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We study the low-energy phenomenology of the little Higgs model. We first discuss the linearized effective
theory of the “littlest Higgs model” and study the low-energy constraints on the model parameters. We identify
sources of the corrections to low-energy observables, discuss model-dependent arbitrariness, and outline some
possible directions of extensions of the model in order to evade the precision electroweak constraints. We then
explore the characteristic signatures to test the model in the current and future collider experiments. We find
that the CERN LHC has great potential to discover the 84¥(2) gauge bosons and the possible ng¢l)
gauge boson to the multi-TeV mass scale. Other states such as the colored vectorlik@ qudrkloubly
charged Higgs boso® ** may also provide interesting signals. At a linear collider, precision measurements
on the triple gauge boson couplings could be sensitive to the new physics scale of a few TeV. We provide a
comprehensive list of the linearized interactions and vertices for the littlest Higgs model in the appendices.
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[. INTRODUCTION presence of a partially broken global symmetry. The nonlin-
ear transformation of the Higgs fields under this global sym-
One of the major motivations for physics beyond the stanmetry prohibits the existence of a Higgs boson mass term of
dard model(SM) is to resolve the hierarchy and fine-tuning the formm?|h|2. This can also be illustrated in a more intui-
problems between the electroweak scale and the Plandive way: In addition to the standard model gauge bosons,
scale. Supersymmetric theories introduce an extended spaagere is a set of heavy gauge bosons with the same gauge
time symmetry and quadratically divergent quantum correcguantum numbers. The gauge couplings to the Higgs bosons
tions are canceled due to the symmetry between the bosonire patterned in such a way that the quadratic divergence
and fermionic partners. This naturally stabilizes the elecinduced by the SM gauge boson loops are canceled by the
troweak scale against the large corrections in the ultravioleguadratic divergence induced by the heavy gauge bosons at
(UV) regime. Technicolor theories introduce new strong dy-one loop level. One also introduces a heavy fermionic state
namics at scales not much above the electroweak scale, thugich couples to the Higgs field in a specific way, so that the
defer the hierarchy problem. Theories with TeV scale quani-loop quadratic divergence induced by the top-quark
tum gravity reinterpret the problem completely by lowering Yukawa coupling to the Higgs boson is canceled. Further-
the fundamental Planck scale. Current and future collidemore, extra Higgs fields exist as the Goldstone boson mul-
experiments will provide hints to tell us which may be thetiplets from the global symmetry breaking.
ultimately correct path. It is interesting to note that, unlike the supersymmetry
Recently, there has been a new formulation for the physrelations between the bosons and fermions, the cancellations
ics of electroweak symmetry breaking, dubbed the “little of the quadratic divergence in the little Higgs model occur
Higgs” models [1-6]. The key ideas of the little Higgs between particles with the same statistics: divergences due to
theory may be summarized by the following points: gauge bosons are canceled by new gauge bosons and simi-
(i) The Higgs fields are Goldstone bosdiis-13, associ- larly for the heavy quarks. A scale less than several TeV and
ated with some global symmetry breaking at a higher scal¢he specification of the couplings to the Higgs boson are
As; necessary requirements for the model to avoid fine-tuning.
(i) The Higgs fields acquire a mass and become pseuddhese features could lead to distinctive experimental signa-
Goldstone bosons via symmetry breakifmpssibly radia- tures, which is the subject for the current work. The paper is
tively) at the electroweak scale; organized as follows. In Sec. I, we lay out a concrete model
(iii ) The Higgs fields remain light, being protected by theas proposed in Ref4]. We linearize the theory and discuss
approximate global symmetry and free from 1-loop quadratiche important features. In Sec. Ill, we explore the character-
sensitivity to the cutoff scald g. istic phenomenology of this model. Regarding the con-
The scalar mass in a generic quantum field theory willstraints from the precision electroweak data, we explore the
receive quadratically divergent radiative corrections all theproperties associated with the custodtdl(2) breaking and
way up to the cutoff scale. The little Higgs model solves thisthe sources which lead to the large corrections to low-energy
problem by eliminating the lowest order contributions via theobservables in the model. We identify the arbitrariness in
particular related to théJ(1) sector. We then outline the
possible fine-tunings or directions of extensions of the model

*Electronic address: han@pheno.physics.wisc.edu in order to evade the precision electroweak constraints. We
TElectronic address: logan@pheno.physics.wisc.edu also study the characteristic signals at the future collider ex-
*Electronic address: mcelrath@pheno.physics.wisc.edu periments at the CERN Large Hadron CollideHC) and a
$Electronic address: liantaow@pheno.physics.wisc.edu linear collider. We summarize our results in Sec. IV. We

0556-2821/2003/68)/09500430)/$20.00 67 095004-1 ©2003 The American Physical Society



HAN et al. PHYSICAL REVIEW D 67, 095004 (2003

present the detailed derivation and the Feynman rules of the 1 f2 )
littlest Higgs model in two appendixes. Ls=3 ZTV|DME| - 1)
Il. FRAMEWORK OF THE LITTLEST HIGGS MODEL The numerical coefficients have been chosen so that the sca-

lar kinetic terms are canonically normalized. The covariant

An explicit model has been constructed based on the idegerivative is defined as

of the little Higgs models, dubbed the “littlest Higgs model”
[4]. It begins withSU(5) global symmetry, with a locally 5
gauged subgroupG;®G,=[SU(2),®U(1),]®[SU(2), . r T , T
®U(1),]. The phase transitions associated with the symme- Dy2=9,% 'J-Zl [9;(WiZ+ZWj)+gj(BZ+2Bj)].
try breaking in this model proceed in two stages: 2)

(1) At scaleAg, the global symmetnsU(5) is spontane-
0us|y broken down to |tS SubgroWS) Via a vacuum To “nearize the theory, one can eXpaﬁdn pOWGI’S Of 11
expectation valuéVEV) of orderf. Naive dimensional around its vacuum expectation vallig:
analysis [14—16 establishes a simple relatior g

~44f. At the same time, the gauge symmet§U(2) i ht

®U(1)]? is also broken into its diagonal subgroup ¢ E 022

SU(2) ®U(1)y, identified as the SM gauge group. The

global symmetry breaking leaves 14 massless Goldstone 2i h* h 1

bosons which transform under the electroweak gauge 2:20+T = 0 = |+0 2 ©)
; . V2 V2 f

group as a real singlety, a real triplet3,;, a complex

doublet2. 1,,, and a complex triple8.. ;. The real sin- 0 h'

glet and the real triplet become the longitudinal compo- 2x2 E ¢

nents of the gauge bosons associated with the broken
gauge groups, giving them masses of the offdevhile
the complex doublet and the complex triplet remain
massless at this stage.

(2) The presence of gauge and Yukawa couplings that bre
the global SO(5) symmetry will induce a Coleman-
Weinberg[17] type potential for the remaining pseudo
Goldstone bosons. In particular, it will give the complex f g
triplet a heavy mass of the ordéand give the neu_tra_l mw,zzmzz_f,
component of the complex doublet a nonvanishing scC
vacuum expectation value which in turn triggers the
electroweak symmetry breaking. f g’

Before we lay out the effective field theory below the Mg =——=V0g;"+ gézsz, 4
scale ofAg for the littlest Higgs model, we note that some 25 2\5s'c

matching procedure for the operators that are sensitive to

physics at higher energies will eventually be neededwith the field rotation to the mass eigenstates given by

Namely, one would need to consider the UV origin of the

theory aboveAs. We will not attempt to explore the UV W=sW,+cW,, W’'=-cW;+sW,,

completion of the theory in this paper but rather refer the

reader to some discussions in the literati#d g|.

whereh is a doublet andp is a triplet under the unbroken
SU(2). The appearance of th&, breaks the local gauge
mmetry [SU(2)®U(1)]? into its diagonal subgroup
U(2)®@U(1)]sm, giving rise to mass of orddrfor half of
the gauge bosons,

B:S,Bl+C,Bz, BI:_C,Bl"f‘S,Bz. (5)
A. Scalar and gauge boson sector The mixing angles are given by
1. Gauge bosons and pseudo Goldstone bosons
At the scaleAg, a VEV f breaks the assumed global o 92 o= 9z ©)
SU(5) symmetry into its subgroupQ(5), resulting in 14 /g?1+ 922' ‘/g12+ géﬁ'

Goldstone bosons. The effective field theory of those Gold-
stone bosons is parametrized by a nonlineanodel with a
gauge symmetryf SU(2)®U(1)]?, spontaneously broken
down to the standard model gauge group. In particular, th
Lagrangian will still preserve the ful[SU(2)®U(1)]?

The W and B remain massless and are identified as the SM
gauge bosons, with couplings

gauge symmetry. The leading order dimension-two term in 9=0:15=0.C, g'=0;8'=gyC’. @)
the nonlinearr- model can be written for the scalar sector as
[4] The couplings ofw, W' to two scalars are given by
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by the gauge boson loops as well as the fermion loops. They
can be presented in the standard form of the Coleman-
Weinberg potential in terms d#12(3) andM?(3). By ex-

X T hThé2P+2¢T 4520+ 2024 6P T¢] panding the nonlineas-model fieldS as usual, we obtain
the Higgs potential

(c*~s%)

92
Lx(W-W)=7 sc

ay\p /b aypsr b
WRWDE— WaWbe

2

9 4 4 T T
— 7 | WAW T h+ 24 6] V=N g2f 2T ) + ik pgnf (N ThT—h* ght) — u2hht
(i %) + Apa(hh")?, (11
_ —W'aW!bMT 252 T bT )
2s%c2 M 120%¢ 0" ] where the coefficient 42, Apgn, and\ps are functions of

8 the fundamental parameters in this modile gauge cou-
®) plings, top-quark Yukawa coupling, and two new coefficients

In the SM, the four-point couplings of the foriWHh lead @@ in the Coleman-Weinberg potentiaas explicitly given

to a quadratically divergent contribution to the Higgs bosorin Ed- (A24) in Appendix A. There could exist important
mass. In the littlest Higgs model, however, thé W' h'h tho—loop contributions to the Higgs potential. A term like
coupling has an unusual form as seen in E8), which Asfr12/(1.6772)2”fzhz/(lﬁﬂ'fz) gives rise to a mass term for
serves to exactly cancel the quadratic divergence in thBh' which could be as large as the one-loop Coleman-
Higgs mass arising from the seagull diagram involvingia \Weinberg potential contribution. We will not attempt to
boson loop. Similarly, the couplings & B’ to two scalars evaluate these two-loop contributions explicitly in terms of

are model parameters. Instead, the Higgs mass parameter
should be treated as @ew free parameter of the order of
) (c'?—s'?) 211672,
Ls(B-B)=g9'9 B, B~ ————B,B'* Minimizing the potential to obtain the doublet and triplet
s¢ VEV's v andv’, it is easy to arrive at a relatiofsee the
Appendix for details
1 1
XTrl~h™h+¢'¢|—g'? B/ B'“Tr/~h'h
4 . 4 )\hd)h 4)\h¢h 80, f
— == (12
(sz_sfz)z Ape N g2 v U
—————B,B'*Tr¢'¢]|. (9)
4s’c Diagonalizing the Higgs mass matrix, we obtain Higgs

We see that th8'B’ coupling toh'h serves to exactly can- masses to the leading order

cel the quadratic divergence in the Higgs boson mass arising M2=N\ 2f2  m2=2(Aea— N2 .. /N 22,2 (13
from the seagull diagram involvingBiboson loop. Note that o=Ng2f - My=2(ne= Mg/ N g2)o"=2p7 (13
terms of the formWdhh would not produce a quadratic di-

vergence by power counting. This absence of the quadratiyey of order f, in gross violation of experimental con-
cally divergent Higgs mass term at one-loop order can alsgtraints. Also, we must havene>\2 /) 42 in order to get

be understood by a set of global symmetries under which th e correct vz'icuum for the electrgwealf symmetry breaking
Higgs doublet transforms nonlinearly and which is preserve EWSB) with m3>0. The masses of the triplet states are

partlally by the various interactions in the effective I‘agrang'degenerate at this order. We can further relate the masses by
ian at scaleA g [4].

This cancellation may not follow one’s intuition at first

Note that we must have ,2>0 to avoid generating a triplet

2¢2
sight. It turns out that the appearance of the different sign M2 =2me 1 _ (14)
between the tw&U(2)’s [or U(1)’s] can be traced back to 2 [1—(4v'flv?)?]
the unique pattern of gauge symmetry breaking. For in-
stance, the broken generatdessociated wittW') are We can thus express all four parameters in the Higgs poten-

tial, to leading order, in terms of the physical paramefers
mé, v, andv’. As a side product, we obtain a relation
among the VEV’s by demanding the triplet mass squared to
be positive definite,

ra_—

1
2~a_ ~2Aa , 10
—/—gzll_’_gg(ngl 95Q3) (10
which do not satisfy the standa&U(2) commutation rela- ) )

tions. Technically, this is the reason for the unusual negative v v
sign of the gauge couplings of the Higgs bosoMib (B'). v_2<_16f2' (15

2. Higgs bosons and the electroweak symmetry breaking ¢ i informative to note that the couplings of the Higgs trip-

The electroweak symmetry breaking in this model is trig-let to the massive gauge bosons are relatively suppressed by
gered by the Higgs potential generated by one-loop radiative’/v; while the charged Higgs boson couplings to a photon
corrections. The Higgs potential includes the parts generategire of the full electromagnetic strength.
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Now let us estimate the naturalness bound on the dcale The ratio of theW, and Z, boson masse$which are

for keepingmy light. We have the generic expression for

f2 2

2
mHZZMZ:al—Ioop 1672

(16)

— +ay
1672 0P

with both a; o, [We have absorbed a factor of log®
into the definition ofa; 4, and a, e, containing many

contributions(termg from different interactions. Assuming
that there is no large cancellation amg is no less than 10%
of the magnitude of the largest term on the right-hand side o

Eqg. (16), we obtain a rough estimate of the natural scale,

4my 8 TeV My
200 GeV'’

f< =
N4 0 . lamax v amax

7

wherea,,,x denotes the largest coefficient of the terms in Eq

(16) which could be of the order of 10.

