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We investigate the potential of precision Higgs factory measurements to discover signatures of a
representative model of electroweak symmetry breaking in which the Higgs boson arises as a composite
Nambu-Goldstone boson. In this model, as in other models of the “Little Higgs” or Natural Composite
Higgs type, the primary perturbations of the Standard Model come from effects of vectorlike top quark
partners. We carry out an explicit calculation of the Higgs potential in this model. Applying
phenomenological constraints, we are left with a three-dimensional parameter space. We then present
results from a complete scan of this parameter space. The region in which there are significant departures
from the Standard Model predictions extends to models in which the lightest top quark partner has a mass
above 3 TeV. Little Higgs models with such heavy top partners also predict significant deviations from the
Standard Model in the top quark electroweak couplings, in particular, in the model studied here, in the #;

coupling to the Z boson.
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I. INTRODUCTION

The Higgs boson was discovered in 2012 [1,2] at the
Large Hadron Collider (LHC). Since then, the two main
experiments focused on probing the couplings of the Higgs
to vector bosons and fermions have been ATLAS and CMS
[3,4]. The results to date have all been consistent with the
predictions for the unique Higgs boson of the Standard
Model (SM), with coupling measurements achieving accu-
racies at the 10%—20% level for the W and Z bosons and
the third-generation quarks and leptons. The consistency of
these results with the theoretical predictions has firmly
established the 125 GeV Higgs boson as the main source of
spontaneous electroweak symmetry breaking. The High-
Luminosity run of the LHC (HL-LHC) is an upgrade,
currently underway, that will sharpen this picture by
increasing the precision of coupling measurements to the
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1%—4% level; and extending the search for additional
fermions beyond the 1 TeV mass scale [3].

Despite the great success of the LHC and its findings,
questions still remain in our understanding, namely, the
nature of the Higgs boson and the mechanism of electro-
weak symmetry breaking. In the SM, electroweak sym-
metry breaking is an assumption, implemented by the
choice of input parameters. Moreover, the SM does not
explain the large hierarchy of fermion masses, with ratios
exceeding 100,000 between the heaviest and lightest
fermions. It is therefore crucial to obtain new insights into
the properties and possible partners of the 125 GeV Higgs
boson. This motivation has led to proposals for new e e~
colliders designed as “Higgs factories” to enable higher-
precision measurements of the known Higgs boson 4 [4].
The hope is that precision measurements on the Higgs
boson can give insight into its possible partners and new
interactions. The top quark often plays a role in models of
electroweak symmetry breaking, and so precision studies of
the top quark are also part of this story. This paper will
concentrate on a class of models of electroweak symmetry
breaking in which the top quark plays an essential role.

Current proposals for Higgs factories now under con-
sideration include the ILC [5] in Japan, the CEPC in
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China [6], and the FCC-ee and LCF at CERN [7,8]. The
projected precision for Higgs boson coupling measure-
ments at these facilities is quite similar; in this paper, we
refer to the LCF projections for definiteness. The LCF
projections are based on full-simulation studies using
the international large detector (ILD) model, with all
relevant physics and beam-related backgrounds included.
See Refs. [9,10] for more details.

A question that is often asked about precision measure-
ments is: What is the mass reach for the sensitivity to new
particles? A simple estimate of the sensitivity can be
derived from the idea that corrections to the SM due to
new heavy particles should be parametrized by higher-
dimension operators in Standard Model effective field
theory. The leading such operators are at dimension 6,
leading to an estimate of the size of the corrections as

02 /M? ~ 1%, (1)

