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ABSTRACT: Little Higgs models predict new gauge bosons, fermions and scalars at the
TeV scale that stabilize the Higgs mass against quadratically divergent one-loop radiative
corrections. We categorize the many little Higgs models into two classes based on the
structure of the extended electroweak gauge group and examine the experimental signatures
that identify the little Higgs mechanism in addition to those that identify the particular
little Higgs model. We find that by examining the properties of the new heavy fermion(s)
at the LHC, one can distinguish the structure of the top quark mass generation mechanism
and test the little Higgs mechanism in the top sector. Similarly, by studying the couplings
of the new gauge bosons to the light Higgs boson and to the Standard Model fermions,
one can confirm the little Higgs mechanism and determine the structure of the extended
electroweak gauge group.
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1. Introduction

Elucidating the mechanism of electroweak symmetry breaking (EWSB) is the central goal
of particle physics today. A full understanding of EWSB will include a solution to the
hierarchy or naturalness problem — that is, why the weak scale is so much lower than
the Planck scale. Whatever is responsible for EWSB and its hierarchy, it must manifest
experimentally at or below the TeV energy scale.

A wide variety of models have been introduced over the past three decades to address
EWSB and the hierarchy problem: supersymmetry, extra dimensions, strong dynamics
leading to a composite Higgs boson, and the recent “little Higgs” models [[]-ff] in which
the Higgs is a pseudo-Goldstone boson. In this paper we consider this last possibility.

In the little Higgs models, the Standard Model (SM) Higgs doublet appears as a
pseudo-Goldstone boson of an approximate global symmetry that is spontaneously broken
at the TeV scale. The low energy degrees of freedom are described by nonlinear sigma
models, with a cutoff at an energy scale one loop factor above the spontaneous symmetry
breaking scale. Thus the little Higgs models require an ultraviolet (UV) completion [[Ld], [LT]
at roughly the 10 TeV scale.

The explicit breaking of the global symmetry, by gauge, Yukawa and scalar interactions,
gives the Higgs a mass and non-derivative interactions, as required of the SM Higgs doublet.
The little Higgs models are constructed in such a way that no single interaction breaks
all of the symmetry forbidding a mass term for the SM Higgs doublet. This collective
symmetry breaking guarantees the cancellation of the one-loop quadratically divergent
radiative corrections to the Higgs boson mass. Quadratic sensitivity of the Higgs mass to
the cutoff scale then arises only at the two-loop level, so that a Higgs mass at the 100 GeV
scale, two loop factors below the 10 TeV cutoff, is natural. Little Higgs models can thus
stabilize the “little hierarchy” between the electroweak scale and the 10 TeV scale at which
strongly-coupled new physics is allowed by electroweak precision constraints.

Little Higgs models contain new gauge bosons, a heavy top-like quark, and new scalars,
which cancel the quadratically divergent one-loop contributions to the Higgs boson mass



from the SM gauge bosons, top quark, and Higgs self-interaction, respectively. Thus the
“smoking gun” feature of the little Higgs mechanism is the existence of these new gauge
bosons, heavy top-like quark, and new scalars, with the appropriate couplings to the Higgs
boson to cancel the one-loop quadratic divergence.

Since the little Higgs idea was introduced [f], many explicit models [—ff] have been
constructed. Since the little Higgs idea could be implemented in a number of ways, it is
crucial to pick out the experimental signatures that identify the little Higgs mechanism
in addition to those that identify the particular little Higgs model. Detailed phenomeno-
logical [13-[l4] and experimental [15, [[6] studies of little Higgs physics at the CERN
Large Hadron Collider (LHC) have so far been carried out only within the “Littlest Higgs”
model [{].! Fortunately, this effort need not be repeated for each of the many little Higgs
models, because the models can be grouped into two classes that share many phenomeno-
logical features, including the crucial “smoking gun” signatures that identify the little Higgs
mechanism.

In this paper we categorize the little Higgs models into two classes based on the struc-
ture of the extended electroweak gauge group: models in which the SM SU(2); gauge
group arises from the diagonal breaking of two or more gauge groups, called “product
group” models [I]-H, B, B], and models in which the SM SU(2);, gauge group arises from
the breaking of a single larger gauge group down to an SU(2) subgroup, called “simple
group” models [{, fl, f]. (This categorization and nomenclature was introduced in ref. [{].)
These two classes of models also exhibit an important difference in the implementation of
the little Higgs mechanism in the fermion sector. As representatives of the two classes, we
study the Littlest Higgs model [ and the SU(3) simple group model [fj, [, respectively.
We find that by examining the properties of the new heavy fermion(s), one can distinguish
the structure of the top quark mass generation mechanism and test the little Higgs mech-
anism in the top sector. Furthermore, by measuring the couplings of the new TeV-scale
gauge bosons to the Higgs, SM gauge bosons, and fermions, one can determine the gauge
structure of the extended theory and test the little Higgs mechanism in the gauge sector.
To emphasize the “smoking gun” nature of the signals, we also compare our results with
other models that give rise to similar signatures. For the heavy top partner, we compare
the little Higgs signatures with the signatures of a fourth generation top-prime and of the
top quark see-saw model. For the TeV-scale gauge bosons, we compare with the Z’ signa-
tures in Fjg, left-right symmetric, and sequential Z’ models. In each case, we point out the

features of the little Higgs model that distinguish it from competing interpretations.

The rest of this paper is organized as follows. In the next section we describe the
basic features of the two representative models. Specific little Higgs models that fall into
each of the two classes are surveyed in appendix [A In section B, we discuss the top quark
mass generation and the quadratic divergence cancellation mechanism in the two classes of
models, describe the resulting differences in phenomenology, and show how to test the little
Higgs mechanism in the top sector. We also comment on the phenomenological differences

!The LHC phenomenology of the Littlest Higgs model with T-parity [E,E] was studied in ref. [E]7
models with T-parity will be briefly discussed in section J.



between little Higgs models and other models with extended top sectors. In section [, we
discuss the gauge sectors in the two classes of models and identify features common to the
models in each class. We discuss techniques for determining the structure of the extended
gauge sector and for testing the little Higgs mechanism in the gauge sector. In section fj we
collect some additional features of the phenomenology of the SU(3) simple group model.
We conclude in section [J. Technical details of the SU(3) simple group model are given in

appendix B

2. Two classes of little Higgs models

If the little Higgs mechanism is realized in nature, it will be of ultimate importance to verify
it at the LHC, by discovering the predicted new particles and determining their specific
couplings to the SM fields that guarantee the cancellation of the Higgs mass quadratic
divergence. The most important characteristics of implementations of the little Higgs idea
are (i) the structure of the extended gauge symmetry and its breaking pattern, and (ii) the
treatment of the new heavy fermion sector necessary to cancel the Higgs mass quadratic
divergence coming from the top quark. As we will see, the distinctive features of both the
gauge and top sectors of little Higgs models separate naturally into the product group and
simple group classes.

The majority of little Higgs models are product group models. In addition to the
Littlest Higgs, these include the theory space models (the Big Moose [l and the Minimal
Moose [[]), the SU(6)/Sp(6) model of ref. [], and two extensions of the Littlest Higgs with
built-in custodial SU(2) symmetry [[, §]. The product group models have the following
generic features. First, the models all contain a set of SU(2) gauge bosons at the TeV scale,
obtained from the diagonal breaking of two or more gauge groups down to SU(2),, and thus
contain free parameters in the gauge sector from the independent gauge couplings. Second,
since the collective symmetry breaking in the gauge sector is achieved by multiple gauged
subgroups of the global symmetry, models can be built in which the SM Higgs doublet is
embedded within a single non-linear sigma model field; many product group models make
this simple choice. Third, the fermion sector of this class of models can usually be chosen
to be very simple, involving only a single new vector-like quark.

The simplest incarnation of the product group class is the so-called Littlest Higgs
model [J], which we briefly review here. It features a [SU(2)xU(1)]? gauge symmetry? em-
bedded in an SU(5) global symmetry. The gauge symmetry is broken by a single vacuum
condensate f ~TeV down to the SM SU(2);,xU(1)y gauge symmetry. The SM Higgs dou-
blet is contained in the resulting Goldstone bosons, whose interactions are parameterized
by a nonlinear sigma model. The gauge and Yukawa couplings radiatively generate a Higgs
potential and trigger EWSB.

2Strictly speaking, it is not necessary to gauge two factors of U(1) in order to stablize the little hierarchy,
because the hypercharge gauge coupling is rather small and does not contribute significantly to the Higgs
mass quadratic divergence below a scale of several TeV. Thus, there is an alternate version of the Littlest
Higgs model [@] in which only SU(2)?xU(1)y is gauged.



The new heavy quark sector in the Littlest Higgs model consists of a pair of vectorlike
SU(2)-singlet quarks that couple to the top sector. The lagrangian is

7: o~

where y; = (bs, t3,it) and the factors of i in eq. (R.1]) and y; are inserted to make the masses
and mixing angles real. The summation indices are 4, j,k = 1,2,3 and x,y = 4,5, and €,
€zy are antisymmetric tensors. The vacuum expectation value (vev) (3) = ¥ marries t to
a linear combination of w4 and t'¢, giving it a mass of order f ~TeV. The resulting new
charge 2/3 quark T' is an isospin singlet up to its small mixing with the SM top quark
(generated after EWSB). The orthogonal linear combination of u and #¢ becomes the
right-handed top quark and marries t3. The scalar interactions of the up-type quarks of
the first two generations can be chosen to take the same form as eq. (B.1)), except that there
is no need for an extra ¢, t'¢ since the contribution to the Higgs mass quadratic divergence
from quarks other than top is numerically insignificant below the nonlinear sigma model
cutoff A ~ 4xf ~ 10 TeV.

In contrast, the simple group models share two features that distinguish them from
the product group models. First, the simple group models all contain an SU(N)xU(1)
gauge symmetry that is broken down to SU(2); xU(1)y, yielding a set of TeV-scale gauge
bosons. The two gauge couplings of the SU(N)xU(1) are fixed in terms of the two SM
SU(2)r,xU(1)y gauge couplings, leaving no free parameters in the gauge sector once the
symmetry-breaking scale is fixed. This gauge structure also forbids mixing between the
SM W# bosons and the TeV-scale gauge bosons, again in contrast to the product group
models. Second, in order to implement the collective symmetry breaking, simple-group
models require at least two sigma-model multiplets. The SM Higgs doublet is embedded
as a linear combination of the Goldstone bosons from these multiplets. This introduces
at least one additional model parameter, which can be chosen as the ratio of the vevs
of the sigma-model multiplets. Moreover, due to the enlarged SU(N) gauge symmetry,
all SM fermion representations have to be extended to transform as fundamental (or an-
tifundamental) representations of SU(NV), giving rise to additional heavy fermions in all
three generations. The existence of multiple sigma-model multiplets generically results in
a more complicated structure for the fermion couplings to scalars. On the other hand,
the existence of heavy fermion states in all three generations as required by the enlarged
gauge symmetry provides extra experimental observables that in principle allow one to
disentangle this more complicated structure.

The simplest incarnation of the simple group class is the SU(3) simple group model [f,
B. We briefly review its construction here; additional details are presented in appendix [B.
The electroweak gauge structure is SU(3)xU(1)x. There are two sigma-model fields, ®
and @y, transforming as 3s under SU(3). Vacuum condensates (®;2) = (0,0, f12)7 break
SU(3)xU(1)x down to the SM SU(2)z,xU(1)y. The TeV-scale gauge sector consists of an
SU(2) 1, doublet (Y, X ™) of gauge bosons corresponding to the broken off-diagonal genera-
tors of SU(3), and a Z’ gauge boson corresponding to the broken linear combination of the
T® generator of SU(3) and the U(1)x. The model also contains a singlet pseudoscalar 7.



The top quark mass is generated by the lagrangian
Ly = iNu§®]Qs + iNjusDLQs, (2.2)

where QF = (¢,b,iT) and the factors of i in eq. (B-F) and Q3 are again inserted to make
the masses and mixing angles real. The ® vevs marry 7" to a linear combination of u§
and u§, giving it a mass of order f ~TeV. The new charge 2/3 quark T is a singlet
under SU(2)z, up to its small mixing with the SM top quark (generated after EWSB). The
orthogonal linear combination of u§ and u§ becomes the right-handed top quark. For the
rest of the quarks, the scalar interactions depend on the choice of their embedding into
SU(3). The most straightforward choice is to embed all three generations in a universal
way, QL = (u,d,iU),,, so that each quark generation contains a new heavy charge 2/3
quark. This embedding leaves the SU(3) and U(1) x gauge groups anomalous; the anomalies
can be canceled by adding new spectator fermions at the cutoff scale A ~ 4w f. An
alternate, anomaly-free embedding [BJ] puts the quarks of the first two generations into
antifundamentals of SU(3), QL = (d, —u,iD),,, with m = 1,2, so that the first two quark
generations each contain a new heavy charge —1/3 quark. Interestingly, an anomaly-free
embedding of the SM fermions into SU(3).xSU(3)xU(1)x is only possible if the number
of generations is a multiple of three [p3, pJ].?

Electroweak precision observables provide strong constraints on any extensions of the
SM. The constraints on the little Higgs models have been studied extensively [2], B§-B0].
Of course, any phenomenological study of a particular model must take these constraints
into account. However, in this paper we study the generic phenomenology of classes of
little Higgs models, using specific models only as prototypes. We focus on features of the
phenomenology that are expected to persist in all models within a given class, in spite of
variations in the model that can give rise to very different constraints from electroweak
precision observables. For example, variations of the model that improve the electroweak fit
will not in general change the generic features of the new heavy top-partner phenomenology.
Thus, in order to maintain applicability to a wide range of models in each class, we will not
limit our presentation of results to the parameter space allowed by electroweak precision
fits in the specific models under consideration.

For completeness, we now briefly summarize the results of electroweak precision fits
in the models under consideration. The most up-to-date studies are refs. [2§-Bd], which
include LEP-2 data above the Z pole. In most little Higgs models, particularly the product
group models, the electroweak data mostly set lower bounds on the masses of the heavy
vector bosons due to their contributions to four-Fermi operators and their mixing with the
W and Z bosons. On the other hand, the most important contributions to the Higgs mass
quadratic divergence cancellation come from the top quark partner 7', which should be as
light as possible to minimize the fine-tuning. These competing desires dictate the favored
parameter regions of the little Higgs models.

3This rule can be violated in models containing fermion generations with non-SM quantum numbers,
e.g., mirror families [@]



e Littlest Higgs model: The Littlest Higgs model with [SU(2)xU(1)]? gauged contains a
new U(1) boson, Ay, which is relatively light and tends to give rise to large corrections
to electroweak precision observables. Assigning the fermions to transform under
SU(2); and U(1); only, ref. [9 finds a stringent constraint f > 5TeV. However,
allowing the fermions to transform under both U(1) groups (as required in order
to write down gauge invariant Yukawa couplings in a straightforward way) tends to
reduce this constraint; refs. [PI, P§], which do not include LEP-2 data in their fit,
found the constraint on f reduced from 4 TeV to about 1 TeV; similarly, ref. [2d] found
the constraint reduced from 5TeV to about 2-3 TeV. Gauging only SU(2)?2xU(1)y,
ref. R§] found that f > max(6.5¢2,3.7c) TeV [c is defined below eq. (E.1])]. Thus,
for example, f > 1TeV for ¢ ~ 1/3; this yields a lower bound on the heavy gauge
boson mass of My, = Mz, > 2TeV. The mass of the T' quark is constrained to be
My > \/§f, or in this most favorable case My > 1.4 TeV.

e SU(3) simple group model: Reference [BJ] expands on the analysis of ref. [Rg] for
this model by including the effect of the TeV-scale fermions in the universal fermion
embedding. For our choice of parameterization, the constraint on f = \/fZ+ f2
is relaxed by going to tg = fa/f1 > 1 [B]]. For tg = 3, f > 3.9TeV B, cor-
responding to Mz > 2.2TeV. The mass of the T" quark in this model is bounded
by M7 > fsin20; this constraint then translates into M7 > 2.3 TeV. Reference [
found that the anomaly-free fermion embedding is somewhat favored over the uni-
versal embedding by electroweak precision constraints.

