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ABSTRACT: Based on a recent idea by Krohn and Yavin, we construct a little Higgs model
with an internal parity that is not broken by anomalous Wess-Zumino-Witten terms. The
model is a modification of the “minimal moose” models by Arkani-Hamed et al. and Cheng
and Low. The new parity prevents large corrections to oblique electroweak parameters and
leads to a viable dark matter candidate. It is shown how the complete Standard Model
particle content, including quarks and leptons together with their Yukawa couplings, can be
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1 Introduction

Little Higgs models are effective non-supersymmetric theories with a natural cutoff scale
at about 10 TeV, where the Higgs scalar is a pseudo-Goldstone boson of a global symme-
try, which is spontaneously broken at a scale f ~ 1TeV. The symmetry breaking pattern
protects the Higgs mass from quadratically divergent one-loop corrections, which are can-
celled by new gauge bosons and fermions with masses near f. Therefore the hierarchy of
scales can be realized without fine-tuning the parameters in the Higgs potential. A simple
implementation of this mechanism is given by the “minimal moose” model of ref. [1]. This
model has two copies of the Standard Model (SM) gauge group, which are broken to the
diagonal group at the scale f, reminiscent of chiral symmetry breaking in QCD.

However, tree-level mixing between the gauge bosons introduces large corrections to
the oblique electroweak parameters for f ~ 1TeV, unless the gauge couplings of the two
gauge sectors are almost equal [2]. This equality of couplings can be explained by a discrete
symmetry called T-parity [3, 4], under which the SM fields are T-even and the new TeV-
scale particles are odd.! As a result, all tree-level interactions between T-even and T-odd
particles are forbidden, so that corrections to the electroweak precision observables occur

only at one-loop level and thus are sufficiently small to allow values of f of 1TeV and

LA different discrete symmetry, which does not lead to a complete doubling of the SM particle content,
has been proposed in ref. [5, 6].



below. Furthermore, the lightest T-odd particle is stable and, if neutral, can be a good
dark matter candidate.

Often it is assumed that the new physics entering near the scale of 10 TeV are some
strong dynamics similar to technicolor theories.? In this case, however, the fundamental
theory can induce a Wess-Zumino-Witten (WZW) term [8], which is T-odd [9] if T-parity is
implemented as in ref. [4]. The breaking of T-parity by the WZW term, though suppressed
by the large symmetry breaking scale, rules out the lightest T-odd particle as a dark matter
candidate, since this particle would decay promptly into gauge bosons [10]. On the other
hand, it was recently shown that a different construction of the parity in moose models
leads to a parity-even WZW term [11]. The authors present a simple toy model that shows
the relevant features.

In this article we adopt the idea of ref. [11] for the “minimal moose” model in order
to construct a fully realistic model which reproduces the Standard Model as a low-energy
theory, admits electroweak symmetry breaking (EWSB), is consistent with electroweak
precision constraints, and has a viable dark matter candidate. In the following section,
the model and the implementation of the new X-parity is described explicitly. In section 3
the physical mass spectrum of the model is analyzed, and it is shown that successful
electroweak symmetry breaking can be achieved. Finally, section 4 discusses electroweak
precision constraints and gives a brief overview of the collider phenomenology, before the
conclusions are presented in section 5.

2 The model

The model is based on a large SU(3)® = [SU(3), x SU(3)r]* global symmetry group that
is spontaneously broken to the diagonal vector group SU(S)%, at a scale f, giving rise to
four sets of SU(3) valued nonlinear sigma model fields

X; = e2will i=1,...,4. (2.1)

Under the global symmetry group they transform as X;3 — L1,3X1,3RJ{73 and Xo4 —
R274X274L;4. The axial components of the global symmetries shift the Goldstone fields,
r; — x; + €;, thereby forbidding any nonderivative couplings for the Goldstone fields. In
particular, as long as these symmetries are not explicitly broken, a mass term can’t be
generated for the Goldstone fields at any loop order.

Adding gauge and Yukawa interactions will in general break some of the global sym-
metries and therefore generate O(f) mass terms for the corresponding Goldstone bosons.
The idea of collective symmetry breaking is to implement the required interactions in such
a way that each interaction respects parts of the global symmetry and therefore keeps
the corresponding Goldstone bosons massless. Only the simultaneous presence of differ-
ent symmetry breaking interactions can then generate a mass for those Goldstone bosons.
Since appropriate diagrams only appear at the two-loop level, the generated masses are
suppressed by an additional loop factor and can be significantly below the scale f.

2 An alternative approach involving a weakly coupled symmetry breaking sector can be found in ref. [7].



Our goal is to have at least one light electroweak doublet that we can identify with
the SM Higgs boson. Under the SM gauge interactions, the Goldstone fields x; decompose
as follows

= <¢z‘ +mi/V12  hif2 ) , (2.2)

W2 —ni/V3

where ¢; = gngQ /2 are triplets under the SU(2) gauge group, h; are complex doublets, and
7n; are real singlets. We further demand that the physical Higgs boson is even under the
dark matter parity that acts as 1 < x9 and z3 < x4 on the Goldstone fields. This leaves
us with two candidates for the SM Higgs doublets,

1
V2
The physical Higgs field will later be identified as h, and is protected
by  the  global  symmetries SUB)1,a = SUB)1,3 x SU(3)1,4/SU(3)pL, and
SUB)r,a = SUB)r,3 x SUB)R,4/SU(3)pR,
where SU(3)p; denotes the diagonal subgroups of these product groups. As long as

1
hg = (h3 + h4), hy = —2(h1 + hg) (23)

no single interaction breaks both SU(3)r, , and SU(3)R , at the same time, the mass of the
Higgs will be sufficiently small.

For models based on the symmetry structure used here, possibilities to introduce in-
teractions that preserve enough global symmetries are discussed in [1]. We found that we
could adopt their rules to introduce scalar self-interactions as well as gauge interactions,
but that some modifications are required in the Yukawa sector in order to maintain the par-
ity symmetry. In particular partners for the standard model fermions must be introduced
so that the dark matter parity can be implemented in a linear way.

2.1 Scalar and gauge sector

The global symmetry structure of the model is is depicted in figure 1. On each site, a
SU(2) x U(1) subgroup is gauged, with equal strength for both sites. The gauge group
generators are given by

. (o920 1 (Ko
QL,R - < 0 0) ) YL,R - \/ﬁ <O _2> ) (24)

written in terms of 2 x 2 and 1 x 1 blocks. Here 0% denote the Pauli matrices. The kinetic

term of the sigma fields reads

o 4
La= fz tI‘[(D“XZ)(DﬂXZ)T], with DﬂXLg = aﬂXL?’ — ’L'ALﬂXl,g + Z'X173AR“, (25)
= D, Xo4 = 0,Xo4 —1ARuXo 4 +1X24A1,,

and AL,u = QLWEMQ% + gLyLX BLﬂYL, (2.6)
Ary = grWR, QR + 9rYRX Bru YR,
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Figure 1. Illustration of the global and gauge symmetry structure of the model.

where the gauge couplings at the two sites are chosen to be equal, g1, = gr = V2¢g and
g, = gh = V24, and g, ¢ are the SM gauge couplings. Furthermore, y1,x rx denote the
U(1) charges of the fields X;. The choice y1x = yrx = 1/ V/3 ensures the correct values
for the Higgs doublet hypercharge and Weinberg angle. Note that the definition (2.5) of
the covariant derivatives corresponds to assigning opposite directions for the link fields 1,3
and 2,4, which is important for the definition of the X-parity below.

