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In twin Higgs model, the Higgs boson mass is protected by a Zs symmetry. The Zs symmetry
needs to be broken either explicitly or spontaneously to obtain misalignment between electroweak
and new physics vacua. We propose a novel Zz breaking mechanism, in which the Zs is spontaneously
broken by radiative corrections to the Higgs potential. Two twin Higgses with different vacua are
needed, and vacuum misalignment is realized by opposite but comparable contributions from gauge
and Yukawa interactions to the potential. Because of fully radiative symmetry breaking, the Higgs
sector is completely determined by twin Higgs vacuum, Yukawa and gauge couplings. There are
eight pseudo-Goldstone bosons: the Higgs boson, inert doublet Higgs, and three twin scalars. We
show the 125 GeV Higgs mass and constraints from Higgs coupling measurements could be satisfied.

The discovery of a 125 GeV Higgs boson at the LHC [1]
sharpens existing naturalness problem in the Standard
Model (SM): quadratically divergent quantum correc-
tions to the Higgs boson mass destabilize the electroweak
scale. This suggest the existence of new physics (NP)
with a new symmetry which protects the Higgs mass
against large radiative corrections. In supersymmetry
and composite Higgs [2, 3] models, SM partners from
new symmetry play the role of stabilizing the Higgs mass.
Unfortunately, null results on new physics searches at the
LHC put tight lower bounds on them. This leads to a
sub-percent level of tuning between electroweak and NP
cutoff scales, which is the little hierarchy problem [4].

The twin Higgs model [5] [see also [6-9]] is introduced
to address the little hierarchy problem. It introduces a
mirror copy of the SM: the twin sector, which is com-
pletely neutral under the SM gauge group. Since twin
partners are colorless, they could have sub-TeV masses
and thus soften the little hierarchy. The approximate
global symmetry breaking U(4)/U(3) at scale f produces
a pseudo Goldstone boson (PGB), identified as the Higgs
boson. Imposing a discrete Zy symmetry between SM
and twin sector ensures that there is no quadratically
divergent quantum corrections to the Higgs mass term.
The Zs symmetry needs to be broken to realize vac-
uum misalignment mechanism: how to generate asym-
metric vacua v < f for the Higgs boson and twin Higgs
boson. In original twin Higgs model, the Zs symme-
try is broken explicitly by introducing soft or hard Zo
breaking terms in scalar potential. This minimal model
has been extended to incorporate two twin Higgses in
non-supersymmetric [10] and supersymmetric [11] frame-
works. The advantage of two twin Higgses setup is that
it could accommodate a different Zo breaking mecha-
nism [12, 13]: the Zo symmetry is spontaneously broken
by a bilinear Higgs mass term between two twin Hig-
gses. The vacuum expectation value (VEV) of one twin
Higgs preserves Zs, while the other breaks Zy completely
and spontaneously. As the effective tadpole, this bilinear
term transmits the Zy breaking from the broken one to
the unbroken one, and thus obtain vacuum misalignment.

In this work, we propose a novel approach to sponta-

neously break the Zs symmetry: the radiative Zo break-
ing mechanism. The Higgs potential is fully generated
from gauge and Yukawa corrections, and the Zy symme-
try is broken spontaneously and radiatively. As a bene-
fit, this model could explain the origin of the Higgs mass,
which is fully determined by gauge and Yukawa contri-
butions. On the other hand, in the original or tadpole
induced twin Higgs model, one needs to introduce soft or
bilinear mass terms by hand to break Zs, but the origin
of these mass terms is unknown. Thus this model could
be viewed as a UV completion of the original twin Higgs
model: the soft mass term origins from the radiative cor-
rections in gauge and Yukawa sector. The radiatively
generated Higgs potential is parametrized as

2 2
V(h) ~ g?%/[:;* (—a sin? ; + bsin* };) ; (1)
where ggy is a typical SM coupling and m, is the mass
scale of twin partner. In the original twin Higgs model,
the Zs symmetry ensures a = b, and thus induces sym-
metric vacua v = f. The Z; symmetry can only be
broken if a # b. In this work, we introduce a sec-
ond twin Higgs Hy with U(4)/U(3) symmetry breaking
in additional to the twin Higgs H,. If H; and H re-
ceive opposite radiative corrections, a new radiative term
|H1|?|H2|? contributes to a and b in Eq. 1 differently,
and thus triggers the Z; breaking between Hy4 <> Hip.
However, the Zs breaking is not enough to obtain the
125 GeV Higgs mass. Usually a and b generated from
radiative corrections are at the same order, which only
induce symmetric vacua v ~ f. To obtain the realistic
vacuum v < f, we need either a is suppressed or b is
enhanced. For example, in littlest Higgs [3] the quartic
term b is enhanced via adding tree-level quartic terms by
hand. Without adding terms by hand, we could utilize
possibly large cancellation among radiative corrections to
suppress quadratic term a. In the original twin Higgs, we
note that gauge and Yukawa corrections to the quadratic
term a have opposite sign. However, a large cancella-
tion cannot happen because gauge corrections are much
smaller than Yukawa ones. Interestingly, in our setup,
gauge corrections can be enhanced if the global symmetry
breaking scale f’ of the second twin Higgs is much greater