3. Gauge boson mass eigenstates

identified as those experimentally obseryed orderv?/f2,
is

2
MWE 5 v2
:CW 1+f_2

12

5 v
(12 al2\2__
4(0 s'?) 4—02 .

(23
Z

The breaking of the custodigbU(2) symmetry at order
v?/f2 in this model is manifest. The tree-level SM relation
2IMZ=c2 (or p=1) is no longer valid. This breaking of
the custodialSU(2) symmetry can be traced back to the

vacuum expectation value &. As shown in Eq(A7), the
O(1/f?) term in the expansion has it§h VEV in the posi-
tion of the neutral component of the scalar triplet in the
O(1/f) term in the expansion. Thus theVEV acts like a
triplet VEV at orderv?/f2. TheU(1) gauge coupling of the
‘triplet also breaks the custodi@lJ(2) at the ordern’?/v?. It

is also interesting to note that for the case of no mixing
=c’ (org;=g5) andv’ =0, theW,Z mass ratio remains the
SM form. We will discuss the theoretical origin of the cus-

The EWSB induces further mixing between the light andyja SU(2) symmetry breaking in more detail in Sec. 11 C.
heavy gauge bosons. The final mass eigenstates for the

charged gauge bosons ang (light) andW,, (heavy, with
masses to the order of/f? given by

2 mz 1= (R L] | s
we =M 17515 7(c°—s) Z| (18)
2 f2

—m2 _
Mus =Ml s 1 (19

where the mass parametar,=guv/2 approaches the SM

W-boson mass whefi—«. Note that theW, mass gets a
correction at ordew?/f2, which will modify the relation

among theW mass,g, and G:. The neutral gauge boson

masses are similarly given by

MZ, =0,

Mg =g 12 4 bty
+§(c'2—s’2)2)+82—f : (20)

Mi”: mgsﬁv( 53’:(:2’21;2 - 1+4)s(;ccifv) @)

MZ,= @Szzvz— _S’)Z(Z’SEVCi)’ (22)

wherem,=gv/(2c,) is the SM limit whenf —occ. Again, the
Z, mass gets a correction at ordet/f2. x, characterizes

B. Fermions and their interactions
1. Yukawa interactions

The standard model fermions acquire their masses
through the Higgs mechanism via Yukawa interactions. Be-
cause of its large Yukawa coupling to the Higgs field, the top
quark introduces a quadratic correction to the Higgs boson
mass of the ordey?A2/(1672)~ f2 and spoils the natural-
ness of a light Higgs boson. In the littlest Higgs mogig],
this problem is resolved by introducing a new set of heavy
fermions with couplings to the Higgs field such that it can-
cels the quadratic divergence due to the top quark. The new

fermions come in as a vectorlike pairandt’€, with quan-
tum numbers ’\(é,l)Yi and (3,1),Yi. Therefore, they are al-

lowed to have a bare mass term whichclsosento be of
orderf. The coupling of the standard model top quark to the
pseudo Goldstone bosons and the heavy vector pair in the
littlest Higgs model is chosen to be

1 i~
[,Y:EMfsijkfxyXiijzkyuéc"')\2ftt'6+ H.c., (24

wherey;= (b3,t3,T) ande;j, ande,, are antisymmetric ten-
sors. It is now straightforward to work out the Higgs-heavy
quark interactions, as given in Appendix A 4. The most im-
portant consequence is the cancellation of the quadratically
divergent corrections to the Higgs boson mass due to

tg,T,u§° at the one-loop order explicitly seen in H#39),
~ ~
—iNg| V2hOtg+ift —Fhoho*t uiS+H.c.

This is due to the flavofantisymmetry introduced in Eq.

the heavy gauge boson mixing and depends on the gaud24). The mass of the vectorlike quark is arbitrary in prin-

couplings as given in EA35).

ciple. It is chosen by hand as,f to preserve naturalness. It

095004-4



PHENOMENOLOGY OF THE LITTLE HIGGS MODEL

PHYSICAL REVIEW D57, 095004 (2003

TABLE I. FermionU(1) hypercharge assignments required for fermion couplings to scalars to be invari-

ant undef SU(2)® U(1)],®[SU(2)® U(1)],.

Q u'c dc L et "t‘ "t'/c
Y1 _%_yu Yu %+YU 0 Ye Ye %_yu _%+YU
Y %+yu _%_yu _%_yu _%+ye 1-vye %+yu _%_yu

is a tuning in this sense. However, once we make this choic€l) The gauge invariance of E24) underU(1),®U(1),

it is stable against radiative corrections. The new model pa-

rameters\ 1, \, are supposed to be of the order of unity.
Expanding th& field and diagonalizing the mass matrix,
we obtain our physical statés, tg, T, andTg with masses

Li=—mt tg—MT Tg (25

where up to ordev?/f2 relative to the leading term,

i)\l)\z +1}2 1+fl),
m=——=v | 3t
SV R A

L1 % - A2

2 \24)\2 N2+a3) ]

M= —f NI+ N[ 1+ O 12)]. (26)

Since the top-quark mass is already known in the SM, we

have the approximate relation

1 1 v\2

A = @0
which gives the absolute bounds on the couplings

my m;\ ?
—, Or Nq\,=2| —| . (28
v v

The scalar interactions with the up-type quarks of the first
two generations can be chosen to take the same form as jg
Eq. (24), except that there is no need for the extra vectorlike

quarkst,t’S. The interactions with the down-type quarks
and leptons of the three generations are generated by a simi-

lar Lagrangian, as given in Appendix A 4.

We choose the standard model fermions to be charged

only underSU(2), with generatorQj. The SU(2) gauge
invariance of Eq(24) is transparent: The first term is actu-
ally invariant under ars U(3) rotation under whicly; trans-
forms like a vector and& is transformed by a 8 3 unitary
rotation embedded in the upper corner of the % matrix.

The embedding of the twl(1)’s in this model can also
be constructed by the gauge invariance/®f. The basic
requirement is to reproduce the diagotX|l)y as the SM
hypercharge

Y.+ Yo=Y. (29)

Some remarks are in order:
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dictates the hypercharge assignments of the fermions,
which is the major difference between our scheme and
those in the literatur¢19,2Q, where the SM fermions
are assumed to be charged only under brfé) gauge
group. Giving up the requirement of gauge invariance of
U(1);®U(1), should be acceptable in principle, for ex-
ample, by introducing extra fields breaking tié1)’s at

a scaleA 5. However, this is an additional complication
of the littlest Higgs model which may need extra argu-
ments for its naturalness.

The gauge invariance of E@24) alone cannot unam-
biguously fix all theU (1) charge values. We list them in
Table I. Two parametery, andy, are undetermined.
They can be fixed by requiring that tHé(1) charge
assignments be anomaly free, i.e/;=xY, Y,=(1
—X)Y. This leads to the particular values

2 3
yu:_gv yezg- (30)

However, as an effective field theory below a cutoff, it is
unnecessary to be completely anomaly free, although it
is certainly a desirable property from a model building
point of view since we do not have to introduce a spe-
cific type of extra matter at the cutoff scale. In this sense,
y, andy, can be thought of as partially parametrizing
the model dependence of th€1) sector of some exten-
sion of the littlest Higgs model. In our current study, we
choose not to be limited by the requirement of anomaly
cancellation and indicate the anomaly free assignment as
a special case.

) It is convenient and simple to assume that the first two

generations of quarks also obtain their masses through a
coupling similar to the first term in Eq24). However,

this requires some tuning of the parameters to get the
correct fermion mass hierarchy. It is certainly no worse
than the tuning of the Yukawa couplings in the standard
model. On the other hand, it might be interesting to pos-
tulate that the mass terms of the first two generations
actually come from higher dimensional operators of the

form qqO/Ag, where O is some operator obtaining a
VEV of mass dimensionrn(+1). The fields in operator

O can have different origins for different generations.
Depending on its form and field content, we can again
have some relations of tH&(1) charge assignments dif-
ferent from the third generation. In particular, if the op-
eratorO is composed of the VEV’s of the pseudo Gold-
stone bosons in%, some relations can be derived.
However, these relations are much less constrained so
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that we can effectively treat the hypercharge of the firstit is apparent from the Feynman rules in Appendix B how the
two generations of fermions as free parameters with théieavy fermionT couples to other particlesIzt, H has a
only constraintY,+Y,=Y. If we further impose the coupling of order 1(not suppressed by any powersuwdf),
anomaly cancellation condition, we can assign only aand the couplings to SM gauge bosons are formally sup-
discrete set of possible values. pressed by/f. However, the couplings to the longitudinally
polarized gauge bosons gain an enhanced fd¢tar result-
With these possibilities in mind, the phenomenological studying in an effective coupling the same strength as thdtl to
of the couplings of thé&J(1) currents may contain large un- We will discuss the phenomenological implications in Sec.
certainties due to model dependence. We choose to study ttié D.
rather simple case in which all three generations obtain their
][ir;gts?:rs n:ri(:]mEt(:T?ZZ?me type of gauge invariant operator as the C. On the SU(2) custodial symmetry
An immediate question for an extended model is the pos-
2. Fermion gauge interactions sible tree-level violation of th&&U(2) custodial symmetry
and therefore potentially large deviations from the SM pre-
Orf_iiction for the p parameter. We briefly touched upon this
vissue when we presented théZ masses with Eq23). We
gow comment on the general features of little Higgs models
in this regard, but will discuss the numerical constraints on
{%e littlest Higgs model and the possible ways to evade the

Assuming the fermions transform undén® G, analo-
gous to the SM, the fermion gauge interactions can be ¢
structed in a standard way, as given in Appendix A. The S
weak-boson couplings to fermions receive corrections of th
orderv?/f2, while the electromagnetic coupling remains un-
changed, as required by the unbroken electromagnetic gau
interaction. There are new heavy gauge bosons to media

new gauge Interactions. the Georgi-Kaplan composite Higgs modglQ]. In that

For the gauge couplings involving the top quark, we mus . :
. . . o~ model, which also has a global symmetry breaking pattern
include the mixing between the chirgland the vectorlike. SU(5)—SO(5), only one of theSU(2) symmetries is

Since these f‘?fm'.‘”.‘s ha\_/e differeédti(2)@ U(1) quantum gauged while the other is used as 816(2) custodial global
numbers, the_|r mixing will lead to flavor changing neutral symmetry. Therefore, we might expect that the littlest Higgs
currents mediated by th#, boson formally aNt the order of model, where both of th&U(2)'s aregauged, will violate
v/f. The two right-handed fermionsi; and t°, have the  the custodial symmetry that protects the tree-level relation of
same quantum numbers under the standard m8d#2)  the W andZ masses, and=1. The absence of the custodial
®U(1) gauge groups, so that their mixing does not caus&U(2) symmetry is indeed true: Within the framework of
any flavor changing neutral currefRCNC) gauge couplings  SU(5)—SQ(5) and gauging botfSU(2) subgroups, it is
involving the light gauge bosons. A similar argument is ap-not possible to have another global custod&l(2) symme-
plicable to the charged current, which gets modified as  ry,

There are three sources of custodial symmetry violation in
this model. First, it is very interesting to note that although
the masses of both the SM-like gauge bos@#hand Z are
shifted due to their mixing with the heavgU(2) gauge
wherec,, s, are given in Eq(A44). It is useful for future bosons, see e.g. the#,s? terms in Eqs(18) and (20), the
phenomenological studies to write the mixing to ordéras ~ mass ratio still remains unchanged from that in the standard

model. Therefore, gauging the secd®tdl(2) does not give

Ny my rise to tree-level corrections to the mass ratio. However,
:)\_ZM_T (32) there are indeed some new tree-level contributions to the

effective p parameter defined through the neutral current

We will also assume that the first two generations get theicouplings, coming from the exchange of the new heavy
masses through normal Yukawa couplings which reproducegauge bosons which in turn induce new four-fermion inter-
to the leading order in/f, the usual Cabibbo-Kobayashi- actions.

