PHYSICAL REVIEW D 68, 075001 (2003

Simple model of two little Higgs bosons

Witold Skiba
Department of Physics, Yale University, New Haven, Connecticut 06520, USA

John Terning
Theory Division T-8, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
(Received 24 July 2003; published 9 October 2003

We construct a little Higgs boson model using a simple global symmetry @al{p) spontaneously broken
to SU(8). The electroweak interactions are extendedSt)(3)xU(1) and embedded isU(9). At the
electroweak scale, our model is a two-Higgs-boson doublet model. At the TeV scale, there are additional states,
which are responsible for the cancellation of one loop quadratic divergences. We compute the effects of heavy
states on the precision electroweak observables and find that the lower bounds on the masses of heavy gauge
bosons and fermions are between 1 and 2 TeV.
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[. INTRODUCTION grams involving standard model gauge bosons, top quark,
and the Higgs boson, respectively. Given a little Higgs boson
There is little doubt that the standard model of elec-model, it is certainly possible to make specific predictions
troweak interactions is an effective theory valid below 1 TeV.since the theory is perturbative below the cutoff. Some more
New interactions will come into play around a TeV and re-detailed studies have been reported in RESs-10].
solve the hierarchy problem, which would be present in the Little Higgs boson theories draw on the old idea that the
low-energy theory if one tried to set the cutoff to a higherHiggs boson could be a pseudo Goldstone bosdni2.
value. There are several scenarios for what the new physicehe important recent development is the understanding of
at the TeV scale might be: supersymmetry, extra dimensiongjow to cleverly arrange the breaking of global symmetries.
dynamical symmetry breaking. Typically, weakly interacting The breaking of symmetries that protect the Higgs boson
theories at the TeV scale are in better agreement with thenass needs to be such that the Higgs boson quartic coupling
precision measurements of electroweak observables. is of order one, the Higgs boson couples to fermions and
Little Higgs boson theoriegl—7] provide another weakly gauge bosons, and at the same time one avoids quadratic
coupled alternative for how the standard model could be emdivergence$l]. Symmetry breaking by interactions with nu-
bedded in a theory valid beyond 1 TeV. The little Higgs merical coefficients of order one is arranged such that indi-
boson models employ an extended set of global and gaugédual symmetry-breaking terms do not introduce a Higgs
symmetries in order to get rid of one-loop quadratic diver-boson mass. To get mass terms for the Higgs boson one
gences. Without the one-loop divergences a cutoff of abouneeds more than one insertion of symmetry breaking inter-
10 TeV or so is natural for a Higgs boson theory. While thisactions, and such diagrams are not quadratically divergent at
may not seem like a great achievement on the road to ane loop.
fundamental theory, compared for example with supersym- In what follows we present a little Higgs boson theory
metry, 10 TeV is a very special scale from a practical view-based on a simple global symmetry gro®i)(9) which is
point. The next generation of collider experiments will not bespontaneously broken t8U(8). Themodels in Refs[3,5]
able to probe energies beyond a few TeV. It would certainlyalso have simple global symmetries, but the breaking pat-
be fascinating to uncover a theory valid all the way to theterns are different. Our model also has a simglectroweak
Planck scale, but we will only have experimental data up tagauge group-SU(3)XxU(1), analogous to Refl6]. As in
a few TeV. The energy scales above 10 TeV may remain ¢he model with arBU(4)x U (1) gauge group6] there is no
subject of speculation for a very long time. mixing between the light and heavy charged gauge bosons
Fortunately, different classes of extensions of the standarthduced by the Higgs boson vacuum expectation value in this
model make different predictions for the TeV spectrum. Newtheory. OurSU(3)xU(1) model has only one additional
states must enter the theory no later than a TeV to avoitl(1) compared to the standard model and thus onlyZne
fine-tuning. The cancellation of one-loop divergences in littlegauge boson. The tree-level exchanges of the siglesult
Higgs boson theories requires new, heavy states for every corrections that are one half the size of those in the
divergence that is numerically significant at one loop. ThusSU(4)Xx U (1) model[6,13] and thus in comparison are rela-
little Higgs boson theories predict a whole set of heavytively benign for constraining the model by current data.
states: vector bosons, fermions, and scalars to cancel the dia- In the next section we describe the model. The theory is

