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We present a version of the twin Higgs mechanism with minimal symmetry structure and particle
content. The model is built upon a composite Higgs theory with global SO(6)/SO(5) symmetry breaking.
The leading contribution to the Higgs potential, from the top sector, is solely canceled via the introduction
of a standard model neutral top partner. We show that the inherent Z, breaking of this construction is under
control and of the right size to achieve electroweak symmetry breaking, with a fine-tuning at the level of
5%—-10%, compatibly with the observed Higgs mass. We briefly discuss the particular phenomenological

features of this scenario.
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I. INTRODUCTION

The LHC has made the electroweak (EW) hierarchy
problem a concrete issue. Supersymmetry (SUSY) or
compositeness, the long-term solutions to this naturalness
problem, require colored particles within LHC reach and,
therefore, seem increasingly disfavored by data. However,
clever modifications of the standard scenarios can still
provide rather natural solutions. This happens, for instance,
within the neutral-naturalness paradigm: the little fine-
tuning problem of SUSY or composite theories is cured via
the introduction of light standard model (SM) neutral
states, pushing the scale of the SUSY or composite partners
beyond LHC reach.

Twin Higgs (TH) models are an explicit realization of
this paradigm. The Higgs arises as a Nambu-Goldstone
boson (NGB) from the spontaneous breaking of a global
symmetry G to H, at a scale f ~ TeV. As a consequence,
Higgs nonderivative interactions and, in particular, the
Higgs boson’s potential, are protected by symmetry. The
couplings of the Higgs to the SM fermions and gauge
bosons break explicitly such a Higgs shift-symmetry,
inducing a sensitivity of the radiatively generated Higgs
potential to the cutoff scale m, ~ g.f = TeV, i.e. the mass
of the SUSY or composite partners. However, in TH
models, this sensitivity can be weakened via the introduc-
tion of neutral copies, called twins, of the SM fields [1-26].
This allows us to realize a heavier spectrum of SM-
charged (in particular colored) partners without worsening

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2018,/97(3)/035017(12)

035017-1

fine-tuning. Indeed, a discrete Z, symmetry that relates the
Higgs as well as the SM matter and gauge particles to their
corresponding twins, ensures that the leading order (LO)
potential, proportional to m2, is G-invariant and, therefore,
Higgs independent. In this article, we wish to identify the
essential features of this mechanism, by keeping only its
bare minimum ingredients, at least from a low-energy
perspective.

The key player in the radiative generation of the Higgs
potential is the top quark, while the EW gauge and scalar
contributions are not a severe concern: given the energies
accessible at the LHC, the latter do not lead to a significant
fine-tuning problem. Therefore, the indispensable element
in TH constructions is the SM-neutral partner of the top
quark (charged under a copy of QCD), together with a
parity that guarantees a vanishing LO contribution to the
Higgs potential from the top sector. Given the top Yukawa,
yiigHqp +H.c. = y,ix(h°t; — h*b;) + H.c., then all that
is needed is that the copy of the top, 7, z, couples to a
complex scalar 7°, y,?RiinL + H.c., with strength y, = y,.
This would suggest that the global symmetry that relates H
and 7° is G = SU(3) x U(1) [27,28]; however, a NGB
Higgs cannot arise from its spontaneous breaking while
preserving a custodial SU(2); x SU(2)g X Py g O H sym-
metry [29,30]. Since the smallest symmetry group G under
which this Higgs sector transforms should have at least
rank three, then the minimal custodially protected sym-
metry breaking pattern where the cancellation of the LO top
potential can be realized is SO(6)/SO(5). In this paper we
focus on this case.

Importantly, by construction a Z, symmetry that relates
t g <> Ip g and h® <> h° can only enforce §, =y, up to
explicit breaking effects mediated by the bottom quark or
the gauge bosons. Despite these breakings seem to prevent

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.97.035017&domain=pdf&date_stamp=2018-02-27
https://doi.org/10.1103/PhysRevD.97.035017
https://doi.org/10.1103/PhysRevD.97.035017
https://doi.org/10.1103/PhysRevD.97.035017
https://doi.org/10.1103/PhysRevD.97.035017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

JAVI SERRA and RICCARDO TORRE

PHYS. REV. D 97, 035017 (2018)

a proper implementation of the parity, they can be regarded
as NLO effects, against which TH models do not provide a
protection of the Higgs potential anyway. Moreover, even if
one might conclude that the absence of a bona-fide discrete
symmetry precludes y, =~ y, to start with, one can in fact
think of completions where an exact Z, symmetry gets
broken at a high UV scale Ay, > m,, delivering our model
at lower energies (we provide examples of such comple-
tions in Appendix B). We carefully study under which
conditions running effects down to the scale m,,, which tend
to split the Yukawa of the top and the Yukawa of what we
call the brother top, 7, can be kept under control.' Provided
this is the case, the tuning in our scenario is approximately
given by twice & = v%/f? with v = 246 GeV, as in standard
TH models.

The paper is organized as follows. In Sec. II, the structure
and symmetries of the sector giving rise to the Higgs are
presented. Sections III and IV are devoted to the gauge and
fermionic sectors, respectively, as well as to their contri-
butions to the Higgs potential. The breaking of the EW
symmetry and the generation of the Higgs mass are
discussed in detail in Sec. V. In Sec. VI, we outline the
phenomenological implications of our model, paying
special attention to the differences with respect to the usual
TH phenomenology. Conclusions are drawn in Sec. VII.

II. THE STRONG SECTOR

We base our discussion on a composite Higgs model,
with mass gap m, and typical coupling between the
composite states g,. The Higgs doublet emerges as a
NGB, along with an EW singlet 7, from a strong sector’s
global SO(6) symmetry spontaneously broken to SO(5)
[31,32]. We chose to parametrize the SO(6)/SO(5) coset
with the nonlinear vector

©=Un)®=(n; 7 3 7y 75 o),

7wy = h, s =1, o=

where @ = 1, ...,5. The NGBs transform as a 5 of SO(5),
while @ ~ 6 of SO(6). The matrix of Goldstones U(r), as
well as the fifteen generators 74 of SO(6), can be found in
Appendix A. The scalar 7, along with the putative radial
excitation of the symmetry breaking scale, identified with
o, conform what we call the brother Higgs (referred to

"This is somewhat reminiscent of models of gauge coupling
unification (or Yukawa coupling unification): assuming the
existence of the brother top coupled to an SO(6)-symmetric
Higgs sector, the relation y, = y, at the scale m, is inferred from
the fact that the Higgs potential is small, suggesting a common
origin of both couplings in the UV, even if an exact symmetry is
absent in the IR. By running the Yukawa couplings to high
energies, one can estimate the scale at which such a symmetry
should be recovered.

as A" in the introduction). The Higgs is given by
H = (h+]’l0 )T :\/Lz(ﬂ'z + iﬂlh - iﬂ'3 )T.

