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ABSTRACT: We present a new Little Higgs model, motivated by the deconstruction of a
five-dimensional gauge-Higgs model. The approximate global symmetry is SO(5)g xSO(5)1,
breaking to SO(5), with a gauged subgroup of [SU(2)or, x U(1)pr] x O(4)1, breaking to
SU(2), x U(1)y. Radiative corrections produce an additional small vacuum misalignment,
breaking the electroweak symmetry down to U(1)gy. Novel features of this model are: the
only un-eaten pseudo-Goldstone boson in the effective theory is the Higgs boson; the model
contains a custodial symmetry, which ensures that T = 0 at tree-level; and the potential
for the Higgs boson is generated entirely through one-loop radiative corrections. A small
negative mass-squared in the Higgs potential is obtained by a cancellation between the
contribution of two heavy partners of the top quark, which is readily achieved over much of
the parameter space. We can then obtain both a vacuum expectation value of v = 246 GeV
and a light Higgs boson mass, which is strongly correlated with the masses of the two heavy
top quark partners. For a scale of the global symmetry breaking of f = 1TeV and using a
single cutoff for the fermion loops, the Higgs boson mass satisfies 120 GeV < My < 150 GeV
over much of the range of parameter space. For f raised to 10 TeV, these values increase
by about 40 GeV. Effects at the ultraviolet cutoff scale may also raise the predicted values
of the Higgs boson mass, but the model still favors My < 200 GeV.
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1 Introduction

The mechanism of electroweak symmetry breaking and the stabilization of the weak scale
are two of the most important unresolved questions in particle physics. The Standard
Model (SM) Higgs boson offers the simplest answer to the first question, but it leaves
the second question unresolved. In fact, the SM Higgs boson is unstable under quantum
corrections, as its mass is naturally driven to the ultraviolet cutoff scale. Over the past
decade a class of theories known as Little Higgs (LH) models has been proposed as a
way to extend and stabilize the SM [1]-[23]. In LH models the Higgs boson is a pseudo-
Goldstone boson of an approximate and spontaneously broken global symmetry. The latter
is explicitly and collectively broken by extended gauge and Yukawa sectors, in such a
way that the Higgs acquires a potential only if two or more couplings in the gauge or
Yukawa sector are simultaneously switched on. Since quadratically divergent one-loop
contributions to the Higgs mass can only arise from diagrams involving one coupling, it
follows that these have to cancel. This is very similar to the supersymmetric scenario, in



which the superpartners cancel the SM quadratic divergences. However in LH models the
cancellation occurs between particles with the same spin, with interesting and extensively-
studied collider signatures [24]-[27].

Clearly, for a LH model to be realistic the generated Higgs potential must have a
nonzero vacuum expectation value (vev). Furthermore, the electroweak vev v must be much
smaller than the vev f associated with the spontaneous breaking of the larger symmetry
group, since the main goal of any LH model is to naturally generate a hierarchy of scales
between v and the new-physics scale f. This implies that the ratio of the negative mass-
squared, m?, to the quartic coupling, \, in the Higgs potential must be small in magnitude

2 receives its dominant contribution from

compared to f2. Typically in LH models, m
loops with the heavy partner of the top quark (which is required in the theory to cancel
the quadratic divergence from the top-quark loop). However, the dominant contribution
to A is also typically generated by loops of the same heavy top quark partner, so that a
sufficiently large A is not generated radiatively. For this reason, other effective operators
are introduced into the theory, whose coefficients depend on the details of the ultraviolet
completion, but whose size can be estimated by naive dimensional analysis. For instance,
in the Moose-type models, such as the Minimal Moose [4], the quartic coupling arises from
plaquette operators; in the Littlest Higgs [5] the quartic coupling arises from a hard mass-
squared for the additional scalars in the theory, which are then integrated out by equations
of motion; and in the Simplest Little Higgs [19] model it arises from a small mass term
for the scalars. One disadvantage of this approach is that the unspecified coefficient of the
new operator introduces an additional degree of unpredictability in the effective theory.
Furthermore, even with the new contribution to A, there must still be some amount of
cancellation of the contribution to m? of the heavy top quark partner if one is to obtain a
reasonably light Higgs boson [28].

A second requirement for the Higgs sector is the absence of large isospin violation. This
is usually achieved by enlarging the overall global symmetry group to include SU(2)y x
SU(2) g, which in a LH model can be done minimally by imposing an SO(5) symmetry [10].
This can create some problems in models with two Higgs doublets, with a potential which
requires their vev’s to be misaligned. This misalignment is a source of custodial isospin
violation, which shows up in the form of dimension-six operators when the heavy states are
integrated out. In ref. [12] this problem is avoided by constructing a model with a single
Higgs doublet and an approximate custodial SU(2)¢, an extension of the Littlest Higgs
with a coset SO(9)/SO(5) x SO(4). The electroweak constraints can also be weakened by
introducing “T-parity”, a new discrete symmetry under which the heavy fields are odd and
the SM fields are even [14, 17, 20]. Then no effective operators are generated from tree-level
exchanges of a single heavy field, since a vertex must contain an even number of these.

In this paper we introduce a LH model in which the only un-eaten scalar field is
the Higgs boson, electroweak symmetry breaking is fully radiative, and an approximate
custodial symmetry suppresses the sources of nonstandard isospin violation. The model is
based on an SO(5)p x SO(5); global symmetry, of which the [SU(2)or x U(1)or] x O(4)1
subgroup is gauged. The global and gauged symmetry structure is similar to that of
the Custodial Minimal Moose model [10]; however, in our model there is only one non-



linear sigma field, with the result that the Higgs boson is the only spin-zero field in the
theory and there are no plaquette operators. The gauge sector of this model has also
been considered in ref. [29]. Our model is inspired from the deconstruction of an SO(5) x
U(1)x gauge-Higgs model [30], which uses the fact that the SO(5) structure is the minimal
way to accommodate a gauge-Higgs and custodial symmetry. In addition, it suggests the
inclusion of fermions in terms of SO(5) multiplets, with a simple implementation of the LH
mechanism in the Yukawa sector. The novel feature of this fermion sector is that a second
heavy top quark partner produces canceling contributions to the m? term in the Coleman-
Weinberg potential, so that it can easily be made small and negative. As a consequence,
the radiative Higgs quartic coupling, although small, is large enough to trigger spontaneous
symmetry breaking with v < f, and the effective theory is more predictive than in LH
models in which the quartic coupling arises from additional operators. In particular, the
Higgs boson is naturally light in this model, with a mass that depends predominantly on
a single mixing angle, sin?#,, in the top quark sector. For f = 1TeV and 10 TeV, we find
My < 150GeV and My < 190 GeV, respectively, over most of the range of sin §;. Even
after including effects of unknown fermion dynamics at the cutoff scale, the assumption
that the Higgs potential is dominated by calculable contributions at one loop leads to a
light Higgs boson over much of the parameter space.

The remainder of this paper is organized as follows. The gauge and fermion sectors
of the theory are introduced in section 2 and 3, respectively. In section 4 we compute
the Coleman-Weinberg potential and analyze the parameter space in which we can obtain
both v = 246 GeV and a light Higgs boson mass. In section 5 we compute the tree-level
electroweak parameters, and derive the experimental bounds on the SO(4); coupling (g;)
and f. Finally in section 6 we offer our conclusions. Detailed calculations for the mass
matrices and the Higgs potential can be found in the appendices.