*Email address: witold.skiba@yale.edu 1The definition of what constitutes a simple group is different in
TEmail address: terning@lanl.gov little Higgs boson theories than it is in group theory textbooks.
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based on the interactions of the Goldstone bosons associated Il. THE MODEL

with SU(9)—SU(8) breaking. We show how to embed . . .
SU(3)><EJ()1) in (S)U(9). Ou% embedding produces two Our r_nodel_ls based on tf&U(9)/SU(_8) nonl_lnear sigma
weak scalar doublets and two complex singlets. The moddl'?del. in whichSU(3)xU(1) gauge interactions are em-
has no weak triplets. We then show how to obtain an accepRedded. WhenSU(9) global symmetry is broken to its
able Higgs boson quartic coupling as well as Yukawa couSU(8) subgroup, the&sU(3)xU(1) group is broken to the
plings. Since the gauge symmetrySJ(3)x U(1) all left-  electroweakSU(2)y,x U(1)y group. _ _
handed fields need to come in triplets. In Sec. Il we follow The SU(9)/SU(8) coset space is described by a figld
Refs.[13,14 and compute the tree-level effects of the heavyWhich transforms linearly —LX underL e SU(9) transfor-
states on the precision electroweak data. The lower bound dRations.% can be expressédn terms of pion fieldss

the masses of the heavy states is around 2 TeV. =exp@%/\/§f){), where
0 0 0 ]%hl 0 %hl
0 0 0 .);_lsl 0 ‘%Sl
0
2
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In the equation aboves; are electroweak singlet fields while wheret? are theSU(3) Gell-Mann matrices normalized such
h; are electroweak doublets. For brevity, odd numbered rowshat tr(t?°)=252°. Each entry in Eq(2) denots a 3 by 3
and columns are two dimensional, while even numberedlock. Therefore, under th8 U(3) <X U(1)x the sigma field
ones are one dimensional. Moreovb?r,:f?rfg andsg, s'2 decomposes as — 33+ 313+ 313. This embedding of
are the real and imaginary parts of singsgt similarly h,  gauge symmetry is reminiscent of the model in Réb].
=hf+ih} etc. The particular choice of is meaningful be- The generators unbroken hy are T' for i=1,2,3 andY
cause the globaSU(9) symmetry is explicitly broken by =(—1/y/3)T8—X. Under the electroweak grougU(2)
gauge interactions, which are described below. Otherwise w U(1)y the pion fields transform linearly, such thattrans-
could rotatev to have a nonzero entry in only one of its form as2_,, ands; as 1,. We use a nonstandard hyper-
components. charge assignment for the Higgs boson douliletsopposite
The pion matrix, 7, does not include all 1780 63 to thetu?_ual onle. In I(E)\Ljr cpn;/;]an_tlon the doublets g:at vacuum

fields parametrizing theSU(9)/SU(8) coset space. We ex;_)rehc atlon \f/a uest\/ s in telrcﬁuppzer (I:_ozmponelp S.th i
chose to work in the unitary gauge, in which 5 fields that € transformation property di, 2—L2, implies ha

become the longitudinal components of the heavy gaug&he covariant derivative dt. is
bosons are set to zero. TIBU(3)XU(1)x generators are

chosen to be D,2=(3,+igT?A% +ig;XX,)3. 3
) t“10]0 ) 1100 In the equation above th8U(3) gauge coupling is denoted
a——| 0| t*| 0 =—|0 0
T 3 and X 3 N
0101 01011

