,d — 1, with mass m that lives in the d + 1-

dimensional AdS spacetime is
/@Mﬂw%mm+m%%, (3.2.8)

where M is the spacetime index, runs from 0,...,d = (z#,z). The equation of motion of this
scalar field is the Klein-Gordon equation in (d + 1)D. Solving the equation of motion for ¢, the

solution has a UV (z — 0) asymptotics

Plamso — (O)22F + T2, (3.2.9)

2
Ay = g + \/dZ +m2R?, A +A_=d. (3.2.10)

2The scaling dimension is the eigenvalue of the the scaling operator D in CFT. The primary operators ©
are the operators or fields in the CFT with the lowest scaling dimension. Mathematically, in a d-dimensional
spacetime, the primary operator will be annihilated by the special conformal transformation K,, p =0, ...,d — 1:
[Ku,0(0)] = 0. Details see for example [12| |108].

where
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operator | relation

scalars | Ay = 3(d £ Vd® + 4m?)

spinors | A = 2(d + 2|m))

vectors | Ay = 3(d £ +/(d —2)% + 4m?)
1
2

(d =+ /(d — 2p)% + 4m?2)

p-forms | Ay =

firs-order (d/2)-forms (d even) | A = 1
spin-3/2 | A = 3
A=d

massless spin-2

Table 3.1: The mass-dimension relations for other types of fields when R = 1. Table taken from from
[114).

The dual operator’s scaling dimension A = A is related to the bulk field’s mass m through

the relation

m?R? = A(A —d). (3.2.11)

The above condition comes from matching the SUGRA scalar solution with the one from the
dual CFT. As indicated by the notation, (O) is the vev of the dual operator O, this term is the
normalizable solution, corresponding to physical fluctuations [113]. J is the source that couples
to the operator O with the dimension Ay in the dual field theory, which is non-normalizable,
corresponds to the non-fluctuating background. Normalizable means that when evaluating the
action on the solution, the action is finite. The mass-scaling dimension relation in eq.
exists for all other types of fields. These relations are worked out in various papers. A summary

for R =1 can be found in [114], we list them in table

For massive scalar fields that live in an AdS,4; spacetime, there exists a so-called Breitenloher-
Freedman bound (BF bound)lﬂ
m?R? > —d?/4. (3.2.12)

If the squared mass m? (when R = 1) passes below this bound, the potential of the scalar field
doesn’t have a minimum anymore, i.e it turns unstable. What is special about this bound is,

for scalar field with m2R? < 0, the potential can still be stable above this bound.

The scaling (conformal) dimension of the dual scalar operator is also bounded by the unitarity
of the dual gauge theory
A > (d—2)/2. (3.2.13)

3The relation of this bound to our model in the research part is reviewed in appendix

37



For operators with scaling dimension A € [(d — 2)/2,d/2), one can switch the role of the vev
and the source in the UV asymptotics of the scalar solution. Translate into m2R?, if the bulk

scalar field’s m?R? is in the range [108]

2

2o ., d
g <mRP < -t (3.2.14)

then one has a freedom in defining the vev and the source terms.

Since the two theories are identified at the boundary, their partition functions should be the same
at the boundary. As pointed out in [115, 116], quantitatively the duality means the generating
functional of the 4D CFT is equal to the SUGRA action evaluated on the AdS boundaryﬁ

Wlorr — <ef d4w¢°(a:)0<w)> A €OXIOme Ssugra (3.2.15)
CFT

or put it another way

fd4z¢0(w>0(z)> — o~ Ssugra
<e crr ¢ lg=go-

(3.2.16)
Here ¢V is the boundary value of the field ¢, which is the source J mentioned above. From this
relation, one can compute the two-point correlation function. In doing this, one needs to first

solve the equation of motion (eom) for the bulk field to get the extremum. Then evaluate the

action on this solution. Integrating by parts, one finds that the action becomes the form
5D action|poundary = /dzd4a: (eom + 0,(...)), (3.2.17)

so the action is determined by a surface term on the AdS boundary. This will give the RHS of
eq. (3.2.16). Differentiating this action twice with respect to the boundary fields ¢° one gets

the two-point correlation function

2
d Ssugra

~669(21)3(z2)” (3:245)

<Ol (331)02 ($2)>CFT, connected —

3.3 A Top-Down Model: D3/D7

N D3-branes manifest an SU(N) gauge symmetry in the bulk, where the worldvolume gauge
fields transform as the adjoint representation of the SU(IN) gauge group. This system however

doesn’t contain matter fields in the fundamental representation, which is essential if we were to

4Notice that this relation is derived in the euclidean space. For a Lorentzian space the factor in front of the
action S is 1.
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construct a realistic QCD(-like) theory. To include the quarks and the flavour symmetry, it’s
intuitive to add another set of D-branes. These D-branes can not be D3-branes, otherwise the
implementation just extends the SU(N) to another SU(N'). It was pointed out in [24] that such
a set of D-branes must cover the world-volume of the D3-stacks. Also, the new Dp-branes should
have extra dimensions extending to the directions transverse to the D3-stack such that scalar
fluctuations are present. Within the type-I1B string theory, this means only the Dp-branes with
p odd and 3 < p < 9 can be considered. Since D9-branes are space-filling, they cannot give rise
to scalar fields to allow dual meson states. The D5-branes leads to the so-called defect theory
[117], which is also ruled out. Therefore, the unique choice of adding flavors with D-branes is
using the D3-stacks embedded in the worldvolume of the D7-branes. Usually the D7-branes
are called D7-probes, i.e. the number of flavour Ny should be much smaller than the number
of color Ny < N.. Here N, is the number of color, it is used interchangeably with N in the
following text to refer to the number of D3-branes. This is called the probe limit. In this limit,
the back-reaction of the D7-probe on the background D3-stack is negligible. This corresponds
to the quenched approximation in lattice QCD, where in calculating the fermion interactions,

the gluons are taken into account, but the fermions don’t affect the gluons.

D-branes | ¢ | o1 | 2o | 3 | T4 | x5 | ¢ | T7 | X8 | Tg

D3 X | X | X | x| === |=1-1-

D7 | x| X | X | X | X | X | x| x| —1|-—

Table 3.2: World volume of D-branes in 10D spacetime. x marks the longitudinal directions where
— marks the transverse directions.

After adding the D7-probe, the open strings between the D7- and D3-branes transform in the
fundamental representation of SU(N,). The open strings between the D7-branes are in the ad-
joint representation of the SU(Ny). These states have two flavor indices, therefore they are dual
to the composite states (like mesons in the QCD). The length of the D3-D7 strings determines
the quark masses. This construction is the D3/D7-probe setup |24} 29, 30], which is a relatively
simple top-down model that was build on top of the most intensively studied AdS;/CFT cor-
respondence. The implementation of D7-probe will break the N' = 4 SYM theory in the dual
theory to NV = 2 SYM. The N = 2 hypermultiplet transform in the fundamental representation
of SU(N), contains two complex scalar fields ¢™ and two Weyl fermions with opposite chirality
yp*. The spectrum of this model with a displacement between the D3-stack and the D7-brane is
first calculated in [30]. In the following we will review the construction of this model in [30], and
summarize briefly the results that are relevant to our research. This section will be restricted

to the bosonic states. For implementation of fermionic states in D3/D7, see [31].
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The model contains N D3-branes and only one D7 flavor brane. If the D7-brane coincides
with the D3-stack, the R-symmetry of N’ =4 SYM is broken to SU(4) ~ SO(6) — SU(2)r X
SU(2), xU(1)g. The R-symmetry is SU(2)g x U(1)g in this case. If the D7-brane is separated
from the D3-stack in the 8,9, i.e. the directions transverse to the D7-brane, then this symmetry
group is further broken down to SU(2)g. In this case, the induced metric is

p? 4 L2 R2 R2p?

2
2 detdx, + ———=dp” + Py

ds?® =
S p2_|_L2

dQz, (3.3.1)

where p = 0,...,3, r?2 = L? 4+ p?, L? = ]}7]2 and Y? with i = 1,...,6 are the coordinates of
the 4,..,9 directions. This metric is asymptotically AdSs x S3. Note that were the D7-brane
coincides with the D3-brane, we will have |l7| = r. The corresponding dual field theory is

conformal invariant.

The dynamics of the open strings on the D7-brane are described by the DBIl-action of the
D7-brane

(2ma/)?

Spr = —pur / 43 \/ = det(P[Glap + 270 Fap) + o / PICWIAFAF.  (332)

Here G, is the bulk metric, P is the pullback of the bulk field to the brane’s world volume,
pr = [(27)7gsa*] 7! is the D7-brane tension. C*) = %dmo A dxt A dz? A dz? is the Ramond-

Ramond (RR) potential. For a non-zero separation L, embed the D7-brane as
Y? =0+2nd'y, YO=L+2rd, (3.3.3)

where Y50 are the two transverse directions 8, 9. y and ¢ are the corresponding scalar fluctua-
tions of the open strings in these two directions. The dynamics of the scalar fields are described
by the Lagrangian

cd

L~ —p7+/—det ggp <1 + 2(R7ro/)2gr—2 (OexOax + 8C<p8d<p)> , (3.3.4)

Jap is the induced metric. These two scalars are degenerated, represented below with &, and

have the same equation of motion

3 =
p’vdetg ,
0u( 25T " ®) =0,
- . . (3.3.5)
s OO, + =0, (p°0,0) + V'V, =
—>(p2+L2)28 Ay +p3ap (0°0, )+p2vv 0,
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where g, is the metric of the three sphere S, i runs over the directions of the S3. This equation

can be solved using separation of variables, where one writes the solution as
d = p(p)e*TYU(S?), VIV Y = —1(1+2)), (3.3.6)

with J!(S2) the spherical harmonics on S3. Redefine the coordinate and factors to

P R 2
L’ L2’

one can rewrite the eom in the second line of eq. (3.3.5)). Together with the ansatz

¢(0) = (14 ¢*)"*P(a), (3.3.8)
we arrive at a general solution

P(y) = F(a,b;c;y),
(3.3.9)
= d(p) = p'(p° + L?) OF(~a,—a + 1+ L1+ 2, —p*/L?),

where F'(a,b;c;y) is the standard hypergeometric function (we omit the determination of the
coefficients a, b, ¢ here, they are directly given in the solution). Several criterion need to be
fulfilled for this general solution to be a physical solution — the regularity at origin, the nor-
malizability |113| |I118] in the UV and reality of the solution. These conditions constraint the

final solution to be

!
é(p) = W’mn—(mw 1), —n; 1+ 2; —p?/L?), (3.3.10)

where —a+1l+1=-n,n=0,1,2,.... The 4D spectrum is

2L
M(n,1) = 2/ (n + 1+ (0 +1+2), 120, (3.3.11)

The gauge fluctuations are analyzed in the same way, but the discussion is more subtle. We omit
the detailed derivations of the gauge fields’ fluctuations here but to summarize the bosonic field
content in table table Note that the gauge bosons have three scalar fluctuations d)}t, OrIT
and one vector fluctuation A%,;. Also note that fields are characterized by their representations
under SU(2)r x SU(2) 1, where j; 2 are the corresponding spins. Their dual operators must have

the same quantum numbers and the corresponding conformal dimension A. For derivations see
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Type (J1, J2) M?(n,l) A O
2 scalars (5,4) Mfz%(ﬂ%—l%—l)(n%—l%—?),nzo,lZO 143 | MA
1 scalar (5.5) MIQHZ%(n+l+1)(n+l+2),n20,l21 1+3 | J%
1 scalar | (51, 51) Mlz’+:%(n+l+2)(n+l+3),n20,121 1+5| clt
1 scalar | (B1,51) Mﬁfz%(n—i—l)(n%—l%—l),nZO,lZl I+1] cl
1 vector (é,%) MIQI:%(n+l)(n+l+2),n20,l20 1+3 | JgH

Dual Operators

M = ioi XN + XX g™, im = 1,2
T = ey U9ty g XIDWS)gm — i DS gnXtgm, p=0,1,2,3

CH —_ qu.#nqun

Table 3.3: The bosonic field content of the D3/D7 top-down model and their dual operators O.
(j1,J2) are the spins under SU(2)g x SU(2)r. A is the scaling dimension of the operators in the
dual field theory of the D3/D7 model. ¢™ and ; are the fields in the fundamental hypermultiplet
when writing ' = 2 SYM theory in terms of N = 1 superspace formalism. o, I = 1,2,3 are the
Pauli matrices, X' is the symmetric traceless operator insertion X 1% ...X%} of | adjoint scalars X*
with ¢ = 4,5,6,7. Summarized from |30} [119]

[30, [119], we only list the operators in the table.

The fermionic part is analyzed in [31]. This is beyond the scope of this thesis, the fermionic
sector isn’t summarized in this table. For introducing fermions in AdS/CFT, the relevant

discussions see also [120[{129)].

To complete the discussion, we mention briefly at the end of this section another top-down
approach to the QCD model, the D4/D8/D8 setup [32, 33]. This model discussed another D-
brane structure within the type-IIA string theory. The action is actually non-abelian, but the
quark masses are set to be the same. Fermions are also added, in this case they share the same
form as the Skymer model, and the fermions, which are dual to the baryons in the field theory
are the skymions. Further discussion on the baryons in this model can be found in [34-38] for

top-down and |38, 1130] for bottom-up.

3.4 Confinement

The D3/D7 model introduced in the last section still has supersymmetric dual field theory.
To approach a realistic QCD (-like) theory using the holographic language, the SUSY must
be broken. Also, QCD as a strong interacting non-Abelian gauge theory is different from the

Abelian theory in two aspects. At low energies, no single quark is observed experimentally.
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They always form a colorless bound state bounded by the gluons. This is the color confinement,
in that a ¢g potential isn’t a Coulomb type as in the QED case, but scales with the separation
L of the quark and anti-quark pair — V(L) o< L. The other aspect is that the chiral symmetry
is spontaneously broken giving rise to bound states (pNGBs) like the QCD pions. Both of these

two aspects are not present in the model introduced before.

In this section we review the introduction of confinement in holographic models by the Constable-
Myers background [131] and the spontaneous chiral symmetry breaking realized on top of this
model [25]. In the end we will introduce shortly another construction to implement confinement
and chiral symmetry breaking by turning on the magnetic field. This is the source of the dilaton
flow that is mimicked in the bottom-up model in the research part in chapter {4l For a systematic

review on confinement and chiral symmetry breaking in gauge/gravity duality see [108, 119]

In the QCD, to study the quark-antiquark potential, one needs to calculate the expectation
value of the Wilson loop (W) [132]

V(r) = lim iT In (] Te W [Q2), (3.4.1)

T—o00 1

where Tr traces over color and

W =P {exp [igs ?{ AZTZ-‘;d:c“] } . (3.4.2)
c

P{...} is the path ordering, C is the integration contour circling a rectangle with edges of
Fuclidean time T' and spatial separation of quarks L. For confining theory, the potential should
scale linearly with the separation L, which translates to the criteria that the Wilson loop should

follow an area law

Vo L — In(W) ~TL. (3.4.3)

Similar area law is also expected in signaling confinement in holographic models. The holo-
graphic version of Wilson loop is first calculated in |133]. The idea is to take first a stack of
N + 1 coincident D3-branes. If put one brane of them to be infinitely far away, then the string
attaching to the rest N D3 branes and the single D3 brane will acquire a mass. Such a string
initially is dual to a “W-boson”. But since the single D3-brane is brought infinitely far way,
the U(1) essentially decouples from the rest U(NN) and the string connecting the two realizes a
“quark” that transforms in the fundamental representation of the U(N) gauge group. Two such

strings with different orientations realize the quark and antiquark.
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The quark-antiquark potential is derived from the renormalized Wilson looﬂ which shows that

the energy of the configuration is

4n2(2g% , N)/?

E= :
r(h)'L

(3.4.4)

with L the separation of the quark-antiquark pair. It was shown that the quark and anti-quark
strings will join to become a single string since in this case the energy is lowered. Moreover, as
the quark and anti-quark are separated further apart, the joint string will dip further into the

interior of the AdS space.

The simple model in [133] doesn’t show confinement, as can be seen from the potential, it is
essentially of Coulomb type. This is due to the fact that the dual theory is still conformal
invariant. It was then suggested in [129] that a thermal AdS spacetime could lead to a confining
theory by compactifying an extra dimension and setting non-supersymmetric boundary condi-
tions (thermal black hole). The criteria in this case is that the glueball spectrum has a mass
gap, i.e. the solutions only accepts k? > 0, with k the four-momentum of the bulk field. This
construction is then studied in |134-146]. The main issue with this proposal is to decouple the
fermions and the scalars in the valid range of supergravity approximation. Another possibility
is to modify the interior of the AdS spacetime, by inserting a barrier like a hard wall (definition
see section , a brane etc., such that the quark-antiquark string cannot dip further into the
deep interior of the AdS space, but to stretch along the direction of the barrier. This could be
done by the so-called GPPZ flow [147,148| in a 5D N = 8 gauged supergravity, or by a dilaton
flow [149] in a non-supersymmetric background in the IIB string theory. Similar constructions
see also [26, 150-157]. In the following we will focus on the Constable-Myers background. It was

shown that in certain parameter range, the theory defined in the background has confinement.

3.4.1 Constable-Myers Background and Chiral Symmetry Breaking

The Constable-Myers background [131], along the lines of the constructions [149-156], is a
family of IIB supergravity solutions that contains two extra scalar fields (comparing to the bulk

scalar fields), i.e. the dilaton and an S® volume scalar. In the Einstein frame, the solution is

4 4\ 0/4 3 4 4\ (2=90)/4 4 4 6
9 179 (W +D 9 12 (W +b w* —b 9
ds® =H/ (w4_b4> > dat+ HY <w4_b4 — dw; (3.4.5)
=0 i=1

5Since the integral contains contributions from the mass of the infinitely heavy “W-boson”, the Wilson loop is
renormalized with this contribution subtracted. Details see [133].
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where

4 b4 4 6

H= (w4+b4) ~1, =Yk (3.4.6)

w J—
=1

b is a parameter that determines the size of the deformation § = R*/(2b%), and r is the AdS
radiusﬂ Here we use the notation in [25] for later convenience. The Constable-Myers’ notation
is related to this one by redefining the r in Constable-Myers’ notation in terms of w

dw r2d(r2) w\* 4 4
—_— _— — = b*. 4.7
w  2(rt+ ) - <w0) T (347)

The integration constant wg is set to 1 for b = 0. This family of solutions is asymptotically

AdSs x S° and breaks both the supersymmetry and conformal invariance.

The dilaton and the four-form are

w4+ b4 A 1.
€2¢ = €2¢0 <u)4b4> s 0(4) = _ZH 1dt A\ d$ A\ dy N dZ, (348)

where the exponent satisfy A2 4 §2 = 10. This family of solutions contains a naked singularity
at w? = b?. Understanding the physics in this region requires the full string theory. How-
ever, the main interesting features can be obtained by studying the parameter space where the

supergravity approximation is valid.

For convenience, introduce p and define Z?:l dw? = dp? + p*dQ3, the radial coordinate is then

w? = p? + w? + wZ. Such a deformation is caused by the presence of operators like (Tr(F?)) in
the dual field theory, which breaks the supersymmetry. In this background, the quark-antiquark

potential is linear in the length of separation of the quark-antiquark pair L [131]

5—|A
Y45 Al =6
V(D) —— " [, n= .
() 2raly/1 =% Al + 6

(3.4.9)

The glueball spectrum of the five-sphere fluctuation shows a mass gap. Both of these results

signal confinement in the dual field theory.

To realize a chiral symmetry breaking in the Constable-Myers background [25], notice that the
R-symmetry U(1)pg from the rotational symmetry in the two transverse directions ws g (i.e. the

Y56 in the last section) can be taken as the large N limit of the axial U(1)4. In the large N

5Here we replace the L in the original notation with R to be consistent with the former notations. The same
replacement is also performed for Az — L such that one can identify the L here with the one in the last section.
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limit, U(1) 4 is not anomalous. The D7-brane DBI action is
8 ¢ ab ab 1/2
Sp; = —pr | d°§e3e®G(p, w5, we) |1+ 9" g550,ws0pws + 9% ge6dawehows| ,  (3.4.10)

where ju7 is the D7-brane tension, es is the determinant factor of S3, and the determinant of

the metric is

5 ((P* +wi 4+ wd)? +b*) (P + wi +wd)? — b?)

(3.4.11)
(p? + wg + w§)*

g(p’ Ws, w6) =p

The ground state is set to wg = we(p) and ws = 0, and wg(p) satisfies

d | e®G(p, we) d
o W(apw@] VT @or g (6o, u)] =0 (3412

Looking for a solution where wg asymptotes to
c
we ~m+ —. (3.4.13)
p

Rotate ws g such that the kinetic terms are canonically normalized. This allows one to get the
mass dimension of the dual operators. One finds that m has dimension 1, corresponds to the

quark (fermion) mass. ¢ has dimension 3, corresponds to the vev (1)t) of fermion bilinear.

The Constable-Myers background contains a naked singularity, for m = 0 there is an exact
solution that goes into the singularity. Since this is not in the valid range of the background,
this solution is not trustworthy. However, there is a second solution when m = 0 with ¢ = 1.85,
see fig. The solution lies distance away from the singularity, which shows that the
chiral symmetry is broken for all values of m. One subtlety is choosing the correction solution.
Given that the radial direction corresponds to the energy scale, the solutions that intersect the
semicircle in the p — wg plane with the constant radial distance cannot be interpreted as an

RG-flow, therefore only the “good” solution in fig. [3.2(a)|is accepted.