2 Gauge sector

The gauge symmetry of our model is SU(2)? x U(1), which is embedded in an approximate
SO(5) x SO(5) global symmetry. The global symmetry is then broken spontaneously to
the diagonal SO(5) by a non-linear sigma field. This symmetry structure is represented
in figure 1 by a moose diagram consisting of two sites, 0 and 1, where the outer circles
are the global SO(5)’s and the inner ellipses are the gauged subgroups. In terms of the
moose site indices, the global symmetry can be written SO(5)y x SO(5)1, while the gauged
subgroup is [SU(2)or, x U(1)or] x [SU(2)1r x SU(2)1x]. In this description the L and R
subscripts indicate the two commuting SU(2) subgroups of SO(5), while U(1)pr is a U(1)
subgroup of SU(2)pr. Note that the model can be considered a severe deconstruction of
the 5-dimensional SO(5) x U(1)x Gauge-Higgs model of ref. [30], where the extra U(1)x
symmetry has been removed. In terms of this deconstruction, the sites 0 and 1 are the two
end-branes of the 5-dimensional interval, while the non-linear sigma field plays the role of
the fifth component of the gauge fields in the bulk.
The non-linear sigma field is parametrized by

5 = VAT (1)



Y

vy M

SO(5), SO(5),

Figure 1. Moose diagram for the model. The approximate global symmetry is SO(5)g x SO(5)1,
with an embedded gauge symmetry of [SU(2)or x U(1)or] x O(4)1 = [SU(2)or x U(1)or] %
[SU(2)1L X SU(2)1R X PlLR]-

where we have chosen the normalization, tr (TATB) = 648 5o that the gauged SU(2)
sub-matrices have the conventional normalization. A convenient basis for the ten SO(5)
generator matrices is {T'¢, T&, T, T? T3, T*}, given in appendix A in eq. (A.4). Under an
SO(5)p x SO(5); transformation, the sigma field transforms as ¥ — UOEUlJr, where U
are SO(5) matrices in the fundamental representation. Gauging the [SU(2)or x U(1)or] x
[SU(2)1 x SU(2)1r] subgroup leads to the following covariant derivative

DY = MY —igot Wb TEY — igor BpTe® + igin WiFSTy + igirWiESTH . (2.2)

With this we can write the Lagrangian density for the gauge and sigma fields as

1 1 1 1
Loage = = Wit Wi o = BbiBoruw — Wit Wit = Wik Wiy,
f2
+ u«[(Dﬂz) (DME)T] . (2.3)

In this paper we shall write g1;, and g1r as if distinct. However, in models similar to ours
it has been found that promoting an SU(2);, x SU(2)r gauge symmetry to O(4) turns out
to protect the tightly constrained Zbpbs, coupling from large loop corrections [31, 32, 35].
For this reason, and for simplicity, we will choose gi1;, = g1r = ¢1 for any computations,
imposing the L-R exchange symmetry Pjpr necessary for the full O(4); ~ SU(2)1 X
SU(2)1r X Pirr. However, we will not compute the Zbrbr, coupling, as well as other
electroweak observables at one loop, leaving this for future work [36].

With the gauged subgroups embedded in the global SO(5)y x SO(5); as given by
eq. (2.2), a vacuum alignment of (3) = 1 spontaneously breaks the gauge symmetry
[SU(2)or x SU(2)1] x [U(1)or x SU(2)1r] down to the SM electroweak group SU(2)z x
U(1)gr=y. There are 6 exact Goldstone bosons, which will be eaten by 6 linear combinations
of the gauge fields, giving them masses of order the symmetry breaking scale f. The re-

maining 4 dynamical fields contained in ¥ have exactly the right quantum numbers to play



the role of the standard model Higgs doublet H. Although H is not an exact Goldstone
boson, we note that the gauge sector of the model has the collective symmetry breaking
necessary to forbid any quadratic divergences to the Higgs effective potential at one loop.
If we set the couplings to zero at either site 0 or at site 1, the global SO(5) symmetry at
that site becomes exact, and all 10 pion fields, including the Higgs doublet, become exact
Goldstone bosons. Thus, any field-dependent term in the Higgs effective potential must
have contributions collectively from both the couplings at site 0 and at site 1, which can
only contain quadratic divergences at two loops or higher.

Working in unitary gauge, where we set the eaten Goldstone boson fields to zero, we
can identify H in X by letting

H
O4x4 ~
M = v2r T4 = g <H> , (2.4)
(HT ﬁT> 0
where
H = i and H = —iooH" = h , (2.5)
ho B
with

Expanding and re-organizing the X field, we obtain

11 112

e +\/2\H\S Q‘HP( c),

(2.7)

where

= sin \/2|H| an ¢ = COS \/2|H|
() wa ()

and |H| = (h3 4 h3)Y/2.

Any further misalignment of the vacuum will result in a vacuum expectation value for

the Higgs doublet,
1 v
H) = ) 2.9
=, <0> 29)

breaking the gauge symmetry completely down to U(1)gy. Determining the value of v
requires an analysis of the effective potential, which we do at one loop in this paper. For
this we need the mass terms for the gauge bosons, as a function of the Higgs field, which

we can take to be along the direction of its vacuum expectation value, without loss of



generality. Using the expression eq. (2.7) for ¥ in the gauge Lagrangian, eq. (2.3), we
obtain
2

f
£mass - 4 ggLW((]IEWgLM + gSRBgRBORM + g%LW{IEW{ILM + g%RW{IgW{IRM

—2(1 = a) gog1.Wor Wit — 2a gorg1RWy Wi'g,,

—2a gorg1 By Wir, — 2(1 — a) gORQlRBgRWf’RM} ; (2.10)

where

a = ;(1—c)zzﬁn2<lZ;> . (2.11)

For a = 0 the mass matrices can be easily diagonalized. The charged gauge boson

masses are
M =0
2 2 2\ 42
MWLi = 5 (98 +9ir) 1 (2.12)

2 1.2 2
MW§—291Rf,

and the neutral gauge boson masses are

M =0

M3 =0

M%L = 5 (ggL + Q%L) 12 (2.13)
M2, =} (93r + 9ir) I*-

The massless states, W* and B, correspond to the unbroken SU(2); x U(1)y gauge sym-
metry.

For a nonzero vacuum expectation value, (|H|) = v//2, it is also straightforward to
solve for the mass eigenvalues exactly. There is one massless neutral boson, corresponding
to the photon, and the remaining neutral and charged gauge boson masses can be obtained
as the solutions to two cubic characteristic equations. In figure 2 we plot the light W and Z
boson masses and in figure 3 we plot the heavy gauge boson masses as a function of v/ f for
representative choices of the parameters: g2 = 6 and f = 1 TeV. Clearly, for f = 1TeV the
only allowed value of v/ f is ~0.246, but it is nonetheless interesting to note the symmetry
of the solutions under the exchange of (v/f) «» (m — v/f). This is a result of the parity
symmetry, Pirr, which holds when gi;, = g1g. Under this symmetry:

ap ap
Wi < Wig

Y-y =3P,
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Figure 2. Light gauge boson masses (W and Z) as a function of v/f, for g2 = 6 and f = 1TeV.
The upper curve is Mz and the lower curve is My .
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Figure 3. Heavy gauge boson masses as a function of v/f, for g7 = 6 and f = 1TeV. The curves

from top to bottom are Mz, , Mw,, Mz, , and Myy,.

with

001
-100 O

000—1 0
010 0 0
0 (2.14)
0
000 0—1

The matrix P satisfies P17 P = T} ;. It can be shown that the transformed field Y/
is related to the original field ¥ by a shift of v/f — v/f + 7, up to an overall O(4);
transformation. This, coupled with the discrete H <« —H symmetry of the model, results

in the symmetry of the mass solutions.

As required by a little Higgs model, we will want v/f to be small. Thus, it is useful

to solve for the masses and mixings perturbatively in a ~ [v/ (2f)]?. At leading nonzero



order in v/ f, the massless charged gauge bosons, W=, gain a mass
MZ,. ~ Lgto?, (2.15)

while the massless neutral gauge bosons, W? and B, mix exactly as in the standard model
to give the photon A and the Z boson with masses

M3 =0
My ~ | (91 +gk) V", (2.16)

%

where we have defined the couplings g7, and gr by

I
9 %L 9
1 1
= , + (2.17)

9r  9or 9in
Note that g7, and gr play the roles of the standard model SU(2);, and U(1)y gauge cou-

plings, respectively. Of course, the photon is exactly massless, being associated with the
unbroken U(1)gn, with coupling constant e given by

T T (2.18)
e g 9% % 9L %r Yir '

More details of the gauge boson masses and mixings are given in appendix B.