where v is the Higgs field vacuum expectation value and M
is the heavy particle mass, possibly suppressed further by a
factor of a,,. However, (1) is only an order-of-magnitude
estimate, which might be modified by a large dimension-
less prefactor. There are certainly beyond-SM theories that
give small corrections to the Higgs couplings. A more
meaningful question is whether there are opportunities for
discovery with Higgs factory precision measurements [11].
To address this, it is necessary to study explicit models of
new physics. This paper follows the approach of our earlier
paper [12], applied now to a very different class of models.
It is well-known that Effective Field Theory descriptions
of composite models of the Higgs boson such as the
strongly interacting light Higgs [13] can predict observable
deviations in the Higgs couplings originating from physics
at mass scales of 10 TeV and above. In this paper, we will
address the mass reach of precision measurements in more
explicit models of the Higgs boson in a composite state.
Observations at the LHC indicate that the 125 GeV
Higgs boson has properties similar to those of an elemen-
tary scalar particle. A mechanism that makes this natural in
the context of composite Higgs bosons is for the Higgs
doublet fields to be a set of Nambu-Goldstone bosons
associated with a strong interaction symmetry breaking at a
high energy scale [14,15]. Some explicit models that
implement this idea are the Little Higgs models [16] or
Natural Composite Higgs models [17,18]. In models of
Higgs as a Nambu-Goldstone boson, the high-energy
theory has a large symmetry group G broken to a subgroup
H by strong interaction effects. H would contain the
electroweak SU(2) x U(1) as a subgroup. If H remained
exact, the Higgs fields would be massless. However, the
original theory could also include additional interactions
that break G explicitly. Couplings to the electroweak
interactions could provide some of these effects. It is still
a problem if the perturbations induce quadratic divergences

in the Higgs in one-loop diagrams. Little Higgs models
avoid this issue using a mechanism called “collective
symmetry breaking” [19]. In models implementing this
mechanism, each individual weak coupling preserves
enough symmetry that the Higgs is an exact Nambu-
Goldstone boson and is forbidden from getting a mass.
This happens, for example, in models of chiral symmetry
breaking in which the left- and right-handed strongly
interacting fermions have different weak interactions. It
is not until two or more couplings are turned on simulta-
neously that the symmetry is broken sufficiently that the
Higgs field acquires a mass and becomes a pseudo-Nambu-
Goldstone boson (pNGB). Contributions to the Higgs mass
involve these couplings collectively, and so the Higgs
potential and the associated symmetry-breaking minimum
appear in the second order of the perturbation expansion.
This is an example of a scenario in which an underlying
symmetry breaking at 10 TeV can feed down in two stages
to a Higgs mass at the scale of 100 GeV.

In these models, signs of the physics of electroweak
symmetry breaking appear in various different quantities
that can be measured with high precision at Higgs factories.
First, there is a modification of the top quark and bottom
quark Yukawa couplings. Second, loop effects from heavy
top quark partners shift the Higgs couplings, an effect most
clearly visible in the couplings to W, Z, and gluons. Third,
mixings of the top quark that play a role in the generation of
the Higgs potential will typically modify the top quark
electroweak couplings to the Z and W. A comprehensive
exploration for signals of Higgs compositeness should
include measurements of all of these observables.

Models in which electroweak symmetry breaking
involves new interactions of the top quark must also
satisfy another experimental constraint. Necessarily, from
SU(2) x U(1) symmetry, the left-handed b quark must also
have the new interactions. Then there is a danger that the Z
boson decay width to the b will be altered, in conflict with
the very precise measurement of

I'(Z — bb)
Ry=—i———""—. 2
» 7 T(Z - hadrons) @)

at the Z pole [20]. A realistic model must avoid this
constraint. There are model-building solutions to the
problem, for example, the imposition of a new custodial
symmetry [21]. The models that we will study here respect
this constraint.

In view of the considerations just described, we will
study in this paper the effects on the Higgs boson and
the top quark generated at one-loop order in the Little
Higgs model presented in [22]. This model is a variant
of the model known as the “Littlest Higgs model” [23].
The strong-interaction symmetry breaking pattern is
G/H = SU(5)/SO(5). The Higgs fields are pNGBs in
this coset space. The model contains only one quark with
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the quantum numbers of b, , thus eliminating the possibility
of mixing of the b; with heavier states, the most important
source of modification of the b; coupling to the Z. The
price of this is that the model has a larger than expected set
of vectorlike top quark partners, including a partner with
charge 5/3. All of these new fermions must have masses
above about 1.2 TeV to avoid constraints from LHC
searches. We choose this model to illustrate the effects
that these vectorlike fermions can have on the Higgs boson
and top quark properties when these are measured with
high precision. Other Little Higgs models satisfying the
constraints listed above will have similar effects on the
Higgs boson and top quark sectors.