2The unusual normalization dfis chosen to agree with that of the
SU(4) model in Refs[6,13] so as to ease the comparison of the
(2)  two models.
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asg and it is equal, at tree level, to ti&U(2),y coupling. Note that this would not be the case for many other
The normalization of fields in Ed1) is such that the kinetic choices of symmetry breaking spuriokis For example, spu-
energy term is rion
Lyin=(D,3)'D*3. (4) !
Gauge interactions induce quadratically and log-divergent = o )
terms as can be deduced by computing the Coleman-
Weinberg potential. The quadratically divergent term 0 -1
A2 also breaksSU(9) to SU(3)%. However, this particular
2 ETTaTaE (5) 3 . ~ 2
g 1672 SU(3)° subgroup is broken by to SU(3)XSU(2)“ pro-

ducing two massless doublets instead of three.

is independent of the pion fields sin€&T? is proportional to The two terms in Eq(7) acting together breagU(9) to
the identity. The same is also true for the quadratically diver® SingleSU(3). This preservedSU(3) is the same as the

gent contribution arising from the(1)y interactions. The 9augedSU(3) whose generators are given in Hg). The
log-divergent contribution breaking ofSU(3) to SU(2) yields only one doublet, which

is eaten. Therefore, the uneaten Higgs boson doublets be-
come pseudo Goldstone bosons and can obtain non deriva-
(317133%)2 (6) tive interactions.
ExpandingV, to quadratic order in the singlet fields and
p the quartic order in doublets we obtain

4 2

J Iog(
1672 g?f?

is small and generates masses for the pion fields of ordd
(g%/47)f, which is of the order of the electroweak scale.

Since the gauge interactions do not generate any quadrati-

2
cally divergent terms these interactions are not sufficient for V= 2K1( film(sy) — TZ Re(h;hl))
providing the Higgs boson quartic potential. 2f

2
f
A. Quartic potential + 2K2( folm(sy) + \/_71]‘ Re( hZhl))
The underlying technique of constructing little Higgs bo-
son theories is to arrange interactions such that each indi- +O(s3,h®). (10

vidual interaction with ar©(1) coefficient maintains enough
global symmetry to ensure that &U(2) doublets are exact : . L .
Goldstone bosons. Only several interactions acting togethelptegréltlng out Imgy) gives the quartic interaction
break enough symmetry and turn Higgs boson doublets into
pseudo Goldstone bosons. Interactions with small coeffi- K1k of2
cients are numerically unimportant and can have an arbitrary Vet=
pattern of symmetry breaking.

In order to generate a quartic potential for the two Higgs
boson doubleth; we explicitly break thesU(9) global sym-  which indeed vanishes when eithey or «, is zero.

Re(hlh;)1?, (11)
K1f§+,<2f§[ 2]

metry. We add two terms The model as it is defined up to now needs to be
N 5 . 5 amended, otherwise there is a potential problem. The omitted
Vo= K1(2TM12)"+ k(2 TMp2)%, () O(s® terms in Eq.(10) include the term
where
fif
01110 01011 2\/§(K2—K1)1Tzlm(sl)zs'2. (12)
Ml = 1 0|0 and M2: 000 . (8)
01010 11010 This term generates a quadratically divergent tadpole for the

Each term separately preserves a differ®b3)? subgroup ~ field s, which means thas; gets a VEV. The VEV fors)

of global SU(9). Neglecting gauge interactions, tB&J(3)3 rotates between the nonzero components afi Eq. (1). If
symmetry is exact. In both case8U(3)% is broken to (s,) is O(f) it will create a hierarchy betweei andf,, that
SU(2)3 by the VEVo. Such breaking generates three sets ofiS eitherf;<f, or f;>f,. We assumed so far in our analysis
exact Goldstone bosons, which transform as doublets undépat f,; andf, are of the same order of magnitude.

