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ABSTRACT: We construct UV completions of bottom-up models with a pseudo Nambu-
Goldstone Boson (NGB) composite Higgs and partial compositeness, admitting a weakly
coupled description of the composite sector. This is identified as the low energy description
of an SO(N) supersymmetric gauge theory with matter fields in the fundamental of the
group. The Higgs is a NGB associated to an SO(5)/SO(4) coset of a global symmetry group
and is identified with certain components of matter fields in a Seiberg dual description of
the theory. The Standard Model (SM) gauge fields are obtained by gauging a subgroup of
the global group. The mass mixing between elementary SM and composite fermion fields
advocated in partial compositeness arise from the flow in the IR of certain trilinear Yukawa
couplings defined in the UV theory. We explicitly construct two models of this kind. Most
qualitative properties of the bottom-up constructions are derived. The masses of gauge
and fermion resonances in the composite sector are governed by different couplings and
can naturally be separated. Accommodating all SM fermion masses within the partial
compositeness paradigm remains the main open problem, since the SM gauge couplings
develop Landau poles at unacceptably low energies.
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1 Introduction

A possible solution to the gauge hierarchy problem is to assume that the Higgs field is a
pseudo Nambu-Goldstone boson (pNGB) of a spontaneously broken approximate global
symmetry in a strongly coupled theory. A light Higgs at about 125 GeV, parametrically
lighter than the scale where the resonances of the strong sector arise, is elegantly explained
by its NG nature, very much like pions in QCD. Despite this idea is quite old [1, 2],
considerable progress has been obtained in the framework of five-dimensional (5D) theories,
where possible viable models have been proposed [3-9]. The 5D picture revealed that the
most successful Composite Higgs Models with a pNGB Higgs (from now on denoted pCHM)
feature another important property, called partial compositeness (again, an old idea [10],
whose consequences have been fully exploited only thanks to 5D model building [11-14]).
Such pCHM contain essentially two sectors, an “elementary” sector, including the SM gauge
and fermion fields, and a “composite” strongly coupled sector, including the Higgs field
(and possibly the right-handed top quark tr) and heavy resonances. The global symmetry
is explicitly broken by gauging a subgroup of it via the SM gauge interactions and by
quadratic terms which mix the SM fermions with fermion resonances of the strong sector.
Due to these mixing, SM vectors and fermions become partially composite. In particular,
the lighter are the SM fermions, the weaker are the mixing. This simple, yet remarkable,



observation allows to significantly alleviate most flavor bounds. With these insights, a
purely 4D model building featuring a pNGB Higgs and partial compositeness is possible,
where the composite sector is (relatively) weakly coupled and can be described in terms of
free fields, see e.g. [15-23].

While, on the phenomenological side, the attention should now be devoted to the
study of the LHC signatures of pCHM, a fundamental theoretical problem is still open.
As far as we are aware, no UV completion of pCHM with partial compositeness has been
proposed so far.!

The aim of this paper is to look for possible UV completions of pCHM. Most likely one
needs a full theory of gravity, such as string theory, to UV complete the 5D pCHM. Finding
non-supersymmetric string vacua resembling even at a rough qualitative level the 5D pCHM
seems a formidable task. For this reason we focus our attention on UV completions of the
4D bottom-up pCHM, where the composite sector in the IR is weakly coupled and might
admit a completion in terms of some quantum field theory.

Following the RG flow of a strongly coupled theory is a hard task. We circumvent this
problem by assuming that the composite sector is approximately supersymmetric (SUSY).
Supersymmetry is also helpful in explaining the appearance of relatively light, meson-like,
fermion resonances, necessary to implement partial compositeness for the SM fermions.?
Without fundamental scalars, fermion bound states are expected to be baryon-like and
at higher scales. For concreteness, we consider in this paper completions of the minimal
pCHM based on the SO(5)/SO(4) coset structure, although generalization to other cosets
should be straightforward. We take as candidate UV completions of the composite sector
N =1 SUSY non-abelian gauge theories with gauge group SO(N) and Ny = N quarks
in the fundamental representation of the group, plus additional model-dependent singlets,
required to avoid unwanted massless particles. The unbroken global flavor symmetry group
is of the form

Gy =S0(5) x H, (1.1)

where H is a model-dependent factor. The SM gauge group is obtained by weakly gauging
an SU(2) x U(1) € SO(5) and an SU(3) x U(1) C H. The superpotential of the theory
also includes Yukawa couplings between the composite sector quarks ¢ and ordinary SM
fields £, neutral under SO(N), of the form £QQ. Such Yukawa couplings, as well as the SM
gaugings, explicitly break the flavor symmetry Gy. At low-energies this theory becomes
strongly coupled and can be described by a Seiberg dual SO(4) theory in terms of dual
quarks ¢ and mesons M = QQ [26].> The IR theory has a non-SUSY vacuum where
some of the composite quarks develop a Vacuum Expectation Value (VEV), spontaneously
breaking SO(5) x SO(4) — SO(4)p [29]. The Higgs components are the NGB’s along the
SO(5)/SO(4)p broken directions. The superpotential term £Q@Q flows in the IR to a mass
mixing term of the form M, realizing the partial compositeness scenario. The SO(4) gauge
fields are identified with the vector mesons present in the bottom-up pCHM.

'A UV model with a composite pPNGB Higgs has been constructed in [24], but with fully elementary SM
fermions and no partial compositeness.

2 A scenario with a composite Higgs in an approximately SUSY strong sector has been considered in [25].

3See [27, 28] for related ideas in the context of SUSY models with a composite, but not pNGB, Higgs.



The spontaneous SUSY breaking in the above vacuum is not enough to give acceptable
masses to the SM spartners. We assume an external source of SUSY breaking that pushes
SM squarks, sleptons and gauginos to large enough masses, and neglect the contribution
to the radiatively generated SM and composite soft terms coming from the spontaneous
SUSY breaking. We do not specify neither the origin of this extra breaking of SUSY nor
its mediation, and treat it by adding tree-level soft terms in the UV theory. We follow
their RG flow from the UV to the IR using the techniques developed in [30, 31] (see
also [32]). The soft terms in the composite sector are assumed to be Gy invariant or small,
otherwise they would contribute at the leading order to the Higgs mass term and lead to
fine-tuning problems.

We construct two models within this context. The first is based on an SO(11) gauge
theory with global flavor symmetry group Gy = SO(5) x SO(6). Both the left-handed and
right-handed top quark components are elementary and mix with fermion resonances in
the composite sector. For simplicity, we assume that the extra source of SUSY breaking
only affects the visible sector and is transmitted to the composite sector through the SM
gauge couplings and the mass mixing parameters. The latter are effectively of the general
form described in [23]. The second model is based on an SO(9) gauge theory with flavor
symmetry group Gy = SO(5) x SU(4). The right-handed top quark is fully composite
and is identified with the fermion component of a meson bound state. Soft terms in the
composite sector are now necessary to give a reasonable mass to the stop ¢g.

Most qualitative properties of the bottom-up pCHM constructions are derived within
our UV models. Gauge and Yukawa couplings govern the vector and fermion reso-
nance masses, respectively. A mild splitting between these masses, favored in bottom-
up pCHM constructions [23, 33-36] to get a 125GeV Higgs, is natural and in general
expected. Contrary to the phenomenological models, our composite sector also contains
scalar bound states.

There are various directions in which our construction can be improved. It would be
nice to have a more complete description of the external source of SUSY breaking and a
mechanism that allows to have a less SUSY, yet calculable, composite sector. The main
open issue is the appearance of Landau poles at relatively low energies for the SM gauge
couplings. In analogy to what happens in SUSY models with direct gauge mediation of
SUSY breaking, these poles arise from the unavoidable multiplicity of exotic matter fields
coming from the composite sector and charged under the SM groups. In the two explicit
models we construct, they can be pushed at energies higher than the mass of the heaviest
particle in the UV completion. We cannot however consider them as the “ultimate” UV
completions of pCHM (modulo the external SUSY breaking, of course) below the Planck
scale. For simplicity we have considered in our paper only the mixing of the top quark with
the composite sector. Extending the construction to all SM fermions is straightforward,
but would significantly exacerbate the Landau pole problem, resulting in unacceptably too
low poles for the SM couplings, due to the large number of flavors involved in the composite
sector. The Landau poles problem seems quite generic and directly related to the idea of
partial compositeness, at least in the case in which one assumes a calculable description of
the composite sector in terms of (relatively) weakly coupled resonances.