If the chiral symmetry is broken, there must be Goldstone bosons associated with the broken
symmetry. Here the broken symmetry is U(1)g, therefore one GB is expected. This is achieved
by rotating the two transverse directions ws,wg with exp(i€) into the basis where the new
fluctuations in these two directions correspond to a radial fluctuation wg and a phase ws =
ep% sin(k - x), with k& the four-momentum. Solving their eoms to get the spectrum, the mass of
ws asymptotes to zero when m — 0 and for small m it’s mass scales with /m as expected in

QCD. This is the Goldstone boson. The other state wg, its mass is larger than the my,,,. It
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Figure 3.2: Left: three types of solutions. The “bad” solution intersects the semicircle twice thus
cannot be an RG-flow. The “ugly” solution goes into the singularity where the supergravity approx-
imation is no more valid. Therefore only the “good” solution is accepted. Right: solutions with
varying “quark” mass m, the vev c is read off from the UV asymptotics . There is a non-vanishing
vev ¢ when m = 0 which demonstrates chiral symmetry breaking for all cases. The solutions are
repelled from the singularity due to the chiral symmetry breaking. Both plots are taken from [25].

corresponds to the fluctuation in the radial direction, like a ¢ meson in QCD.

3.4.2 Turn on a Magnetic Field

Another possibility to introduce chiral symmetry breaking is by turning on a magnetic field,

based on a D3/D7 setup [27]. The D3-stack gives rise to the AdS5xS® geometry with the metric

_ p*+ L? R?

s (dp® + p*dQ23 + dL? + L?d¢?) (3.4.14)

where =0, ..., 3, dQ% is the S3 metric, L and ¢ are the polar coordinates in the transverse R?

(8,9 directions). The D7-brane is embedded at
¢ =const, L= L(p). (3.4.15)
Now introduce a magnetic field along some directions of the D3-brane’s world volume
B® = Hdaxy A das. (3.4.16)
This will introduce a Chern-Simons term to the D7’s DBI action

S =—ur / d%¢e™® [~ det(Gap + Bap + 27’ Fop)|'/* + 210/ 7 / FaoyACg),  (3.4.17)
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with g7 the D7 brane tension. a,b = (0,...,7) are the Lorentz indices on the D7 world volume,
Ggp is the induced metric and By is the induced magnetic field, Fy; is the world volume gauge
field. To the first order in o, the equations of motion set a constraint for the six-form Ce)-
The valid ansatz for Cg) is found to be

[i7kG PR
7 L(p*>+ L?)

dC(G)LOlpwaﬁ = 2@(L - LQ(,O))SiIleOS ¢, (3.4.18)

where Ii% = 27 /u7 and 0,1,2,3, p, ¢, 3,7 are the D7 world-volume indices. This contribution
breaks the supersymmetry of the probe D7-brane in this model. Since the probe doesn’t back-
react on the D3, one has essentially a SUSY conserved supergravity background plus a SUSY
broken probe theory.

The D7-brane embedding Ly (p) is solved from the equation of motion

L LH? V1+LE 2p°LoR'H?
9, (p3 0 i ) Lo 2 LoRHT (3.4.19)

— 1+
2 2 2\2 1772 2 2\3
V1+ L (p* + L) 1+ (p§+i](2))2 (p* + Lg)

where L{, = 8,Lo(p). This equation asymptotes to the equation of AdSsx S° background in the
UV in the limit of vanishing H. Thus the UV asymptotics is Lo(p) = m + ¢/p?. For a weak
magnetic field H < m?/R?, the vev is found to be

- R*

(Y1) x —c = —%H , (3.4.20)

which shows that the condensate is a function of the magnetic field H. In general, one finds a
non-vanishing vev ¢ associated with the mass m even when m = 0. This shows that the chiral

symmetry is indeed spontaneously broken in this construction.

3.5 AdS/QCD

The models introduced in the last sections are the top-down models, they start with the full
string theory, consider the full supersymmetry. The calculations are usually complicated and
the model structures are constraint by the symmetry patterns that can be realized by the D-
branes. In contrast to the top-down models which starts from the string theory and approaches
the QCD-like theory, the bottom-up models are developed [39] which constructs the model
in the reversed direction, see also [158-161]. The model considers a single space-filling brane

in the AdS space. This single brane is taken effectively as the flavor-brane with a SU(NNy)
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flavor symmetry. The action is like a holographic version of the chiral perturbation theory,
which manifests a SU(Ny)r, x SU(Ny)r chiral symmetry. The longitudinal part of the axial
vector mixes with the GB where the vector are independent of the other fields. This shows
by construction that the SU(Ny)r x SU(Ny)g symmetry is spontaneously broken down to the
SU(N)y. Using the AdS/CFT correspondence the meson spectrum and decay constants can

be calculated. The results are at 10-15% level comparing to the experimental values [39].

The model inserts an IR and a UV cutoff by hand, thus is called hard-wall model. It is a
confining theory given that there’s an IR wall that the fluctuations cannot access. It takes

essentially an AdS slice, with the metric
1
ds* = ?(—dz:2 +datdx,), €<z<zy,, €—0, (3.5.1)

in Poincaré coordinates. The action considers only a scalar field X, and the gauge fields Ay,

Apg dual to the left and right currents in the gauge theory

1
5= /d5x\/§Tr{|DX|2 +3IX = 5 (FE + FR) (3.5.2)
5

where g is the determinant of the metric, g5 is the 5D gauge coupling and F7 /g are the field
strength tensors. DX = DMX = oM X —iAM X +iX A]\Rf[ is the covariant derivative. The
model manifests a global chiral symmetry SU(Ny) x SU(Ny) breaking down to SU(Ny)y,
thus the fields are matrix valued objects. Consider different fluctuations, one obtains the 5D
gravity theory equations of motions. To solve them, one seeks a plane wave solution of the form

f(z,2") = f(2)e™*® for f a general field.

On the boundary, one identifies the generating functionals of the dual theories. The fj is the

value on the boundary which is sourced by the 5D SUGRA field f(z,z"). Using the relation

egs. (3.2.15)) and (3.2.16]), one can differentiate the generating functional (obtained by evaluating

the action on the solution of each field) with respect to the boundary field twice, to get the
corresponding correlator. For example the action, when evaluated on the solution of the vector

fluctuation is a boundary term

1 1
S=-—— [d= <v;azwa) . (3.5.3)
295 z

Z=€

Differentiating twice with respect to the solution on the boundary, one gets the vector-vector
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correlator

1 8ZV(Q7Z) }
ggQQ = z=¢’

where Q> = —¢?, V(q,2) is the piece in the vector solution that contains the dependence

My (—¢%) = - (3.5.4)

of the 5th dimension. For large Euclidean momentum @2, this function has the expansion
V(Q,z) =1+ % In(Q?%22). To match the coupling strength of the dual theories, one matches
the vector-vector correlator obtained from the gravitational side with the one that is calculated

using perturbation theory on the field theory side, i.e.

1 N,
Iy (Q? = ———InQ* = (Q? =-—5 Q> 3.5.5
v(Q%)|ads 22 nQ v(@)lerr = —5; 5@ (3.5.5)
N, is the number of colors. This gives the 5D gauge coupling
1272
2
= ) 3.5.6
95 N, ( )

From this expression we see that this coupling is fixed by the number of the colors.

Once the correlator is calculated, one can compute the decay constants of the mesons. This is

given bym

1

F? = <[ (e)/e* = E[ 7(0))?, (3.5.7)
where 1),(2) is the solution of the vector equation of motion. F), is the decay constant of the p

meson in this model.

This model has initially four free parameters: gs, mg, the vev of the quark bilinear o and the
IR cutoff z,,. Matching the vector-vector correlator from the gravitational side to the gauge
theory one Kkills g5, leaving only three free parameters. Matching the p meson mass fixes z,.
The 7 decay constant and the pion mass m, are matched to give m4 and o. In the end, with
such a simple setup incorporating an extra dimension, this model is able to get a prediction on

the other physical quantities at 10-15% level.

However the hard-wall models have some drawbacks, the obvious one is that the confinement is
implemented by hand instead of generated dynamically. This justifies the name of the hard-wall
model. However, the (IR) scales can be generated dynamically. This type of models are called
the soft-wall model, see [162, 163]. In the next section, we will review a model along this line,

where one can see that the vacuum solution has a lower bound that is generated dynamically.

"For derivations see the original paper [39].
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3.6 AdS/YM

In this work we focus on the bottom-up model from [53], earlier constructions see [164, 165] and
[166-171]. Based on the model from [39], this model considers the dual theory to be a general
Yang-Mills theory. The warp factor that is usually adopted in the soft-wall models to deform
the geometry in this case originates from the top-down D3/D7 model. Thus the confinement is

generated dynamically, whose origin can be traced back to the top-down construction.

The gravitational side of this model lives in the AdSs spacetime

dp2

ds?® = er:cha:“ + o

(3.6.1)

where 7 is the holographic radial direction. It’s relation with the p is defined to be r2 = L2 4 p?,
where L (or later Lg) in the top-down model sets the position of the D7 brane in the transverse

directions. It corresponds to the vacuum configuration in this case.
The action is

Am?
2

1

X * +
29§

1
Shoson = / dpd*z p>Tr {ﬂ (DM X)T Dy X + (Ff + F}%)} , (3.6.2)

where X = L(p)e'™ is the scalar fluctuation matrix, L(p) is the vacuum. Dy X = Oy X —iAp X+
1 X AR is the covariant derivative, with the Lorentz index M = t,x,y, 2, p. The field strength
tensors F7, and Fp represent the gauge symmetry SU(Ny)r, x SU(Ny)g mimicked by the single
D-brane. In the actual calculations, the field X and Aj,; are matrices in the flavor space like
in the chiral perturbation theory, i.e. if Ay, realizes gauge fields of an SU(N) symmetry, then
one needs to write Ay, = A% 7%, with 7 the SU(N) generators. But the flavors are degenerated
here, making the outcome essentially a degenerate abelian theory. The gauge fields for the left

and right symmetries are normalized to be
1 1
AL:§(V+A), AR:§(V_A)- (3.6.3)

In this way, the gauge symmetry in the bulk is actually the flavor symmetry of the theory. The
gauge bosons, which are dual to vector bound states in the dual field theory, are dynamical
fields in this model. This is a feature of the hidden local symmetry, and is a common feature
shared by the AdS/QCD models [33} |39, 172]. Notice two differences comparing to the original
AdS/QCD model. One is that this model has p3 as \/—g, this comes from the top-down model.
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This insures the correct UV behaviour for the vacuum. The other one, which is also the main
difference, is the term Am?(p). This term acts like the scalar mass term in a chiral Lagrangian,
but in this model it introduces the running of the holographic RG ﬂowﬂ To see how this
works, we start with the vacuum L. Turning off all the fields in the action, and apply the

Euler-Lagrange equation, one finds the eom of the vacuum isﬂ
0y (p38pL(p)) — Am*L(p) = 0. (3.6.4)
When setting Am? = 0, the vacuum has a usual solution of the form
L(p) — m + p%. (3.6.5)
If turn on Am? # 0, then the asymptotic behavior changes to

L(p) —» mp” + <p(3>’ (3.6.6)

where the relation between Am? and v is

Am? = (v — 2). (3.6.7)

Related to the scaling dimension of the operator, + is the anomalous dimension of the quark
mass. In QCD this is a running parameter, and in holographic model we introduce the running
of the gauge theory through this relation which reproduces the effect of a running dilaton in
the top-down model. The two-loop result of running coupling for multi-representational matter

is adopted in this case

H‘Z = —bya’® — b, (3.6.8)
where the S-functions bg; are
1
bo = — | 11C(G) — 2 T(R)N¢(R
067r< 2(G) ZR:()f()>,

(3.6.9)

by = 2417@ (3403(@) - %:(1002(}3) + GCQ(R))T(R)Nf(R)> .

In the above equations, R is the representation of the matter field, Cs is the quadratic Casimir,

8The introduction of Am? and the running of strong coupling isn’t trivial. There are several discussions needed
before arriving at this construction. What we introduced in the following is the final recipe to implement the
gauge dynamics. To not digress too much in the main text, we summarize the background ideas in appendix

9In the following we omit the p dependence of Am?. As can be seen later, it depends logarithmically on .
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G is the adjoint representation, Ny is the number of Weyl fermion flavors, d(R) is the dimension
of quark’s representation. For the running of the anomalous dimension =, the 1-loop result is

used
v 3C3(R) N
2T

(3.6.10)

Since this is a scalar theory defined on the AdS spacetime, there exists a BF bound at Am? = —1

[164]. Given the relation eq. (3.6.6]), one can expand it for  small
Am? = —27. (3.6.11)

This means, if v runs below the value %, then the BF bound of the scalar fields is violated
and the scalars’ potential develops an instability. The term Am? represents the effects of a
dilaton induced by the deformation of the geometry [165]. Together with the p? factor from the
top-down /—g, they function in the same way as the warp factor in the soft-wall AdS/QCD
models. But in this model they have a proper origin from the top-down. Note that Am? must
depend on r instead of p, i.e. it must be a function of L to pass from the chiral symmetry

broken phase below the BF bound to the stable phase above the BF bound [165].

To study the dynamics of the fluctuations, we turn on them separately. To get the scalar

fluctuation, let X = Lg(p) + S for S(p) being the scalar fluctuation. Expanding the scalar

potential to 8%?2, the eom for scalar is found to be

OAmM? M?2p3
<<9p (p°0p) — pAm* —p 5L Lo+ ;4’0 ) S(p) = 0. (3.6.12)

The vectors V', where i is the component index, are

(ap (6°9,) + Mipg) V(p) = 0. (3.6.13)

To compute the NGBs and the axial-vector A“*, set the scalar fluctuation matrix to X =
Lo(p)e’™, with 7 = 7ir? the Goldstone matrix and 7%, i = 0,1,..,3 are the identity matrix

(i = 0) and the three Pauli matrices. Writing the axial-vector in transverse and longitudinal
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parts A* = Ai’” + OM¢', from the eom of A* one gets

372 2 3

p°L Msp
<3p (p°0) = 3= 5" + =74 )A“(p)ZO
3

2
0, (9°0,0) — g2” Lo (m—¢) =0 (3.6.14)

ré

q28p¢ — g?,L%@pTr =0.

r

The last two equations give rise to the eom for GBs

M2p3L2
9, (p*LE0,m) + ’;74% —¢) =0. (3.6.15)
This is consistent with the GB eom derived directly from the Lagrangian using the Euler-

Lagrange equation.

These equations have non-trivial factors depend on p, they can be solved only numerically. One
way to solve them is to use the shooting method. The dynamics of the fields are constraint
by the boundary conditions. Take the scalar field S as an example, in the IR the regularity

condition is imposed, i.e. the first derivative of the field should vanish
IR boundary condition 1: 9,5(p)|r = 0. (3.6.16)

In the UV, the fluctuations corresponds to the normalisable modes, which asymptote to 0

rapidly, the fluctuation should thus vanish in the UV
UV boundary condition: S(p)|p—soc = 0. (3.6.17)

These two conditions forms a boundary value problem. Using the shooting method, one adds
and extra IR condition

IR boundary condition 2: S(p)|ir = 1. (3.6.18)

This extra boundary condition turns the boundary value problem to an initial value problem
associated with each shooting parameter M, i.e the field’s mass in the eoms. Since the solution
of the initial value problem is always unique, in this way one finds a unique solution associated
with the mass M. Applying these boundary conditions, the eoms of the fluctuations can be

solved numerically.

The meson decay constant fr 1,4 are calculated in the similar way as explained in the last

section. In the holographic model, the external source is the non-normalizable term in the UV
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[53]. In the UV, the Lo(p) ~ 0 comparing to pyy, the function that introduces the running also
tends to 0: Am?(p) — 0. So for the V, A and S fluctuations, they have essentially the same
asymptotics in the UV

2
9, (1°9,K) — %K —0. (3.6.19)

This equation has the solution |39} |52]

¢, (&

where N; are the normalization constants to be fixed by matching to the UV gauge theory [39,

165]
Gy d(R)Ny(R) . _ d(R)Ny(R)

2 2
Ny =Ni= 4872 TS T 82

(3.6.21)

The vector decay constant is computed by evaluating the vector-vector correlator Iy
2 1 3 2
Fy = dpgap(—p 9pV)Kv (g~ =0), (3.6.22)
5

where V' is the solution of the vector field. The Fg and F4 are calculated similarly. The pion

decay constant is computed from the IT44

2= /dpngap (p°0,Ka(q* = 0)) Ka(q®> =0). (3.6.23)
5

3.7 Double Trace Interaction

By far, the AdS/CFT correspondence covers only the case where the dual theory is of order
~ TrW (0O), where O is a function of a single field and its derivatives. Since it involves just a
single trace term, the operator O is called the single-trace operator. It is useful in the matter
free gauge theories. However, to incorporate a potential for the matter field, a multi-trace
operator which is nonlinear in O is needed. Especially in constructing a dynamic holographic
composite Higgs model that is relevant to the research in this thesis. As we will see later in
section the double trace interaction is needed to introduce the EW symmetry breaking on
the boundary.
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3.7.1 Witten’s Double Trace Prescription

The prescription to incorporate the double trace interaction into the AdS/CFT correspondence
is work out by Witten in |[173]. The method is effectively very simple. One just needs to modify
the condition on the AdS boundary according to the double trace interaction term. To see this,

consider an action of a scalar field ¢ from a U(N) gauge theory

1

_ = d+1 2 d
I_2Lwd Mm+[ﬂdeWJ@J, (3.7.1)

that lives in the AdS4,1 spacetime in the Poincaré coordinates
1
ds? = 2 (dr2 + dazuda;“) , p=0,...,d r>0. (3.7.2)

r = 0 is the AdS boundary. Then a free scalar ¢ with mass m in the bulk has a solution in the

UV that behaves like
ouv — jT’d_A + <¢0>TA, (3.7.3)

where ¢y the boundary value of ¢, and J is the source for the dual operator O of ¢, A is the
dimension of the operator O. If we now add a boundary perturbation N2W to the Lagrangian,

then the variation of the action with respect to ¢ indicates a boundary condition for ¢

SWo 9 SWo 9
/ dlz 5¢<—f) 0— M—af 0. (3.7.4)

Let W first be a single trace interaction on the boundary

W:/ﬂﬁ@o (3.7.5)

In terms of the AdS/CFT correspondence, this boundary condition is equivalent to

ow

jZf(x):m,

(3.7.6)

i.e. the source term is replaced with the derivative of the single trace interaction with respect
to the vev of the boundary field. The upshot is, when perturbing the dual field theory with an
interaction term N2W on the AdS boundary, to calculate physical quantities in the bulk using
the AdS/CFT correspondence, the boundary condition eq. should be applied.

If now W is a multi trace interaction term on the boundary, i.e. it contains nonlinear terms of
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the operator, then one simply replace the boundary condition with

W (z,(9;), ¢;)

N TS

(3.7.7)

3.7.2 NJL

Aside from the standard Higgs mechanism, the Nambu-Jona-Lasino (NJL) model [174} [175]
provides another mechanism to reproduce the chiral symmetry breaking. Inspired from the
BCS (Bardeen-Cooper-Schrieffer) theory, the NJL model attempts to explain the condensation
of quarks in a similar manner (the pions are explained to be a nucleon-antinucleon state). The
original model is a toy model, which contains only a kinetic term and a four-fermion interaction

term that respects a chiral symmetry at the Lagrangian level

L=~y 91 + go [(v9)? — (Pys0)?] . (3.7.8)

Then a Coleman-Weinberg potential as a function of the fermion mass m at one-loop breaks
the chiral symmetry. The observed fermion (nucleon) mass m, thus the bound states’ mass,
becomes a function of the bare coupling constant go (NJL coupling), and it grows beyond 0

after the coupling goA? crosses the critical value 27

272 m A2

Here A is the UV cutoff. The typical profile one would expect is that the mass starts to grow

drastically after the coupling passes the critical value.

3.7.3 Holographic NJL Interactions

In holographic models, adding an NJL term at the boundary could enhance the chiral symmetry
breaking, if such a breaking is already triggered in the theory [176, 177]. Also, it will introduce
extra explicit breaking sources into the theory. This is especially useful for incorporating the EW
symmetry breaking when constructing holographic composite Higgs models. In the following
we will review how the NJL interaction is embedd in the holographic model, restricted to the

D3/DT7 inspired bottom-up model.

To implement the NJL interaction into holographic bottom-up models originated from the

D3/D7 type of models, we follow closely the results in [176| |177]. These results are what we
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will use and extend in the later research part.

What we want to achieve is to add a four-fermion interaction term to the boundary field theory,

such that the vev in the boundary asymptotics of L
c

is the vev ¢ = (qrqr). L is the vacuum of the bulk scalar field. This can be done using Witten’s

prescription by adding an interaction term at the boundary

2 - m2A2
AS = 55— ((@var)* = —57%, (3.7.11)
uv g
where we identified m = Ag; (Grqr) in the last step. g is the NJL coupling, and Ayy is the
uv

cut-off. Adding this term to the Lagrangian of the dual field theory, variation principle requires

[177]
oL oL, oc

L is allowed to change, so 6L # 0. Then this in turn requires that on the boundary

oL  2LA?
£y + 7 =0. (3.7.13)

Knowing that L — m + p% in the UV, here UV is the cutoff scale Ay, the above condition is

translated to

g2

m
This is the relation that we want to see in the holographic model in the first place.