Each gauge interaction separately only break either SU(3)y, , or SU(3)R,, and therefore
respects collective symmetry breaking. Actually since the gauge interactions are either on
the left or on the right side of the moose diagram, no large mass is generated for any of
the Goldstone fields from these interactions.

The kinetic term (2.5) has a Zy symmetry, called X-parity, defined by

X—parity: AL > AR7 X1 > XQ s X3 — X4 . (27)

This definition is a straightforward generalization of the parity of the two-link model in
ref. [11]. Under this parity, the WZW terms [8] for the four link fields transform as

I'wzw (21, AL, Ar) < I'wzw (22, Ar, AL), T'wzw(x3, AL, Ar) < I'wzw (24, Ar, AL),
(2.8)

so that the combined term

Lwzw = I'wzw (21, AL, AR) +T'wzw (22, AR, AL)+T'wzw (23, AL, AR) +T'wzw (24, AR, Ar)
(2.9)
remains invariant. As a result, X-parity is an exact symmetry of the model and the lightest
X-odd particle is stable.
In addition to the X-parity in eq. (2.7) a second Zy symmetry, called T-parity, is
imposed, under which

T-parity: AL < Ar, X, —QX/Q, (2.10)



where 2 = diag(1,1, —1). Our T-parity is identical to the original version in ref. [4], and it
ensures that the triplet and singlet scalar do not receive any vacuum expectation values.
In our implementation, T-parity is respected by the model at the classical level, but broken
by Lwzw. However, since the stability of the dark matter candidate is already guaranteed
by X-parity (2.7), this does not lead to any problems.

In the gauge sector, the X-odd linear combinations of gauge bosons,
1 1

SOV W, Bu= (B~ By, (2.11)

acquire masses of order f from the kinetic term (2.5), while the X-even combinations

Wii

1 1

V2 V2

remain massless before EWSB and are identified with the SM gauge bosons. The scalar

W= —(Wg+W8),  B=—=(BL+Bg), (2.12)

fields form the following X-even and X-odd combinations:

1 1

w = g(21 — @2 + 23— 24) =5 (=21 + 22 + 23 — 24) (X-0dd), (2.13)
1 1

y=g(-m—z2tz3t+zs)  z2=g(@+aataztm) (X-even).  (2.14)

The triplet ¢,, and the singlet 7n,, are eaten to form the longitudinal components of W
and By.

A large Higgs quartic coupling, required for electroweak symmetry breaking, is gener-
ated by the following X-invariant plaquette operator:

Lp = g o | X XXX+ X XXX 4 e (2.15)

This operator contains an explicit O(f) mass term for the scalar fields in x, but preserves
enough global symmetries so it does not generate large masses for any other Goldstone
bosons at the one loop level, in particular not for h,, hy.

Successful electroweak symmetry also requires the introduction of a second plaquette
term [1], which breaks a different subset of the global symmetry:

ch = é Flir <T8X1X§X§X4 + TeXo X | XT X5 + X X1 T X3 X, + XQXiTgXlTXg) the.
(2.16)

where Ty = diag(1,1,—2)/v/12, and € is a complex constant. As explained in ref. [1],
eq. (2.16) can be generated radiatively by two-loop diagrams involving the top quark, and
therefore it is natural to assume that |¢| ~ |x|/10. We can assume € to be purely imaginary,
since the real part only gives small corrections to the scalar potential.

2.2 Fermion sector

For the construction of the kinetic and Yukawa terms of the fermions, several conditions
need to be considered. First, one has to make sure that these terms do not break too



many of the global symmetries, so that the mass of the little Higgs doublet remains pro-
tected from quadratic corrections. Secondly, the minimal construction using only X-even
fermions [4] leads to unsuppressed four-fermion operators at one-loop level, thus forcing the
scale f be about 10 TeV or larger [12]. The second problem can be solved by introducing
“mirror” fermions [12], i.e. two sets of fermions that are partners under X-parity. Our
implementation closely resembles the setup in the appendix of ref. [13].

For each SM flavor two doublets of left-handed fermions are introduced, located at the
two sites of the moose diagram. With the exception of the top quark, they are embedded
into incomplete representations of SU(3) as follows

Qa = (daa Ua, O)Ta Qb = (dba U, O)T- (2'17)

Under the global SU(3);, x SU(3)r group they transform as Q, — L;Q, and Qp — R;Qp,
while X- and T-parity interchange the two fields, Q. < Q.

Since (2.17) are incomplete multiplets, their interaction terms break the global sym-
metries that protect the Higgs mass and lead to quadratically divergent contributions from
one-loop diagrams involving the Yukawa couplings. For the first two generations this is
not a problem since the Yukawa couplings are very small, but for the third generation we
need to introduce complete multiplets

Q3a - (d3aa U3a, Ua)Ta Q3b = (d3b, U3b, Ub)T' (218)

Here the additional singlets U, 1, cancel the quadratically divergent Higgs mass contribu-
tions induced by the large top Yukawa coupling.
The X- and T-invariant fermion kinetic terms have the standard form

Ly =iQ,0"D%Qs + Q0" DpQp, with  Di =9, +igu Wi, (Qf) " — igf, yLo By,
(2.19)

DE =0, + igRWla%p(QaR)T — i9RYrQ Brys

where ¢ = (1, —7), and yr,¢ and yrg are diagonal matrices composed of the U(1) charges
in table 1. The SM fermions emerge from the X-even linear combination Q) = %(Qa +Qy).
To give mass to the X-odd combination Qy = %(Qa —Qy,), we need to introduce conjugate
Dirac partners

Qg - (dc ug 0)T7 Qgc = ( gcvugm UCC)T7 (2'20)

cr) 'co
Under SU(3)r, x SU(3)r they transform as QS — U;QS, where U; (i = 1,...,4) belongs to
the unbroken diagonal subgroup of SU(3);, x SU(3)r and is a non-linear function of L;
and R;. Furthermore, the effect of X- and T-parity is defined as Q¢ — —QQ¢. Then a X-
and T-invariant mass term for the X-odd fermions is given by
>\c
V2

where & = €#i/f. Under global SU(3)1, x SU(3)R rotations &; transforms as & — LifiU;r =
UlfiR;r for i = 1,3 and analogous for ¢ = 2,4, so that eq. (2.21) is evidently gauge invariant.