Finally, we mention briefly a different approach to alleviating the electroweak preci-
sion constraints on little Higgs models. Because the little Higgs mechanism for canceling
the quadratically divergent radiative corrections to the Higgs mass operates at one-loop,
it is possible to impose an additional symmetry, dubbed T-parity [[7-[[9, under which
the new gauge bosons and scalars are odd. This eliminates tree-level contributions of the
new particles to electroweak precision observables, thereby essentially eliminating the elec-
troweak precision constraints.* It also changes the collider phenomenology drastically, by
eliminating signals from single production of the new particles that are odd under T-parity:
in particular, the heavy gauge bosons can only be produced in pairs, eliminating the dis-
tinctive Drell-Yan signal. The heavy top-partners remain even under T-parity, however, so
that their signals are robust. It was shown in ref. [[9] how to add T-parity to any product
group little Higgs model. Ref. [IJ] also concluded that in simple group models, one cannot
find a consistent definition of T-parity under which all heavy gauge bosons are odd.

3. The heavy quark sector

The SM top quark gives rise to the largest quadratically divergent correction to the Higgs

4Although T-parity suppresses the contributions of heavy gauge bosons and heavy top partners to
electroweak oblique parameters, there is a contribution to four fermion operators through a box diagram
involving mirror fermions and Goldstone bosons that is not suppressed by the same mechanism and does not
decouple as the mirror fermions become heavy. The mirror fermions must be kept light (i.e., be introduced
into the low energy spectrum) in order to suppress the relevant couplings [E,



mass. A characteristic feature of all little Higgs models is the existence of new TeV-scale
quark state(s) with specific couplings to the Higgs so that the loops involving the TeV-scale
quark(s) cancel the quadratic divergence from the SM top quark loop. Therefore, we begin
with a study of the extended top sector of little Higgs models.

3.1 Top sector masses and parameters

The masses of the top quark t and its heavy partner T' are given in terms of the model
parameters by

A1 A2

my = )\t’U == )\1)\2
V2 )\%c% + %s%

in the Littlest Higgs model,

v in the SU(3) simple group model;

N+ f=(a)+ x;l)%f in the Littlest Higgs model,

—|— x2
\JAde %3 + A3s %f V2 {a + 2 );)\ TZt f in the SU(3) simple group model.

Fixing the top quark mass m; leaves two free parameters in the Littlest Higgs model, which

Mr =

can be chosen to be f and 2y = A;/A2. We see that the SU(3) simple group model contains
one additional parameter, t3 = tan 8 = fo/f1. In the SU(3) simple group model, we define
=VIE+ 1
To reduce fine-tuning in the Higgs mass, the top-partner T should be as light as
possible. The lower bound on M7y is obtained for certain parameter choices:

2@]‘ ~V2f for ) = 1 in the Littlest Higgs model,
Mp>q "
my . . .
2\/§5ﬁcﬁ—f ~ fsin2f for z) = tg in the SU(3) simple group model,
v

where in the last step we used m;/v ~ 1/y/2. The T mass can be lowered in the SU(3)
model for fixed f by choosing t3 # 1, thereby introducing a mild hierarchy between f; and
f2. With our parameter definitions, the choice t3 > 1 reduces the mixing between the light
SM fermions and their TeV-scale partners, thereby reducing constraints from W coupling
universality.

3.2 Heavy T couplings to Higgs and gauge bosons

The couplings of the Higgs doublet to the ¢ and T mass eigenstates can be written in terms
of an effective lagrangian,

/

A
Ly D MNHtt + A\pHTt + ﬁHHTCT +h.c., (3.1)
T

where the four-point coupling arises from the expansion of the nonlinear sigma model field.
This effective lagrangian leads to three diagrams contributing to the Higgs mass corrections



Figure 1:

the top sector in little Higgs models.

Quadratically divergent one-loop contributions to the Higgs boson mass-squared from

Littlest Higgs SU(3) simple group
A\ = EPYPY _ A1 Ao
t mfv = s mufv =7 [TERNRVES
Ar = Ty /U spep(xy — oy ymy /v
Ny = (23 + 1)m? /v? s%c%(w\ — x;l)Q + 1] m? Jv?
HtRELI Z)\t Z)\t
HTgtr: IAT iAr
HHTRTL: ZA/T/MT Z)\IT/MT
WJ_Tb : i5T%%LPL; Or = | Apv/Mrp = xymy /My | Apv/Mp = sgeg(xy — x;l)mt/MT
Z,Tt: ior %’YMPL; o = same as above same as above

Table 1:
models.

Heavy T couplings and Feynman rules in the Littlest Higgs and SU(3) simple group

at one-loop level, shown in figure fl: (a) the SM top quark diagram, which depends on the
well-known SM top Yukawa coupling A\¢; (b) the diagram involving a top quark and a
top-partner 7', which depends on the HT't coupling Ar; and (c) the diagram involving a T
loop coupled to the Higgs doublet via the dimension-five HHTT coupling. The couplings
in the three diagrams of figure [[] must satisfy the following relation [14] in order for the
quadratic divergences to cancel:

Np = A2+ M. (3.2)

This equation embodies the cancellation of the Higgs mass quadratic divergence in any
little Higgs theory. It is of course satisfied by the couplings in both the Littlest Higgs and
the SU(3) simple group models, as can be seen by plugging in the explicit couplings given
in table . Note that in the SU(3) simple group model, Ay vanishes when z), = 1. If
the little Higgs mechanism is realized in nature, it will be of fundamental importance to
establish the relation in eq. (B.9) experimentally.

After EWSB, the coupling A7 induces a small mixing of electroweak doublet into T,

T =Ty —drty, Op = A\p—01,

i (3.3)

where Ty, ty stand for the electroweak eigenstates before the mass diagonalization at the
order of v/ f. This mixing gives rise to the couplings of T' to the SM states bW and tZ



with the same form as the corresponding SM couplings of the top quark except suppressed
by the mixing factor d7. The Feynman rules are given in table [I.

3.3 Additional heavy quark couplings in the SU(3) simple group model

Expanding the SU(2);, gauge symmetry to SU(3) forces the introduction of a heavy part-
ner associated with each SU(2)y fermion doublet of the SM. The first two generations of
quarks are therefore enlarged to contain two new TeV-scale quarks ()1 2. We consider both
the universal and the anomaly-free fermion embeddings, as discussed in more detail in
section B.3. The universal embedding gives rise to two charge 2/3 quarks, U and C, while
the anomaly-free embedding gives rise to two charge —1/3 quarks, D and S.

The masses of the two heavy quarks @12 are given, for either fermion embedding, by
MQm - SBAme (m - 17 2)7 (34)
where we have neglected the masses of the quarks of the first two generations and chosen

AQ,, to be the Yukawa coupling involving @, (see section [B.2.3 and [B.2.q for further details).
The heavy quark couplings to the Higgs boson are proportional to the Yukawa couplings

AQ,, as expected, and can be rewritten in terms of the heavy quark mass M (see table ).

After EWSB, the Yukawa couplings Ag,, lead to mixing between the heavy quarks
and the corresponding SM quarks of like charge given by Q) = Qo — 490, where as usual
Qo, qo denote the electroweak eigenstates of each generation. The mixing angle ¢, is given
to order v/f by

' — 15, 3.5
ol T (3.5)

where the upper sign is for the anomaly-free embedding (Q = D, S) and the lower sign is
for the universal embedding (Q = U, C).

The mixing between SM quarks and their heavy counterparts causes isospin violation at

by ==+

order §2 in processes involving only SM fermions. This isospin violation can be suppressed
by choosing tg 2 1. As in the top sector, the mixing due to J, gives rise to the couplings
of Q to ¢'W and ¢Z; the Feynman rules are given in table .

Although the new heavy quarks @12 of the first two generations do not play a sig-
nificant role in the cancellation of the Higgs mass quadratic divergence (they take part
in the cancellation of the numerically insignificant Higgs mass quadratic divergence from
their SM partners in the first two generations), they share the common parameters f and
t3 with the top sector, providing additional experimental observables that can be used to
test the little Higgs structure of the couplings. The new heavy quarks of the first two
generations introduce two further parameters, which can be chosen as their masses Mg,
or equivalently their Yukawa couplings A\g,,, as related by eq. (B4). The couplings between
the new heavy quarks and the TeV-scale gauge bosons are fixed by the gauge symmetry;
they are summarized in table J. We will not comment on them further here since they will
not play a significant role in our phenomenological analysis.

,10,



SU(3) simple group
HUpuy: —icB)\U/\/i = —iMU/\/iftg
wiud: iy v PL
ZEU : iéyﬁquL
HDpdy: icgAp/V2 = iMp/V2fts
W, Du : —i5,,%7HPL
2,Dd 8,557, Pr
X 0T : L Py
YT S PL
ntT : —my /v Pp
X, dU : %%LPL
YU ; L Py
X;Eu : —%%LPL
Y9Dd : ~ L Py
X, eN: %%LPL
YOPN : L Pr
. 5.2 2.2
Z’TT : cwm[( 1 + gSW)PL + §SWPR]
T777 - 5.2 2.2
Z’UU cwm[( 1+§5W)PL+§SWPR]
B . 5.2 1.2
Z/ED : CW\/W[Z( 1+ 3SW)P§ 35WPR]

Table 2: Feynman rules for 7" and @ in the SU(3) simple group model. Note that U = U, C in
the universal embedding and D = D, S in the anomaly-free embedding. ¢, is defined in eq. @)
The extra is in the couplings of X,Y are due to our phase choice.

3.4 Heavy quark production and decay at the LHC

3.4.1 T production and decay

The top-partner T’ can be pair-produced via QCD interactions at the LHC; however, be-
cause the final state contains two heavy particles, the pair-production cross section falls
quickly with increasing Mr. Instead, single T production via Wb fusion yields a larger
cross section in both the Littlest Higgs model and the SU(3) simple group model, as shown
in figures P and [, respectively.

In the Littlest Higgs model, the single T' production cross section at fixed Mr depends
on only one model parameter, x, as shown in figure fl. In particular, the cross section
is proportional to xi, as can be seen by examining the W*Tb coupling in table [] while
holding M7 fixed. We see that the cross section is typically in the range 0.01-100 fb for
Mp =1.5-3.5TeV.

In the SU(3) simple group model, the single T production cross section at fixed Mp
depends on two model parameters, z and t3. From the W*Tb coupling in table [I] one can
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Figure 2: Production cross sections for 7" in the Littlest Higgs model. The top axis shows the
value of f corresponding to My for x) = 1.
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Figure 3: Production cross sections for T in the SU(3) simple group model. Single T' production

is plotted for tg3 = 3 and various values of x). The single T' production cross section is invariant
under ) — 1/x and vanishes at z) = 1.

see that at fixed My, the cross section scales with )\%:
0 X Ao o s%c%(x)\ -y (3.6)

The cross section is invariant under tg <= 1/t3 and under ) < 1/x,. It reaches a maximum
at tg = 1, and vanishes at ) = 1. Away from unity, it falls like %2 (t%) for large (small)
tg, and grows like 23 (x)?) for large (small) z). The cross section is shown in figure fj for
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tg = 3 and various values of x). We see that the cross section is similar in size to that in
the Littlest Higgs model, depending on the parameter values in either model.

The dominant decay modes of T in all little Higgs models are tH, tZ and bW. The
partial widths of T to these final states are all controlled by the same coupling Ar,

Mt

1 \2
D(T' — tH) = (T — 12) = ST(T — bW) = 2L My = 9.9%3 (ﬁ

> GeV,  (3.7)

where we neglect final-state masses compared to M. If these are the only decays of T,
then its total width is 40A2.(Mr/TeV) GeV. The branching fractions of T into these final
states are then given by

BR(T — tH) = BR(T — tZ) =1/4,  BR(T — bW) = 1/2. (3.8)

This simple relation between the branching fractions is easily understood in terms of the
Goldstone boson equivalence theorem: the decay modes at high energies (large M) are
just those into the four components of the SM Higgs doublet, i.e., the three Goldstone
degrees of freedom and the physical Higgs boson.

Phenomenological studies of these T decays have been performed at the level of some-
what realistic detector simulations in ref. [[§]. The 7 mass can be reconstructed from each
of these three channels; T — Zt — (T ¢~b¢ Fr provides the cleanest mass peak [[L5].

If the only significant decays of T are into tH, tZ and bW, then the branching fractions
of T are predicted independent of any model parameters by eq. (B.§). A measurement of the
rate for single T production with decays into any one of the three final states is sufficient
to determine the production cross section, and thus extract Ap. The measurement of
the characteristic pattern of branching fractions also provides a test of the model (see
section B.6.1)).

In the SU(3) simple group model, T" has additional possible decay modes due to the
additional particles in the spectrum. In particular, T' can also decay to tn, tY?, and bX+
final states, depending on the relative masses of 7', n, and X,Y. In order to measure
the single T" production cross section, and hence Ay, one needs to know the branching
fraction(s) of the decay mode(s) in which 7" is observed. Assuming the SU(3) simple group
model structure, these can be predicted as follows. The T" mass can be reconstructed in,
e.g., T — Zt — (T4~bl Er as discussed above. The X,Y gauge boson masses are fixed in
terms of M/, which will be easily measurable from its decays to dileptons (see section []).
The T partial widths to tY and bX can then be calculated in terms of the gauge couplings
in table fJ. The T partial width to  can be calculated from the coupling in table P once
the n mass is measured, e.g., in decays of 7 to dijets. The partial widths to tH, tZ and bW
are proportional to )\%; thus the only remaining free parameter to be extracted from the
rate measurement in any given final state is Ay. Measurements of the pattern of branching
fractions then provide a nontrivial test of the model. Similarly, in the Littlest Higgs model
with two U(1) groups gauged, T' can decay into tApy. Once the Ay mass is measured, a
similar analysis can be applied.
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Figure 4: Production cross sections for U in the SU(3) simple group model. The single U
production cross section is shown for various values of ftg (solid lines).

3.4.2 @ production and decay

The heavy quarks @ in the SU(3) simple group model can be produced at the LHC via,
e.g., Wd — U, Zu — U. The production couplings are given in table B} for fixed M, the
cross section depends on only one model parameter, J,; in particular the cross section is
proportional to §2 = v?/2 th%. The single production cross section for U 4+ U is shown in
figure [, together with the UU pair production cross section from QCD.

The single U production cross section is quite large compared to single production
of T at a comparable mass because 1" production requires a b quark in the initial state,
while U production proceeds from a valence u or d quark. By measuring both My and the
single U production cross section, as well as f from measurements in the gauge sector (see
section ), one can determine Ay and g from eqgs. (B.4) and (B.5). This measurement of ¢g
is independent from that in the 7" sector and can be used as a nontrivial test of the model,
as will be discussed further in section B.§.

Production of the heavy quark partners of the first generation offers an additional
powerful handle on the SU(3) simple group model. First, consider single U production in
the universal fermion embedding. This proceeds via the subprocesses

AWt = U, uZ — U; dW~ =T, uZ —U. (3.9)

At a proton-proton collider such as the LHC, we expect the cross section for U production,
from initial-state valence u and d quarks, will be much larger than that for U, from initial-
state sea @ and d antiquarks. In fact, U production constitutes less than 10% of the total
U + U cross section shown in figure [|. There will thus be a large asymmetry in the charge
of the final lepton in U, U decays to W, with many more positively charged leptons.

In the anomaly-free embedding, single D production proceeds via the subprocesses

uW ™ — D, dZ — D; aWt — D, dZ — D. (3.10)
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Because of the parton densities in the proton, the rate for D production via charged current
will be somewhat higher than for U, while the rate for D production via neutral current will
be somewhat lower than for U, resulting in a comparable total cross section. Again, there
will be a large asymmetry in the charge of the final lepton in D, D decays to WT, with
many more negatively charged leptons. This allows a simple measurement of the dominant
lepton charge in Q — ¢'W(— fv) decays to distinguish the universal fermion embedding
from the anomaly-free fermion embedding. The fermion embedding must be known in
order for the model parameters to be extracted from the single-@QQ production cross section
because the embedding determines which parton densities enter the production cross section
calculation.

Just as for T', the decay modes of U in the SU(3) simple group model depend on the
spectrum of masses. The U quark decays into uH, uZ and dW with partial widths

2 3
(U — uH) = D(U — uZ) = %P(U — dW) = 5.0 (;‘ZZ) @g/) GeV.  (3.11)

U can also decay into un; however, the coupling at leading order in v/f is proportional to
the up quark Yukawa coupling, so this decay is extremely suppressed and can be neglected.
If U is heavy enough, it can also decay into uY and dX with partial widths that depend
only on the heavy gauge boson mass Mx y; the UuY and UdX couplings are fixed in terms
of the SM gauge coupling g. The heavy gauge boson mass Mx y can be obtained from the
Z' mass measurement (see section []). The partial widths to uH, uZ and dW can then
be extracted together with J, from the rate measurement into any final state. The above

discussion applies equally to D in the anomaly-free fermion embedding.