Depending on the strength of the coupling, the model experiences a second order phase tran-
sition. For g < g., the minimum lies at m = 0, so no symmetry is broken. For g > g., the

minimum is lifted from m = 0 which indicates a symmetry breaking.

However, adding an NJL contribution to a holographic theory doesn’t guarantee a chiral sym-
metry breaking (or generally a symmetry breaking) as always. The holographic model must
have a chiral symmetry breaking triggered already. As is pointed out in [176, [177], if the holo-
graphic model respects SUSY, then adding the NJL contribution won’t change the mass m that
minimize the potential. Only when the SUSY is broken where a chiral symmetry breaking is
manifest does the NJL contribution lift the mass that minimizes the potential above of 0. So

the upshot is, the NJL interaction in the holographic model can only enhance but not trigger a

o8



symmetry breaking. For that purpose, one must introduce a symmetry breaking mechanism in

advance.
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Chapter 4

Non-Abelian AdS/QCD

In this chapter we start constructing a non-abelian AdS/YM model, based on the ingredients
we reviewed in the last part. There is a non-abelian top-down model based on the D3/D7
construction in [178], where the authors consider the DBI action for Ny coincident D7-branes,
and the non-abelian nature is made obvious by embedding the D7-branes at different positions
in the transverse directions. Such an embedding gives rise to heavy-light bound states stretching
between the D7-branes that are dual to the meson states with different quark contents. These

states are also no more degenerate with the heavy-heavy and light-light states.

By introducing the non-abelian construction, we are able to explain the measured QCD meson
spectrum in more details according to the flavor structure of the quark contents. This property
is also important in composite Higgs model building to realize different symmetry breaking

patterns.

In the following, we will review first the non-abelian D3/D7 top-down model in [178] in sec-
tion[d.1] We then adopt the essential elements from this model to extend the dynamical AdS/YM
model we reviewed in section to incorporate the non-abelian gauge structure in the bulk
(flavor structure in the dual field theory). This is done in section where we also develop
the numerical tools that will be used through out our calculations. In section we use the
non-abelian dynamical AdS/YM model to let it dual to a two flavor QCD on the boundary.
We show two spectra, one with degenerate flavors (m,, = mg) and the other with flavors made
explicitly different (m, # mg). We then move on to the three flavor case, with the flavor struc-
ture m,, = mg # ms. In each step we compute the meson spectrum and compared it with the

QCD data. Our results show a good agreement with the QCD meson spectrum. This chapter
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is based on the paper we published in [1].

4.1 A Non-Abelian D3/D7 Top-Down Model

The top-down model reviewed in section considers essentially only one D7-brane. To realize
a non-abelian gauge symmetry, it’s intuitive to include more D7 flavor branes. Such a model is
constructed in [178], where it describes Ny flavors of N’ = 2 supersymmetric quark hypermul-
tiplet interacting with the gauge sector of the N' = 4 SYM. The global symmetry of the dual
field theory is U(Ny) x U(1) 4. We review in this section the essential elements for constructing

the corresponding bottom-up model.

The non-abelian DBI-action for Ny coincident Dp-branes is proposed in [179]

SNy = —Tp/dpﬂfed’STr <\/— det(P[Grs + Gra(Q~1 — §)®G ) + T-1F,4)/det Q“,? , |
4.1.1

with
QY = 0% +1T[X*, XGw, (4.1.2)

T =27nd/, Tp is the Dp-brane tension. X are the directions transverse to the Dp-branes, for
p="7,a,c=8,9. Plays| is the pull-back of a 10D tensor a,,, to the world-volume of the branes.

When including the fluctuations and taking the diagonal embeddings, [X ¢, X°] is small. Using
eq. (4.1.2)), the pull-back in eq. (4.1.1)) is then approximated as

P[Grs + Gra(Q71 = 0)®Gy] ~ Grs + D XD X(G% — iT[X¢, XY GueGia), (4.1.3)

where

D, X" = 8, X%+ i[A,, X%, (4.1.4)

is the covariant derivative, A, are the non-abelian bulk gauge fields. Expanding the action in

[X?, X?] and keeping to O(X*), the N ¢ probe Dp-branes’ action eq. (4.1.1)) is approximated by

2
S, =7 / dPee~ STy {\/ — det(Grs + Gap Dy XOD XY + T=1E,) % (1 - i (TGGC[XC, Xb]) > } .
(4.1.5)
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In the following we consider D7-probe. It is embedded in the 10D background [180 181]

2 R2
ds%o — 2/2 <;2A2(7“)77de“dx” + r—zdr2 + RQng) , (4.1.6)
where ®(r) is the dilaton field and A(r) is a function that takes different values for non- and

SUSY cases. The induced metric on the D7 world-volume is

2

r? , R
ds? = e*/? {R2A2nwjd:ﬂ“d:v + o)

(1 + (8pw)?)dp® + deag)} . (4.1.7)

For D7-branes, the scalar fluctuations are generated in X® and X*, i.e. the two transverse
directions. In the abelian case, they represent the positions of the D7-brane in these two
directions. When promoted to the non-abelian case, they have the same geometrical meaning
only when the matrices are diagonal. The diagonal ansatz is taken to simplify the computation,

where one takes the metric and coordinates to be diagonal matrices
X = diag(L{,... ?Vf) (4.1.8)

The contents inside the STr in action eq. (4.1.1) are thus extended to Ny x Ny matrices. There
is an ambiguity in defining the order of the matrices. The remedy is to surround the action
with a symmetrized trace STr, which is an average over all the permutations of fields at the

same order as a field strength tensor
1
STr [XlXQ, . Xn] = i (X1X2...Xn + X9 X1...X,, +all permutations) . (419)
n!

The permutation acts on X;, DM X;, [X;, X;] and Fpn [179]. The convention of STr was first
introduced by Tseytlin in [182], where it was shown that when expending to O(F?), the non-
abelian DBI action adopting the STr is consistent with the tree-level open string effective action

for the non-abelian vector field. See also [183, [184].

For simplicity, we restrict ourselves in the two-flavor case, i.e. we will have essentially two D7-
branes forming a D7-probe, the gauge symmetry is U(2) gives rise to a U(2) flavour symmetry

in the dual field theory. The fields (matrices) are expressed in the basis of U(2)

: 0
, A=< , =2 . (4.1.10)

—_
= [a)
N =

N
(@)

Taking the diagonal ansatz for the vacuum and consider general fluctuations, the scalar fields
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X839 and the vector fields are written as

Ly

0 Lo

X8=rigf =¢8 X°= +rig), AM =AM (4.1.11)
Note that we don’t differentiate between super-/sub-scripts in defining the basis matrices.
eq. (4.1.11) is a valid ansatz since due to rotational symmetry, one can align the D7-branes along
one direction. Geometrically this vacuum configuration means that the D7-probe is embedded
and separated along the 9th-direction at positions L1 and Lo. Including these fluctuations, the

radial direction r becomes a matrix in flavor space
r? = p? 4+ (X®)2 + (X2 (4.1.12)
This turns the metric — which is a function of 2 — also into a matrix

Grs |r:r11 Grs |r:r12

Grs = , (4.1.13)
Grs |T‘:T21 Grs |T‘:T22
where 7;; denotes the corresponding matrix element of r. Taking the diagonal ansatz, the metric

is essentially a diagonal matrix that is not necessarily proportional to the identity matrix.
Expanding the action in eq. (4.1.5) to O(X?), we obtain the Lagrangian

1 1 1
L= p3STr <e¢ [1 + §GppDTX9TDTX9 + §G,Jpa’”¢83r¢8 + ngF“bFab

+ 563l P LR + (6371) ). (4114

The second line is the mass term for the ¢g fluctuations, which is not present for the ¢g fields.

As indicated in eq. , the vacuums L1 and Lo are taken differently, this shows that the
flavor symmetry U(2) is broken explicitly on the boundary. Such a breaking will cause a Higgs-
mechanism happening in the vector sector, where the longitudinal part of the vector is absorbed
by the scalar fields. This process happens only between the off-diagonal fields f; and fa, for f
being a general field. The diagonal fields (singlet and the third component of the triplet) mix
into fields dual to @u and dd in the diagonal ansatz. This reflects the fact that in the large N

limit, the flavor symmetry is broken down to U(1) x U(1).

There are three kinds of fluctuations in this model. The scalar fluctuations in the 9th and 8th

directions are dual to scalar mesons and pseudo-scalar mesons (GBs). The vector fields V* and
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the axial-vector fields A% are dual to the vector/axial-vector mesons in the 4D field theory. Each
of them have four components, which recombines into f,/; = fo+ f5 and fi13/21 = f1Fif2. They
are dual to the light-light (f,), heavy-heavy (fz) and heavy-light (fi2/91, degenerated) meson
excitations. For completeness, and also due to the similarity in the calculations, we derive some
of the Lagrangians and the equations of motion from [178] in appendix [A]l The calculations in

the later bottom-up model are based on this.

4.2 N = 2 Bottom-Up Non-Abelian Model

In this section we discuss some of essential aspects from the non-abelian top-down model that

will be extended to the bottom-up. We start with the kinetic terms of the vacuum
3 1 absn vt
£D7 =P STr §GppG 6aX 6bX . (4.2.1)

X is the scalar matrix that contains the vacuum and the fluctuations. It combines both the X8

and X? in the previous section, and it is parameterized non-linearly as a N X Ny matrix

X:<L+§:@uﬂgemmﬂi (4.2.2)
k

where L is the embedding matrix. T are the generators of the U(Ny) symmetry group. &s and
s are the QNJ% scalar and pseudo-scalar fluctuations around the vacuum. The AdS metric Ggp

is a matrix also, due to the matrix nature of the coordinate r? = p21Nf + L2

In the bottom-up model, the above kinetic term manifests a chiral symmetry. Under the chiral

transformation, the scalar matrix and the metric transform as
X — Ul XU, G — Ul GUE, (4.2.3)

where Uy, and Ug are the left and right transformation matrices respectively. The symmetrized
trace deals with the ambiguity of the matrices’ positions, the symmetrization is applied to all
possible permutations that are invariant under chiral symmetry in the action. Since now the
metric is also a matrix in the flavor space, G};pGab transforms as U RUIT% and G“bTGpp transforms
as U LUE. These two combinations show up in the action after bring down the indices. In
computing the STr, one inserts the two products in the beginning and in the middle of the

kinetic term respectively and average over these two possibilities.
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In the following we take the diagonal ansatz, the vacuum matrix L is assumed to be real and
diagonal: L = diag(Ly(p), Lqa(p)). Such a configuration leads to two separated equations of
motion when X =diag(L,,, Lg)

Cu/d
6P[p38PLu/d] =0, Lu/d = My/d + 7é7 (4.2.4)

where m,, /q are the UV quark masses and ¢, /4 are the operators’ vevs corresponding to the up

and down quark and their condensates in the dual theory respectively.

Deriving these equations require the boundary surface term

oL
4 4,3
Sy = /d waLéﬁu/d = /d xp 0Ly q0pLuyyq (4.2.5)

to vanish, which is made possible when requiring L, / JUR)=0and L,,q(UV)=0.

The kinetic term eq. (4.2.1]) has more symmetry than the N' = 2 SYM theory in the last section,
i.e. we want to break the chiral symmetry down to the diagonal one. This is done by introducing

the potential in terms of the commutator [XT, X]
1
V= 5Tr[XT,XF =Tr(XTXXTX) - Tr(XTXTXX), (4.2.6)

where the second term breaks SU(Ny)r x SU(Nyf)g to U(Ny)y x U(1)a.

We need to also include the bulk gauge fields in the holographic model. The action should then

contain the terms
Lhin = °STr | SGpGDLXTDLX + 4;2Gabacdz«ycﬂ)d , (4.2.7)
with the covariant derivative
Do X = 0, X +4[T™, T"|V," X", (4.2.8)

Note that the commutator is calculated before applying the STr.
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4.2.1 Two-Flavor Example 1: Equal Real Masses

We consider first the above construction with degenerate flavors. Then the vacuum is propor-

tional to an identity matrix and the scalar matrix X is expressed as
Xl'j = ’I’)’L(Sl'j + si5 + ’igl'j, (4.2.9)

where d;; is the Kronecker delta. m represents backgrounds’ solution, which is essentially the
UV quark mass m. The radial coordinate is also proportional to unit matrix, so is the metric

matrix too, which takes the form

G = Gaz = (p* + m*) 1N, ;- (4.2.10)

If we derive the equations of motion for the scalar and vectors, we will end up with QN? copies

of the abelian equation

3 M2
for the scalars S and NJ% copies of the vectors
3 M2

I.e. this is just a degenerate abelian theory we have seen before.

4.2.2 Two-Flavor Example 2: Split Real Masses

We consider now the two flavor case with two embeddings separated, marked by u, d respectively.
There will be two classes of fluctuations in this case. In the brane picture, one class corresponds
to the open string on a single D7-brane, were it a u- or d-brane. These states will be referred
to as diagonal fluctuations/states in the following, since they are the diagonal elements of the
fluctuation matrix. The other ones correspond to the open string stretching between the u- and

d-brane, they are referred to as the off-diagonal fluctuations.
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Diagonal States

If the flavors are made non-degenerate, the eigenstates in of the diagonal component will corre-
spond to the @u and dd states in the dual field theory, instead of being the singlet and triplet
states under the U(2)y. This is the case for both scalar and vector fields. For example, consider

the scalar fluctuations around the vacuum o, 4. Their holographic action is

1 1
Ssd = /d49€dﬂ p’ [(@7%)2 + W(a/ﬂu)z +(9poa)® + m@pﬁd)Q . (4.213)
Their dynamics are described by the equations
Jy12/d
0p(p20,0074) + PP ——to——04/a =0, (4.2.14)
P pOu/ (P + mi/d)z /
where they are solved by taking the plane-wave ansatz o;(p, z) = 0i(p)e’?®, ¢* = —M?, i = u, d,

and requiring the fields to vanish in the UV to solve the mass ]\Ju2 Jd° If we start with another
basis that is an admixture of the current basis (o, 7) = 1/v/2(0, £ 0q), i.e if we are dealing with

coupled equations of motion, the action in this basis is

3
— | 4 3 2, P 1 1 s 3 )
S5d —/d xdp [P (9po)” + 5 [(p2+m%)2 + 2 +m§)2] (020)% + p°(0,7)
3
p 1 1 2 3 [ 1 1
7 Oz — 0,0)(0y7).
k2[<p2+m%»2Wp2+m5>2](7>+p<p2+m@2<p2+m§>2(a)ilr)>
4.2.15

As shown in [185], for coupled equations, one should seek the solutions with the common plane-
wave ansatz e** k2 = —M?. Using the usual Euler-Lagrange equation, we arrive at a set of

coupled equations of motion in this basis

808)+&[ ! - ! ]M2+ﬁ[ ! ! ]MQ 0
g o g - — T=0,
AT [P mi? T (P ml) 2 (24 miP (P mi)?
(4.2.16)
3 1 1 p3 1 1
9,(p%9 +p[ + }M2+[ - ]M2:0
R [ R R ] RN P L v el
(4.2.17)
We then impose the boundary conditions for mixed states
o(IR)=1, o' (IR)=0, 7(IR)=b, 7'(IR)=0, o,7(UV)=0. (4.2.18)

The IR value of one of the field, for example 7(I/R) = b is a shooting parameter. By adjusting
the values b and M such that both of the fields vanish in the UV simultaneously, one finds the
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Figure 4.1: We show a numerical method to the solution of the mixed equations, eq. and
eq. (4.2.17). The diagonal basis is known and the solutions in each of the w and d sectors are
M? = 4(n + 1)(n + 2)m,. Here, with fixed 0(0) = 1,067(0) = 0,7/(0) = 0, we vary the mass squared
and the value of 7(0). We plot the quantity 1/(Jo(c0)|+ |7(00)|, which diverges when both the fields
vanish asymptotically. In this case, we have set one quark mass to unity and the other 0.5 — there
are clear peaks at 7(0) = —1 and M? = 2,6, which are the zeroth and first excited states of the d
quark state. The peak at 7(0) = 1 and M? = 8 is the ground state of the u quark.

unique solution of the set of equations. An example of the solution is shown in fig.

The solutions correspond to ¢ = 7 = ¢, where M? = Mg and 0 = —7 = o4 where M? = MC%.
Plug these solutions back in the action eq. (4.2.15) will return back to the action in o, 4. The
above discussion is to show that when applying the correct boundary conditions, the solutions

from the different bases are equivalent.

Generally for coupled equations of n fields o; for i = 1, ..., n, one should use the same plane-wave
ansatz for all the fields e?** k? = —M?2. Then set the IR boundary conditions as o1(0) = 1,
and 0,(0) = 0 for all ¢ = 1,...,n. The mass M and the n — 1 IR boundary values 0;(0) = b;,
1 =2,...,n, are the shooting parameters. Shooting from the IR using these parameters and seek

the solution where all n fields vanish simultaneously in the UV will give the unique solutions.

Off-Diagonal States

The off-diagonal states are dual to the bilinear state with different quark flavors — @d and du.
Since the u,d embedding are no more degenerate, the flavor symmetry is broken. This gives
rise to additional Higgs mechanism that happens between the off-diagonal vectors and scalars.

To illustrate this breaking, we consider for instance the real fluctuations in the following. The
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potential in eq. (4.2.6) vanishes. The commutator in the covariant derivative is non-vanishing
and mixes thus the scalar with the longitudinal component of the vector field. To illustrate this
in detail, we consider the scalar fluctuation along the 7" direction and the vector field Ay

m 6X1 0 —2

X = and Ag = , (4.2.19)
(5X1 my 1 0

the covariant derivative is then
0
Do X = (026 X1 + (my — ma)A2q) : (4.2.20)

As shown in [178], one can absorb the scalar fluctuation into the vector longitudinal component
by the transformation
0.X1

(mu - md) ‘

A2a — AQa = AQa - aa (4221)
The vector Ay becomes massive with a mass proportional to the difference of the embeddings

2

(my, — mg)®. This Higgs mechanism also happens between the 60X and A;. The equation of

motion of the vector field will now be

M? — (my, — mg)? 1 1
d,[p0,V, “ V, =0, 4.2.22
olp0pVal + 2 (p? +m2)? - (p? +m?)? ( )

for Va = A1/27a.
If the off-diagonal fluctuations are complex, the contribution from eq. (4.2.6]) will set in. This will

contribute to the mass term of the (pseudo-)scalars which is again proportional to (m,, —mg)?.

The corresponding dynamics is studied numerically in [178], we will not repeat it here.

4.3 Two-Flavor Non-Abelian AdS/QCD

In the last section we have collected all the essential ingredients, in this section we combine
these ingredients to construct a non-abelian bottom-up AdS/QCD model incorporating both
dynamical spontaneous symmetry breaking and the explicit symmetry breaking by the UV
quark masses. The symmetry breaking pattern is the global chiral symmetry U(Ny)r x U(Ny)r
broken down to the U(Ny)y which is then broken explicitly by separating the flavor branes.
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4.3.1 Kinetic Terms

The model lives in the AdSs spacetime

dp?
2 272
ds* =r dx(lf’) -+ ?, (431)
where the radial direction is promoted to a Ny x N; matrix as in the last section
r? =p’ly, + XX (4.3.2)

X is the scalar matrix, that transforms under the chiral symmetry as X — U}:X Upg. This scalar
field is needed to construct a QCD-like theory where it describes the chiral condensate in the
dual theory. The X matrix is again a combination of the X% matrices in the top-down model.
The metric becomes matrix too and transforms in the same way as the field X. The chiral

symmetric action that contains the kinetic terms is

1 1
S = / >z p>STr <ﬂ(D“X)T(DaX) + = (FL,angb + (L & R)>> . (4.3.3)
95

The covariant derivative in this case is defined as
DX =0'X — AT X +iX A%, (4.3.4)

where Ay, g are the gauge fields of the U(Ny) g respectively. The gauge fields are the bulk gauge
bosons that are dual to the left and right currents associated with the chiral symmetry. The
dilaton factor, that introduces the RG-flow that is essential for breaking the chiral symmetry
dynamically, is later introduced by Am? term in the potential. The 5D coupling is obtained by
matching to the vector-vector correlator in the UV with the field theory one [39, (186, and is
determined by

24m?

9 = d(R) Ny (R)’ (4.3.5)

where d(R) is the dimension of the quark’s representation R, N¢(R) is the number of flavors in

that representation.
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4.3.2 Potential

To implement the dynamical chiral symmetry breaking in the model, one must include a scalar
potential that is invariant under the chrial symmetry. The simplest form is taken to be an

expansion in terms of XTX
V =STr (A +BXIX + o(XTXx)2+ ) : (4.3.6)

where the coefficients are p dependent and are needed to insure the correct mass dimensions. As
the first step, we take the coefficients to be just numbers instead of matrices. A only contributes

to the vacuum solutions and is not fixed.

The coefficient of the second term B, which is the Am? in the following context, acts like a scalar
mass term in the potential. It represents the effects of the dilaton from the top-down model,
and originates from chiral symmetry breaking considerations in the top-down model. In the
top-down model, introducing an extra world-volume baryon number magnetic field B will break
the supersymmetry and conformality [27]. Such a construction is reviewed in section To

the leading order in «, the Lagrangian gets effectively a dilaton factor

_ B?
e ¢:‘/1+74‘ (4.3.7)

The vacuum solution breaks the U(1)4 symmetry. This is due to the fact that the dilaton is

divergent in the IR. One can see this if perform the expansion of dilaton around the IR

e ? = 1+B—2(1—872L2+ ) (4.3.8)
) \/@,ﬁ 3.
P

where in the IR p — 0 this expansion is divergent.