The structure of the paper is as follows: in section 2 we introduce the general set-up
underlying our models; in section 3 we introduce the model I, with a semi-composite tpg,
estimate the lifetime of the metastable non-SUSY vacuum in subsection 3.1 and compute
the Landau poles for the SM couplings in subsection 3.2; a similar analysis is repeated in
section 4 for the model II, with a fully composite tg; in subsection 4.1 we argue that the
metastable vacuum is long-lived by showing the absence of SUSY vacua where it could
tunnel to and in subsection 4.2 we compute the Landau poles for the SM gauge couplings;
in section 5 we give a closer look at the connection between the above UV models and
the phenomenological pCHM considered in the literature; we discuss open questions and
conclude in section 6; two appendices complete the paper; in appendix A we report our
conventions for the group generators; in appendix B we review the RG flow of soft terms
in A" =1 SUSY gauge theories, and apply the results to our context.

2 The basic construction

The key points underlying our models are best illustrated in a set-up where we keep only
the essential structure and remove important, but model-dependent, details. We focus on
constructions where the Higgs is the NGB of an SO(5)/SO(4) coset, but the generalization
to other cosets should be obvious. Consider an N' =1 SUSY SO(N) gauge theory with
Ny = N flavors in the fundamental of SO(V), with superpotential

Wo = mapQ*Q" + Aryx Q' Q7N . (2.1)

In the first term of eq. (2.1), we split the flavor index I in two sets I = (a,i), a =1,...,5,
i = 6,...,N. The fields £¢X are singlets under SO(N) and in general can be in some
representation of the flavor group Hy C G left unbroken by the Yukawa couplings A7k -
The ¢5’s are eventually identified as the visible chiral fields, such as the top fields. We
take A\;jx < 1, so that these couplings are marginally relevant, with no Landau poles,
and can be considered as a small perturbation in the whole UV range of validity of the
theory. We assume the presence of an external source of SUSY breaking, whose origin
will not be specified, that produces soft terms for all the SM gauginos and sfermions. For
simplicity, we neglect for the moment the dynamics of the singlets ¢ and the impact of
the external source of SUSY breaking in the composite sector. We take the quark mass
matrix proportional to the identity, mq, = m@Qdap, to maximize the unbroken anomaly-free
global group. For Arjx = 0, this is equal to

G =S0(5) x SU(N —5). (2.2)

We take mg < A, where A is the dynamically generated scale of the theory.
For N < 3(N — 2)/2, namely N > 6, the theory flows to an IR-free theory with
superpotential [26, 37]

Wmag = QIMIJqJ - N2Maa + GIJKMlij s (23)

where
€1JK = Mg A, /LQ = —mQA. (2.4)



For simplicity, we identify the dynamically generated scales in the electric and magnetic
theories,* whose precise relation is anyhow incalculable. We also set to one the value of the
Yukawa coupling of the cubic ¢M ¢ term in the magnetic theory. The fields g7 are the dual
magnetic quarks in the fundamental representation of the dual SO(Ny—N +4),, = SO(4)p,
magnetic gauge group, with coupling g,,, and M/ = Q'Q’ are neutral mesons, normalized
to have canonical dimension one. The Kihler potential for the mesons M!” and the dual
quarks ¢y is taken as follows:

K = trMTM + gle"mesq; (2.5)

where Vijag is the SO(4),, vector superfield.

The original Yukawa couplings A;sjxQ'Q7¢% in the electric theory flow in the IR
to a mixing mass term e; M7 ¢X between elementary and composite fields, the SUSY
version of the fermion mixing terms appearing in weakly coupled models with partial
compositeness [14]. The quark mass term mgQ*Q®, introduced to break the flavor group
from SU(NV) down to SO(5) x SU(N —5), is also responsible for a spontaneous breaking of
supersymmetry by the rank condition, as shown by Intriligator, Seiberg and Shih (ISS) [29].
Up to global SO(5) x SO(4),, rotations, the non-supersymmetric, metastable, vacuum is at®

(m) = W, , (2.6)

with all other fields vanishing. For simplicity, in the following we take p to be real and
positive. In eq. (2.6) we have decomposed the flavor index a = (m,5), m,n = 1,2, 3,4, and
we have explicitly reported the gauge index n as well. When A;jx = 0, the vacuum (2.6)
spontaneously breaks

SO(4)m x SO(5) — SO(4)p , (2.7)

where SO(4)p is the diagonal subgroup of SO(4),, x SO(4). In the global limit g,, — 0,
this symmety breaking pattern results in 10 NGB’s:

Re(q' — qp,) : along the broken SO(4),, x SO(4) directions, (2.8)
V2Re gl : along the broken SO(5)/SO(4) p directions . (2.9)

For g, # 0, the would-be NGB’s (2.8) are eaten by the SO(4),, magnetic gauge fields p,,
that become massive, while the NGB’s (2.9) remain massless and are identified with the 4
real components of the Higgs field.

The remaining spectrum of the magnetic theory around the vacuum (2.6) is easily
obtained by noticing that all fields, but the magnetic quarks ¢f' and the mesons Ms,,, do
not feel at tree-level the SUSY breaking induced by the F-term of Mss:

Fur, = —p2. (2.10)

4Adopting a notation used in the literature, we often refer to the UV and IR theories as electric and

magnetic theories, respectively.
SWith a common abuse of language, we denote with the same symbol a chiral superfield and its lowest
scalar component, since it should be clear from the context the distinction among the two.



The chiral multiplets (¢ + ¢%)/v/2 and M,,, combine and get a mass 2u, as well as
the multiplets M;,, and ¢ that form multiplets with mass v/2u. The chiral multiplets
(g™ — q")/\/2 combine with the SO(4),, vector multiplets to give vector multiplets with
mass v/2g, 1. As we have just seen, the NGB scalar components Re (¢ — q7,) are eaten by
the gauge fields, while Im (¢ — ¢)%,) get a mass by the SO(4),, D-term potential. Similarly,
the fermions (¢gm —tgn )/v/2 become massive by mixing with the gauginos Ay,,. The chiral
multiplets M;; and M;5 remain massless.

The scalar field Ms; is massless at tree-level and its VEV is undetermined (pseudo-
modulus). This is stabilized at the origin by a one-loop induced Coleman-Weinberg po-
tential, as we will shortly see. Its fermion partner is also massless, being the Goldstino.
Around M55 = 0, the fermions 14, and vz, mix and get a mass V24, the scalars Ms,,
get the same mass. Im g get a mass 24, while Regy' remain massless, the latter being
indeed NGB’s. The fate of M55 is determined by noticing that the superpotential of the
M55 — Ms,, — q5* sector is

Winag D —11° Mss + V21q8 M + (¢5)* Mss , (2.11)

that is a sum of O’Raifeartaigh models. The associated one-loop potential is well-known
(see e.g. appendices A.2 and A.3 of [29]). The pseudo-modulus M55 is stabilized at zero,

and gets a one-loop mass
2(log4 — 1)
m?\/[55 = 7“’2‘

(2.12)

2
T
The SM vector fields are introduced by gauging a subgroup of the flavor symmetry group

Hf D) SU(3)C X SU(2)07L X U(1)07y (213)

that is left unbroken when we switch on the couplings €7 7x. We embed SU(3), into SU(N —
5) and SU(2)o,z, x U(1)gy in SO(5) x U(1)x, where U(1)x is a U(1) factor coming from
SU(N —5) needed to correctly reproduce the SM fermion hypercharges. The details of the
embedding are model-dependent and will be considered in the next sections. We identify
SU(2)o,1, as the subgroup of SO(4) = SU(2)o,, x SU(2)o,r C SO(5). The hypercharge
Y is given by Y = T3r + X, where T3 and X are the generators of the o3 direction
U(1)o,r C SU(2)o,r and of U(1)x, respectively. Denoting by A%* (a = 1,2,3), A3 and
X, the SU(2)o.r, x U(1)o,r x U(1)x gauge fields and by go (the same for SU(2); and
U(1)g, for simplicity) and gx their gauge couplings, we have (see appendix A for our
group-theoretical conventions)