SU(2)y. One linear combination of these three doublets is There are two simple ways of ensuring tifa}) is small
eaten when th&U(3) gauge group is broken t8U(2)y . compared td. First, we can impose a discrete symmetry that
The remaining two linear combinations are two physicalinterchanges the two terms in E{). Then,;= k, and the
Higgs boson doublets, which stay exactly massless when ortadpole-generating term is absent. Second, we can add a po-
of the «;’s is set to zero. tential which gives a mass & . A linear term will force a
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VEV for s,, but a large enough mass term will prevent this Lo =A10 S oxet N0 S At
VEV from being of orderf. A suitable potential is for ex- yuk=MQuE2KRF A2 25l
ample +2A,Q 3 2br+ H.C., (16)

Ve=p1(ZTN;3)2+ pop(2TN,3)? N B
ff, where3 b= €%(23);(23), andi,j,k=1,2,3.
_2\/252 (p2f2 plfl)+(52)2 _ Expanding Eq.(16). in component field_s we identify the
f light and the heavy right-handed mass eigenstates,

3ff5—f5  3fifi—f1
P1 1

2 +p2 2

tr=——=——=(\11tr— Nof2xR),
2 2_2 VA2£24\3f2
~(pafs—paf?) fthh1+ fThth +-
1 . -
(13 XR:ﬁ()\zfztR+>\1f1XR)- 17
where VATTI+HNSES
11010 olol o In terms of these mass eigenstates, the Yukawa interactions
are
N=[ 0] 1|0 and N,=[ 0]0| 0. (14
01010 olol1
. t .
Each term preserves &1J(6)x SU(3) subgroup oS U(9), Lywe= WNFEH NS ox xR~ \/E(t" b hatr
which is spontaneously broken ®U(5)XSU(2). There-
fore, adding these two stabilizing terms does not introduce a e
large Higgs boson mass. It is_ clear by ex_amining _[aqa) —i—b(tL ,bL)ﬁsz-i- ...+H.c., (18
that the mass terms for the Higgs boson fields vanish when V2

the tadpole term foris, vanishes. At the minimum of the
potential there is no tadpole and a Higgs boson mass is n

n o *
generated by the stabilizing potential. %herehz—mzhz and

B. Yukawa couplings NAof
: o : M= (19
Incorporating Yukawa couplings is straightforward, and \/)\21le+ foZ

can be done in a manner outlined in Ri]. Here we will
show how to include the Yukawa couplings for the third
family, other families of quarks and leptons can be include
in the same way. Since the electroweak gauge interactior!
are enlarged t&U(3)x U(1) all families of quarks and lep- placingX .3 by212|n the last term in Eq(16). Therefore, the
tons need to be extended to form representations of the largarodel can be either the type 1 or type 2 two-Higgs boson
electroweak group. This is not necessary in most little Higgsloublet mode[16].

boson models, in which the enlarged electroweak group con- Cancellation of the quadratic divergences introduced by
tains anSU(2)xU(1) subgroup. In such cases, the light the top quark against the divergences introduced by the
families can be coupled directly to the Higgs boson doubleheavy fermiony can be verified explicitly. However, the
without regard to one-loop quadratic divergence, as this diglobal symmetries of the Yukawa couplings make the ab-
vergence is numerically unimportant for the light fermions. sence of quadratic divergences apparent. The terms propor-

We add a pair of vectorlike fermiong_andyg such that tional tox; andX, in Eqg. (16) separately preserve different

=(t, b, . x)T transforms as anSU(3) triplet. Th SU(6)XSU(3) subgroups of the glob&@U(9) symmetry.
Qu=(t.bu,x0) ansSu(3) ”pe; ze The SU(6)x SU(3) subgroups are identical to those sub-

U(1)x charges ofQ, Xr, tr, andbrare ~5, ~ 5, 3. groups preserved by the two terms in E43), and are bro-
L, resp y proj P ken toSUB)X SU(2) by o.