The second term in the above expansion is a scalar mass term. The L = 0 solution is no more
bounded if this term violates the BF-bound. In the duality, this mass is connected with the
anomalous dimension v of the quark mass. In this model, one can show that the relation is
Am? = (v — 2) [53]. The violation of BF-bound shows up at Am? = 1 [164]. Through this
relation, the dilaton effect is translated into Am? running in the bottom-up model. Following

the discussion in [53], taking the limit v < 1, the dilaton effect is implemented through

_ 3C(R)

Am? = -2
m Vs o

a. (4.3.9)
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For the running coupling «, the two-loop result for multi-representational matter is usedE|

da

u@ = —boa? — b1a?, (4.3.10)

where the beta functions are defined as

bo = % (1102(G) — ZZT(R)Nf(R)) ,
R

(4.3.11)

by = flﬁ (3403(0) — 37 (1005(G) + 602(3))T(R)Nf(3)> .
R

In the above equations, R is the representation of the Weyl fermions, T'(R) is the half of the
Dynkin index, Cs is the quadratic Casimir, G is the adjoint representation, Ny is the number

of flavors.

The full action is now

S— / P pPSTr (12(D“X)T(DGX) L+ ARXTX 4 (FL,angb (Lo R)>> (43.12)
T 95

The vacuum eoms are now
9,(p*0,Li) — p Am*(p)L; =0 (i=1,...,Ny). (4.3.13)
If Am? =0, then the solution asymptotes to
Li(p) = m; + cip™ 2. (4.3.14)
Including Am? will alter this relation to the power law
Li(puy) ~mp™ 7 +cp’ 2. (4.3.15)

The function Am? should depend on /p? + L?, such that the BF bound is not violated at large
p. This means the function Am? is flavor dependent, and should be included in the STr. If
expand Am? in terms of X, the potential eq. (4.3.6) is properly reproduced. This validates the

dependence of Am? on y/p? + L?.

In the UV, we let L;i(p — o0) ~ m;, where m; is the quark masses, which is taken as inputs.

!This running is exactly the one reviewed in section We repeat it here for the convenience of the reader.
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From eq. (4.3.15]), the condensate ¢; can also contribute, but it is suppressed by the large p.

One can approximate this quantity by taking the first derivative

2c
L(UV)=-= . 4.3.1
wv)=-5],, (43.16)

After solving the vacuum eoms numerically with the boundary conditions in the IR and UV, one
can read out this quantity and see that it is really different from zero, thus the chiral symmetry
is broken. Another way to see the chiral symmetry breaking is the IR quark mass L(prpg,).
As shown in [25], due to the chiral symmetry breaking, the vacuum profile is lifted away from
the singularity in the L — p plane, as shown in fig. [3.2(b)l Thus the presence of the IR mass
indicates the chiral symmetry is broken. This IR mass is flavor dependent. In the numerical
calculations, we set the UV quark masses to be m, # mgq or m, = mg # m for the split mass
case. Using the shooting method we get different IR masses associated with flavors. These are
later the lower bound when searching the solutions for the fluctuations. In the numerics, we set

the corresponding IR boundary conditions for the fluctuations at prr = maz(prr,).

As for the fluctuations, the scalar fluctuation matrix is parametrized as [187]

X = ¢me@)Ta <L + ng(a;)Tk> eima(@)Ta (4.3.17)
k
The gauge fields are
1 1
A= B (AL —Ag) and V= 3 (AL + Ar), (4.3.18)

where V is the vector and A is the axial-vector field in the bulk.

Taking this paramtrization decouples all the fluctuations’ eoms. If use the parametrization

eq. (4.2.2)) as in the abelian case, we will get for example the scalar eom

O (P 0Ek(p)) — pESTrAME(TH)(T7) — p&;STrXo 2312 |, (TH)(T7) + M2E,STres (T%)(19)
+0,STe { 2 |7 (9, XTI + (9, XET9) (%)) + 0,7 (XoT9)(T%)] + .}
+p30,m STr(i(0, X0)T*TI + h.c.) + p* M?7m;STr(idr (XoT7)(T*) + h.c.)

—pP M2, STe(i- 4 [TV, Xo)(T*) + h.c.) — M2p3¢?,STr(i 4 {T7, Xo}(T*) + h.c.) = 0.
(4.3.19)
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For a detailed derivation, see appendix [C] This is numerically heavy to solve, and the physics
should not depend on the parametrization. Therefore we use eq. in the following
computations. Also we note that our calculations don’t include the radial excitations, since to
reproduce the Regge M? behavior, one needs to include string dynamics in the bulk for excited

states. For lowest excited states, the field approximation works well.

4.3.3 The Higgs Mechanism in the Vector Sector

In the usual QCD, the Higgs mechanism for the axial-vectors are known, where the massless
GBs can be absorbed into the longitudinal part of the axial-vectors. The reason for this Higgs
mechanism to happen is that the axial-vector symmetry, as a gauge symmetry, is spontaneously
broken. In our model, setting the quark masses to be different will break the flavor symmetry
explicitly on the boundary. This corresponds to breaking the vector gauge symmetry in the
bulk. In this case, one should observe a second Higgs mechanism between the vectors and the

scalars in addition to the axial-vector-pion one.

To demonstrate this extra Higgs mechanism, consider a Ny = 2 theory with a truncated scalar
potential

L= p*STrd,X19,X + A(p)STrXTX + B(p)STrXT X XTX. (4.3.20)

In our model, A(p) = Am? and B(p) = agf:’f. The vacuums are the solutions of

9p(p*0pLyyq) — ALy q — 2BL 14 ="0. (4.3.21)

Now consider an off-diagonal scalar fluctuation

0
§X = “ (4.3.22)
& 0
with an action to the quadratic order
L= p*(0p6)? + A&S + B(2L3E5 + 2Ly Laf + 2L363). (4.3.23)

Here we seek for the massless solutions, thus drop the space-time kinetic terms in the action
(which give rise to the M? term) for simplicity. Then one can find that L, — Ly is a solution

of the scalar eom. This is the GB mode in the bulk when L, # Lg. This is however not the
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physical states in the dual field theory since L, — L4 doesn’t asymtote to 0 in the UV (the
normalizable part of the solution should vanish in the UV). To obtain the correct eoms for the

scalars, we include these expansions in the action.

Now we turn on the vectors in the action. Then the eoms of the off-diagonal scalar & is

0y (PP02(p)) + & [-24 = BULE + 4Ly Ly +4L3)) &

1

(4.3.24)
+%M22P3 <rf§ + 7}3) <§2(P) + (Ly — Ld)¢V2/1 (p)) =0.

It mixes with the longitudinal part of the vector fields. We can see this if we decompose the
vector fields to V# = V' + d#¢y, 9,V|' =0, V, = 0, where ¢y is the longitudinal part. From
the eom of the vector field, we find
3 Pgs (1 1
0y (P00, (0)) + 25 ( + 4) (Lu = La) (€2(0) F (Lu = La)vi o (p) ) = 0

4
8 \ru 71y (4.3.25)

AMP0,0v,,,(p) F 95 (Lu — La)9p€2(p) £ g5€2(p)0p(Lu — La) = 0.

But eq. (4.3.25)) is actually a copy of eq. (4.3.24]), in the sense that by substituting the second

equation into the first one in eq. (4.3.25) one gets eq. (4.3.24)). This is stating nothing but the
scalar field is the GB of the vector field if the vector symmetry is broken in the bulk. One can

furthur show that this property extends to higher order corrections in the expansion. However,
in the numerics, the Am? is a running parameter, therefore it will depend on the splitting of
the quark mass, thus ruin the consistency. In the following numerical calculations, we ignore

the vector field mixing and use the following eom as an approximation

Oy (00péalp)) + & [~ Am? — Am3 — Lu(p)Am? — La(p) AmZ] €1/2(p)

4.3.26)
1o, (1 1 (
toMe, P <r3+r4> &2=0.

u

This is the eom one gets if Am? is inserted as flavor-dependent matrix at the level of Lagrangian.

So far we have established the basics for a non-abelian AdS/QCD model, in the following we

look further into the details of two scenarios — degenerate and split UV quark masses.

4.3.4 Equal Masses

First we discuss the scenario which corresponds to two coincident D7-branes that are separated

from the D3-stack by a distance Lg in the top-down model. We set therefore X = Ly and
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Figure 4.2: Left plot: different embeddings for various quark masses. We input the boundary quark
mass values (2.3, 4.6, 95.5) MeV for L;, i = u,d, s, respectively, in units where m, = 775 MeV.
The quark condensates can be calculated numerically using eq. — we find ((65.7 MeV)3,
(67.3 MeV)3, (180.2 MeV)3) for the three flavors. Right plot: the dashed line shows the effect of a
double trace term with x = —0.3 (dashed line) compared to £ = 0 (full line).

fluctuations to be zero in the action eq. (4.3.12). One obtains the vacuum eom
9y (*0,L0) — pAM*Lo = 0. (4.3.27)

Here Am? includes implicitly the running through Am? = Am?2(log(r)) = Am?(log(v/p? + L2)).

To solve the vacuum eoms, we shoot from the IR using the shooting method. At IR we impose
the boundary conditions that the solution should be regular, in the sense that the first derivative

should be finite

LO(pIR) = PIR, 8pL0(p[R) = 0. (4328)

The UV boundary condition is to let the UV vacuum solution extend to the quark mass m,
which is an input. After implementing these boundary conditions, the shooting parameter is

the p-position where the solution ends in the IR. The solutions are shown in fig. [4.2(a);
To get the dynamics of the fluctuations, set
X =(Lo+om"+ §“T“)e2i”i7i (4.3.29)

in the action eq. (4.3.12]) where a = 1,2,3 and 7 = 0, ..., 3. Since the flavor symmetry is kept in
this scenario, the factors like the metrics and Am? are proportional to the identity matrix, can

be pulled out of the STr. Therefore the above definition of X is equivalent to the definition in

eq. (4.3.17).
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The singlet and triplet scalar eoms are degenerated, e.g.

3 2 dAm? 20
0p(p°0p0(p)) = pAm=a(p) = pLo(p)o(p) =510 + M* 5 0(p) = 0. (4.3.30)

For the vector fields, we get NJ% generated vector fields which share the dynamics

3
0y(p°0,V () + MELLV () = 0. (4.3.31)

Due to the spontaneous symmetry breaking of the axial symmetry, there is a Higgs mechanism

combines the axial vector and the GBs, as known in [39]. The action of the axial sector is

3
S = /d4xdp {—IZFALFX + L33 (0m — AY)?| . (4.3.32)
95

Decomposing the axial-vectors into A* = A" +09"¢4, and use the Lorentz gauge 9, A" = 0, the

axial-vector A’ decouples from the rest. We get again N]% copies of the eom

3L2 3M2
0y(p°9,A(p)) = G272 Alp) + F A Ap) = 0. (4.3.33)

r

The longitudinal parts of the axial-vectors ¢4 mix with the GBs 7m which explains the Higgs

mechanism
o _Lb’? .
By (p° L§dpm®) — m(ﬂ —¢4)=0 (4.3.34)
L 3q2
PO 0p0%) — o Lo (7 — 80 =0, (4.3.35)

These eoms are nothing but NJ% copies of the abelian theory. The spectrum has been studied

in [53]. The N; massless pions show a Gell-Mann-Oakes-Renner relation.

4.3.5 The 1/N Effect

Apparently, the discussion in the last section shows that, the current potential will not tell the
differences between, say, the singlets and triples, which we know from both Ny = 2 and N; = 3
QCD their masses are not degenerated. To work around this point one must include extra terms
in the scalar potential that is also invariant under the symmetry. Such a term in the lowest

order is the double trace term «Tr[XTX] that is controlled by the coupling constant x. Double
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trace term in QCD should be suppressed by 1/N?2, so the range of & is chosen to be small.

2
2
(TrXTX) = |(Lo+0)2 + Zgg] ~ QL2624+ 6L20% + . ... (4.3.36)
k

1
4
Adding this contribution will change the scalar potential and therefore change the eoms of the

scalar fields to split the singlet from the triplet. And it will also change the vacuum eoms to

include the double trace contribution

9, (p°0,Lo(p)) — pAm*(p)Lo(p) — kLo(p)*p = 0. (4.3.37)

Numerically, the extra contribution will lift the vacuum solution a bit above the original one. In
fig. We plot the vacuum solution setting the UV quark mass to be 95.5 MeV (e.g. strange
quark mass). As can be seen from the plot, for such a mass, the effect of the double trace term
is very limited. One can easily imagine that including the double trace term will only introduce

minor effect into the vacuum solutions for the v and d quarks.

The diagonal scalar eoms are changed to

dAm? 3
0(p° 9,0 (0)) = p(dm)o(p) = pLo(p)o () 5 7|1 + M2 550(p) = 8rL3o(p)p = 0
OA 2 3
0(P°9y&(p)) = P(AM)&3(p) = Lo (P)E () 7|1 + ME, B3 €3(p) — mLEEs () = 0.

(4.3.38)
Solving them numerically using the shooting method for coupled equations developed in sec-
tion the results are plotted in fig. We find a dependence of the scalar masses on the
coupling k. To have the masses in the observed range [7], the coupling x can only be varied in

a narrow range.

The full spectrum when including the double trace term is listed in table We fitted the
p meson mass to read out other masses as predictions. The double trace term should scale as
1/N?% ~ 1/9, therefore we chose k = —0.3 as an example to compute the spectrum. As shown in
the last column of table most of the masses are at 3% level comparing to the data. The 7
mass is very sensitive to the UV quark mass that we input in solving the vacuum. This explains
the larger deviation in the table. This value can decrease to a value very close to the real pion
mass if tune down the UV quark mass just a bit. What we find out in this table is the mass
splitting in the states fy(980) and ap(980), i.e. the scalar singlet and triplet respectively. One
sees that including such a term does produce the correct mass splitting in and only in the scalar

sector.
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Figure 4.3: Dependence of the scalar masses on £ when quark mass m, = 2 MeV. k is the coupling
of the double trace term introduced in eq. (4.3.38)), which gives a small splitting in the singlet and
triplet scalar masses m, and me,.

Observables QCD [MeV] U(Ny =2) [MeV] | Deviation
M,(770) 775.26 £0.23 775* fitted
M, (1260) 1230 -+ 40 1194 3%
My, (950) 990 + 20 994* < 1%
M, 950) 980 + 20 997 2%

0 134.9768 = 0.0005 117 14%

Table 4.1: Meson masses of the lowest lying states in the U(Ny) model with equal quark masses. The
p meson mass is fixed to 775 MeV and we have set my; = m,, = 2.3 MeV and x = —0.3 (therefore
the asterisk next to 994.). The QCD masses are taken from the PDG [7]. The mass difference in
f0(980) and a(980) is introduced by the double trace term with the coupling x. The 7° mass is very
sensitive to the quark mass, this explains the large deviation.

4.3.6 Split Masses

We consider in this section a more interesting case. We split the quark masses in UV by
separating the branes. This is dual to a 4D QFT with broken U(2) flavour symmetry. We

neglect the EM contributions in this discussion.

When separating the D7-branes, additionally, the global flavor symmetry U(2) is broken explic-
itly on the boundary. This is because we introduce the breaking through inputting different UV

quark masses. The vacuum eoms are changed to
9, (p°0,Li) — AmipL; =0, i=u,d. (4.3.39)

This refers to two U(1)s representing the u and d-branes respectively. The corresponding fluc-

tuation states are u and dd, i.e. the eigenstates in the large N limit when no multi-trace terms
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present.

The off-diagonal fluctuations are now no more degenerated with the diagonal ones due to the
mass splitting. The eoms can thus be sorted into two groups, the diagonal (¢q) and the off-
diagonal (ud and du). The off-diagonal ones correspond to two charged components in the
triplet. In the following we take the vector state as an example to demonstrate the numerical

computations. The other equations can be found in appendix

For the vector meson, the off-diagonal states are V; jo. Their eoms are

3
Vs 00 (F0Wisa(o)) + 5 (s + ) [0, — 2 (1u0) — La9)?] Vigalo) = 0.

8 \ 5 4
(4.3.40)
Where in the computations, we have defined V' = Vf’i + Oudvi, 0,V] = 0 and taking the
V, = 0 gauge. The transverse part is the vector fluctuation. The longitudinal part mixes
with the scalars, see eq. . This is a bulk Higgs mechanism that is caused by the sponta-
neous symmetry breaking of the bulk gauge symmetry (explicit symmetry breaking of the flavor

symmetry on the boundary), where the scalars become the GBs of the vector bosons.

To solve these equations numerically, we set the IR boundary conditions to be
Vilpa) =1, 9,Vilpa) =0, Vilpuv) =0, i=1,2, (4.3.41)

where py is the IR mass we get from solving the embedding L. In the UV we required that
the fluctuations should vanish. We use the shooting method to shoot from the IR, seek a mass
My, ,, such that the field vanishes in the UV. In this way we obtain the physical mass of the

charged vector meson.

The scalar fields are mixed with the longitudinal parts of the dual vector fields ¢y due to the

bulk Higgs mechanism. One can set the IR boundary condition to

Goi(pa) =1, ¢i(pa) =0, &(pa) = 0. (4.3.42)

Here b is a shooting parameter. Now one seeks the parameter pair (b, M¢) such that the scalar
and the ¢y both vanish in the UV. Same boundary conditions can also be used in the pion
sector, since they mix with the longitudinal part of the axial vector fields. However, we find
out that for ¢y a,0,0y/4 < f where [ a general meson field, ignoring the mixing is a good

approximation. This corresponding to the decoupling limit of the coupled equations. We take
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this limit in computing the spectrum. The results are listed in table [£.2l The values are very
close to the ones in table But we see that there is a splitting in 7° and 7% after introducing
the mass splitting. We illustrate this splitting in fig. |4.4(a)|

Observables QCD [MeV] U(N¢ =2) [MeV] | Deviation
M,(770) 775.26 £ 0.23 T75% fitted
M, (1260) 1230 + 40 1196 3%
M4 (980) 980 + 20 998 2%

nt 139.57039 +£ 0.00017 146 2%

Table 4.2: Meson masses of the lowest lying states in the U(Ny) model with unequal quark masses,
my, = 2.3 MeV and my = 4.6 MeV. The p meson mass is fixed to 775 MeV. The QCD masses are
taken from the PDG [7]. Notice the deviation of pion from the initial 7° state to the 7+ state.

On splitting the quark masses one ends up with the u@ and dd type of states in the dual field
theory. As is known from the QCD, the true physical states are actually admixtures of the
two states. For this purpose, we include the 1/N effect to find physical states for the scalar
fields. By adding the double trace term, the vacuum dynamics are described by a set of mixed

equations

0 (0°0pLu(p)) — Amu(p)pLu(p) — 26Lu(p)*p — 26Lu(p) La(p)* = 0,

8 (p°0pLa(p)) — Ama(p)pLa(p) — 26La(p)’p — 26La(p) Lu(p)* = 0.

(4.3.43)

The diagonal scalar fields now have the dynamics

2 2
9p(p*0p04) + p <—Amd(p) — La(p)Amiy(p) — 2k (+3La(p)? + Lu(p)?) + ° ]Y > ou(p)

—4rpLy(p)La(p)ou(p) = 0.
(4.3.45)

These are a set of coupled differential equations. To solve this, we again employ the method

developed in section 4.2

ou(p)lir =1, o4(p)lir =b, o, 4(p)lir =0, (4.3.46)

where the IR boundary of g4 is taken to be a free shooting parameter called b. The IR is taken
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Figure 4.4: Left plot: The 7% mass increases with the growing quark mass splitting at fixed m,, and
x = 0. Right plot: The scalar masses in the presence of kpTr(XTX)? in the split mass case. The
shaded blue area marks the valid data range of the f5(980), and the yellow area marks that of the
ao(980). This indicates a range x € [—0.4,0].

to the be IR mass of Lz. This essentially means that the two fields should end at different
positions in the IR. Then one can use the NDSolve function in Mathematica to shoot from the
IR, seek for the combinations of the free parameters (b, M) such that both of the fields o, and

o4 vanish in the UV.

Since the coupling « is a free parameter, one can vary it to find the range that the scalar singlet
and the third triplet masses lie within the correct range. This is shown in fig. We note
that the ' mass is not discussed in this section, since the U(1) 4 is not anomalous in the large
N. To obtain a meaningful discussion on this mass, the Wess-Zumino-Witten term must be

added to the action to include the chiral anomaly. This term is currently missing in the theory.