Atk =we, AR =cxB,, X,=sxB,, (2.14)

where ,

x % S — (2.15)

cx =—F—F——=2, sy = .
Voo tox P V9% + 9%

The SU(2)o, xU(1)o,y gauge fields W and B, introduced in this way are not yet the actual

SM gauge fields, because the flavor-color locking given by the VEV (2.6) generates a mixing

between the SO(4),, = SU(2),, 1 x SU(2),, r magnetic gauge fields and the elementary



gauge fields. This explains the subscript 0 in SU(2)z, g and U(1)y,g and in g and ¢’ in
eq. (2.15). The combination of fields along the diagonal SU(2), x U(1)y € SO(4)p xU(1)x
group is finally identified with the SM vector fields. The SM gauge couplings g and ¢’ are

given by
1 1 1 1 1 1
===+, —= ==+ - (2.16)
g Im g[) g 9Im gO

This mixing between elementary and composite gauge fields is analogous to the one advo-
cated in bottom-up 4D constructions of composite Higgs models. The situation is simpler
for the color group, since the gauge fields of SU(3). are directly identified with the ordi-
nary gluons of QCD; since the group H in eq. (1.1) contains SU(3) x U(1), the minimal
anomaly-free choices for H are SO(6) or SU(4).

The set-up above is still unrealistic because of the presence of unwanted exotic massless
states (M;; and M;s). There are various ways to address these points. We do that in the
next two sections, where we consider in greater detail the two models with H = SO(6) and
H = 8SU(4), corresponding to Ny = 11 and Ny = 9 flavors, respectively.

3 Model I: a semi-composite tg

The first model we consider is based on a SUSY SO(11) gauge theory with Ny = N = 11
electric quarks. We also have two additional singlet fields, S;; and Sj,, transforming as
(1,20 © 1) and (5, 6) of SO(5) x SU(6), respectively.5 We add to the superpotential (2.1)
the following terms:

1 o 1 .
imlssfj +MQIQISi; + 5mssfa + 220Q'Q" S, - (3.1)

The mass terms in eq. (3.1) break the SU(6) global symmetry to SO(6). The total global
symmetry of the model is then

G = SO(5) x SO(6). (3.2)

For mig2s > A, the singlets S;; and S;, can be integrated out in the electric theory.
We get”

i b M iz A a2

T =mepQQ° — ——(Q'Q7) — —=—(Q'QY)*. 3.3
In the magnetic dual superpotential, the quartic deformations give rise to mass terms for
the mesons M;; and M;s:

1
Winag D —=mi M7 — —moM? (3.4)

fSee [38] for a similar set-up in the context of models with direct gaugino mediation of SUSY breaking.

TOf course, we could have started directly by deforming the superpotential (2.1) with the irrelevant
operators quartic in the quark fields appearing in eq. (3.3). In the spirit of our paper, we want to emphasize
how easy is to UV complete the above quartic terms. See [39, 40] for studies of ISS theories deformed by
irrelevant operators quartic in the quark fields.



SO(4 SO(5 SO(6
SO(11),, | SO(5) | SO(6) (4 mag () (6)
QY 11 1 6 qzn i . X
N 11 5 1 a

M;; 1 1 2051
Sij 1 2001

M; 1 5 6
Sia 5 6

My 1 1491 1

(a) (b)

Table 1. Quantum numbers under Gy and the strong gauge group of the matter fields appearing
in the composite sector of model I: (a) UV electric and (b) IR magnetic theories.

where

A2\?

3
m;s

i=1,2. (3.5)

my

The mass deformations do not affect the vacuum (2.6), but obviously change the mass
spectrum given in section 2. The multiplets M;; and M;5 are now massive, with masses
given by my and mg, respectively, and the multiplets M, and ¢/ form massive multiplets
with squared masses (m3 + 162 4 may/m3 + 32u2)/8. We take the masses m; and mo
as free parameters, although phenomenological considerations favour the values of mo for
which the mesons M;,, the ones that are going to mix with the elementary SM fields, have
a mass around p. We summarize in table 1 the gauge and flavor quantum numbers of the
fields appearing in the electric and magnetic theories. We embed SU(3). into SO(6) and
SU(2)o,r. x U(1)g,y in SO(5) x U(1)x, where U(1)x is a U(1) factor coming from SO(6)
(see appendix A). We consider in what follows the top quark only, since this is the relevant
field coupled to the electroweak symmetry breaking sector. In terms of the UV theory, we
might have Yukawa couplings of the top with the electric quarks, or mixing terms with the
singlet fields. When the singlets are integrated out, we simply get a shift in the mixing of
the top with the meson fields. So, without loss of generality, we can ignore mixing terms
between the top and the singlets. The most general mixing term is then

ML) “QiQa + Ar(ER)QiQq - (3.6)

We assume in what follows that A;, g < 1 so that the elementary fields do not significantly
perturb the above results. We have written the mixing terms in a formal G; invariant
way in terms of the fields £, and £g. These are spurion superfields, whose only dynamical
components are the SM doublet superfields Q; = (t1,br)" and the singlet ¢, whose 6-
component is the conjugate of the right-handed top tr. In order to write &7 and &g in
terms of @1, and t¢, we have to choose an embedding of SU(3) C SO(6):

bl —Zbl tl Ztl 0 0000 (tc)l

_,L-bl _bl —Ztl tl 0 0000 Z(tc)l

b2 —’Lb2 t2 “4/-2 0 . 0000 (tc)2
i _ ia _ 3.7
(SL) b2 —p2 —it2 2 0 ’ (fR) 0000 i(tc)Q ’ ( )

b3 _,Lb3 t3 it3 0 0000 (tc)?)

.13 3 13 13 i(t€)3

—ib® —b°> —it® t> 0 23 0000 i(t%) -2/3



in terms of SO(6) x SO(5) multiplets, where the superscript in the fields denote the
color SU(3). index. The subscript +£2/3 denotes the U(1)x charge of the fermion. The
terms (3.6) explicitly break the global group G'¢ of the composite sector and in the magnetic
theory they flow to

er,(€0)" " Miq + €r(ER)“ Miq . (3.8)

For simplicity, we neglect here the effects induced by possible soft terms present in the
electric theory. We discuss their impact in some detail in appendix B and in the next
section, where we consider a model where they cannot be neglected. We then add

— Lsusy = mi|tr|* + mp[tr/?
+ <€LBL(§L)mMm + erBRr(ER)iaMia + %mg,a)\a)\a + h.c.>, (3.9)
where )\, are the SM gauginos and a = 1,2, 3 runs over the U(1)gy, SU(2)o, 1, and SU(3).
groups. In order to simplify the expressions below, we take the SM soft terms larger
than 1.8 Due to the terms (3.8) and the interactions with the SM gauginos, the SUSY
breaking is transmitted to the composite sector as well. More in detail, the Dirac fermions
()\mn, (Ygm — Yqn)/ \/5) mix with the SM gauginos: as a result the former get splitted into
two Majorana fermions with masses v/2g,u £ dmy. Expanding for heavy SM gauginos,
we have
gl
2Mga

Sy o ~ (3.10)

Similarly, the scalar mesons and magnetic quarks that mix with the stops get soft terms
of order
iy~ —lerrl* (3.11)

that tend to decrease their SUSY mass value. The spectrum of the fields in the M;5 and in
the M;n-q/™ sectors is affected by the terms (3.8), while all the other sectors are unchanged.
In the limit of decoupled stops, we see that a linear combination of fermions given by tr
and the appropriate components of 1y, remains massless. This field is identified with
the actual SM right-handed top. A similar argument applies to t;. At this stage, the
“Goldstino” 1y, is still massless. In the case in which we also consider soft terms in the
electric SO(N) theory (see appendix B for details), the mesons My, get a non-vanishing
VEV and a mass for ¢/, can be induced from higher dimensional operators in the Kahler
potential. Independently of this effect, a linear combination of 1., and the Goldstino
associated to the external SUSY breaking is eaten by the gravitino, while the orthogonal
combination gets a mass at least of order of the gravitino mass (see [41] for an analysis of
Goldstini in presence of multiple sectors of SUSY breaking and specifically [42] for a set-up
analogous to the one we are advocating here). We do not further discuss the mechanisms
through which v/, can get a mass.