erators intaSU(3) subspaces &, Note that the mass of the heavy partner of the top quark,
3i=P3, (15 YNZE2+\2f2, is not uniquely determined in terms bf and
f. Depending on the values &f/f, and\;/\, one can alter
where P;=(1/0|0), P,=(0/1]|0), andP;=(]|0|0|1). Each the ratio of they mass to the top mass. This will be impor-
entry in the projection operators represents a three by thre@nt in the next section, where we obtain a lower bound. on
matrix. In terms of the three-vecto;, the Yukawa cou- Even with f bounded,y can be light enough to promptly
plings are generated by cancel quadratic divergences induced by the top quark. It is

J\Iote that the Yukawa coupling of thie quark could have
gvolved hl instead ofhz This can be accomplished by re-
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quite generic that models with several parameters will havéagrangian with small coefficients. Introducing new tree-
the freedom of varyingm,/m,, and this feature is also level operators may not be necessary because the logarithmi-
present in the model of Ref6]. cally divergent one-loop diagrams, as well as two-loop qua-
It is easy to also incorporate lepton Yukawa couplings. Wedratically divergent diagrams, produce operators with less
add a vector-like pair of heavy leptons in order to get a tripletglobal symmetry. This is because such diagrams involve in-
of left-handed fieldsL, = (v, ,#.)" with X charge 1/3. sertions of several operators each with a different symmetry
The right-handed fieldsg and g carry charges 1 and 0, structure. The diagrams involving several operators generi-

respectively. The Yukawa couplings cally yield operators that preserve only a common subgroup
of symmetries of all operators involved. The Higgs boson
Lyu= Asz22¢R+ A fListRJr H.c. (20) masses generated by the log-divergent diagrams and the two-

loop quadratically divergent diagrams are of ordédm,

give mass of ordef to the heavy lepton and a standard Which is the desired order of magnitude. ,
Yukawa coupling for ther. For _examplt_e, the Iog-dl\(erge_nt cqntrlbutlon coming from
gauge interactions, E@6), gives identical mass terms fbog
andh,. Similarly, there is a log-divergent contribution from
the top quark and its heavy partner which is proportional

The quartic potential displayed in E€L1) does not stabi- to |S13,/2. This operator also generates Higgs boson
lize arbitrary Higgs boson VEVs. It leaves a flat direction masses.
along which(h;) (h,)=0. This feature is identical to the
I—_Iiggs boson potential di_scu_ssed in_R[cE‘J. These flat dir_ec- _ IIl. PRECISION ELECTROWEAK MEASUREMENTS
tions are not problematic if the Higgs boson potential, in
addition to the quartic term, includes positive Higgs boson As is well known [13,14,17,18 precision electroweak

C. Electroweak symmetry breaking

masses and a negative B-term measurements can place tight constraints on new theories of
2t ot ‘ ‘ electroweak symmetry breaking. The simplest method for
Vprik=mzhih; +mshzh,+B(hih,+hzhy),  (21)  calculating these constraints is to construct a series of effec-

tive theories by sequentially integrating out the massive
where m?,m3>0, B<0. Electroweak symmetry breaking modes. In the model considered here, theVEV breaks
requiresB2>m2ma. SU(3)xU(1) down toSU(2), XxU(1)y and gives masses
The quartic term leaves additional flat directions whereof orderf to some of the gauge bosons. With no Higgs boson
Re(h,;)=0 and Imf,)=0, and an analogous flat direction VEVs the mass matrix is diagonalized in the basis,
with h; andh, interchanged, because the quartic term van-

ishes for Imh{hz)zo. These additional flat directions are e -1 vy 910,

not dangerous if all coefficients of the Higgs boson potential Xb= W% 9B+ ﬁBH ' (22)
are real. This can be accomplished by impodtfconser- !