In this paper, we treat the particle spectrum at TeV energy
scales explicitly but describe the physics of SU(5) —
SO(5) symmetry breaking in an effective description.
The TeV-scale top quark partners give small corrections
to the precision electroweak parameters S and T. Also, as
shown in [24], treatment of the SU(5) symmetry breaking
with a UV-complete model produces additional precision
electroweak corrections at a similar level. In both cases, the
effects are too small to be seen at the current level of
electroweak precision. It would be interesting in future
work to comprehensively explore the predictions of this
and other Little Higgs models for a higher-precision
electroweak program such as that available in the Tera-Z
program of the FCC-ee [25,26]. Our goal in this paper is to
illustrate the consequences of these models for the Higgs
boson and top quark properties, which arise dominantly
from the TeV-scale sector of the model.

The structure of this paper is as follows: In Sec. II, we
review the general structure of Little Higgs models and the
specific properties of the SU(5)/SO(5) just described. We
also review the mechanism of collective symmetry break-
ing and explain how it gives rise to the top quark sector of
the model. In Sec. IIl, we analyze how this structure
impacts the Higgs Yukawa couplings to fermions and
bosons. In Sec. IV, we present the results of a complete
scan of the parameter space of the model. This will
illustrate the mass reach at which the influence of these
heavy fermions can be observed in the precision measure-
ments of Higgs Yukawa couplings. Section V discusses the
influence of the heavy partners on the electroweak cou-
plings of the top quark and illustrates the mass reach from
the precision measurement of these couplings. This is a
separate set of measurement that provides additional
information on the physics of the vectorlike top quark
partners. Section VI gives some conclusions.

II. ELECTROWEAK SYMMETRY BREAKING
WITH HIGGS AS A PNGB

In this Section, we review the elements of the Little
Higgs model of Katz et al. [22]. This model is based on a
strongly coupled field theory with the spontaneous sym-
metry breaking pattern SU(5) — SO(5). We remind the

reader that this is the expected pattern of chiral symmetry
breaking for a strongly coupled Yang-Mills theory with five
elementary fermions in a real representation of a confining
gauge group. We first give our description of the Nambu-
Goldstone fields that arise from this breaking of the global
symmetry. We then present the terms involving the fer-
mions of the model, the top quark and its vectorlike
partners. The mass terms and Yukawa couplings in this
sector give the explicit SU(5) symmetry breaking that will
eventually lead to the nonzero Higgs potential and to the
Higgs mass and vacuum expectation value.

A. SU(5)/SO(5) nonlinear sigma model

It is convenient to write the generators of SU(5) in the 5
representation as 3 x 3 block matrices with blocks of size
(2, 1, 2), corresponding to an SU(2) x U(1) x SU(2)
subgroup of SO(5) € SU(S). In the model, the generators
of the two SU(2) subgroups are then written

o?/2 0

where 1 is the 2 x 2 unit matrix. In the model [22], the
electroweak SU(2) will be generated by Qf + Q4 and will
be an exact symmetry at the level of the breaking of
SU(5) — SO(5) symmetry breaking. The orthogonal gen-
erators Qf — Q4 will be spontaneously broken at this level.
From here on, we will refer to these as SU(2) and SU(2)/,
respectively.

We describe the breaking SU(5) - SO(5) by a sym-
metric 5 X 5 matrix whose vacuum expectation value is
proportional to

(5)

_- O O
S = O
S O =

After symmetry breaking, the unbroken generators of
SU(S) are those that satisfy

TaZO + ZoTuT == O (6)

and the spontaneously broken generators satisfy
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XiZO - ZoxiT - 0 (7)

The generators of SU(2) belong to the unbroken subgroup.
Each NGB is associated with a broken generator. We can
display these as a matrix Il = 79X, given explicitly by

1 0“6 1
wtE v ¢
_ W _a L
= 3 R (8)
4 Bl g
i VBT

where h is a complex SU(2) doublet, and ¢ is a
complex symmetric 2 x 2 matrix, that is, a complex
SU(2) triplet. In (8),

h = (h*,h°), h = (=h°, ht). 9)
The field # is a singlet that is also an exact NGB. This must
be given mass, but it will not appear our analysis. If SU(2)’
is gauged, as it will be in this model, the fields 6 will be
eaten in the process of SU(2)" mass generation.