4.4 Three-Flavor Non-Abelian AdS/QCD

Using the formalism discussed in the last section, one can compute the three-flavor QCD for
the case m,, = mgq < ms. The eoms are listed in appendix [E] They have the same structure as

the two flavor QCD case if we define

2 1 1 2
futd = \/;fo + ﬁf& fs = ﬁfo - \/;fg- (4.4.1)

f denotes a general meson field. Requiring m,, = my < ms is equivalent to separate the three
flavor-branes into two coincident branes (u- and d-branes) and a s-brane. This breaks the U(3)
gauge symmetry in the bulk to U(2) x U(1). The corresponding singlets are (ui + dd)/+/2 and

s5 states. In this case, the w and p mesons are degenerated (they contain only the u and d
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Observables QCD [MeV] Ny = 3 - split masses [MeV] | Deviation
M(70), w(782) 775.26 + 0.23 775% fitted
M+ (s03) 891.67 + 0.26 1009 12%
Mg 1020) 1019.461 £ 0.016 1048 3%
My, 1260y, My, (12s5) 1230 + 40 1104 11%
M, (1400) 1403+ 7 1377 2%
M, (1420) 1426.3 + 0.9 1713 18%
M (980), M gy(980) 980 + 20 929 5%
Mg (700) 845+ 17 876 4%
M, 1570, 1370 970 34%
M 139.57039 £ 0.00017 139 1%
My 497.611 +0.013 584 16%
M,y 957.78 £ 0.06 791 19%
My (1300) 1300 + 100 1438 10%
M (1a60) 1460 1807 21%

Table 4.3: Meson masses in the three flavor case compared with the experimental data [7]. We have
fixed the masses for the vector mesons p and w and calculated the masses for the axial vectors, the
scalars and the pNGBs. The quark masses used are m,, = mgq = 3.1 MeV and mg, = 95.7 MeV.

quarks).

In the ¢g hadron model, the singlet and the eighth component of the octet vector mesons are
ideally mixed, with a mixing angle of 35.3° [188]. This means that the vector meson ¢(1020)
is a ss state. The axial vectors are supposed to follow the same structure. The scalar mesons
states are not uniquely defined. In the quark model, the lowest states are supposed to be the
fo(500), but it is also suspected to be a tetraquark state |7]. They don’t follow an ideal mixing
pattern. Therefore the heavy-light scalar state (u/d-s state) is not a s§ state and the model’s

prediction is expected to show large deviation.

The pseudo-scalars are the GBs in the massless limit. In the three-flavor QCD, the singlet and
octet are only slightly mixed, with a mixing angle of 18°. Also, the singlet state i’ receives
large contribution from the chiral anomaly. This is implemented by adding a Wess-Zumino-
Witten term to the action. Such a term is expected to be nontrivial in the non-abelian DBI,
therefore the discussion is postponed for future work. Nevertheless, this state is still included
in the spectrum to complete the analysis. Higher radial excitations can also be computed. But

the spectrum doesn’t show a Regge trajectory. The reason for this is, the states are point
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like instead of stringy states. For a better prediction on the physical observables, one need to
include the stringy effects. Two radial excitation states 7(1300) and K (1460) are included to

demonstrate this point.

The full spectrum is listed in table As already mentioned, the heavy-light scalar state is not
well defined. The fp(1370) state is also modeled as glueball or meson molecule in other models,
see section 63 of [7] and references therein. Thus the large deviation of the fy(1370) mass from
the experimental data is understandable. Also the ' state has a deviation of 19%, this is due
to the absence of the chiral anomaly. Aside from these two states, the rest part of the spectrum

shows a good agreement with the measured data.
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Chapter 5

Holographic Sp(2/V.) Gauge Dynamics:

from Composite Higgs to Technicolor

In this chapter we realize the final goal of our project. We construct a holographic model
showing both composite Higgs and technicolor phases and realizes a phase transition between
the two. Such a transition has been considered in the field theory in [62, 80, [97]. The model
describes generally a Sp(2N,) gauge theory, with two Dirac fermion flavors in the fundamental
representation. The global symmetry to realize in the dual field theory is SU(4). Holograph-
ically, the U(1)4 in the large N limit is not anomalous, thus in the holographic model we
construct, the global symmetry is U(4). We consider the global symmetry breaking pattern of
SU(4) — Sp(4) (holographically U(4) — Sp(4)). Such a breaking pattern in the field theory is
constructed in [80], and is reviewed in section We construct a similar model in this chapter
holographically. However our focus is not on embedding the EW gauge group explicitly but

rather breaking the symmetry dynamically in the higher energy regime.

The embedding of the CH and TC phases in the holographic model is realized by constructing a
non-abelian AdS/YM theory with two different vacuums. This model contains a quadruplet that
transforms under a SU(2) x SU(2) invariant subgroup. If the EW gauge group is incorporated,

such this quadruplet will provide a candidate for composite Higgs.

In the following we will construct the model step by step, from a composite Higgs model to a
mixed model with the CH and TC phases in the end. In section [5.I] we discuss the gauge theory
of the model, where we show the Lagrangian, the generators and the vacuums all on the dual

field theory side. Then in section we construct the corresponding holographic model. In
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section we first construct a U(4) — Sp(4) case with the UV fermion mass all degenerate.
Then we separate the flavors in section [5.4] as an intermediate step. Finally in section [5.5| we
incorporate two U(4) — Sp(4) vacuums — one from adding a UV fermion mass and the other
from introducing the NJL four-fermion interaction — realizing a transition from the composite
Higgs to technicolor. This scenario is the case with split UV fermion masses in section [5.4
modulo a rotation. In each step we calculate the bosonic bound states’ spectrum and the decay

constants. The work in this chapter is published in [2].

5.1 The Gauge Theory

We will reformulate the construction in [80] which is reviewed in section in this section, and
set our notations. The need for reformulating the theory is for the extension of this theory to

the holographic one in the next section.

The dynamics of an Sp(2N.) gauge theory with 2 Dirac fermions in the fundamental represen-

tation is formulated by [62, 80, |97]
1 . .
L= —ZGWGW + i I — i Mjapy, (5.1.1)

and the Dirac spinor is defined in terms of four two-component right-handed Weyl spinors

o3
DC

Y = L. (5.1.2)
Dgr

Ur

By far this is similar to the conventions in section Since we want to realized the SU(4) —
Sp(4) theory later holographically using the D-branes, the global symmetry group should be
U(4). This is because the global symmetry corresponds to the gauge symmetry realized by the
D7 flavor branes and this symmetry is U(Ny). The U(1) 4 is not anomalous in the large N limit,
therefore the global symmetry is essentially U(Nf). The generators of the U(4) symmetry group
is chosen to be

71-3 1 (7 0 46 L (n 0

- : - , (5.1.3)
2v2\0 = 2v2 \o -7
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for : = 1,2,3, 7; are the Pauli matrices and

00 0 —i 0 0 —i 0
s 1|0 0 & oo 1[0 0 0 5.1
B T Taal | *

2 0 Fi 0 0 i 0 0 0

i 0 0 0 0 + 0 0

0 1 0 0 0 1
Y B U e 1| 00 £10 -
_ : - : (5.1.5)

2211 0 0 o 22 0 41 0 0

0 £1 0 0 1 0 0 0

1 (1, o 1 (1, 0

715 ? 6= — |7 . (5.1.6)

2v2\ o -1,/ V2 \o 1,

If we want to incorporate the EW sector, the U and D doublet need to be promoted to be in
the fundamental representation of the gauge group SU(2)r. The corresponding generators are
then (T' +T%)/v/2, (T? +T°)/v/2 and (T +T9%)/+/2. This is considered as a neglectably weak
perturbation on the strong gauge dynamics.

Given that the representation of U(4) is pseudo-real, the bound states, i.e the fluctuations in

the later holographic model, are parametrized in the anti-symmetric matrix

0 o — Qs +1S —ims Q2—m2+im —iQ1 —Qa+ ma+iQ3 —ims
X, - —0+ Q5 +ims — 1S 0 Qs+ ms +1iQsz +ims Q2+ w2 + Q1 + im
e — Q2+ iQ1 —im  —Q4 — ma —iQ3 — im3 0 o+ Qs+ 1S +ims
Qs —my+ims —iQs —Q2—m2 —iQ1 —im —0 — Q5 — 1S —ims 0
(5.1.7)

Under U(4) flavor symmetry €2, the matrix X transforms as
Xap = X'y = Qa0 Xap © X - X' = QX0 (5.1.8)

The gauge theory is expect to behave like a strong interacting theory in a similar way like
QCD, thus the fermions are expect to condense. The condensate is assumed to be colorless,
anti-symmetric in color indices. For conserved Lorentz invariance, the angular momentum wave

function must be antisymmetric. So the condensate must be anti-symmetric in flavor too. When
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o acquires a vev, the vacuum matrix should be anti-symmetric and might be in the form

X = . (5.1.9)
0 0 —Ly O

This vev corresponds to an invariant Sp(4) subgroup of U(4), the broken generators are T, for
i =8,10,11,14,15,16. Given that U(4) has 16 generators, breaking U(4) down to Sp(4) will
give rise to 6 GBs — m; for i = 1,...,5 and .S, where the S is a singlet. One can also consider an

equivalent vacuum when @4 acquires a vev, which also breaks the U(4) to Sp(4) with the form

Xg, = . (5.1.10)

is

0 -1 0 1
po Lt e (5.1.11)
V2o 1 0 1
1 0 1 0

The GBs associated with the broken symmetry by this vev are Q1 — Q)5 and S.

The mass terms for the bound states are introduced in the same way as the vevs, especially

they are aligned with the vevs taking the following forms respectively

0 mi 0 0 0 0 0 -m
—m; 0 0 0 0 0 my O
My = . Mgy = . (5.1.12)
0 0 0 m 0 —-mg 0 0
0 0 —-my O mi 0 0 0

When m; = mg # 0, both cases manifest an explicit flavor symmetry breaking of the form
U(4) — Sp(4), where the associate GBs become massive pNGBs. Splitting the masses m; # ma,
the global flavor symmetry is broken explicitly down to SU(2); x SU(2)g.

If combine the two vevs, then the global symmetry is also broken explicitly to SU(2) x SU(2)g,
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the corresponding matrix is

Ly 0 0
x=| " o . (5.1.13)

0 —Qo 0 Lo

Then this vev can be rotated to a similar form as the My, in eq. (5.1.12)) by the transformation
X = UXUT to the following forms

0 Lo+ Qo 0 0 0 -1 0 1
Lo — 0 0 0 1 0 -1 0
X & 0~ Qo , using U= —— ,
0 0 0 Lo — Qo V2l 0o 1 0 1
0 0 —Lo+ Qo 0 -1 0 -1 0
(5.1.14)
0 Lo+ Qo 0 0 0 -1 0 1
Lo — 0 0 0 111 0o -1 o0
X 0~ Qo , using U= —
0 0 0 Lo+ Qo V2 o 1 0 1
0 0 Lo — Qo 0 1 0 1 0
(5.1.15)

We write this out explicitly here. Their applications will become clear when we introduce the

NJL interaction in section

The two vacuums are equivalent at the gauge theory level. However, when gauging the EW
SU(2)r, the vacuum in eq. is invariant while the one in eq. isn’t. Since the
vacuum corresponds to the effective potential tends to align the vacuum in the gauge symmetry
preserving direction [100], the vacuum preferred is eq. (5.1.9). This is the vacuum adopted in

some composite Higgs models. The associated pNGBs 71, .. 4 forms a Higgs doublet.

The other vacuum in eq. (5.1.10)) breaks the EW symmetry in the sense of the technicolor model.

Such a vacuum is favored if one introduces, for example, the four-fermion NJL interactions. The

Lagrangian for such an interaction is

2
L= Agzs (PLURURYL + ¥ DrDR¥L), (5.1.16)
uv

where A is the UV cut-off, and g is the dimensionless NJL coupling.
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5.2 Holographic Model

To describe the aforementioned gauge theory holographically, we employ the non-abelian AdS/YM
theory developed in chapter The bilinear operators’ vev and fluctuations are introduced

through the scalar field X. In the bulk, they live in the AdSs space
ds* = (p* + X1 X)dad, | + (p* + XTX) " dp?, (5.2.1)

where p is the holographic radial coordinate as before. The X, like in the non-Abelian AdS/QCD

case, is a matrix in flavor space. Generally the action for the X field is

L= %pg’Tr (a,)XT a,,x) n ép?’Tr <p2 +xt X) - (amXT amx)
(5.2.2)

1 B 2
+ 50 A [Tr (,02 + XTX)} TrXTX 4+ = <4TrXTXXTX - (TI"XT X) ) :
P

This action is quite similar as the one eq. (4.3.12)) in non-Abelian AdS/QCD, but here we change
the introduction of running through the Am?2-matrix with the function A. It works as follows.

A is a function of Tr(p? + XTX), for all the fields f in X, their eoms will be

10A

ap(/’36pf) — pAf — iafffa = 0. (5.2.3)

To arrive at the same eom for the embedding as seen in eq. (4.3.27]), we impose the following

relation between A and Am?2

104
A+ 385! = Am® [p* + f7]. (5.2.4)

Here we let Am? be a function of 2 = p? + f2, the explicit dependence will be Am?[logr],
where 7 is dual to the running energy scale . The function Am? should depend on r instead

of p is to insure the stability of the potential against the BF-bound in large embedding L [177].

The gauge theory dynamics is then introduced to the model using the AdS/CFT dictionary
M? = A(A — 4) by relating the gauge theory running with Am?

Am? = —27. (5.2.5)

The running is introduced in the same way as before. We repeat it here for the convenience of
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Gauge Group | C3(G) | Co(F) | d(F) | T(F) Ny = Ny

N2-1

SU(N) N v | Ve i 2
2N+1 1

Sp(2N) N+1 | 2oy | 1 4

Table 5.1: Factors in eq. (5.2.6) for various gauge groups. The matter fields are in the fundamental
representations, which is marked as F'.

the reader p
ui = —bya? — b1,

by = % (116‘2(6‘) - 2ZT(R)Nf(R)> ; (5.2.6)
R

b = 24;2 (3403(0) — ) [10C2(G) + 6Ca(R)] T(R>Nf(R)> ,
R

where R is the representation of the matter field. The expression is again rewritten in terms of

the number of Weyl fermions. The one-loop result for anomalous dimension is

L 3C(R)

- (5.2.7)

(5 is the quadratic Casimir, G is the adjoint representation, Ny is the number of flavors, d(R) is
the dimension of fermion’s representation. We list the relevant definitions for this part in Table
We have also set (1) = 0.65 in our computations, but the physical scales are normalized
in terms of the physical p mass. This choice is arbitrary and will not affect the results. Note
also that using the perturbative result in the non-perturbative regime is an assumption, the

features of IR pole are not expect to affect much of the spectrum.

If only including the contributions from A, then only (TrXTX)" terms are included. This will
lead to an accidental symmetry where the 12 elements of X becomes a 12-plet of SO(12).
Therefore we include the B term in eq. , which is the simplest term that breaks the
accidental SO(12) symmetry. As can be seen later in the eoms, for a degenerate model, i.e.
all fermions have the same mass, only the Q1 5 fields feel the effect of B. But including B
introduces a new free parameter. The mass splitting of the two sets of GBs, the (m;,S) and

(Qi, o) are thus introduced by hand rather than predicted by the model via the gauge dynamics.

The mass terms for the operators in X are included in the usual AdS/CFT way. The UV

asymptotics of the matrix X is

(@) -
Xij~ T + 57 = i + it [ p. (5.2.8)
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Where the mass terms are introduced from the UV source terms m;;. In the following, we split
the scalar matrix X into

X = Xo+ X7, 5.2.9
f

where Xy is the vev. It will be later substituted with the ones in eq. (5.1.9)), eq. (5.1.10)) and
eq. (5.1.13). X is the scalar fluctuation matrix, as in eq. (5.1.7)).

One could include an NJL interaction in the UV
g - -
L= pwi%%w, (5.2.10)

where A is the UV cut-off. Such a term is introduced using Witten’s double trace prescription
reviewed in section In this case, we reinterpret the mass term as the source term due to
the NJL interaction

9 _J

I — 211

where O the operator vev in eq. ((5.2.8)).

5.2.1 The U(4) Gauge Theory

The bulk gauge field from the U(4) flavor symmetry that is dual to 1yt are A®, with b =
1,...,16, each associated with the generators in eq. (5.1.3]). They are dual to the vector bound
states. The final action in the bulk describing a holographic U(4) — Sp(4) model is

1 1
S = / d4xdpp3STr{2(DMX)TDMX + A [Tr(p2 + XTX)} Trxtx
T
5 p2 (5.2.12)
+ (AT XTXXTX — (TrXTX)2) + (FA,angb) }
P g5

where M = 1,...,5 is the spacetime index. STr is the symmetrised trace, as defined in [182].

The covariant derivative is defined as
DMX = oM 1AM (TP X 4 XT'T), (5.2.13)

which introduces the interaction between the gauge fields and the scalar fields. The 5-dimensional

coupling g2 is ,
24
A — (5.2.14)

5= AR)N;(R)’

This coupling is identified as reviewed in section [3.6
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We then expand the action in terms of fluctuations f; to the quadratic order around the vacuum
and get the equations of motion, where f; represents a general fluctuation (field). To solve the
equations of motion numerically, we again employ the shooting technique. We look for solution
with the space-time dependence fi(p)e*®, k? = —M]% that asymptotes to 0 in the UV. We

shoot from the IR and impose the following boundary conditions for a generic field f

flpir) =1, 9,f(pir) =0, f(puv)=0, (5.2.15)

where the shooting parameter will be the field’s mass M. For coupled equations, we use the

boundary conditions developed in chapter

filpir) =1, Opfi(pir) =0, filpuv) =0,

f2(prr) = b, O,falpir) =0, fa(puv) =0,

(5.2.16)

where the shooting parameters in this case are the mass M; and an IR boundary value b.

The boundary conditions when including the NJL interactions need a further discussion. Since
the fluctuations should feel the same NJL contribution in the UV as the embedding, then their
UV boundary conditions should have the same NJL effect between the source and the vev as

the embedding in eq. (5.2.11)). We will clarity the details later in the corresponding section.

Aside from the bound states’ masses, another physical quantity we can calculate is the decay

constant. They are computed exactly as reviewed in section [3.6], we will not repeat it here.

5.3 The Mass Degenerate Case

We start first with the simplest construction, i.e. the flavor symmetry breaking of U(4) — Sp(4).
This is realized when all the fermions have the same mass m in the UV. The corresponding

vacuum in the holographic model is

0 Lo(p) 0 0

[ el ! 0 (5.3.1)
0 0 0 Lolp)
0 0  —Lo(p) O

L.e. we have taken eq. (5.1.9) setting 0 = Ly and the corresponding mass matrix in the UV
is the My, in eq. (5.1.12). The scalar fluctuations in eq. (5.1.7)) split to: the Higgs-like mode
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Ly(p)(My)

0.5
0.4 om0

0.3 — m=0.012
0.2 — m=0.12

0.1

Y A ———— M
05 1.0 1.5 2.0 25 PMY)

Figure 5.1: Vacuum solutions for L against RG scale p for different UV fermion masses in the SU(2)
theory. The plot is in units where My = 1 when m = 0. The embeddings corresponds to m=0, 0.012
and 0.12 My, respectively.

o which is a singlet under Sp(4), the GBs 7y, ...,5 and S which form a 5-plet and a singlet of
Sp(4) respectively, and the massive modes @)1, .. 5 affected by the B-term in eq. (5.2.12)), which
forms another 5-plet under Sp(4). The broken generators are T* for i = 8,10,11,14,15,16 in
eq. - eq. . The vector fields split into a 10-plet of Sp(4) which are dual to the

vector bound states, a 5-plet that are dual to axial-vector bound states and a singlet.

5.3.1 The Vacuum
The embedding Lo(p) is solved from the equation of motion

9p(p*0,Lo) — pAmM* Ly = 0, (5.3.2)
shooting from the IR using the boundary condition

Lo(pir) = p.  BpLolpir) = 0. (5.3.3)

Vary the IR value prr and find the solution that asymptotes to different fermion masses m in
the UV. Here Am? = Am?[log(p? + L3)]. We illustrate the profiles associated to three different
UV fermion masses in fig.
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5.3.2 Fluctuations

The scalars contain the o, the @;, m; and the S, for i = 1,...,5. The o is a fluctuation around

the vacuum Lg(p), it’s dynamics is describe by the solution of

OAmM? p3
+ M?*Zo(p) =0, (5.3.4)
oL |, r4

8 (0°0,0(p)) — pAm*a(p) — pLo(p)o(p)

where 72 = (p? + L%). In deriving this equation, certain relation between the function A and

Am? are needed. This is derived in detail in appendix
The Q; fields satisfy

3 2 16B 4 2P3

The vectors that are not higgsed have the equations of motion
- p3
0p(0°0,Vi(p)) + M, 1 Vi(p) = 0, i=1-7,9,12,13, (5.3.6)
ir

Where the rest 6 higgsed axial vectors have the equations of motion

3L2 p3M2, -
@W@&@%w?AMMH-ﬂ&&@zazz&wuﬂwﬂa (5.3.7)

In arriving at these equations, we have separate the axial-vectors in transverse and longitudinal
parts A, = A; ;| + 0,¢;, for i = 8,10,11,14 — 16 and adopted the gauge A, = 0. The above

equations are for the transverse part of the axial-vector states.

The s and S mix with the longitudinal components of the axial-vectors sharing mixed equations

of motion

L 3
8/) (pgap¢j) + 952, 0P (\@Wz - L0¢j) =0,

rd

3
P Ly
0p (p38p7ri) — pAm?m; + M2T—4 <7ri - ﬁ¢j> =0, (5.3.8)
i=1-5,7j=14,8,11,10,15.

The ordering of the indices is m; mixes with ¢14 etc. The S mixes with the ¢ and their

equations of motion are the same as in eq. (5.3.8]).