Maskawa(CKM) matrix. However, because of the mixing of ~ Second, the twdJ(1)’s in thelittlest Higgs model violate
the SU(2) doublet state; into the heavier mass eigenstate the custodial symmetry. One combination of them is actually
T., the CKM matrix involving only the SM quarks is no the standard model hypercharge so the violation is similar to
longer unitary and the leading deviation occurs at the ordethat in the standard model. However, the other combination
v?/t2, as given by does introduce new tree-level custodial symmetry violation.
It is interesting to compare it with the Georgi-Kaplan model

nstraints in the next phenomenology section.
It is instructive to compare the littlest Higgs model with

1 _ _
Jte=—TJc t, y*b, +5 T, v*b, ], (31
\/E[ Lt y*b +s T y#b ]

S,

e 1 N3 m? [10], where there is an explicitly conserv&dJ(2) custodial
Vip=ClVip =Vp'| 1- 5 2 symmetry broken only by the usubl(1)y. One important
2T difference is that théJ (1), introduced in Ref[10] to drive
N the electroweak symmetry breaking is chosen to actually pre-
_ o ySMoysuit Me serve the custodiaBU(2) symmetry. Therefore, in their
Vip=sVip =Vip : (33 e _
Ay Mt model even radiative corrections from the ne\{1) do not
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introduce new custodial symmetry violation. Appendix A2, remain as free parameters. They enter the
Finally, the Higgs triplet coupling to th&U(2) gauge Higgs potential which determines the Higgs boson masses
bosons does not have ti$4J(2) custodial symmetry. How- and their couplings. Their values again depend on the match-
ever, for the parameter space of this model, the triplet onlyng condition performed at the scales which in turn de-
gets a much smaller VEVu() than the doublet and the pends on the details of the UV completion. Neither the limits
correction from the triplet in the form af’?/v? is smaller onaanda’ nor the direct measurements of both of them can
than that from the Higgs doublet VEV. tell us directly what the UV completion is. However, some
We will discuss the implications of the exchange of heavynumerical knowledge about them will give us very useful
SU(2)®U(1) gauge bosons and the existence of the triplehints of the possible structure of the UV theory. As we will
VEV on the electroweak precision measurements, as well adiscuss later, they can be traded for other physical observable
possible modifications of the littlest Higgs model, in Sec.parameters.
mB1.
2. Heavy masses

ll. PHENOMENOLOGY OF THE LITTLEST HIGGS By construction, all of the new statéthe heavy gauge
MODEL bosons, the vectorlike top quark, and the triplet Higgs bbson
We have presented a linearized theory based on the little§CYUITe MASSES of the ordemodulo their couphngs_to the .
Higgs model[4] and discussed some of its main features. ifmass-generation sector. The_se mass terms were dlscusged n
would be ultimately desirable if some of its qualitative fea- the previous section. To gain a qual|tat|v_e understanding,
tures can be experimentally verified. For this purpose, Wé)ased on Eqd19), (21) and(22), we approximate the mass

explore the phenomenology in this section. We first summa[elatlons for the heavy gauge bosons as

rize the model parameters and their relevant ranges. We then 2 42
discuss the low energy constraints and possible directions of M2 ~M2 =m2 2 2

: _ . ~M% =m ,  Ma =mitarfé . (36
extension of the model to evade the constraints. With the Wi e W 2 AW Y52 (36

possible and even desirable extensions of the model in mind,

we will focus our phenomenological studies on the genericAs for the heavy quark mass in E@6), we have
features which will likely be present even in some extensions
of the model. The existence of the heavy gauge bosons is
generic if the one-loop quadratic divergence is canceled us-
ing the little Higgs idea. The presence of the heavy fermions
is also a necessary ingredient to control the contribution offhe masses of the heavy triplet Higgs bosons are given in
the top loop. For a model in which the Higgs doublet is aEq. (14). At leading order all three physical stat®s, &,
pseudo Goldstone boson resulting from a global symmetryand®** are degenerate in mass. The lower bound can be
breaking, most likely the Higgs sector would not be minimalobtained as

and extra scalar states will be present.

v 2m,

\/EmH
= f

A. Parameters in the littlest Higgs model Mp= S (39

1. Couplings

Due to the enlarged gauge groyisU(2),@U(1)]
®[SU(2),®U(1),], there are four gauge couplings
g1, 92, 91, andg,. Upon identifying the diagonal part as
the SM gauge group, whose couplings are experimentall
determined, we obtain the relations

We plot the lower bounds on the masses in Fig. 1 vefsus
(top axi9 or versusf/v (bottom axig. We see that th&J (1)
gauge boso can be as light as a few hundred GeV due to
the weaker hypercharge coupling. TB&J(2) gauge bosons
30VH and Z,, are mass degenerate and are of the order of a
TeV. The vectorlike new quark is typically heavier and is

easily in the range of multi-TeV. The bound dhy, depends
i, i+i: iw i (34) on the light Higgs mase, . We obtain the lower bound by
043" ;2 g,2 g2 012 assumingmy, =115 GeV. The curve is indistinguishable
. _ from that ofMWH.
or equivalently given by Eq.7). _ To summarize this section, the new independent param-

Top quark and heavy vectorlike quark couplingsand  gters in the littlest Higgs model are listed as
N\, are related to give the SM top Yukawa coupling and
thereby the correct top-quark mass. This is given by(@. (1) gauge couplingg,, g, or equivalentlys, s". For con-

as venience in our phenomenological studies, we will take
1 1 iscow:g:sz, istz‘;m@’zs—,sz' (39
E'ﬁ'g%Z (35) 10 S - 10 c’ ’
(2) the symmetry breaking scalels and v’: These are
The proportionality constangsanda’ in the EWSB sec- roughly related to théapproximate SM VEV by v'/v

tor from the Coleman-Weinberg potential, as discussed in =<uv/4f;
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TABLE II. Extra contributions to the electroweak parameters in
the littlest Higgs model. The first two columns denote the contribu-
tions from the exchange of the heavy gauge bosons. The coefficient
—5/4 in theU (1), contribution to theZ, mass is determined by the
U(1) charge assignment of the Higgs boség;; collectively de-
notes the modification of the neutral current couplings of the SM
fermions, including bothv and A couplings.Y,, are theU(1)
charge assignments of the SM fermions. The third column denotes
the contribution of the triplet VEV.

SU(2)4 U(1)y (%
2 2 12
2 5v v v
My = —_ 0 i
W[ 12 f2 Cz f2 4 v2
5 5 p2 2 02 , , 0’2
5.0 7.5 10.0 12.5 15.0 175 200 Mz, e +0282§ _Zﬁ(c 2-g'2)? 8?
/v
2 12
FIG. 1. Theoretical lower bounds on the heavy state masseg, iv_ 0 ,4v_
versus the scal&v (bottom axi$ or f in TeV (top axi9. For Mg, 122 v?
we obtain the lower bound by assuming,=115 GeV; the long-
dashed curve is indistinguishable from thathd§ . v? 502 v'?
g fNH MELGF Czszﬁ 7ZE(C/273,2)2 4_2
[
(3) new couplings in the Higgs potential, a’ and theu
. . 2 2
parameter: In principle, these can be tradednfigr (and s v 12 1oy U 0
S . — - + —
v, v') after minimizing the potential; G e 2 H(—ets Y2)f2

(4) new top Yukawa coupling.,: we trade it forM .

tion of the parameter®-H=0M(v?/f2,c,etc.) due to the

fact that there are extra contributions to the electroweak pro-
The little Higgs model contains new matter content andcesses beyond the standard model. The difference,

interactions which will contribute to the electroweak preci-

sion observables. Because of the excellent agreement be-  50,=0M(v%f2,c,etc)— O>Mw?/f%,c,etc), (40

tween the standard model theory and the precision measure-

ments at energies below the electroweak scale, one woulg then the correction of the electroweak observabjere-

expect to put significant constraints on the little Higgs mod-ceived from the little Higgs model.

els. Indeed, stringent constraints have been obtained in re- The electroweak parameters in the little Higgs model are:

cent studieg19,20. Here we discuss the origin of some of (i) dimensionful parametefd?, , M2 , andG; (i) dimen-

the most stringent constraints, identify the arbitrariness injonjess parameters which are the corrections to the vector

particular related to th&J(1) sector, and suggest possible _ 4 ovial vector neutral current couplingg; . An inspec-

ways to suppress those extra contributions either by tuningOn of all the 8g;'s indicates that they only contain correc-

the parameters of the model or by extending it. tions proportional t@? at the orden?/f?. However, depend-

ing on theU(1) charge assignments of the SM fermions,

89¢¢'s may receive constant contributions. We find it infor-

mative to list the corrections to the electroweak parameters
We begin with a schematic review of how extra correc-in a schematic manner according to the contributions from

tions from the little Higgs model may be computed. While the SU(2),, U(1)y, and from the triplet VEV, as given in

there are many parameters in the electroweak sector in thgable 1. Obviously, all the corrections in this model come in

littlest Higgs model, we will use the measured valued/af, at the order ofwv?/f2 or v'?/v2. The corrections of

Gr anda as input to the fit. Consider an electroweak preci-0(v'?/v?) are smaller and can be easily estimated with the

sion observabl®; . In the standard model, it can be written help of Eq.(15). We will thus not study the impact af’ on

as a functionrOPM=0P"(M;,Gg,@). We then express the the electroweak precision physics further. We now discuss

inputsM 7, Gg andea in terms of the parameters in the little how the corrections show up in the electroweak precision

Higgs model such as?/f?, c, etc., and thus obtain the ex- observables and consider how the corrections may be sup-

pressions for the measured values of standard model obsermressed to evade the constraints from the electroweak preci-

ablesoiSM as a function of the little Higgs model parameters. sion measurements.

We then proceed to compute the same observables from the a. Effects of the S{2),, gauge bosonsWe cast the cor-

little Higgs model. In general, we will get a different func- rections due to the exchange of the he®M(2)y gauge

B. Low-energy effects

1. Low-energy constraints on and possible directions
of extension to the littlest Higgs model

095004-8



PHENOMENOLOGY OF THE LITTLE HIGGS MODEL PHYSICAL REVIEW D57, 095004 (2003

bosons into two types, all proportional #6/f2: (i) constants the simple choice of Table I, and can be achieved only by
independent of the other model parametéii3; corrections  using an alternative form of the fermion Yukawa couplings
proportional toc2. An important observation here is that the as discussed in Sec. Il B 1.
dimensionless constaM%LGF does not depend on the con-  In principle, changing th&J (1) assignments of the Higgs
stant term proportional to?/f2. Actually, in all of the three doublet will also change the predictions for the electroweak
dimensionful parameterdl - , MZ , andGe, the constant preczisiozn quservables. Inparticular, the pattern’?(

L —s'“)v</f< in the expressions for thé/, andZ, masses is
a result of the particulad (1) assignments of the Higgs dou-
blet in the original littlest Higgs modef4]. Altering the
Higgs U(1) charge assignments will certainly change this

SU(2),. A more detailed study of the electroweak Observ_expression and change the result of the electroweak precision
z fit. However, theU(1) charge assignment of the original

ables shows thahe constant part of S{2) corrections to it i del is fixed by th . hat th
the parameters does not contribute to the electroweak preciitiest Higgs model is fixed by the requirement that the
sion observablegill of the SU(2),, corrections are therefore U(1)’s areembedded in the global symmetry grogj/(s).