than f. This causes comparable but opposite gauge and
Yukawa corrections, and leads to vacuum misalignment
with a moderate tuning between v and f. Thus, a dif-
ferent but more minimal spontaneous Zs breaking mech-
anism is naturally realized without introducing either a
soft breaking term or a bilinear tadpole term.

Two U(4) invariant Higgs fields are introduced:

_( Hia _ [ Hau
H1:<H1B), HQZ(HQB) @)

where two twin Higgs doublets Hyp and Hsop are in twin
sector. The Zs symmetry maps the twin Higgses into
visible Higgses: H;p N Hia, Hop 22, H,,. The scalar
pontential, which respects both Zs and global U(4); x
U(4)2 symmetries, reads

V(Hi, Hz) = —pif | H1[* — pi3| Ha[®
+A1[Hy[* + Xo|Ha|* + A | H1 || H2|?. (3)
The Higgs sector is weakly gauged under both the SM
and the mirror SM gauge symmetries. After symmetry

breaking (H;) = f; (i = 1,2), the symmetries of the
Lagrangian have

global symmetry: U(4) x U(4) — U(3) x U(3), (4)
X U(l)]A.

gauge symmetry: [SU(2) x U(1)]a,5 — [SU(2)

In nonlinear ¢ Lagrangian, assuming radial modes in H;
are decoupled, the fields H; are parametrized as

; 0252 |01x2 hy 0152
Hz—exp — 0541 0 C; 0 R (5)
T\ he | er i

where 14 GBs h;, C;, N;(i = 1,2) are generated.

There are two ways to incorporate fermions. In the
“mirror fermion” assignment [5, 6], the SM fermions
have mirror fermions: ¢4(3,2;1,1) EEN gp(1,1;3,2) and

ta(3,1;1,1) L, tp(1,1;3,1), with quantum number as-
signment [SU(3),SU(2)]a,g. The general top-Yukawa
Lagrangian reads

—Lyuk = Y1 (HIA(]AtA + HquBtB) + (1 ¢ 2) + h.€6)

To avoid Higgs mediated flavor changing neutral cur-
rent in A sector, similar to the two Higgs doublet model
(2HDM), either the discrete Z) symmetry or aligned
Yukawa structure [14] are imposed. We will discuss the
following two Yukawa structures: Type-I Yukawa struc-
ture (y2 = 0), and a special aligned Yukawa structure
y2 = ey (e < 1) [15]. In the “U(4) fermion” assign-
ment [5], the following U(4) fermions are introduced:

Q=qa+q5+74a(3,1;1,2) +dp(1,2;3,1),
U=ta(3,1;1,1) +tp(1,1;3,1). (7)

The top Yukawa Lagrangian is

—Lyu = 1 H{QU + y2 HIQU + Ma pda g + h.c.(8)

Here either Type-I or aligned Yukawa structure is used.

The global U(4) x U(4) symmetry is weakly broken
by the radiative corrections from the gauge and Yukawa
interactions. The dominant radiative corrections to the
scalar potential are written as

Vioop = 01| Hyal* + 0o Hoa|* + 03| Hya|?|Haa|?
)
+54|HIAH2A|2 + 55 [(HIAHQA)2 + h.c.}
+ {(66|H1A|2 + 57‘H2A|2)HIAH2A + hc}
+(A + B). (9)

Here for gauge bosons W4 g and Z4 g, the one-loop cor-
rections are

1 9 3 3 A

B 2 12
~ _ log =
61’2 1672 (89 4g g 8g > & f’

1 9 3 3 A
5B ~ _ v 4 2 /2 log =
37 T 16n2 (49 g0 9" 9" Jlos
B 1 2 12 A B _
8y ~ — 62 (3¢°9") log 7 é: =0, (10)
where f = \/f2 + f7 and A = 4rf. For fermions, radia-

tive corrections depend on the fermion assignment and
Yukawa structure. In the Type-I Yukawa structure, we
obtain [5]