Fluctuations along the broken directions included in (8)
are encoded in IT and the nonlinear sigma field

T(x) = MW/, (10)

Here f is the analog of the pion decay constant, with a value
in the multi-TeV range. The kinetic term for the NGB fields
in the Lagrangian is

2
Ly :Ztr|DuZ|2’ (11)
with the coupling to the SU(2) x U(1) gauge fields

DS = 9,5 - ig;W,(Q4Z +£07)
—igB,(YE +=Y7). (12)

B. The top sector and the top quark Yukawa coupling

In the SM, the top quark is described by a left-handed
SU(2) doublet field Q = (#;,b;) and left-handed singlet
field T =7,, the antiparticle of the tz. In Little Higgs
models, the quadratic divergence in the Higgs mass is
canceled by the contributions of vectorlike fermions arising
from the strong interaction sector. In this model, we
introduce left-handed fermions X and X in the 5 and 5
of SU(5), forming a set of heavy vectorlike quarks. The
components of these multiplets—(p.7,g) and (p.7, ),
respectively—are listed in Table I, along with their quan-
tum numbers under SU(2)" x SU(2) x U(1)y.

These assignments lead to fermion-Higgs Lagrangian
terms

TABLE I. Components of the vectorlike quark multiplets X
and X.
SU(3), SU2) SU(2) U(l)y
X P 3 1 2 7/6
i 3 1 1 2/3
q 3 2 1 1/6
X q 3 1 2 -1/6
7 3 1 1 -2/3
D 3 2 1 -7/6

L, =MfXEX + Lfg0 + A3fTi+Hc.  (13)

These terms produce vectorlike fermion masses and
Yukawa couplings. It is convenient to write the mass
matrix in the basis (p,,%,g,,T) x (ps, 1, G, Q). Before
electroweak symmetry breaking, with (h) = 0, this mass
matrix takes the form

L O 0 0
0 4f 0 0
0 0 Af Af
0 A&f 0 O

This structure yields three massive charge 2/3 quarks and
one quark that remains massless at this level. This will be
the physical top quark, which can gain mass only from
electroweak symmetry breaking. The components of the
physical top quark are given (as left-handed fermions) by

_hg-40

q3 = ) (15)
VAT + 43
and
_ Mi-ANT
AT+ 3
They will obtain mass from a Yukawa coupling
Ahtqy + H.c. (17)
with
AMArd
14243 (18)

A= .
VBT R B TR

After electroweak symmetry breaking, the mass matrix will
take the form shown in Table II, with 6 = (h)/(\/2f).
There are several points to note about this structure of the
mass generation. First, the b; remains massless at this stage
of the analysis. Its mass will be supplied by additional,
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TABLEIL.  Full mass matrix for the charge 2/3 fermions. In this
table, 6 = (h)/(vV/2f).

P i a0 0,
Dy A fcos?6 Mf \/-sm 20 —), fsin?@ 0
7 Alf%sinw A1f cos 20 l]f\/iisinZH 0
a, —\,fsin?@ Alf\/izsinw A1 fcos? 0 bf
T 0 MIf 0 0

smaller, Yukawa terms. There is no other fermion with the
same quantum numbers, before SU(2) x U(1) symmetry
breaking, that can mix with it. Second, there is a vectorlike
fermion in the theory with charge 5/3. Thus the mass of
this fermion does depend on /, and so it does not contribute
to the Higgs boson properties through loop corrections.
Finally, the generation of the top quark Yukawa coupling 4,
requires all three coefficients in (13) to be nonzero.

C. Higgs potential from collective symmetry breaking

To make explicit predictions from this theory, we will
need the detailed formula for the Higgs potential. This is
given by exchanges of the SU(2) and SU(2)’ vector bosons
within the strong interaction sector and loop corrections
from the vectorlike top quark partners. This discussion
follows closely the analysis in [22].