The kinetic term for the NGBs, in the absence of any
gauging of the SO(6) symmetries, is simply given by

2 2 &a 212
Lm0

f2
7 ‘aﬂq)lz
b

where f ~ m,/g, is the o-model decay constant.
Among the internal parities of SO(6), we are particu-
larly interested in

1,
7): ﬂz ) (3)
1,

which exchanges (734 ) with (7o ). Notice that 73 is the
NGB eventually eaten by the Z boson, after gauging the
EW subgroup, while the W* eat 7, ,.

The strong sector is also assumed to preserve global
SU3)cxU(l)y and SU(3)¢ x U(1)y symmetries, as
well as an external parity Z, exchanging C,X < C,X.
The combined action of P x Z, on the strong sector
realizes the Z, symmetry required to implement the TH
mechanism on the top sector.

Beyond the conserved currents associated to its global

symmetries, 7 ~ 15 of the SO(6), JE&X and J5¥, the
strong sector also contains fermionic operators with
nontrivial quantum numbers under SO(6) x SU(3),x
SU3)e x U(1)y x U(1)x, in particular W, ~ (1,3,1),3
and ¥, ~ (1,1,3),5, as well as ¥, ~(6,3,1),5, and
¥, ~(6,1,3)),; with ¥, , <> ¥, under Z,. The SO(6)
fermionic multiplets decompose under the unbroken SO(5)
as 6 =5 @ 1, such that ¥, = (¥5¥; )" and likewise for
¥,. The SO(6) vector current decomposes as 15 = 5 @ 10.

III. THE GAUGE SECTOR

A subgroup of the global symmetries of the strong
sector is gauged by elementary vector fields. Within
SO(6) x U(1)y, the subgroup SU(2); x U(1), is identi-
fied with the EW group, with ¥ =T%+ X (T3 the
unbroken generator of the U(1) subgroup in SU(2)g).
Likewise, SU(3). is identified with the QCD group.
Beyond the SM gauge content, we can introduce two extra
sets of elementary vectors that gauge SU(3)z and U(1)p,

with O = T,7/\/§ +X (T, the broken generator associated
with the NGB 7). We call these new gauge fields the brother
gauge bosons. Explicit matrices for the generators can be
found in Appendix A.

Weak gauging implies linear couplings between the
elementary gauge fields and the corresponding strong
sector currents, Ii.e. Aﬂj”, that are reproduced by the
covariant derivatives 9, — D, = 8, — iAAT*, where
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AGTY = WeT§ + B,Y + GaT¢ + 7,0 + GiT4. (4)

identifies the embedding of the elementary gauge bosons
(=1,2,3,a=1,...,8).

The presence of kinetic terms independent of the
strong dynamics is what characterizes the elementary gauge
bosons,

1 1
aWVaWe -5
4q1

5
463

O

B

7z, (5)

and likewise for G and G with gauge couplings g5 and s,
respectively. Consistently with the Z, symmetry of the
strong sector, a discrete Z, symmetry Gy <> ij can be
imposed on the elementary sector, which enforces g3 = 75.
However, we note that in our model there is no limit in
which a similar parity can be imposed between (any of) the
EW gauge bosons and the Z. For instance, the internal
parity P exchanges T3 = (T} — T})/v/2 with T,, but T¢
and T are gauged with two different gauge couplings, ¢,
and g, respectively, with no obvious connection to g, at
least from an IR perspective. In fact, due to the absence, by
construction, of an exact Z, symmetry in the EW gauge
sector, other combinations Q = aTl, + pX could be gauged

as well, or O could even not be gauged at all. In
Appendix B we expand on this discussion, providing
plausible relations between the gauge couplings from the
requirement that a complete Z, symmetry in the gauge
sector is recovered at a high scale Ay, > m,, as well as

discussing the consequences of not gauging Q, in which
case 77 remains uneaten. Regardless of these considerations,
we note that provided § is not strong at m,, such that the
associated Higgs potential is under control (see Eq. (7)
below), the fact that § is unrelated to the EW couplings does
not pose any serious issue.

According to the gauging in Eq. (4), the W*, Z and Z
become massive, with the required extra degrees of free-
dom, 7, and 7, provided by the strong sector, and the
required interactions following from Eq. (2). Canonically
normalizing the gauge bosons and moving to the unitary
gauge, where 7, = 1 = 0, the complete kinetic term reads

f? , P00 gf? o1
—|D,®|F ==— 222 2 WiWH —Z7 7
5 Pl =5 et IR P
~2 2
+ % (1 - 12,20, (6)

Obviously, EW symmetry breaking (EWSB) must take
place, i.e. (h)? = v?/f? = &, for the SM gauge bosons to
become massive.

The partial gauging of the strong sector’s SO(6) global
symmetry explicitly breaks the shift-symmetries associated
with the Higgs, giving rise to a potential for the then

pseudo-NGB /. The leading order (LO) contribution,
derived from symmetry considerations only, reads

VOV = ¢,y ROTTTAD
A

IR T R e

where the coefficient ¢, is exactly the same for all the terms in
the sum, owing to the symmetries of the strong sector. Its
NDA estimate is ¢, ~ 3m3 f*/327*, where m, < m., can be
interpreted as the mass of a composite vector resonance (with
the quantum numbers of the strong sector current J: ;‘)
regulating the size of the potential. Equation (7) is the only
purely gauge contribution to the Higgs potential relevant for
our discussion. Note that the EW piece is partially cancelled
by that of the brother Z. The remaining Z,-breaking terms
will be important in the following, since they provide a Higgs
mass term that is needed to achieve a phenomenologically
viable EW minimum, as discussed in Sec. V.