The masses of the m; and S need a further discussion. If in the UV the embedding asymptotes
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Observables | SU(2) | Lattice SU(2) | Sp(4) | Lattice Sp(4) | Sp(6) | Sp(8) | Sp(10)
my (10) 1" 1.00(3) 1* 1.00(33) 1* 1* 1"
m (6) 1.66 1.11(46) 1.26 | 1.61(17) 118 | 114 | 112
me (1) 1.26 1.5(1.1) 1.20 1.22 1.23 1.23
mgq (5) 1.13 1.13 1.13 1.13 1.13
mes (6) | 0.02 0.01 0.01 | 0.01 | 0.01

Fy 0.38 0.53 0.52(10) 0.59 0.64 0.67
Fy 0.48 0.54 0.673(92) 0.59 0.63 0.66
I 0.06 0.10 0.122 (99) 0.12 0.12 0.13

Table 5.2: Bound states’ masses and decay constants at m ~ 0 for gauge groups SU(2) to Sp(10)
respectively. The 4 Weyl fermions are in the fundamental representations of each gauge group. We
normalized the vector mass to 1 (this is noted by the asterisk). In computing we set B = 1 as an
example. The lattice result for the SU(2) gauge theory are taken from [189]|190]. The lattice results
for the Sp(4) theory are from [191] — the scalar sector has not yet been studied at low mass [192].
A further lattice study at large quark mass is in [193].

to 0, then there exists a solution where 7;, S = Lg and ¢; = v/2. This corresponds to a massless
solution Mgl g = 0 which reflects that they are the Goldstones of the broken symmetry. Once
the embedding asymptotes to a non-zero fermion mass m # 0, then this solution is no more
physical in the dual gauge theory, since it’s no more a fluctuation of the operator, but of the
mass. In this case in the bulk, these states still sever as the Goldstones that higgses the bulk

gauge fields. The GBs becomes pNGBs in that we get massive solutions.

The above equations of motion are solved by imposing the boundary conditions in eq. ([5.2.15))
and eq. . We list the spectrum for the fields when m ~ 0 and B = 1 for different gauge
groups in table The Goldstones 7y . 5,5 are not exactly massless since m is not exactly
0. We have rescaled the physical quantities in the units of the vector bound states’ mass My,
when m ~ 0. This is seen as in table [5.2] the vector bound states’ masses are marked with an
asterisk. The vector and axial-vector masses are compatible with the lattice QCD results. The
hadron masses are stable with respect to different gauge groups, except the axial-vectors are

decreasing with growing N..

The Qs are also solved in the similar manner, where as mentioned before, their masses depend
on the free parameter B. Were this term not present, the model will return back to a theory
with 12 degenerated scalars, where such an accidental symmetry is not present in the gauge
theory model we are studying. In fig. we plot the ) mass against the parameter B in the
SU(2) gauge theory. As can be seen from the plot, the mass start to stabilze around B = 1 and
reach the same scale as the other hadrons. Since it’s mass is controlled by this free parameter,

a precise mass for (s cannot be predicted from this model.

We have also plotted the masses and decay constants as functions of the UV fermion mass
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Mo(My,)

My(My,)
2.0r
1.5¢
1.0
0.5¢
S I - ‘ ‘ ‘ ‘ ‘ = m(My,)
0.5 1.0 1.5 2.0 0.02 0.04 0.06 0.08 0.10 0.12
(a) The Q mass increases with B. (b) The degenerate 7 states.

Figure 5.2: Results for the SU(2) gauge theory. On the left: the Q state mass varies with the
parameter B, m = 0.006My,. Below B ~ —0.03 the mass becomes tachyonic, which is not favored by
the current discussion. On the right: The 7 mass as a function of the UV fermion mass. As m — 0
the 7 mass vanishes, which shows the behavior of a Goldstone boson.

M¢(My,)

8_
—V
6 A
T

4
— 0
2 — Q

: : : : m(My,)

0.2 0.4 0.6 0.8

Figure 5.3: The masses of the bound state f against the UV fermion mass in the unit of My;. The
gauge group is Sp(4) and B = 1.

when B = 1. As is shown in fig. the Goldstones’ masses show a behavior M, ~ /m
as expected from the QCD for small fermion mass. We show the mass behavior against m for
Sp(4) gauge group explicitly in fig. The masses of other fields increase with m, except the
scalar o shows a slight drop before rise up again with m. The reason for that is the scalar mass
M, is very sensitive to the running of yv. When m is small, the conformal symmetry breaking
is large, resulting in a dominant contribution from the running that causes the mass to drop.

We also show the mass dependence of the spectrum and decay constants with different gauge

groups in fig. [5.4]

97



Mi,s(My,)

e (M)
0.1 02 03 04 05 06 0.7
(a) Mr,s

Mq(My,)

'_m(My,)
00 01 02 03 04 05 06 0.7
(¢) M,
Mo(My,)
7,
6,
5,
4,
3,
2,
-
s (M)
01 02 03 04 05 06 0.7
(e) Mq
Fa(My,)
2.5¢

! ! ! J m(MVq)
00 01 02 03 04 05 06 0.7

(g) Fa

Su(2)
Sp(4)
Sp(6)
Sp(8)

Sp(10)

Ma(My,)

3
S
5

My(My,)

4t
3t
2+

0.1 0.2 0.3 0.4 0.5 0.6 0.7
(d) Mv

3
S
5

Fy(My,)
3.0

2.5

2.0r

1.5¢

0.5F
00 01 02 03 04 05 06 O

' _m(My,)
7

fr(My,)
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0'0 L L L L J m(MVO)
00 01 02 03 04 05 06 07

() fr

Figure 5.4: Bound states’ masses and decay constants vary with increasing UV fermion mass, with
different gauge groups in the degenerate case when B = 1. The plots are shown in units of My, at

zero fermion mass.
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5.4 Split The Mass

In this section we consider the scenario where the fermion UV masses are made different m; #
ms # 0. Making this difference brings the model essentially to the non-Abelian holographic
model we developed in the last chapter. This scenario is also a prototype for the model where

the NJL interactions are included.

5.4.1 The Vacuum

Making the mass different corresponding to the vacuum configuration

0 Li(p) 0 0

| e 0 0 ! (5.4.1)
0 0 0 Ls(p)
0 0 —Le(p) O

Here we use Lq(p) and Lg(p) to represent different embeddings that asymptote to mq 2 in the

UV respectively. Choosing this embedding will break the Sp(4) to SU(2)r x SU(2)g, where

6

the invariant generators are T+6. This contains an invariant SU(2);, thus still describes a

composite Higgs model.

The equations of motion for the embeddings are coupled

9y (p°0pLy) — pLuAm? — 4;3Lu (L2 —L3) =0,

(5.4.2)
0y (0°9pLa) — pLalm® — 4de (Lg—Lz) =0,

where Am? = Am? [log \/,02 +3 (L2 + Lz)] The radial coordinate is 2 = p?14 + LTL =
diag(r?, 7%, r2,13), where r} = p? + L3, 72 = p?> + L2. They are solved using the boundary

conditions

0pLi(prr1) =0, Li(pir1) = pir1, Li(puv)=m
(5.4.3)
pL6(prrs) =0, Le(prres) = prre, Le(puv) = ma,

where the shooting parameters are the IR masses prr1,6. The profiles will look like two curves

asymptote to different UV values in fig.
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5.4.2 Fluctuations

In this case, the fluctuations are parametrized as

0 o1+ 151 Qo —my+im —iQ1 —Qa+ Ty +iQ3 —ims
X, - —0o1 — 157 0 Qi+ ma+iQsz +imy Q2+ mo +1Q1 + imy
Ty — Q2 +iQ1 —im  —Q4 — 7y — Q3 —im3 0 o + 152
Qs —mg+im3 —iQ3z —Qo —my — Q) —im —09 — 157 0
(5.4.4)

The scalars 7 234 and Q12,34 each belong to a (2,2) multiplet of SU(2) x SU(2), and the rest
scalars 012 and 572 are singlets. The 7s are still the Goldstones, they have the equations of

motion

1 1
0y (pgapm) — pAm>m;

M? [ 1 1 1 4B
+ L <4 + 4) (ﬂ'i - T(Lu + Ld)gbj) - 7(Lu - Ld)27ri =0

i=1,2,3,4,7 = 14,8,11, 10.

(5.4.5)

Since the UV masses of the embeddings L g are non-vanishing, these states don’t have massless
solutions. They are massive pNGBs. The Qs also become the Goldstones of the additional
broken symmetry of Sp(4) — SU(2) x SU(2) in this case. Their dynamics are described by the

equations
1
9p (p38p¢j) p (L — Lq) <r ) <\[Qz ¢J) =0,
u rd
3.P3M2ii._ 20, _ 3B 20,
9p (P 8PQ1) + 2 <7’3 + Tg) Qi 3 PAM~Q; P (Ly + La)” Q; (5.4.6)

P o1 1 o

4\[(L _Ld)M <Tu 7"3) (Z)J_Oa

i=1,2,3,4 for j = 13,7,12,09.

They are the Goldstone states when Q); = L1 — Lg and ¢; = V2.

The singlets Sy are formed by the S and 75 in the degenerate case as S12 = S + 5. They
are the GBs associated with the axial-vectors %(Alg, + Aj6) which corresponds to the generators

5 fdlag(l, 1,0,0) and &dlag(o 0,1,1) respectively. Their equations of motion take a similar
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form as the others

3]\42 L, 4B
9, (p 30 ,S1) — pAmM2S; + (51 - ¢1615> - — (Li - Lz) S1 =0,
ri V2 p (5.4.7)
3 14 1952) o
9 (p°0pt16-15) + — (\/551 - L1¢16—15> =0,
1
M2 L 4B
8/) (p38p52) — pAm252 + id T <52 d ¢15+16> — (L2 Li) Sy =0,
"6 V2 P (5.4.8)

3L
9y (P*0pd15416) + p rf% (\/552 - L6¢15+16) =0.
6

They become the massless GBs when ¢; = V2 with S; = L; and Sy = Lg

The other two singlets 012 correspond to the fluctuations around the embeddings L1 ¢ respec-

tively. Their equations of motion are

3SM? 4B L2
0 (0°0p) + | P = = (8L3 - L) — pam® — 55
51 P arg,16

B
+L, Ld<8 Am >O’2—0
p CLT
910 > (5.4.9)

3772
PM? 4B
dp (p?’apag) + — — — (SLZ — Li) — pAm? —

Ts P arg,16

8B
+LyLg| — — 2 Am? 0,
P 2r arg,16
where Am? = Am? (log Targ,16), Am? %, ?Wg 16 = 2 +% (L%L + Lfl). As can be seen

from the equations, they are not mixed with any longitudinal components of the vectors — they

are not eaten by any vectors. In deriving the equations above, we have used the relation

dA
dTr(p?s + LTL)

A+2(LL+ L)) = Am? (108 Targ,16)

2 . (5.4.10)

dTr(p24 + L1L)2 ~ 1672

arg

dA

Am?.
dTr(p%y + L1L) m

+ (L2 +L3)

The derivation of this relation is shown explicitly in appendix

101



A1+4,2+5,3+6
A174,275,376

A7,9,12,13

I A8,10,11,14 - Sl
— Ates15 — 52
— Ase-1s —Q
. Am(My,) s Am(My,)
0.02 0.04 0.06 0.08 010 0.12 0.02 004 0.06 008 0.10 0.12
(a) My, f = spin 1 state, Sp(4) (b) My, f = spin O state, Sp(4)

Figure 5.5: Dependence of meson masses on the difference Am = mo — mq of the UV fermion
masses for Sp(4) gauge groups in units of My,. We have set B = 1 and m; = 0.014My;,. The
(1+£4,2+5,3+6) vector states are members of the (3,1) and (1,3); (7,9,12,13) and (8,10, 11,14)
are members of the two (2,2); 16 £ 15 are singlets.

Finally there are 6 unbroken vectors and 10 axial-vectors, their equations of motion are

3M2
Ip (pgﬁpAi) + ! r4Ai A =0,
J

i=(1+4,2+53+6),j=6,1,

3
o 1 1 .
0, (2*9,40) + (704 i 744) [AM3, — (L — La)%g?] Ai =0, i = 7,9,12,13, (5.4.11)
u d
3 P11 2 2 2 ,
9y (p°0,A;) + s lata [AM3. — (Ly + Lq)°g5] Ai = 0, i = 8,10,11,14,
u d
3
0y ("0, As) + B3 [MF, — L2g2] A = 0, i = 16 15, = 6, 1.
J

We solve the equations using the boundary conditions for the corresponding scenarios as men-
tioned in eq. and eq. . The results for the Sp(4) gauge group are shown in
fig. where we set B = 1 and m; = 0.014My, and vary ms. The bound states’ masses
increase with the growing fermion UV mass as expected. One can also see that, due to the
mass splitting, the vectors A7 g 12,13 are no more degenerate with the A144 .. Also the A4y .
split into two groups — (3,1) and (1,3) under SU(2) x SU(2). The pNGBs show a Gell-Mann-
Oakes-Renner behavior with the heavier UV fermion mass given that the lowest fermion mass

is small. The N, dependence for the masses and the decay constants are shown in fig. and
fig. respectively.

5.4.3 Phenomenological Considerations

Our results could be compared with two kinds of phenomenological models. The pNGBs could

either be considered as providing composite Higgs candidate as suggested in [80, |86} 194-196].
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Figure 5.6: Dependence of meson masses on the difference of the UV fermion masses Am = mg —my
for different gauge groups in unit My,. We have set B =1 and m; = 0.014My,.
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Figure 5.7: Meson decay constants vary with increasing UV fermion mass difference, with different
gauge groups in the non-degenerate case. We have set B =1 and m; = 0.014.

Alternatively, they could be the dark sector considered in [193] 197, [198|, become dark matter

candidates.

For the scenario that the pNGBs provide composite Higgs candidate, since we didn’t include the
interaction of the EW gauge gauge couplings and the top Yukawa coupling, we cannot set the
Higgs mass to 125 GeV. But we expect our pNGB could be about 100 GeV so as to construct an
EW model. The phenomenological aspect of an SU(4) — Sp(4) model is discussed in [196]. The
EW gauge sector and the flavor gauge bosons — which are the later vector bound states — are
embedded in two SU(4) groups realized using the hidden local symmetry technique [40]. The
spin-1 resonance is bound to be up to 2 TeV. Combining with our results require My, /M, 2 10.
From fig. this indicates that the UV fermion mass is < 1073My,. We list the dictionary
between our model and [196] in table Note that this model predicts two more gauge singlets

with masses around m g which is still compatible with the present data. The lowest lying bound
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Arya2453+6 A1—a2-53-6 Ar91213  Ag10,11,14
L0 O S0E G0 g0k 0

Table 5.3: Dictionary between our notation, upper row, and the one of |196] for the spin-1 states.
Our states Aj5 and Ajg correspond to an admixture of ¥ of [196] and the additional U(1) axial
vector boson.

states have the mass ratios roughly around
My, g A _gAr - Mgs, : Mg, : Mag A6,15,A16_05 = 1:1.1:1.2:1.26. (5.4.12)

Given the mass bound on vector bound states, this indicates that it is challenging to observe
the scalars () and 572 at the high luminosity LHC given that for masses above 2 TeV, their

production cross section is low.

The second possibility is to consider the pNGBs as dark matter candidates in strongly interacting
dart sectors [197]. If the pNGB is the only dark matter candidate in such theories, it’s mass is
strictly bound to be m, < 100 MeV, which in turn is in tension with the observations from the
Bullet Cluster [199]. In [199] it was suggested that this tension is relaxed if other dark matter
candidates are present, such as a dark p-meson. They consider a strong-interacting dark sector,
similar to QCD, with an SU(N¢,,) gauge group. For the dark p-meson’s mass m,,, in the range
1.45 < myp, /mg, <2, they found a dark-pion mass around 100 MeV where the relic density is
roughly reproduced. This could be realized in our model when the UV fermion mass is within
the range 0.02My, < m S 0.1My;, for the degenerate case. In our model, the o state is also
a candidate for dark matter, which will contribute to the relic density too. We postpone the
discussion on this to the future work. The same feature is expected in the mass-splitting case.

The lowest lying pNGB S is a singlet while the vector bound state is a triplet under SU(2)p,

the vector will not decay into 257, thus the ms are still the dark matter candidates.

5.5 From Composite Higgs to Technicolor: Including the NJL Interac-

tion

In this section we construct the model which incorporates both the UV mass term and the
NJL interactions. Such a construction is meant to contain the composite Higgs and technicolor
and their transitions in a similar way suggested in [80] which is reviewed in section In
the following, we constraint our discussion in the model with an SU(2) gauge group. For N,

dependence we expect a similar behavior as observed in the former two scenarios.
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The starting point is the degenerate case in section [5.3 where all fermions have a common UV
mass. In this case the pNGBs are the m; 5 and S. They contain a four-plet that transforms

s (2,2) under SU(2) x SU(2) that is identified as the Higgs doublet in the composite Higgs
models. On top of this construction, we add the NJL interaction eq. , which favors the
embedding Q4.

5.5.1 The Vacuum

Combing the mass term and the NJL term, one essentially changed the vacuum configuration

to
0 Lo(p) 0 —Q(p)
¥ —Lo(p) O Q(p) 0 ‘ (5.5.1)
0 —Q(p) 0 Lo(p)
Q(p) 0 —Lo(p) 0

This is previously given in eq. (5.1.13). This vacuum matrix is brought to the form of mass-
splitting case as in eq. ([5.4.1]) by a unitary transformation in (5.1.14)) as

0  Li+Q 0 0 0 L, 0 0
—Lo— 0 0 0 L, 0 0
UTXU = 0@ - g . (5.5.2)
0 0 0  Li-Q 0 0 0 Lp
0 0  -Ly+Q 0 0 0 —Ln 0

where L,/ = Lo = Q. The NJL interaction is turned on once Q # 0, i.e. Lp > Lo. This is
realized by turning on two UV “masses”. One is interpreted as the fermion mass m, which is held
fixed, corresponding to the embedding Ly. The other one is interpreted as an NJL contribution,
which we vary (increase from 0, pass m and beyond), corresponding to the embedding Q). At the
point when Lo = @, there is a subtlety that needs a further discussion. If @) keeps increasing,
L, will become negative and it’s profile will lie below the axis in fig. We employed a phase
rotation to flip the profile of L,, above the axis at this point. This is actually the preferred
vacuum, since if consider the string picture, the strings stretching between the L, and L,, branes
have their length (thus the bound states’ masses) minimized if L,, is flipped. We apply such
a rotation for L > (@), where to arrive at the correct vacuum, we used the transformation in

eq. (5.1.14]

0  Le+Q 0 0 0 L, 0 0
—Lo— 0 0 0 L, 0 0
UTXU = 0@ = g (5.5.3)
0 0 0  —Lo+Q 0 0 0 -—Ly,
0 0 Li-Q 0 0 0 Ln 0
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Note that at this point L,, = L — (). Later in the calculations, we will rotate this too, to
Ly, =0Q— L.

From this transformation we can see that the vacuum eq. will break the SU(4) to
SU(2) x SU(2). More precisely, Ly will break the generators 7% with the associated GB m,
T (ry), TH (73), T (m1), T*(75) and T6(S). Q will break T4(Q1), T°(Q2), T®(Q3), T°(Qs),
TH(S), T'(73). The T 72123413 are the invariant custodial SU(2)p. T1- 727123713 form
a second SU(2) which is broken explicitly by the NJL interactions through the NJL boundary

conditions.

The equations of motion for L, ,, are

AB(L? — 2
Ip (PSﬁpLP> - PAm2Lp - ( pp m)Lp =0,
(5.5.4)
5 (3 ) 4B(L2, — g)
) (p ame) — pAm*L,, — p L, =0,

where Am? = Am? [log (\/p2 +5(L2+ L%l))] = Am?(nj1), Tijl = p?+5(L2+L2). The radial
direction is now r? = diag(r3,r2,72,,15,), where 12 = p* + (Lo + Q)?, r3, = p* + (Lo — Q)*. To

piprtmo'm

track the NJL contribution properly, we rotate back to the Lg-Q basis, where the equations are

16BQ?
6;; (p38pL0) — pAm2L0 — Q LO = 0,
166%2 (5.5.5)
9, (p°0,Q) — pAM*Q — p 9Q =0.

In the UV, Ly should include the fermion mass, i.e. Ly~ m+ cy/ p2 where @ includes the NJL
contribution @ ~ J + (O)/p?. Translate to the L,-Ly, basis, their UV behaviors are

O @)
L)~ T +m+ S 8 Lo -7+ G- s

More precisely, the NJL source term is introduced by the higher order operator [53, [176]

Luy = GO0, T =GO, (5.5.7)
where
2 2
Js 2 jAUV
G = or gS = . 558

Apy is the UV cut-off. Below the critical value of g2, the source term is zero J = myy = 0.

Once the source term myry is switched on by hand, the g2 is above the critical value, i.e. the
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Figure 5.8: The vacuum of the SU(2) gauge theory with NJL interactions. IR masses are plotted
against the scalar NJL coupling g? in units of the vector mass My,, B = 0.1, my = 0.12 My,,
Ayy = 12.1My, . Initially we plotted the IR masses of L + Q) and L — Q. As soon as @ > L, we flip
the L — @ and show the IR mass of Q — L.

NJL interaction is present. The vev of the dual operator is read off by

"(A of
CACT0 NOTIY S ) (5.5.9)
Incorporating the discussion above, we set the following boundary conditions in solving the

embeddings

Ly(prrp) = prrp,  Ly(pirp) =0,  Ly(Auv) =muvy

Lin(prrm) = —pirm> Lm(Avv) = muvim, Lm(p) = —Lm(p), muvm <0 (5.5.10)

Lp(prrm) = prrm, Lm(Auv) = muvm, myvm >0

Ly,(prrm) = 0.