3y* A?
§F ~ {161;2 log 7>
1 — 3y

1672 x(z x) [

(mirror fermion)

— (z <+ z)] (U(4) fermion)

where # = y?f% and z = M?, and 6}, = 0. In the
aligned Yukawa structure with yo < y1, we have

3y A2 3 A?
F 1,2 y1y2
079 5 log f2’ 6 o~ 1602 log f2’
31/ Y2, A2 3yrys . A?
F .99 F 2
0g =~ 62 log 7 07 ~ 16,2 log f2 (12)

The radiatively generated scalar potential in Eq. 9 fur-
ther triggers electroweak symmetry breaking and induces

VEVs for the GBs hy 2 in visible sector. The VEVs of
the fields H; o are parametrized as
0 0
(Hy) = fi s(i)n 01 ’ (Hy) = fasinfy (13)
ficosOy facosbs
where 6; = U}—P, 0, = U};). Similar to 2HDM, t3 =

tan 8 = f2, 045 = 04 + 05 and d345 = 03 + d4 + 05 are
used. Imposmg tadpole conditions on Eq. 9 determine
01,2. We will neglect dg 7 terms, because either dg.7 = 0 in
Type-I or dg,7 < 01-5 (Y2 < g < y1) in aligned Yukawa
structure. The tadpole conditions are

sin 461 + Q4 sin 469 + 5 sin 2(91 + 92) =0
sin4f; — Qq sin460s + Qo sin2(6y — 62) =0, (14)
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FIG. 1. The contour lines shows the relations between 64

and 02 imposed by two tadpole conditions, denoted by solid
and dashed lines respectively, with fixed Q2 = —0.6 (left) and
fixed Q1 = —0.6 (right).

where 0, = t%ég/él and Q9 = t%5345/51. We are inter-
ested in the region Q; 5 < 0 because §; > 0,525 < 0.
If |21 4+ Q2] > 1 the two conditions are symmetric under
0o <> —03. While if |Q; 4+ Q3] < 1 they are symmetric
under 61 <+ —6;. The solutions should be

{9220, 01 <7T/4, for |Ql+Qg| >1

0, =0, 6 >7T/4, for |Ql+QQ| < 1.

Thus only one H; further generates a VEV after radia-
tive symmetry breaking. We plot the (6;,62) contours
imposed by tadpole conditions for different (£21,€5) in
Fig. 1. We note that €25 alone could determine 6, » which
is intersection point between solid and dashed curves,
while Q4 only controls the convex behavior of the curves.

To obtain the electroweak vacuum v < f, 0; < /4 is
required, which spontaneously breaks the Zs symmetry.
This implies [ + Q2| > 1 and 3 = 0 in Eq. 15. The
electroweak vacuum thus has v = fi;sinf; = 174 GeV.
The tadpole conditions reduce to one condition

21 0
sin?f, = - = - (1 +t%345) : (16)

Because of d; > 0,345 < 0, we have 6 < w/4. Further-
more, if ¢g is large (fo > f1), 61 could be much smaller
than 7/4. Therefore, tg controls the tuning behavior be-
tween v and f;, and it is natural to realize such tuning by
setting fo > f1. Let us understand physics behind this
mechanism. The radiative corrections takes the form of
Eq. 9. By taking approximation |H;p|?> ~ f? — |H;al?,
we obtain

Vioop D [—lui [[H1al® + Ara|Hial "] (17)
+ [k, || Hoal? + Xoa|Hoa|* + 63a5|Hya|*|Haal?] |

where A\j4 = %‘s" + 63%%(3_20 with ¢ = 1,2 and the
quadratic terms

pr, = f1 (201 + 5345%) g, = 13 (252 + 5345t52)(18)

Here the mass parameters u,zll < 0 but u%l > 0, and
thus Hi4 obtains VEV but no VEV for Hs4. The Zy
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FIG. 2. The mass spectra of the PGBs as function of 6; for
“mirror fermion” (left panel) and “U(4) fermion” (right panel,
M = 10f is taken) assignments.

symmetry between Hya <+ Hop is spontaneously broken.
Thus the term |H;p|?|Hap|? generates additional mass
term for H; 4 radiatively *. This additional mass term by
radiative corrections triggers the Z> symmetry breaking
between Hya4 < H;p spontaneously. This can also be
seen from the H; potential:

V(h1) = f{é; |sin (}}1)+COS (;1) +f1t553450052(f}i)
8+

12

—(2+ Q) f2|I [ + =20, (19)
which recovers the first line of the Eq. 18. As mentioned
in introduction, if the quadratic term is much smaller
than the quartic term, one could obtain the electroweak
VEV. Since the Yukawa and gauge corrections have §; <
0 and d345 > 0 respectively, the Higgs mass squared is
suppressed by cancellation between Yukawa and gauge
corrections. Note tg plays an important role: only when
tz is not so small, cancellation in quadratic term is ad-
equate. This implies a moderate tuning f; < fo, which
induces tuning between Yukawa and gauge corrections
correspondingly. As a measure of the naturalness, the
estimation of the fine-tuning is

1 —1

20m? 3yZm? 2 345 /3
A= |—F5 ~ | =5 ~1 4<2 20
m3 4m2m3 Tz * 261 2 )

Unlike the soft breaking or tadpole breaking mechanism,
the tuning is realized via balancing between the gauge
and Yukawa contributions. This is reflected in Eq. 20 via
the hierarchy between f; and f,. For example, for a level
of tuning 10%, tg ~ 3 (f2 ~ 3f1).

The purely radiative symmetry breaking only generate
VEV (Hja), but not (Hoyu). Zero Has VEV (6 = 0)
implies that the second Higgs Ho4 in A sector is inert

1 If the Z> symmetry between Hoys  Hop is exact, the terms
|H15|?|Hop|? and |Hya|?|Ho4|? generate opposite but equal
mass terms for Hi 4. Thus the Zg symmetry between Hiyg
H1 g is still unbroken.



Higgs doublet [16], which does not mix with Hy4. In
visible sector, particles in H; 4 are identified as GBs h;.
Among them, (20%) in Hy4 and (H*, A%) in Hy4 have

m?, =m?. =0, (exact GBs eaten by Wa, Za),

m%,i ~ —262f22 — 5345f12 cos 2601 — 545f12 sin” 01,

mio ~ —252f22 — 5345f12 COs 291 — 255f12 sin2 01. (21)

Since the inert Higgs masses depends on d 3, their masses
are not so light. And two CP-even GBs (hy,hz2) in
Hia, Hy 4, which do not mix due to zero Hoq VEV, have

mil ~ 26, f12 sin? 2604,
m%w ~ —252f22 — 6345f12 COS 201. (22)

Here h; is identified as the SM Higgs boson. However,
in twin sector B, the GBs in Hip and Hsp are mixed
due to the VEVs fi 2. The rotation angle 8p between
CE(N?) and CF(NY) is defined as tan p = tg/ cosf).
Performing rotation to mass basis, we obtain

mio =mz. =0, (exact GBs eaten by Wg, Z5),
m3. = — (045 + 67 tan Bp) fE(cos? 0 + tf,),
(cos? 6y + t%)2

mi,o = — (205 + d7 tan ) f12 cos? 0,

(23)
Fig. 2 shows mass spectra of the pGBs in two cases. In
“mirror fermion” case, the pGB masses only depend on
single parameter 6;. Thus the requirement of a 125 GeV
Higgs mass determines 6; = 0.57, which corresponds to
tg = 2. In “U(4) fermion” case, mass spectra depend on
both 61 and vectorlike fermion ¢4 mass M, which should
have M < 4nf. As the M takes smaller value than 4 f,
the 67, obtained from the 125 GeV Higgs mass condition,
gets smaller value. However, when M = 8f, 6; reaches
zero, which put a lower cutoff for M. In the following,
we take M = 10f as the benchmark point.

The current limits on NP searches at the LHC put very
strong constraints on new particles. New particles in A
sector are the inert Higgses H*, hy, A, which is typi-
cally constrained by electroweak precision tests, Higgs
data and dark matter candidates [16]. Approximately,
the oblique correction AT due to inert Higgses is

AT ~ mp+s —ma)(mygs —mp,). (24)

247r20w2(
The global fitting result on AT ~ 0.07£0.08 [16] implies
that a mass difference between H* and a neutral inert
scalar boson is typically less than 8 GeV. Furthermore,
assuming the neutral inert scalar boson being candidate
of dark matter, the current data of direct detection con-
strain the mass of dark matter candidate to be greater
than 600 GeV [17]. On the other hand, if masses of inert
Higgses are nearly degenerate, it is very difficult to probe
the compressed parameter region at current LHC, which
has been studied in Ref. [18]. And if we assume the dark
matter candidate is the particle in the twin sector, the
inert scalars could be as light as 100 GeV with degener-
ate masses. For particles in twin sector, it is harder to
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FIG. 3. (Left) the allowed contours on (61, M/f1) at 68%,
95%, 99% CLs in “U(4) fermion” assignment. (Right) signal
strength in gluon fusion channel (blue) and invisible branch-
ing ratio (orange) as function of 6, in “U(4)” (solid) and “mir-
ror” (dotted) fermions.