Ln = =25 (Qu61Q8 — QuOEIQE - Qe0QE + QuRElQE) +her,  (221)



In general, A. is a 3 x 3 matrix in flavor space. Since it can contribute to flavor-changing
neutral currents (FCNCs) at one-loop level, it is constrained by data on heavy-flavor decays
and oscillations. Such effects are studied for example in [14] for the case of the littlest Higgs
model with T-parity. For the analyses in section 3 and 4 we assume a flavor diagonal A.
for simplicity.

Since the Q¢ transform non-linearly, one must make use of the &; fields to construct a
gauge- and X- and T-invariant kinetic term. Following the formalism of Callan, Coleman,
Wess, and Zumino [15], it can be written as

—c _ 1 ) 1 c
L. =1iQ.a" <au + Z(éDugl + §1Du§1r + §§Du§2 + §2Du§$) - zg/ <ch + %YV> Bu) Q¢ ,

(2.22)
where
. . 1 1
1D, & = €1(8, +igW QY + igWEQY +ig' —=BYy + ig'—=BuYa)&;, (2.23)
V3 V3
. . 1 1
Dl = €0, + igW Q% — igWEQS + ig' —=BYy — ig'—=BuYa)é), (2.24)

V3 V3

and QF,Yy and Q%, Ya are the unbroken and broken gauge generators, respectively. Both
equations (2.21) and (2.22) do not involve the x3 and x4 Goldstone fields and therefore
do not break the global symmetries that protect the Higgs mass. They do however gen-
erate masses for some of the other Goldstone bosons that will be explicitly calculated in
section 3.2.

Now Yukawa couplings can be constructed for the X-even massless combinations of the
fermions. For the up-type quarks of the first two generations they read

0 0
Lo= - fQa(X3+QXIQ) [ 0 | = AfQu@XIQ+ X)) [ 0 | +hc, (2.25)
C uc

where u€ is are the right-handed quarks (one for each flavor), which are X- and T-even. As
already mentioned above, the presence of incomplete multiplets in the Yukawa couplings
leads to quadratically divergent contribution to the Higgs mass. Therefore the top Yukawa
coupling has a slightly different form [13],

0 0
Li=-MNQu(X3+0XI0) [ 0 | =AfQa(@XI0+X4) | 0 | +hec. (2.26)
Ut Us

Here the two singlets US and U transform under X- and T-parity as US < Ug. Their
X-even combination Ug + Uf emerges in the right-handed top quark, while the X-odd
combination Uy — Uf forms the right-handed partner of the X-odd U, — Uy,. In addition
there are one more X-even and X-odd fermion in the top sector, which receive masses from
eq. (2.21). This will be explained in more detail in section 3.1.



SUQ). | SUR)r | UM | UMr | X T
Ga 2 1 L L b 0
Ua 1 1 L L Uy, Uy,
ab 1 2 E & Ga Ga
Uy 1 1 5 5 Us Ua

< nonlinear —QQ¢ | —QQ¢

e 1 1 3 : d° de
u 1 1 — é — é u u
U¢ 1 1 - | -3 Ut Ug
R R e N I

Table 1. Quantum numbers of the fermion multiplets under the [SU(2) x U(1)]? gauge symmetry,
and their transformation properties under X and T. The physical U(1)y hypercharge is the sum of
both U(1); + U(1)2 charges. There is some freedom in the assignment of U(1); and U(1)y charges
to UL, ch). Here the conventions of [13] have been adapted.

The use of complete multiplets Q3,, Q31 in (2.26) makes sure that each term preserves
one of the global SU(3) symmetries that protect the Higgs mass.
Finally, the down-type Yukawa couplings are given by

0 0
Lq=-MfQa(X3+ QX1 [ 0 | = AafQu(QXIQ+X)* [ 0 | +he, (2.27)
d° d°
where
~ . 02/2 0
Qa,b = _2ZT2Qa,b = (_ua,ba da,ba O)T ) 15 = < 0/ 0" (228)

The lepton Yukawa interactions are defined similarly. In contrast to the up-type Yukawa
couplings, the all three generations of down-type fermions generate quadratically divergent
contributions to the Higgs doublet masses from eq. (2.27), which is permissible since the
bottom Yukawa coupling is much smaller than the top Yukawa coupling. The kinetic term
for the singlet conjugate fields ¢ = u¢,d°, Ug, Uf simply reads

LR = ’L'EO'M(OM - ’L'g,ychH)Qpc = ’L'EO'M (6H — i\/ig/(yLwCBL,u + wacBRM))T/)C, (229)

where o = (1,5) and yye = 2yryec = 2yRye is the fermion hypercharge.

Table 1 summarizes the fermion contained in the model and their transformation
properties. Note that the model is non-renormalizable and considered to be a low-
energy effective theory of some fundamental dynamics associated with the UV cutoff scale
A ~ 10f ~ 10TeV. This UV completion could, but does not need to, consist of some
strongly coupled gauge interaction, which breaks the global symmetry through the forma-
tion of a fermion condensate, similar to technicolor.



3 Mass spectrum

3.1 Top quark sector

Expanding the Yukawa couplings (2.21) and (2.26) in the top quark sector in powers of
1/f yields

Ly == V2Xof(uza — ugp)u§e — V2o f (Ua + Up)US = 20 f (UaU, + UnU)
= Agzalhy + h2) U + qsp(hy + h2)UY)
o (s + )by = BUE + (Wa = V() = B)ge] +--+ e, (31
where qza = (d3a,u3a) ", q3p = (dap,usp) ", and the dots indicate O(f~1) terms and O(f°)

terms that do not involve Higgs doublets. With suitable phase redefinitions of the fields,
both A and A, can be chosen to be real.® Introducing the X-even and -odd combinations

1 1

Ui = %(Ua + Uy), Ui = E(US + Uy), (3.2)
1 1

Q3+ = %(Q?;a + qa3p), uzL = E(ufia + ugp,), (3.3)

one obtains

Ly =— 2\ fus_u§, — 2\ fULUS — 2Xf (UL US + U_UC)

1
- A (QBJr(hy + hz)Ui + Q3f(hy + hz)Ui) + §>\CQ3+(hy - hZ)Ucc + h.c. (3'4)

Neglecting contributions of order v?/f?, the X-odd mass eigenstates in the top sector,

written in terms of left- and right-handed components, are

(TH7 TIEI) = (U,3_, ugc)v (T/7 T,C) = (U—7 U: )7 (3'5)

with masses 2A.f and 2\f, respectively. In the X-even top sector, the following Dirac
fermions are formed:

(3.6)

AUE+ NUS AUS — NUE
(T, T°) = <U+, #) , +7> ]

The T obtains a mass mp = 24/A2 + A\2f, while the SM-like top quark ¢ remains massless
before EWSB and has a Yukawa coupling given by

(t’tc) = <u3+a

2
— A\egsht® + h.c. N\ = V2N

Vs er ey

Note that the X-odd top partner T” is responsible for the cancellation of the quadratically

(3.7)

divergent contribution to the Higgs mass. Therefore the X-even 1" as well as the X-odd Ty

3 A relative factor i between the second line of (3.1) and (2.26) has been absorbed by this same procedure.



can be given masses of several TeV by increasing A., thus effectively decoupling them from
The remaining fermion masses can be found in table 2.