The signal kinematics are as follows. U is

produced via dW™ or uZ fusion, yielding a for- |+ v

ward jet from which the W or Z was radiated. A

U then decays into a high-pr quark and a W bo- !

so.n, with W — fv. The W is highly boosted, Wi forward jet
with a momentum of roughly half the U mass, /

so that the momenta of the neutrino and charged q q

lepton are almost parallel. The decay kinematics
are sketched in figure .

We can take advantage of the large boost of high ijet
the W boson in U decay to reconstruct the U
mass. Normally such a decay involving a neutrino

) Figure 5: Kinematics of Q = U, D pro-
in the final state would allow only the reconstruc-

duction and decay.

tion of the U transverse mass. However, because

U is very heavy, we can neglect the W mass relative to its momentum and approximate
the direction of the neutrino momentum to be parallel to that of the charged lepton. We
can then reconstruct the full neutrino momentum and combine it with that of the charged

lepton and the high-pr jet to reconstruct a mass peak for U.
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We apply the following cuts to select U production events over the SM Wjj back-
ground. We require a positively-charged electron or muon with

me] < 3, pre > 20 GeV. (3.12)
For the central high-pp jet we require
Inj,| <3, prj; > 300 GeV. (3.13)
We also require that the forward jet be tagged, with
3 < |nj,| <5, prj, > 30 GeV. (3.14)
Finally we require missing transverse momentum,
pr> 30 GeV. (3.15)

To simulate the detector effects, we smear the energies for the charged lepton and the jets
according to a gaussian form, AE/E = a/\/E/GeV @b, with a = 5%, b = 1% for a charged
lepton and a = 50%, b = 2% for a jet.

The pr distribution of the highest-py jet is shown in the left panel of figure [, together
with the W55 background. The signal distribution clearly exhibits a jacobian peak near
My /2. The right panel of figure [] shows the U transverse mass and the fully reconstructed
U mass. The U mass is reconstructed from the momenta of ™ and the highest-pr jet, as
well as the missing momentum assumed to point along the direction of the /T momentum.
The reconstructed mass variable indeed leads to a sharper peak than the transverse mass.

In figure | we have included only U production (without the U contribution), and
folded in the branching fractions of U — Wtwu and W — (Tv, with £+ = e*, uT. The
signal cross section after cuts for My = 3TeV and ftg = 3TeV is about 0.66 fb, resulting
in close to 200 signal events in 300 fb~! of LHC luminosity. The background is well under
control. Additional statistics can be gained by considering the decay channels U — uZ, uH.

One can do a similar analysis for single C' (S) production, using M¢c (Mg) and the
production cross section together with f from the gauge sector measurements to determine
Ac (As) and make another independent measurement of t3. However, because C' (5) is
produced from inital-state sea quarks ¢ and s, its production rate will be lower, only 10—
20% of that of U (D). Further, since the sea quark and antiquark distributions are equal,
there will be no asymmetry in the charge of the final lepton in C' (S) decays to W*. This
allows the C' (S) resonance to be experimentally distinguished from the U (D) resonance,
if enough events can be collected above background.

3.5 Testing the Higgs mass divergence cancellation in the top sector

The key experimental test of the little Higgs models is to verify the cancellation of the
Higgs mass quadratic divergence, embodied in the crucial relation of eq. (B.9). Ideally, one
could hope to measure the couplings Ay and N, directly, without making any assumptions
about the model structure. The coupling Ar controls the T production cross section in Wb
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Figure 6: Mass reconstruction of U in pp — Uq — (Tvjj, for My = 3TeV and ftz = 3TeV.
(Left) pr of the highest-pr jet in the event. (Right) Transverse mass Miyan (solid black histograms)
and the full reconstructed mass M. (dashed blue histograms). Also shown is the background from
SM Wjj.

fusion, where it can be extracted [[LJ, [[4] by measuring the single-T" production rate and
the T mass from signal kinematics. The coupling A} could in principle be extracted from a
measurement of the associated TH production cross section. However, a quick estimate [BJ]
indicates that the cross section is too small to be observable at the LHC. Instead, the
relation in eq. (B.2) for the Higgs mass divergence cancellation must be checked within the
context of the particular model. Once the model is determined, the relevant independent
parameters that control the top sector must be overconstrained to make a nontrivial test
of the model.

In the Littlest Higgs model, one can use the model relation N, = A\pMp/f to write
the divergence cancellation condition in terms of the four observables (A, A\p, Mp, f). Note
that only three of these are independent in the Littlest Higgs model; A\r and M7 can both
be written in terms of f, A; and z). Combining T-sector measurements of Mp and Ap
with a measurement of f from the heavy gauge boson sector, one can overconstrain the
parameters and verify the cancellation of the quadratic divergence.

In the SU(3) simple group model the situation is more complicated because of the
ratio of the two vacuum condensates, fo/f1 = tg, which appears in the fermion sector of
the model. Thus, in addition to the four parameters (A¢, Ay, M7, f) measurable in the T
and heavy gauge boson sectors, one needs a measurement of tg in order to overconstrain
the parameters and verify the relation in eq. (B.9). Fortunately, tg can be extracted inde-
pendently of the A\r and M7 measurements by measuring the mass and production cross
section of the U or D quarks, since their production couplings are proportional to 1/t3.
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3.6 Comparison with other models
3.6.1 A fourth generation sequential top-prime

The key feature that distinguishes T' from a fourth generation sequential top-prime is the
fact that it is an SU(2) singlet before mixing with the top quark. This feature allows for the
presence of a vectorlike mass term for 7" and flavor-changing TtH and TtZ couplings in the
mass basis, both of which are forbidden by electroweak symmetry in a fourth-generation
model. As pointed out in ref. [[l§], detecting and measuring the flavor-changing neutral
current decays T' — Zt and T — Ht, with equal branching fractions, allows one to rule out
the fourth-generation hypothesis and conclude that T is an electroweak singlet, acquiring
its coupling to the Higgs via a gauge-invariant TtH term.

3.6.2 The top quark see-saw

In the top quark see-saw model [B3, B4], EWSB occurs via the condensation of the top
quark in the presence of an extra vectorlike SU(2)-singlet quark, forming a composite
Higgs boson. In order to reproduce the correct electroweak scale, the condensate mass
must be large, of order 600 GeV. The vectorlike singlet quark joins the top in a see-saw,
yielding the physical top mass (adjusted to the experimental value) and a multi-TeV mass
for the vectorlike quark. The little Higgs models thus generically contain an extended top
sector with the same electroweak quantum numbers as in the top see-saw model, i.e., a
(multi-)TeV-scale isosinglet vectorlike quark 7" with a small mixing with the SM top quark
that gives rise to TtZ, TtH and TbW couplings.

The most important difference between the top see-saw model and the little Higgs
models is that the top see-saw model makes no prediction for the dimension-5 HHTT
coupling )\, although this coupling can be generated radiatively. Thus, the top see-saw
model does not in general satisfy the condition for cancellation of the Higgs mass quadratic
divergence given in eq. (B.3).

In the top see-saw model, the TtH coupling A7 is constrained by the compositeness
condition, which requires the wavefunction renormalization of the composite Higgs field to
vanish at the compositeness scale M.. Ignoring the effect of EWSB, the effective lagrangian
of the top see-saw model is [B4, B3]

L= Zh’DhP + [\/iytzthRV Zyh + \/iATTZJLTRV Znh — MTTLTR + hC] + Vi, (316)

where Zj, is the wavefunction renormalization of the composite Higgs field h and V}, is the
usual SM Higgs potential. In the large-N, approximation, this implies [4]

9 472 m?

Ap = - —.
T Nelog(Me/My) 2

(3.17)

The compositeness scale M, should not be too far away from the scale of the heavy states.
For M./Mp ~ 10-100 and N, = 3, we obtain Ay ~ 5.2-2.4; in particular, the compositeness
condition generally requires a fairly large value for Ap. In little Higgs models, on the other
hand, Ap is typically of order one or smaller. In the Littlest Higgs model, Ay = xzymy/v ~
x/v/2, which reaches the typical top quark see-saw values only for zy > 4. Large values of
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x) in the Littlest Higgs model tend to push up the T mass, leading to greater fine tuning in
the electroweak scale. In the SU(3) simple group model, Ay = sgcg(zy — x3 *)my /v, which
is further suppressed by the sgcg < 1/2 factor in front.

4. The gauge sector

Little Higgs models extend the electroweak gauge group at the TeV scale. The structure
of the extended electroweak gauge group determines crucial properties of the little Higgs
model, which can be revealed by studying the new gauge bosons at the TeV scale. There-
fore, we continue with a study of the heavy gauge boson sectors of little Higgs models.

4.1 Heavy gauge boson masses and parameters

The extra gauge bosons get their masses from the f condensate, which breaks the extended
gauge symmetry. For our two prototype models, the gauge boson masses are given in terms
of the model parameters by

My, = Mz, = gf/2sc =0.65f/sin 20
My, = gswf/2V5ews'd = 0.16f/sin 26/

;) = — 2 =
Mz =21/ V 3~ tw =056/ in the SU(3) simple group model.  (4.1)
Mx = My = gf/V2 = 0.46f = 0.82M

} in the Littlest Higgs model,

In the SU(3) simple group model the heavy gauge boson masses are determined by only
one free parameter, the scale f = /f? + f2. The Littlest Higgs model has two additional
gauge sector parameters, tan = s/c = go/g1 [in the SU(2)? —SU(2) breaking sector] and
tanf = s'/c’ = g4/g} [in the U(1)2 —U(1) breaking sector]. If only one copy of U(1) is
gauged [21], the Ay state is not present and the gauge sector of the Littlest Higgs model
is controlled by only two free parameters, f and tan 6. Because the model with only one
copy of U(1) gauged is favored by the electroweak precision constraints, and since the U(1)
sectors of the product group models are quite model-dependent, we focus in what follows
on the heavy SU(2) gauge bosons Wy and Zg. The Wy and Zg bosons capture the crucial
features of the gauge sector of the Littlest Higgs model and their phenomenology can be
applied directly to the other product group models.

4.2 Heavy gauge boson interactions with SM particles

The gauge couplings of the Higgs doublet take the general form

r_ { CruavvVV + Guuyv V'V + Gy VV'] H?

(4.2)
where the top line is for V neutral and the bottom line is for V' charged. Here V' and
V' stand for the SM and heavy gauge bosons, respectively. This lagrangian leads to two
quadratically divergent diagrams contributing to the Higgs mass: one involving a loop of
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Littlest Higgs SU(3) simple group
Guuzz 92/80124/ 92/80124/
Guow+w- g*/4 g9°/4
Gurviv Guuzyzy = —9°/8 Guuzz = —g°/8¢,
GHHW;W;, =—g°/4 Guux+x- = —9°/4
Gunvv' | Guazzy = —g*cot 20 /dcw | Guuzz = g*(1 — ) /dew \/3 — 12,
GHHWJrW}; = —g%cot 20/4 Guuw+x- =0
0z —sin40v? /8cyy f2 —(1—t%,v)\/3—t%vv2/80Wf2
Sw cwiy 0
gvvv: IW+Ww-zy = —9gew Oz gw+w-z' = gewoz
Iwrwy,z = —997 gw+x-z =0
gvviv Iwiw.z = —9w gx+x-7 = —9(1 — 2s3,)/2ew
Iyo3°0,; = —g/2cw
gW+W§ZH =—g Iw+x-7° = g/\/§
gvrvv Iwiwizy = 290t 20 Ix+x-2' = Gyy0, = 9/V2
Table 3: Heavy gauge boson parameters and couplings in the Littlest Higgs model and the

SU(3) simple group model. The triple gauge coupling Feynman rule for V' (k1)Vy (ko)VY (k3) is
given in the form —igv,v,v; [6"" (k1 — k2)? + g"P (k2 — k3)* + ¢g”* (ks — k1)”], with the convention

gw+w-z = —gCw-

V', proportional to Gy vy, and the other involving a loop of V', proportional to Gy gy .
The divergence cancellation in the gauge sector can thus be written as

ZGHHViVi =0, (4.3)

where the sum runs over all gauge bosons in the model. The couplings in the models
under consideration are given in table f]. In the SU(3) simple group model, the quadratic
divergence cancels between the Z and Z’ loops and between the W and X loops. In the
Littlest Higgs model, the quadratic divergence cancels between the W and Wy loops and
there is a partial cancellation between the Z and Zj loops. Including the Ay loop leads
to a complete cancellation of the quadratic divergence from the Z loop. The key test of
the little Higgs mechanism in the gauge sector is the experimental verification of eq. ([.J);
we discuss the prospects further in section [[.4.
After EWSB, the couplings of H? to one heavy and one SM gauge boson induce mixing
between the heavy and SM gauge bosons:
VI = VOI — (5\/V(), 5\/ = —UQGHHVV//M‘%/, (4.4)
where V{j, V) stand for the states before EWSB. The mixing parameters dy are given in
table Bl This mixing gives rise to triple gauge couplings between one heavy and two SM
gauge bosons, also shown in table f]. In the SU(3) simple group model, EWSB also splits
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the X and Y gauge boson masses by a small amount,

2
gu TeV)
My — Mx = ~39( — ) GeV. 4.5
LN (MZ/ .

In the Littlest Higgs model, the couplings of the heavy gauge bosons to the SU(2)y,
fermion currents take the form

Zg?f : igcot HT;?'y“PL, Wguﬂd : —% cot Oy* Py, (4.6)

where T]‘? = 1/2 (—1/2) for up (down) type fermions. Below the TeV scale, exchange of
W and Zp gives rise to four-fermi operators, which are constrained by the electroweak
precision data. The experimental constraints are loosened by going to small values of cot 6,
for which the couplings of the heavy gauge bosons are suppressed.

In the SU(3) simple group model, the Z’ couples to SM fermions with gauge strength,
while the X,Y gauge bosons couple only via the mixing between SM fermions and their
TeV-scale partners. The couplings are given in table .

4.3 Heavy gauge boson production and decay

The best way to discover new heavy gauge bosons at the LHC is generally through Drell-
Yan production. This is certainly true in the little Higgs models.

In the Littlest Higgs model, the heavy gauge bosons Zi, Wy couple to pairs of SM
fermions through the SU(2); current, with coupling strength scaled by coté compared
to the SM SU(2)r, couplings. They thus have large production cross sections, as shown in
figure i, controlled by one common free parameter, cot #.° In addition, because Zy and Wy
form an SU(2) triplet, they are degenerate in mass up to very small EWSB effects. Thus,
the measurement of the Zy mass in dileptons predicts the transverse mass distribution of
the Wy in Wy — fv, and the measurement of the rate for Zp into dileptons predicts the
rate for Wy into leptons, allowing a test of the SU(2) triplet nautre of (Wg, Zxr).

In the SU(3) simple group model, the heavy gauge boson Z’ couples to pairs of SM
fermions with couplings fixed in terms of the SM gauge couplings and depending only on
the (discrete) choice of the fermion embedding, as shown in the left panel of figure . Unlike
the Zy of the Littlest Higgs model, there is no tunable parameter in the Z’ cross section.b
The heavy gauge bosons X,Y of the SU(3) simple group model have a very different

5Note that the electroweak precision data tend to favor small values of cot 8, which reduces the contri-
bution of Wy, Zy to four-Fermi operators at low energy. Small cot 6 lowers the Drell-Yan cross section,
reducing the LHC reach for Wg, Zg discovery.