IV. THE FERMIONIC SECTOR

The elementary sector includes fermionic fields with the
quantum numbers of the SM fermions. These interact with
the strong sector via partial compositeness [33], i.e. linear
couplings with composite fermionic operators w'V, at least
for what regards the third generation quarks. In particular,
q;, couples to ¥, with y; strength, while 75 couples to ¥,
with coupling yg. Note that when yp — g,, limit we are
interested in, 7 can be directly identified with the right-
handed component of ¥, taken in this case as a (chiral)
massless composite fermion. The low-energy interactions
of the left-handed top (and bottom) are parametrized by the
field

(i b it -1 0 0)",
(8)

where v, are the embeddings of the left-handed top and
bottom, respectively. Two extra elementary fermions, the
brother left- and right-handed tops, 7; and 7, are introduced.
They are singlets under the SM elementary symmetries, but
carry charges under the extra gauged symmetries, specifi-
Cally ;L ~ 37/6 and ER ~ 32/3 of SU(3)C~ X U(l)Q They
couple to the Z, counterparts of the composite fermions
mixing with ¢; and tx, i.e. ¥, and ¥,, with strengths ¥, and
V&, respectively. The interactions of 7; are then parametrized
by the embedding

Or =vpby + 8 =

1
7

~ . 1 . - \7
QL:U;tL —E<O 0O 0 O itL _tL> . (9)

Both the top and brother top acquire Yukawa couplings,
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yif O ®tg + 5,f O, Pix + Hec.

- —%ﬁLhtR - %ﬁmm — Wig +He., (10)

where selection rules and NDA fix y, ~ y;yr/g, while
Vi~ VLIR! G- )

Given that the couplings of ¢; and 7; explicit break the
shift-symmetry of the Higgs, a potential is radiatively
generated. The LO contribution, from one-loop top or
brother top diagrams, can be derived based on their
spurionic quantum numbers

VUV =c,y7 Z v, v, ® + ¢, 77 DT v;vi @
y=t,b

o iR+ (1 - ), (1)

2

where the same coefficient ¢, is present for all the terms in
the potential, owing to the symmetries of the strong sector:
in particular the parity P x Z, ~which effectively
acts as f; g <> 17 g. This coefficient is estimated as
¢, ~ 6mg,f2/327%, where my < m, can be interpreted as
the mass of a composite fermionic resonance at which this
term is saturated. Crucial in our construction is the fact that
when y; = §; at the scale my, the Higgs dependence of the
potential in Eq. (11) approximately cancels. Note that the
b; only plays the role of preserving the SU(2), x U(1)y
invariance of the potential. As in standard TH models, the
twin bottom does not play any role in the aforementioned
cancellation. This is why there is no need to specify the
gauge quantum numbers of EL,R or their couplings to the
strong sector (as long as these are small), nor that any Z,
symmetry is respected in the bottom sector. Gauge anoma-
lies associated with SU(3) x U(1)4 should vanish. There
are several ways to achieve this, even if no Z, partners for
the leptons are present. For instance one can take b; ~ 3_7¢
and bg ~3_y; (from e.g. T,(b,) = —1/v2, T,(bg) = 0).
Other options that do not require brother leptons are
possible and can give rise to vectorlike masses [17]. If
Q were not gauged, a brother bottom would no longer be
necessary.

The equality between the couplings of ¢; and 7; can be
consistently enforced provided NLO contributions associ-
ated with extra loops of ¢g; or gauge bosons can be
neglected. Let us study these contributions in more detail.
Regarding the gauge couplings, the interactions of 7 and 7
with the EW and Q gauge bosons differ, since no exact
exchange symmetry applies to the latter. This explicit Z,
breaking feeds back into the top sector at one loop, as a
nonvanishing Ay? = y? — 3§27, whose size at m, can be
estimated as

Ag+3A QZ_AQZ Ay,
=y i T Jog?2 | (12)
Vs m,

where A, A,, A are O(1) coefficients that we cannot
predict and A, is the scale at which the differential running
of y; and ¥; due to the gauge couplings initially arise. For
simplicity we will take A; =A, = A in our numerical
analysis below.” Note that the SU(3), gauge coupling
could also be different from the SU(3)¢ one if the colored
particle content below Ay, differed, for instance if the
brothers of the light SM quarks were absent. This would
give rise to another term in (Ay?) ;> Parametrized as

A3(g5 — 33)/16a and generically large. In this work we
assume for simplicity that the spectrum above m, is such
that g3(m,) ~ g3(m,) and this contribution is absent.
Another source of explicit Z, breaking arises from the
fact that the SM bottom does not have a Z, partner (or that
the presumed brother bottom does not couple to the strong
sector in a Z,-invariant way), as it is apparent from the
embeddings in Egs. (8) and (9) and the action of the parity
‘P. This gives rise to another contribution to the differential
running of y; and y, that is proportional to y; itself,

3By A
ylz‘ log 2! ,
16x m,

(Ay1), = (13)
where B = O(1) and in this case Ay, is the scale where the
differential running due to y; starts, which one might
expect to be similar to that in Eq. (12); see Appendix B for
illustrative examples..3

These Z,-breaking terms add to the gauge contribution
discussed in the previous section. The implications of these
effects will also be discussed in Sec. V.

There are further relevant contributions to the potential
which, even if Z, symmetric, break explicitly SO(6). The
first are generated at the scale m,, as in Eq. (11) but at order
O(y}) or O(31). We compute them also via a spurion
analysis,

2
oa (i) oo

w=t,b
+eg Z |0y [2(®T v, 0], ®) + ¢} 5} | 03] (DT v;0] @)
v =tb
d,
=yt 5t 1R+ St 45 1))
(14)

“This is a reasonable relation given the symmetries of the
strong sector: they enforce A; = A, = A exactly in the limit
where the elementary gauge fields do not couple to 7 XX,

3One should also presume that the boundary condition for Ay?
at the scale Ay, is nonvanishing, although the corresponding
threshold corrections will generically be smaller than the
logarithmically enhanced contributions we have presented [34].
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The term proportional to d,, is Z, symmetric but it gives rise
to both a Higgs mass and a quartic term; its NDA estimate
is 6f/327%. Instead the term proportional to ¢/, contains
only a Z,-breaking Higgs mass term; we expect it is
generated at two loops, with a further suppression
(g./4)?, and we neglect it in the following.