Once electroweak symmetry is broken mixing of the top quark with the 7" quark is
reintroduced. The resulting mass matrix can be diagonalized by redefining the ¢ and T
quark as follows:

t—cpt—siT, T — cT + syt, (3.8)
t° — cpt® — spT", T° — cgT° + sgt°, (3.9)

where sy, = sinay,, ¢;, = cos «, are the sine and cosine of the left-handed mixing angle and
similarly for sg, cg. To leading order in an expansion in (v/f), these mixing angles are

given by
A 2
sinay ~ ap = _ﬂm(ﬂ;), (3.10)
)\c mr mT
2
sinaRzaR:OJrO(i;), (3.11)
mp

while the mass eigenvalues remain unperturbed at this order.

3.2 Scalar masses

Since the non-linear sigma model breaks the complete symmetry down to its diagonal
vector group, the X-odd SU(2) and U(1) gauge bosons, which are associated with the
broken generators, become massive by eating the triplet ¢, and singlet 7, in the scalar
w multiplet, respectively. The other scalars are pseudo-Goldstone bosons that receive
masses from all interactions that explicitly break some of the global symmetries. The only
tree-level mass terms for the scalars stem from the plaquette operators (2.15) and (2.16),
which lead to a mass Mg = 4k f? for all fields in the o multiplet, and additional O(ef?)
contributions to all doublet fields. However, at one- and two-loop level, scalar mass terms
are generated from various other Lagrangian.

One-loop corrections from the mirror fermion mass term (2.21) induce a quadratically
divergent mass for the linear combination z1 + xo = —(y — 2), of order O[A2A%/(167%)] ~
O(X\2f?). Similarly, the top Yukawa coupling (2.26) generates quadratically divergent one-
loop mass terms, of order O(A\2f2) for the doublets in x3 — x4 = = + w and singlets in
x3+x4 = y+2z. On the other hand, the kinetic term (2.22) leads to two-loop mass terms that
have quartic divergences [4]. As aresult, the scalar doublets in 27 +23 = 2 (w—2)2+1 (y—=2)?
pick up masses of order O[g?/(167%)% x A*/f?] ~ O(g2 f?).

The remaining doublet and triplet linear combinations h,+h. and ¢,+¢. are protected
from quadratically divergent one-loop mass terms. However, all scalar fields obtain loga-
rithmic one-loop contributions and quadratically divergent two-loop contributions from the
gauge kinetic terms and the plaquette operator. Furthermore, the doublet hy + h. receives
a logarithmic one-loop mass term from the top Yukawa coupling. These mass contributions
are parametrically of the order of the electroweak scale v ~ f/(16m2). The X-even doublet
hy + h. will become the dominant component of the light Higgs boson, which is responsible
for electroweak symmetry breaking.

,10,



Including all the aforementioned contributions, the scalar mass terms are given by

1
Emass,scal = _5 [(M§+m§,5+m12),5)773:+(Mt2+m§,5+m]2),5)(77§+77§)+My2(77y - 772)2]
1 3
=5 (M 4mg gty )| bu P+ (mg g +my ) (16y | +16:17) + 5 My |6y — 6:1]
1

=5 [My h[* + (M +m p+miy p)(|hel*+[hus|*)+ (Mg + M) by — hal?
+ (M +My) by = e[ i |hy +he |+ (g p g, p) (hy *+[he[?)

+im?Z(hi,he — Blhw+hih, — hik.)], (3.12)

where the singlet, triplet, and doublet mass terms are shown in the first, second, and

remaining lines, respectively. The mass parameters are summarized in the following list:

Mg =4k f? plaquette mass

m? = ?Jdlm(e) e-plaquette term from (2.16)
M, = crg* f? 2-loop mass from (2.22)

My2 =c,\2f? 1-loop mass from (2.21)

mg’X =cgx g 1%/ (4m) % log(g%f2/A%) gauge-loop mass, log part
M? = cp)\? f2 top loop from (2.26), quadratic divergent part
mi p = M7 /(47)* log(M7, /m7) top loop from (2.26), log part

mf)’X =cpx K22/ (4m)* log(rf?/A?)  plaquette-loop mass, log part

Here the O(f) terms are written in capital letters, while lower case is used for the lighter
mass terms. m; and My denote the top quark mass and the mass of the 7" quark. The
latter cancels the quadratic divergences in the top loop contribution to the Higgs mass.
The ¢; are O(1) coefficients, which, except for ¢;, depend on unknown details of the UV
completion. However, it is possible to determine the relative contributions of the gauge
loops to the singlets, doublets, and triplets, which are given by ¢, ¢ = 0 (since the singlets
commute with all gauge generators), ¢y ~ 1/8, and ¢y p ~ Z[1+ (¢'/9)"].

The doublet h,, does not get eaten and remains in the physical spectrum. It mixes with
the other X-odd doublet h, to form two mass eigenstates hy; and hye with O(f) masses.
Ac can be relatively large, leading to a rather large splitting between the two masses, and
to a large mixing. In the limit of large A., the X-odd doublet masses are approximately
given by M2, ~ M? + M5/2 and M2, ~ M2, + 2My2 + 2ME .
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3.3 Electroweak symmetry breaking

The plaquette interactions (2.15) generate quartic couplings for the X-even scalars, which
can be written as
— rtrfy, 2)% (3.13)

Additional quartic interactions emerge from the second plaquette term (2.16) and from
loop corrections but will be neglected at this point.
To further analyse the Higgs potential, it is useful to switch back to the basis (2.3) using

! 1

ha \/i(hy +h.), hy = E(hy — h). (3.14)
In this basis, the quartic potential for the X-even doublets reads
K
Va = |(hlha) (o) + (hlho)(hfha) = (hlho)* = (hfha)?] (3.15)
while the quadratic potential, taken from eq. (3.12), is given by
1
Vo= [m2|hal? +mi|hy|* + (m2,hhy + hec.)] (3.16)
with the mass parameters
m?2 = 2m? + m_?LD + mlz,,D, (3.17)
mj = 2Mg, +2M) +m) p+m p, (3.18)
m2, = —im?. (3.19)

As evident from these equations, electroweak symmetry breaking is described in this model
by an effective Two-Higgs-Doublet model (2HDM). The conditions for successful symmetry
breaking are

m?,,D > —2m?, ml> (2M§ + 2ME, + miD + m§7D)(2m? + miD + m;D) . (3.20)

Since m?] p and m7 are of the same order of magnitude and m? is negative, these conditions

can be satisfied naturally. Without the m, term, the Higgs potential would have an unsta-
bilized flat direction, and electroweak symmetry would not be broken to the SM vacuum.