8Notice that we cannot take the soft terms parametrically large, in particular the stop mass terms,
because in this way we would reintroduce a fine-tuning to keep the quadratic Higgs mass term at the
electroweak scale.



3.1 Vacuum decay

In presence of the meson mass terms (3.4), in addition to the ISS vacuum (2.6), other
non-SUSY vacua can appear [39, 40]. They can be dangerous if less energetic than the ISS
vacuum, since the latter can decay through tunneling too quickly to them. These vacua
do not appear in our model, since the superpotential does not include meson terms of the
form Mgb. Other non-SUSY vacua can be found at g, ~ ¢;' ~ M;j ~ Myp, ~ M, ~ p,
g8 =0, Mys =0, M;5 = 0, while M55 is still a flat direction. They do not lead to the
desired pattern of symmetry breaking and they do not allow us to embed the SM in the
flavor group. All these vacua, even if present, have however exactly the same tree-level
energy of the ISS vacuum and would be irrelevant for the tunneling rate.

9 are expected when the mesons get a large VEV, in analogy

Supersymmetric vacua
with [29, 39, 40]. The scalar potential has a local maximum at the origin in field space,
with energy Varax = 5, while at the local minimum Vi, = p*. We look for SUSY vacua

in the region of large meson values, |M;;| > u, |[Mgy| > p. For simplicity, we take
May = X 60y, My =Y 8, My=0. (3.12)

For | X|,|Y| > p, the magnetic quarks are all massive and can be integrated out. Below
this scale, we get a pure SUSY SO(NV) Yang-Mills theory with a set of neutral mesons M.
The resulting superpotential is

1 1
*mlng - *’1’1712]\4'2

W =205 (detM)2 — p>Moq — : Sm2 MY,

(3.13)

where we neglect the elementary sector, that gives rise to subleading corrections. By
imposing the vanishing of the F-term conditions, we find SUSY vacua at

1 1 (3.14)
Y = At = EzA(A>4 _ M(u)
mi mi
where
e=E (3.15)

is a parametrically small number. The vacua (3.14) can also be found directly in the
electric theory. In the region where S;; is non-vanishing, all the quarks () are massive and
the theory develops an Affleck-Dine-Seiberg superpotential of the form [43, 44]

Njp—3(N-2)

s 1
Wap = (N = Ny = 2)A 775 (det M) N2 (3.16)

where M = M;; = QQ ;. It is straightforward to check that this term induces in fact the
SUSY vacua (3.14). The vacuum (3.14) lies in the range of calculability of the magnetic
theory if

p< | X, |Y]<A. (3.17)

9By supersymmetric vacua we mean those that are SUSY in the limit where we switch off the external
source of SUSY breaking.
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The conditions (3.17), together with the requirement that the mesons M;; are not anoma-
lously light, my > p, determine the allowed range for m,. Parametrizing

= Ae™, (3.18)

we get

2
S<r<l (3.19)

As a very crude estimate of the lifetime of the metastable vacuum, we can parametrize the
potential using the triangular approximation [45], neglecting the direction in field space
along the Y direction, which is always closer to the ISS vacuum, given the bound (3.19).
The bounce action is parametrically given by [29, 45, 46]

X[t

Max

C*"c:
“\5

Sy ~

NE_

e (3.20)
We conclude that for small € the metastable vacuum is parametrically long-lived and a
mild hierarchy between p and A should be enough to get a vacuum with a lifetime longer
than the age of the universe.

3.2 Landau poles

Similarly to what happens in models with direct gauge mediation of SUSY breaking, where
the SM group is obtained by gauging a global subgroup of the hidden sector, one should
worry about the possible presence of Landau poles in the SM couplings, the QCD coupling
ag in particular, due to the proliferation of colored fields. Our model is no exception
and Landau poles develop for the SM gauge couplings «;. In order to simplify the RG
evolution, we conservatively take all the masses of the magnetic theory to be of order
i, SM superpartners included, with the exception of the mesons M;;, whose mass m; is
determined in terms of myg and A. We run from myz up to p with the SM fields, from u
up to A with the degrees of freedom of the magnetic theory and above A with the degrees
of freedom of the electric theory.

A one-loop computation shows that the SU(3)., SU(2)o,r, and U(1)gy couplings de-
velop Landau poles at the scales

1 2 16
L_ mz\ 3 (p 2t
Aw%‘exp(zmg mz)<u> (3) )
79 22 11
AL —mgs exp mz\ 1 ﬁ TOA 7 (3.21)
17a2 (myz) " mags
336
() .

Al 336 215
546 546 273
( > <m25 )

We have taken Aj 2 ~ 1 in the superpotential (3.1), so that mag ~ A/e is the highest scale in
the electric theory, o 23(mz) are the U(1)y x SU(2)r, x SU(3). SM couplings evaluated at

A =mog exp < ) —
1 9l (my) L
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the Z boson mass myz. In deriving eq. (3.21) we have matched the SU(2) x U(1) couplings
at the scale p, using eq. (2.16) with

27
() = 5log <%> .

Notice that the scale of the poles does not depend on m;g, since it cancels out in the con-

(3.22)

tributions coming from S;; and M;;. Demanding for consistency that AiL > mog constrains
€ to be not too small. This is welcome from a phenomenological point of view, since a too
small € leads to a parametrically weakly coupled magnetic sector (see eq. (3.22)) and too
light magnetic vector fields. On the other hand, € cannot be too large for the stability of
the vacuum, but values as high as 1/10 or so should be fine, given the estimate (3.20).
By taking natural choices for p around the TeV scale, we see that all the Landau poles
occur above mog, with SU(3). being the first coupling that blows up, entering the non-
perturbative regime in the 10?> — 103 TeV range.

The Yukawa couplings Aj 2 and Az g in the superpotential (3.1) and (3.6) might also
develop Landau poles. A simple one-loop computation, in the limit in which the SM gauge
couplings are switched off, shows that these poles appear at scales much higher than those
defined in eq. (3.21). In a large part of the parameter space the Yukawa’s actually flow to
zero in the UV. This is even more so, when the SM gauge couplings are switched on, due
to their growth in the UV.

4 Model II: a fully composite tg

The second model we consider is based on a SUSY SO(9) gauge theory with Ny = 9
electric quarks and an additional singlet S;; in the (1,10) of SO(5) x SU(4). We add to
the superpotential (2.1) the following term:

AQQIS;; (4.1)

The terms (4.1) do not break any global symmetry. The total anomaly-free global symmetry
of the model is

Gy =S0(5) x SU(4). (4.2)

In the magnetic theory eq. (4.1) turns into a mass term AAM®YS;;. If we take A ~ O(1)
around the scale A, the singlets S;; and M J can be integrated out. At leading order in the
heavy mass, this boils down to remove the chiral fields S;; and M% from the Lagrangian.
We summarize in table 2 the gauge and flavor quantum numbers of the fields appearing in
the electric and magnetic theories.