In the nonlinear sigma model description, the potential
terms from SU(2) and SU(2) vector boson exchange
appear as quadratic divergences cut off at the scale f. These
terms reflect the structure of an SU(5)-invariant theory
broken in order ¢g*> by weak gauging. The unique form is

Veuge(Z) = CEf* tr[(Q9Z)(QIT)’]

+ Cq? fH[(YZ)(YZ)"]. (19)
We treat this as an order g° f> tree-level potential for 4 and

¢. Expanding to quadratic order in ¢» and quartic order in &
gives

2
gauge C92f2¢z] 2f(hh+hh)
2
+ Cg3f? ¢ij+§(hihj+hjhi)

- 1, .
+ Cg'? [fz(Zthhi + 4¢?j¢ij) ~3 (hlh)z] . (20)

This yields a positive mass for the ¢ triplet,
my = C(gi + g5 +497)f>. (21)

Notice the Higgs doublet % receives a mass from (20), but
only from the U(1) boson exchange contribution. This

mass term will be a relatively small contribution to the
eventual full Higgs potential. The SU(2) and SU(2)
exchange terms each leave invariant SU(3) symmetries
that forbid a mass for the pNGBs and so cannot generate
Higgs masses at this order. However, integrating out the ¢
fields generates an effective quartic coupling for the Higgs
doublet,

4913 + 4 (91 + B)g>

1=C
91+gz+4g’2

(22)

The 1-loop corrections to the potential (20) do generate
Higgs mass terms, since these involve terms that break both
SU(3) global symmetries. These give the Higgs mass terms

99°M2,  A?
omy = W log . (23)
64r> M2,
from the W’ exchanges, and
A A2
dmj, = —— M log— (24)

25
16722 M

from the massive ¢ exchanges. Both of these effects are of
order g*f2. Note that all three Higgs mass terms that we
have identified so far give rise to positive contributions
to 6m3.

The contribution of the top partners to the Higgs
potential is generated at one-loop order in the Yukawa
couplings in (13) by the Coleman-Weinberg formula

Mf(Z)M}(Z).

f
Avé\’)\’ == A2

tr(My(£)M}(Z))*log (25)

167>

where M(X) is the mass matrix given in Table II. It is useful
to have explicit expressions for the masses of the three
heavy top quark partners. These are,

Ml - A’lf’
Mo — a2 +ﬂ,2<h 2b2 /1;1<h>4( 4 _ aZbZ + b4) 1/2
2 a2 — b2 (a2 b2)3 ’
e (12— 22(h)*a® N 2 h)*(a* = a*b* + b*)\ /2
3 a2 — b2 (a2 b2)3 ’
(26)
with

=@ +R)1 P=E+RL (@)

For a generic set of Yukawa couplings, this expression
(25) would yield a contribution to the Higgs mass of order
222, where here A represents a Yukawa coupling. However,
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the charge 2/3 mass matrix exhibits a number of cancella-
tions that are summarized as

0= g%13{A4TA4] (28)
d 2
0= Tr((M"M)Y. (29)

These implement the collective symmetry breaking. The
first of these cancellations ensures that the Higgs mass
generated from the Coleman-Weinberg potential begins
only in order A% f2. The second cancellation implies that this
term is finite and not enhanced by a factor log(f2/M?). The
explicit expression for the heavy quark contribution to the
Higgs potential is

322 a’b? a?
Vst (h) = 32 (hTh) s log—= b2
M?wmy(a+ﬁ)
1672 (@ =)

2
~0whmw—w%m%%—w—m0

+2log Z—l;] . (30)

The heavy top partner contribution to dm? is negative.
This is a general feature of Little Higgs models, that
integrating out the heavy quark partners generates a
potential for the Higgs field with an instability to electro-
weak symmetry breaking. According to (18), the Yukawa
couplings in (13) will be larger than the top quark Yukawa
coupling y, = 1, so this term easily overcomes the positive
contribution to 5m? from integrating out the heavy bosons.
The required large 51ze of the underlying Yukawa couplings
will lead to large radiative corrections to Higgs couplings.
This is possible even while these Yukawa couplings stay in
the region in which they can be treated perturbatively.

III. MODIFICATION OF THE HIGGS BOSON
COUPLINGS

By minimizing the potential computed in the previous
Section, and constraining the Higgs boson mass, the Higgs
field vacuum expectation value (VEV), and the top quark
mass to their measured values, we determine the allowed
parameter space for the model [22]. Our next task is to
compute the couplings of the Higgs boson over this parameter
space and, in particular, the predicted deviations from their
SM values. The modification of Higgs couplings in Little
Higgs models was studied some time ago by Han, Logan,
McElrath, and Wang [27-29] and by Killian and Reuter [30].