The potential is then minimized by the vacuum expectation values
(ha) = (0,vcos B)" (he) = (0,ivsin )", (3.21)
with
tan® 8 = m2/m} = O(m?/M?), (3.22)

where M denotes the O(f) masses in the scalar potential, while m represents any of the
suppressed mass terms. We have checked numerically that for reasonable choices of the
mass parameters defined above a value for v close to the electroweak scale v = 246 GeV
can be obtained.
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The complex coupling constant € of the second plaquette term (2.16) leads to CP
violation in the Higgs sector, as evident by the complex vacuum expectation value of the
second Higgs doublet in eq. (3.21). Since it is assumed that |e| is smaller than |x| by about
one order of magnitude, the amount of CP violation is relatively small. Nevertheless, it
could lead to potentially important consequences for flavor physics. However, a detailed
analysis of CP-violating effects of our model is beyond the scope of this article and is left
for future work.

Neglecting the CP-violating contribution from e and m?2, the decomposition of the
Higgs doublets into physical states is given by

\/§G+ \/§H+
o = (v + B0 +iGO =\ i) (3.23)

As usual for a 2HDM, one obtains the Goldstone bosons G°, G* and G~ = (G*)1, which
are eaten by the SM gauge bosons, a neutral pseudoscalar A°, a pair of charged scalars H+
and H- = (H')T, and two CP-even neutral scalars h° and H°. The pseudoscalar mass is
given by Mi = (m2+ mg). The masses of HT and H° are very close to M4, differing only
by O(m?/M?) effects.

Including the CP-violating contribution from the m? parameter would lead to a small
mixing between the doublets and between CP eigenstates. However, as mentioned above,
these effects will be neglected for the purpose of this work.

The SM-like Higgs boson is kY, which at tree-level has a very small mass, in conflict
with direct search limits.* However, loop corrections to the quartic potential yield positive
contributions to my. For example, loops involving the top quark and its heavy partners
generate a correction of the type

1
Am} o FUQ)\ZL. (3.24)

In general, these radiative corrections cannot be computed explicitly in the effective little
Higgs theory, since they depend on the UV cutoff A. However, they are generally com-
parable to the electroweak scale and thus could lead to a value of my above the current
search limit. Since my, is very sensitive to these loop contributions, we will take it as a free
parameters in the following. Note that the loop corrections to the quartic potential have a
negligible effect on the masses of the heavy Higgs bosons A, H+, HY.

4 Phenomenology

In table 2 the particle content of the model beyond the SM gauge bosons and fermions is
summarized. Since the model requires a UV completion, additional degrees of freedom are
expected at the scale A ~ 10 TeV, but will not be discussed here.

4The small tree-level value for my, is not an artifact of our implementation of X-parity, but would also
arise in earlier versions of the minimal moose model in refs. [1, 2, 4].
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Field X-parity | T-parity Mass squared
Heavy gauge bosons BY i - - % g% f?
Wy o Wit — — 442 f?
Singlet scalars Nz - — Ak f?
m= gy —n:) |+ = | QA2+ erd?)f?
Na = 75 (ny + 1) + - cer A’ f?
Triplet scalars O — — 4k f?
=T5(dy—0:) |+ - 3y A2 f?
bu=J5(0y+6.) |+ - My + My
X-odd doublet scalars hi — + MI?H
hH2 - + MI?IZ
X-even doublet scalars H* + + Mfl
A® + + M3
HY + + M3
h° + + m%
Heavy top partners Tw — — 4)\2 f2
TI _ _ 4)\2 f2
T + + 4(N2+ N2 f?
Other heavy quarks Qu — — 402 f2
Heavy leptons Ly - - 4(N\)2 2

Table 2. List of particles (besides SM particles) below the strong scale A and the dominant

contributions to their masses. Mass corrections of order O(v/f) are neglected.

The charge eigenstates of the gauge bosons and scalars are given by

Wi = Wi,

0 _ 13
¢i:z”

Most new particles have O(f) ~ O(TeV) masses. In the table, relative corrections of
order O(v/f) to these mass parameters have been neglected. However, besides the light
Higgs boson h°, an additional scalar triplet ¢, with weak-scale mass is predicted. These
scalars are odd under T-parity, so that sizable numbers can be produced only in pairs,
but since they are even under X-parity, they can decay through the WZW coupling. In
principle, the WZW term also permits single ¢, production, but at a highly suppressed
rate, which is thus completely negligible. For the same reason, all other T-odd particles will
decay first to one of the particles in ¢, through T-conserving channels instead of directly

decaying via the WZW term.

Wit

— 14 —

(Wit ¥ W)/ V2,
o7 = (61 Fid})/V2.

(4.2)
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Since X-parity is exactly preserved, the lightest X-odd particle is stable. If all coupling
parameters are not much smaller than unity, the lightest X-odd particle is the heavy U(1)
gauge boson, BIO{ w which is a viable dark matter candidate.

4.1 Electroweak precision constraints

X-parity has been shown to largely reduce the constraints on the parameter space in the case
of the littlest Higgs model [4, 16], since corrections to the electroweak precision observables
arise only at loop level. Here we calculate the corrections to the electroweak S and T
parameters [17] in our model to determine the allowed parameter space.

The dominant contribution to S and T from the fermion sector come from gauge
boson self energy diagrams with the X-even 1" quark running in the loop, a contribution
that has already been calculated in ref. [18]. In spite of the different symmetry structure
of the model and the modified implementation of the top-Yukawa couplings the results are
almost identical to those obtained in the case of the littlest Higgs model [16]. We find

A= iL [c% (M _ §> N (1 |2 Zmimy(mi —3my) c%) log m—f} . (4.3)
myp

2r [P \(m3 —m)?  3) " \3 (m? —m2)3
3 2 2 2 9202 2
AT = 167 28L2 m_; [S%m—g —1—cf - 1 °L log m_;] ) (4.4)
T Ciy Sy My my — Tt map

where sy, ¢, are the mixing angles defined in (3.8) and sw, cw are the sine and cosine of
the Weinberg angle, respectively. Inserting the leading order expressions for the mixing

angles (3.10) and expanding the expressions in the limit m? < mgp one arrives at

LXmi (5 2 m3
AS=—2 "L (-2 4 Z1pg L 45
2%A%m%< ?>—i_i’)0gm§>7 (4:5)
1 2 4 2 2
ar=3 L X Tt2<21ogm—72’—2+)‘—2>. (4.6)
167 s{ycyy Ae mpmy m; Az

Another contribution to the T parameter arises from the custodial symmetry violating
mass splitting between the neutral and the charged Wy gauge bosons. At the one loop
level this yields [4, 16]:

9 A?
ATy, = ———————AM2, log ——. 4.7
W = " gra 2 a8 (4.7)

The logarithmic divergence forces one to introduce an appropriate counterterm with an
unknown coefficient . of order one [4, 16]. In our model the mass splitting is given by

2 g v .2 2 g% v
My, = 1672 (3 + sin*(28) — cos*(26)) = S (4.8)
Including the counterterm this leads to a contribution to the T" parameter of
ATy, = —4%”—2 <5c + D1og 4—”) . (4.9)
sy f 4 g
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Next we discuss the contributions to electroweak precision observables that arise from the
scalar sector. The scalar singlets present in the theory do not contribute to the S and T’
parameter. Contributions of the scalar triplets to the T" parameter are proportional to the
mass splitting between the charged and neutral components. This splitting is induced only
after electroweak symmetry breaking and is generally small in our model, even for the light
X-even triplet.