3 Fermion sector

In this section, we will consider only one generation of quarks, although multiple generations
of quarks and leptons can be incorporated as well. We are motivated by the deconstruction
of the 5-dimensional SO(5) x U(1) x Gauge-Higgs model of ref. [30], but the implementation
of fermions in our model benefits from the additional flexibility afforded by the general non-
linear sigma model method. In particular, we shall let all of the fermion fields transform as
non-trivial representations of the global SO(5)y symmetry at site 0 only, and as non-trivial
representations of the corresponding gauge symmetries, SU(2)oz x U(1)gr.

For each generation of quarks in the standard model, we will have three multiplets of
SO(5)0, (¥4, B, ), one each for the left-handed quark doublet @, the right-handed
up quark upg, and the right-handed down quark dp, respectively.! The multiplets are Dirac
multiplets, in that each comes in a right-handed and left-handed pair,

_ (YL
() .

except that the standard model fields within the multiplet are missing their Dirac partners.
For example, the Q, field resides in the multiplet wf, which transforms as the fundamental

'Due to our unfortunate choice of notation, we will be using the subscripts L and R to label the chirality
of the fermion fields, as well as the two gauged subgroups of SO(5). When applied to a fermion field, the
subscripts always denote the chirality. Everywhere else they label the subgroup of SO(5).



5 of SO(5), while the corresponding Q,Z)ﬁ multiplet is missing the QQr field. In terms of
component fields we have

A A
Q 0
'lpf = X s ’[/}}1% = X 5 (3.2)
u I u R

where

Q = (g;) and x = (ﬁi) (3.3)

transform as doublets under SU(2)oz, and u transforms as a singlet. Under U(1)gp the fields
transform with a charge given by Y = T}% + gx, where ¢x = +2/3 for quarks and ¢x =0
for leptons.? In this way, we find that the electromagnetic charge of each component field

is given by

Goy = T2 +Tp+qx = TP+, (3.4)

a result which holds for the component fields in each SO(5) multiplet. Throughout this
paper, we will use the symbols ¥y, u, and d to indicate the electromagnetic charges of the
fields by gy, (y) = +5/37 Ap\ (u) = +2/37 and gy, (d) = _1/3'

The right-handed up quark field ug resides in the multiplet Q,Z)g, which also transforms
as the fundamental 5 of SO(5), and has a corresponding Dirac partner multiplet Q,Z)f , which
is missing the uy, field. In terms of component fields we have

B B
Q Q

or = x| o vE=1x] - (3.5)
0 I u ),

As with the previous multiplets, the ) and x components transform as doublets under
SU(2)or, the u component transforms as a singlet, and all component fields transform with
charge Y = T + gx under U(1)gp.

Finally, the right-handed down quark field dg resides in the multiplet ¢g, which trans-
forms as the adjoint 10 of SO(5), and has a corresponding Dirac partner multiplet Q,Z)g, which

’In the extra-dimensional gauge-Higgs model the charge gx arises from the extra U(1)x bulk gauge
symmetry. In our model, we are free to give the fermion fields any charge Y under the U(1)or, and so gx
corresponds to the difference between Y and the canonical charge T5.



is missing the dy, field. In terms of component fields we have

w0 0 ov\©
) ¢d _u—l— 0 0 Qd
wfzw —y 0wt o@r x|,
0 -y ¢ u x"
X* —xY -Q*Q* 0/,
C

—u~ Y —d 0 QU
(bd _u+ 0 —d Qd
UG = ! -y 0wt o¢¥ XY |, (3.6)
0 -y ¢ u x“
X4 XY -QtQ 0 /),

where

ut = ;2 (uw+ ¢%) . (3.7)

Under SU(2)y, the fields ¢ transform as triplets, the fields @ and x transform as doublets,
and the fields y, u, and d transform as singlets. Under U(1)pgr the fields transform with
a charge given by Y = T3 + gx (with T3 in the adjoint representation for ¢), so that
eq. (3.4) holds for all fields.

The Lagrangian density for the fermion fields with Dirac masses can be written

Lbirac = W Pt — Aafotp? + P pyP — g fpPyP
titr (§€ PyC) = Acfir (°4°) (3.8)

where the covariant derivatives are

DA — [0 — igo, Wil TE — igor Bl (Th + ax) ] )
Dy = o' —igoLWo [T7, ] —igorBop ([Th- "] +axv®) . (3.9)

With this Lagrangian all ¢4 fields have a Dirac mass M4 = A4 f, all B fields have a Dirac
mass Mp = A\gf, and all ¢ fields have a Dirac mass Mc = A\ f, except for the fields with
missing partners, which are massless. For each generation of quarks there will be five heavy
charge +5/3 fermions: one with mass M4, one with mass Mp and three with mass Mc.
There will be three heavy charge -1/3 fermions: one with mass Mp and two with mass
M¢. There will be eight heavy charge +2/3 fermions: two with mass M4, two with mass
Mp and four with mass M¢. The fields Qf, ug, and d% remain massless at this point.

Let us consider how to give the light fermions a mass, by noting the symmetries
of the Dirac mass terms in eq. (3.8). They are written to appear symmetric under the
SO(5)p transformation PAB) — UgpAB) and ¢ — UmbCUg; however, this symmetry is
explicitly broken by the missing partners in the SO(5) multiplets. On the other hand, the
SO(5); symmetry is preserved by default. In addition, there is a global U(1) symmetry
associated with each of the ¥4, 7, and ¢ fields, which must be broken to give the light
fermions a mass.

,10,



We can create objects that transform under the SO(5); symmetry, by multiplying the
complete fermion multiplets by the ¥ field: 1/ = STy B =SB and 9§ = STyEs.
Since the SO(5); symmetry is broken explicitly by the gauge interactions to O(4);, we can
include this breaking by projecting onto O(4) invariant subspaces, using the O(4)-invariant
vector,

(3.10)

&=
I
===

It is useful to think of this vector as a spurion field which transforms as £ — Uy E under
the SO(5); transformation. In this way, we can write three Yukawa terms for the fermions
that have the SO(5); symmetry broken purely by the vector E. They are

Ly = — [\f (91%) BET (S1of) + V2raf (97%) (1- BEY) (STygs) B
+sf (04%) (1 _ EET) (z%ﬁ) n h.c.}
. [Alf (¢1%) EE! (2%5) V2N f (DRUEY) B

s f (D49) (1 - EET) (zwg) + h.c.} , (3.11)

where we have used the SO(5) transformation properties of the adjoint representation to
simplify the second term. Note that these three terms correspond directly to the three
“brane” mass terms in the 5-dimensional SO(5) x U(1)x Gauge-Higgs model of ref. [30].
In addition we note that the Yukawa terms of eq. (3.11) preserve the SO(5)y symmetry,
while the Dirac mass terms of eq. (3.8) preserve the SO(5); symmetry, so that the fermion
interactions also exhibit the collective symmetry breaking that is necessary to cancel the
one-loop quadratic divergences to the Higgs potential.

According to refs. [32, 37|, the term with A3 results in a large negative correction to
the T parameter in extra-dimensional models. Furthermore, we can forbid this term if we
assume that the terms that simultaneously break the SO(5); and the global U(1)’s in the
fermion sector must be proportional to E. Thus, we will follow the lead of ref. [30] and set
A3 = 0. Expanding in terms of component fields, we obtain

B iSCA1f [ <4 B isNf (=47
Lyuawa = — [W\H\ <QLH>uR - o (QLH)dR —i—...—i-h.c.] . (3.12)

which contains the same Yukawa terms for the light fermions as in the standard model. If
we assume that A 2) < A(4,p,c), then this results in masses for the up and down quarks
of

M, ~ M\v/V2
My ~ lv/V2, (3.13)

— 11 —
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Figure 4. Charged +2/3 fermion masses, in the top quark sector, as a function of v/f, for
f=1TeV, Ay = A\ = V2X\ and Ag = 0.981)\,. The curves from top to bottom are Mr,, Mr,,
and Mt.

while the heavy fermions get only small shifts from their masses of M4, Mp, Mc. In
general, A\; and )y will be matrices in generation space, leading to weak mixing and the
CKM matrix.