In applying their analysis to this model, we follow the
strategy of [29]. In that paper, the basic input parameters are
taken to be the on-shell values of G, my, a, and m,,. In this

renormalization scheme, Higgs couplings receive a univer-
sal rescaling factor yg, and individual rescaling factors y,
for the h — AA coupling. Then Higgs partial widths
modified at the tree level are given by, for example,

Ty/Tplsm = y2Gszl27' (31)
The partial width for 7 — gg, which is generated at the one-
loop level, is given by the expression

i ViFi(7 )

yiF12(70) (32)

y/r lsm = sz

where the index i runs over the top quark and its vectorlike
partners in the Little Higgs model, and 7 = 4M?/m2, and

Fip(7) = =221 + (1 - 2)f (7)), (33)
with
arcsin®(1/+/7), T>1,
fe) = -2 [log HP mr, T <1 (34)

The parameters y, depend on the Yukawa couplings in
(13) and also on the v and the value of the triplet VEV
through the parameter

2/1h¢h
C Ap (35)
where 4,4, is the Higgs-triplet coupling and 4 is the scalar
triplet coupling [28]. Points in the parameter space of the
model must satisfy x < 1 for stability of the SM electro-
weak symmetry breaking pattern [29]. In the following, we
will follow [29] in representing the couplings g; and g, by

U N (36)

VI + 5 Vai+a

Evaluating the y, for our model, we find, for the
universal rescaling

5 X2\ v?
)’GF:1+<—+ >f2’ (37)
for the bottom and top quark Yukawa couplings,
1y v [ 2 n x X2
=T E\T3 )
v/ 2 x X yroh
=l+—5|-—+z—— B A 38
= (e S )

where i = 1, 2, 3, and for the heavy top partners
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2 2R

NG )

yr, =

The partial width for 7 - WW* is affected not only by
the coupling rescaling

2
=145 (g-g@-22) o)

but also by shifts in the values of my, m; and ¢,, = cos9,,
and s,, = sin#,, given by

v? 1 1 1

-t (e L)
2 5 1 m?

R I PRI | L

Y = T Y T
v’ s 1 s2, m%V

R [—sz] —ata @

In writing these formulas, we have taken account of the fact
that the model includes only one gauged U(1) group,
U(l)y. The M, term in the above equations is a
consequence of the SU(2) mixing, and having only the
one gauged U(1)y eliminates any M, terms that arise in
other equations in Appendix A of [29]. The partial width
for h - WW* is then given by

2
Y
Uy /Twlsm = yg 55 (42)

r Y, Ve,
These equations enable systematic studies of percent-
level deviations in the Higgs couplings.

IV. SURVEY OF THE PARAMETER SPACE

We are now ready to present the main results of this
paper, surveying the opportunities within the model of [22]
for the discovery of deviations from the SM through high-
precision measurement of the Higgs couplings.

Using the phenomenological formulas given above, we
scanned the parameter space of the model in the following
way: The model depends on the three coupling constants
g1» ¢», and ¢, the three Yukawa couplings 4,, 4,, A3, the
pion decay constant f, and the one-loop gauge potential
parameter ¢ in (19). Fixing the SM input parameters g, ¢, v,
and m,, and the top quark mass m, then gives a three-
dimensional parameter space. We explored this space by
varying values of the Yukawa couplings between 0 and 3,
values of f up to 3 TeV (corresponding to strong interaction
scales up to 4zf = 12 TeV). We also scanned over the
parameter C between 0.05 and 1 to find a value that allowed
us to reproduce the observed values of the Higgs mass and
VEV. The value of the mixing angle s was scanned between
0.05 and 0.5, from which the values of g; and g, were

Heavy Top Mass Ratio vs f

2.00
195"
1.90 |
glg
185
1.80 |
175
1701 N U A I ——
05 1.0 1.5 2.0 25 3.0
f[Tev]
FIG. 1. Mass ratio of the first and second heavy top partners as

a function of f. The three curves show the parameter choices, top
to bottom: 1,/4; = 1.3, 1.5, 1.7.

calculated. These are primarily constrained by the param-
eter x. For each parameter set, we minimized the potential
given in Sec. II C. To make this easier, we first computed v
by balancing the fermionic contribution in (30) against the
quartic Higgs interaction (22) and then treating the remain-
ing terms as perturbative corrections. We then eliminated
solutions violating the stability condition x < 1.