The second type of effect is IR generated, and comes
from the renormalization group (RG) evolution of the
potential from the scale m, down to the scale at which
the Higgs mass is measured, that is, for instance, m,. The
largest contribution to this running comes at leading
logarithm (LL) from the light fermionic degrees of freedom
coupling more strongly to the Higgs, i.e. the top and its
brother. At next-to-LLL (NLL) also QCD and the brother
QCD interactions should be taken into account, since they
significantly contribute to the running of y, and y,.
Moreover, at NLL one also has to consider the effect of
higher-dimensional operators (HDO) associated to the
NGB nature of the Higgs, which modify the running of
the brother top Yukawa. Notably, the effect of RG evolu-
tion, compared to the UV threshold contributions generated
at m,, is logarithmically enhanced and, as already noticed
in the literature [13,14,20,24], almost saturates the
observed value of the Higgs quartic (or equivalently the
Higgs mass, once the correct EW vacuum has been
achieved). Moreover, while the IR contribution is calcu-
lable solely in terms of low-energy degrees of freedom and
associated observables; thus, being rather model indepen-
dent (up to details discussed in Appendix C), the UV
contributions depend on the spectrum of composite states.
For these reasons, in the following, we will parametrize the
UV effects with free parameters, whose size we will extract
(and compare with their NDA estimate) from the require-
ment of a phenomenologically viable Higgs potential, once
the IR effect has been computed. Examples of UV
completions where the threshold contributions are calcu-
lable are two-site models [13,14,24], extra-dimensional
constructions [9] and SUSY models [5,7,23].

Let us discuss the IR contribution in some more detail,
starting with some general remarks. There are two small
parameters on which the physical Higgs mass will even-
tually depend: one is the leading loop expansion parameter
(gw/An)* log(m2/miy), with  gr = {y,, 3,93, 93} and
mir = {m,, m;}, and the other is &. For heavy composite
states with masses m, ~ 5—-10 TeV, outside direct LHC
reach, and given the constraints on & from EW precision
tests (EWPT) and Higgs couplings [24], these two param-
eters lie in the same ballpark of 5%—-10%. It is, therefore,
advisable to consider a joint expansion in (log, £), where
log is a shorthand notation for the combination appearing
above [24]. From now on we will use the notation LL, NLL,
etc. to refer to the log expansion only, while LO, NLO etc.
will refer to the aforementioned joint expansion. While the

log expansion comes from the running of the potential, the
£ expansion arises because of the nonlinear properties of a
NGB Higgs, encoded in the HDO. Only operators that are
nonvanishing at the scale m, can contribute to the IR Higgs
mass up to NLO. These operators can be read off our
effective Lagrangian in Eqgs. (2) and (10). In particular, on
top of the HDO generated by the brother top Yukawa
coupling in Eq. (10), there is a single operator coming from
the sigma model Lagrangian that affects the Higgs mass at
NLO, that is

On = (9,|H*)?, (15)

with coefficient ¢y f2/2, where in our basis ¢y = 1, from
Eq. (2). All other HDO that can be written with low-energy
degrees of freedom have coefficients that either vanish at
the scale m,,, or cannot be predicted solely in terms of low-
energy parameters. None of these operators contribute up to
NLO [20,24].

After these generic comments, let us present our results
for the IR contribution to the Higgs potential, up to NLO
accuracy. The LL term, induced by one-loop top and
brother top diagrams, is given by

VIR _ 3f4

L= g2 [yth*t, + 3¢ (1 — h*)?1], (16)

where we defined 1, = log(m2/m}) and the Yukawa
couplings are evaluated at the scale m,. This potential
includes the leading contribution to the Higgs quartic
coupling, as well as a logarithmically enhanced Higgs
mass term. Even though the latter is negative, the corre-
sponding minimum is at (h)? = & ~ 1/2, which is phenom-
enologically excluded. This is the reason why Z,-breaking
contributions to the Higgs mass term, already introduced
above, are needed.

The potential in Eq. (16) gives rise to the LO contribu-
tion to the physical Higgs mass, but to NLO terms as well:
from including the O(&) correction of the Higgs kinetic
term due to (15), and from expressing y,(m, ) and ¥,(m, ) as
functions of the top Yukawa coupling defined at the top
mass scale y,(m,). Besides, as it was shown in Refs. [20,24]
(and as it happens in the SM) the LL potential leads to an
overestimate of the physical Higgs mass compared to the
LL-resummed one. A better estimate (which, at least in the
SM, is an underestimate of the LL-resummed result) is
obtained after the RG-improvement of the Higgs effective
potential at NLL. Details on this calculation are given in
Appendix C and extensive discussions can be found in
Refs. [20,24]. Here we only quote the result,
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- 3f4h2

- 3c - -
Vi = sogges || 28 (1= (1 751) ) 4580601 = 1207 - 42 120) + 2051163 - 1597

— 2h%y} (1663 — 15y?|1,t; + h*y}[16g3 — 15y?]t?} ,

where we have retained only the terms relevant for the
physical Higgs mass at NLO. Indeed, this NLL potential
contributes to the physical Higgs mass at NLO, with all its
parameters evaluated at the scale m,.4 Notice that the
operator O affects the running at NLL. This is manifested
by the appearance of the parameter cy. The presence of the
corresponding term is due to the fact that the brother top,
present in the IR effective Lagrangian, has a mass term that
is a relevant operator. This allows HDO-like Oy to
renormalize lower-dimensional operators, like the brother
top Yukawa coupling. This also explains why the effect
enters proportional to ¥, (the same does not happen in the
SM since the top mass term is marginal).