proportional toc2. Contributions through the exchange of GiVing up the requirement that the(1)’s areembedded in
the SU(2),; gauge bosons can be thus suppressed systemaﬂleSU(5) will require the introduction of extrbl (1) factors
cally by choosing a smalles. This corresponds to making a Peyond the original littlest Higgs model. This embedding
significant difference between tHe8U(2),®SU(2), gauge also leads to the cancellation of the quadratically divergent
couplings,g; <. contributions to the Higgs mass due tq1) gauge boson
b. Effects of the (1), gauge bosonObviously, the re- loops. Giving up the cancellation of this quadratic diver-
sults depend upon tHg(1) charge assignments of the Higgs gence by changing the (1) assignments of the Higgs dou-
doublet (vy) and the SM fermionsY;). It was assumed in blet will make this model less natural.
Refs.[19,2(Q that fermions are only charged under one of the We see from the discussions above that the contributions
U(1)'s, and theHiggs doubletU(1) charge assignment is to the electroweak precision observables can be suppressed
kept as in the original littlest Higgs model. This gives rise toby a certain tuning of the parameters of the little Higgs
some of the most stringent constraints on the stchitem, for  model. However, this situation is not satisfactory since we
example, T',~T3M(1+1.7%f? and Muy~M3"(1  would like to have a natural mechanism without too much
+0.822/f?) [19], leading to the conclusion théis greater careful adjustment of the model parameters. This calls for an
than about 8 TeV even when bottandc’ are small. There extension of the littlest Higgs model which can naturally
indeed exist some partial cancellations, resulting fin give us some of the properties above. In particular, we would
=4 TeV, which occurs neat’ =s’. Scrutinizing the prop- like a model which makes the (1) structure more concrete
erties of the heavyJ (1), gauge bosom\,, one finds: so that some of the features discussed above can be realized.
We may also try to get away from tHg (1), problem by
. i ) gauging just ondJ (1) and identifying it withU(1)y. This
the heavy a_md light gauge bosons given in 5@34)' U(1)y will certainly regenerate the quadratic divergence
Thg correction to the, boson mass is proportional 10 \ynnse cancellation is one of the prime motivations of the
(c’“=s'%), and thus may be suppresspd for minimaljiye Higgs model. It will make this model appear less natu-
mixing ¢’ =s', or equivalentlyg;=g5 (x5 =0). ral. However, numerically, this quadratic divergence is
(2) Modification of the neutral current due to exchange ofmilder than that generated I8U(2) interactions and might
the heavyAy, gauge boson. As given in EAS5), the  be tolerable in considering the naturalness.
Ay coupling to fermions is proportional ta’2Y, There is another way of extending this model which will
—s’2Y2_ Therefore, one can minimize the corrections togreatly improve the situation. One would like to have a
neutral current processes dueAn exchange by setting model which explicitly preserves th&U(2) custodial sym-
c'2Y,;—s'2Y,=0, ortartd’' =Y, /Y,. metry, which will remove the constraint frormM,,. The
(3) Modification of theZ, boson couplings to fermions due model could also have some extended symmetries which
to mixing between the heavy and light gauge bosons. Aglive us the cancellation of the extra contributions to the elec-
given in Eq.(A55), the correction to th&, coupling to troweak observables. This will require a.s[gnlﬁcfar']t enlarge-
fermions is proportional tod'2—s'2)(c'2Y,—s'2Y,). ment of the current model and thus _sp0|l its “minimal” na-
Therefore, the corrections to th& couplings to fermi- ture. However, in the_z !|ght of the dlscussmn aboye, some
ons are minimized for eithec’=s' or c¢’2Y;—s'2Y, enlarg_ement of the original mod_el seems desirable in order to
-0 make it a more natural mechanism for electroweak symmetry
' breaking.
With those possible extensions of the littlest Higgs model
Furthermore, one could consider combining the two condiin mind, we will focus on studying some generic features of
tions above to yield more suppression. This implies that the little Higgs model. We will take the constraints
~Y,. This is the maximum cancellation of the extra contri- =4 TeV[19] or f=3.5 TeV[20] as a general guide, but will
butions which can be achieved without changing Yheas-  not be confined by them since some variations of the model
signment. However, this optimal cancellation goes beyondo evade the bounds are quite conceivable.

term is the samdup to a sign. We also notice that the
correction todg¢; due to the exchange of ti&U(2)y gauge
bosons are all proportional tfv?/f2. This is due to the fact
that the fermions transform und&U(2); but not under

(1) Modification of theZ, mass due to the mixing between
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2. Triple gauge boson couplings the new gauge boson couplings to the SM fermions depend
The triple gauge boson couplings can be written in the!POn & mixing angle parametrized by @etc/s. To the lead-
most general fornj21]: ing order, we have

g
for Zy: gy=—ga==cotl Tj;
cwwr—igWW{gY(W,tVW‘“—WWW;V)vv Mo QT AT R0 s

for Wy: gV=—gA=icot0. (45)

22

The couplings are purely left-handed, and universal to all
dermions. In particular, if the fermion masses can be ignored,
the partial width to each species of fermion p@ine flavor

A
+ 10 W W, VA + m—ZW,j W, PVE | (41)
'W

where in the standard model the overall couplings ar

- _ _ Z_ ~NY_ _
Jww,= —€ and gwwz= —ecy/sy,, and g1=9g{=«z=«, ; :
—1 andx,=\,=0. In the littlest Higgs modelx, =X, iﬂn\c/jcggg color would be the same, that is proportional to

=0 is maintained for all the gauge boson couplings. The A vector boson can be produced at hadron colliders via

W, W, y couplings are not modified from their standard — ) i
model form. TheW; W, Z, couplingsg? and «, receive the Drell-Yan procesgq’ — V [23], for which the production
cross section is proportional to the partial widi(V

direct corrections only at order/ f* from gauge boson mix- = _ _ N
ing. However, they receive corrections at or@étf> when ~ —dq’). We plot theZ,; production cross sections in Fig.

written in terms of the SM inputM, , Gg and a: 2(a) versus its mas#l, at the Fermilab Tevatron and the
LHC energies, where c#t=1 has been takefthe cross sec-

1 1 p2 tion scales as ctf). We first note that at the Tevatron energy,
gi=r=1+ ﬁ(Zﬁ[_lﬂcz_sz)z there is only a hope M, <1 TeV and cod large, due to

(Ch—sw the severe phase space suppression. On the other hand, the
/2 LHC could copiously produce the heavy vector states as in-

+5(C,2_S,2)2]_4U_2)' (42)  dicated on the right-hand scale of Figla@ For instance,

v about 30 00 of a mass 3 TeV may be produced annually

at the LHC. Thus the standard search for a mass peak in the
We see that there are several terms contributing to theli-lepton mass distribution of *¢~ or the transverse mass
anomalous coupling. If we assume that there is no accidentalistribution of €7 in the multi-TeV range could reveal an
cancellation among them, we may get an order-magnitudanambiguous signal for the vector resonant states.
bound on the scale parameters. Taking the current bound of It is interesting to note that there is another competing
roughly =5% on the deviation from the Slxxlgf, we obtain  channel for the heavy gauge boson to decay, namely to its
SM light gauge partner\(,) plus the Higgs boson. The par-

v V5% v tial width for this channel is, ignoring the final state masses,
f= —=~23 = ~10%v. (43
— v, 5 v. (43
Ao F(V—VH)= gZCOIZZth 46
(V=ViH)= =55 —My. (46)

Although the bounds estimated émndv’ are not close to
the expected natural sizes, it is conceivable that a futur
e*e” linear collider will significantly improve the accuracy
on the triple gauge boson coupling measurements, which ¢
be as accurate as 18- 10"* [22]. This would reach useful
sensitivity to the parameters in the little Higgs models, im-
proving the bounds in Eq43) by more than an order of
magnitude, tof ~(15-50p ~3.5-12 TeV.

ve present the decay branching fractionsZgrversus cot)

in Fig. 2(b). The solid curve shows the branching fraction to
e 3 generations of charged leptons, which is equal to that to
one flavor of a quark pair. The dashed curve is for the mode
of Z,H. We see that when céz1/2, the fermionic modes
dominate. Due to the univers8lU(2) coupling, the branch-

ing fraction follows the equal partition. The channel to the
three pairs of charged leptons for instance approaches 1/8

from Z which is equal to that tbb, and tott as well up to
The heavySU(2) gauge bosons are crucial ingredientsa phase space factor, and 1/4 fréff, . This is a very dis-

for little Higgs models. The generic decay partial width for atinctive feature to verify once a new gauge boson is found.

vector to a fermion pair can be written as, ignoring the fer-On the other hand, for c#t0.25, the Higgs plus a SM

mion masses, gauge boson channel becomes more significant. However,

one should naotice that the production cross section would be

suppressed by a factor éétat the same time for the en-

hancedV, H channels. The branching fraction is insensitive

to the heavy gauge boson mass.

whereC is the fermion color factor andy,, ga the vector In the littlest Higgs model, thé&J(1) gauge bosoi, is

and axial vector couplings. As seen from the Feynman rulegypically light and could be the first signal of such a model

C. New heavy gauge bosons at the LHC

_ C
F(Veff’)zm(g\zﬁgi)Mv, (44)
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=1 is given on the top axis(b) A, decay branching fractions
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FIG. 2. (a) Total cross section faZ,; production versus its mass
Mz, at the Tevatroridashed and the LHC(solid) for cot§=1. The
number of events expected per 300 fuminosity is indicated on
the right-hand axis. The scafecorresponding to cat=1 is given
on the top axis{b) Z,, decay branching fractions versus @ot

[20]. To explore its signature at colliders, we note first that itSmass region, one may conclude thgj is excluded for a
decay mode t& H is given by the same formula as in Eq. mass lower than 500 GeV, which translates to a bound
(46), but identifying the coupling and mixing as—g’, 0

(47)

—6'. The model dependence comes in when we consider
the fermion charges under th¢(1) gauge groups. As we ] . ] . .
discussed in detail in Sec. || B _’]_’ we take the Simp'est asHOWeVer, we notice the |nterest|ng feature discussed earlier
signment with the anomaly free condition for illustration, in Sec. Il B 1 thatA,; may decouple from the SM fermions
wherey,=3/5,y,= —2/5. Figure 8a) shows the total pro- depending on th&J(1) charge assignments at a particular
duction cross section at the Tevatron and the LHC energie‘éalue
versus its masd/ 5, with tan#'=1. Figure 3b) gives the

decay branching fractions fdy,, versus tar®’ with the same

hypercharge assignments and fdi, ;=1 TeV. Due to the |n this case, the only channel that; couples to isZ, H.
nonobservation of resonant lepton pair events in the higtndeed, because of the arbitrariness of the fermiibi)

f=3 TeV.

tarfe’ =Y, /Y,. (48)
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FIG. 5. Total cross sections farT production(dashed and T
+jet production(solid and dotteflvia t-channeMW exchange versus
massM  at the LHC. The solid line is for the couplings =X\ ,; the
dotted are forn;/\,=2 and 1/2. The number of events expected
per 300 fb ! luminosity is indicated on the right-hand axis. The
scalef corresponding ta.; =\, is given on the top axis.

future collider experiments, it could provide important in-
sight for the gauge structure of the little Higgs models.

D. New top quark T at the LHC

The new colored vectorlike heavy fermiohis also a
crucial prediction in little Higgs models. Due to its heavy
mass, it may only be produced at high energy hadron collid-
ers. Naively, the leading contribution seems to be from the
QCD pair production

qq, gg—TT. (49
However, the phase space suppression of the multi-TeV mass
becomes rather severe. In contrast, the sifigf@oduction

dotted lines indicate the hypercharge values determined by theia W exchange irt channel(or Wb fusion)

anomaly free condition.

gb—q'T (50)

charge assignments, the prediction of the signal suffers
from large theoretical uncertainty. We further explore this
aspect by considering thd, decay branching fractions
when varying theU(1) charge values. Figure 4 gives the
decay branching fractions féx, (a) versus thdJ(1) charge
ye with fixed y,=—0.4, and(b) versusy, with fixed y,

=0.6. We do see substantial changes in the branching fra&€C

falls off much more slowly with thél mass and takes over
for Mt larger than a few hundred Gef24]. This is also
partially due to the enhanced coupling of the longitudinally

polarized gauge bosons at higher energies. In Fig. 5 the cross
tions of pair production &fT (dashed lingand the single

tions for different choices of the hypercharge. They can vary! PIUs a jet productiortsolid and dotteflare presented ver-
by as large as a factor of 50. The vertical dotted lines indicat8us its mas$/y at the LHC energy. We see thét-jet pro-
the hypercharge values determined by the anomaly-free cofluction dominates throughout the mass range of current in-
dition, which we used in the previous figure. In summary,terest. The solid line is for the choice,=\,, while the
although the relatively lighi, gauge boson may give an dotted lines are foh;/\,=2 and 1/2. We see that for &
early signal at hadron colliders, with the arbitrariness of theVith a 3-TeV mass, the cross section can be about 0.23 fb.
U(1) charge assignments of the SM fermions, it cannotVith an integrated annual luminosity of 300 fh this cor-
serve as a robust signature for little Higgs models. It could®sponds to about 70 events per year, as indicated on the
right-hand axis. The other processes of singlproduction

this massive gauge boson as commented in Sec. Il B 1. Ogq’' —bT via s-channelW exchange and the associated pro-
the other hand, if such @ (1) gauge bosons is observed at ductiongh— W, T are both much smaller.

be possible even not to gauge tbi€1), thus to get rid of
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Because of the unsuppressed coupling of the heavy top 10? T T T
to the Higgs boson, and the enhanced couplings to the lon
gitudinally polarized gauge bosofioldstone bosong the
partial decay widths of are

1 K2
F(T—>tH)=F(T—>tZ)=§F(T—>bW)= EMT’
(51)
with the couplingk= )\i/\/)\ler )\22. Other decay channels are

effectively suppressed hy?/f2. The total width ofT is then
given by

# Events/300 fb/50 GeV

(52) 500 1000 1500 2000 2500
Myy (GeV)

Unlike the SM top quark, whose total width scalesg$v?, FIG. 6. Invariant mass distribution "W* at the LHC, in the
the width of T is linear inM+. Regarding the experimental units of the number of events per bis0 Ge\) and per 300 fb™.
signatures at colliders, all decay channels can be quite iderrhe dashed curve is fal,” W, —W, W, in the SM and the histo-
tifiable. Although the final statd —bW takes about 50% grams include the doubly charged Higgs contribution with two rep-
branching fraction, partly yielding a nice signal bfjet resentative mass valudss,=1.5, 2 TeV, forv’/v=0.1.
+¢* plus missing energy, the other chann@lsstH, tZ
may lead to distinctive signatures as well. Thboson in the [26]. Inspecting the gauge bosons-Higgs couplings in the lit-
final state gives an unambiguous event identification via itglest Higgs model, we could anticipate a bound
leptonic decay, and the systeifi—~bW)Z reconstructdM .
The_ Higgs mode_ can be studied \lia—>bv\/)H(_—>pb), re- > v ~14 TeV, (53)
sulting in threeb jets, a charged lepton plus missing energy. 3% 1%
Two of the b jets reconstructn,, and the whole transverse
mass system reconstructs the laige. There is always a which may not add much new knowledge to our understand-
spectator light quark jetq('), accompanyingr, that can be ing of the model.
made use of as a forward tagging jet. However, there may be The would-be Goldstone boson multiplets after the global
substantial SM backgrounds too, suchtsz to the T—tZ symmetry breaking are a necessary feature to result in the
signal, andW+4 QCD jets,tt —2b+2 jets+leptons to the light Higgs. boson, and they gengrically lead to addi'tional
T—tH signal. More detailed simulations would be needed to>calar multiplets beyond the SM+H+'995 doublet. In particular,
make a quantitative conclusion for tAeobservation. the doubly charged Higgs stade” * from the Higgs triplet