The mass spectrum is the same as given in section 2, with the exception of the multiplet
M that has been decoupled together with the singlet Sij. The multiplet M;s5 is mass-
less. We embed SU(3). x U(1)x into SU(4) and SU(2)o,, x U(1)gy into SO(5) x U(1)x.
The U(1)x is identified as the diagonal SU(4) generator not contained in SU(3)., properly
normalized, so that 4 — 35,3 ® 1 5 under SU(3). x U(1)x. We identify tg as the (con-
jugate) fermion component of M,s5, a = 6,7,8. We also get an unwanted extra fermion,
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SO(4 SO(5 SU((4
SO(9),, | SO(5) | SU4) ( )mag (5) (4)
QY| 9 1 4 & ) . )
A 1 K 1
M; 1 5 4
Sij 1 1 10
Mgy 1 1401 1

(a) (b)

Table 2. Quantum numbers under Gy and the strong gauge group of the matter fields appearing
in the composite sector of model IT: (a) UV electric and (b) IR magnetic theories.

coming from Mogs. Being an SU(2)y singlet, 1y, corresponds to an exotic particle with
hypercharge Y = X = 2. We can get rid of this particle by adding to the visible sector
a conjugate chiral field ¥¢ that mixes with Mys, in the same way as M;, is going to mix
with ¢7. The field ¢ is actually necessary for the consistency of the model, so that all
anomalies cancel. In the UV theory, the mixing terms are

MEUQiQa + M0 QiQy - (4.3)

Like in the previous section, we have written the mixing terms in a formal Gy invariant way
by means of the superfields £ and ¢. These are spurions, whose only dynamical components
are the SM doublet @1, and the singlet ¢¢. More explicitly, we have

br, 0
1 —iby, 0
gaa = ﬁ tr, ) §9a = 07 (baa = 07 ¢9a = 0 ’ (44)
ity 0
0 Jos V),

where we have omitted the color index in @ and ¢ In the magnetic theory the
Yukawa’s (4.3) become
etgmMia + 6¢¢mMia . (45)

Thanks to the last term in eq. (4.5), the multiplets Mys and ¢ combine and get a mass
€/ V2. The assumption of an external source of SUSY breaking affecting only the visible
sector cannot work now, because tg is a fully composite particle, and would result in an
unacceptable light stop tz. We then also add SUSY breaking terms in the composite sector,
by assuming that they respect the global symmetry G¢. In order to have a well-defined UV
theory, we introduce positive definite scalar soft terms in the electric theory and analyze
their RG flow towards the IR following [30, 31]. See appendix B for all the details on how
this is performed and the approximations underlying the procedure. Neglecting soft masses
for the magnetic gauginos and B-terms, the non-SUSY IR Lagrangian reads

9~ 9, 1.
_ESU'S’Y = m%|tL|2 + m?p|¢|2 + <€LBL(€L)iaMia + §mg,a)\a>\a + hC)
(4.6)

+ M3 Mia|* 4+ m3| Map|? + m3|qi)* — m3lqal?
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where

= 4 + 2w)m? = (— 1400) 2
mi 12( + 2w)m?, ms 12( 8 + ldw)m?, W
1 1 '
~o L. ~2 ~2 _ L ~2
m3 = 12( 84 bw)m*,  mj 12( 44 Tw)m

are the soft mass terms for the scalars in the IR theory, determined in terms of the two
SO(5) x SU(4) invariant soft terms in the electric theory, ﬁl%elQTaQ“ + ﬁlQelQ“Qi, with
m? = ﬁﬁel and

w =

(4.8)

As can be seen from eq. (4.7), there is no choice of w for which all the magnetic soft
terms are positive definite. If we take w > 8/5, the first three terms in the second row
of eq. (4.6) are positive, while the last one is tachyonic. These tachyons are harmless,
since the SUSY scalar potential contains quartic terms (both in the F' and D-term part
of the scalar potential) that stabilize them. Negative definite quadratic terms for the g,
are already present in the SUSY potential, resulting in fact in the vacuum (2.6). The only
effect of the Lagrangian (4.6), at the level of the vacuum, is to change the VEV (2.6):

n n 1 ~ n -
() = O = O\ 12 + 5 = O (4.9)

The mass spectrum is modified by the above soft terms and the new vacuum (4.9). The
fermions of the multiplets (¢ + ¢ )/+/2 and M,,,, combine and get a mass 21, as well as
the fermions in M;,, and ¢/ that get a mass v/2ji. The fermions in (¢ — ¢")/+/2 combine
with the magnetic gauginos to give fermions with mass v/2g,,/i. The scalar spectrum is
more involved. We have

m%s =472, m%s =4u%, m%A =0,

mi, = —2mj + 297, i°, m3, = 4n* + m3, (4.10)
miy,, =i +20°(1 = 67), My, = 207 +mj
m?%s = T?L% , m%—{s =0, mi =442,

where Rg 4, Is a, 5 and I5 denote the canonically normalized fields along the mass eigen-
values directions in field space, defined as

Rg = Re (g +ay),  Is =1Im(qy +q,"),

Ra=Re(qy —ay), 1a=Im(q, —a),

Rs = \@Rqu, I5 = \fQImqg‘.
The 10 massless scalars R4 and Rs are the 10 pNGB’s. The former are eaten by the
magnetic gauge fields, the latter are identified as the 4 Higgs components. Notice that the
soft terms (4.6) induce a negative mass term for 14, which is compensated by a positive

term coming from the D-term scalar potential. This state is always non-tachyonic for
Jm > V2 and for

—ImE | for gm < V2. (4.11)
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Due to the presence of the negative soft mass term for |g,|?, the global group is sponta-
neously broken also in the limit g = 0. But then the unbroken group SO(5) is enhanced to
SU(5) and the breaking pattern becomes SO(4),, x SU(5) — SO(4)p, resulting in a total
of 24 NGB’s, (in the global limit), the additional Goldstones being Is and I3, as evident
from eq. (4.10).

The above treatment of soft terms as a perturbation of an underlying SUSY theory
makes sense only for soft terms parametrically smaller than A. Notice that we cannot
parametrically decouple the scalars in the composite sector, while keeping the fermions at
the scale u, by taking the soft terms m? in the range u < m < A. This is clear from
eq. (4.9), since in this limit we decouple the whole massive spectrum in the composite
sector. In order to keep the compositeness scale around the TeV scale and avoid too light
scalars, we take the soft term mass scale around p. In addition to that, we still have, like
in the model I, an “indirect” contribution to the composite soft masses coming from the
mixing with the elementary sector, as given by egs. (3.10) and (3.11). A linear combination
of fermions given by ¢; and the appropriate components of vy, remains massless and is
identified with the SM left-handed top. The “Goldstino” )y, is still massless in these
approximations. See the considerations made in the last paragraph of section 3, that apply
also here, for the possible mechanisms giving a mass to this particle.

4.1 Vacuum decay

The non-supersymmetric vacuum we have found can be metastable and supersymmetric
(in the sense explained in footnote 9) vacua might appear, due to non-perturbative effects
in the magnetic theory. Contrary to the model I in section 3, we have not found SUSY
vacua in the regime of validity of the magnetic theory. The only SUSY vacua we found
appear in the electric theory. Assuming S;; # 0 with maximal rank, all electric quarks
are massive and the resulting theory develops the non-perturbative superpotential (3.16).
Taking the ansatz (3.12) for the gauge-invariant meson directions and Sj; = Spd;;, we get

Fx = 50 6X3Y2 tm=0,
Fy = —4A X3V 4+ ASy =0, (4.12)
Fg=\Y = 0.

The only solution to eq. (4.12) is the runaway vacuum
Y =0, So<Y_%—>oo, X xY ™3 — 0. (4.13)

We have found no other SUSY vacua at finite distance in the moduli space and we then
conclude that the metastable vacuum (2.6) is sufficiently long-lived, if not absolutely stable.

4.2 Landau poles

Landau poles at relatively low energies are expected also in this model. Within the same
approximations made in subsection 3.2, a one-loop computation shows that the SU(3).,
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SU(2)o,z, and U(1)g,y couplings develop Landau poles at the scales

st -ne (i) () (5)
e i) () (8

6 316 o8
AL —A _OoT \(Mz lad
LR <305a1(mz)> ( " A

where we have matched the SU(2) x U(1) couplings at the scale u, using eq. (2.16) with

sl

27
o () = @ :

The presence of less flavors and singlet fields in the model II with respect to the model

(4.15)

I allows for a significant improvement in the UV behaviour of a3, that now blows up at
extremely high energies. However, the different embedding of U(1)x in the global group
gives rise to several fields with hypercharge |2| that significantly contribute to the running
of ay. As a result, the first coupling to blow up is now «;. For a sensible choice of
parameters, e.g. y around the TeV scale and € ~ 1/10, we see that AL is about two orders
of magnitude higher than A, around 103 TeV.