V. EWSB AND HIGGS MASS

EWSB and the physical Higgs mass are determined by
the set of contributions to the Higgs potential discussed in
the previous sections: the ultraviolet terms, both the Z,

(17)

preserving at O(y*) in Eq. (14) and the Z, breaking in
Egs. (7), (12) and (13), and the infrared ones, at LL in
Eq. (16) and NLL in Eq. (17). Since the threshold
contributions are model dependent and determined by
parameters we do not have full control of, we find it
convenient to parametrize them as

Vi=af*h® + e (R = 1), (18)

where a and f are coefficients which we can only estimate
based on NDA, and h?> = h*/Z;, ~ h*(1 — 3y?t,/162?) is the
normalized Higgs field after taking into account the Higgs
wave function renormalization. On the contrary, the IR
terms, VIR = VIR 1 VIR “are model independent. We can
use this fact to extract the values of a, f required for the
complete Higgs potential, V, = VYV + VIR (o yield
the correct Higgs VEV and mass. Trading the former for
a, the complete expression for the latter is

3y4t
m2 = (V) 4 (mR)? = 1607 [1 ~op - '}ﬂ L {(rty;* i) (1 Een)
4
+ 3; 5 [((3ey — 40)y? + 4893)2 + 16(3y7 — 4g3)1,t; + (By? — 169%)&]}, (19)

where we have set y,(m,) = y,(m,) and expressed y,(m,)
in terms of y, = y,(m,) via its SM p-function, retaining
only terms up to NLO order. We treated f as a small
parameter (it is loop generated) so that we have only
retained terms up to order ¢ and flog. Equation (19) is
evaluated with y, = yM5(m,) ~0.936 [24] and cy = 1.
Finally, we have taken §;(m.) = g3(m,) and extracted
g3(m,,) by running the strong coupling constant from the Z
mass, where g3(my)~ 122, to m, according to its f-
function in the SM. The IR contribution to the physical
Higgs mass, corresponding to f = 0 in Eq. (19), computed
with NLO accuracy, is shown in the left panel of Fig. 1 as a
function of the cutoff of the IR effective theory, m,, where
& = 0.1 has been assumed. In the figure, we also report the
NLO result in the SO(8)/SO(7) TH model. The difference

*Now there is no need to run the couplings down to m,, since
this is a contribution of one order higher in the log expansion. In
particular, a different RG evolution of g3 and §; below m,, due to
a different IR colored spectrum, would enter at NNLL.

in the IR Higgs mass predicted in the two models is
numerically irrelevant. The right panel of Fig. 1 shows the
fraction of the Higgs mass (squared) generated by the top,
the brother top and their sum, at LO and NLO. Up to the
uncertainty due to the NNLO corrections (especially QCD),
one can conclude that for m, ~5 TeV the top generates
almost half of m? ~ (125 GeV)?, while the brother top
accounts for ~40%. This shows, as we already anticipated,
that the observed value of the Higgs mass is almost entirely
saturated by the IR contribution.

Since this IR contribution is, in general, not enough to
reproduce the observed Higgs mass, a nonzero UV con-
tribution is generically required, the size of which can be
read from Fig. 2 as a value of . Regarding the Higgs VEV,
or in other words (h)? = £, we do not provide an analytic
expression here (this can be simply obtained minimizing
the full potential V). Instead, we also show in Fig. 2 the
required value of the UV Z,-breaking contribution «
needed to yield a minimum of the potential at £ = 0.2,
0.1, 0.05 for different values of g, = m,/f, where m,, is the
UV scale that cuts off the log’s.
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Left panel: IR contribution to the Higgs mass as a function of m,, at LO (dotted) and at NLO for the SO(8)/SO(7) TH model

(dashed) and for our brother Higgs (solid). Right panel: contributions to the Higgs mass squared normalized to its observed value: the
green (dashed), blue (dot-dashed), and black (solid) lines represent the fraction of observed Higgs mass generated, respectively, by the
top, the brother top, and both. For each color (dashing), the upper line represents the LO, while the lower line the NLO result.

mp=125 GeV
E=20% ™,
10t >

Bx10°
W

10 11 12 13 14 15
ax10°
FIG. 2. Size of the threshold contributions to the Higgs
potential at m,, parametrized by a and f in Eq. (18), required
to reproduce the Higgs VEV (given in terms of & = v%/f?) and

physical Higgs mass. For m, = g.f, the dots in the curves
correspond, from top to bottom, to g, from 2 to 8.

Figure 2 provides then simple theoretical guidance on
the required size of the UV coefficients a and f, only as a
function of £ and g,. Let us discuss the expected size of
these parameters in our scenario.

From Eq. (14), we estimate

3y; BTN
P 2107 )

(20)

in the right ballpark given the inherent O(1) uncertainties
in this estimate. Note that, given y,(m,)~ y; yp/g,, a
light Higgs favors a fully composite right-handed top,

i.e. yp ~ g.. Besides, one should keep in mind that the
running top Yukawa coupling decreases at high energies,
v,(5 TeV) ~0.78, hence f in Eq. (20) could in fact be
smaller. For a discussion of the correlation between y; and
EWPT, see Ref. [24].

Regarding the explicit Z,-breaking terms, let us recall
that o # 0 is needed to misalign the vacuum at & < 1/2.
From Egs. (11), (12), and (13), we have

3Ay7 m§,
Aay~=3 a3

~ 1073 | () g3 (2L ) ] (L) (M) ol
1 1 1 4 m,

(1)

where we have taken A; = A, = A = B = 1 and defined
an effective coupling g% = ¢7 + 395 — *. Given the theo-
retical uncertainty on the value of the Z gauge coupling, for
our estimate we have set gy = 1. Comparing with Fig. 2,
we note that Az, /m, = 10°~6 gives a value of a in the right
ballpark. This estimate is, however, very crude, given the
various uncertain O(1) factors. From Eq. (7), we get
instead

2 m? 2 /£ 2
Aa, ~ 20 Mo 3 g g2 (9e) P (ML) (0
9712822 12 1 4

Therefore, the gauge contribution has a suitable magnitude
too, as long as m, is not much larger than f.