If a T signal is observed at the LHC, one can deduce th&"@y Serve as a good signal for this class of models if the
mass scalé based on the relation E¢37), leading tof ™2 couplmg is not too small and if it is not too heavy to be
=UMT/(2mt)~MT/\/§, which is indicated in Fig. 5 on the acce§3|b_le at future golh_de[Q?]. We |Ilgstrate this point by
top axis. More precise determination can be made when th%onsmermg the longitudinalVW scattering
coupling A, is measured through the production cross sec-
tion.

g Mg 2w ) MT

W)W —wWiw] (54)

which would receive a resonant contribution frofn* "
—W*W™, Figure 6 presents the invariant mass distribution
The central feature of the model is to have a relativelyfor M(W*W™") at the LHC energy. The histograms give the
light neutral Higgs bosoil. The Higgs mass is typically of resonant structure fdvl4=1.5 and 2 TeV respectively. The
the order ofv. If a Higgs boson is found with a mass greater dashed curve is the continuum SM"W," background with
than 140 GeV, it would imply some new physics different M, =120 GeV. We have used the effectiVé-boson ap-
from weak-scale supersymmet(USY). However, the de- proximation to compute the production rates. In the calcula-
viation of its properties from the minimal SM is rather small tion, we have imposed some cuts on hetransverse mo-
in the littlest Higgs model, generically of the orderwf/ {2, mentum and the rapidity as
i.e., at a percent level. It would thus be difficult to distinguish
this model from the SM even whef has been observed. It pt>200 GeV,y<3. (55)
has been argued that at a high luminositye™ linear col-
lider, the determination 0VWH ZZH can be at the 1% level The signal cross section is proportionalutt?/v2. With the
coupling chosen to be'/v=0.1 as for Fig. 6, there are
about one- to two-hundred events near the peak for 308 fb
We thank M. Perelsteifi25] for drawing our attention to this luminosity. Although the like-sign di-leptons may be a spec-
point. tacular signal for a doubly charged resonance, there are SM

E. Higgs sector
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backgrounds to be separated. Standard techniques have been ACKNOWLEDGMENTS

developed to |den_t|fy the W, signal over the back- We would like to thank Csaba OsdaGraham Kribs, and
grounds{28]. We will not pursue further quantitative evalu- 55y \wacker for valuable discussions. This work was sup-
ation for the signal observability here. ported in part by the U.S. Department of Energy under grant
DE-FG02-95ER40896 and in part by the Wisconsin Alumni
Research Foundation.
IV. CONCLUSIONS

The little Higgs models represent a new approach to APPENDIX A: LINEARIZED LAGRANGIAN

stabilizing the hierarchy between a relatively low cutoff scale W lay out the linearized Lagrangian for the littlest Higgs
~10 TeV and the electroweak scale. By linearizing the “lit- model in this appendix. The effective nonlinear Lagrangian
tlest Higgs model"[4], we laid out the full structure of the invariant under the local gauge group;® G2:[SU(2)1

theory to the order of I, and discussed its couplings and ®U(1);]1®[SU(2),®U(1),] can be written as
the mass parameters for the new contents beyond the stan-

dard model(summarized in Sec. Il A We explored the Lett=LeT Le+ Ls+Ly—Vew(S), (A1)

symmetry properties in particular related to the custodial

SU(2) breaking in the modeiSec. Il . We also discussed WhereLg consists of the pure gauge terni; the fermion

the arbitrariness of the model associated with thel) — kinetic terms; Ly the o-model terms of the littlest Higgs

charge assignments for the SM fermions, as well as for thé&odel; Ly the Yukawa couplings of fermions and pseudo

Higgs doubletSec. Il B J). Goldstone bosons; and:y(2) the Coleman-Weinberg po-
We have studied the phenomenological consequences &ntial, generated radiatively froils , £y . We now discuss

the little Higgs models. The current precision electroweakeach individual term in detail. In order to obtain the effective

measurements can put stringent bounds on the model parafagrangian in terms of the physical fields, we need to expand

eters, typically for the scalé=3.5-4 TeV, modulo some the nonlinears model in a consistent fashion, which corre-

arbitrariness of th&J (1) charge assignments of the SM par- Sponds to expansion inf1/

ticles. By a clever choice of the gauge coupling parameters

and fermion hypercharge assignments, the extra contribu- 1. Ly : Scalar kinetic terms and the heavy gauge bosons

tions to the electroweak precision observables may be sig- At the scaleA <~ 4f, the VEV associated with the spon-

mﬁc_an_tly suppress_ed, although even given the _free_dom_ aneous symmetry breaking proportional to the s€édepa-
assigning the fermion charges, the particular choice is still

fine-tuning that needs to be justified by a suitable extensioer}fmetrlzed by the 55 symmetrical matri{4]
of the model. Future precision measurements may further P
improve the constraints, while reasonable variations of the
model associated with th&l(1) sector should be kept in 20= 1 ' (A2)
mind. Loyo

We have also studied the collider phenomenology of the _
little Higgs model, concentrating on generic signatures thaf Urning on this VEV breaks the assumed gloBal(5) sym-
are robust under variation of the details of the model. Wemetry into its subgrous(5). Theappearance of the con-
found that the LHC has great potential to discover the nevfensate also breaks the assumed local gauge symmetry
SU(2) gauge bosons up to the multi-TeV mass scale. Thi§SU(2)®U(1)]* into its diagonal subgroup[SU(2)
should serve as the “smoking gun” signature for the little ® U(1)]sm- The scalar fields are parametrized by
Higgs model, especially if their unique decay branching frac- . T
tions are measured to a good precision. The possible new S=ef5em, (A3)
U(1) gauge boson may be lighter and be observed earlier at
hadron colliders, although its properties are less robust t
reflect the_ little Higgs .idea. Th_e colqred vectorlike quI_rIs S3/=usuT, (A4)
also a unique prediction for little Higgs models, and it may

be produced singly througWb—T at high energy hadron \ypere U=L,Y,L,Y, is an element of the gauge groups.

colliders. Itis however typically heavier. The doubly chargedyeref is the Goldstone boson decay constant, and the Gold-
Higgs boson may be the most impressive member of thgione boson matrikl is expressed by

Higgs sector along with the SM-like Higgs. It can be pro-

at transforms under the gauge group as

duced singly via thaV*W* —®** channel and may pro- hi/2 o'

vide interesting signatures at the LHC. Precision measure- .

ments on the triple gauge boson couplings at hadron and m=| h/y2 h*/\2 ' (A5)
especially at future* e~ linear colliders may also shed light ¢ h\2

on the symmetry breaking scale upfte-3.5-12 TeV. Due

to the relatively high energy scale of the little Higgs models,where the scalar field content consists of a doublahd a
multi-TeV lepton colliders would be desirable to explore thetriplet ¢ under the unbrokersU(2), ®U(1)y SM gauge
new particles and study their properties in detail. group
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++ ¢_+
R
h=(h*,h%, ¢=| (A6)
L »°
V2

For phenomenological studies, it is important to linearize the
effective Lagrangian and write it in terms of the couplings of
gauge bosons and ¢. This can be achieved by expanding

3, around its vacuum expectation value in powers d¢f 1/

o' n 0
\/E 2X2
2i| h* h
22204—? E 0 E
hT
02><2 E
hth* V2¢ThT h'h+2¢"¢
= V2ne' 2hh' V2h* ¢
h'h*+2¢¢"  2¢ht h'h

(A7)

The leading order dimension-two term in the nonlinear
model can be written for the scalar sector as

2

1
[:2:5 ZTI’|'DME|2. (AS)

The numerical coefficients have been chosen so that the sca-
lar kinetic terms are canonically normalized. It is manifestly

gauge invariant under G;®G,=[SU(2);®U(1),]

PHYSICAL REVIEW D57, 095004 (2003

-3
. -3
== 2
Yl 10 7
2
2
-2
-2
Y ! -2
2710
3
3

(A11)

The vacuum expectation value of the field breaks the
[SUR)oU((1)]1®[SU(2)®U(1)], gauge symmetry down
to the diagonal subgroup, with the broken generatasso-

ciated withw'")

1
Q'a:\/ﬁ(giQi_ggQg) (A12)

g:1709,

and the unbroke®U(2), ® U(1)y gauge generators

1
a__—

Q \/E(Q?JFQZ‘), Y=Y1+Y5. (A13)

The spontaneous gauge symmetry breaking thereby gives

rise to mass terms of ordérfor the gauge bosons

12
Ls(mass= 5 [ gIWG, W+ g3W3, W5*

2
—29;,9,W2 au]+3f_i[ '2B. B¢
192VV1, V2 245 gl 1uP1

®[SU(2),@U(1),] if the covariant derivative is defined as We define

2
D,3=0,3 12 [g(WI+IW])+g](BZ+3B])],
]=1
(A9)

where theSU(2) gauge fields ar&V;==3_,W2,Q® with

(T_a O3x3
2
Qi]i_: 1 Qg: O'a*

O3x3 2

(A10)

Similarly, theU(1) gauge fields ar8;=B,,;Y; with

+05°B2,B5 — 29;95B1,,B5 1. (A14)
W=sW,+cW,, W' =—cW;+sW,
B:S’Bl+C,BZ! B’:_C,Bl"_S’Bz,
(A15)
where the mixing angles are given by
o g2 o= J1
Voi+gs Voi+gs
9z L 91 (A16)

§' = ———, :

The heavy gauge boson masses are then
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f g 1 -
My =§\/g21+ g22= ch, La=— a’Z)\if4fwxfyz€”kékmnziwzsz* mys *nz
(A22)
f g’ -
_ [72 412 wherei,j,k,m,n run over 1,2,3 anev,X,y,z run over 4,5. To
Mer 2.5 9179 2./5s'c’ f (AL7) fourth order inh and second order i, this term leads to

if
The massless stat®¥¥ andB are identified as the SM gauge L =8a'\3 f2Tr(¢p ) + f(hdﬂhT—h* oh")

bosons, with couplings

1

9=0:5=0C, 9'=0;8'=g5c’. (A18) + 7 (hhh2 4 (A23)
The fermion interactions that give rise to this term preserve
the SU(3); global symmetry in the upper>33 block of X,
_ _ _ so this contribution to the potential must have the same form

In the littlest Higgs model, the global symmetries preventas the term proportional tayf+g5?) in Eq. (A21).
the appearance of a Higgs potential at the tree level. Instead, The coefficients. 42 Mngh @nda in Eq. (A19) are there-
the Higgs potential is generated at one-loop and higher offore given by
ders due to interactions with the gauge bosons and fermions.