directly probe them due to zero SM charges. However,
because of twin colorness, there are rich twin hadron phe-
nomenology, which has been discussed in Ref. [19, 20].
For simplicity, in the following we adopt minimal twin
matters: fraternal twin Higgs [8], in which only the third
generation twin fermions are introduced, and typically
twin lepton is identified as dark matter candidate. In this
scenario, the twin photon and A’° could be either mass-
less or massive depending on gauge and fermion assign-
ments. For example, the aligned Yukawa structure could
lift the A’® mass from zero value. If they are massless,
they should contribute to dark radiation. Depending on
temperature of thermal decoupling between visible and
twin sector [20], the number of effective neutrino species
ANeg could be adjusted to be within the range of re-
cent Planck measurement 0.11 & 0.23 [21]. We leave the
detailed discussion in future study [22].

The measured Higgs production and decay cross sec-
tions, and the upper limits on Higgs invisible decays at
the LHC [23] also provide strong constraints on model
parameters. The tree-level couplings of the Higgs bo-
son to fermions and bosons in A(B) sector are altered
by a factor cosf; (sinf;) relative to SM. We assume
masses of twin particles are altered by a factor cot 6
relative to SM. In “U(4) fermion” case, there is an addi-
tional heavier vectorlike top T" which mixes with the top
quark through mixing angle cosr = vy f// M? + y2f2.
This modifies the top-Higgs coupling to y; cos 6, cos g,
and a new TTh coupling has y; sin 67 sinfgz. We calcu-
late various Higgs signal strengths fipp—n, —ii = o(pp —
h1)Brp, —ii/osmBrsu, and invisible decay width in the
fraternal twin Higgs setup. Based on Higgs signal
strengths at the 8 TeV LHC with 20.7 fb=! data [23],
we perform a global fit on model parameters [22]. Fig. 3
(left) shows the allowed contours on (61, M/f;) at 68%,
95%, 99% confidence levels (CLs) in “U(4) fermion” case.
Note that the Higgs data put strong limits on the new
fermion masses M > 1.5f1, which is comparable with the
expected exclusion limit from run-2 LHC [19]. Further-



more, the positive 6y requires M > 8f;, which sets much
tighter limit than the LHC searches. Fig. 3 (right) plots
the signal strength of gluon fusion gg — hy — VV/ff,
and invisible decay width in two assignments. We list
our global y2-fitting results on Higgs signal strengths in
“mirror fermion” (“U(4) fermion” with M = 10f) as-
signments:

6, = fi <0.25 (0.31) @ 95% CL. (25)
1

This limit rules out the whole parameter region of the
“mirror fermion” case, but “U(4) fermion” case is still
viable. This limit corresponds to around 15% (18%)
fine-tuning. In principle, electroweak precision test puts
additional constraints on #;. Since contributions from
the decoupled radial modes are negligible, the T" param-
eter is dominated by the inert Higgses, which is given by
Eq. 24. Due to degenerate masses of inert Higgses, con-
tributions from inert Higgs are also negligible, and thus
electroweak constraints on ; are quite weak [24]. We
also estimate the levels of tuning of about 10%, 20% and
30%, which are shown in Fig. 3 (right). The high lumi-
nosity LHC will improve sensitivity of signal strengths

to around 5% assuming current uncertainty with 3 ab™!
luminosity [25]. The projected limits on #; in “mirror
fermion” (“U(4) fermion” with M = 10f) assignments
are 61 < 0.17 (0.23) at 95% CL. This indicates that we
could probe this model with about 9% (12%) tuning by
the end of high luminosity LHC run.

In summary, we have investigated a minimal two twin
Higgs model, which explains the origin of the Z, break-
ing dynamically. The Zs symmetry is typically broken
by adding new terms, such as soft mass or bilinear mass
terms. We discussed the possibility that the Zy symmetry
is spontaneously broken by purely radiatively generated
Higgs potential. The vacuum misalignment v < f is re-
alized radiatively via cancellation of gauge and Yukawa
corrections to the Higgs mass term. This theory can
be viewed as a UV completion of a natural inert Higgs
model. This minimal setup has no free parameter in the
Higgs potential, and thus it has rich but predictive phe-
nomenology.
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