Using this strategy, it was difficult to find any points that
give reasonable agreement with the known values of v and
m,. To overcome this difficulty, we carried out an initial
random scan of the parameters using a very large number
points. After finding a number of seed points that satistied
the constraints, we then carried out, for each of these, a
random scan with 5% variation of the parameters. New
solutions discovered in this way were used as new seed
points, and so, eventually, we discovered extended param-
eter regions that satisfy the constraints. Having accumu-
lated points in the parameter space in this way, we then
used the formula of Sec. Il to compute the expected
deviations of the Higgs couplings.

In the space of solutions that we identified, the top
partner masses generally have the relation

Ml <M3 <M2. (43)

Looking back at the formulas for these masses in (26), we
see that the mass M is highly correlated with the value of
f. However, the solution space seems to divide into two
distinct regions based on the mass ratio of the heavier
partners M5/M,. The dependence of the mass ratios on
these parameters is shown in Figs. 1 and 2.

Our results for the Higgs coupling deviations are shown
in Figs. 3—6. The two distinct regions of parameter space
are clearly indicated. The upper bound of the allowed
regions has the expected 1/M? decoupling behavior.
The solid lines correspond to the parameter choices for
the Yukawa coupling ratio 4,/4; shown in Figs. 1 and 2.
The horizontal lines indicate the expected 3¢ significance
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Heavy Top Mass Ratio vs f

0.5 1.0 15 2.0 2.5 3.0
f[TeV]

FIG. 2. Mass ratio of the first and third heavy top partners as a
function of f. The three curves show the parameter choices, top to
bottom: 4,/4; = 1.3, 1.5, 1.7.

expected from the successive stages of the LCF exper-
imental program with data samples of 3 ab~! at a cm
energy of 250 GeV, 4 ab™! at 550 GeV, and 8 ab™! at
1000 GeV. The bottom line is very close to the 3o
expectations for the LCF with 4 ab=! at 550 GeV and of
the full FCC-ee and CEPC programs. For all of these
facilities, the mass reach of the precision Higgs measure-
ments of the individual Higgs couplings to b, W, and g
indicates 3¢ sensitivity to heavy top quark partners of 3—
5 TeV. The combination of these measurements would give
a discovery of well above 56 significance. Please note that
we have chosen to display the scan data against the lowest

.0 Bottom Yukawa Coupling Deviation

35

3.0

Deviation from SM [%]
N
(%))

20
. e
15
1 5 ..........................................................
4.0 T I R A 1.0
2000 ‘ 4000 6000 8000
mri[GeV]
FIG. 3. Scatter plot depicting the percent change of the bottom

quark Yukawa coupling from the SM value, over the parameter
space of the Little Higgs model. The horizontal axis shows the
mass M of the lightest top quark partner. The solid lines show
the values in the three scenarios for the ratios of heavy partner
masses A,/4; = 1.3, 1.5, 1.7 shown in Figs. 1 and 2. The color of
each point indicates the value of f. As in our study [12], the
horizontal dotted lines show the lines of 3¢ significance of three
stages of the proposed LCF experimental program. The bottom of
these lines is close to the 3o significance value for FCC-ee
and CEPC.

Top Yukawa Coupling Deviation f
10 — — — — 1

20

Deviation from SM [%]

1000 2060 3000 4000 5000 60b0
mr1[GeV]

FIG. 4. Scatter plot depicting the percent change of the top quark
Yukawa coupling from the SM value, over the parameter space of
the Little Higgs model. The horizontal axis shows the mass M of
the lightest top quark partner. The annotation of the plot is as in
Fig. 3. In this case, only the lowest two horizontal lines are shown.