The only quark for which the approximation Ay < A4 g ) may not hold is the top
quark. If we take A; for the top quark sector of the same order as A(4 p ) we find that the
charge +2/3 fermions of 1) and one linear combination of each of the charge +2/3 fermions
of 14 and ¥ have mass eigenvalues unaffected by the Yukawa term. The remaining three

linear combinations mix due to the Yukawa term and have masses, to leading nonzero order

inv/f, of
M; ~ \v/V?2

Mr, ~ /N4 + (3.14)
MTB ~ )\Bfa
where we have defined
1 1 1

2oty

We see that even for A\; not small, the top quark mass is down by a factor of v/ f compared

(3.15)

to the heavy quarks. It is possible to obtain these three mass eigenvalues exactly as the
solution of a cubic characteristic equation. The three masses are plotted as a function of
v/f in figure 4. More details of the fermion masses and mixings in the top quark sector
are given in appendix C.

4 Effective potential

In our model, the vacuum expectation value of the Higgs doublet is driven entirely by
the radiatively-produced effective potential. The potential depends on 7 independent pa-
rameters: {f, g1, 90, 90Rr, A4, AB, A1}. Here, we have chosen to equate the gauge couplings

- 12 —



at site 1: g1 = g1 = ¢g1r- The fermion parameters Aa, Ap, and A; are those for the
third-generation quark sector. We note that the additional fermion parameters Ao and A¢
can be neglected in the limit of zero bottom quark mass; Ao is directly proportional to the
bottom quark mass, while the heavy states in the ¢¢ multiplet do not mix in this limit.
Finally, we must include a cutoff A for our theory. Using naive dimensional analysis, we
choose this to be proportional to the symmetry-breaking scale f by A = 4nf.

The seven parameters listed above are not entirely unconstrained, since we must recover
the standard model at low energies. In particular we must recover the electroweak gauge
couplings ¢ = g1, and ¢ = gg, the top Yukawa coupling \; = v/2M; /v, and the Higgs
vacuum expectation value v. This results in four constraints on the above parameters.
Three of these relations have been given previously in egs. (2.17) and eq. (3.15). Using
egs. (2.17), it is possible to treat g1 as independent, while fixing goz, and gor by the relations

111
%, 9 g
111

= .- . (4.1)
Rr 9% 9

Note that these equations imply that g1 > gz, zr. We impose eq. (3.15) by defining a mixing
angle in the top sector,

(4.2)

sinf; = M ,
VYRR
so that the top mass parameters are given in terms of 6, by Ay = A;/sinf; and A\ =
At/ cosBy. The fourth constraint is that the minimum of the effective potential for the
Higgs doublet is at (|H|) = v/+/2. In the following, we find it convenient to choose the set
{f,q1,sin0;} as our free parameters, while varying Ap to minimize the effective potential
at the correct value of v.

The gauge and fermion contributions to the Higgs potential are generated at the one-
loop level and can be expressed by the formulae of Coleman and Weinberg [38]. Because
of the collective symmetry breaking, there are no quadratic divergences at this order;
however, there are logarithmic divergences, which must be cutoff at the scale A = 4xf.
The Coleman-Weinberg potential for our model can be written

V = Vgauge + ‘/fermiona (43)
where
2 (2 2 .(2
Veauge = 64?;2 {2 Tr [MéC(E)ln (MCAC;( )>} + Tr [M%C(E)ln (M]Xg( )>}} ,
3 2 M Miop(2
‘/fermion = _167T2 Tr [(MTMtOp(E)) 1n< At2p( )>:| ) (44)

where M2, M%, and My are given in the appendices in eq. (B.3), eq. (B.9), and
eq. (C.5), respectively. In general, the logarithm of the cutoff, In A2, may be accompanied
by a scheme-dependent additive constant, which can only be determined within the high-
energy completed theory. In this paper, we will set these to zero.
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Figure 5. Coleman-Weinberg Potential as a function of v/f, for g7 = 6, f = 1TeV, g = \; =
V2 and Ag = 0.981)\. This choice of parameters gives v = 246 GeV and My = 130 GeV.

We are now ready to explore the parameter space of the Coleman-Weinberg potential.
Using the masses My, Mz, M; and the Fermi constant Gp as inputs, we impose the
constraints with g% = .426, 912'% = .122, A2 = .990, and require a minimum of the potential
at v = 246 GeV. We consider the following range of parameters:

b5 < g% <A4m
1 <sin?6, <.9 (4.5)
1TeV< f <10 TeV,

which assumes that none of the dimensionless parameters in the set {g1, gor, gor, A, A1}
are too large. Within this range of parameters, we find that it is always possible to obtain
two values of Ap for each choice of { f, g1,sin 6;} that give the correct vev. In figures 5 and 6
we plot the potential for a typical set of parameters {f = 1TeV, g7 = 6, sin?6; = 1/2}
with A\p = 0.981)\, that gives v = 246 GeV and My = 130 GeV.

Before discussing the two different branches of solutions for Ap further, it is useful to
consider the Coleman-Weinberg potential, expanded for small values of the Higgs field H.
We have

V = m*H'H + NHH)? +---. (4.6)

The full expressions for m? and A are given in appendix D; however, we find that the
qualitative features of the two solutions can be understood from the dominant fermion-

loop contributions to m? = m?2 We obtain

2
gauge + Mfermion*

3 AZ 1 2M7 A M2
mi o = g2 {(2M%BA% — M7 A} <ln M2 2) + A2 _BM% In M%B . (47)
A A B A

with M%A = (A4 + A\ f% and M%B =4 f2

Note that m%ermion can be either positive or negative, due to the collaboration of the two

heavy fermions. In fact, in order to find a Higgs vacuum expectation value with v < f, it
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Figure 6. Same as figure 5, but plotted with v/f ranging from 0 to .4 to show the minimum in
detail.

is necessary that the contributions to m%ermion cancel to some degree. As suggested above,
this can happen in two different ways. Firstly, one could cancel the coefficient of the
divergent logarithm In A2, which is proportional to (ZM%B 22— M%A M) =M 2(205 - 0.
This cancels exactly for \g = A4/v/2, giving a completely finite fermion contribution to
the full Coleman-Weinberg potential at one loop. The choice Ap ~ A4/v/2 also gives a
reasonable approximation to the first (“small-Mg”) branch of solutions for Ag. This can
be seen in figure 7, where we plot Ag/(Aa/v/2) for this branch as a function of sin® @ for
f = 1TeV and for three different values of g7. Over most of the range of sin;, we find
A~ A4/ /2 within 10%. As we shall see later in this section, the simple relation between
A4 and Ap is in general modified by ultraviolet effects, but it is still possible to find a
choice of Ap that gives v = 246 GeV and a light Higgs boson for most of the parameter
space. The predictions for the Higgs boson mass that correspond to the solutions given
here are shown in figure 8 for f = 1TeV and f = 10TeV for the same three values of
< 320 GeV,

~

g?. For the range of parameters given in eq. (4.5) we find 120 GeV< My
with the lighter values of My corresponding to smaller values of A4 and larger values of
A1. In particular, for f = 1TeV, we obtain My < 150 GeV over a large range of sin? 6.
Interestingly, the predictions for My show very little dependence on the gauge coupling
g1, with My varying by only a few GeV for 0.5 < g? < 47. Furthermore, the predictions
show only modest dependence on f, with M increasing by about 40 GeV as f is increased
from 1 TeV to 10 TeV.