5This parameter independence is the most characteristic feature of the Z’ in simple group models with the
extended gauge group SU(3)xU(1)x [E, E, ﬁ] Models with a larger extended gauge group, SU(N)xU(1)x
with N > 3, lose this parameter independence because they contain N —2 broken diagonal generators, which
mix in general. For example, the SU(4)xU(1)x model of ref. [ﬂ] contains two broken diagonal generators,
Z1 (which couples to SM fermion pairs with fixed strength) and Z3 (which does not couple to fermion
pairs). After mixing, the mass eigenstates Z’, Z" share the fermion couplings with the mixing angle as
a free parameter. If the fermion couplings of both states can be measured, the parameter independence
reappears in the form of a coupling sum rule.
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SU(3) simple group

Ztt : _m[(% — 258 )PL + 353, P
Z'bb - — (6 — 35W)PL — 35 Pal
W/ oSy
Z'au: | - (=% + 3s%,) P + 33, Pr] (anomaly free)

)Pr, + %S%VPR] (universal)

|
o
S
7
S
<
= = o=
N[ —
|
Wl
VA
=1

Z'dd . | ———4——[(—1 + 2s%,)P;, — Ls2 Pg] (anomaly free)
/3_4 2 2 3°W 3°W
cii[(l — 12 )P, — 1s2 Pg] (universal)
cwn/3—4s53, 2 3°W L= 3°wrR
Z'ee : T e 3isZ /—29_48‘2” [(% - 5%/[/)PL - S%VPR]
I—=., . _ ig 1 2
Z'vv : 7@“/%(2 sy ) Pr
X0t & 5Py
X, du: %&JVHPL
X, ev: %&JVHPL
Uiy
YM tt - %(5,{}’“PL
YD : 0 (anomaly free)
%5,/yuPL (universal)
YDdd : %&/VMPL (anomaly free)
0 (universal)
Y;?ée : 0
YBﬁV : %&JVHPL
Y;E]HT/ 2%(1)77_1)1{)“

Table 4: Heavy gauge boson couplings in the SU(3) simple group model. We neglect flavor
misalignments. The momenta p, z of the scalars are outgoing.

phenomenology, rooted in their identity as the SU(2)r doublet (X~,Y?) of broken off-
diagonal generators of SU(3). Because they couple to SM quark pairs only through ¢ — Q
mixing as given in table [, their production cross sections in Drell-Yan are suppressed by
62 oc v?/f2. This is shown for X in the right panel of figure [{. Because of this large
cross section difference, X* cannot be mistaken for the charged members of an SU(2)
triplet containing Z’, providing an easy distinction between simple group and product
group models. The ~ 20% mass splitting between X* and Z’ given in eq. (E) also serves
to distinguish X+, Z’ from an SU(2) triplet.

An important feature of the product group models is the couplings of Zp, Wy to
dibosons, which gives rise to the decays Zy — ZH, WTW~ and Wy — WH, WZ.
These couplings arise from a WgW“hhT term in the lagrangian [I3] and are proportional
to cot 20 due to the characteristic collective breaking structure of the gauge couplings in
the product group models. The bosonic decay modes are dominated by the longitudinal
components of the final-state bosons; their partial widths can be shown by the Goldstone
boson equivalence theorem to obey the relation I'(Zy — ZH) = I'(Zg — WTW™) =
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Figure 7: Cross sections for neutral (left) and charged (right) heavy gauge boson production
at the LHC, as a function of the mass of the produced particle. Dotted lines show Zp (left) and
Wy (right) production in the Littlest Higgs model for cot @ = 1; the variation in cross section for
cot @ = 2 and 0.2 is shown by the dotted arrows. For the SU(3) simple group model, Z" production
is shown in the left panel for the universal (solid) and anomaly-free (dashed) fermion embeddings,
and X production is shown in the right panel for t5 = 3. The X *+ cross section is proportional to

2
1/,

I'(Wg - WH)=T(Wyg - WZ)=T(Vg — VH), where we negect final-state masses and

2 2
g~ cot” 20 9 My,
(Vi —»VH) =L “hn — 0. 2 V. 4.
( 28 ) 19%m Vi 0.70 cot” 26 To Ge ( 7)

Here My, is the mass of Zy or Wy. The measurement of cotf from Zy — (T~ thus
predicts the rates for decays of both Zy and Wy into dibosons. The decay branching
fractions of Z and Wy in the Littlest Higgs model are shown as a function of cot 6 in
figure §. 'We neglect final-state masses and assume that no decays to Ay are present
(namely, Zg — AgH and Wy — AgW).

In the SU(3) simple group model, the decay partial widths of Z’ into pairs of SM
bosons, ZH and WTW ™, are fixed in terms of the Z’ mass (neglecting final-state masses)
to be

My
TeV

_ g —ty)?
1927 (3 — t3,)

(72 — ZH)=T(Z' - WtW™) My =0.13 ( ) GeV, (4.8)
and the decay partial widths into pairs of SM fermions are fixed once the fermion embedding
is chosen. As discussed in section B.4.2, the fermion embedding can be determined at the
LHC by detecting the TeV-scale quark partner of the first generation, U or D, decaying into
W q; the charge asymmetry of the final-state W then determines the embedding. Knowledge
of the fermion embedding from the fermion sector can be used to compute the Z’ couplings

uniquely and perform a cross-check the model. If the TeV-scale fermion partners 7" and /or
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Figure 8: Decay branching fractions of Zg (left) and Wy (right) in the Littlest Higgs model, as
a function of cot f. Final-state masses are neglected.

Q. are not too heavy, they can be present in Z’ boson decays. If kinematically accessible,
decays of Z’ to pairs of TeV-scale fermion partners proceed via gauge couplings. This is in
contrast to the product group models, in which the TeV-scale top quark partner is mostly
electroweak singlet and couples to Zy only through its electroweak doublet admixture at
order v2/f2. The Z’ can also decay to one SM fermion and one TeV-scale fermion partner;
however, the partial widths of these decays are suppressed by 67,62 o v?/f? and will be
numerically unimportant. Finally, the decay Z’ — Yn will be kinematically accessible if
n is lighter than the Z’-Y? mass splitting,

Mg — My = 0.18 Mz = 180 (%) GeV. (4.9)
The decay branching fractions of Z’ in the SU(3) simple group model are given in ta-
ble [, assuming that decays to TeV-scale fermion-partner pairs or to Y% are kinematically
forbidden and neglecting final-state masses.

4.4 Testing the Higgs mass divergence cancellation in the gauge sector

The defining feature of the little Higgs models is the cancellation of the Higgs mass
quadratic divergence at one-loop level. Here we investigate this cancellation in the gauge
sector, as embodied in eq. ([[.). Ideally, one could hope to measure directly the couplings
Gupyv for each heavy gauge boson V' in the model. This could be done by measuring
associated production of H with a heavy gauge boson; e.g., Z'H associated production
in the SU(3) simple group model. This probes Gpz/z through the diagram involving
qq — Z'* — Z'H, where one Higgs boson has been replaced by its vev in the interaction
vertex. Ideally, one will want to measure both the magnitude and the sign of Gz 7/,
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Decay mode Branching fraction
SU(3) simple group Littlest Higgs
universal anomaly-free cotfd =1 cotd =0.2

ee = [ =TT 3.0% 3. 7% 4.2% 0.60%
S v 5.2% 6.3% 12.5% 1.8%

tt 15% 18% 12.5% 1.8%

bb 13% 16% 12.5% 1.8%
ulti = cc 15% 13% 12.5% 1.8%
dd = s5 13% 11% 12.5% 1.8%
ZH=WW 0.87% 1.1% 0 43%
Total width | 15 (%) GeV 12 (&) Gev 34 (54F) GeV 0.5 (74 ) GeV

TeV TeV TeV TeV

Table 5: Decay branching fractions of Z’ in the SU(3) simple group model with universal and
anomaly-free fermion embeddings, and of Zy in the Littlest Higgs model for cotd = 1 and 0.2.
Final-state masses are neglected.

perhaps through its interference with the similar diagram containing an s-channel Z. A
detailed study is needed.

In addition to testing the divergence cancellation, the measurement of the HHV'V’
couplings also sheds light onto the structure of the model by revealing which heavy gauge
bosons are involved in the cancellation of each SM contribution to the Higgs mass quadratic
divergence. In the Littlest Higgs model, Zp cancels the divergence from the SM W3 boson,
W;IF and W, cancel the divergence from the SM W+ bosons, and Ay (if it is present)
cancels the divergence from the SM hypercharge boson. In contrast, in the SU(3) simple
group model, Z’ cancels the divergences from the SM W? boson and the hypercharge
boson, while X (together with its isospin partner Y) cancels the divergence from the SM
W= bosons. Thus the HHZ'Z' coupling strength that is characteristic of the little Higgs
divergence cancellation mechanism can vary from model to model. In all product group
models with SU(2)? —SU(2);, breaking structure, the value of this coupling will be the
same as in the Littlest Higgs model. In simple group models the value of the coupling will
be different, and may depend on the model. For example, in the SU(4)xU(1)x model of
ref. [{], the two broken diagonal generators mix to form mass eigenstates Z’ and Z”, which
both take part in the divergence cancellation; the sum rule then reads

Guuzz +Guuzzo + Guuzrzr = 0. (4.10)

A second approach to test the Higgs mass divergence cancellation, first described in
ref. [, is to measure the couplings of Higgs bosons to one SM gauge boson and one
new heavy gauge boson: e.g., HHWYW,, HHZZy in the Littlest Higgs model [[J].
This approach works only for the product group models, in which these couplings show
a characteristic cot 20 dependence which is fixed by the collective breaking structure of
the gauge couplings and the nonlinear transformation of the SM Higgs doublet under the
enlarged gauge symmetry. A “Big Higgs” model, in which the Higgs doublet transformed

linearly under one of the two SU(2) gauge groups as the fermion doublets do, would have
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Figure 9: Cross section times branching ratio into ee versus ZH for a 2.5TeV Z’ boson in the
Littlest Higgs model (‘LH’, solid line), the SU(3) simple group model with anomaly-free (‘af’, filled
circle) and universal (‘uni’, filled square) fermion embeddings, and the “Big Higgs” model of ref. [[[J]

(dashed line). Open circles on the Littlest Higgs and Big Higgs lines indicate cot 6 values from 0.2 to
1 (left to right) in steps of 0.1. Branching ratios are computed assuming that only decays into pairs
of SM particles are present; we ignore, e.g., Zg — AgH and Z' — Y'n. We neglect all final-state
particle masses except that of the top quark.

a HHZ Zp coupling proportional to gcot @ [if h transformed under SU(2);] or gtan@ [if h
transformed under SU(2)2]. These couplings can be probed in the decays Zy — ZH and
Wy — WH [[J] from Zy, Wy bosons produced on-shell, and will thus be more straight-
forward to measure than the HHV'V’ couplings discussed above. The cot # dependence of
the Z production cross section and decay to dileptons and the cot 20 dependence of the
Zy decay to ZH can be probed simultaneously by measuring the rate into dileptons and
the rate into ZH [[1J); these rates will fall upon the curve shown in figure [ for the Littlest
Higgs model.

In simple group models, the HHZZ' coupling does not provide a probe of the Higgs
mass divergence cancellation because in these models this coupling is not directly related to
the crucial HH Z'Z’ vertex that takes part in the cancellation of the Higgs mass quadratic
divergence in the gauge sector. In fact, in the SU(3) simple group model, the HHZZ'
coupling is fixed by the extended gauge structure and would be the same in any model
with the gauge group SU(3)xU(1), whether or not the little Higgs mechanism were realized.
The rates of Z’ into dileptons and into ZH in the SU(3) simple group model are predicted
uniquely for the universal and anomaly-free fermion embeddings, as shown in figure J In
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order to test the cancellation of the quadratic divergence in simple group models, it is thus
very important to uncover the gauge structure and fermion embedding of the model. For
this purpose, we now turn to a discussion of the determination of the Z’ properties in the
simple group models.

4.5 Identifying the 7’

In addition to testing the little Higgs mechanism in the gauge sector as described in the
previous section, one must also identify the model to which a newly-discovered Z’ boson
belongs. This entails identifying the extended gauge structure and determining how the
SM fits into it. We examine here some techniques that can be used at the LHC to shed
light on the couplings of the Z’. We consider the Zg of the Littlest Higgs model and the
Z' of the SU(3) simple group model, with both the universal and anomaly-free fermion
embeddings. As examples of other new physics possibilities, we also consider a sequential
7' with the same couplings to fermions as the SM Z boson, the Z{p and Zj, bosons of the
Eg model [BE], and Zg of the left-right symmetric model [B7].

4.5.1 Rate in dileptons

A 7' boson will most likely be first discovered in decays to dileptons. The dilepton rate
then immediately tells us the production cross section times the leptonic branching ratio,
and thus fixes a combination of the Z’ couplings to up and down quarks (in the production
cross section), the Z’ coupling to leptons (in the decay partial width), and the Z’ total
width (which enters the branching ratio to leptons). While the Z’ couplings to up and
down quarks enter the production cross section together, multiplied by the appropriate
parton densities, it may be possible to separate them experimentally by fitting the shape
of the Z' rapidity distribution to high-precision measurements of the up and down quark
parton densities [BY.

The SU(3) simple group model gives a definite prediction for the Z’/ — ¢T¢~ rate in each
of the fermion embeddings, shown on the horizontal axis of figure[J. If extra decay modes of
Z' to the heavy fermion partners are kinematically allowed, they will increase the Z’ total
width and thus decrease the rate into dileptons. Decays of Z’ into one SM and one heavy
fermion are suppressed by the heavy-light mixing, ~ v2/f2. Thus only decays into pairs
of heavy fermions can contribute significantly; these are likely to be either kinematically
inaccessible or heavily suppressed by phase space. In the Littlest Higgs model, the rate of
Zy into dileptons depends on the free parameter cot #. Thus, in this channel, the Littlest
Higgs model can fake any other Z’ model for an appropriate value of cot 6.

The rate in dileptons is uniquely predicted for the left-right symmetric model Zr and
for a sequential Z’' (unless a tunable coupling is introduced by hand). The Z’ bosons in
the Fg model can mix, introducing a free parameter in their cross sections; however, the
cross section is still constrained within a particular range for a Z’ of given mass, and the
mixing angle can be extracted from the cross section. A Z’ from an extra U(1) gives a
rate in dileptons tunable with the U(1) coupling. Therefore, while this rate measurement
gives some valuable information about the Z’ couplings, it cannot uniquely determine the
model.
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Zu Z Z Zéeq Z{ﬂ Z>/< ZR

BR(tt)/BR(ee) | 3.0 4.8 48| 34 30 06 44
BR(bb)/BR(ee) | 3.0 44 44| 44 30 3.0 7.8

Table 6: Ratio of branching fractions into £ (bb) versus ete™ for Z’ bosons in various models.
From left to right: Zy (Littlest Higgs), Z/

uni

and Z!; (SU(3) simple group with universal and

anomaly-free fermion embeddings, respectively), Zi., (sequential Z'), Z; and Z; (Es model), and

Zr (left-right symmetric model). Final-state masses are neglected; the top mass dependence can
be included by multiplying BR(tt)/BR(ee) by (1 — R)v/1 — 4R, where R = m?/M32,.

4.5.2 Decay branching fractions to other fermion species

In order to probe the Z’ couplings to fermions in more detail, one must look for Z’ decays
into additional fermion species. This opens a window onto the relative couplings of the Z’ to
particles with different hypercharges. Decays into neutrinos are only accessible through the
Z' total width, which in little Higgs models is typically smaller than the detector dilepton
mass resolution (see table ). We thus consider decays into pairs of quarks. This is a more
difficult search than detecting the Z’ in dileptons because of the large dijet background
at the LHC. However, it may be possible to detect the Z’' decaying into top quark pairs,
as a peak in the ¢f invariant mass spectrum, or into bottom quark pairs, as a peak in the
b-tagged dijet invariant mass spectrum.

Measuring the rate of the Z’ into top (bottom) quark pairs and taking the ratio with
the rate to dileptons gives the ratio of partial widths into top (bottom) versus electrons,
shown in table .

In the Littlest Higgs model, this ratio is fixed independent of cot 6 because the cot
dependence enters the couplings to all fermions in the same way. Further, because Zp
couples universally to all fermion doublets, this ratio is just given by the number of color
degrees of freedom, N, = 3 (neglecting final-state masses). This ratio is also fixed in the
SU(3) simple group model; it is different from the value in the Littlest Higgs model because
of the U(1) x content of the Z’, which introduces a dependence on the fermion hypercharge.
Note that the ratio of top (bottom) to electron partial widths is the same in the universal
and the anomaly-free fermion embeddings, because in both embeddings the leptons and
the third generation of quarks all transform as 3s of SU(3); the difference between the two
embeddings appears only in the first two generations of quarks.