5 Connection with phenomenological bottom-up approaches

In this section we give a closer look at how the pNGB Higgs interacts with the other
fields. The guideline for 4D bottom-up constructions of pNGB composite Higgs models
is given by the Callan-Coleman-Wess-Zumino (CCWZ) construction [47, 48] in terms of a
chiral Lagrangian parametrizing the pNGB degrees of freedom. For the minimal SO(5) —
SO(4) symmetry breaking pattern the construction has been given in [15] and subsequently
generalized in [22, 23] to include vector and fermion resonances. First of all, let us better
identify the 10 NGB’s 74 associated to the symmetry breaking pattern SO(5) x SO(4) —
SO(4)p. When composite B-terms are neglected, the NGB’s come entirely from the fields

qy - We can parametrize them as!0
qy = exp (h“Td + W“Ta) g7t exp (ﬂ“Ta> ) (5.1)
f 2f be ‘ 2f mn

where g encode all the non-NGB fields. One can check that the parametrization (5.1)
matches egs. (2.8) and (2.9) at linear order in the field fluctuations. The NGB’s decay

10Notice that it is not naively possible to write eq. (5.1) in terms of superfields, because the NGB’s are
real fields, while the sigma-model fields such as U in eq. (5.3) should be promoted to chiral (and hence
complex) superfields. A SUSY formulation is however possible by complexifying the coset space G/H. We
will not enter into such construction here (see [49-51] for a detailed analysis) because SUSY is anyhow
broken in the vacuum (2.6).
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constant f is fixed by demanding that all the NGB’s kinetic terms, coming from |D,¢7|%,

are canonically normalized. One has
f=v2u. (5.2)

In order to match our theories with the bottom-up pCHM, it is convenient to take the
unitary gauge 7% = 0 and work with an effective SO(5)/SO(4) coset parametrized by

U =exp (i\j?h&Td) . (5.3)

In this gauge one has, omitting indices,

iUtDﬂ = zUt(a — z(gOW Tur + 90By T33)>Uq Imap,, T

(5.4)
= (diT" + EYT)q — gmgp T
where pj; are the magnetic vector mesons,
2
di = —i(puh)u... ,
f . (5.5)
E _goAa f2( D h)a+

are the CCWZ fields and Af, are defined in eq. (2.14). Plugging the parametrization (5.4)
into the kinetic term | D, ¢7|* and setting 7 = ud? gives

|2 f2 f2

L)+ %

1Dyuqy (gmpl, — ED)?. (5.6)

The second term in eq. (5.6) is responsible for the mixing of SM and magnetic gauge fields.
We can match the terms (5.6) with the ones appearing in the bottom-up constructions. In
the notations and conventions of [23], we have

9m = Y9p, f:fp- (5.7)
When the Higgs field gets a VEV| say <h‘1> = h # 0, the SM gauge bosons get a mass

gf . (h) gu . my
a mgz = )
2 cos Oy

(5.8)

where tanfy = ¢'/g, in terms of the canonical SM couplings (2.16). As expected, the
tree-level p-parameter equals one, thanks to the custodial symmetry underlying the theory.

Ignoring the SM gauge couplings and the mass mixing in the superpotential, the Higgs
can be completely removed from the non-derivative part of the Lagrangian (including the
SO(4),, D-term potential) by a field redefinition of all bosons and fermions with SO(5)
flavor indices:

Map = (UMUY o, Yy, = (UpniUap (5.9)
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and so on. Notice that complex conjugate fields also transform with the matrix U, the
latter being real: U = U*. The Higgs appears in the SU(2)o 1, x U(1)g,y D-terms when the
SM gauge couplings are turned on. The lowest-order interactions involving the Higgs are
trilinear couplings of the schematic form hg?. In particular, no tree-level Higgs potential
can be induced by the scalar interactions in the D-term potential.

The field redefinitions like eq. (5.9) affect the kinetic terms of the fields. Focusing on
a specific 2-component fermion, say ¢y, , we get

Wl 6" Dy, — vl Utie" D, (Usng,) = ol io* (vj{&ab - z’(du)abaij)wjb (5.10)

where

Vi = 06ij(0, — iE,) — iXijg0By . (5.11)
Similar considerations apply to the other scalar and fermion fields in the composite sector.
The magnetic quarks would also feature in the covariant derivative the vector mesons
pu- When the B-terms in the composite sector are considered, the mesons M,;, develop a
VEV, eq. (B.17). The Higgs NGB’s come from a combination of the dual quarks ¢, and the
mesons My, and correspondingly a parametrization similar to that in eq. (5.1) applies to
M,y as well. The Higgs kinetic term arises now from the sum of the |D,qq,|* and | D, Mqp|?
terms. We do not further discuss the deformations induced by the meson VEV’s.

After the field redefinitions (5.9), the fermion mass mixing terms become of the form
§UM and explicitly depend on the Higgs field. In the model I, ¢y, mix with ¢gn. The 6
of SO(6) splits in two fields in the 3 and 3 of SU(3)., both in the 5 of SO(5), that combine
pairwise in Dirac mass terms. In total we have two Dirac fermions @); in the 4 = (2, 2) of
SO(4)p = SU(2), x SU(2)p, coming from M;, and ¢/', and one Dirac fermion singlet S,
coming from M;5. The canonical mass basis requires an SO(2) rotation among the fields
@1 and Q2: Q1 — Q1 cosw + Qs sinw, Qs — Q9 cosw — Q1 sinw, where

—myg + \/32u2 + m3 (5.12)
4V2p ' '

After this rotation, we see that the fermion mixing is of the general form advocated in [23],

tanw =

with a mismatch in the number of composite fermion bi-doublets and singlets coupling to
the SM fields, (Ng = 2, Ng = 1) in the notation of [23]. We can match the mixing (3.8)
with the ones defined in eq. (2.19) of [23]:

€15 = €R, eiQ:eRcosw, E?Q:eRsinw,

€r . €L ) € (5.13)
= —=Cosw, €= —=slnw.

RV R VG V2
Fermion mixing in the model II is particularly simple. No diagonalization is needed
in the composite sector and only one (Dirac) fermion bi-doublet couples to t7. The fields
tr and S, and hence the parameters mg, ;g and €, should be removed from eq. (2.19)
of [23], being the right-handed top fully composite and identified with Sr. Matching the
remaining mixing gives
€95 = €qQ = €t - (5.14)
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See e.g. [16-21, 23] for the mass spectrum after electroweak symmetry breaking and fur-
ther details.

The Higgs potential, absent at tree level, is radiatively generated. A double mecha-
nism protects the Higgs mass from quadratic UV corrections, SUSY and its NGB nature.
The models we have constructed resemble two-site models where a collective mechanism
further protects the Higgs from quadratic corrections within the IR theory itself. We no-
tice here that the values of the mixing (5.13) and (5.14) ensure the absence of quadratic
divergencies in the matter fermion contribution to the radiatively induced one-loop Higgs
potential. By combining SUSY with the above result, we see that the scalar stop + com-
posite contributions to the Higgs potential are free from quadratic divergencies. These
do not cancel from the gauge contribution, with the value of f, in eq. (5.7). We believe
that this is due to the fact that quadratic divergencies in the gauge sector would cancel
only when adding the contribution coming from the scalars Im (¢]* — ¢J7,), present in the
vector multiplet together with the vector mesons. It would be interesting to generalize the
Weinberg sum rules discussed in [23] in presence of composite scalars and explicitly verify
the above statement.

The cut-off of the magnetic theory is given by

A = pexp (W) : (5.15)

and can be parametrically higher than 4rnf for sufficiently small magnetic cou-
pling. Fermion and vector resonances are governed by different coupling constants.
Roughly speaking

Mp ~ Gm L, my ~ Y p, (5.16)

where y is the Yukawa coupling of the first term in the superpotential (2.3) (that we have
set to one because its actual value is incalculable). This is an interesting property, because
the vector resonances are, indirectly by electroweak precision measurements, and directly
by collider searches, constrained to be above the TeV scale. At fixed u, this favours not
so weak values of g,,, in turn giving rise to not so high values of A, see eq. (5.15). On the
other hand, a 125 GeV Higgs favours mass scales of the fermion resonances coupled to the
top quark to be around or below the TeV scale [23, 33-36].