The second (“large-Mp”) branch of solutions for Ap can also be identified with a
cancellation in m%ermion. In this case the cancellation occurs for large Mr,, with the result
M%B ~ A2e~1/2. The exact solutions have 7 < \p /At <9, with corresponding values of
the Higgs boson mass of 380 GeV< My < 910 GeV. As with the other branch of solutions,
we find that the values of Ag and My depend mostly on sin? @;, with little dependence on
g1 and f. On the other hand, this branch of solutions is probably not satisfactory, since it
requires the mass Mr, of one of the heavy fermions to be of the same size as the cutoff A.
In addition, this solution will be strongly affected by the inclusion of a scheme-dependent

,15,



12}

11

1.0/

Ag [ Aa/2')

0.9} ]

0.8 ]

00 02 0.4 06 08 1.0

sin’6 {

Figure 7. The “small-Mp” branch of solutions for Ap/(Aa/v/2) as a function of sin?#@, for f =
1TeV and for three different values of g;. From top to bottom the three curves correspond to
g3 = 0.5, g? = 27, and ¢? = 47, respectively.
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Figure 8. The “small-Mp” branch predictions for the Higgs boson mass as a function of sin® 6.
The upper three curves are for f = 10 TeV, while the lower three curves are for f = 1TeV. Within
each set of three, the curves correspond from top to bottom to g? = 0.5, g7 = 27, and g7 = 4,
respectively.

constant, InA?> — In A2 + 6p, which again shows that the theory with this choice of Ap
will be strongly influenced by unknown dynamics at the cutoff. Finally, the larger values
of My obtained for this branch of solutions also makes it less viable phenomenologically,
as we will see in the next section. For these reasons, we focus on the “small-Mpy” branch
of solutions in the remainder of this paper.

One may wonder whether the “small-Mp” branch of solutions is also strongly affected
by ultraviolet physics at the cutoff scale. For instance, if there is a different cutoff associated
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with the )4 fermions and the ¥® fermions, one might expect that the factor

A? A?
(2M7, 27 — M7, A7) In I A 22035 — 2% In 2
Ta Ta

which is strongly canceled in this branch of solutions, would be replaced by

2 42 2 A% 2 A%
>\1f 2>\B hl 9 )\A ln 9 .
Mz, Mz,
In appendix E we present a modification of the fermion sector that leaves the fermion
contribution to the one-loop Coleman-Weinberg potential for the Higgs boson finite, and
has exactly the effect just described above. In this case there is an additional term in the
potential,

AV; J firis? {2)\2 In A M In A } (4.8)
fermion — — 1 B — A ) .
1672 A% A%

which exactly cancels the dependence on the UV cutoff A in Viemion of eq. (4.4), exchanging
it for the dependence on the two large mass parameters, A4 and Ap.
For A4 # Ap, the “small-Mp” solutions now occur for

A2 [ In(AZ /M2
PY N 2A<1nEA§;M§j;> . (4.9)

This implies that M7, = Apf is no longer completely determined by M7z, (or equivalently,
by A4 or sin 6;), since the relationship is modified by the ratio of logarithms of the unknown
cutoffs, A4 and Ap. However, the Higgs boson mass is still strongly correlated with the two
heavy fermion masses M7, and Mp,. In figure 9 we investigate the sensitivity of the Higgs
boson mass to UV effects by plotting My as a function of sin? #;, while varying A4 and Ap
together and independently between A/2 and 2A, where A = 47 f. We use f = 1TeV and
g% = 27 as representative values in this plot. As expected, and in contrast to the “large-
M branch of solutions, the prediction for the Higgs mass is very insensitive to varying the
scales together from (Aa/A,Ag/A) = (1/2,1/2) to (2,2), at least for 0.3 < sin®6; < 0.9.
On the other hand, for (Aa/A,Ap/A) = (1/2,2) the predictions for My decrease by about
25-40 GeV, while for (Aa/A,Ap/A) = (2,1/2) the predictions for My increase by about
80 GeV. For this latter choice of cutoffs, it can be seen from the figure that a solution for
v = 246 GeV is only obtained for 0.6 < sin?6; < 0.8. This is related to the fact that the
“large-Mp” solutions decrease in energy for smaller Ap, as displayed by the dashed curves
in figure 9. The sensitivity of the Higgs boson mass to non-identical fermion cutoffs can
be understood largely in terms of the residual dependence of the Higgs quartic coupling A
on the heavy fermion mass ratio My, /M7, (see eq. (D.5) in appendix D), which in turn
is affected by eq. (4.9). Thus, fixing the two heavy fermion masses largely determines the
Higgs boson mass, with larger values of My correlated with larger values of Mr, /My, for
a given sin? 6. In addition, we note that over much of the parameter space the predicted

Higgs boson mass is still below 200 GeV for a significant portion of the range of sin? 6.
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Figure 9. Sensitivity of the “small-Mpg” branch predictions for the Higgs boson mass to non-
identical fermion cutoffs. All four curves are for f = 1TeV, g7 = 27. The curves are labeled
by (Aa/A,Ap/A), where A = 4w f. The dashed curves are the corresponding“large-Mp” branch
predictions for the Higgs boson mass, which lie in the mass-range of this plot for Ag/A = 1/2.

To conclude this section, we comment on the size of the fine-tuning® that is needed
in this model to obtain a Higgs vacuum expectation value with v? < f2. We have in-
vestigated this issue by analyzing the fine-tuning of v? with respect to the parameters
i € {910, 91R> 90L, JOR, A, ABs A1, Aa, Ap}, where the fine-tuning with respect to p; is de-
fined by A,, = (pi/v?)(0v?/0p;), following Barbieri and Giudice [34]. We then let the
total fine-tuning be the combination of each of the separate fine-tunings in quadrature,
A= (3, A;i)l/Q, subject to the constraints, (3.15) and (4.1). Details of the formalism
that we have followed can be found in ref. [28]. For f = 1TeV, g3, = gip = 27, and
Apr = Ap = A = 4nf, we find values of A of ~ 100 — 140 for Higgs masses between 120
and 160 GeV, with the dominant contributions coming from Ay, and Ay, (including the
associated constraint). These values are comparable to the minimium values obtained for
the Simplest [19] and Littlest [5] Little Higgs models, which are displayed in figure 13 of
ref. [28]. The fact that the fine-tuning is of similar size in our model is not surprising, since
all of the Little Higgs models considered in ref. [28], as well as our model, contain the exact
same large negative contribution to m? from a heavy partner of the top quark:

2 AQ
om? = 3N M#1In . (4.10)

The different models have different mechanisms for (partially) canceling this term to obtain
a light Higgs boson, but since the size of this term is comparable in all of the Little Higgs
models considered, one would expect the amount of fine-tuning to also be comparable. We
do note, however, that the amount of fine-tuning can be reduced in our model if we allow A4

3We have not considered here the “hidden” fine-tuning necessary to maintain the global symmetry of
the fermion couplings against non-symmetric running, as discussed in ref. [33]. Our model, like other Little
Higgs models, is not obviously immune to this effect.
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and Ap to become as low as A/3, which reduces the logarithmic enhancement of the above
term. In this case we can obtain values of A of ~ 40 — 50 for Higgs masses between 120
and 160 GeV, with the dominant contributions now coming from A, , and Ap,. These
amounts of fine-tuning are typically below the values for the Minimal Supersymmetric
Standard Model in the same range of Higgs masses as shown in figure 13 of ref. [28].
Given the ambiguities in precisely quantifying the amount of fine-tuning, we prefer to be
conservative in our conclusions from this investigation, taking away from it simply that the
amount of fine-tuning in our model is comparable and typically no worse than other Little
Higgs models.

5 Electroweak constraints

The first place to consider for testing the experimental viability of any beyond-the-standard-
model theory is in constraints from electroweak precision measurements. In our model, the
electroweak observables receive tree-level corrections from the new gauge fields. In fact,
although the standard model light fermions couple to all of the massive gauge fields, which
are mixtures of the gauge fields at site 0 and site 1, they are only charged under the
SU(2)or, x U(1)pr gauge symmetry. As a result, the corrections to low-energy observables
occur only through electroweak gauge current correlators, and are thus “universal” in the
sense of Barbieri et al. [39]. The correlators can be easily computed from the quadratic
Lagrangian by inverting the subset of the propagator matrix involving the site-0 fields only.
This leads to the following expressions for the electroweak parameters [39], to leading order

in v2/f%

2

Lovt .