Similarly, these ratios are independent of model parameters for a sequential Z’, the Eg
Zy, and Z,, and the left-right symmetric Zr. The Eg Z;, and Z mix in general, leading
to intermediate values of the partial width raitos. Z;, has the same BR(tt)/BR(ee) and
BR(bb)/BR(ee) as the Littlest Higgs Zy, and Z; has the same BR(bb)/BR(ee), as the
Littlest Higgs Zp. Likewise, the sequential Z’ has the same BR(bb)/BR(ee) as the SU(3)
simple group model Z’; however, its BR(¢t)/BR(ee) is rather different. Of course, the
couplings of a Z’ from an anomalous extra U(1) can be tuned to duplicate the predictions
of any of these models.
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4.5.3 Forward-backward asymmetry

The forward-backward asymmetry in f;f; — Z' — f ¥ f ¢ probes the chiral structure of the
Z' couplings to the initial- and final-state fermions. At the partonic level, this asymmetry
is defined as
; Nr—Np 3
A% = E B2 44 4.11

FB NF + NB 4 wfs ( )
where Np (Np) is the number of events with the final-state fermion momentum in the
forward (backward) direction defined relative to the initial-state fermion. The asymmetry
Ay is defined in terms of the couplings g£ R as
(91)” — (g
(91)2 + (9%)?

Even though the LHC is a symmetric pp collider, a forward-backward asymmetry can

Ap = (4.12)

be defined by taking advantage of the fact that the valence quarks in the proton tend to
carry a higher momentum fraction z than the sea (anti)quarks [BY, fi(]. A “hadronic”
forward-backward asymmetry can then be defined as

had _ VF — Np

Abad _ DE T B 413
B = (413)

where now the forward direction for the final-state fermion is defined relative to the boost
direction of the Z’ center-of-mass frame. In the narrow-width approximation (neglecting
interference between the Z’ resonance and the continuum photon and Z exchange), A}I}ag
is given in terms of the partonic asymmetries by

had _ Jdar Y g ARY (Fy(w1) Fy(ws) — Fy(a1) Fy(w2)) sign(ay — 22)
me [ Ay Yoy as.e (Fy(21)Fy(22) + Fy(21)Fy(x2)) ’

where Fy(x) is the parton distribution function (PDF) for quark ¢ in the proton with

(4.14)

momentum fraction x;, evaluated at Q? = M%,. The momentum fraction zo is related
to x1 by the condition z1zo = M%, /s in the narrow-width approximation. Only u and d
quarks contribute to the numerator since we explicitly take the quark and antiquark PDF's
to be identical for the sea quarks; all flavors contribute to the denominator.

Here we consider Z’ decays to eTe™ only, since it is much easier at LHC to determine
the charge of a lepton than the charge of a quark. Decays to ™~ can be added to double
the statistics. The relevant partonic asymmetries and A% are listed in table [ for the
little Higgs models under consideration, as well as a number of other Z’ models.

The hadronic forward-backward asymmetry A%ag varies with Mz due to the shape
of the PDFs. The Z’ mass dependence is shown in figure [[(] for the models included in
table []. It is interesting to note that the asymmetries of the Eg Z’ bosons are less than or
equal to zero, unlike the rest of the models. The Eg boson asymmetries remain negative
definite for arbitrary mixing between Z{ﬂ and Z>,<: A%’%e is always zero and A%’CII; varies
between —0.75 and 0 depending on the mixing angle.

In eq. (f.14) we have expressed A}I}ag as a single number, integrated over rapidity,
which depends on both A%’%e and A%’%e. It may be possible to extract these two quantities
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Zy T  Zh | Zey 7, 7 Zr
A | 1015 015 | 015 0 0.8  —0.28
A, | 1077 067 | 067 0 0 —0.95
A | 1 094 091|094 0 —08 —097
A% 1075 0.087  0.076 | 0.076 0 0 0.20
A%V o5 011 010 | 011 0 —0.48  0.20
Abad 1 044 0.054 0.049 | 0.049 0 —0.077 0.12

Table 7: Coupling asymmetries before cuts for Z’ bosons in the models listed in table ﬂ Abad
is calculated for the LHC (pp collisions at 14 TeV) using CTEQS5L PDFs in the narrow width
approximation, with Mz = 2TeV.
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0.4 Littlest Higgs
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Figure 10: The hadronic forward-backward asymmetry A% as a function of My for the models
in table ﬂ The curve for a sequential Z’ is identical to the SU(3) simple group Z’ with anomaly-free
(af) fermion embedding.

separately by fitting the asymmetry as a function of the Z’ rapidity to high-precision
measurements of the up and down quark parton densities [Bg]; however, this would require
a huge amount of luminosity.

In the Littlest Higgs model, a measurement of A}I}ag would provide a spectacular test
of the model because it would confirm that A, = Ay = A. = =£1; that is, that the
Zy couplings to fermions are either purely left-handed or purely right-handed. The sign
ambiguity is due to the fact that A%g depends on the product A;A;. Together with
measurements of BR(¢t)/BR(ee) and/or BR(bb)/BR(ee), which would demonstrate the
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universality of the Zp couplings to fermions, and the discovery of the Wf; degenerate in
mass and with a related production rate, this measurement would confirm Zy as a member
of an SU(2) triplet of gauge bosons. In such a case we learn that the SM SU(2); gauge
symmetry arises from the diagonal breaking of [SU(2)]?, with the SM fermion doublets
transforming under one of the two SU(2) gauge groups. A measurement of A%ag will also
provide a test of the SU(3) simple group model and the other Z’ models considered, since

it probes another independent combination of the Z’ couplings to fermions.

4.5.4 Bosonic decay modes

Measuring the bosonic decay modes Z’ — ZH and Z' — WTW ~ probes the transformation
properties of the Higgs doublet under the extended gauge symmetry and the mixing of Z
and Z’ induced by electroweak symmetry breaking. As described in detail in section .4,
this can shed light on the little Higgs mechanism in the gauge sector, but it also provides
useful information about the model structure. Also of interest are bosonic decay modes of
the Z' involving non-SM bosons in the final state, such as Z’ — Yn in the SU(3) simple
group model or Zy — AgH in the Littlest Higgs model. Detecting and measuring the
branching fractions of these decay modes provides additional information on the structure

of the extended gauge group and the mixings among the new gauge bosons.

5. Other phenomenological features of the SU(3) simple group model

In this section we collect some additional features of the SU(3) simple group model not
directly relevant to the simple group/product group classification and the identification of
the little Higgs mechanism.

5.1 The heavy leptons

In the SU(3) simple group model, the three lepton doublets of the SM are enlarged into
triplets. The model thus contains three heavy neutral states INV,,. The scalar interactions
of the leptons can be written as

Ly = i\y, NS ®S L, + %efnezjk@’l@;Lﬁ +he, (5.1)
where m,n = 1,2,3 are generation indices, i,j,k = 1,2,3 are SU(3) indices, L,, =

(v,e,iN )?n are the lepton triplets, and N/, are right-handed neutral leptons that marry

the N, and get masses of order f ~ TeV. We neglect neutrino masses; a nice extension of

the SU(3) simple group model including neutrino masses was presented in ref. [[4].
Equation (@) generates masses for N,,,

MNm = )‘Nmsﬁf' (5.2)
The lagrangian also contains a term

AN, C3
V2

My
HN¢v+hec = — ™ _HNE¢v+h.c. 5.3

ﬁyD—
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for each generation, leading to mixing between the N,, and the SM neutrinos given by
N = Ny — 0,19, where Ny, vy denote the electroweak eigenstates of each generation and 6,
was given in eq. (B.§). This mixing gives rise to the couplings of N to eW and vZ with

Feynman rules
iy

igéu
P . 5.4
2% Yul L ( )

+AN - N, -
W, Ne: WVMPL, Z,Nv :

Because the N,, carry lepton number, their production at the LHC requires an additional
lepton in the final state and can thus proceed only through s-channel gauge boson exchange,
e.g., q¢ — WT* — Ne't. Their decays, into vH, eW and vZ, along with eX, vY and vn
if kinematically accessible, will be spectacular. The N,, could also be produced at a linear

collider of sufficient energy through t-channel W exchange, ete™ — UN.

5.2 The X and Y gauge bosons

The heavy gauge bosons X ~, Y correspond to the off-diagonal broken generators of SU(3)
and thus communicate between the SU(2)1, doublet fermions and the SU(2), singlets, with
couplings of gauge strength of the form XQ¢' and YQq as summarized in table fl. These
couplings can play a role in T" or () decay if the corresponding final states are kinematically
accessible. They will not play a significant role in single T' or ) production because the
initial-state couplings of X, Y to pairs of SM fermions are suppressed by v/f. While
X, Y9 could be produced in association with T or @, e.g., b — T X, these processes have
two TeV-mass particles in the final state and will be limited by phase space.

The production cross sections of the X and Y gauge bosons in Drell-Yan are very
small. We thus consider other ways of producing these particles. If they are light enough,
X and Y can be produced in the decays of the TeV-scale quark partners:

T — X*tb,Y't, U, — Xtd;, Y u; or  D;— X u;, Y. (5.5)

For example, taking Mp = 1TeV, My = 0.9TeV and Ay = 1, we find (T — 7" is
kinematically forbidden for these masses),

BR(T — bX™*) ~ 0.55%. (5.6)

Similarly, X and Y can be produced through the decays of the heavy lepton partners, N —
X +€_,?01/. The X and Y bosons can also be pair produced by electroweak interactions via
the triple gauge couplings in table J; however, pair production of these TeV-scale particles
will suffer from reduced phase space and off-shell s-channel propagators compared to Drell-
Yan production of the Z’.

If they are heavy enough, X and Y can decay to one SM fermion and one TeV-scale

fermion partner,

Xt — Th,Ujd;, N;tt, Y0 — 4T, u;Uj,viN; (universal)
Xt — Th,u;D;, N;tt, Y® —1T,d;D;,v;iN; (anomaly free). (5.7)
Neglecting the SM fermion mass, the partial widths for these decays are given by
r N092 2 ﬂ 2 ﬂ MV
'V —-Ff)=— 1—=| My =42 N, 1—=| (== )GeV 5.8
V= FE) =350 3] MY P 3| \Tev ) GeV: (B8)
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where N. = 1 or 3 is the number of colors and 3 = (1 — M2/M2). This decay mode
and the production in eq. (.§) are mutually exclusive, depending on the relative masses
of X,Y and the TeV-scale fermion partners.

If the decay to one SM fermion and one TeV-scale fermion partner is kinematically
inaccessible, X and Y can decay to pairs of SM fermions through their mixings with the
TeV-scale fermion partners, with partial widths proportional to 62,62 o< v?/f2. The decays
of X are independent of the fermion embedding,

X~ — bt djﬂj,@iﬁ, (5.9)

while the decays of Y depend on the fermion embedding, since Y can decay only to fermions
that mix with a heavy partner:

VO — tt, uji;, vo (universal), VO — tt,d;d;, vo (anomaly free). (5.10)

Unfortunately, there are no decays of Y to charged dileptons because IN; mix only with the
neutrinos. The decays Y0 — tt, X~ — bt are controlled by d;, while the decays to the first
two quark generations and to the leptons are controlled by the smaller §,,. Thus, decays to
third generation quarks will have a somewhat larger partial width. Neglecting final-state
masses, the relevant partial widths are

, 3¢2 TeV\? [ My
ING.¢ bt) = T(YY = 1) = ZZ-62My = 0.51)\2 GeV
(X7 = bt) =D(YT — 1) = 20, My T(MT> (TeV e¥s

2 11 /T
DX~ —jj) =T - jj) = 2%53]\@ _0 <_eV> GeV,
Y[

t5 \ My
2
o0 o 9% o 0054 (TeV
F(X —>€V) —F(Y —>I/V) = 348—71'5”MY = ? M—Y GeV, (511)

where jj denote jets from quarks of the first two generations and the decays to leptons are
summed over all three generations. Finally, Y can decay to Hn via the coupling in the last
row of table fi,

— 2M M
T(Y" - Hy) =T — Hp) = 9384; =0.35 <ﬁ> GeV. (5.12)

5.3 The singlet pseudoscalar 7

The scalar sectors of little Higgs models are very model-dependent. For completeness,
however, we briefly sketch here the decay modes of the singlet (pseudo-)scalar n in the
SU(3) simple group model. A more detailed analysis of the 7 phenomenology can be found
in ref. [[]]. The singlet scalar n, which naturally gets a mass of a couple hundred GeV,
can decay to pairs of SM fermions with couplings that depend on the SM fermion masses.
These couplings receive contributions from the usual fermion Yukawa couplings, via the
expansion of the nonlinear sigma model fields, and from the couplings of  to a SM fermion
and its TeV-scale partner combined with the F—f mixing. These couplings are all of order
my/f, that is, suppressed by v/f relative to the usual fermion Yukawa couplings. The 7
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can also decay into a Higgs boson and an off-shell Y, which then decays to a pair of SM
fermions with couplings suppressed by the F—f mixing. We expect the decays of 7 into
pairs of fermions to dominate, with branching fractions proportional to the fermion masses
up to order-one factors related to the contribution from the F—f mixing. The total width
of  will be suppressed by v?/f? compared to that of a “bosophobic” Higgs of the same
mass; however, this width will be too narrow to measure directly and too wide to give rise
to displaced vertices, and thus can only be probed through production cross sections.

6. Conclusions

The little Higgs models represent a new approach to electroweak symmetry breaking that
will be accessible at future high-energy colliders. These models stabilize the hierarchy
between a relatively low cutoff scale ~ 10 TeV and the electroweak scale by making the
Higgs a pseudo-Goldstone boson of a spontaneously broken approximate global symmetry.
Implementing such a global symmetry requires enlarging the gauge, fermion and scalar
sectors of the SM. Little Higgs models therefore predict new gauge bosons, fermions and
scalars at or below the TeV scale, which offer exciting possibilities for beyond-the-SM
collider phenomenology at the LHC.

However, many models of physics beyond the SM contain new gauge bosons, fermions,
and/or scalars at or below the TeV scale. If such particles are discovered, one will want
to know whether they implement the little Higgs mechanism by canceling the one-loop
quadratic divergence in the Higgs mass due to the SM gauge bosons, top quark, and Higgs
quartic coupling.

We categorized the many little Higgs models into two classes based on the structure
of the extended electroweak gauge group:

(a) product group models, in which the SM SU(2), gauge group arises from the diagonal
breaking of two or more gauge groups, and

(b) simple group models, in which the SM SU(2);, gauge group arises from the breaking
of a single larger gauge group down to an SU(2) subgroup.

As prototypes of each class, we studied the experimental signatures of the Littlest Higgs
model and the SU(3) simple group model, respectively.

The “smoking guns” for the little Higgs mechanism — the cancellation of the Higgs
mass quadratic divergences between loops of SM particles and loops of the new particles
— are quite straightforward and allow one to distinguish models that implement the little
Higgs mechanism from other models that have a similar superficial phenomenology. In
the top sector, the little Higgs mechanism appears as a sum rule involving the top quark
Yukawa coupling, the TtH or TbW coupling Ar, and the dimension-five TI"H H coupling
M. In product group models, the simple structure of the top mass generation mechanism
ensures that A}, can be expressed in terms of Ap, M7 and the top Yukawa coupling. The
little Higgs mechanism can then be checked by measuring Ay and My, computing the
condensate f, and comparing with f from the gauge sector. In simple group models,
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on the other hand, the top mass generation mechanism is slightly more complicated and
involves two (or more) TeV-scale condensates. This introduces an extra free parameter
into the top sector (which can be chosen as the ratio of the two condensates, fo/f1 = tg),
so that all three parameters Ay, A7, and M7 must be measured in the top sector. We have
not found a way to measure A directly at the LHC. Instead, the required third parameter
can be measured from the production rate of the TeV-scale quarks associated with the
first two generations in the simple group models. These measurements of the extended
top sector and the TeV-scale quark partners of the first two generations, if present, thus
allow one to test the little Higgs mechanism in the top sector, distinguish the structure of
the top quark mass generation mechanism, and extract the model parameters that control
the fermion sector. We showed explicitly how these measurements allow one to distinguish
the top sector of a little Higgs model from a fourth-generation top-prime and from a top

see-saw model.

In the gauge sector, the little Higgs mechanism appears as a sum rule involving the
Higgs boson coupling to pairs of SM vector bosons and to pairs of the new TeV-scale
vector bosons. The couplings involved in the sum rule can be directly measured via gg —
V"™ — V'H associated production. Measurement of these couplings allows one to test
which new particles are responsible for canceling each of the SM contributions to the Higgs
mass-squared quadratic divergence. In product group models, the test of the little Higgs
mechanism is particularly simple because of the collective breaking structure of the Higgs
couplings to gauge bosons: it is enough to measure the ZyZH (WyW H) couplings, which
are accessible through Zy — ZH (Wy — WH) decays. The simple group models have
a different collective breaking structure in the gauge sector, however, so that a direct
measurement of the V'V'H couplings is necessary. Additional measurements in the gauge
sector will shed light on the structure of the extended electroweak gauge group. We showed
explicitly how measurements of the properties of a Z’ allow one to distinguish the Z’ states
present in little Higgs models from the Z’s in the Eg and left-right symmetric models and

from a sequential Z'.