vation in the Higgs boson sector. If imposi@P symmetry

is for some reason undesirable it is easy to modify the terms Ab— 1 gB:— &B" (23)
in Eq. (7) to yield V¢4 |hh,;|2. One possibility is to modify SN AN R

the matricesM , defined in Eq.(8) by erasing one of the

nonzero entries in each matrix. For simplicity, we will as- The gauge bosona (for i=4,5,6,7) andB{; get masses

sume that all coefficients in the Higgs boson potential are

real. f
So far, all the interactions we have introduced preserve M= g_, (24)

enough global symmetries to give two massless Higgs boson V2

doublets. The exact symmetries are eitheG&i{3)3 broken

to SU(2)® or an SU(6)xSU(3) broken to SU(5) V2(3g%+gn)f .
X SU(2). Thesame set of symmetries is enjoyed by opera- Bu ™ 3 ' (25

tors that are induced from the tree-level Lagrangian by one-
loop quadratically divergent diagrams. Therefore, none of The Higgs boson VEVs introduce the usual nonlinear
these terms can generate a Higgs boson mass terms. Itdgyma model masses for the lig&tu(2), X U(1)y gauge
often not apparent that the doublet mass terms are not geposons as well agin the current mod¢lmixing only be-
erated by the “Higgs-friendly” operators. When expanding tween B/, and B/. Integrating out the heavy gauge bosons
such operators in terms of component fields, there exisind plugging in the Higgs boson VEVs
terms quadratic in Higgs boson fields accompanied by terms
linear in theSU(2) singlet fields. As we discussed at the end v
of Sec. Il A, one needs to identify the proper vacuum, in <h1)=cos,8(0), (26)
which the tadpoles vanish and the Higgs boson mass terms
are exactly zero.

It is therefore necessary to generate operators with less (h2>=sinﬁ(v) 27)
symmetry. Such operators can be included in the tree-level 0
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we obtain theW andZ masses

g2U2 1)2
2—_ —_——
M= (1 el 28
) (92+g/2)02 (794_6929/2+3gl4)02
M2= 1— .
4 24f%g*
(29

The low-energy neutral current Lagrangian is given by

e
L= EAM\]/(S'F ﬁvz Jg

"

12 2_~12 2
149 (9°=g"")v
8g*f2

L g V3(g2mg??

8g°f?
(9/4_94_9/4)v2
—s2JE 1+
sW‘JQ 8941‘2
- (39’2_92)2(\] . )2_ g/2(3gﬁ_zg4g/2)v2
294f2 3 ¥Q 2\/§ggf2
9 4_6 2~12 +2 14
X Jg(J3—Jg) — 9->99 9 J3. (30)

12g%f2

Note that using the relatiodg‘:—\/§(J¢+J§) this La-
grangian can be rewritten as

oI5 1+

(4929/2_394_914)02)
8g*f?

e
— M P
Lo=eAJGt -7

+Jlu 3(92_g/2)02
X 252
8g-f

. (4929!2_394_914)02)‘|

1
8g*f2sa,

2

(3912_92)2 9
— e il g%

31
4g*? =Y

It is understood thaly in the neutral current Lagrangian
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FIG. 1. 95% confidence level bound éras a function of the
mixing parameten;.

Using EQ.(16) in the massless quark limiing—0) the pa-
rametery is given by

_sing f;

TRt

Similarly by takingA ,—0 we would arrive at a result fon

with f, andf, interchanged. The result for the neutrinos is
identical. Thus the coupling of the up-type quarks and neu-
trinos to W3 receives a correction factor -1(v?/2) 7?2,
while the effective hypercharge of the up-type quarks be-
comes (1/6) (v?/2f?)»? and the effective hypercharge of
the neutrinos becomes-(1/2)+ (v?/2f?) 2. There are simi-

lar corrections to the couplings ¥W*. The Jo andJy cur-
rents receive no corrections since the mixing is between two
fermions with identical charges under the corresponding
gauge symmetries. The neutrino mixing affects the value of
Gg (in addition to the correction to thé/ mass,