2. Vcw: Effective Higgs potential and the electroweak
symmetry breaking

2 12
The quadratically divergent contributions to this Coleman- N om o g I g +8a’'\2
Weinberg potential are cut off by the scalg. In practice, P2 g202  gr2¢r2 '
these are proportional th%/16m2~ f2. The unknown ultra- - s
violet physics at the cutoff scalks is parametrized by)(1) N a| ,(c"=s9) ., (c'7=s") 482
coefficientsa anda’. heéh 2|9 s2c2 s'2¢'2 ’
The most important terms of the Coleman-Weinberg po-
tential can be parametrized as al g g'? , 1
Apa= 5 ———|+2a’'\N{=—\ 42
2Tl AT ) thT t 8|s?c? s'?%c’? R
V=N g2f“Tr(¢p' @) +ikpgnf(hd'h'—h* ph') (A24)

_ . 2hht 2
b+ hpa(hhD, (A19) Here we have neglected the log-divergent one-loop and qua-

dratically divergent two-loop contributions to the effective

. . . 2 2 .
where we neglect quartic terms involvirg andh?$? since couplings in Eq(A24). These are suppressed by a loop fac-

they give only subleading contributions to the vacuum Xor 1/1672 compared to the leading terms given here.

pectﬁtlon vglue_s ahnddt_he scalar flelo_lbmz_;\sses. h | The coefficientu? of the hh' term is afree parameter
The quadratically divergent contribution to the Coleman-gince this term gets equally significant contributions from the

Weinberg potential from vector boson loops/ 4 one-loop log-divergent and two-loop quadratically divergent
1 pazlrts of the Col_emgn-Weinberg potential. At one-loop order,

£.==af a?> T (023)(02S )* 1< gets a contribution from the log-divergent terms of order

a2 [g‘ ; H(Q2)(Q2)7] f2log(A¥f?)/(167?), giving a natural hierarchy between the

TeV scalef and the electroweak scale. At two-loop ordef,
Fa 2T (Y S (Y ) ). A20 gets a contribution from the quadrauca_llly dlverge_n_t term of
9 (Y 2)(Y;2) ]] (A20) order A/ (16m2)2~ £2/1672, with an arbitrary coefficient of
order unity determined by the UV completion. We thus write
Linearizing theX field, we obtain the coefficient as a new free parameter~ /1672
For u2>0, this scalar potential triggers electroweak sym-

a5 ol N if ST ek et metry breaking, resulting in the vacuum expectation values
La=5(01+0:7)| FTTr(¢ @)~ (hd'h —h* $h7) for the h and ¢ fields: (h%=v/2 and(i $%)=v’, with
2 2
® ,_ Ahgh v°

(2 (A25)

+E(9§+géz)[f2Tf(¢T¢) vi= 2 U=
2 )\h4_)\h¢h/)\¢2 2)\¢2 f

The gauge eigenstates of the Higgs fididsnd ¢ can be
written in terms of the mass eigenstates as follows:

ho= (coH — So®°+v)/\2+i(cpGO—sp®P)/4/2,

(A21)

if 1
+ §(h¢ThT—h*¢hT)+ Z(hhT)2+ el

The[SU(2)®U(1)], interactions preserve tigU(3), glo-

bal symmetry in the lower 33 block of X, while the 0_ 0 P . 0 ,
[SU(2)®U(1)], interactions preserve th8U(3); global 9= (oG + Cp® )/ 2= i(SoH +Co® 4 \20")/V2,
symmetry in the upper 33 block of X.. ht=c,G"—s,®*, ¢ =(s,G +c, D,

The quadratically divergent contribution to the Coleman-
Weinberg potential from fermion loops [¢] dtT=dt i, (A26)
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We use the following notation for the physical mass eigen-Diagonalizing the mass terms for the neutt&l-even scalars
statesH and®° are neutral scalar®" is a neutral pseudo- gives the scalar mixing angk,c, to leading order irv/f:
scalar,®* and®** are the charged and doubly charged

scalars, ands™ and G° are the Goldstone bosons that are

eaten by the lightV andZ bosons, giving them mass. Note ' 02
that in defining the mass eigenstates we have factored out an 50:2\/5 > Co=1-4—. (A28)
i from ¢. v

The mixing angles in the pseudoscalar and singly charged
sectors are easily extracted in terms of the vacuum expecta-

tion values:
Note that to leading ordes,=sp= /25, ~ O(v/f).
2\/_ v v'? To leading order, all of the tripled states are degenerate

sp=—~2f—, Cp=——=1-4—, |
/—2+80’2 /—2+8v'2 2 in mass. The masses @& andH are

2v’ v’ v v'?
S4= s =2, Gy = =1-2— 2 2 2 2 2 2
vz+4v/2 1% vz—|—4v/2 vz( ) M¢:)\¢2f y msz()\h4_)\h¢h/)\¢2)U :Z,LL ( 29)
A27 A

3. Gauge boson masses and mixing fromiy

After EWSB, the gauge sector gets additional mass and mixing terms duehatitep VEVs. The full set of mass terms
after EWSB is

L ovrawran o2 L 2 2| i ul oo 0 0L Loswel Lz 1o Y gl
Ly(masse= 5 W, W' my, = 2g%? |+ W, W™ Zg v (1—?4'4 2 + S W W 797 (1_ f2+87”

—WAW" e 4g v % %BMB’“ 2, - g/2v2 _’_;B’MBM 4119’21’2(1_;_:2+8u,_j)

~B,B* %grzvz% +WeBH %gg’vz(l—g—;ﬂ-SUU’—j +W/3B'# ——gg’vz(z—j z 1

-W3B'~ %gg’vz% —-w, B~ %gg'vz(czz%z) , (A30)

where for theVW, BB andWBterms we have included terms The masses oV, (light) and Wy (heavy to the order of
up to order#/f2; these will be necessary in order to find the v?/f? are given by

masses of the light gauge bosons consistently to this order.

12

2
a. Charged gauge bosons M\Z,V:Zmﬁ, 1— v_2 é —(c?—s?)? +a—],
Let us first consider the charge?,W’ sector. The ) f v (A32)
chargedW,W’ mass eigenstates, to ordet/f2, are
f2 2
2 M2, = 2+ 0(v*f?)
v 2_ 2w H o 4s
W, =W+ —sc(c°—s )W,
2f2 ;2
2
=m -1/, (A33)
2 W( s?c%y? )

v
W,=W'———sc(c®>—s?)W. A31
. 2f? « ) (A3 wherem,,=guv/2.
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TABLE Ill. Three-point couplings of two gauge bosons to one scalar. All particles are the mass eigen-

states.
Particles \ertices Particles \ertices
W W H | 2 v* W Wi H ' 2
Lu* Ly Eg vgp,v 1_E Hu " Hy _Eg vgp,v
1
+5 (= sz)z———% 2st
2 2 ’
ig v 1, v i
ZL;/.ZLVH zcevvg,uv( _E_ESO+4\/ESOF ZHMZHVH _Egzvgnv
_}[(02_32)2+5(C/2_S/2)2]U_2 A, An H _I_ 2
2 f2 Hu™Hy Zg vg/.w
_ i ,(E=5) i g% (c?—5?)
W, W, H Z, ,Zy H __=Z
LuTTHy g 2sc V9 LuH 2c, 2sc VO
i gg/ (CIZ_SIZ) i (C2572+52C72)
Z Ay H —_—_—— Zy, Ay H ——qgq——
R 26 2sc oM e 4 scsc. oM
— 0 i , - 20 i ,
WL W@ ~ 5 Qs ~2V20")g,, Wi, Wi, @ >P(sv—2\20)g,,,
_ i (*—9)
W Wi, @O et N
Lu"'Hy 29 2sc (&)U 2\/§U )g/LV
i (>—)?
2,,2.,9° __%(USO 4\2v')g,, 24, Zp, ®° 59| vsot o V2v' | g,
7 7 @O i ¢ (c?—s?) , s AL g0 199 (s "
LulHy EC\—NT(USO—M/EU )g#,, Lu\Hy EEW(USO_‘]- 2v )g,“,
1 i C72_5722
A Zi, O° g [(@etretny,  AnAn®®  Lgruer C S g
47" scde! 2 s'%c'? ®
+242(c?=8%)(c'*=s")0]g,,
W ALD 0 Wy, ALD T 0
o g (c?-5?)

+ - . ’ + - ,
WL/,LZLVq) —Iav g,u.V WH/.LZLV(D CW 5sc v v
W+A o i ’(CIZ_SIZ) . W+ A b i ,(C2C12+SZSIZ) ,

LuMHy 299 29'¢! (US+ % )gp.v Hu/Hy 299 scec’ v g/u)

, (=9 " _ ,(C c+sh
w z,,® ia2 ' W Z,,® —i
Lu“sH g 2sC Ugl“, HusH g 252C2 vg,u.v
__ o, __ (et
W, W@ 2ig%'g,, Wi, W, @ 2ig? oz "G
2
Wt - — (= ,
WL/.LWHVq) _2|g2 2sc v g,_w
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TABLE IV. Three-point couplings of one gauge boson to two scalars. The momenta are assigned accord-

ing to V,,S,(p1)Sx(p2). All particles are the mass eigenstates and all momenta are outgoing.

Particles \ertices Particles Vertices
_ ig - ig (¢°~$?)
W,:LHCD _E(\/ESO_S‘F)(pl_pZ)/L W;uH(D 2 osc (\/ESO_SJr)(pl_pZ)M
. . 2_ 2
W PP _9 W ®OPp- g €=s)
Ly \/E(pl p2) . Hu \/5 250 (P1=P2) 4
W OPD- 9 pi—p) W BPD- _3—(‘32_32)( —p,)
Ly \/5 P1—=P2)u Hu \/E 2sc P1—P2),
_ . . (P9
W,o o —ig(P1—P2), Wi, @7 ig 5o (P1=P2),
. o 1 (C/Z_SIZ)
AL H® 0 Ay HP —5 09— (5s—25)(P1— P2,
2% 2¢c
(CIZ_SIZ)
ALMCDOCI)P 0 AH,U,q)Oq)P g/f(pl_pZ),u
2s'c
B . B ) (CIZ_SIZ)
ALDD —ie(p1—P2), Ay, D 9" ————(P1= Py
2s'c
e ) e ) ,(CrZ_SIZ)
ALDTD —2ie(p1—p2), Ay, 0T ig W(pl_pz)u
1g 1 (-9)
Z  HOP EC—W(SP—ZSO)(pl—pz)M Zyy, HOP _EQT(SP_ZSO)(pl_pZ)p,
g (-9
Z,, 0P —a(pl_pz)u Zy, 000" W(pl_pz)u
Z,0d" i%S@(pl*pz)# AT O(v?It?)
by .9 2 F gy —— (-9
2,070 _lc\_N(l_ZSw)(pl_pZ)p, Zp, 7@ |9W(p17p2),u,

b. Neutral gauge bosons 2

2
v X%
. _ 13_ o onr_ W 3_
The four neutral gauge boson mass eigenstates to the of+H=W' "~ Xu 2 B'—xz 2 (CWW=s,B),
derv?/f? ar&
3 where
A =s,W*+c,B,
5 scsc'(c?s'?+s%c'?)
2 2 Xu=7599’ ,
1Y% U H 121 ’
Z = CyW3—5,B+x¥ f—2W’3+x§ B, 277 (5g%s'2c'2—g'252c?)
2 2 xW/=—isc(cz—sz),
Ap=B'+xy = W3- x8" L (c Wi—s,B) ‘ 2Cw
H H f2 Z f2 w SW ’
, 5
B'"_ T oral(pl2_ar2
Xz ZSWs c'(c'“—s').
2We have absorbed a minus sign into the definitioBoh order
to write A_ andZ, in the standard form. The weak mixing angle is defined as usual:
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TABLE V. Four-point gauge boson-scalar couplings.

Particles Vertices Particles Vertices
_ i _ i
W, WL, HH 5Pt O f?) Wi, Wiy, HH ~59°0.
g i
ZL;,LZLVHH éq—%’guv+0(vzlf2) ZH”ZHVHH _Egzgll«V
i
AH/-LAHVHH _ngzg/“}
. i (P9 i g% (c®—s?)

W, Wy, HH —— Z,,Zy,HH __ 2= 27

Lu""Hy 29 Tosc G b 2¢c, 2sc G
i gg ( r2 12) i (CZS'Z‘FSZC’Z)

Z, Ay, HH = =7 Zn An, HH ——gg— =
Sl 26, 2sc’ O e 49 e O
+ N 0 ! + o\ 0 !

WE W HE 59°%00, Wy, Wy, HE ~59°%0,

3¢ i (-2

2,7, HO® >5s 241,24y, HO°

LuéL 2C3v 09 uv HulH 2g 1+ ——— o So9,.r
H 12 12\2
0 i (c'“=s'9)

AP, HO 2 1+ 5202 So9uv
. [ 25 3i ¢? (c?>—5?)

W, Wi HOO _1 R 70 Zu H®O g TSy
Lu™ Hy 29 2sc &)g;w LueH 2CW 2sc Sog;w

7 AL H®O 3igg’ (0’273’2)S g 7 A H@O i 1 2324 212

" -5 v v - c’s c
LuPH 2c, ago 09k HuH 799 scsc’[( )
+2(C2*SZ)(C,2*S,2)]Q)9/_LV

w; A HD™ 0 —\2 W A HD™ P Gl 2
LuALy eg(s. —1250)9,., HuAL eg——— (5. —\2%0)9,,

2 2 ZSC
.5 C 2 (~2 2
- ig - i g°(c°=s9)
W,z H® ~ 2 [s,s2 W 7, HO _tglems) e
LplL Cw[ +Sw HulL 20, 2sc [s,82
- \/550(1"'55\/)]9;“; - \/ESO(1+33V)]9MV
. B | (C/Z S/Z) . B | 1
W, Ay HD —599——— " (5:—2v250)9,, Wi, Au H® gy [P+ 2,
2 2s 477 scdce’
+42(c?~5%)(c'?~5'?)s0] 9,
_ i (-9 N _ i (c“+s4)

W, Zy HD —? W, Zy HP

LuH 29 "osc G HutH g 2@ O
o . - (c4+s4)
ler,u.WIjrqu) \/Zgzsog;w WIJ-LLWI:VHCI) \/— 2 2 2 SOQ;LV

W W H — \ig? (¢ _S)

LuYHy |g SOg,u.V
W:MWEVCDOd)O igzg/.w W;MWQVCDO(DO _igzg/.w
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TABLE V. (Continued.