In the limit of vanishing CP violation in the Higgs sector the contribution of the
two X-even Higgs doublets is well approximated by the SM Higgs contribution and the
contribution of a heavy Higgs doublet that is given by [19]

1
ATQHDM 1677'5%\/0%\/7’”22 [F(M[zr-hMiO) +F(M[2—]+aM[2{0) _F(MEO’M?-IO))] ) (410)
where
1 2 2 2
F(m?,m3) = 5 (m? +m3) — —1725 log . (4.11)
my —m;g my

For small mass differences this contribution is proportional to the mass differences between
the charged and neutral heavy Higgs bosons. Since the actual values of M?{i — Mio and
M12{0 — Mio depend on unknown counterterm coefficients and are furthermore sensitive
to radiative corrections to the quartic couplings, we take these mass differences as free
parameters 07 and 2 of order (100 GeV)?2. The contribution to the S parameter is small
when the mass differences of the heavy scalars are small compared to their masses, so we
can neglect it here. Taking into account the CP violation in the Higgs sector only affects
the mixing between the Higgs scalars. Since these mixings are small, they do not change
the contributions to the S and T parameter significantly.

The X-odd doublets lead to a contribution of similar size, which depends on the incal-
culable O(v?) mass splittings in the h,, and h, doublets. For simplicity, we do not include
these terms explicitly, since the overall magnitude of the Higgs corrections can be estimated
sufficiently well from equation (4.10).

Other one loop contributions to the 1" parameter arise from mass splittings in the
mirror fermion doublets. The magnitude of such corrections has been estimated in ref. [16]
and it was found that they are suppressed compared to the contributions discussed above.

Apart from the loop-induced contributions to the T parameter the custodial symmetry
violating kinetic term of the Goldstone bosons (2.5) contributes at the tree level through
operators of the form?®

2

< , (4.12)

f2

where h,; are the X-even Higgs doublets. In our model this leads to a sizable contribution

hl,bDuha,b

to the T parameter of

T
AT ~ 0.5V (4.13)

#

5We thank Ian Low for pointing out the relevance of this operator to us.
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Figure 2. Allowed regions in the f-R parameter space for fixed values of J., d+ and dg. From
lightest to darkest the shaded regions indicate a deviation of the T parameter from the experimental

value by more than one, two and three sigma, respectively. Both plots use 6. = 5. The mass
splittings are 62 = 0.1f2 and 63 = 0.2f? in the left plot and §% = —0.15f% and 67 = —0.3f? in the
right plot.

This contribution seems to disfavor values of f below about 2 TeV. However, it will be
shown below that values of f around 1 TeV can be in agreement with experimental data
due to cancellations between different contributions to the 7" parameter.%

The experimental values for the S and T parameters are [20]

S = —0.04 % 0.09 (4.14)
T = 0.02 4 0.09 (4.15)

for a Higgs mass of my = 117 GeV and fixing the U parameter to U = 0. The contributions
to the S parameter from the top sector are small for all reasonable choices of parameters,
and in particular do not lead to additional constraints on regions that give a satisfactory
T parameter.

For values of f > 1 TeV the contributions of the top sector and the gauge boson sector
each stay within the experimental limit of 17" for most choices of the parameters R and
. respectively. The contribution (4.13), taken separately, would push this value towards
f 2 2 TeV. The contribution of the Higgs doublets does not directly constrain the scale
f but essentially depends on the mass splitting 0+ and §y. When the mass splittings are
such that one neutral Higgs is lighter and one heavier than the charged Higgs boson, this
contribution is negative and can partially cancel the contribution (4.13), thus allowing
lower values of f. In figure 2 we show that for reasonable choices of the mass splitting
parameters and of d. these cancellations take place, allowing for values of f at the 1 TeV
scale, and even slightly below.

5Note that a larger custodial symmetry violating contribution from heavy gauge boson exchange in the
model of ref. [2] is forbidden by X- and T-parity.
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The left plot shows an example where the H is the heaviest Higgs boson and HT is
heavier than A°, while the right plot shows an example with the hierarchy inverted. For
both plots the splittings have been chosen proportional to the mass scale f. This causes
some regions in the f-R plane to be excluded also for large values of f, since there the
contributions from the Higgs loops become dominant.

A moderate amount of fine tuning is involved to cancel the contribution of eq. (4.13)
for smaller values of f. At this point it is worth mentioning that this contribution is
absent in models where the Higgs sector has a custodial symmetry, which can be achieved
by enlarging the global symmetry group. A concrete realization of this idea, based on a
SO(5) x SO(5) group structure, has been constructed e.g. in ref. [6]. It is certainly possible
to extend the present model in a similar way in order to enlarge the allowed parameter space
at low scales, however for the sake of simplicity we decided against discussing this here.
Furthermore, while this model allows a straightforward ultraviolet completion with QCD-
like dynamics, such a construction is less obvious for models that implement a custodial
symmetry using orthogonal groups.

4.2 Decays of heavy particles

For concreteness, we assume the plaquette parameter to be close to unity, x ~ 1. Further-
more, the UV-sensitive coefficients ¢;, introduced below eq. (3.12), are also assumed to be
of order O(1). As pointed out above, the Yukawa coupling A, of the mirror fermions can be
chosen relatively large, A\. > 1, since these fermions do not play any role in compensating
the quadratic divergences in the Higgs mass. In this case also the X-even top partner T will
be heavy. As examples, two scenarios will be considered, one with mirror fermion masses
near the breaking scale f, and one with very heavy mirror quarks:

“Light mirror fermion” scenario: Ae R AR 1/V2, R~1, (4.16)
“Heavy mirror fermion” scenario: Ae 4, Arx1/2, R~1/8. (4.17)

Note that A., A and R = A/, are related through the top Yukawa coupling (3.7), which
must be Ay = 1/ V2 to reproduce the experimental value for the top-quark mass. The mass
hierarchy of the two scenarios is sketched in figure 3.

The mass pattern and the conservation of X- and T-parity and gauge symmetries
strongly constrain the possible decay channels of the heavy particles. The gauge symme-
tries, however, are violated by electroweak symmetry breaking, leading to a small mixing

between the heavy gauge bosons WIE)I and BIO{, with the mixing angle given by
394’ v?
16(3g> — g”) f*

While this mixing is suppressed by two powers of v/ f, it nevertheless can be relevant for

sin Oy = (4.18)

decays of some particles that do not have any other possible decay modes.