Finally, note that while the size of A, is determined not
only by the separation between my and f but also by that
between Ay and m,, the size of Aa, is a more direct
“constraint” on the ratio m,,/ f, that is on the mass of the
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composite vector resonances, given a value of &. If m, > f,
the gauge contribution to the Higgs potential would over-
shoot the required value of a to yield a minimum at &,
slightly increasing the tuning beyond the minimal one,
given by 2&. Nevertheless, a large ratio m,/f (and, thus, also
m,/f) is not expected based on perturbativity arguments.

Indeed, one expects m, < m, ~4xf/ /N, for instance from
nr elastic scattering in SO(N + 1)/SO(N) [24]. In sum-
mary, we find that the explicit breaking of the Z, symmetry
introduced by construction in our model can potentially be
of the required size.

A comment on the nonmonotonic behavior of a with £ in
Fig. 2 is in order. We first recall that a, which encodes the
Z,-breaking UV contribution to the Higgs mass term, is
needed to achieve a small &. Indeed & ~ |a®| — @, where o'}
is the IR contribution to the Higgs mass term, always
negative and large. The naive expectation is then that in
order to make £ smaller, @ needs to increase, as shown in
Fig. 2 for large & up to £~0.1. However, |aR| itself
depends, via the logarithm #; = log(m?/m?), on & as &
decreases so does #; and |a'R| ~ #;, t%, leading to a decrease
of a accordingly. The fact that this latter behavior takes
place for £ < 0.1 is just a numerical accident.

VI. PHENOMENOLOGY

Given the presence of light SM-neutral states in the
infrared and a relatively high cutoff scale m,, our scenario
gives rise to a set of phenomenological implications typical
of TH or neutral-naturalness models: deviations in Higgs
couplings [10], with the corresponding (IR) contribution to
EWPT [35] (while UV contributions, suppressed by m,,
are typically small), and possibly nonstandard Higgs
decays [12].

However, by construction there is no massless Z, partner
of the photon, nor massive Z, partners of the W+, below
m,. Since there is no conserved twin electric charge, all our
brother states can a priori decay to SM states. Indeed, any
global symmetry associated to the brother fermions could
in principle be broken, either by interactions in the
elementary sector or via the strong sector. However, several
remarks in this regard are important. First, since the Z,
partners of the W= are absent, there could be one conserved
global symmetry for each type of brother fermion, i.e.
U(1)g and U(1), alluding to the number of brother up and
down quarks, respectively, and U(1); and U(1), for the
brother leptons, if they are in the spectrum.5 Second, if the
strong sector preserves a given U(1) brother number, its
breaking by elementary interactions could be of high
dimensionality and, thus, be suppressed by a potentially
large UV scale (similar to baryon and lepton number in the
SM). Long-lived states could, therefore, be generic in our

’Recall that anomaly cancellation in the brother sector does not
require such states.

scenario, as in standard TH models [12]. Third, selection
rules on the strong sector interactions, for instance asso-
ciated with X-charge if not explicitly broken, could forbid
U, D, L or N violation. Last but not least, if unstable, the
lightest brother fermion should decay to a fermion of the
SM, with possible implications for baryon and lepton
number violation. Further details on these issues heavily
depend on the spectrum of brother states. If any of the
brother fermions is a good dark matter candidate [36],
including 7, is a question that we believe deserves further
study.

Finally, we can extract several phenomenological con-
sequences from our study of the Higgs potential, that is
from the Higgs mass and from the requisite of & < 10%
with minimal tuning. The former indicates, according to
Eq. (20), that a significant degree of compositeness of the
right-handed top is to be expected. Given t; couples to the
strong sector as a singlet of SO(6), the best way to test its
compositeness is via four-top scattering [37-39]. The latter
instead suggests, from Eq. (22), that EW composite vectors
are not necessarily out of LHC reach [40].

We do not enter here into the issues of flavor or
corrections to EWPT; these matters have been discussed
in Refs. [16,24], respectively, and we do not expect
substantial changes in our scenario.

VII. CONCLUSIONS

The TH mechanism protects the pseudo-NGB Higgs
potential against contributions proportional to the cutoff
m,, i.e. the mass of the heavy SM-charged states intrinsic of
the dynamics giving rise to the Higgs. One of the goals of
this work was to explore how versatile this mechanism can
really be. Since the largest contribution to the Higgs
potential, associated with the top Yukawa coupling, is
sensitive to the mass of heavy SM-colored states, for which
the LHC reach is maximal, in this paper we presented an
implementation of the TH protection that is only active in
the top sector.

Our realization has been based on a composite Higgs
model with global SO(6) symmetry spontaneously broken
to SO(5). The strong sector has also been endowed with an
exchange Z, symmetry such that the composite states
charged under SU(3) color behave the same as the states
charged under an additional SU(3) brother color. This
paved the way to the cancellation of the leading top
contribution to the Higgs potential: while the SM top
couples to the strong sector via a composite operator ¥, an
extra elementary state, the brother top (7;), couples to the
strong sector via the Z,-symmetric counterpart . Their
contributions to the Higgs mass cancel each other out, as
long as their couplings, y; and y;, respectively, are the
same at the relevant scale m,. The cancellation follows
from the symmetry structure of SO(6), which contains a
discrete symmetry that controls how the couplings y; and
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¥, break the Higgs shift-symmetries. This is regardless of
the fact that ¢, is a doublet while 7; is not, i.e. the brother
bottom is irrelevant for the TH mechanism applied only to
the top sector.

This is one of the reasons we consider our model
minimal. Another related reason is that the strong sector
has a smaller symmetry breaking pattern than bona-fide TH
models.® In this regard, our setup is similar to those
presented in Refs. [27,28], but with the important addition
of custodial symmetry, crucial in order to avoid strong
experimental bounds from EWPT. The only extra NGB
besides the Higgs could be eaten by gauging the associated
U(1), giving rise to a partial cancellation of the gauge
sector contribution to the Higgs potential. Nevertheless this
is not required.

By construction our scenario breaks explicitly the Z,
symmetry responsible for the TH mechanism, but in a way
that still allows the cancellation of the LO Higgs potential
to be at work. We explicitly showed that NLO UV effects
are under control and can give rise to the amount of SO(6)
and Z, breaking required for successful EWSB with
minimal fine-tuning and a correct value of the physical
Higgs mass. One of the important consequences that
follows from our analysis is that composite vector reso-
nances should certainly be within reach of a future 100 TeV
collider, for fixed (v/f)? ~5%—10%.