Particles Vertices Particles Vertices
g L (E=5)
050 00
ZLMZLVq) ‘I) 2'%9[.“) ZH;LZHV(I) (D 2|gz 48202 g/.“}
. (012_5/2)2
00 12
Aruhn, 70 2g 45'%c"? Guv
. ) ¢ (c*~5)
W, W, &0 _ig2'C 2,741, ®000 _ygeTs)
LuWVHy ig 550 (" LuéH ZICW 5sc Ouv
c'?-s'? 2—s)(c'?—g'?
Z( A, D0D° ST A A Zngu »
Cv 2s'c’ 4scsc’
H H 2 2
W ALDOD b WY AL,DOD™ I Gy
LufLy 759% HuALY 79 2sc 9
W2, 000" _i_9_2(1+ 2) W}, Z, 00D~ i i 2)(1+Sz)
Lu“=Lv \/E Cu SW g[.LV Hup“Ly \/— Cy 2sC w. g/.LV
r 72 .
_ ) _ i (CZ_SZ)(CrZ_Srz)
W, Ay, OO0 \/_Igg 5 9w W, A, 00D -—99 ————
L 2 ’ , M Hu 2\/§gg SCS’C’ g,LLV
N o i (c? —s) " o — i (ct+s?)
W, Zn, @7 P Eg v Wi, Zn, @70 —Eg Fg’”
+ \WA+ O — — F) + + B0 — — . 2(C4+SA)
WL,LLWLV(D D \/Elg g[.LV WH;/,WHV(D D \/Elg 25202 g,uV
__ c?-¢?
WE/‘W;V(I)OQ) 7\/§i92¥gﬂv
g’ g ,  fg* 1 , . XH
=, Y. A36 Mz = g v?—g'%
Sw gz+g/2 w 192+912 ( ) Zy 432C2 4SIZC12
Th o[ XS
e neutral gauge boson masses are =M 555 1m0 (A37)
s“cv s'“c’“cg,
MZ, =0,
wherem,=gv/(2c,,). Again, note that th&Z, mass gets a
correction at ordep?/f2.
2 2 v’ 1 2 o0
MZL=mZ 1_f_2 6+Z(C —s%)
4. Scalar-fermion couplings: Yukawa interactionsLy
§ 12 122 v'? The scalar couplings to the top quark can be takef#as
+—(c'*—s'7) 4—8—2 ,
4 v
1 —
£Y=§Klfeijkéxy)(izszkyUéc'f‘)\tht,C-FH.C.,
2,12 A38
2 _i_lgrzvquvz XH (A38)
An ZOSIZCIZ 4 452 2
£2 Xpy G2 where x;=(bs,t3,1). The factor of 1/2 normalization in
=m§53v e 5~ 1+— h front of A; makes our notation simpler. Expanding the
5s 4s°c’s,, field generates the scalar interactions with quarks:
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TABLE VI. Four-point gauge boson-scalar couplings, continued.

Particles \ertices Particles \ertices
W, W, ®PoP i9°0,., Wi, Wiy, ®POP —i9%g,,
2 2 2
g L, (E-9)
Z, 2., dPDP 2i=g,, Zy, Zyy, PPOP 2ig? )
LulL Cilgﬂ HulH g 1232 Oy
- (Crzier)Z
A 00 29 e
B 2_32) 2 (CZ_SZ)
W, Wy, dPOP _ig2'C 20,24, HPDP 49
Lu® Hy 19 2sc g,u,v Lp=H ICW 2sc g,u,v
’ C/Z_S/Z C2 S2 C/Z_S/Z
Z, A, @ DP —ZngQM Zu A, PP DP 2igy’ oSk v
Cv 2s'c’ 4scsc’
_ 1 _ 1 (c?-9)
W ALOPD il Wy AL PPD —eg——"
L L \/Eegg,u,v Hu L \/Eeg ZSC gp.ll
- _ 1 g2 (c? —s)
W[, Z, ,®PD 1+ W}, 7, ,®Pd -9 14
¥ \/— CW( Sw)g/“; I3 \/E CW ( Sw)gl“’
72 72 2_a2 12_ 12
W:#AHV(DPQ_ _\F )g,uV W;M—AHV(DP(I)_ ig ’(C > )(C > )g
2s'c’ 2\2 scsc’ r
W Z,dPD ™ 1 ele _52) W 7y, OPd - 1 pletsh
L Hv = v H Hv e _— »
w \/Eg Ju w \/Eg 2522 9
__ _ (c*+s%
ler,u.WIjrvq)Pq) _\/Egzgpw WI:,LLWI:Vq)Pq) 7\/592 252C2 g/J.V
2 2
W, W, OPD 2(C=5)
Lu” Hy \/Eg 2sc g,u,V
, _ ?—)?
W W, O d™ 2ig®g,,, Wy, Wy, 5D~ 2igz( 2 SZCZ) Our
2
- g _
ZL ZLV(I)Jr(I) 2|_S g M ZH ZHV(I)+¢ _2| B
M CW W e g 4SZC29#
) C’ *8’22
ALALD DT 2ie’y,,, AgAn, P D" 2i9'2ﬁ9w
ALZL b D" —2iec%s§,gw AnnZu,® D" 0w
B B 02—32 B C/2_S/2
W:#WHV(I)Jr(I) —2|gz( 50 )g/.w AL,u,AHVq)+q) —ZIGQ’% g
Z,Zy, D D" O(v??)
! CrZ_SIZ
AL Zy, @ 0" O(v?/f?) Zi A, 0 Zi%%s\f@w
__ . __ c*-¢
WAL D D 3ieqq,, Wi ALD D *3ieg%gw
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TABLE VI. (Continued.

Particles Vertices Particles Vertices
2 2 2 2
_ g . g7 (c°=s)
w7z oD i—(1—3s? W 7, dtd 2 213
LusL CW( Sw)g/.w HusL Icw 2sc (1 Bsw)gp.v
CIZ_SIZ i C2—S2 C/Z_S/Z
W:MAHVCD+(D77 2lgg/( )g/.w W;/.LAHVq)+(I)77 5 ’( )( ) v
2s'c’ 2 scsc’
__ 1 c?-¢? o 1 ct+s?
WEMZHV¢+¢ __gz( )g,uv W;#ZHV(D+(I) _gz%gf“’
\/E 2sc \/E 2s4c
W WO o i9°0,., Wy, Wi, @ —i9%g,,
2 2
Y g 242 gy — : 2(02_32)
2,2, 9770 2|%(1—23N) Uy ATIAYIL A 2ig 22 I
(C/2_Sl2)2
ALALDTTDTT 8ie’g,, A Ay, T 2ig'2———-0,,
4572(:!2
e g 5 e . ,(CZ_SZ)(CIZ_SrZ)
AL Z, P d 4|eC\—N(1*23w)9,w Anplu, @@ *ZIQQW v
2*52) (C,Z*S,z)
W W b _ig2'C ALALD D —dieq
LuVVHy ig 55C 9w LuPH g P Ouv
2 2 2
- — g°(c ) 5
VARATH R 2|a e (172500,
o 02_52) o gg/ (0’278’2)
AL Zy, Dt D i (_ Z AT =2 T T 1-92&82
LuéH dieg 550 O LuPH 2|CW oy (1-2s3)9,,

Li=N,ftH S+iNg

—bg{ ﬁhwif—(ﬁhwzﬁ*

+h0* ¢+)

i
uéc—t% J2ho+ f(h g+ V2h0* ) luge

- i
+1 —if+?(h+h‘+h°h0*+2¢++¢“+2¢+q§‘

+2¢p%¢%% ) [uz®t +H.c. (A39)

This Lagrangian contains a mass term of oridévat couples
T to a linear combination of'¢ andu4®. Defining mixtures
of t° anduj® as follows:

- 1 -
tC:—()\zt,C‘F)\lu{:’C y
YAZ+AS
u°=;(—)\ﬁ’°+)\2u’°) (A40)
R NESY 30

diagonalizes the mass term for the heavy fermions:

Li=F NI+ \5Tt°= —nittC. (A41)
The rest of the Lagrangian reads
J2iN2 3 2iN\
Li=— —1[b3h+t°+t3hq°]—g[b3h+u§
N ESY W22

A1 -
+1t3huS]+ ——= < [ba(V2h ¢ T+ h%* ¢ *)t¢
3 3] \/mf[ 3(\/— ¢ d’ )

+t5(h™ ¢" +2h%* g0 Te~T(h*h™ +h°ho*
+2¢" T +24" ¢ +2¢%6% )T
NN, 1
+ —_[bS( \/Eh_¢+++h0* ¢+)Ug+t3(h_¢+
WG
+2h%* O ug—T(h*h™ +h%h%* + 24" * ¢~

+2¢" ¢ +2¢°¢%* )uS]+ O(1/f2) +H.c. (A42)

Electroweak symmetry breaking generates additional

mass terms for the fermions:
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Particles Jwwy Particles gwwy
WWC A, —e Ww; z, —eq, /Sy
W WA, Evzc x&' W' W Zy (e, x¥ +sc(c?—s?))
L oL Sy 2w z Lo wAz
I - ev? .,
WEWRAL 0 W W,Z, - XY
Sw f2
Ty as— e v? yag—
W, W, Ay — = Xy W, W, Z, —els,
Sw f2
Wi WLA, —-e Wi WL Z, —eq, /sy
2 2_ 2 2_ g2
Wi Wi Ay i (VS G R B 1 Wi W, Z, e -s)
Sw f sc Sy SC
Particles Gw; wwgw, Particles Ow; whw v,
W W wW W -g° W W W W —g%sc(c?—s%)v?/4f?
W, W WL Wy -g?2 W WEW W, —g%4
W W W W g3(c?—s?)/2sc W, W W, W —g?(cb+5s°)/s?c?
Particles AR Particles Gv, v Wy
AAW W —g%sl, ALA WS W, —¢?
Z Z)W, W - QZCi Z,Z, W, Wy - 9203\/
ALZ W W —9%suCu ALZ W Wy, —g%suCu
ALALW W] 025, CuXE v2/2 A AW, W, 925, CuxXC v2/f2
U2
+ 7S Xn f—z(cz—sz)/sc
’ _ 2 2_ 2
ALZy W W 9°SuCuXy 0212 ALZy W W g°su(c°—s%)/sc
—g%s,s0(c?—s?)v?/2f2
_ ’ _ 2 2_ g2
Z\ ZyW' W, QA s2)xY v 2 ZLZaWiE W, g%cy(c’—s%)/sc
Ty p— 2C28’2/f2 +\N 2.2 B’ 2,2
Z AgW W g CuXz v Z ApWL Wy goxz v/t
1)2
+g%CyXy f—z(cz— s?)/sc
ApALW WL O(v?4 ApALWL W, O(v4
ZnZyW, W, —g? ZnZy W, Wy, —g?(c®+s%)/s?c?
02
ZuALW W, — g?xy02/ 2 ZuALWE W, —gZXHF(C‘SJrS‘S)ISZC2

/Uz
— g%, X3 f—z(cz—sz)lsc
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TABLE VII. (Continued.

Particles Jwwv Particles Gwwyv

ALA W W 0 AgALW, W O(v4

ZLZOW) W, —2gPc, XY v2/f2 ZHZyW, W gX(c?—s?)/sc
2

Z AW W5 — 925, XV v 2/2f2 ZyAnW Wy 0% l;—z (=s)lsc

+ofe, X8 v2/f2

ALARW Wy —g%syxyu’lf? ALZyW, Wy —g°s
Z ARW, W, —g2c,xyv?/f? 2, Z W, W, —g%c,
T U P N | ow2 a2 (1 a2
Li=| N\ [T 5 CR= —>———5| 1+ = =+ :
! RN T INZHZ RONENZ] T 120240202 22402
2 ’ 2 -
v 1 fo ~ NN UL 2 / 4
X 1+—2 —§+—2) t3t°—%ztu§ s =—i A1 v _U_Z E_l_} Ay
f v MR CONB T[T 1216 02 202432 )
LV PO O UIR | (A43) s
- —— —| —z+— us. 2
212 2| 3 2|33 v N
)\1+)\2 f v CL:l__22—22' (A44)
2f2 (NTHAS)
The factor ofi in the tyu§ andt;t® mass terms can be ab- h di
sorbed into a re-phasing of the left-handed quark double-{ € corresponding masses are
field; instead we keep it explicitly for simplicity. ) 5 , )
After diagonalizing these mass terms, we obtain the —  _ IA1h, N —£+fi+l Ap
physical top quark and a new heavy quark t 1/)\§+ )\5 2] 3 2 2 )\§+ h%
tL:CLtg_SLT, t%:CRUéC_SR’EIC, _ )\i
Nzl
TL:SLtg‘FCL’E, T%:SRUéC"‘CRT’c,
Mr=—f N2+ N[ 1+ 0w 2))]. (A45)

where

The scalar interactions with the up-type quarks of the first

two generations take the same form as in &g8), except

that there is no need for the extra vectorlike quarks °.
The interactions with the down-type quaidkSand leptons of

A

S e —
R W2

TABLE VIIl. Charged gauge boson-fermion couplings. They are purely left-handed, and the projection
operatorP, = (1— y%)/2 is implied. Herex, =\2/(\3+)\3).

v? A3 (1 N2 )
-— -+
f2A2403512 A2+23

Particles \ertices Particles \ertices
W EL d ig V2 o o 1y/SM WG d ig ¢ y
L UL L ﬁ 1—;0 (C _S) Y Vud H U|_ L _Eg’yﬂvﬁd
T ig v? | 2,12, 2 2 SM iy ig c SM
W #t b, N 1—f—2(5x|_+ 3c(c?—8?)) |y W4t by —ngvlb
— guv — v C
W AT by E TR 7“V33M W/ AT b, _ % ?XLE yﬂvtst
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TABLE IX. Neutral gauge boson-fermion couplings. Tb¢1) charge assignments are given in Table I. Anomaly cancellation requires
y,= —2/5 andy.=3/5.