The dominant decay channels are summarized in table 3, for the two scenarios intro-
duced above. Not included in the table are weakly interacting particles with masses larger
than about 2f and strongly interacting particles with masses larger than about 5f, since
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approx. mass in units of f approx. mass in units of f

7 A2 Ne, bus hiro A8 Qu, Ty, T, Ly
F—
+
15,/ Wit Wity H A" H* ny, hgs 5
Qu Ty, T', Ly 457 H', A’ H*
12 nb»¢b7hH1
Ny G -f—S N
0.7 hin 4= Wi Wi,
—+— "l 1 ,
47
Na 405
ka1 0.4 K~ 1 4 o
R~ —— By, R~1/8 -+ B,

Figure 3. Approximate patterns of two typical spectra of O(f) particle masses. In both cases, the
non-calculable coefficients are assumed to be of order unity, ¢; ~ 1.

they are expected to be beyond the reach of the LHC (assuming f 2 500 GeV). As men-
tioned above, the lightest T-odd particle decays through the WZW term, but the WZW
contribution is negligible compared to T-conserving interactions for all decays of heavier
T-odd particles.

Independent of other parameters, the lightest T-odd particle will be one of the scalars
in the triplet ¢,, since they do not receive any O(f) mass terms. At leading order in 1/f
the WZW term induces decays of into pairs of SM gauge bosons [8]. The masses of the
three scalars qﬁg’i are almost degenerate, with a small splitting between the neutral ¢?
and the charged qﬁf incurred from EWSB and the gauge boson loop contribution mg 7 in
eq. (3.12) only at order O[g*f?/(472)] ~ O[g*v?]. At this order, higher-order operators
from the UV completion could yield additional contributions to the mass splitting, so that
it cannot be calculated reliably from the effective little Higgs model. For concreteness,
we will therefore assume that the (bi are slightly heavier than ¢, opening up the decay
¢F — (WH)*¢? through a virtual W boson. Depending on the magnitude of the mass
splitting, this decay could dominate over the direct decays into W+~ and W*Z that are
mediated by the WZW term.

In the “light mirror fermion” scenario, since the SU(2) gauge bosons Wﬁ’i are relatively
heavy, they can decay into a mirror fermion plus the corresponding SM partner fermion.
Decays of Wﬁ’i directly to the lightest X-odd particle BIO{ via emission of SM gauge bosons
or Higgs bosons are suppressed by O(v?/f?). Therefore, these channels have a branching
ratio of at most a few per-cent. Similarly, to leading order in v/ f, the other two top partners
T and T' are SU(2) singlets and thus only interact through Yukawa or U(1) couplings.
Consequently, the do not contribute significantly to heavy SU(2) gauge boson decays.

The X-odd fermions can only decay to the heavy hypercharge boson Bg. Although
the mirror fermions are not charged under the heavy hypercharge group (see table 1), this
decay is enabled through the mixing between WIE)I and BIO{.

The situation is different for the X-even T' quark, which has sizable couplings to the
Higgs bosons from the top Yukawa term (3.4) and to the BIO{ boson via its hypercharge
quantum number. Figure 4 shows the branching fractions for the dominant decay modes
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“Light mirror fermions” “Heavy mirror fermions”
k~1l,R~1 k=1, R~0.09

Qu — q BY; Ly — 1 BY,

T — thI T — thI

T—th% tHY tA° bH*, T BY

Wi — f Fu, fFn W — 10 BY

Wit — [/ Fu, f'Fn Wik — W*BY

H° — ¢t

AY — 1t HT —tb

i — ttow™ BY W — tT o™, T g

Na — h° ¢2 Na — RO ¢2

$o — WHIW=, 2°2°, 2%, vy ¢y — WHW—, 2920, 2%, vy

Ga — (WH)*¢0, WHZ, Wy Gy — (WH)'g0, WHZ, Wy

M — (AO)* @2, (Hi)* ¢c:f’ (AO)* Na

¢y — (A%)* ¢, (HY)* oF, (A%)* ng

oy — 'y

Table 3. Dominant decay modes for heavy particles expected to be observable at the LHC, for the
two qualitative spectra in figure 3. Weakly interacting particles with masses M 2 2f and strongly
interacting particles with masses M 2 5f are not listed, since they are assumed to be beyond the
reach of the LHC. (X)* indicates an off-shell particle.

as a function of the Yukawa coupling ratio R. For the purpose of this plot, the Higgs
boson masses have been calculated using the loop-induced mass terms from section 3.2
with ¢; = 1. The branching ratios depend only mildly on f. As evident from the plot, the
decay T — hYt is dominant in most of the parameter space, but decays into the heavier
Higgs boson can become sizable.

In the second scenario, the mirror fermions and many scalar particles are too heavy
to be observables at the LHC. In this case, the gauge bosons I/VPOI’jE decay to the BIO{ via
emission of a SM gauge boson or the little Higgs boson. As mentioned above, the 7" top
partner, which is always lighter than the heavy SU(2) gauge bosons, is a SU(2) singlet.
As a result, the decay Wif — T"b is forbidden, while the channel W — T"¢,T"t can only
proceed through the small mixing of the Wg with the BIO{. Therefore this leads to an
additional suppression compared to the decay W}OI — hY Bg:

LW — T't,T't] oc cos? 0 = 1073 x v/f*,  T[WS — kOB «v?/f2.  (4.19)

Consequently, the decay of the heavy SU(2) gauge bosons into the top partner 7" can be
neglected.

The X-even Higgs bosons H, A%, and H* decay predominantly into third-generation
SM fermions through the Yukawa couplings egs. (2.21),(2.26). On the other hand, their
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Figure 4. Branching fractions for the dominant decay modes of the X-even T' quark, as a function
of R= A/, and for f =1TeV.

coupling to the SM gauge bosons is suppressed by the small mixing angle (3, see eq. 3.22,
rendering these decay channels negligible.

Of the X-odd doublet scalars, one doublet is typically very heavy. The lighter doublet
hi1 contains one CP-even and one CP-odd neutral scalar and two charged states. Their
decays are strongly constrained by their charges under X- and T-parity. If the T” is light
enough, three-body decay channels are open, otherwise the scalars in Ay can only decay
into a four-body final state.

For the singlet scalars the plaquette operator (2.15) is the only interaction term in the
model. At tree-level, the 7, singlet can decay into A° @0, H* ¢, and A°,, which all have
partial widths of the roughly the same order. As the masses of 1, A and H* are close
to each other, the doublet Higgs bosons must be slightly off-shell in these decays. In the

same way one obtains the decay modes of (bg’i.

4.3 Collider phenomenology

For values of f near 1TeV, several of the new particles predicted by the minimal moose
model with exact X-parity are within reach of the LHC. We have calculated cross sections
using the program COMPHEP 4.4 [21], using a model file generated with the help of the
LANHEP package [22].