The scalar sector is very model dependent. It depends on the global symmetry struc-
ture; therefore the classification of models into product group and simple group does not
give a useful classification of the scalar sector phenomenology.
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A. Survey of little Higgs models

A.1 Product group models

The majority of little Higgs models are product group models. In addition to the Littlest
Higgs, these include the theory space models (the Big Moose [[] and the Minimal Moose [B]),
the SU(6)/Sp(6) model of ref. [{], and two extensions of the Littlest Higgs with built-in
custodial SU(2) symmetry [f], §]. There are also product group models with T-parity in
the literature [Df; however, we do not address them here in any detail. In general,
the phenomenology of models with T-parity is quite different from that discussed here;
however, the top partner is typically T-parity even so that its phenomenology can be taken
over directly from the Littlest Higgs case.

We start with the theory space models. The Minimal Moose consists of two sites
(where the gauge groups live) connected by four link fields (scalar fields transforming
under the gauge groups at either end of the link). The electroweak gauge symmetry at
one site is SU(2)xU(1), while at the other it is SU(3) [or alternatively, a second copy
of SU(2)xU(1); electroweak precision constraints [ favor this second possibility]. The
diagonal breaking of the gauge symmetry down to SU(2).xU(1)y leaves a set of SU(3)
gauge bosons [alternatively the broken SU(2)xU(1) gauge bosons] at the TeV scale. The
top quark mass is generated by an interaction of the same form as eq. (R.), leaving a
heavy charge 2/3 electroweak singlet quark at the TeV scale. The scalar spectrum consists
of two Higgs doublets, a complex triplet and a complex singlet at the weak scale, with an
additional Higgs doublet, triplet, and singlet at the TeV scale. The Big Moose [l is an
extended version of this structure, with a longer chain of gauge groups connected by link
fields that break down to the diagonal SU(2)xU(1), leaving a larger number of broken gauge
generators at the TeV scale. Many different theory space structures yield the little Higgs
mechanism, with only mild topological constraints on the shape of the theory space [[1J].
In particular, the theory space can be chosen such that the low-energy theory contains only
two Higgs doublets, giving the extra light scalars of the Minimal Moose masses at the TeV
scale [I3]. Theory space models always contain at least two light Higgs doublets.

The SU(6)/Sp(6) model [ is similar to the Littlest Higgs, but starting with a global
SU(6) symmetry broken down to Sp(6) at the TeV scale by an antisymmetric condensate.
A subgroup [SU(2) xU(1)]? of the global symmetry is gauged; the gauge symmetry is broken
down to SU(2).xU(1)y by the condensate, leaving a set of SU(2)xU(1) gauge bosons at
the TeV scale. The top quark mass is generated in exact analogy to eq. (R.1), leaving a
heavy charge 2/3 electroweak singlet quark at the TeV scale. The scalar spectrum consists
of two light Higgs doublets, plus a complex singlet at the TeV scale.

The extensions of the Littlest Higgs with built-in custodial SU(2) symmetry [d, §] were
constructed in order to avoid some of the electroweak precision constraints on the Littlest
Higgs model [RF, PG, RI]. The first such extension is a hybrid of the Littlest Higgs and the
Minimal Moose with an SO(5)x[SU(2)xU(1)] gauge symmetry [f]. It contains two light
Higgs doublets, plus additional scalars at the TeV scale due to the enlarged global sym-
metry. It also contains extra TeV-scale gauge bosons from the enlarged gauge symmetry.
The second such extension expands the global symmetry group to SO(9), spontaneously
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broken down to SO(5)xSO(4) [§]. This model contains only a single light Higgs dou-
blet, with three scalar triplets and a singlet at the TeV scale. The gauge symmetry is
[SU(2) xSU(2)g|x[SU(2)xU(1)], broken down to the SM electroweak gauge group by the
symmetry breaking condensate. The model thus contains extra TeV-scale gauge bosons
compared to the Littlest Higgs. The top sectors of both extensions are identical to that of
the Littlest Higgs.

The product group models all share two features. First, the models all contain a
set of SU(2) gauge bosons at the TeV scale, obtained from the diagonal breaking of two
gauge groups down to SU(2)z. Some models contain additional TeV-scale gauge bosons
as well, from the breaking of more than two SU(2) gauge groups or from the breaking of
gauge groups larger than SU(2). Second, the models all generate the top quark mass from
a lagrangian involving two terms, only one of which couples to the scalar sector of the
model. This results in an extended top quark sector of the same form as in the Littlest
Higgs model. These two features distinguish the product group models from the simple
group models, which we consider next.

A.2 Simple group models

In addition to the SU(3) simple group model, there are two other simple group models in
the literature to date: the SU(4) simple group model [ff] and the SU(9)/SU(8) model of
ref. [[f]. These two models depart from the SU(3) simple group model in different directions.

The SU(4) simple group model [f] is a straightforward extension of the SU(3) model to
the electroweak gauge group SU(4)xU(1)x. It was introduced because the simplest version
of the SU(3) model generates a Higgs quartic coupling only at one-loop level through the
Coleman-Weinberg potential, leading to a too-light Higgs boson [§]. This problem can
be fixed by adding an extra term to the scalar lagrangian [[J], which explicitly breaks a
global U(1) symmetry in the model (and has the added benefit of giving mass to the n
pseudoscalar, which would otherwise be a Nambu-Goldstone boson). The SU(4) model, on
the other hand, generates a Higgs quartic coupling at tree-level, so the Higgs mass is easily
large enough.

In the SU(4) simple group model the isospin doublets of the SM are all extended
to quadruplets under SU(4). A total of four scalar quadruplets are needed to break
SU(4)xU(1)x down to SU(2)r,xU(1)y, which leads to extra light scalars so that the low-
energy theory contains two light Higgs doublets and two real singlets, plus three complex
singlets which get masses of order f ~TeV. The potential generated for the two Higgs
doublets is not the most general possible, yielding interesting relations among the Higgs
masses and couplings; in fact, the potential for the two Higgs doublets is of the same form
as the one in the SU(6)/Sp(6) product group model. There are now four symmetry break-
ing vevs, f1,..4. The fermion sector contains two heavy quark-partners and two heavy
lepton-partners for each generation. Only one of the heavy quark-partners in each genera-
tion mixes with the corresponding SM quark. Like in the SU(3) model, the fermions can be
embedded in a universal (but anomalous) way into SU(4) or in an anomaly-free way [22).
Again, the anomaly-free embedding only works if the number of fermion generations is a
multiple of three. The heavy gauge sector contains the broken generators of SU(4)—SU(2),
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namely two neutral gauge bosons Z’ and Z” (which mix in general), two complex SU(2)
doublets (Y°, X ), (Y¥ X~/), and a complex SU(2) singlet Y. The phenomenology of
the first Z’ and the first doublet (Y°, X ) are similar to those of the SU(3) model.

The SU(9)/SU(8) model of ref. [[f] contains exactly the same gauge group and fermion
sector as the SU(3) simple group model. Thus the gauge and fermion sectors contain the
same particle content and interactions as in the SU(3) simple group model. The only
difference is the global symmetry structure, which leads to a different scalar sector. The
global symmetry group is SU(9), broken down to SU(8) by a vacuum condensate with
two independent vevs, fi2. The Higgs quartic coupling in this model is generated at tree
level by lagrangian terms that explicitly break the SU(9) global symmetry. The scalar
sector contains two light Higgs doublets, plus two complex singlets that get masses of
order f ~TeV. As in the SU(4) model, the potential generated for the two Higgs doublets
is far from the most general possible, yielding interesting relations among the Higgs masses
and couplings.

The simple group models share two features which distinguish them from the product
group models. First, the models all contain an SU(N)xU(1) gauge symmetry that is
broken down to SU(2),xU(1)y, yielding the TeV-scale gauge bosons. The gauge couplings
of the expanded SU(NN)xU(1) symmetry are thus fixed in terms of the known SM gauge
couplings. The gauge structure also forbids mixing between the SM W# bosons and the
TeV-scale gauge bosons, in contrast to the product group models. Second, the top quark
mass is generated from a lagrangian involving two terms, which couple the top quark to two
different nonlinear sigma model fields. This structure introduces an additional parameter
into the top sector, which complicates the phenomenology and allows the heavy top-partner
to be made lighter relative to the TeV-scale gauge bosons than in the product group models,
thereby reducing the fine-tuning.

B. The SU(3) simple group model

In this appendix we collect some technical details of the SU(3) simple group model of
refs. [{, fl] and derive the interaction lagrangian in the mass basis.

The SU(3) simple group model [[, ] is constructed by enlarging the SM SU(2), xU(1)y
gauge group to SU(3)xU(1)x. This requires enlarging the SU(2) doublets of the SM to
SU(3) triplets and adding the additional SU(3) gauge bosons. The SU(3)xU(1)x gauge
symmetry is broken down to the SM electroweak gauge group by two complex scalar fields
®; 9, which are triplets under the SU(3) with aligned vevs f; 2, both of order a TeV. We
start with a scalar potential for ®; » which has a [SU(3)xU(1)]? global symmetry. After
®4 5 acquire vevs, the global symmetry is spontaneously broken down to [SU(2)x U(1)]2. At
the same time, the global symmetry is broken explicitly down to its diagonal SU(3)xU(1)
subgroup by the gauge interactions. The scalar fields are parameterized as a nonlinear
sigma model with

00 100

1 h ho

o==|] 00 +% 010 |1, h:<h_>, (B.1)
Rt 0 001
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We define f2 = fZ + f3 and tg = tan 3 = fo/f1. Under the SU(2);, SM gauge group,
h transforms as a doublet and will be identified as the SM Higgs doublet with a vev
v = +/2(h%) = 246 GeV, while 7 is a real singlet which also remains light. We have chosen
7 proportional to the unit matrix because this state remains unmixed with the unphysical
(eaten) Goldstone bosons after EWSB.” We do not write down the Goldstone bosons that
are eaten by the broken gauge generators.
The SU(3) gauge bosons can be written in matrix form as
s [ 1 s [0 ) . w Yi

AT = -1 + — 1 +—=| W X~ . (B.3)

) il
0 2v3 2 V2 VO x+

The ® vevs break the SU(3)xU(1)x gauge symmetry down to the SM SU(2), xU(1)y via

the covariant derivative term
2

@:'(8 +igALT® — ?ij) o, (B.4)

where the SU(3) gauge coupling g is equal to the SM SU(2), gauge coupling and the U(1) x

gauge coupling g, is fixed in terms of g and the weak mixing angle tyy = tan 0y by
lw
o= 2 (B.5)
1—1t3,/3

The broken gauge generators get masses of order f ~TeV and consist of a Z’ boson (a
linear combination of A% and B*) and a complex SU(2);, doublet (Y, X ™).

B.1 Gauge and Higgs sectors

Before EWSB, the X and Y gauge bosons and a linear combination Z’ of the A% and
B?* gauge bosons get masses from the f vevs. The linear combination Z’ that becomes

V3gA% 4+ g.B* 1 (
zl = YHE T (]3¢ A8+tWBf>. (B.6)
VR G "

We denote states and masses before EWSB with the subscript zero. The orthogonal com-

massive is

bination of A% and B* becomes the hypercharge gauge boson B,

—g, A% +V3gB® 1 ( 8 )
B= = — | —twA®+/3—-t3,B"). B.7
372 VB\ v >0

"We thank Dave Rainwater for enlightening discussions on this point.
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Hypercharge is given by

Y =

1
V3

where @, = —1/3 for the scalar fields ®;. We also have the relations

2
A=\ J1-12,/32) + —W_ 7, W
W20t Ty
ZL/I/V ! 2 2
W7l — s /1 —12,/3 Zo + ewr /1 — t2,/3 A,
\/g 0 w W/ 0 %% W/

where A is the photon.

cw Zo + sw A,

1

T8 + , T8

dlag(la 1’ _2)5

2 2

M M
L= 2TWyWW+W*H + TZyZZZH,

B.2 Fermion sector

with coefficients y,z given in table f.
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W and Z boson masses and their couplings to the Higgs at next-to-leading order in
v?/f? in the SU(3) simple group model.

(B.8)

(B.9)

For use in precision corrections, we give the W and Z boson masses and their couplings
to the Higgs at next-to-leading order in v?/f? in table [§. The WW H and ZZH couplings
can be written in the form

(B.10)

Because the model contains a gauged SU(3), SM fermions that are doublets under SU(2)
must be expanded into triplets under the SU(3). In addition, new SU(3)-singlet fermions
must be introduced to cancel the hypercharge anomalies and to marry and give mass to
the new third components of the SU(3)-triplet fermions.

The most straightforward way to construct a fermion sector for the SU(3) simple
group model is to expand all the SU(2) doublets of the SM into SU(3) triplets, adding



Universal embedding

fermion || Q12 | @3 | uy,, 7€, Uy, dy, Ly, | Nj, | e,
Q. charge || 1/3 | 1/3 —2/3 1/3 -1/31 0 1
SU(3) rep 3 3 1 1 3 1 1

Anomaly-free embedding

fermion Q12 | Q3 us,, T dac,,Dc,S¢| L, | NS | e,
@z charge | 0 | 1/3 -2/3 1/3 -1/3| 0 1
SU(3) rep 3 3 1 1 3 1 1

Table 9: The Q, charges and SU(3) representations of the fermions in the universal and anomaly-
free embeddings.

additional SU(3)-singlet right-handed fermions as needed, as was done in ref. [f]. We call
this embedding “universal”, since the three generations have identical quantum numbers.
The quarks and leptons of each generation are put into 3 representations of SU(3):

QZ; = (u,d,iU)p, iuy,,, id;, iU, (universal)

LY = (v,e,iN)m, il iNg,, (B.11)

where m is the generation index. We do not include a right-handed neutrino at this stage,
leaving the neutrinos massless. Neutrino masses could be incorporated, e.g., through a
see-saw mechanism in the UV completion of the little Higgs model [§] or within the little
Higgs theory itself [E4]; however, this is beyond the scope of our current work. The Q.
charges of the fermions are given in table .

It was pointed out by Kong [BJ] that such a universal fermion sector leads to SU(3) and
U(1), gauge anomalies, although the SM SU(2) and U(1)y gauge groups remain anomaly-
free. These anomalies are not necessarily a problem because the little Higgs model is only
an effective theory valid up to an energy scale A ~ 4xf. Additional fermions can be
added at the scale A to cancel the SU(3) and U(1), gauge anomalies without affecting the
phenomenology at the f scale. Alternatively, one can construct a fermion sector that is
anomaly-free already at the f scale and yet contains no more degrees of freedom than the
universal embedding, as proposed by Kong [R3]. This can be done by putting the first two
generations of quarks in 3 representations of SU(3), while the third quark generation and
all three lepton generations are in 3s of SU(3). We call this embedding “anomaly-free”. It
is fascinating to note that with this fermion content, the anomalies do not cancel within
a single generation, as in the SM, but rather three generations (or a multiple thereof) are
required to cancel the anomalies. The anomaly cancellation pattern of this fermion content
has been previously pointed out in 3-3-1 models [2J] outside of the little Higgs context.

The quarks of the third generation and three generations of leptons are put into 3
representations of SU(3), exactly as in the universal embedding. The first two generations

of quarks are put into 3 representations of SU(3):

Qf = (d,—u,iD), id, iuc, iD° (anomaly free)
Q% = (s,—c,iS), is®,ic”, iS¢, (B.12)
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where the minus signs in front of u and c are there because the 2 of SU(2) is (d, —u) [which
is equivalent to the 2, (u,d)]. Notice that the heavy vector-like quarks of the first two
generations have electric charge —1/3, in contrast to the charge 4+2/3 heavy quark of the
third generation. The @, charges of the fermions are given in table .

B.2.1 Lepton masses and mixing

The lepton sector is identical in both the universal and anomaly-free embeddings. The
lepton masses are generated by the lagrangian in eq. (b.1)), where we have chosen the flavor
basis to correspond to the mass basis for the heavy neutrino partners N,,. The N,, masses
are then given by eq. (b.9). The dimension-5 operator in eq. (b.1]) normalized by the cutoff
scale A gives masses to the charged leptons via the 3 x 3 Yukawa matrix A", which also
generates a CKM-like mixing matrix sziﬂ between the charged lepton mass eigenstates
e; and the heavy neutrino partners NV,,. This mixing matrix appears in the X~¢e; N,
couplings,

Lo —%Vlanu &7" PpNp,. (B.13)

These couplings can lead to lepton flavor violating processes, such as yu — ev, via loops of
N,, and X~. As in the quark sector of the SM, this lepton flavor violation will be GIM-
suppressed and will vanish in the limit that szn is diagonal, so that the IV,, mass eigenstates
are aligned with the charged lepton mass eigenstates. The lepton flavor violation will also
vanish in the limit that the IV, are degenerate. The experimental limits on lepton flavor
violation therefore put stringent constraints on the Ay, couplings and/or on the structure
of the A" matrix.