We see that at the point when L,,, = Lo—Q = 0, we rotate the solution to L,, = — L., = Q — Lg.
We show the profiles for the two embeddings L, ,,, in fig. where Ly(UV) is fixed to 0.12My;,
and B = (0.1. This shows an expected second order phase transition at the critical value around
g2 ~ 17. The profiles increase fast since the NJL interaction is raising the @ vev to the cut-off
scale Ayy. Since the composite Higgs model is realized when the two vacuums are only slightly
misaligned, this implies that the transition from the composite Higgs model to the techincolor

model is highly fine-tuned in g2.
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5.5.2 Fluctuations

Since the vacuums can be rotated to the same form with two split masses, the equations of
motion for the fluctuations can be read off from the split-mass scenario with L1 g — L .
However, one needs to take care of the mixed states in this case. We show all the equations of

motion in appendix [G] including the corresponding boundary conditions.

The inclusion of the NJL contribution leads to non-trivial UV boundary conditions for some
scalar fields. As can be seen from the fluctuation matrix, if we rotate it in the basis of eq. (5.5.1)),

the fluctuation matrix becomes

0 0+ Qs+iS+im3 —Q2—m—im —iQ1 Qs+ M +iQ3 + ims
X, = —0 — Q4 — 1S —ims 0 —Qs + 7 +1iQ3 —ims  —Q2 + w2 +iQ1 —im
T+ Q2 +1Q1 +im Qs — w4 — Q3 + ims 0 o — Q4 +1iS —ims
—Qs5 —mg —ims —1Q3 Q2 — w2 — Q1 + im —0+ Q4 — 1S +ims 0
(5.5.11)

The Q1,2,34 fields feel the NJL. The 7 234 are simply phases of ; thus they are not affected
by the NJL contribution.

Even though Q1235 have the same set of equations of motion, only the Q123 feel the NJL

interaction while the @5 doesn’t. Therefore we impose the NJL boundary condition to Q12,3

f(Auv) = —2Ag3c, f(IR)=0,

Apyyb
—92

(5.5.12)

P(Ayy) = £V2+ ¢'(Auv) =0, ¢'(IR) =0,

where f denotes the fields that matches with the NJL coupling in the UV and ¢ denotes the
¢js, which asymptotes to 4+4/2 in the UV before and after the unitary rotation. ¢ is the vev,
corresponding to the (O) in the above discussion. g2 is the NJL coupling found in solving
the embeddings. For the points below the critical value of g2, i.e. when @ = 0, one needs to
apply the NJL boundary condition to the fluctuations with g2 values put in by hand. The NJL
interaction split the 4-plet of Q1235 to a triplet Q123 and a singlet Q)5 under SU(2)y .

@4 and o are fluctuations around the corresponding vacuum, their equations of motion are
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Figure 5.9: Scalar bound states’ masses vary with increasing scalar NJL coupling g2, with gauge
group SU(2), B=0.1, my = 0.12My,, yy = 12.1My,.

mixed
L2 16B SM?2 (11
0p (p38p0) — pAm?o — %Amma - — Q%%+ P (4 + 4> o
Tl p 2 s Tm
32BL L SM2 11
BB, - B g, 5 (G- ) @i,
p Tnjl 2 Tp Tm
0o (P°0pQ1) — PAM*Qu — = Am¥ Qs — ——LiQu + —— (4 T ) Q4
T p 2
njl P m
32BL L SM2 11
p Tnjl 2 Tp "m
In the above equations Am? = %’g, arg = log(ryj) is the argument of Am?, where r,j =

P+ %(LZ +L2)). We impose the NJL boundary condition to Q4 while require the o asymptotes
to 0 in the UV. All the other fields are required to vanish in the UV. We plot the scalar mass
against the NJL coupling g2 in fig. for B=0.1, m = 0.12My, and Ayy = 12.1My,.

From this plot we can see that, below the critical coupling, only Q)1234 are affected by the
NJL interaction. Their masses fall to 0 at the critical coupling and their potential will become

unstable if ) increase the NJL coupling across the critial value.

Above the critical coupling, the Q)1 23 have massless Goldstone solutions corresponding to the
breaking of an SU(2) axial symmetry. The @4 field is like a ¢ field in the technicolor model,
which grows sharply with the NJL vev Q. The other scalar fields are insensitive to the NJL
interaction until the Q) vev becomes larger than the Ly vev, where their masses increases together
with the ever larger NJL coupling. The 7 2 4 form a triplet that is degenerate with the 75 which

is a singlet. The other scalars o, @5 S1 = S + w3 are singlets.

In solving the vectors, we require them to vanish in the UV. We plot their spectrum against the
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Figure 5.10: Spin-1 bound states’ masses. The multiplets are: two triplets associated with generators
1£13,2+7,34+12; two sets of degenerate triplet and singlet associated with generators 4,5,6,9 and
8,10, 14, 15; and two singlets associated with generators 16 & 11.

NJL coupling gz in fig. |5.10, The vectors Vi413247,3+12 and Vi_132-73-12 transform as 3 of
SU(2)y ((1,3)+(3,1) of SU(2), x SU(2)r). The axial vectors As 569 and Ag 1014,15 transform
both as 34+ 1 of SU(2)v ((2,2) of SU(2)r, x SU(2)r). The rest two axial vectors Aig111 are
both singlets of SU(2)y (SU(2)r, x SU(2)r). Below the critical coupling, their masses behave
simply as in the degenerate case. Once the NJL interaction sets in, some of the vectors become
axial-vectors due to the additional symmetry breaking. All of the masses increase sharply with

the NJL coupling.

We also compute the decay constants and plot them against the NJL coupling in fig. They
increase also with the NJL coupling in the same manner as the spectrum. Especially we show
in fig. the ratio of the EW breaking vev over the global symmetry breaking vev. As
shown by the sharp rise after the critical coupling, the transition from the composite Higgs to

the technicolor requires a highly fine-tuned g2.
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Figure 5.11: Meson decay constants vary with increasing scalar NJL coupling g2, with gauge group

SU(2), B=0.1.
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Chapter 6

Conclusions and Outlook

In this thesis, we show the construction of a holographic model that includes both the composite
Higgs and the technicolor models and manifests a transition between the two phases. Our
starting point is an abelian dynamical AdS/YM model developed in [52, [53]. This is a bottom-
up model, which encodes the essence of the holographic top-down model descend from the string
theory and the gauge/gravity duality. Especially, the model utilizes the property that the radial
direction of the AdS space is dual to an RG-flow in the field theory, and incorporates the gauge
theory running explicitly through the running of the anomalous dimension of the dual quark’s
mass. In this way, the symmetry breaking in the dual theory is realized dynamically in the
holographic model, instead of placing hard cut-offs as an ansatz. We combined this model with
a top-down model that shares a non-abelian structure in the bulk gauge theory from [17§].
This results in the non-abelian AdS/YM theory developed in chapter While constructing
the model, we also developed the corresponding numerical tools to solve the coupled equations
in the holographic language. As a proof, we tested our construction against the QCD meson
spectrum. Our results are at 20%, most of the cases 10% level of the experimental data. The
finer structure of the QCD meson spectrum is predicted, which shows the power of incorporating

the non-abelian structure in the holographic model.

Having tested the first principles, we move on to achieve the aim of our project, which is
the holographic composite Higgs model. There have been various composite Higgs models’
constructions in the field theory, some of them also descend from models containing extra
dimensions. The composite Higgs model we realized was initially suggested in [62} [80, 97].
The model realizes a Sp(2N) gauge symmetry with two Dirac fermions in the fundamental.

In particular, the mass eigenstates of the pNGBs are admixtures of the pNGBS from two
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different symmetry breakings — composite Higgs like and technicolor like (EW). By dialing
the mixing angle, one switches from symmetry conserved phase to a composite Higgs phase
(when the mixing angle is tiny) and then to the technicolor phase. We construct a holographic
model that incorporates these properties in chapter This is realized using the non-abelian
holographic model we developed. In that we discussed three scenarios — degenerate and non-
degenerate flavor structure and inserting both fermion masses and the NJL interaction term.
We looked first into the model with degenerate flavor structure, this corresponds to a pure
composite Higgs model when the UV fermion mass is turned on. Then we split the flavor
structure by giving different masses to femions that are associated to different flavors. This
simply corresponds to a composite Higgs model with non-abelian flavor structure. Then we
move on to insert an NJL interaction term holographically on top of the degenerate scenario.
Such a construction manifests a superposition of two different symmetry breakings — one is
the spontaneous symmetry breaking of the global flavor group, the other is the EW symmetry
breaking realized in the technicolor sense. By performing a unitary rotation, one can rotate this
scenario back to the non-degenerate flavor structure, which is the second scenario we considered.
The phase transition from the composite Higgs model to the technicolor model is controlled by
the NJL coupling constant gs, which is highly fine tuned. At each step we calculated the bound
states’ spectrum and their decay constants. For the results that have lattice data to compare

with, they show a good agreement.

Of course much could be done along this line. First we need to emphasize that our constructions
are restricted to the bosonic part of the theory. Incorporating the non-abelian structure will
also result in a finer baryon spectrum in the holographic model. One way to include the baryon
states is to add bulk fermion fields. In the original top-down language, they are dual to the
superpartners of the mesons, the so-called mesinos. One can approximate the baryon states
with these mesino states as suggested in [31]. For abelian dynamical AdS/YM model this has
already been done in [52] |53]. These baryon states are potential candidates for top-partners,
which are essential ingredients when constructing composite Higgs model that explains the large
mass hierarchy of the top quark. Aside from the baryons, one can also construct holographic
models using the technique we developed to let it dual to different composite Higgs models. The
advantage is that such a holographic model provides naturally a UV-completion for the field
theory. Possible minimal UV-complete composite Higgs models that can be made holographic
are SU(2N) — Sp(2N) and SU(N) x SU(N) — SU(N). The potential of our non-abelian
dynamical AdS/YM model is certainly not restrict to composite Higgs models. One can put

on the dual theory any non-conformal Yang-Mills field theory with non-abelian structure and
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make predictions on the bound states’ spectrum and other physical observables. Also, such a
holographic model serves as a good alternative of lattice calculations. We hope our work could

stimulate more lattice studies on this subject, and potential model building in the BSM physics.
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Appendix A

Derivation of Equations of Motion in the

Top-Down Model

In this appendix we show the calculations of some of the equations in the top-down non-abelian

model in [178]. The calculations in the non-abelian bottom-up model is based on this.

A.1 Notations

We unify the notations for this appendix section. Indices are assigned as follows: m,n=0,...,9;

r,s,p,q,t=0,.,7a,b=5,6,7;, u,v,a, 6= 0,....3; p = 4.

The metric is

2 2
ds?y = e 5 <;2A2(T)nwda:”dx” + % [dp? + p?dQ3 + (dX®)% + (dX9)2]) . (A1)

and therefore
o) R2 o) R?

ng =e 2 72588 Ggg =e 2 7599. (A.1.2)
U5 i
The a":

RZ _‘I’(Tz‘)

A?r?e 2 Nuv
=TS r2 e*% (A 1 3)
Qa = R S— «d.

ws R? 1+(8pwi2) ’
‘ P2 2y
1@2%’02e 2 gab
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where A; = A(r;).

F = %)/ deta,, = e 2 [— det(Grs + Ggg@ngﬁng)]%

1
2

:e—cb(?"i) det | — Gpp —+ G998PX98pX'9
Gab

o e \4 (12 : o) B2 20y R?
et () (e ) (o (G 1 R o) aaa

eo\3 (R2 ,\° 2
X (eq)Q ) <R2p2> det(gab)}
L5

(") (;?2>4A<ﬁ>8 (R> (1+ @pwi)?) 6 det(gab>]

—e—®(ri)

7

:e‘b(ri)p?’A(Ti)4\/det(9ab) [1+ (Gpwi)?],

®(ri) g4
Fy = _eAT K, =8,2log <€‘I>(n-)A;1) _ (A.1.5)

V1+ Gpwi)?
A.2 Scalar Lagrangian, Only ¢°

In this section we compute the ¢® part of the scalar Lagrangian, corresponding to eq.(33) in

[i78).

Consider only ¢® fluctuations, i.e. set ¢° = A, = 0, then the two-flavor D7-brane action [178]

2

SNy=2 = T7/d8§ STr{e_cb — det(ays) (1 + %Trrs(&_la(l)) + % (Trm((z_la(l)))
) 1 ) (A.2.1)
= T ((a—lam)?) + 5 Trns(@ ) — 2 GasGoo (1) + (69)%) v* + ) }

reduces to

Sy, =1 / d*¢STr § e ®\/— det(ay,) {1 + %Trrs(&_la@)) + (éaggagg) ((69)% + (¢5)%) v* + ]

F

(A.2.2)
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So the Lagrangian is

L;S) _Sﬂ{ — det (@) [1 + %Trm(&_la( )y — (éG%Ggg) ((69)% + (68)%) v* + ] }
= $IXE + ST [Py, (o) +%STr [(FGssGoo) (692 + (69)2) v + ...
term A - 5
(A.2.3)

The last term need not to be modified, we only need to calculate the first two terms. In the

Lagrangian, term A is

+ ——dr? (A.2.4)

82

w2

term A = STrF = STr (ngd ) 2F2d

since r? = p? + (w0 + v73 + (¢9))2 + (¢8)2, when ¢? = 0 we have

R L T (41 )| |1 [(61)7+hadhy ORdh, +ohhet
#-0 ¢ 8 ) A\ GEaE et (08)7 + oty

¢3¢
(A.2.5)
where dr? is interpreted as the fluctuations thus the ¢8. Therefore when evaluating dr? on the

branes we have

IO+ (68— 086 +iod)] = 7 (67 + (6D + (697,

dr® [(¢i) + ¢§2¢§1} =1
(A.2.6)

w4

SO we get

[(62)% + (#9)* + (6D)7] . (A.2.7)

w2

(630 + (602 + (63)°] + J0raF

1
Term A = 1 2 F

w1

We then calculate Term B:

Term B = %STr [F_’Trrs(a_la(z))} = %STr [F(a_l)sr(a(z))rs} = %Tr [F(a)"*G®*0,¢05¢°] ,
(A.2.8)
where
0,850.0° = 1 0r % 0rdly 9503 0s0%, 1 Or 8 0505 + 0,93,0505,  0p¢5.0s0%5 + 0,0%,050%
4 8r¢§1 8r¢§ as¢§1 8s¢§ 6r¢§1as¢§_ + ar‘béias(b%l r¢2165¢12 + 8T¢8—as¢8—
(A.2.9)
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And
F&TSGgg 0
w1 . (A.2.10)

0 FdeGgs

Fa"s Gsg =

w2
Then multiply the matrices Fa"*Ggg and 0,¢%0s¢% and take the trace in the flavor space, we
find the Term B is:

Term B :é Fa™ G (0,03 05> + 0, 85,0508%,)

w2

(0, 050507 + 0rP0s0Y + 0,050,505 — 1 (0,05058F — 0, $70503)

w1

(argbi-as(ﬁﬁ- + 8T¢?288¢)gl) + FELTSGS?S

w1

17
:g |:F(_ITSG88

=0, we can only have r=s

+ Fa's Ggg

(+ =)

w2

=- |Fa"Ggs| 0,¢50:5¢0% + Fa"*Gss

w1

&&&&]

w2

+ FELTSGSS

w1

1 /(.
+ é (FaTngg

) (0,010507 + 0, $30505)

w2

(A.2.11)
where as noted in the second step, we can only have diagonal terms (r = s) since a"* is diagonal.

Finally add the three terms together we arrive at the equation

£ =302F| (60 + (@D + (637] + 10F|  [(62)° + (617 + (63)”

w1 w2

Fa"Gsg 8r¢§_83¢§_ + Fa"*Gsg 8r¢§as¢§]

w1

R
8

w2

(A.2.12)
) (0- 830505 + 0, 6505 83)

+ FC_LTSGgg

w1 w2

1/ _
+§ (FC_LTngg

1 _
+-= + F'GgsGog

8

(F GssGlog

) ((65)% + (65)) v* + ...

w1 wa

The equation of motion of qﬁ%i can be easily derived using Euler-Lagrange equation.
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A.3 Equation of Motion of gbiQ Fields, Non-SUSY Case

Use the Lagrangian eq. (A.2.12), we get the eom of ¢§ (i = 1,2) are:

acfjg oL

~9 »
097 T O(0p4F)
1 _ _ 22 _
= Z (87,2F + aTzF ) . 2¢28 v (FGggGgg) + (FGggGgg) ] . 2¢§
wn ws 8 w w2 (A3.1)
term A term B
3, {; (FGssa™) |+ (FGssa™) ] 9,0%57 - 2} .
w1 w2

term C

In the following we calculate the three terms separately:

term A:

=0 (2021 aen(g) 1+ (0007

_ ®(ri) g4 B(ri) 44) 3 2

= e®0) 41,2 log (2 AL) p* /et gap /1 + (Dpuwi)? (A.3.2)
= Fip? [1+ (9pw1)?] 0,2 log (™) AY) /et g

= Fyp® [1+ (Opw;)?] Ky, \/det gap,

where F; and K, are defined in eq. (A.1.5)). So we get

1
term A = 5&@ {F [1+ (0pw1)?] K,y +1— 2} 6. (A.3.3)
term B:
U2 — _ 8
) (FG88G99) + (FGggGgg) - 203
w1 w2
1}2 R 4 A
U et g |24 A <T> m 12| 8 (A.3.4)
1

=C1

2
v
=— Zpg det gup(G1 + G2)¢§.
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term C:

ap (FGggc_Lm) argbf]
w1
=0, | (FGgsa™) | - 0,6% | + 0, | (FGgsa™) | - 8,07 | + (FGSSCL ) -abéf)?]
w1 w1 w1
P2 ey P2
= (eats? Jaergalt + Qe e ) 00,08
T T N——
1 1'17 wy PRGN
9 9 _2(ry)
O(r1) 44,3 R Ty ez 8 2 48
+ap € Azp \/det gab[l + (aﬂwl) ]6 7’% R21 + (apwl)Q ap¢z + []ap¢z
w1

2

T R2 &(r1) T
200 AP [det gapl1 + (Opwn)2le 2 e T ) 90,68
+(e Zp\/egab[ + (Opw1)?e 2 T%e LR 1&

—1(142)¢8
1 /R\* 3
=Fip® [+ @] Vg (7)) M6+ |(0,F3) Aot + 5 Fi v/t | 0,8
Il + 2
+F1p%\/det gap02¢; — F1p®+/det gap [1 + (9pw1)?] ( )@

(A.3.5)

So term C is

4
termC——fFlp \/Fgab{[ 9,w1) 2] ;<R> M2 l(l;—?)
1

- ZF1p3\/det gab;3p¢§ - ZFlp?u/det 9ab050; +1 — 2.

+ 9y (log F1) 3p} S
(A.3.6)
Combine eq. (A.3.3), eq. (A.3.4) and eq. (A.3.6) we get the eom of ¢f:
2
v
,0 3. /det Jab {F1 [ (Opwr) ] K, +1— 2} qﬁ? — —p?’ det gop(G1 + Gg)(b?

4
— *Flp Vv det gap {[ + (Opw1) 2}

1 <R>4M2 l(l+2)
p?
— 1F1p3\/det gabE@,qﬁf — ZFlp?’\/det gabaquf +1—=2,

== +9, <logF1>ap}¢%
1

(A.3.7)

121



—>(F1+F2)85¢§ (F1+F2) 0%

+ | Fi { [1+ (8pw1)?]

1 /R\* 1(1+2
A%(ﬁ) M? — (p2 )_2Kr1 +0, (log F1) 9, p +v°G1 | ¢7.