Of course, there is a crucial key difference between our UV completed models and
the bottom-up constructions in the literature: given the underlying SUSY, the composite
sectors in our models include scalar resonances that cannot be decoupled without ruining
the calculability in the composite sector. This can substantially modify the structure of
the Higgs potential and the findings of [23, 33-36], as well as other relevant IR properties
of pCHM. In analogy to the explicit breaking of the chiral symmetry induced by quark
mass terms in QCD, we can also relax the assumption of exactly flavor invariant soft terms
in the composite sector, in which case a tree-level Higgs mass term appears. We do not
further discuss the phenomenological consequences of our models, hoping to come back to
this important point in a future work.
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6 Conclusions and open questions

We have introduced a framework to provide UV completions of bottom-up composite Higgs
models with a pNGB Higgs and partial compositeness. The set-up is based on Seiberg
duality and the existence of (meta-)stable vacua in the IR regime of SUSY gauge theories,
where a spontaneous breaking of global symmetries occurs. We have presented two models
of this kind, their main difference being the nature of the right-handed top: semi-composite
in one model, fully composite in the other. The electroweak SM gauge fields are a mixing
of elementary gauge fields that come from gauging a subgroup of the global group and
the gauge fields of the magnetic theory. The mass mixing between elementary SM and
composite fermions have their origin in the UV as trilinear Yukawa couplings between the
elementary SM fields and the electric quarks of the underlying gauge theory. It is worth
to emphasize the simplicity of our framework, as well as of the two models constructed.

As we have already mentioned in the introduction and in the rest of the paper, there
are several theoretical open issues that should be addressed before claiming of having a
complete successful completion of pCHM. It would be nice to have a working model of
the extra SUSY breaking that gives SM soft terms and, at the same time, produces flavor
invariant and/or small soft terms in the composite sector. These requests rule out sources
of SUSY breaking that are SM gauge mediated to the visible and to the composite sectors.
We might assume one or more hidden sectors where SUSY is broken and is gravitationally
transmitted to the visible and the composite sectors. However, we would naively have a
reincarnation of the SUSY flavor problem (though considerably less severe) in explaining
why the soft terms in the composite sector are approximately flavor universal or smaller
than the ones in the visible sector. Alternatively, one can assume that the UV theory
is the IR description of a yet more fundamental theory where the electric soft terms are
suppressed by an RG flow (as happens at the edge of the conformal window for Ny = 3/2N
in SU(N), or Ny = 3/2(N — 2) in SO(N), see e.g. [52]), although we are aware that it is
not easy to suppress soft terms in this way, see [53] for a recent analysis.

The most pressing open problem is the occurrence of Landau poles at not so high
energies, in the 10?2 — 103 TeV range for an Higgs compositeness scale ~TeV. These poles
can be kept above any other mass scale present in the models I and II, but they apparently
forbid a naive extension of our set-up to accommodate all remaining SM fermions. Focusing
for simplicity on up-quarks only and the model I, for instance, one might extend the flavor
group to be of the form Gy = SO(5) x H x H x H, where H = SO(6) and N = Ny =
23. We gauge an SU(3) x U(1)y subgroup of Hp, the diagonal component of H?. All
the results presented in section 3 continue to apply, with obvious modifications. Each
fermion component of the mesons M,;, mixes with a different up quark, as implied by the
partial compositeness paradigm. By further extending the flavor group one can analogously
accommodate fermion resonances that mix with down quarks and leptons. It is clear that
the significant proliferation of fields in the composite sector leads to a drastic reduction of
the scale where the Landau poles (3.21) occur, certainly below the scale A for as, so that
the electric theory is ill-defined. A possible solution is to give up partial compositeness for
the light fermions and assume that they get mass from irrelevant operators of the form
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€l Mapér. These operators in the UV come from quartic superpotential terms of the
form AgpérQuQpér. When the mesons M, develop tadpoles, they provide a mass for the
SM fermions. Of course, one should now find an alternative solution to the flavor bounds.
Realizing UV completions of pCHM with all SM fermions partially composite remains an
open problem.

The generalization of our results to other cosets or to models featuring different fermion
representations should not be too difficult. It would also be very interesting to study in
more detail the phenomenological consequences of our models, including the impact of an
almost SUSY composite sector on the radiatively induced Higgs potential.
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A SO(6), SU(3) and SO(5) generators
We show here the group theoretical conventions used in the paper. Let us denote by
ab ba i asb b sa

the n X n anti-symmetric matrices, labeled by a,b = 1,...,n, with matrix elements 4, j.
The matrices t*° have (+i/2) in the a-th row and b-th column and (—i/2) in the b-th row
and a-th column, with all other components zero. The SO(6) generators are taken to be,

for n =6,
Tl — t32 4 t14, T2 — 7531 4 t42, T3 — 7512 4 t43,
T* =16 4472, T° =71 + 192, (A.2)
T6 = ¢36 4 454, TT = 53 1 464 T8 1 (t12 4 34 4 2¢6),

R

T — 424 431 T12 — 16 4 425 T13 — 436 4 445
T4 — 46 | 453 715 — \/g(tm ¢34 4 456),

In this basis, T8 generate SU(3).. The U(1)y generator is given by (4/v/6) T'?, so that
the fields &7, and {g have U(1)x charges 2/3 and —2/3, respectively.

The SO(5) generators are also expressed in terms of the matrices % with n = 5.

We take
TLl 32 t41, Tg 13 t42, Tg — 21y t43,

Th=t2 4+t TR=tP 4+ TP =143, (A.3)
T4 = /2%, a=1,2,314.
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In this basis, T£’2’3 generate SU(2)z, and T}%’z’?’ generate SU(2)r of the SO(4) = SU(2), x
SU(2) g local isomorphism. The matrices t1234 generate the coset SO(5)/SO(4). A mul-
tiplet W5 in the 5 of SO(5) decomposes as 5 = (2,2) @ (1,1) under SU(2); x SU(2)g and
can be written as follows:

d_ — U+
1 —i(u+ + d_)
\Ij5 = ﬁ u_ + d+ s (A4)
i(u— —dy)

V2s

q+ = <di> (A.5)

are the two doublets with T3 = £1/2, respectively, forming the bi-doublet, and s is

where

the singlet.

B Renormalization group flow of soft terms

In this appendix we briefly review, following [30, 31], how to understand the fate of UV
soft terms in a SUSY gauge theory at strong coupling.!! For concreteness we focus here on
SO(N) gauge theories with N —2 < Ny < 3/2(NN —2) flavors in the fundamental, admitting
a Seiberg dual IR-free description. This is the case of interest for us, but what follows has
clearly a wider applicability. More specifically, we want to determine the form of the IR soft
terms in the magnetic theory in terms of the electric ones. We first consider the case with
no superpotential: Wy = 0. Soft terms can be seen as the 6-dependent terms of spurion
superfields whose lowest components are the wave-function renormalization of the Kéhler
potential and the (holomorphic) gauge coupling constant. The Lagrangian renormalized
at the scale F is

Ny
Lo = /d%ZZI(E)Q}eVeIQI + </d295(E) AWela +h.c.> : (B.1)
I=1

where

Z1(B) = Z0(B)(1 — 0*B1(E) - F*BJ(E) — 0°0*(}(E) — | Bi(E)?))

10 ama(E) (B.2)
SEB) = wm) s T )

are the spurion superfields that encode the B-terms By, non-holomorphic mass terms ﬁ”L%

and the gaugino mass m). When there is no superpotential, the B; terms are irrelevant

L An alternative derivation of the results of [30, 31] has recently been formulated [32]. We follow the
original papers because we have found easier in this way to estimate the corrections coming from super-
potential effects, although a reformulation in terms of the flow of conserved currents and of the would-be
conserved R-symmetry should be possible.
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and can be set to zero. The Lagrangian (B.1) is invariant under a U(1)Yf symmetry
under which

Q[-)GAIQ[, Z[-)C_AI_AJ}Z[, S =85 — 714], (B.3)

where Ay are constant chiral superfields and ¢; are the Dynkin indices of the representations
of the fields Qg, t; = 1 for SO(N) fundamentals. In terms of these spurions, one can
construct the following RG invariant quantities:

872 S(E) N _ fR(E) Wé((RE; dR

As=Ee &, Zy=2i(E)e (B.4)

In eq. (B.4), b = 3(N — 2) — Ny is the coefficient of the one-loop S-function S(R), yr are
the anomalous dimensions of the fields @7, and R(F) is defined as S(E) in eq. (B.2), but
in terms of the physical, rather than holomorphic, gauge coupling constant. In terms of
Ag and Z;, one can further construct a U(1)Vf and RG invariant superfield:

N 2t1
I= AT<ﬁZb>AS (B.5)

In the far IR, the dynamics of the system is best described by the magnetic theory, whose
degrees of freedom are the mesons M;; = QrQ s, the dual magnetic quarks g; and the
SO(Nf — N +4) magnetic vector fields V;,,. We can use the RG invariants I and Zr and di-
mensional analysis to write the lowest dimensional operators in the low-energy Lagrangian:

M 2 2,M ty
mag—/d4 < 1J IIJ IJ+CquI VmagZ (HZI)) >

(B.6)
+ / 26 (Sm(E)Wng,a + MJ{”’“) +hee.,
s
where . B _ 5

gm(E) 872 i (E)
is the magnetic version of the spurion S defined in eq. (B.2). As shown in [30, 31], these
terms are the leading sources of soft terms provided that m; < A, condition that will always
be assumed. The last term in the second row in eq. (B.6) is the induced superpotential
in the magnetic theory. Demanding the invariance of W fixes the U(1)"¥s charges of the
dual quarks g7 to be Qr(qs) = 1/b — d75. These, in turn, fix the Z-dependence of the
Kahler potential term of the magnetic quarks. The coefficients cpr,, and ¢4, are real
superfield spurions, the IR analogues of the wave function renormalization constants Z;(E).
A relation between IR and UV soft terms is achieved by noticing that in the far UV (IR)
the electric (magnetic) theory is free. This implies that for sufficiently high E, we can
identify Z; with Z 1, neglecting quantum corrections, and identify m%(E) = m? 7 with the
physical UV electric soft terms. Similarly, in the far IR, we can neglect the #? and 6*
corrections induced by quantum corrections to ¢y, , and ¢;,. We can then compute the
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IR soft terms by working out the #% and 6* terms in the Lagrangian (B.6). The physical
non-holomorphic soft masses for the mesons and magnetic quarks are

m?wu—m[—l—mj ZmK, ﬁzg —m2 4 - Z (B.8)

As can be argued from eq. (B.8), positive definite UV soft terms always flow in the IR to
tachyonic soft terms for some mesons and/or magnetic quarks [54]. Indeed, the following
sum rule holds:

Ny Ny
Z ~9 Z ~9
mMU + 2Nf qu =0. (Bg)
I,J=1 =1

In our derivation we have tacitly taken the dynamically generated scale in the magnetic
theory to coincide with the electric one. This implies that the same Ag defined in eq. (B.4)
should be expressed in magnetic variables, namely

7'r2 7l'2
Ag = Be "5 5(E) = pe~ o, Sm(®) (B.10)

where by, = 3(Ny — N + 2) — Ny. Identifying the 6% components of eq. (B.10), we get

lim me)‘(E) = lim mA(E)
E=0 byng2,(F)  E—oco bg?(E) "

(B.11)

Notice that the #? term of Ag introduces B-terms coming from both the D- and F-
components of the magnetic Lagrangian L., that precisely cancel each other. This is
evident by noticing that the holomorphic rescaling

M[J—>ASM]J (B12)

removes Ag from the leading order Lagrangian (B.6).

Let us now apply these considerations to our specific set-up. We assume that the
electric soft terms do not break the G symmetry, so we effectively have two U(1) symme-
tries, rotating the quarks @, and @;, and two different soft terms, T?L%QT‘IQ“ + ﬁng“Qi.
Applying eq. (B.8) to the model II with Gy = SO(5) x SU(4), with b = 12, immediately
gives the soft terms reported in eq. (4.7). Let us see the effect of having W, # 0. For
concreteness, consider the following two terms,

1
Wel = mQ Q" + 5)\QinSij , (B.13)

that appear in both models I and II. We promote m and A to chiral superfield spurions in
the spirit of considering an external unspecified SUSY breaking mechanism:

m—m(1+6°By), X— \1+6%A)). (B.14)

We can still set By = 0 in eq. (B.2), their effect being a redefinition of the B, and Ay terms
in eq. (B.14). We can also reabsorb in B, and A the effect of the field redefinition (B.12)
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that would induce additional B-like terms proportional to the gaugino soft terms. The
above U(1)? symmetry is unbroken provided m and A transform as follows:

m— e MmN e 22), (B.15)

with S;; invariant. Two further U(1)? and RG-invariants can be constructed starting from
m and A:
Ly =m'Z*m,  Iy=\Z7%\. (B.16)

The leading order Kéahler potential for the mesons and the magnetic quarks is still of the
form (B.6), but now cyy,, and ¢, are unknown functions of I,/(167%) and of I,,/1.'2
These corrections are sub-leading provided that m < A and the effective coupling \/Zs,
at some UV scale E where the theory is perturbative, is smaller than 47. Both conditions
can be satisfied in our models. In first approximation we can then neglect the superpoten-
tial corrections to the RG flow of the soft terms. Of course, even when taking Wy = 0,
the relations (B.8) and (B.11) are only valid in the strict UV and IR limits and with
vanishing mixing and SM gauge couplings. We have not estimated the corrections com-
ing from relaxing the above approximations, assuming they are sub-leading in egs. (B.8)
and (B.11). It would be interesting to perform a more careful analysis to check the validity
of this assumption.

There is an important consequence in having a non-vanishing W;. In the IR, the first
term in eq. (B.13) becomes linear in the mesons M,, and the By, term induces a tadpole
for these fields. The tadpole changes the vacuum structure of the model. Extremizing the

whole scalar potential, soft terms included, we get!'3
n ~ cn M2Bm M2Bm
<qm> = :uéma <an> = - mémn, <M55> - — T?L% 5 (B17)

where /i is defined as the solution of the following cubic equation in = = fi%:

(x — o) (4x + m3)? +2u*B2, =0, (B.18)

where o = p? +m3/2. For B, = 0, we recover eq. (4.9). The symmetry breaking pattern
is still of the form (2.7) and the qualitative analysis made in the main text continues to be
valid. The 4 Higgs pNGB’s are now a combination of Re ¢t and Re M,,5 and all the mass
spectrum of the theory is deformed by the tadpoles. For simplicity, we have decided to
neglect this effect, assuming a negligibly small (net) B,,-term.

As discussed in the main text, in the model I we have assumed negligibly small soft
terms in the composite sector. This is not a necessary assumption and can be relaxed,
very much as we do in the model II, where they are needed to get a sufficiently heavy stop
tr. The analysis made below eq. (4.6) would apply with obvious modifications. However,
the presence of soft terms in the composite sector affects the analysis of the vacuum decay

12These functions are not completely unrelated, since the combination of K&hler terms associated to
conserved global currents should precisely match in the UV and IR theories [32]. We have not studied this
flow in detail, since we anyway neglect the effects of such corrections.

13We take for simplicity B, to be real.
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pursued in subsection 3.1. We have checked the bound on the soft terms in the composite
sector (second row of eq. (4.6), with the addition of the B-terms in the composite sector)
above which Lgusy can no longer be taken as a perturbation of the SUSY scalar potential
in the region of large meson VEV’s, eq. (3.12). In particular, we have verified under what
conditions the vacuum displacements from the SUSY values, 0.X/X and 0Y/Y, are much
smaller than one. Comparable bounds arise from the soft terms mg, m,, » and B,,. We get

~ ~ 4_r
[ma| ~ [Mp | ~ [Bm| < €37 2p] (B.19)

where k is defined in eq. (3.18). Given the bound (3.19) on the allowed values of k, we
see that the soft terms are constrained to be parametrically smaller than pu. We have
numerically explored also the region of soft terms larger than eq. (B.19), resulting in
shifts 6X 2> X, Y =2 Y. Although it is not possible to draw a definite conclusion from
this numerical analysis, we believe that the bound (B.19) is quite conservative, since the
would-be SUSY vacuum energy becomes greater than the one of the ISS-like vacuum (4.9),
when the soft terms become comparable to (or larger than) p. This is intuitively clear by
noticing that the dominant source of energy coming from Lgusy is the soft term m3X?
(being |X| > |Y|) and this is positive definite. If this is the case, the ISS-like vacuum
would become absolutely stable, provided that other non-SUSY vacua with lower energy
do not appear elsewhere in field space.
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