After EWSB, the h vev induces mixing between N,,o and the corresponding neutrino
Umo at order v/ f, where as usual we use a subscript 0 to denote the SU(3) eigenstates and
no subscript to denote the mass eigenstates after EWSB. Because of the structure of the
N, mass term in eq. (5.1), Ny, mixes only with the neutrino in the same SU(3) triplet, with
a mixing angle ¢, given in eq. (B.§) that is the same for all three generations. Note that
tg > 1 suppresses d,. The SU(3) eigenstates N,,0 and v are given in terms of the mass

eigenstates Ny, and the SM neutrinos in the charged lepton mass basis (v; = ve, vy, v7) by
1
Nipo = Ny, + 6, ‘/ZJr iVis Vig = <1 — 553) V; — 5V‘/’ianm, (B14)

where we have kept the 62 term in the neutrino mixing because it will modify the well-
measured couplings of neutrinos to the W and Z bosons at order v?/f2. In particular,
the Fermi constant Gy is measured in muon decay. The four-Fermi effective interaction

lagrangian is

L=-2V2GpJ ], =

JHI(1—07). (B.15)

1
) + = 20 } (B.16)

2M2
Plugging in M2, (from table f) and d,, we have,

1 2l afsh e
— =V2¥{l1+—= |- |2+ 2L
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The couplings of the scalars H and 7 to lep-

Hege;: Zmel
ton pairs are given in table [l The couplings of HN—ZZ ics X%TP
charged leptons to H get a multiplicative cor- mb V2 A;m 21' L
rection factor gy, relative to the SM Yukawa cou- H Niy Ni: f O/ f7)
plings in terms of the lepton mass due to the neie;: EEE cot 2675
nonlinear sigma model expansion. NN Ni: \/)\Nm%
. 1-— 3 —l— S+

B.2.2 Lepton couplings to gauge bosons Y 6f2 ( 5)
The fermion couplings to gauge bosons are given  Table 10: Couplings of H and 7 to lepton
by the fermion kinetic term, pairs.

L = $iD, ", D=0+ igA*T® +ig,Q.B", (B.17)

with the Q, charges given in table[J. The generators T of the fundamental 3 representation
of SU(3) are given in eq. (B.3).

The couplings of the Z’ to lepton pairs were given in table fl. The couplings of the
heavy off-diagonal gauge bosons X T, Y and 7 to leptons were given in table ], neglecting
flavor misalignment between the charged leptons and the N,,. Allowing for the possibility
of flavor misalignment, we have

Lyy = —% [z’X;ém“ (Viﬁle + 5yui> + YD <Vianm + 5,,14) + h.c.} . (B.18)
where all fermion fields are left-handed and we have taken the neutrinos in the charged
lepton mass basis, v; = v,, v, V7; Np, are the heavy neutral leptons in their mass basis. The
couplings of W to lepton pairs, keeping terms of order v2/f? in interactions involving only
SM particles and terms of order v/ f in interactions involving one or more heavy particles,

are
gw,r
V2

The couplings of the Z boson to leptons, including the corrections from mixing between Z

Lw = —

1 J—
Kl — 563) viyte; — 61/V£J2‘Nm'yuei:| +h.c. (B.19)

and Z’ and mixing between the heavy neutral leptons and the SM neutrinos, are

Ly =—Z civ {(Jgj _ s%ng;) 52—17 vi— = [5 VEN, A v —i—h.c.] (B.20)

5 1 —
b [(5 - 312,V> (TiyFv; + eiyte;) + shesytes + (-1+ s%v) ny“NZ} ,

\/3—43124,

where the leading-order coupling is given in terms of the standard fermion currents
Iy = AT, I =T"Qpf — T A" Qe £ (B.21)

The couplings of the photon to fermions are given by the electromagnetic current as usual,

Lg= —AHBJS.
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B.2.3 Quark masses and mixing: anomaly-free embedding

The quark sector is more complicated than the lepton sector because of the anomaly-free
embedding structure. The relevant lagrangian terms for the third generation and for the

first two generations are

. . YA e
L3 = Niu§®IQs + NsiusPLQs + szdfneijkq)g@g@g +h..
)\mn i
L1o = MNidi QT dy + \IMidyeQl @, + n s, e P D5 Q% 4+ h.c., (B.22)

where n = 1,2; 4,7,k = 1,2,3 are SU(3) indexes; uf and u§ are linear combinations of ¢
and T° [see egs. (B-23) and (B.29) below]; b¢, runs over all the down-type conjugate quarks
(d¢, s¢,b% D¢, S¢); di¢ and d5¢ are linear combinations of d° and D€ for n = 1 and of s® and
S¢ for n = 2 [see egs. (B.26)) and (B.28) below]; and u¢, runs over all the up-type conjugate
quarks (u€, ¢, t¢,T°).

The f vevs generate mass terms for three heavy quarks. The state

~ Megu§ + Msgus

T° (B.23)
NITERSTE)
marries 7', giving it a mass of
My = fA/NPch + \Fs5, (B.24)

and leaving the orthogonal combination of u{ and u$§ massless:

A /A?c% + )\525%

The states (here we denote )\Cllg by )\CIZ,Q for n =1 and by A{, for n = 2)

~ Megdi€ + Mspdy _ Njegdi© + A3spds

D¢ = ) S = (B.26)
\ /)\imc% + )\gQS% 4 /)\fQC% + )\528%
marry D and S, respectively, giving them masses of
Mp=f )\CllQC% + )\323%, Ms = f )\{20%, + )\523%, (B.27)
and leaving the orthogonal combinations massless:
o — ~spdi® + Megdy® o _ ~Aospdi + Negdy® (B.28)
\ /)\‘1120% + )\%28% 4 /)\fQC% + )\528%
After EWSB, the quark mass terms are
)\t2 o )\t2 )\t )\t
Lop mass = —MgTT + v spcp(AT 5) cp _ v 112 <t
V2 N2 4 AR V2 N2 4 RS
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v f
+—= " uy, uy + hec. B.29
V2A ( )

v speg( M2 — AP

pYOY
ﬁdown mass — _MDDCD - = Ded + L 12 d°d
V2 AR 4 A2 V2 AR AP
)\52 _ )\82 ASAS
_MSSCS_LSM( i 2)SCS+L A3 s
V2 )\‘{20% + )\525%, V2 )\fQC%, + )\528%
2 mae e, (B.30)

V2 A
where u, = u,c; ul, = u’ ¢ t°, T and d, = d°, s, b, D, S°.

The couplings A" and A} cause a misalignment between the mass eigenstates in
the up and down sectors, leading to the CKM matrix. They also cause an analogous
misalignment between the SM quark mass eigenstates and the heavy quarks D, S, and
T, leading to an analogous matrix. We choose the “flavor basis” to be the mass basis for
D, S, T. Two unitary matrices are needed to rotate the left-handed up- and down-type
quarks from the flavor basis (primed fields) into the mass basis (unprimed fields):

u u d d
vel d | =1¢el, vil s |=15s]. (B.31)
t/ t b b

The CKM matrix is then given by
Y ORM _ yruysdi (B.32)

These matrices appear in the quark gauge couplings; see section for details. Note
that, in contrast to the SM, there are two physically meaningful mixing matrices.

Electroweak symmetry breaking also induces mixing between the heavy left-handed
quarks D, S, T and the SM quarks. In the up-quark sector, the terms in eq. (B:29) involving
T° lead to mixing between T and u, ¢, t that violates the SU(3) symmetry. As usual we use
the subscript 0 to denote SU(3) states; fields with no subscript denote the mass eigenstates
after the mixing induced by EWSB. We can rewrite the SU(3) state Ty in terms of the
mass eigenstate 7' and the SM fermions in the interaction basis (primed fields) as

with ¢ = 1,2, 3, where
P Au 5= e 5, = v sgeg( A2 — A\
u ) c — ) - .
V2A e 422 V2A e A2 V2f (AP + APs5)
(B.34)

One can choose the couplings AI“* and AI“¢ to be small in order to suppress the mixing
effects in the first and second generations. In the mass basis (unprimed fields) this becomes
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where in the last approximate equality we neglect AI“* and A1“¢. After mixing, the up
quarks in the mass basis become

1
Uip = (1 — §!Aui\2> u; — Ay, T, (B.36)

where we have kept the |A,,|? term (which is of order v2/f?) because it will modify the
well-measured couplings of quarks to the W boson.

Similarly, in the down-quark sector, the terms in eq. (B.3() involving D¢ (5¢) lead to
mixing between D and d,b (S and s,b). As in the up sector, we can rewrite the SU(3)
states Dy and Sy in terms of the mass eigenstates D and S and the SM fermions in the
interaction basis (primed fields) as

Dy = D + dpg,d;, So =S + bga,d, (B.37)
with ¢ = 1,2, 3, where
5y, = Y SO M) e Y AP?
V3f OBE APs3)’ | VIN /3P 1 g
—v sgeg( A2 — A2 v A
T <§f2ﬁc(;l+xs2§g;’ RNNGTY m (B.38)
The zero mixings, dps = dsq = 0, are a consequence of the collective breaking mass

generation for d and s in the D, .S mass basis. One can choose )\ll))  and )\bSc to be small in
order to suppress the mixing effects in the b quark sector. From eq. (B-30), the small mass
of the d (s) quark requires one of the couplings )\61{2 ()\{72) to be very small. We choose
the small coupling to be A{ (Af) so that the mixing effects in the down-quark sector are
suppressed in the same g > 1 limit as the mixing effects in the neutrino sector. We then

have,
v

V2tsf N

In the mass basis (unprimed fields), the D and S states become

6Dd ~ 655 >~ —6,/. (B39)

DO =D+ ADdidi, ADdi = ‘/Z?*(;de = _V;(%*éV’

So = 5+ Agq,di, Agg, = ‘/’i;-l*(sgdj ~ —Vig*éy, (B.40)

where in the last approximate equalities we neglect )\bD “ and )\bs ‘. After mixing, the down
quarks in the mass basis become

1 1
dip = (1 - §\ADdi]2 — §\Agdi12> di — Apg, D — Agg,S, (B.41)

where we again have kept the |Apg,|* and [Agg,|? terms, which are of order v?/f2.

We now write the couplings of the scalars, H and 7, to quark pairs, taking into account
corrections from the expansion of the nonlinear sigma model and the mixing between the
SM quarks and the heavy quarks. The different treatment of the third quark generation

,46,



in the anomaly-free fermion embedding [eq. ([B.29)] leads to flavor-changing couplings of
quarks to H (at order v?/f2) and to n (at order v/f). The full parameter dependence
of the flavor changing couplings depends on the exact form of the up and down quark
mass matrices, which determine the quark mixing in the left- and right-handed sectors. A
detailed exploration of the quark mass matrices is beyond the scope of this work. Instead,
we write down the scalar couplings ignoring the mixing of the right-handed top quark ¢¢
with the first two generations.

We begin with the couplings of T" quark pairs. T' couples to n with a coupling of order
one and to H with a coupling of order v/ f:

~ ey Y 2.2 22y [ 2 2/1\t2 t22f3
Lrep ~ (HT T)? (A"s5 + Az CB)M — 535\ — AF) N
HnTT) 05V — D)2 + ., (B.42)

V2Mr

where we have neglected terms involving AZ“% and AI“¢. Similarly, D and S quark pairs
couple to n with a coupling of order one:

Lpep, ~ %)\g(z’nDcD) + %A;(inScS) +he,, (B.43)

where we have neglected terms involving )\bD ‘ and )\fc and taken )\Cll’s < )\g’s [if the top
quark mass were neglected, eq. (B.43) would also reduce to this simple form|. One would
naively expect an H D¢, D,, coupling at order v/f coming from replacing one Higgs field
by its vev in the nonlinear sigma model expansion term HH Dy, D,,; however, this term
is exactly canceled by the contribution from H Dy, d,, after d — D mixing if the down and
strange quark masses are neglected.

The leading-order couplings of scalars to one T' quark and one SM up-type quark are

!y NS
\/iMT ‘ \/iMT

where we again neglect terms involving AI“* and A\T“¢ and in the last term ignore the

L~ (HTu;) | sgeg(A2 — \8)

%»f] — (int°T) [ ] +he., (B.44)

mixing of the right-handed top quark t¢ with the first two generations. The last term can
be written in terms of SM quark masses and mixing angles via the relation (again ignoring
right-handed quark mixing)

)\ﬁ)\g muj u mye
_ } : ur o by rus (B.45)

3 33
V2Myp — v J v

where we have used m,, m. < m;. The couplings in eq. (B.44) will lead to the decays
T —tH and T — tn.
The couplings of scalars to D,.S and one SM down-type quark are

CB \dy dx c CB \st1ydx c
L~ —=\NV{ (HD;) + —=\3V,5" (HSd;) + h.c., B.46
\/5 2Vl ( ) \/5 2Y42 ( ) ( )
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where we have neglected terms involving )\bDC and )\bsc and ignored couplings of 7 pro-
portional to the down or strange quark masses. These couplings will lead to the decays

The couplings of scalars to a pair of SM up-type quarks (again ignoring right-handed
quark mixing) are

— Ty, v2 sﬁ 046

us U My

2 2
- m 7 sﬁ B CB mt *
+(”7uz¢uj) [ ij \/Ef ( 303 ) + 52‘3Auj TV:),%

Note the flavor-changing couplings involving t¢ from terms containing a d;3. Here we have

ms C% - 3%
+ 6; Vs Ay,
Pavap P T spes

+h.c. (B.47)

introduced the notation d,¢ for the mixings between uf and T, which occur at order v?/ f2.
They are given explicitly by

b = — 0 (5@1{“’ + 5CA5”C’) Y

Mr \/2A

-~ Mz \2A
2 2
v CB B 8,3 f teu’ tec!
Ope = —— V — —— (0 A" A, , B.48
' MT{ 2\/_f<3ﬁcﬁ )] \/§A( ) (B48)
where T =T§ — 6u2¢ufo.