(33

2

1 v 20?2

V202

To compare with experiment we ua¢M,), Gg, andM; as
input parameters, and the standard definition of the weak
mixing angle sirg, from the Z pole [18]

GF: +E—f—2 (34)

ma(M2)

Sinf0,cos = —22 (35)
V2GeM3

Sin260= 0.23105-0.00008. (36)

is replaced in terms of the quark and lepton currents and dogs,pessing the precision electroweak observables in terms of
not include the heavy fermion contributions. The low-energyipage input parameters and the corrections to gauge cou-
observables in neutral current scattering are then obtained kﬁfings [19] implied by Eq.(31) allows us to express all the
integrating out theZ [13]. In addition, the heavy fermions qeyiations of the observables from standard model predic-
XL R introduced in Sec. Il B also affect the electroweak cou-iions[20] in terms of our model parameters. As can be seen
plings of up-type quarks and neutrinos. The mass mixing 0bpqye, the dependence on fwdrops out of all observables,

the charge 2/3 quarks can be diagonalized by a bi-unitar)éxCept for an implicit dependence through Performing a

transformation, and since this is ax2 matrix we can pa-
rametrize it by one mixing angle given by

v

amix:? - (32

two parameter fit, we find that the weakest bound oocurs

for »~0, and is given byf=3.3 TeV at the 95% confidence
level as shown in Fig. 1. It is clear that the fit to data prefers
the region of small mixing. Fon=0.1 the bound grows to
f=3.4 TeV. ltis interesting to note that the boundfarises
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IV. CONCLUSIONS

We presented a little Higgs boson model based on a
simple pattern of global symmetry breaking and at the same

", mj‘l":‘;= time avoided replicated gauge groups. In many aspects our
b model has similar features to the model of Réf, in which
m<s Tev [ the electroweak group is extended $J(4)XU(1). The
mea v global symmetry group in our model is simple, which might

yield more elegant UV completions.

A natural question concerns the possibility of the dynami-
cal origin for theSU(9)—SU(8) breaking pattern. While
the breaking pattern clearly is not a result of QCD-like dy-
namics, one can easily conceive of supersymmetric ex-
amples. For instance, 9 chiral superfields transforming in the
vector representation of &O(N) gauge group will have an
SU(9) global symmetry.

We investigated how the heavy particles affect the stan-
dard model observables at the electroweak scale. At 95%
confidence level, the lower bound on the pion decay constant
fis 3.3 TeV. This corresponds to heavy gauge boson masses
of 1.5 and 1.8 TeV, which does not require fine-tuning. The
most significant fine-tuning of the Higgs boson mass results
from fermion loops, and in little Higgs boson models the
contribution to the Higgs boson mass from fermion loops
grows with the mass of the heavy partner of the top quark.

FIG. 2. Mass of the heavy fermiog in the parameter space As we stressed in Sec. Il B, the mass of the heaVy fermion
f,/f, versus\,, for large tarB on the left and tap=1 on the  can be treated as a free parameter since it depends on the
right. ratiosh, /A, andf,/f,. The ratiof,/f, is constrained by the

precision electroweak measurements because it contributes
mainly from the weak charge of cesium. If this measuremento the quark and neutrino mixings withU(2) singlet states.
is dropped from the fit the bound goes down fo In Sec. Ill, we presented the bounds on the heavy fermion

—
N

—

=25 TeV. mass resulting from a constraint &rirhe heavy fermion can
The boundf=3.3 TeV corresponds to be lighter than 2 TeV in a significant region of the parameter
space and even as light as 1 TeV in small corners of param-
Mp=15 TeV, (37)  eter space.