Other phenomenological differences with respect to
other TH models are that there is no massless twin photon
and that the Z,-partners of the leptons are not required by
anomaly cancellation. An additional consequence is that
there are no super-selection rules associated with the
conservation of twin electric charge; thus, in principle,
all Z,-partners could decay, although they could also well
be (very) long-lived.

Finally, one of the interesting features of our construc-
tion is that, contrary to other SO(N)/SO(N — 1) models
with N # 6, it can admit a fermionic UV completion [41—
43]. This could allow us to explicitly study the dynamics
giving rise to the Higgs and its interplay with the (approxi-
mate) Z, symmetry, in the spirit of Ref. [6].
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APPENDIX A: SO(6) ALGEBRA

The generators of SO(6) in the vector representation can
be written as

[Txely = —% (61x07 = 67x61L),
with I,J,K,L =1, ...,6. The five broken SO(6)/SO(5)
generators have been identified in Eq. (2) as T = T, with
a=1,...,5. Note we have defined 7° = T, in the main
text. Within the ten unbroken SO(5) generators, the
custodial SU(2), x SU(2); subgroup is generated by
the combinations

1 [e¥r
(04 J—
TL,R = 75 (T Tﬂy Zl: Ta4> N

with a, f, y =1, 2, 3.

The matrix of Goldstones is customarily given by
U(#) = exp (iv2#,T%). In writing Eq. (2), we performed
the field redefinitions 7, = #, sin[1, with [T = | /Z;7;. In
this way the Goldstone matrix can be written in a compact
from as [U(x)],5 = 8,5 —mamy/ (1 +/1=73), [U(7)]z6 =
~[U(7)]es = 7a and [U(7)]g6 = /1 — 7.

(A1)

(A2)

APPENDIX B: COMPLETIONS

In this appendix, we discuss how the approximate Z,-
symmetric relation between the couplings of the left-
handed top and brother top, that is y; = y;, can arise from
more symmetric dynamics. We present two different proof-
of-principle examples, the first based on a gauged SO(6)
symmetry while the second on a strong sector with a global
SO(8) symmetry.

Example (1) This can be regarded as the holographic
version of the scenario described in the main text.
Therefore, it is based on an extra-dimensional construction,
in particular a slice of AdS with UV and IR boundaries.’

The gauge symmetry in the bulk is G = SO(6)x
SU(3)e xSUB3)e x U(1)y x U(1)g x Z,. The unbroken
subgroups of G at the UV and IR boundaries are Hyy =
SU2), xU(1)yxU(1)yxSU(3)cxSU(3)¢ and Hg =
SO(5)x SUQB)xSUB)ex U(l)y x U(1)g x Z,, with
Y = T?e + X and Q = Tn/\/i + X. This pattern can be
accomplished by assigning the proper boundary conditions
to the 4D components of the bulk gauge fields: A§(++)
for T € H = HUV N HIR’ AZ(+—) for Ta (S Huv/H,

"The models of Refs. [27,28] are also placed on a fifth
dimension.
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Al(—+) for T* € Hir/H and Ad(—-) for T% € G/Hyy N
G/Hig. It follows that the respective five-dimensional
components have opposite boundary conditions. In par-
ticular, the A? have (++) boundary conditions, signalling
the presence of scalar zero modes, the uneaten NGBs. We
define the bulk gauge couplings of SO(6), SU(3), x
SU(3)¢ and U(1)x x U(1)g as gs, gs. and gs , respec-
tively. Then the four-dimensional gauge couplings of the
unbroken UV gauge fields are given by

1L 1L, L
B G a6 # B

1 L L 11 L

By SRR, (B1)
725 g, BB %,

where L = Rlog(R'/R), with z = R the position of the UV
boundary and z = R’ that of the IR boundary. Importantly,
these relations neglect UV boundary localized kinetic terms
(aka threshold corrections), allowed by the UV gauge
symmetry. Therefore, the relation between ¢; and § is an
accident of the five-dimensional construction, which holds
as long as different, i.e. non-SO(6) symmetric, boundary
kinetic terms for Y and Q are small; indeed, if the four-
dimensional gauge couplings are weak, we can expect the
corrections to these relations to be small (of order-one weak
loop) [44].

Fermionic fields also propagate in the bulk, in particular
the left-handed top (and bottom) ¢; and the brother top 7;,
which are embedded in a bulk multiplet Q with the gauge
quantum numbers (6, (3,1),3 @ (1.3),,3), that is those

of ¥, and ¥, in Sec. II. Boundary conditions for the left-
handed part of Q are chosen such that only ¢; and 7; have
zero modes, that is (4, +), while the rest of the components
are assigned (—, +) boundary conditions. The right-handed
components of Q@ have opposite boundary conditions. The
right-handed top t; and brother top 7z are assumed to be
purely IR localized, with IR quantum numbers
Tr~(1,3.1)y30® (1,3)953). Since Q decomposes
on the IR brane as Q; = Qi + Qi (only the left-handed
components have (+) IR boundary condition), a mass term
is allowed on the IR brane, m; Q,{TR + H.c., giving rise to
equal Yukawa couplings for the top and brother top,

L 9y

yz~yz~ﬁ71

where we have assumed a Q bulk mass mg = 1/(2R) for
simplicity. As for the gauge fields, also for fermions the
approximate relation between the couplings of the fermion
zero modes holds as long no UV boundary kinetic terms for
qr and 7, specifically non-SO(6) symmetric (and Z,
breaking) ones allowed by the UV gauge symmetry, are

(B2)

present. However, once again such threshold corrections
are expected to be perturbatively small.

Finally, the decoupling of the unwanted UV (elemen-
tary) states by boundary conditions could be replaced by
explicit 4D dynamics on the UV brane. When trying to do
such an exercise, it becomes clear that the complicated
dynamics will certainly give rise to threshold effects upon
integrating out the heavy scalars, fermions and vectors,
which will affect the relations in Eqgs. (B1) and (B2).
Nevertheless, such corrections are induced only at one
loop, so that they can be treated as a perturbation. Besides,
larger effects will be generated by RG evolution, see
Egs. (12) and (13). In the extra dimension, such running
effects correspond to subleading corrections in the
(g3/R)/(167%) expansion.