The couplings of scalars to a pair of SM down-type quarks (again ignoring right-handed

v/ (5 AC“+5A“)

quark mixing) are
02

—mg, v? sﬁ c%
L = (Hdid;) 5”71 1— 62 3—1——5—1- 22

2 2
v Cﬁ — Sﬁ |: mgq dx mg dx

—0i1Apg, — VT — 0i2Agq, —V ]
+2\/§f< 558 ) i15Dd; — = V11 205.5d; 7 = V22

Mp Mg
+0pdgApd;— = + 0sdc Asd; T}

_l’_

[ 5y 4 v Vi Gy Ty vﬁ;]

+(inded;) | 65— BG4 saa v + 6 —v +he., (B.49)
na; ij \/if $3C3 1122 Dd; 11 1285d; Loy .
where we have used (neglecting right-handed quark mixing)
)\d d 5)\8
1>\2f _mg ldl*’ AASS :—%V;&*. (B.50)
V2Mp v V2Mg v

Note the flavor-changing couplings involving d¢ (s¢) from terms containing a d;1 (d;2). We
also introduce the notation dpge, dsqs for the mixings between df and D¢, S¢, respectively,
which occur at order v?/f2. They are given explicitly by

2 2
Spge = —— d _Mdyas |5 U ‘s~ %
Mp| o M 2v2f \ spcs
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Opse = — S NS, Sppe = — Spp Al
D ~ 3 Jan Db M \[ADb
v m v Ch — S
Sgge = ——— 4 ——2yd | §g. — C Sp\s
g Ms{ v 22[S 2x/§f<85%> \fASb }
v f d°€ v f be
Soge = — S AE . e = — 5N B.51
Sd AT Sb s vaa s (B.51)

where D¢ = Dg — 5Dd§d§0 and S¢ = Sg — 5Sd§d1¢0-

B.2.4 Quark couplings to gauge bosons: anomaly-free embedding

The couplings of the heavy off-diagonal gauge bosons XT, Y? and 7’ to quarks in the
anomaly-free embedding were given in table [], neglecting flavor misalignment and CKM
mixing. Allowing for the flavor misalignment, we have®
Lxy = _% {z‘X;JWu {V T+ <AUJV23+ADd 4+ AGy )uj]
—i—z’X:ﬂZ'y“V“D + zY uy" (VisT + Ay, Visu)

+iV iy |VAD; + (AdeVil + Asa,Vid) di] + e} (B.52)

The couplings of W+ to quark pairs, keeping terms of order v?/f? in interactions involving
only SM particles and terms of order v/f in interactions involving one or more heavy
particles, are
QWJ 1 9 1 9 1 2 CKM
EW = — \/5 1—§|Aul| —§|ADdJ| —§|A5’dj| V uZ’y“d
—Vis*MAL Tyt d; — VIS MApg iy D = Vi§™™ Agq,uin™S] +hee. (B.53)

The couplings of the Z’ boson to quarks were also given in table [, neglecting flavor
misalignment and CKM mixing. Allowing for the flavor misalignment, we find flavor-
changing couplings for the left-handed quarks involving V;gV;;T in the up sector and Vl-%lV?f;-T
in the down sector:

VA 1 2 _
Lz D L [(—— + _812/V> (ﬁfy“ui —i—di'y“di)
3 — 4s2 2 3

+ (1= st) (Vi wr ey + VaVel did; )| (B.54)

The couplings of the Z boson to quarks, including the corrections from mixing between Z
and Z’ and mixing between the TeV-scale quarks and their SM partners, are

1
L7 = —Z i] {(Jéf — S%/[/Jg) + 5 [—\Aui\Qﬁfy”ul (‘ADd ‘ + ‘Agd ‘ ) Z’y“d]
1) 1 2 - 2 1 _
——z [(—5 + gs%/v> (i u; + diy*d;) — gs%vawug + gs%vdffy“df

\/3—43124,

8The SU(3) generators for the quarks of the first two generations, in the antifundamental 3 representa-

tion, are given by —7T%*.
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+ (1= siy) < Vs iy g + V@-%lV?f;-TJW“djﬂ
1 — — —
—|—§ [—AuiT'y“ui + ADdiD’yﬂdi + ASdiS’y‘udi + hC] } , (B55)

where the leading-order coupling is given in terms of the standard fermion currents defined
in eq. (B.2]). The Z boson couples to pairs of heavy quarks at order one through the
electromagnetic current Jg. Note the flavor-changing couplings induced by Z — Z’ mixing.
The couplings of photons to fermions are given by the electromagnetic current as usual.

B.2.5 Constraints from flavor physics: anomaly-free embedding

The flavor-changing couplings of Z’ to quark pairs can feed into low-energy observables,
leading to potentially large flavor-changing neutral currents. The contributions of the
anomaly-free fermion embedding to mixing in the neutral K, D, B, and By systems and
the rare decays By — utp~ and B — Kputp~ were summarized in ref. 4] in the context
of 3-3-1 models without the little Higgs mechanism. If the quark mixing matrices take
a Fritzsch-like structure [4], Vi?’d = /mj/m; (i > j), then the strongest bound on the
7' mass comes from B-B mixing [{7] and requires Mz > 10.5TeV [A5]. The next-most-
stringent constraint comes from Bs—Bg mixing [[f] and requires Mz > 5.0 TeV. Clearly,
the down quark mixing matrix must be more diagonal than the Fritzsch-like structure, in
order to suppress flavor-changing effects in the down quark sector. In fact, one can choose
Vig = §;3, so that the d couplings are flavor-diagonal; this eliminates flavor-changing effects
in the down quark sector. The flavor-changing effects are then pushed into the up sector.
The v and d couplings to Z’ can never both be flavor-diagonal because they are related by

the CKM matrix [eq. (B.32)].

B.2.6 Quark masses and mixing: universal embedding

In the universal embedding, the quark Yukawa lagrangian is given for all three generations

by

Amn .
L= MN"iu°®lQ, + N ius Q. + X idS, ek P PLQF + hec., (B.56)

where m,n = 1,2,3 are generation indexes; i,7,k = 1,2,3 are SU(3) indexes; df, runs

over all the down-type conjugate quarks (d¢, s¢, b¢); and uy'§ are linear combinations of the
up-type conjugate quarks as given in eqs. (B.59) and (B.61)) below.

The physics of the down quark sector in the universal embedding is exactly analogous
to that of the charged leptons. The down quark Higgs couplings are given by

mg, v? & s
L=——%y,(Hdd;) + h.c., ya=1-——=(3+2+70), (B.57)
v 6f S5 Cj
and their couplings to n are given by
myg. U C% - 8%
L=——" ind;d;) + h.c. B.58
v 4\/§f SBCB ( na; l) ( )
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In the up sector, the f vevs generate mass terms for the three heavy quarks with charge
+2/3. The three states

e _ Alepul” + g"sﬁugc (B.59)
\/()\un)z 2 ()\un) '

marry the three U, states, giving them masses of

— f\/ A2+ (Agm)2s (B.60)
and leaving the orthogonal combinations of u7¢ and u5¢ massless:

_Aun nc Aun nc
o = 22 560 CB“ . (B.61)

\/()\un)2 2 + (Au)2s

Note that the Yukawa lagrangian in eq. (B.5§) does not generate a misalignment between
the SM up quark mass eigenstates and the heavy quarks. Such a misalignment could be

generated by adding an additional dimension-5 operator,

mn

A

e @10 QF + hec, (B.62)

to generate off-diagonal entries in the up quark mass matrix. We ignore this possibility
here. The usual CKM matrix is generated by the off-diagonal entries in the down quark

mass matrix, controlled by A7*™.

After EWSB, the up quark mass terms are
v 86%[0\“")2 - (\")?]
\/— \/ )\un + ()\zzm)Qs%
v APAG"

V2 o+ s

Lup mass — MUnUCU + —

C
Uyun

uy Uy, + h.c. (B.63)

These terms lead to mixing between the heavy quarks and their corresponding SM quark
partners. As usual, we use the subscript 0 to denote SU(3) states; fields with no subscript
denote the mass eigenstates after the mixing induced by EWSB. We can rewrite the SU(3)

state U,,o in terms of the mass eigenstate U, and the SM fermion u,, as

Um(] = Um + 5umum, Um0 = ( — 563m> Um — 6umUma (B64)
where ) )
Aum)2 _ (yum
bu = gL T, (5.65)
V2F [(AF™) ¢z + (AZ™) 35]
The masses of the SM up-type quarks are given to leading order by
AT M, (B.66)

VaMy, v
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The small mass of the u (¢) quark requires one of the couplings )\11‘,12 ()\11‘,22) to be very small.
We choose the small coupling to be A\{! (A\%2) so that the mixing effects in the up-quark
sector are suppressed in the same tg > 1 limit as the mixing effects in the neutrino sector.
We then have,

My = fAusg, Mc = fAcsg, Mr = f\/Mch + \3s3, (B.67)

where we define Ay = A4, Ao = A4, A1 = A%, and Ay = M43, For the mixing angles we

also have
—v

=4 0y = vf sge
Vatgf ! \/iM%ﬁB

We now write the up quark couplings to scalars. The couplings of heavy quark-partner

6y =0c = (A2 —\d). (B.68)

pairs are given by

L= —(inUCU)%)\U — (inC*°C) \/B_)\C + (inTT)sgcs (N — )\/_‘);VIT
+(HTCT)% (A1s5 + X5ch) 5 AJ; 3e5(AT — Az)zzjzg +h.c. (B.69)

One would naively expect an HUS Uy, coupling for the first two generations at order v/ f
coming from replacing one Higgs field by its vev in the H HUS,U,,, term that is generated
by the expansion of the nonlinear sigma model; however, this term is exactly canceled by
the contribution from HUf, u,, after v — U mixing in the first two generations if the up and
charm quark masses are neglected.

The leading-order couplings of the scalars to one heavy quark partner and one SM

up-type quark are

AU ¢ ) CBAC eny2 2y S8cf ™ L.
5~ (HC TR+ (HT D0 = ) 22— (int°T) = e, (B70)

where in the n couplings we neglect m,, and m, in the couplings of the first two generations

L=—(HU )

and neglect the v/ f suppressed coupling of the third generation. These couplings will lead
to the decays Uy, — u,, H and T' — tn.
The couplings of scalars to a pair of SM up-type quarks are

[ R (A (34
L = (Huju;) “ - — + 5| — 6y,
o { v 62 c% 53 “ov2f \ spes

My,
+ U; 5u1 5uc}
U K2

2 _ 2
e, P |V [537CB
‘U 1) h. B.71
+(inuiu;) . [\/if < 5505 ) + 0y, | +h.c., ( )
where the mixing between u§ and U at order v2/f? is given by Ui = Ujy — dugugp, with
2 2
My, v Cz — 83
Sue = —= [y, + . B.72
Y My, [ Y avef ( 55CH )] (B72)

,52,



B.2.7 Quark couplings to gauge bosons: universal embedding

The couplings of the Z’ boson to quarks in the universal embedding were given in ta-

ble fl. These couplings are purely flavor-diagonal in the universal fermion embedding. The

couplings of the heavy off-diagonal gauge bosons X~ and Y to quarks in the universal

embedding were also given in table ], neglecting CKM mixing. Keeping the full CKM

dependence, we have

Lxy = —% [i X, din (VMU + 64, VT M ug) + Y 29" (Us + 6u,u3) + hec.]

(B.73)

The couplings of W* to quark pairs, keeping terms of order v?/f? in interactions involving

only SM particles and terms of order v/f in interactions involving one or more heavy
particles, are

gwW
Lw =— \/g K 2531> VSSMantd; — 8, V.SMUA ;| + hec. (B.74)

The couplings of the Z boson to quarks, including the corrections from mixing between Z
and Z’ and mixing between the TeV-scale quarks and their SM partners, are

gZu
cw

cr =~ { (5t = 3y a8) - Aot L Tt e 7

5 11 . 2 1, -
NR — [(— — —s%;) (@iy"u; + dindi) — Zsiyusy™us + S sipdiatds | o,
5452, L\2 3 3 3

where the leading-order coupling is given in terms of the usual fermion currents J3 and
Jg defined in eq. (B:21)). The Z boson couples to pairs of heavy quarks U; at order one
through the electromagnetic current Jg. The couplings of photons to fermions are given

by the electromagnetic current as usual.

B.3 Higgs potential

In this section we describe the generation of the Higgs potential.” Additional details can
be found in refs. [, [l]]. We start with the Coleman-Weinberg potential that is generated
by loops of gauge bosons and fermions in the running down from the cutoff scale A. Above
the global symmetry breaking scale f, only operators that are symmetric under the global
[SU(3)xU(1))? symmetry are generated by the running. The three allowed operators up
to dimension four are

olo,, @lo,,  |0le,2 (B.76)

The first two of these operators are just constants and do not involve the Goldstone bosons.
We therefore focus on the third operator. Expanding it in terms of the Goldstone bosons
to fourth order gives

@1 ®s|% = fs3cd — f2hth + 2 2(hTh) ShThi? + O(6°). (B.77)

53 366

9We thank Martin Schmaltz for very helpful discussions.
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Running below the global symmetry breaking scale f can give contributions to the Co-
leman-Weinberg potential that are not proportional to |<I>J{<I>2|2. These contributions will
contain logs of the ratios of masses-squared of f-scale particles and the corresponding SM
particles. They will therefore be calculable, i.e., independent of cutoff-scale physics.

The Coleman-Weinberg potential from the X—, Y? and W+ gauge bosons is,

_ 4 2 /072 £2(p
Va 1Y log(A*/Mx)f=(h"h)
Vi = —gog(A2/M2) | ——— (hTh)? — —>— (hih)n?
6472 35%0%, 325%0%
4 2 2 2
~ 5529 log(M3% /MZ,)(hTh)?. (B.78)

Here V5 and the first line of V; come from running between A and Mx and are proportional
to |<1>]£<I>2|2, while the second line of V; comes from running between Mx and My,. The
running below My contributes only a term involving (h'h)2. It does not contribute any
terms involving 7 since there is no coupling of W boson pairs to hAn.

The Coleman-Weinberg potential from the Z’ and Z gauge bosons is,

_ 3 41+t12/V 2 2\ £2/71
Vo = 39,29 3_t%V10g(A [/Mz:) f=(h'h)
3 14t 1 3
Vi = 4 Wiog(A2/M2)) | ———(hth)? — hth)n?
‘T el 3 og(A°/Mz1) 33%0%( ) 323%0%( n

Again, V5 and the first line of V4 come from running between A and My and are propor-
tional to ’®I¢2‘27 while the second line of V; comes from running between My and M.
The running below M contributes only a term involving (hTh)2. It does not contribute
any terms involving 7 since there is no coupling of Z boson pairs to hn.

The Coleman-Weinberg potential from the fermions can in principle come from loops of
any fermion with an order-one Yukawa coupling. However, due to the feature of collective
breaking in the model, the order-one Yukawa couplings that give mass to the neutrino
partners and the quark partners of the first two generations do not contribute to the
terms of the Coleman-Weinberg potential involving the Goldstone bosons (neglecting the
tiny Yukawa couplings of the quarks of the first two generations). The only significant
contribution is then due to the top quark and its partner 7T'. In what follows we neglect the
mixing between quark generations. The Coleman-Weinberg potential from the top quark
and its partner T is,

3
Vo = —@A?M%log(AWMz%)(hTh)

AR IS CEC ST YY) I A E B
82"t f2 35%0% 328%6%,
3
gz tlog (M7 /my) (h1h)?, (B.80)
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where A\ = N{A\S f /My ~ \/Emt/v. Again, V5 and the first line of V; come from running
between A and My and are proportional to |<I>J{<I>2|2, while the second line of V4 comes from
running between My and my;. The running below My contributes only a term involving
(hTh)2. Tt does not contribute any terms involving 7 since there is no coupling of top quark
pairs to hn or n?.

Collecting terms, we can write the Coleman-Weinberg potential as follows:

V = —m?hth + A(hR)2 + N hn?, (B.81)
where
2 3 2772 22y 9o 2 /042 9 2 2 2 /072
m’ = [)\t Milog(A® /M) — Z-Mlog(A? /M) — (1 + tiy) M7 log(A /Mz/)}
1 m? 3 |4 5, o g 2 a2 g* 2 12 2 12
A= 322 [ t 162 |:)‘t10g(MT/mt) — glog(Mx /My) — 61+ tiy) log(Mz, /M)
2
v__ 3 m (B.82)

328%6% f2r

2 in principle the cutoff A in the term generated by quark loops can

In the expression for m
be different from the cutoff A in the two terms generated by gauge boson loops, because
the physics that cuts off the quark loops can be different from the physics that cuts off the
gauge boson loops. After EWSB, n gets a small positive mass-squared of order m%,v2 /12

from the )\ term. The Higgs vev and mass are given by
v? =m?/\ = (246 GeV)?, m% = 2m? = 2\v°. (B.83)

It turns out that this my is too small, because the quartic coupling A is not big enough
compared to m?.

Following ref. [, this problem can be fixed by adding a new operator, @J{CDQ +h.c., to
the scalar potential with a coefficient —u? set by hand. This operator breaks the global
SU(3)? down to the diagonal SU(3) while preserving the gauged SU(3). Expanding this
operator to fourth order in the Goldstone bosons gives
—fQ(hTh) _ *n? + (hTh)2

2 2
2 1285%’

3(hth)* ot
2 2 2 2|
325ﬁcﬁ 488606
(B.84)

Because the (hTh) and (hTh)? terms in this operator have different relative coefficients

<I>J{<I>2 +h.c. = 2f28565 +

f?spes -

than in the original operator ’@I@QP, it can be used to cancel off part of the m2hth term
without canceling too much of the A(hTh)? term. Adding the term —MQ(CDJ{CDQ + h.c.) to
the potential gives

1
V = =mie i+ S0 + Ao (h1h)? 4 N bt b 4+ Mo, (B.85)
where
2 2
mr21ew_m2_lu ) m?]: s )
S5¢p S5¢p
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m?2 1 2

new

1
Anow = +
ne 38%6% 12 45%0% 12

3 g g
B INtog(043 /) — Ltog(m fmiy) — S5 (1 + 88 Plogm fm)
3 m? 1 p?
A= new N o= B.86
new 325/260% f2 ) new 488%6% f2 ( )

Note that this term has also given rise to a mass-squared term for 1 and an n* coupling.
The 1 mass m,, is now of order u, parametrically larger than the 7 mass term generated
by EWSB.
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