The Higgs boson sector of our model is similar to those in
Refs.[5,6]. The quartic term in the Higgs boson potential
contains only one term, and thus it is far from being the most
general two-Higgs boson doublet potential. This implies sev-
There is no bound on the mass of the heavy fermipsince  eral interesting relations among the parameters of the Higgs
it varies from O to= over the parameter space. The region ofboson sectof5]. As in all little Higgs boson models, there is
parameter space whegeis light is shown in Fig. 2 where we  a rich spectrum of TeV mass particles: gauge bosons that
have used the constraiRt=1 to eliminate\,. Plotting the  acquire masses from the breakingS3fi(3) to SU(2), heavy

Mg, = 1.8 TeV. (39

contours in this manner emphasizes lafgéf, and large\;,  |eptons and quarks, and two complex singlet scalars. It
plotting f, /f, versush, would emphasize the opposite re- would be exciting to see experimental confirmation of such
gime. particles, but should this happen, it will be challenging to

Since the corrections to the precision electroweak meayeyify that a set of heavy states comes from a little Higgs
surements were a factor of two smaller than those in R&f.  pos0n theonf10].

one might have expected that the boundfowould be a

factor of \2 weaker, which, given that the boufB] in that

case was 4_.2 TeV, would yield a bound of 3 TeV. The dis- ACKNOWLEDGMENTS
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1 1
APPENDIX A: QUADRATIC DIVERGENCES Lain=5(,m)?~ E(aus'l)z[Re(h‘j)]an -, (A2)

In this appendix we would like to outline how to explic-
itly check that quadratic divergences do not generate Higgshe diagram withs) running in the loop with a mass inser-
boson mass terms. So far, we used symmetry arguments saijtén for this field is also quadratically divergent. It turns out
will be reassuring to see an explicit calculation. We firstthat this diagram cancels the other two quadratically diver-
present a Feynman diagram computation and then commegent diagrams. It might, at first, seem like a coincidence that
on the Coleman-Weinbell@2] effective potential. a diagram with derivative interactions cancels potential term

The cancellations of quadratic divergences induced by thghteractions. However, all three diagrams are proportional to
loops of fermions and gauge bosons are straightforwardhe same symmetry-breaking parameter Moreover, the
More interesting is the cancellation of divergences intro-normalization of the derivative interaction is uniquely deter-
duced by the scalar self-interactions. In the case of scalahined by requiring that all fields have canonical kinetic en-
self-interactions there is a subtlety we would like to explaingrgy terms.
here. Some of this is certainly known to people working on  Similarly, the higher order terms in the kinetic energy
this tOpiC, but not written in the literature in any detail. Lagrangian prevent an ingenious approach to Computing the

Let us concentrate on the interactions induced by the pocoleman-Weinberg potential. One might be tempted to ex-
tential in Eqr-(7) ar;d forTsimpIigity setkcy=k,=«/4 so that  pand theX field around the background fields such t&at
Vo= K/4[(2"M12)"+ (2 M%) ]. It is most transparent o _ oy vj(¢2y 1 29/f15. The background fieldsx) inserted into
focus on one component of the Higgs boson fields, for ey, higher order terms in the kinetic energy spoil canonical
ample Reli;). The superscript refers to the lower compo- hormajization. A convenient way around this is to param-
nent of the Higgs boson doublet. We expavigin compo-  gtrize the nonlinear field as
nents and only display these terms that could contribute to
the Reh‘lj) mass term

S =exdi(m)/flexdin/f]lo (A3)
K2 K . S
Vq:7(5|1)2+ 1—2[R6(h'f)]2 o) thg background fields drop out of the k;ne:uc energy term.
Using the form(A3) we calculate t'M “({7)) keeping
x{3[Re(h3)12—4(s}))?}+- - -. (A1) (m) to all orders. We get tM 2o k[ sin((Re(h9) ))?

+cog(Re(%)))?], which is independent of R&{). This
The diagrams with Ré@) ands'l running in the loops do not would not be the case if we used a parametrization in which
cancel against one another and if this was the whole storthe kinetic energy depends on the background fields.
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