Example (2) We consider a composite TH model based
on a global SO(8) symmetry [13]. The strong sector is also
invariant under SU(3) x SU(3)e x U(1)y x U(1)g x 2,
and an additional SU(2);.. The subgroup SU(2),x
U(1)y xSU(3)exSU3)e x SU(2)7¢, with ¥ =T + X,
is gauged. For the sake of simplicity, we assume that none
of the twin subgroups are gauged except for twin color. The
elementary left-handed doublet g; and its twin §; are
coupled to the strong sector in a Z,-symmetric fashion,
according to the usual embedding ¢; € (8,3),; of
SO(8) x SU(3)-x U(1)y and g; accordingly [13,14].

Differently than in the standard scenario, we consider the
case in which the strong sector’s global SO(8) is sponta-
neously broken to SO(6) x U(1) by the VEV f’ of an
adjoint £ = 28. The adjoint of SO(8) decomposes as 28 =
1y +6,,,5+ 15, under SO(6) x U(1)"; therefore, the
NGBs form a complex 6-plet. The unbroken U(1)’ is
given by T’ = (T3 4+ T3)/v/2, while the U(1),

SO(6) by the orthogonal combination T, = (T3 —T3)/+/2.

Out of the twelve NGBs, there is a complex 4-plet of
SO(4) = SU(2), x SU(2)r (a THDM charged under
U(1)), and two complex SO(4) singlets (charged under
U(1)" and U(1),). The former gets mass radiatively from
their coupling to the SM gauge bosons. We assume that a
suitable symmetry breaking spurion lifts the latter.

The SO(8) vector decomposes as 8 = 1., 5 + 6, under
SO(6) x U(1)'. Upon SO(8)/SO(6) x U(1)' breaking, the
SM ¢, remains in the vector 6y, while g, gets split: 7;
becomes a component of the vector 6,, while b; turns into
one of charged singlets 1_, 5. The fact that U(1)" is
unbroken prevents the twins from acquiring a mass, thus 7;,
b, and 7z remain massless. Furthermore, the breaking is
such that 7; remains coupled to the SO(6) x U(1)" low-
energy fields with the same strength as g; . This realizes the
exchange symmetry 7; p <> f; .

Without a mechanism to further break, at a lower scale
m, < Ay, ~4nf', SO(6) to SO(5), the dynamics above

within
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does not give rise to the scenario described in the main text.
To achieve this nontrivial last step, we shall imagine that the
strong sector generates below Az a composite chiral
fermion ¥ transforming as (4,2), under SO(6)x
SU(2)7¢ x U(1), along with a set of 2n SO(6) x U(1)’
singlets y also in the fundamental of SU(2);c.,
x ~2nx(1,2),. This is then a realization of the model
of Ref. [41], which breaks SO(6)/SO(5) at the scale of the
mass of the singlet fermions M, yy. Therefore, m, ~ M, <
Ay, represents a technically natural hierarchy. Since in this
model U(1),, within SO(6), is not gauged, the associated
NGB 5 would remain massless. However, a mass term
My¥T¥, allowed by the gauge symmetries, lifts it (leading
to m; < mj3/€). In this case, it is natural to take My < M,
again because of chiral symmetry.

Finally, the Yukawa couplings for ¢g; and 7; are already
generated at the scale Ay,

[0, (P91 + O, (W¥T)7x] + Hec.,

~

A (B3)

where d is the scaling dimension of (¥W¥7), to be identified
with @ in Eq. (2). The Yukawa couplings of the top and the
brother top are then approximately the same because of the
original SO(8) x Z, symmetry, while the IR theory
reduces to the one we considered in this article.

APPENDIX C: HIGGS POTENTIAL AT NLL

The detailed calculation of the IR Higgs potential at NLL
for the composite TH based on the SO(8)/SO(7) coset,
using the background field method, has been presented in
Ref. [20]. This procedure, discussed in Sec. III of this Ref.
[20], can be applied to our construction based on the
SO(6)/SO(5) coset, with a slight modification. While in
the larger coset the running of the twin top mass is affected
only by the physical Higgs, now it is also affected by the
brother NGB 7. In the SO(8)/SO(7) TH model, the running
of the twin top mass has the same form as the running of the
top mass in the SM, where the contribution of the full

custodial triplet of NGBs (7%, z*) cancels out.® In our
model, however, since the twin NGBs 7+, charged under
the custodial twin SU(2), are not present, the contribution
of the neutral one does not cancel. This amounts to a
modification of the running of the brother top Yukawa
coupling. The f function of ¥, in Eq. (3.11) of Ref. [20] gets
modified to

_ Wilhe 1)
Pr =6

1633 — 2 (he, t) S 1 hé
g3 — Yr (e, Z}”l(hmt) f2 _ h% ’

(C1)

where h = h, + h is the expansion of the Higgs field in
fluctuations % around a background /. [20]. The difference
with the SO(8)/SO(7) case corresponds to the (—1) term in
Eq. (C1), that is the brother NGB contribution. Following
the procedure of Ref. [20] with only this modification, one
gets the IR correction to the Higgs mass at NLL

(6m2)NL — 30% [16(2y* + Z74) — 159
/IR 25672 9G3Yr T 93t Vi

+ (24 3cn)57 — 12y,37],

(€2)

where all parameters are evaluated at the scale m,. This
expression should be compared to Eq. (3.17) of Ref. [20]
where the NNLO &f2 contribution has been neglected. We
see that the only difference is in the 7¢ contribution not
proportional to cz (our 2 was a 3 in Ref. [20]). This in fact
turns out to be a numerically irrelevant difference, as shown
in Fig. 1. After including the LL IR correction to the
physical Higgs mass up to order & matching the expression
at the scale mj;, including the UV contribution, and
expressing all parameters as functions of the observable
quantities in the IR, one gets the expression for the physical
Higgs mass given in Eq. (19).

$Notice that Ref. [20] never mentions the twin NGBs, which
are irrelevant for the NLL calculation, but not for the NNLL
calculation, also considered in that reference.
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