EKl

=N,
+1=2¢f=0
=(F1 + F2)05¢7 + (F1 + F2) 0pd% + (N1 + Na)¢§ = 0.
(A.3.8)

So the eom of ¢El;72 is:

3 N1 + N-
2 1 2 8
9 &S . A.3.9
< P Kl FfZ) ? 0 ( )

A.4 Vector Part (A, and ¢"), eq.(40)

From the full Lagrangian eq. ({A.2.1]), the terms contributing to the Lagrangian Ef)qﬁg are:

o) =T71F,,
- - - - (A.4.1)
al?) = Gy (—i[Ar, X°)05¢° — i0,0°[As, X°] — [Ar, XO][As, X°] + 9,0705¢°) .
Calculate first ag), start from the commutators, we have:
(A, X9 = [A%270 + Alr! + A272 o+ 4373 wr0 4 ur?)
= Aly[r!, 73] + A%0[r%, 77 (A.4.2)

= —iAlvr? +iAor!

where the last step follows from [, 7% = 1[0?, o%] = i - 29€4pe0° = %ieabcac = GeqpeTC, the @

1
are Pauli matrices. Therefore we have
—i[Ay, X%)05¢" — i0,6°[As, X7
—(—vART! + AT — 0,657% — 0, 9T ) (D507 + 05T + D457 + Ds3T°)
+ 95¢° (1°° braket from last line) (A.4.3)
= — AL9,¢0{r%,7°} + ...(only {7% 7%} terms # 0)

~ ~ 1
=2 (-~ 41063 + R20.67) - 5 (0630503 + 0,670:%)
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The term 0,¢?05¢° has already been calculated before in the ¢® part, then the last term to be

considered is

— — v2 v ~ v ~
—[Ar, XA, X% = o (AMAL + A2A2) + 5 (am%asqb% + 0, 010:07) + SO BAL — SOr01 AL,

(A.4.4)
Combining all these pieces together we have
1| {0:-0%05¢ ALAL + A2 A2
0@ = L[ por [TRTAS o  (aas)
0,0°. 05 AVAL 4 242
For constant w;, (b? = 0, aﬁ? =T71F.,. aﬁ? x Frg, which is anti-symmetric. Since alisa
symmetric metric, so
1 (1 1 (]2
Trs(ataM) = [Trrs(d_ al ))] =0
_—1_(1)N\2] _ = ()t A
Tr,, {(a al )) ] = 77’CL a qaé) a"Patl Fys Fyr (A46)
. 1 (ELFS+ FI2F2!
where Fj Iy, = 1 psmar
Fpqur + F21F12
Therefore
Eg) = STr{eq)\/—det Qs ( 4Tr7~8 [( -1 541)) ] + 2Tr7~5 (alaf)>>}
1 _ - - 1 _
— —STx [Fa’”pasqppqur} + 58T {Fa’”sag?)}
1(1,- L~ 1,- _
= 4{4 (Faa),, Fiky,+ 5 (Fama™), I 2 (A4.7)

—_

o L[, + (Favam), ] (R + 72

S

”22 [(Farscgg) (Fa’”ngg)wz] (;1;;11% + Agﬁz) }

Equations of motion follow straightforwardly.
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Appendix B

A Brief Summary of the Implementation

of Am? and the Running

In this section we summarize some backgrounds of inserting the gauge theory running into

holographic models that is first introduced in section

Initially the idea is inspired by the papers of Jarvinen and Kiritsis [166] where a two-loop
running coupling is generated by imposing potential for the tachyon field that is dual to the
chiral condensate. The authors in [164] then extend this idea, matching directly the running
dilaton e? in the D3/D7 construction to be the two-loop running QCD gauge coupling A (which

we called « in the text.). Then the vacuum action is
S = /dp)\(r)3\/1 + 12 = /dp 1A(r)) p L + p3@\ L? (B.1)
2 L=0 dL?|1=0 ’

where 12 = p? + L? is as defined in the main text. By a redefinition of p — j and L = j¢, where

¢ is a scalar field, one finds that the action can be rewritten as a canonical scalar action of ¢

with m? = —3 in AdSs. The running then show up as a modification of the scalar mass
1 a3
S = 2/d/)ﬂ3 (779" +m?¢?), (B.2)
where
> d\
m? = -3 —om?, om?= —)\'?—4—. (B.3)
p*dp

By the holographic dictionary, m? = A(A — 4), this scalar is dual to a dimension A = 3

operator with a dimension 1 source in the UV. Since this scalar lives in the AdS,1 space, it
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has a BF bound determined by m?R? > —%. R is the AdS curvature that is set to 1, d is the
spatial dimensionality of the AdS, which is 4. This gives a BF bound at m? = —4. If naively
implementing only the running through the gauge coupling, then one finds the BF bound is
only violated for certain range of the p, in the IR it returns back to a conformal theory. To
have a QCD-like running, it is crucial to implement the running of anomalous dimension of
the quark mass: 7, = 3 — A where A is the scaling dimension of the dual operator of ¢, with
m? = A(A — 4). Then the BF bound appears when +,,, = 1. Note that identifying the dilaton
factor with the running coupling already gives up matching to the explicit value of QCD running

coupling. But the chiral symmetry is guaranteed to happen when v = 1.

In [41] the authors introduced the term Am? that appears in the main text. The action con-

sidered for the vacuum is
1
S ~ / dp3 (p*(9,L)* + pAm*(p, L)L) . (B.4)

Adding this term changes the mass term for ¢ from m? = —3 — dm? to —3 4+ Am?(p). The dual
operators’ dimension is still determined by m? = A(A — 4), this means when Am? = —1, the
BF bound is violated. This simply shift the running dilaton contribution ém? ~ % in eq.
to the term Am?, so Am? encodes the effect of a dilaton that can deform the D7-probe’s
geometry which causes a chiral symmetry breaking. The form of Am? becomes a choice. The
simplest choice is to use the duality [165], as shown in eq. (3.6.7). The running is implemented
through v as in eq. (3.6.8) — eq. . Of course these are perturbative results, they are
however assumed to be valid in the low-energy regime as an approximation. Note that Am?
must depend on L, i.e. it should be a function of r instead of p. This is to remove the instability

from BF bound violation when L grows large [165].
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Appendix C

Derivation of an Equation of Motion

Using the (General Parametrization

In this part we use the general parametrization X = (L + 0)e’®” to show that it leads to a

complicated, fully mixed eom.

First we rewrite the action eq. (4.3.12)) as

pBGMM

1
S=,Tr(0{AB}), O="—%—, A= B = (DyX)'. (C.1)

We have simplified the indices knowing that the metric Gasny is diagonal. Then given an

arbitrary field f, the derivative acting on the action isF_-]

9;S = %@»Tr [0{4,B}] = %Tr [00;{A, B}] = %TY [0 ({074, B} +{A,9,B})]

_ %Tr [0(14°, @,41)! + {4°, (974%)1} +{AL, (0,A)} + hc})]

where

A=A+ A" + A2 = O0(f°) + O(f") + O(f*) = BT, (C.3)

1945 follows the same logic.
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and written in components

A =9y LT,

A' = —iant oy LT + Oyol —iadyr Lt +iLtAl ,, —iAl | LT

9 (C.4)
A? = —%WT26MLT —dantOyol + (ioz)z{WT, 8M7T]L}LJr —jadyriol,
+i(—i)r LTAY | +ioAY | —iAL | (—iaxh) LT —iAl o',
If f = o€, the derivatives are
;A =0, OgAt =TV,
OpA? = —iadymTPTC +iT Ay 3, T® — iAl \, T°T°, (C.5)
Ogp A? = —iam T T°5N .
The equation of motion will be
1 d d
8(0‘3) ~ doc
—OnTr [ ({AO (D AL} + {A°, (94 A2)T} + {AL, (0 AY)T} + hoc. )}
- fTr |0 (14°, (9, A} + {4°,(9,4%)1} + {4, (9,41} + huc.) |
(C.6)

:8NSTr{O {(8MLT)(T05% ) + (On LY (ian®TeT?) 68
+ (iam® Oy LIT® 4 9y 0"T" + iadn LT — iAY} ), T°L +iAY, o, LT?)(T°53) + h.c} }

~STr [0 ((BMLT)(iaaMwaCT” — QA i Al TOT?) + h.c.)] .

We use the notation STr[(A...)(B...)] = $Tr[{A..., B...}], and the commutators and anti-commutators
are seen at the same level as (...) under permutation. The contributions from the scalar fields

are

1 1.1
OnSTr <08Nab(Tb)(TC) + h.c.) = 5ap(;;38,)01’)Tr{Tb, T°} + p38]2\/10b5Tr [TA{TI’, TC}] .
(C.7)
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From 7 we get

OnSTr [0 (z'omb(aNLT)TCTb Fian® (O LITY)(T¢) + iadym®(LT)(T°) + h.c.)}

—STr (iaO@wa@NLT)TCTb + h.c.)

(C.8)
=0,STr [mp%b ((apLT) + (apLTTb)(TC)) + z'ap?’apwb(LTb)(TC)}
+ STr (maﬁ b:4(LTb)(TC)> — STr <iaap7rbp3(8pLT)TCTb> + h.c.,
and from the gauge fields
OnSTr [o (-zAgN(TbL)(TC) + z‘A%,N(LTb)(TC)ﬂ
_STr [0 (fiALMb(@MLT)(TbTC) + z’AS’%,M) (@MLT)(TCTb)} +he. (C.9)
3
= —iSTr [':4 (agqs%, [T, L)(T°) + 0;.¢%{T", L}(TC))] + h.c..
Combining all the contributions, together with the scalar potential
STr[Am? X |*] = STr[Am?*{L + o, L + o}] (C.10)
we get the scalar eom
0,(p39,0°) + %p‘?’(‘)]zwabTr {;{T”,TC}} — STt <Am T%)(T° ) o° — poPSTr ( 0Am? | L(T”)(TC)>
+8,STr [z’ap?’wb ((@,LT )TT® + (8, L1 T) (T ) +iapPo,m LTb)(TC)]
+STr (ia82 bl(LTb)(Tc)> — STt (z'aa,m p3(8pLT)TCTb)
iSTr { <62¢V[Tb L(T) + aggbI;,{Tb,L}(TC))] + h.c.=0.
(C.11)

As shown above, using a general parametrization leads to complicated also mixed equations of

motion, which is numerically intensive to compute.

In the new parametrization, we have Lw — {L,w}. This will kill for example the a,mb, when

Lt=1

STr (z’{LTb, T°) + h.c.) — STt (i{LTb, T°Y — i{TL, T} + i{T°L, T°} — i{LT®, TC}) = 0.
(C.12)
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Appendix D

Equations of Motion, N, = 2 Split

Masses

We use 12 = r2(p) = L?(p) + p* (i = d,u) in the following. In calculating the masses, we took

the limit of vanishing longitudinal ¢,, and ¢, .

Scalars
p*M¢
gu,d : ap (pgapgu/d(p)) +p <_Ami/d - Lu/d(p)AmZ//d + A u/d> Eu/d(p) =0 (D1>
u/d

51/2 : 8p (Pgapfl/z(P)) + g [—Ami - Am?x - Lu(p)Ami/ - Ld(p)Amél] 51/2(1))

%MEI/QPS (7,13 + :4> (51/2(p) + (Lu(p) — Ld(p))<z5v2/1(p)> =0 (D2)

u

Pseudo-Scalars

Li/d(P)M2 P’

Tud Oy (L21a(p)P*Opmusalp) ) + ) P (Tugalp) = Gauu(0)) =0 (D3)
u/d
M2 p3
Mt O (Lule) + L) 0yma(o) + 5 (G 3 ) (Lulo) + Lulo)

% (m12(0) = 64,,,(p)) =0 (D4)
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Vectors

Vi 0 (70pVaya(P) + —“Viyalp) =0 (D5)
u/d
3
Vi 00 (0mia(o) + 5 (5 + ) [0, — 0 (o) ~ La(o)?] Vialo) =0 (Do)
u d
3 P31 1
¢v1/2 : aﬂ (P 8P¢V1/2 (,0)) T <7“4 + 104) (Lu(p) - Ld(p))
u d

X (52/1(p) T (Lu(p) = La(p))dv, 5 (p)>

(D.7)
AM3, 0p0v1,(0) F 93 (Lup) — La(p))Boas1(p) % 6362/1(p)p(Lulp) — La(p)) = 0
(D.8)
Axial-Vectors
03
Aua: 0y (P°0pAusalp)) + = (M3, = BLujalp)?) Aujalp) = 0 (D.9)
u/d
. 3 rgs 2 i _
Oaura O (P°0p0,4(0) + 5 Lujalp)(uyalp) = 6a,,4(p)) =0 (D.10)
u/d
Mf)Au/dapéAu/d(P) — 93 Lysa(p)*0pmusa(p) =0 (D.11)
3 P 1 1 2 2 2
Aijp: 0, (p°0,A12(p)) + 3 <r4 + 74(3) [4MA1/2 — 95 (Lu(p) + La(p))”| A1/2(p) =
(D.12)
3.2
ba O (50000, 0) + T8 (25 4 ) (o) 4 Lal)(112(0) = 68,(0) =0
u d
(D.13)
2
M, 0pba,a(0) = 5 (Lulp) + La(p)* Dy o(p) = 0

(D.14)

From eq. (D.10)) and eq. (D.13)) one recovers eq. (D.4]).
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Appendix E

Equations of Motion, N =3

As mentioned in section the equations of motion are sorted in groups (u, 1,2,3), (4,5,6,7)
and s. The groups (u,1,2,3) and s take the abelian form, but with (L,,r,) and (Ls,rs) for
(u,1,2,3) and s respectively. The group (4,5,6,7) have mixed equations as the off-diagonal
ones (1,2) in the two-flavor case, where (4,5) and (6,7) mixed in the same way as Ny = 2 (1,2).

We demonstrate this pattern with the scalars as an example.

The scalar fluctuations are

0Am? M2 ,
!ap (705) — A php = Lu(p) “r ¢ m;] o) =0, i=wl..3 (K1)

OAm? M2
(p)p+p3 i

lap (°9y) = Am(p)p — Ls(p) =51 ] ai(p) =0, i=s (E.2)

where 0, and o5 are defined in eq. (4.4.1)). To get the equations for off-diagonal ones (4,5,6,7),
one can simply take eq. (D.2)) and change the pairs

(1,2) — (4,5), (6,7)

(Lm Ld) — (Lua Ls)-

The other fluctuations’ equations follow the same logic.
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Appendix F

Relating Am? and A

In this appendix, we show how Am? is related to the function A in chapter [5| first for a simple

degenerated case and then for a mass splitting/NJL case.

F.1 Degenerate Flavors

The vacuum Lagrangian is
£ =4p3(0,L1)(9,L) + pA [Tr (p214 + LTL)] TeL'L, (F.1.1)

here we have omitted other terms for simplicity. This will not change the conclusion. L is the
vacuum matrix. A is a function of Tr (,02 14 + LTL). Expanding in the fluctuations, substitute

L with X we have

L=4p>(0,(Lo+0Lo))* +p | A +% 5L +132—A 0L ) TrXTX (F.1.2)
— P90 0 P\ T 0Ll 0 20021, ° ’ o
where
A=A [Tr <p214 + LTLH — A |49 + 4 (Lo + o) + 4Zf3] , (F.1.3)
fi are other fluctuation (fields). The eom of 0 = §L is then
9y (p°0,L0o) — pA|  — po4 L§+ 0, (p*0,0L) — pA| 0L — 2,0% LoSL
Lo 20LlL, Lo OL L, (F.1.4)
POAL s a
20L21L, 7
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Define
104

1
log 4/ p? + ZTrLTL

we get the vacuum eom as in eq. (5.3.2]). Expand the relation eq. (F.1.5)) further to first order

Lo = Am? (F.1.5)
Lo

oL 0A 1 [(0A 0?A
— 5L + 3 < Lt o L05L> (Lo+0L)
_ 1% <3‘9A 0?;;21 LO) S (F.1.6)
2
= am? Lo ag;n Lo oL,
this leads to , ,
304 og; - 62? . (F.1.7)

Using the above relations, we get the eoms as in section section

F.2 Split Masses

The Lagrangian is
£="Tr |p(@,0)0,L + pALIL]

(F.2.1)
=2 (p3(8pL1)2 + p*(0,L6)? + pAL? + pAL%) .
Expanding in the fluctuations
1
JL= p* (0p(L1 + 6L1))? + (9,(Ls + 5 L))
0A 0A 10%A 10%A 0%A
—| oL Lo+ =——5| 0L3+-==| 0LE+————| OLi0L
+”< R T N PR Y1 PR %771 PR Y Pt 6)
x [(L1 +6L1)2 + (Lg + 6 Lg) ] ,
(F.2.2)
where . means evaluate the function at the vacuum. The equation of motion of dLq is
0
A
8 (p 8L1 —,OA’ Ll—*(LQ-i-LQ) 0
OL1 1L
0A 10%A
3 _ oA 1074 2 2
+0, (p°0,6L1) — p [A’ +26L1 L+ 2912 |1, (L7 +L6)] 6Ly (F.2.3)
0A 0A 1 0%A
ol =] L;+92—=" - L L Lg = 0.
p[8L6L0 1+ 6L1L 6+28L16L6L ( + 6):|56 0
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The equation of motion for §Lg is similar, one just needs to exchange 1 with 6. From the two

equations of motion, we define

1 0A 1
Al Lit (L +L§) — AL |n, = = Am? [log \/4Tr (p>+ LTL)| Ly,
0
(F.2.4)
1 0A 1
A 2 2 — 2 \/ 2 ¥ '
LOLG + - 5 (LY + L§) =—— 9Ls |1 =Am [log 4Tr (p>+ LTL)| Lg

Multiply both equations by L; and Lg, respectively, and adding them together, this is nothing
but

dA

2 2
+ 2 (L{ + Lg) dAre

A log \/1Tr (p? + LTL)] , (F.2.5)
Lo 4

= Am?
0

where Arg = Tr(p?14 + X1X), -4 dArg = A, and
1 1
“Tr(p®ly + L) = p* + (L3 + L3) =12, 16 (F.2.6)
4 2 g,

Expanding the above equation in fluctuations to first order

A A ) 9 DA’ DA’
A —| 6L 6L 2 |(L1 4 6L L + 0L Al —| 6L
+8L1 1+ 9Lz 6+ {(1+ 1)"+ (Le + 6)]< L0+<9L1 1+ OLelL
=A| +2L3+LHA| — Am2
Lo Lo Lo
A QA dAmM?
g4 AL, A’ 2 (L% + L2 5L oL
+ <8L1 Lo + ! Lo + ( 1 6) 0Ly 0) 1 oLy '
A DA OAM?
— 4LgA’ 2(L2+ 12 5L dLg.
* (8136 Lo + 6 Lo + ( + ) 8L6 > 67 8L6 6
(F.2.7)
Notice that
oAm? 1 Ly dam? 1 Ly Am?
0Ly 2p2+ (L% + L) d(logTarg16) ~ 2p2+ 5(L3+LE) F.2.8
oAm? 1 L (125
== 6 Am?
OLg — 2p2+3(L3+13)
we find
1 1 d’A
SA'+8 (L3 +L2) A" == Am?, A" = . F.2.9
(L L) A = T ™" dArg? (F-2.9)

Using the above relations, we get the equations of motion as in section

The same computation is done for the NJL case. Without repeating the details, we only list

the result here
1 2/

16 (A" + (L2 +L2) A" =
6( +(p+ m) ) PQJF%(L%ﬁLL?n)Am

(F.2.10)
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One can get this relation from eq. (F.2.9) by substituting L1 with Ly .
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Appendix G

Equations of Motion, With NJL

In this section we collect the equations of motion when the NJL interactions are incorporated.

The equations of motion for Q1235 are

2 3
3y (0°0,05) + g5p2 @ (1014 + 1> (V2Qi — Q¢;) =0

P " (G.1)
16B pPME (11 Q ‘
dp (p33in) - PAm2Qi - TL%Qz + 5 (7";% + 7"31> (Qi — E%) =0,

where i = 1,2,3,5, j = 4,5,6,9.

Those for ;s are

Lo (1 1
0y (70p05) + S5 (r4 + r4> (V2mi — Log;) =0
5 16B ,  p*M2 / 1 m1 Lo (G-2)
Dp (/7 8p7"z) — pAm°m; — TQ i 5 (TIA; + 7’,‘%) (mi — ﬁqu) =0,

for i =1,2,4,5, j = 14,8, 10, 15.

To solve the @;s and 7;s, we match only Q123 and 724 with the NJL coupling gg in the UV.

This is done using the following boundary conditions

2 C
Fhov) = D papy) = —anghe, FUIR) =0,
uv

(G.3)
S(hov) = (0.£V2) + 202 /(M) = b, S (IR) = 0,

where f denotes the fields that match with the NJL coupling in the UV and ¢ denotes the ¢;s,
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which asymptote to 0 in the UV when solving the s and to 41/2 when solving the Qs. +
corresponding to the case before and after the unitary rotation. c¢ is the vev term, which is a
free input. b and the mass eigenvalues of f are the shooting parameters. As for the fields Q5
and 75, they are not affected by the NJL term, so we use the boundary condition eq.

to solve them.

If we define S + w3 = Sy, we find two sets of coupled equations

3 P93 L
9y (p°0p16411) + — P(V2Sy — Lybie411) =

p

16B 3M2 L

9 (0°0,5+) — pAm*S, — 7L0QS+ + (s, - 7zi<f>16+11) =0
Z (G.4)
9y (P33p¢>16—11) + 7 ‘ZE’ ™ (V25_ = Lynbis—11) =
16B p3 M? L
3 2 m

9y (p°0,5-) — pAm*S_ + TLOQS— + ) (S- — ﬁ¢16—11) = 0.

The scalars ¢ and @4 are mixed, since we only match Q4 with the NJL coupling in the UV, we

work then in the (o, Q4) basis.

pL: o,  16B _, p*M? (1 1
9, (p*0,0) — pAm?c — =9 Am% o — Q%o+ —+— |0
’ ( ’ ) rfLﬂ P 2 7";} rd
_ 32BLoQ L SM? (1 1
njl TP T'm (G 5)
pQ 16B 3M2 1 1
9p (PgapQ4) — pAM*Q4 — A m*Qy — 7[/0@4 —+ 1| Q4
T T Tm
32BL0Q Lon p3M2 11
p njl "p "'m
The gauge bosons are
3nrr2
p° M3, .
0 (PPOpA)) + —1 A =0,i= (1+ 13,2+ 7,3+ 12)
m
3M2
9, (P°0,4:) + P 4Ai Ai=0,i=(1-13,2-7,3-12)
p
(9,4) + 2 | 2
0 paA’—i——MA L2g2] A; = 0,i =11+ 16;
P 7‘2‘ ’ (G.6)

9, (p°0,A;) + . PoM3 — 1263 Ai=0,i=16—11
11 Ly =+ Ly,)?
P m

= (4,5,6,9)(+), i = (8,10, 14,15)(—).

137



All these fields are solved by shooting from the IR, using the boundary conditions eq. (|5.2.15))
and eq. (5.2.16|) for the decoupled and coupled equations respectively.
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