S = e (sm2 ¢r + cot?# sin or) (5.1)

T=0 (5.2)
v? 20 wind

Y = 2f2 cot” 0 sin® ¢pr (5.3)
/UQ - 4

W = o2 sin® ¢, . (5.4)

Here sin¢;, = gr./g1r and singr = gr/g1r are defined in eq. (B.4) and eq. (B.11), re-
spectively, and 6 is the weak mixing angle defined in eq. (B.13). We can express the
couplings g7, = g and gg = ¢’ in terms of oz(M%), Mz, and G, and in addition we have
v? =1/(v/2GF) and

(5.5)

Notice that the corrections to the electroweak observables are not oblique, since nonzero
values for Y and W signal the presence of direct corrections, corresponding to four-fermion
operator exchanges at zero momentum [39, 40]. Notice also that the custodial symmetry
of the model ensures that 7' = 0 at tree-level.
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Figure 10. Bounds on g; and f from combined experimental constraints on S, Y, and W, at the
95% confidence level.

The observables of eqs. (5.1)—(5.4) depend on three unknown parameters: f, g1; and
gir- In an O(4); theory the two couplings are identical, ¢g1;, = g1 = ¢1, and thus
we can nicely constrain the model in a two-parameter space (f,g1). The global fit in
ref. [39] to the experimental data implies that a heavy Higgs boson is only compatible with
positive T; therefore, we only consider the “small-Mp” branch of solutions. The combined
experimental constraints on S , Y, and W, taken from ref. [39] with the light Higgs fit,
give the bounds of figure 10, where the colored area is excluded at the 95% confidence
level. The representative values used in the plots in the previous sections, f = 1TeV and
g? = 6, are within the allowed region. The bounds in figure 10 are not expected to be
strongly affected by loop corrections; however, there may be constraints on the heavy top
quark sector coming from one loop contributions to the T parameter. An analysis of these
contributions is currently underway [36].

Finally, we must comment on the fact that the couplings of the standard model fermions
to the gauge boson eigenstates, given in egs. (3.8) and (3.9), are not unique, in the sense that
one can always add operators that correspond to renormalizations of the broken currents:

ALbirae = inatf (SPS) vt +inpuf} (2P21) vf
Fikg, tr [ag (2102*) ng] + kg, tr [agwwg (DNZ)ZT] . (5.6)

In the main discussion we have assumed that all of the fermions act as fundamental point
particles, charged only under the SU(2)or, x U(1)gr gauge symmetry. In that case, the
k; coefficients would arise only perturbatively through loop diagrams, and we can assume
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them to be small. On the other hand, it is possible to imagine a more general scenario
where these coefficients are of order one. In fact, in the deconstruction of the gauge-Higgs
model of ref. [30] the fundamental fields that naturally appear are actually Q/Jf’ = ETi/)f,
YB = STyE and ng’ = EW%E, which are charged under the SU(2);;, x SU(1);r gauge
symmetry. This corresponds to the case where k4 = kp = K¢, = Ko, = 1. In this case
the electroweak corrections are not “universal”, and in addition, there will be a nonzero
contribution to 7'. For these reasons, we have chosen the simpler fermion implementation
of section 3, and we assume that the x; are negligible.

6 Conclusions

In this article, we have presented a new Little Higgs model, motivated by the deconstruction
of a five-dimensional gauge-Higgs model [30]. It is based on the approximate global sym-
metry breaking pattern SO(5)p x SO(5)1 EA SO(5), with gauged subgroups spontaneously
breaking under the pattern [SU(2)or, x U(1)or] x O(4); ER SU©2), x U(1)y = U(1)gm,
where we have made the simplifying assumption of g1, = g1g. The novel features of this
model are these: the only physical scalar in the effective theory is the Higgs boson; the
model contains a custodial symmetry, which ensures that T = 0 at tree-level; and the
potential for the Higgs boson is generated entirely through one-loop radiative corrections.
Due to the collective symmetry breaking in the model these corrections have no quadratic
divergences, depending only logarithmically on the cutoff of the effective theory.

The fact that the electroweak symmetry breaking is fully radiatively-generated is a
unique and intriguing feature of this model. In particular, it implies that the model is more
constrained, and arguably more predictive, than other Little Higgs models. For instance,
if we use a single cutoff A for the fermion logarithmic divergences, then once the scale f is
chosen and the correct value of the Higgs boson vev, v, is imposed, we find that the Higgs
boson mass, as well as the masses of the heavy partners of the top quark, depend almost
exclusively on a single fermion mixing parameter, sin®#;. For the “small-Mpg” branch,
we find for f = 1TeV that the Higgs boson mass satisfies 120 GeV < My < 150 GeV
over most of the range of sin?6,. For f raised to 10 TeV, these values increase by about
40 GeV. If we take into account possible UV effects in the fermion sector by introducing two
distinct fermion cutoffs A4 and Apg, we still find that the Higgs boson mass is correlated
with the masses of the heavy top quark partners, and it lies below 200 GeV for much of
the parameter space.

The radiative symmetry breaking is achieved in this model with an amount of fine-
tuning that is of similar size as in other Little Higgs models. The relation v < f is obtained
by a cancellation between the contributions of two different heavy top quark partners to
the Higgs boson mass-squared. Once this cancellation is achieved, the Higgs boson is auto-
matically light in the “small-Mpg” branch of solutions, with the phenomenologically-viable
range of masses given above. This contrasts with other little Higgs models, where an addi-
tional operator is included to give a large Higgs quartic coupling and v < f, but a similar

2

cancellation of contributions to m* is still necessary to keep the Higgs boson light [28].
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We have analyzed the tree-level constraints on the model from electroweak pre-
cision experiments and found that the model is viable for a reasonably large and
phenomenologically-interesting range of f and g1 = g1 = ¢gir. The model introduces
a number of new states, which may be probed at the LHC. In addition to the Higgs boson,
there are two heavy neutral vector bosons and two heavy charged vector bosons, whose
masses and couplings depend directly on f and g;. In the third-generation fermion sec-
tor, there are eight new heavy up-like quarks, three new heavy down-like quarks, and five
new heavy charge 5/3 quarks. The masses and mixings of some portion of these heavy
top quarks will satisfy relations required by the radiative symmetry breaking and which
depend on the Higgs boson mass. If the other generations of quarks follow the same multi-
plet structure, which is probably necessary to avoid flavor-changing neutral currents, this
heavy fermion zoo will be multiplied by the number of generations. In addition, similar
heavy partners for the leptons should exist. Since the decay rates of these heavy fermions
to the SM fermions are proportional to mixing angles, which in turn are proportional to
the light fermion masses, it is possible that some of these heavy particles may have long
lifetimes, with interesting decay signatures. We expect there to be a rich phenomenology
at the LHC, which demands a more detailed study [36].
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A SO(5) generator matrices

Here we give a basis for the ten SO(5) generator matrices that is particularly useful for our
purposes. The 5 x 5 generator matrices in the standard basis are

(1) = ;; (8288 — 5967), (A1)
where a,b = 1...5 (with a < b) are the generator labels, 7,7 = 1...5 are the row and
column indices, and we have chosen the normalization, tr (T“bTCd) = §9¢§b 5o that the
gauged SU(2) sub-matrices have the conventional normalization.

It is possible to perform a similarity transformation on these matrices, 7" = STT'S, such
that two of them are simultaneously diagonal. For example, it is possible to diagonalize
T2 and T"* by the matrix

100 -1 0
) i00 i 0

S = 011 0 0 (A.2)
V2 0i—i 0 0
000 0 V2
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Applying this similarity transformation to all of the matrices and choosing conve-
nient linear combinations of them, we obtain the following set of basis matrices:
{18, T8, T, T?, T3, T4}, where

0 0
0 T 0
1 1
To — <I®(2”a)>o . TS = (_(2(,@) ®I>o ,
0 0
000O0 O 0 0 0 O 0
00001 0000 ¢
00000 0000 O
1 1 9 1
T = 00000, ™~ | 00000 |, (A.3)
00001 0000 —2
10010 —2007¢ 0
00 00O 00 00O
00 0 01 00 O0O0¢z
3 1 g 1 .
T = 5 00 0 0-11, T =, 00 0O0¢z
00 000 00 00O
01-10 0 0—72—200

In the above expressions, [ is the 2 x 2 identity matrix and o® are the 2 x 2 Pauli matrices
fora=1,2,3.