Particles Ov 9a
ALﬁ eQy 0
— gl(1 4 v? , s 1 g 1 0?2 , soC (11
Z, uu B e [ W e 2 = 2| e yWw 2
L ZCW[(Z 3 Sw| T > CyXz CI2s+ oo 2y, 15 6 c 2c,| 2 5| —CuwXz c/2s+ oo c
— g 1 2 v? , g |1 o2 ,
Z, dd — —g? — W D B, W
L ZCW[< > -i-3 + 2 CyXz CI2s 7.2 + ; CuXz CI2s
B’ B’
S,X5 11 , swG (101
+ +—+=c' + —— +=c’
s'c’ 2yu 15 6 ¢ s'c’ 5 2 ¢
— g 1 2 , g 9 3 g [1 o2 , 11
Z ee 2 _ 2 W 4 _ A2 A _ W T AT A2
L ZCW[( 5 +25W) T | ~CwXz c/2s+ 2Ye 5 +2 c 70,2 + 2 CyXz €25+ v 5 +2 c
— g 1 v2 W g 1 2 w’
Z vy ZCW[E + - CyXz cl/2s 2_CW —z + 2 —CyXz cl/2s
B’ B’
SwXz 4.1 SwXz 4 "
s'c’ (ye §+§C + s'c ye+§ EC
— g 1 4 2 , g 1 p? ,
Z tt Z 2+ —| =x? W 2 T T | w2o— e W
L 2%[(2 3 SW) +5 Xp/2+cyX; cl2s 2c,| 2 + 2 X£12—cy Xy cl2s
B’ 2 B’ 2
X 7 2 N X 1 1 1 A
+SWZ 2y, t= —=c'?+|—=—=¢c'? 5 L 5 +SWZ — ——c'?—— 5 ! 5
s'c’ 5 2 15 3 AHNS s'c’ \5 2 SN2
27 ~295/3, 0711
ZLﬁ _igXLv/4fCW igXLl)/4fCW
_ ! 17 11
AHUU g_(z = __C'Z) 9 (_ _= 12)
2s'c’ 15 6 25c’ \5 2
— g 1 g 11
Andd R 9 [ 1.
; 2s'c’ (2yu 1576° ) 25c’\ 5 2°¢
_ g ( 9 ) g [ 11
Ayee — +_c’2 I +_C/2
; 25| YE 2 2s¢’\ 5 2
_ g [ 4 g 4 1
A 12 I __ 12
HrY 2s'c’ (ye 572° ) 23’c’( Y5 3¢
’ 2 ’ 2
A 0 [y 17 S0t N g (11,14
25¢’\ " 15 67 5)24)\2 25c’'\5 27 S5aI4S
_ g 14 4 1 A g 1 N
ALTT —— |2y, 5%z P
" 250 | P1573% Bz 250 532N
_ g 1 N\, g 1N
ATt 25'c’ 5222 25'c’ 5222
1 2 1 2
Z,uu gclds —gclds
Z,,dd —gclas gd4s
Zng —qgclds gd4s
Zyvv gclds —gclds
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TABLE IX. (Continued.

Particles Ov 9a
Zytt gclas —gclds
ZuTT O(v?/?) O(v?/t?)

- v v
ZyTt gx,_? clds —ngTc/4s
the three generations are generated by a similar Lagrangian, 1 _ 1 _
again without the extra quarks, and can be written as JW:E u,y#d, J*“:E dyy*u.,

1
Ly==NsfeicexiZ i 2rdc+H.c. (A46) _
Lot Jaa= Q=T = s, (A50)
with the isospin index=1,2 only, and similarly for the lep-
tons. where W; = (Wi +iW?)/\2, and similarly for the lepton
doublet.

5. Fermion kinetic terms Lg

. . . . a. Charged currents
The fermion gauge interactions take the generic form

The couplings of th&V,” andW,, gauge bosons are found
L= i Y*D i, f=flavor and chirality, by writing g;W; in terms of the mass eigenstates:
f

(A47)

2
— LAY
) 91W1—9WL[1 2fzc (c°—s )]
D,L=¢9M—ij2l (giW;,+9/Bj,), (A48) ,
= 1%
1+ —s%(c?—¢?
212 ( )

c
—9gWh , (A5

whereW;=W/'Q® andB;=B;Y;.

The Lagrangian must be gauge invariant under the gauge
groups[SU(2)@U(1)],®[SU(2)@U(1)],. In particular, —and inserting this expression into Ed49) above.
the gauge invariance of the scalar couplings to fermions dis- For the gauge couplings involving the top quark, we must
cussed in the previous section requires that the standaidclude the mixing betweeb; andt. The charged current
model quark and lepton doublets transform as doublets undefets modified as follows:
SU(2); and as singlets und&U(2),.

Because all the standard model fermions except the top 1
quark have small Yukawa couplings, their quadratically di- JtE="_[c t y*b +s. T v*b.]. (A52)
vergent contributions to the Higgs mass do not constitute a V2
hierarchy problem if the cutoffAg is around a few tens of
TeV. Thus, in the littlest Higgs model one does not have to Because of the mixing of th8U(2) doublet staté, into
introduce extra vectorlike quarks to cancel the divergenceghe heavier mass eigenstafe as a result of EWSB, the
due to the first two generations of quarks or thquark, or ~ CKM matrix involving only the usual three generations of
due to any of the leptons. Thus, except for the top quarkquarks is no longer unitary; it deviates from unitarity at order
there will be no mixing between tH&U(2) doublet fermions  (,2/£2). The modification is as follows:
and vector fermions. We first write down the gauge cou-
plings to all fermions except the top quark; we will later
write 'Fhe top qurk and vectorlike quark gauge couplings, th:CvabM:Vts[)M
including the mixing.

The SU(2), gauge couplings to SM fermions are given

4
v? A

212 (A {+03)?

2 2
by —vSM| 1 — 1 E m
a ~am + 1+ - 1 3 M B 2 )\g M12' ,
L=9:W7,Q1QL y*QL=01(W;,I " #+W,,J #+W1,p]wi),
A Ay m
T vosel T v T
1
where the charged and neutral currents are (A53)
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TABLE X. Scalar-fermion couplings.

Particles Vertices Particles Vertices
— .m, 1 v 202 — my 1 v 202
Huu S Y P Hdd S P
Iv( 2% f\2 3f2 ' 2% f\2 3f2
2 2
— m| 1, vsg 202 — M ( Ag )U
Htt —i— 1= — HTT —i 1+ .
o2 f\2  sf? W22\ T AZa2
v2 A2 A2
f2 N2+03 NZ+3
HTt mv(l+ M ) + M P HtT mtv(1+ M )P N P
_—— L - - R
vl A2 VAZ+2A3 v L NS VAZ+2A2
_ 2m| 2’ 1 A\ _ i A
HHtt — |1 — 55 HHTT -
f V¥ 2N\34\3 fUN24\2
HHTL v A 1 2fv’ 1 A% HHTT v A\ 2fv’ 1 Af
2 ZeN3 vr 20243 PN v? 203 R
M, M
TufR Tuf
— im, (v — img (v
®%uu ——“(—— 23) ®°dd ——"(—— 23)
ﬁv f \/— ° \/EU f \/— °
— m, (v p my (v
®Puu - - 5 ®Pdd — |- 5
\/Ev ( f \/ESP) Y \/Ev ( f \/ESP) Y
— i v — i v
$"ud —E(mUPL+mdPR) ?—ZSJr ® du —E(mUPFﬁmdPL) F_25+
— im, (v N — im, (v N
®OTt S A = POtT - == =
\/Ev (f \/530))\2 Py \/Ev f \/Eso s Pr
oPTE SALIN (RN L S BT MY s, NP
\/EU f 0 )\2 L \/EU f 0 )\2 R
_ im, (v A1 = im A
®*Tb ——(——23 )—P O bT L P e
Vv \ f It vl f 28+ )\ZPR
b. Neutral currents Note that the hypercharge assignmentsiGfandt’c are

The neutral gauge boson couplings to fermions are somatifferent, so that thé; and T mass eigenstates are mixtures
what more complicated, since they depend on both the isayf states of different hypercharge. For the first two genera-
spin and the hypercharge of the fermions. The quantum numyons of quarks there is no mixing with an extra vectorlike
bers of the fef'“.”'onhf'e'd; undelw(l)1®|L_J(1)2 afre deter-  iark, so the hypercharges of the right-handed charm and up
melxﬂeg ?r%vfr?:r:rtmgstinat E[heu ?f;" ar gtrJ]E[Jpnlqn%S :T?b:rm;gjsnsn"’_‘requarks are equal to those af®. In particular, the hyper-
gaug ! 9 guantu . '9 charge of the right-handed top quark is now different from

ments of theX, fields specified byr; andY,. The resulting X
hypercharges are given in Table | in terms of the free paramiN€ hypercharges of the right-handed charm and up quarks

etersy, andy,. If one further requires that both of te(1) ~ under the twaJ(1) groups. _ _
gauge groups are anomaly free, thgp=—2/5 and y, The neutral gauge boson couplings to fermions take the
=3/5. form
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L==gWi, s+ 01B1, I8 +05Bs, 06, (A54)
whereJ“ —fy“Yl of, with Yy, given in Table I. The cou-

plings of the neutral gauge boson mass eigenstatesZ, ,
Ay andZy are given by

(—c'2Jp +s"238) c
’C:AL;Le‘]EM+AH;Lg, T, +ZH;Lg_‘]\I;\/3
s'c S
vZ
+Z,_M (J M)+f Csz SJW3

(A55)

_AI2M 12 M
.\ B,( c'“Jg, *s JBz)”
SwXz ,

s'c’

where the mixing coefficiemzs}v' , x?’ , andxy are given in
Eqg. (A35). The electromagnetic current '@M=J®3+J§1
+J"2; note that the photon coupling to char@e=T3+Y,

+Y, is not modified from its SM value. Th&, boson cou-
pling gets modified from its SM formg{c,,) (T*—s2Q), by
terms of order?/f2. Finally, the A, and Z,, couplings to
fermions are essentially those Bf and W'3, respectively,
up to terms of ordep?/f? that we have neglected here.
The mixing between fermions with differensU(2)
®U(1) quantum numberé.e., t; andt) will lead to flavor
changing neutral currents mediated by the boson. The
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unitary gauge among the new scalar sector, the new gauge
bosons, the new vectorlike fermion and the SM patrticles. All
particles are the mass eigenstates. In the Feynman rules, all
particles are assumed to be outgoing, and we adopt the con-
vention Feynman rutei L.

1. Couplings between gauge bosons and scalars

a. Three-point vertices are given in Tables Ill and IV.

b. Four-point vertices are given in Tables V and VI.

c. Gauge boson self-interactions:

The gauge boson self-couplings are given as follows, with
all momenta outgoing. The three-point couplings take the
form

VE(kp)Va(ko) VE(Ks): 19y, v v [977 (K1 —ka)?
+9"(ko—k3)*+g”#(kz—Kkq)"].

(B1)

The four-point couplings take the form

W W "Wy PW 7 w, (294797 —gH*g"

_4|9w*w+
—g"Pgr),
VAVIW, PW, 4i9v1v2vvl+wz‘(29w9p0_9””9”0
—g"Pgro).
; are

The coeff|C|entsg\,1V2V3, Iv,v,wiwy and Iw; wiwgw

(B2)

flavor-preserving gauge couplings will also be anomalous agiven in Table VII.

orderv?/f? because of the mixing.

6. Gauge kinetic termsLg

The gauge kinetic terms take the standard form:

vpa
B’u B“W)

(A56)

juv

1
Lo=—7 J§=} (WEWE, |+

These terms yield 3- and 4-particle interactions among th

SU(2) gauge bosons. Of course, thH1) gauge bosons
have no self-couplings or couplings to tf®J(2) gauge
bosons. The explicit couplings are listed in Appendix B.

APPENDIX B: FEYNMAN RULES: INTERACTION
VERTICES

For the convenience of further phenomenological explo-

2. Couplings between gauge bosons and fermions

The couplings between gauge bosons and fermions are
given in Tables VIII and IX. The charged gauge boson cou-
plings to fermions in Table VIII are all left-handed, and the
projection operatorP, =(1—+°)/2 is implied. We define
X =\3/(\2+)\2) to shorten the notation.

For the neutral gauge bosons in Table I1X, we write the

gouplings to fermions in the forriy*(gy+ gay®). The fer-

mion charge assignments under the tW@l) groups are
given in Table |, requiring only gauge invariance of the
scalar-fermion couplings in Eq24) for the top quark and
similar equations for the other fermions. The additional re-
quirement that the twdJ(1) groups be anomaly-free fixes
yu= —2/5 andy.= 3/5.

3. Couplings between scalars and fermions

ration, we list the Feynman rules of the interaction vertices in  The scalar-fermion couplings are listed in Table X.
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