W Yukawa Coupling Deviation f
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FIG. 5. Scatter plot depicting the percent change of the Higgs

boson coupling to the W boson from the SM value, over the
parameter space of the Little Higgs model. The horizontal axis
shows the mass M; of the lightest top quark partner. The
annotation of the plot is as in Fig. 3.
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FIG. 6. Scatter plot depicting the percent change of the Higgs
boson coupling to the gluon from the SM value, over the
parameter space of the Little Higgs model. The horizontal axis
shows the mass M, of the lightest top quark partner. The
annotation of the plot is as in Fig. 3.
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of the three top partner masses. There are models shown for
which the value of M, to which these measurements are
sensitive is greater than 10 TeV.

The measurement expectation for the top quark Yukawa
coupling for LCF at 1000 GeV is a precision of 1%. This is
essentially the same as the expectation for FCC-hh. This
measurement does not seem to add much significance to the
discovery in any model in this class.

V. MODIFICATION OF THE TOP QUARK
ELECTROWEAK COUPLINGS

We noted in the Introduction that, in addition to
modifications of the Higgs couplings, Little Higgs models
will also modify the top quark coupling to the Z boson.
Using the same scan that we have presented in the previous
Section, we can explore the size of this effect in the
parameter space of the model [22].

The electroweak coupling modifications were also
worked out in the general analysis presented in [28].
Specializing the formulas presented there to this model,
we find for the left- and right-handed couplings of the b
quark to the Z boson

g 1 1 v? ¢ ,
=2 |(-+3%) -frment

g 1,

< - , 44
i |(+57)] “
and for the left- and right-handed couplings of the top quark
P9 (L 26 P e
=, K+ 3% ) T\ T T

2
a-2((32)]

A A
4 A
B+ )

B

(46)

and x¥" is a correction due to the mixing of the two sets of
SU(2) bosons, given by

c ’ 2(c? —5?

ZCWX?/ ES —¥ (47)
This correction, equal and opposite for up and down
quarks, is also present in the light quark couplings to
the Z. The resulting shift of the b; coupling then largely
cancels out in the ratio R,. The formulas of [28] also
include larger corrections due to the mixing of the SU(2)
with heavy U(1) bosons that are not present in the model
that we consider here.

6gl/gL t Coupling Deviation £

eviation from SM [%]

D
o
o

0.6

3000 4000 5000 6000
mr1[GeV]

FIG. 7. Scatter plot depicting the percent change of the
electroweak coupling of the #; to the Z boson over the parameter
space of the Little Higgs model. The horizontal axis shows the
mass M of the lightest top quark partner. The annotation of the
plot is as in Fig. 3. The single horizontal line is the line of 3¢
significance from the LCF program at 550 GeV.

To compare to the capabilities of Higgs factories, we
observe that our Little Higgs model gives no correction to
the 7z coupling, while for the f#; coupling there is a
fractional shift
W
z

t 2 42 2 c
Ogp, _ vTX[ H Xy WXz

W

g P 1-(4/3)st
The values of this quantity over the parameter space of the
model are shown in Fig. 7. The measurement of this
quantity from e*e™ — 17 is discussed in [8], which expects
the precision

(48)

6 !

2L — 0.28%, (49)
9L

from the LCF program at 550 GeV. The excellent sensitivity

results from the fact that the cross section is dominated by s-

channel y and Z exchange. The two contributing amplitudes

can be separated using beam polarization.

VI. CONCLUSIONS

In this paper, we have displayed the sensitivity of
precision measurements at Higgs factories to an explicit
model in which the Higgs boson is composite, realized as a
Goldstone boson of a symmetry breaking at a high mass
scale. Models of this type obey many constraints, from
precision electroweak measurements and from direct
searches for top quark partners and other heavy states that
they include. Still, these models provide large parameter
spaces in which ideas about the phenomenology of these
models can be tested. They are especially interesting as
examples of models with large little hierarchies that appear
naturally and point to physics goals beyond the reach of
the LHC.
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We have seen here that ete™ Higgs factories allow the
observation of many signatures of these models, in the
Higgs Yukawa couplings, in other Higgs couplings that
the heavy particles of the theory influence through loop
effects, and in the modification of the electroweak inter-
actions of the top quark. This is only one of the many
beyond the Standard Model scenarios for which Higgs
factories offer important opportunities for discovery.
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