B Gauge boson masses and mixing

From eq. (2.10), we can obtain the mass terms for the neutral and charged gauge bosons

of the following form:

1
Lmass = WIMEW, + 21 MR0 2y, (B.1)
where the vectors WH and Z# are given by:
4 Wor
WOL 3u
_ +h w_ | WiL
we=wi |z | (B.2)
Wi b
Bog

with W*H = (W 5 iW?2#) /4/2 for each of the SU(2) groups.

B.1 The charged sector

We first consider the charged gauge boson sector. The mass matrix in this sector takes the

form:
12 %L —(1—a)gorgi —agorLgir
Mo = 9 —(1—a)gorgir 9t 0 . (B.3)
—agoLg1R 0 PR
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For a = 0 this mass matrix can be diagonalized in terms of the mixing angle ¢, given by

sin ¢L = goL s
2 2
\/90L + 911
cos ¢, = gL (B.4)

\/ oL +9iL
Recalling the coupling gz, defined in eq. (2.17), this implies

g = goL COS ¢, = gi1Sin @, . (B.5)

For nonzero vacuum expectation value we can solve perturbatively in the small pa-

rameter,

Nl H? |H
i <!¢2;> _ ‘sz _ \12}4 . (B.6)

There will be one light eigenstate, W*#, which we will identify as the standard model W=,
and two heavy eigenstates, ch # and VV}:%IE #. To O(a?), the masses are

2
M3, =~ ‘); [Qag% —a’g? ((3082 2¢r, + 1)]
2 f? 2 2 2 2f 2 2 QSLQ%R sin® ¢,
My, ~ 9 (901, + 911) — 2ag7, +a” | g cos”™ 2¢1, + 9 9
9or T 91 — 9ir

f? [ 2 o o GoLdipsin® oL
MZ, ~ gip +a* (g7 — VIR : (B.7)
W 2 [T r ggL + Q%L - Q%R

Expanding the gauge eigenstates in terms of the mass eigenstates, to O(a), we obtain
WOiL“ ~ W <cos o1 + Z sin4¢y, sin ¢L) + WEE“ (— sin ¢r, + Z sin4¢y, cos gbL)

.2
W <_a I oy + a gOLglRQSID ¢2L >
91R 9oL + 9iL — 9ir
WEH ~ Ty Em sin ¢y, — a . 4 g WEH . a . Ad7 si
i~ I 4sm ¢rcosor ) + W, Cos¢L+4sm ¢ sin ¢,
Wik <_a 9L i gy — o IOLGIRSID oL cos ¢L> (B.8)
9iRr 9oL +91L — 9ir

Wli}é‘ ~ WEH <a Iz > —i—sz <a éqOLgqumgbg ) —i—WI}t“ .
J1R 9or. T 91 — 9ir

B.2 The neutral sector

The mass matrix for the neutral gauge fields takes the form:

g —(1—a)goror.  —agorgir 0
2 2
—(1 — 0 -
M?VC _ f ( Q)QOLQIL 91, ) agi1LYoRr . B.9)
2 —agorgir 0 Jir —(1 —a)girgor
0 —agirgor  —(1 —a)girgor R
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For a = 0 the mass matrix is block diagonal, so that the SU(2)q;, x SU(2);; and the
SU(2)pr x SU(2)1r sub-matrices can be diagonalized separately in terms of the angles ¢,
defined in eq. (B.4), and ¢, defined similarly by

sin ¢ = 29°R L (B.10)
\/90R T 9r
cos pp = gL . (B.11)

\/ 9or + 9ir
The angle ¢p is related to the coupling gr, from eq. (2.17), by

9gR = GOoR COS PR = G1RSIN PR . (B.12)

After diagonalizing the two sub-matrices, there are two massless neutral states, which
correspond to the standard model W3* and B*. One linear combination of these is the
photon, which is massless for arbitrary values of the parameter a. It can be separated out
in terms of a third angle 6 (essentially the weak mixing angle), which is defined by

sinf = IR ,
NGRS
cosf = L . (B.13)
\/Q%Jrg%
The coupling to the photon is
1 1 1 1
2= o o = ot 5+ o + 5, (B.14)
€ g 9r Yo 91  Yor IR

so that e = g, sinf = gr cos 6.

For nonzero vacuum expectation value, there will be four neutral states: the photon
A# which is exactly massless, the light eigenstate Z#, and two heavy eigenstates, Z;, and
Zr. We can solve perturbatively in the parameter a for the masses and mixings of these
states. To O(a?), the masses are

M3 =0 (exact)
f2

M7~ ", [20(g] + k) — (g7 + gR) (cos” 201, + cos” 20r)]

2

f G2
Mz, ~ ", (g6 + 911) — 2ag7 + a” ( (97, + g7) cos” 201 + ALgI;

f2 GZ
Mz, =~ "y |3k + 9tr) — 209k +a® ( (97 + g) cos” 20 — ALg}; . (B.15)

where we have defined for compactness:

GLR = GoLYg1RSIN @[, COS PR + g1L.goR COS P L, SIN PR

Ag* = g5, + 91 — 9or — 9in- (B.16)
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Expanding the gauge eigenstates in terms of the mass eigenstates, we obtain

Wg’f ~ A (sinfcosor) + ZH (COSHCOS oL + ,Sm 4¢2LO:1;¢L>

in 4 0 G i
+2Z7 <— sin ¢, + Zsin 4¢r, cos ¢L> + % <_as1n ¢}Z(;?ISIHCOS oL +a LRAS;I ¢L>

sin4¢y, cos ¢L>

W ~ A* (sinf@sin ¢r) + Z* <cos€sin¢L —a

<1 4 19 3 G 4
—|—Z’£ <cos o1, + Zsinllqu sin ¢L> + Zl‘f2 <—abm R cosOsingr _ g TLRE® ¢L>

4sin 0 “ Ag?
34 . . . sin4¢g cos ¢g
Wik ~ A (cosOsin pr) + ZH | —sinfsinpr + a Asin g (B.17)
sin
in4 in 0 si G
Lzt (_asm (bzsclons Hsm OR 1 LRAC;; ¢R> +z4 <cos bR+ Zsin4¢R sin qu)
A i
BS‘R ~ AH (cosfcos pRr) + ZH <— sinf cos pp — asm fg;;n¢R>
5in 4 in 0 Grpsi
+2Z7 <—abm ¢L4801:s QCOS OR _ a LRA&gl;l ¢R> —i—Zg <— sinor + Zsin4¢R cos (bR) )

where the coefficients of A* are exact, while the other coefficients are correct to O(a).

C Fermion masses and mixing in the top quark sector

The mass terms for the fermions can be obtained from egs. (3.8) and (3.11). We are
assuming that A3 = 0, and that A\; and Ay are small for all fermions, except for the top
quark. Thus, the only Yukawa coupling that is non-negligible is A\; for the top quark sector,
and the only fermions for which there will be substantial mixing are in the top quark sector.
In addition, this Yukawa term only mixes charge +2/3 quarks, so that we need only be
concerned with them.

There are nine charge +2/3 quarks of each chirality in the top quark sector. Their

mass terms in the Lagrangian are

['top sector — _)‘Af (XtLAXﬁ%4 + fftﬁ) - )‘Bf (QtLB 55 + XtLBX%B)
“Aef (QFQE + XIENE + ¢ +17t5) (C.1)
_ 18, = _ 8, =
S (tfc—i— @4 +Xt;1)> <tgc_ @ +X§)> e,

V2

where s = sin(v/2|H|/f) and ¢ = cos(v/2|H|/f). The fields that come from the 1 multi-
plets are not mixed by the A\; Yukawa-term. They combine to form four Dirac states with
masses Mo = A¢f. In addition, we can diagonalize one linear combination of each of the
¢ and P fields that do not appear in the A\; Yukawa-term. Introducing the new linear
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combinations,

1
QB — (TB +KtB)
V2
tB 1 B tB
= (TP - K7
V2
A = s ! o <cTA + \2](“‘) (C.2)
— S
1 18
tA — KtA+ TA>
X V1—52/2 <c V2 ’

we find that the Dirac field K4 = (KEA, K&A) decouples with mass M4 = A4 f, and the
Dirac field K'P = (K!P, KtP) decouples with mass Mp = Apf.