The production of heavy gauge bosons (Wg’i) and mirror quarks (Qu) proceeds in
the same way as for the littlest Higgs model with T-parity, since all relevant interactions
are constrained by gauge invariance. The reader is referred to the literature on the littlest
Higgs model for more details on production channels and cross sections [23]. However,
compared to the littlest Higgs model, the X-odd gauge bosons are heavier in the minimal
moose model (as a function of f). As a result, production cross section for these heavy
gauge bosons are relatively small throughout the allowed parameter range.

A special feature of our model are the light triplet scalars ¢2’i. Since they are odd
under T-parity, the single production cross section is negligible, but pair production can
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Figure 5. Pair production diagrams and LHC cross sections for the particles in the lightest scalar
triplet, as a function of their mass. The factorization scale has been set to mg, and the center-of-
mass energy is /s = 14 TeV.

lead to sizable rates. The lightest T-odd scalar, assumed to be the ¢, decays through the
WZW interaction into two SM gauge bosons. In particular, the decay into two photons
is allowed, leading to striking signatures with one charged lepton or jet and up to four
photons in the final state.

The main production mode for ¢, pairs at the LHC are the Drell-Yan processes with
the Feynman diagrams shown at the left of figure 5. The tree-level cross sections are also
shown in figure 5. The production of ¢, pairs from gluon fusion through s-channel Higgs
boson exchange is suppressed by several powers of v/f. We have checked explicitly that
this channel is negligible compared to the leading Drell-Yan mode. W* + 3y and W¥ + 4y
are the most exciting final states that result from ¢, pair production.

For all other exotic scalars in the model the productions cross sections are small, O(fb)
or below, since those particles are relatively heavy and have only couplings of weak inter-
action strength. Therefore the observation of any of these scalars from direct production
at the LHC would be very challenging.

On the other hand, colored particles have relatively large cross sections at the
LHC, in particular the top-quark partners 7', which can be produced singly, and 717,
which is predicted to be relatively light to cancel the quadratic divergences to the Higgs
mass parameter.

Single T production, pp — Tb+ X, Th+ X proceeds dominantly through the partonic
processes b§ — T'¢ and bq — Tq', where q,q are SM quarks of the first two generations.
The initial-state bottom quarks can be thought of originating from gluon splitting, g — bb,
but for the purpose of this analysis we use the alternative formulation where the bottom
quarks are included in the parton distribution functions, see for example ref. [24]. T' quarks
can also be produced in pairs through the partonic processes gg — TT and q§ — TT. The
LHC production cross sections are shown in figure 6 (a).

Single T' production is mediated mainly by t-channel exchange of W bosons, which
couple only to the small top-quark admixture in T, see eq. (3.10). As a result, the single
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Figure 6. (a) LHC cross sections for single 7" and TT production, as a function of the T quark
mass, and for different values of R = A\/\.. (b) LHC cross section for T'T" production, as a function
of the 7" mass. In each plot, the QCD and factorization scales have been set to My ), and the
center-of-mass energy is /s = 14 TeV.

T cross section strongly depends on the mixing parameters, and thus on R = A/A.. In
contrast, the pair production process is mainly governed by QCD gluon exchange and thus
insensitive to mixing. In spite of the coupling suppression of the single 7" contribution this
process is dominant for My 2 1TeV, owing to the smaller mass of the final state system
(see figure 6 (a)).

For relatively low values of My, the production rates can reach several tens of fb. The
dominant decay mode T — h%t leads to the signature 4b + W in the single 7" mode if the
little Higgs is light, mpo < 130 GeV, and thus mainly decays via h® — bb. The separation
of this signal from the SM background is challenging and requires a dedicated analysis.

Figure 6 (b) shows the pair production cross section for 7" quarks. Since it is quite
possible that the My < 1TeV, the cross section can amount to several 100 fb. However,
the decay T'T" — tt BY, By leads to a signature that is very similar to SM ¢ production
and requires a careful analysis to disentangle from this background [23, 25].

Besides new particle production, SM processes can be modified by the effect of virtual
heavy particle contributions. In particular, the production rate of the SM-like light Higgs
boson h? via gluon fusion can receive sizable corrections from loop diagrams involving the
heavy top partners. However, this effect is not unique to our implementation of X-parity,
but it is completely analogous to the littlest Higgs model, described in detail in ref. [26].

5 Summary

In this paper we present a little Higgs model where a new X-parity is implemented such
that it is not broken by operators that are typically introduced in strongly coupled ultra-
violet completions. This symmetry can therefore be exact up to very high scales and in
particular reestablishes the lightest X-odd particle as a viable Dark Matter candidate for
little Higgs models.

Our construction is based on the Minimal Moose little Higgs model. Following [11]
we introduce X-parity as an exchange symmetry between the link fields in the model.
The gauge transformation properties of the link fields are chosen such that the gauged
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WZW term is even under X-parity while ensuring that the additional heavy gauge bosons
present in the model remain X-odd. An additional approximate Zs symmetry further
restricts the interactions in the scalar sector and removes potentially dangerous operators.
In the fermion sector a set of mirror-fermions is introduced in order to implement X-parity
without generating large four fermion operators. An additional pair of top quark partners
is introduced to avoid large breaking of the global symmetry that protects the Higgs mass.
Mass terms for the mirror fermions and the additional top quark are introduced in a X-
invariant way while preserving enough global symmetries to not generate a large mass for
the Higgs fields.

Below the symmetry breaking scale f, a light X-even Higgs boson and a scalar triplet
¢q remains in the spectrum of the model. In addition, the masses of the By gauge boson
and of the scalar singlet 7, are parametrically smaller than f. For all reasonable choices of
parameters the By is the lightest X-odd particle and therefore the Dark Matter candidate,
similar to the original little Higgs models with X-parity. The Higgs sector has the structure
of a two-Higgs doublet model with one heavy doublet. Successful electroweak symmetry
breaking is achieved with moderate fine tuning of parameters and yields a light physical
Higgs boson. The model includes a number of additional scalars, which do not acquire
vacuum expectation values since they are odd under one of the two parities. Most of these
scalars obtain large O(f) masses, except for the aforementioned ¢,, which has a mass of
order the electroweak scale.

The contributions to the electroweak S and T" parameters from our model are moderate,
allowing for new physics scales as low as f ~ 1 TeV. This opens the possibility for the
model to be detectable at the LHC within the first years of running. In addition to the
usual decay signatures of little Higgs models, the light scalar triplet can be pair-produced
copiously at hadron colliders and yields a peculiar signature from its main decay channels
into photons or W and Z boson pairs. Probing the top quark sector of the model is more
challenging since most signatures suffer from a large standard model background. It would
be interesting to study the phenomenological signatures of this model in more detail, in
particular whether it can be distinguished from other little Higgs models. Also the question
whether the By can account for the observed dark matter density in the universe remains
to be answered.

Our model is a realistic realization of the little Higgs mechanism with dark matter.
More elaborate constructions can be envisaged where the parameter space is less con-
strained by low energy bounds.
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