The remaining set of three left-handed and right-handed fermions mix with a mass
lagrangian given by

Etop mass — _ﬂMtopTR + h-C-, (03)
where
Ty Th
QY t
and

M=y 1- 5 hey1- %
Mtop = f 0 )\B 0 .

0 A\ 5/22 in 3

(C.5)

This fermion mass matrix can be diagonalized with a biunitary transformation, V. MUT.
To simplify the following expressions, we recall the definition for the top Yukawa coupling,
eq. (3.15),

A2 \2
A= A C.6
FON + A (C6)
We also define
AN = N4+ N0\ (C.7)
Then, to O(s?), we obtain the mass of the light eigenstate (the top quark):
)\2 f2 )\6f2 )\4f2
2 AT 2 t M 4
=g 8 [4)\31)\% 2)2 } o (C-8)
and the masses of the heavy eigenstates:
)\2f2 )\2 )\2f2
mra = (V4 + M)+ [— t2 + BA;2 } s*
SR NP MM MR- L g
ANANT 0 207 (AN?)? 2(AN2)2 '
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and

)\2 )\2]02 )\4 )\4]02 )\2 )\2()\2 _ )\2 )f2
2 2 BM 2 BM AMAY B 4
, = — . 1
mys = Xp T [ AN2 } ’ [(A)\Q)?’ 2(AN2)2 (C.10
To O(s?), the left-handed gauge eigenstates in terms of mass eigenstates are
2 4 o2 2 2 2
tA 57N i8S A, ST ALY~ A
=(1- tr, + 7" + 7", C.11
= (1) T D T .
2L g2 A2)\2 is A2 MAB
TA _ 1— t 1B TA/ t t . TB/ C.12
L < 4T 2 ANz ) LT g2 T A Tl (C.12)
82 )\2)\2 82 )\2 )\1)\3
TP = (1- Sl botp 4 T C.13
g < 2 (A)\Q)Z> L aaen T AN T (G13)
while the right-handed gauge eigenstates in terms of mass eigenstates are
At 2 A2 (AN +3)0%) Dt
th = — 1 t T
E %( Taoeage JIRT AR
LA (SR XL s N3N (C.14)
AA 2 (AN?)? 4 (AN +23)? ’ '
s e (o SAOTE) AR08 H 8N
B 2 (AN2)2 4 (Nay)2 )R
Y s2 A4 (\3 4 3)7) .MM
1-— t T C.15
o )\A< 4 22 JIRTE AR (C-15)
R = 2 (AA2)2 BTN aAxe) TR '

D Higgs potential for small |H|/f

At small values of the Higgs field H, the one-loop Coleman-Weinberg potential can be
expanded as

V = m*H'H + NH'H)? + -, (D.1)
where the coupling A will also have logarithmic dependence on H'H. Letting m? = méauge—i-
m%ermion’ we have

3 A1 A1
2 _ 2 2 2 2
Mgauge = (42 {3MWLgL <ln MI%VL — 2) + Mz,.9r <ln M%R — 2)} , (D.2)

with M3, = M3, = (g3, + 62, F2/2, Miy, = g% f2/2 and M3, = (g3 + g2)//2 and
3 A2 1 2MA N2 M3
2 2 2 2 12 TpM T
Miormion = 82 {(2MTB)\1 —MTA)\t) <1n M% - 2) + M% —BM% In M%B , (D.3)
A A B A

with M2 = (A% 4+ A2)f? and M2 = )% f2.
Ta A 1 T B
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Expressing the (HTH)? coupling as A = Agauge + Afermion, We have

3 2 (2 2 A? M‘%V M‘%V 1
Agauge = T o562 {QOL (91L +91R) (hl MI%/L + M‘%VR _};W‘%VL In MI%; T 9

4 M‘%VL 1 4Q%M5VL AIEVR/JC2 M‘%VL
+2g7 (In - + 9 5 In
M2(H) 2 MZ, — M2,
A2 N M%R | M%L 1
n
MZ UM - M M3 2
M2 1 M?2 1
4 ZL 4 ZR
1 - 1 - D.4
tor (nMg(H) 2) +9R<DM§(H) 2 (D-4)

M?2 M?2 M2 1
2622 | 1 Zr L 1 ZR
29L9R (n MmeH) T M - MZ o M3, Ty

2(9% +g%)M%LM%R/f2] 1 M%L } n méauge

+ % (951 + 96r)(91L + 9iR) <1n

n
M%L — M%R M%R 612
and
2
VT 3 A - Mz, 1 (1) (2 —1) N NA2(1 — ) N MY
IO T 42 ) 4 MZ(H) 2 x3 x? x
_ 2)‘% + A%)‘% _ 2m%ermion’ (D5)
x2 T 3f2

where z =1 — M%A /M%B. In addition, in the above formulae, we use the field-dependent
masses for the light fields: M2, (H) = ¢g2(HTH)/2, M2(H) = (g% + g%)(HTH)/2, and
Mg (H) = N (HTH).

E Fermion sector with complete SO(5) multiplets and decoupled SM
partners

In order to probe the sensitivity of the model to UV completion of the fermion sector,
we consider a modification that leaves the fermion contribution to the effective potential
completely finite at one loop.* First, we make the fields 1/1}% and wf into complete SO(5)
multiplets by reinstating the missing SM partners, Qé and uf, in egs. (3.2) and (3.5).
Then we decouple them by adding two new fermions, Q'LA and u}f , which mix via large
mass terms,

Alass = ~NyQAQR — Npafulf + hc.. E.1)

With this modification, the Dirac mass terms proportional to A4 and Ap of eq. (3.8) now
preserve both the SO(5)g and SO(5); symmetries, since the Dirac fields ¢4 and ¢ are
in complete SO(5) multiplets. Instead, the collective symmetry breaking occurs through

4We are grateful to an anonymous referee for suggesting this modification of the fermion sector.
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the Yukawa terms of eq. (3.11), which break the SO(5); symmetry, and the decoupling
mass terms of eq. (E.1), which break the SO(5)¢ symmetry. However, these two symmetry-
breaking terms contain no fermion fields in common; therefore, any one-loop diagram
that contributes to the Higgs potential and breaks both SO(5) symmetries must contain
Dirac mass insertions to mix the fermion fields (in addition to the two symmetry-breaking
insertions). The requirement of the three separate contributions to the one-loop diagrams
renders them completely finite.

With the modified fermion sector, the masses of all of the original eigenstates are un-
changed, up to corrections of O(f2/ A’j, p)- In addition, there are two new heavy eigenstates
with Higgs-field-dependent masses given by

)\2)\2]0452
MR, = A3+ NP+ IA;‘; o oo
A
)\2)\21’4
MR, = NG+ 2517+ 11@ 4. (E.2)

where s = sin(v/2|H|/f) and ¢ = cos(v2|H|/f), and we have neglected terms of
O(f5/A’} 5). Including the effects of the heavy mass eigenstates in the Coleman-Weinberg
effective potential gives a new contribution of

3 429 oo A% 1 9 A% 1
AVtermion = _167T2f )\13 {2)\3 In AI]_% — 9 — )‘A In Aﬁ — 9 . (E?))
Redefining Ay 5 = e~ Y4\ 4 g, we obtain
3 A? A?
AViermion = — firis? {2)\23 In ., —X4n } : (E.4)
1672 A% A%

which is exactly the modified potential studied in section 4. As expected, the dependence
on the UV cutoff A in eq. (E.4) exactly cancels with that from the other fermion fields,

exchanging it for a dependence on the scales A4 and Ap.
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