PHYSICAL REVIEW D 69, 115008 (2004

What precision electroweak physics says about th8U(6)/Sp(6) little Higgs model
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We study precision electroweak constraints on the close cousin of the littlest Higgs mo@®U()g S p(6)
model. We identify a near-oblique limit in which the hea/ andB’ decouple from the light fermions, and
then calculate oblique corrections, including one-loop contributions from the extended top sector and the two
Higgs doublets. We find regions of parameter space that give acceptably small precision electroweak correc-
tions and only mild fine-tuning in the Higgs potential, and also find that the mass of the lightest Higgs boson
is relatively unconstrained by precision electroweak data. The fermions from the extended top sector can be as
light as=1 TeV, and theN' can be as light as-1.8 TeV. We include an independent breaking scale for the
B’, which can still have a mass as low as a few hundred GeV.
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[. INTRODUCTION Recently the little Higgs(LH) mechanism has emerged
as a viable possibility for stabilizing the weak scale
In the standard model, the mass-squared parameter for th&—10,17,18 In LH models the Higgs boson is a pseudo-
Higgs doublet is quadratically sensitive to the scale wheré&soldstone boson which is kept light by approximate non-
new physics enters. While it is possible that there are cancelinear symmetries. At the weak scale, LH models contain the
lations between the bare mass of the Higgs boson and igfandard model with a weakly coupled Higgs boson and pos-
guantum corrections, or among the quantum correctionsibly several other scalars. At the TeV scale there are new
themselves, this extreme sensitivity to cutoff scale physic$tates responsible for canceling the quadratic divergences of
makes these cancellations increasingly delicate as the cutdffe Standard model. There are new vector bosons, scalars and
is raised. It is natural to expect that the quantum correctionérmions canceling the quadratic divergences from the
to the Higgs boson mass are not much larger than th8auge, scalars, and ferml_on |nteract|on§ respepﬂvely. Little
vacuum expectation value of the Higgs boson, Higgs theories are described by non-linear sigma models

—247 GeV, suggesting that new physics responsible fO}NhOSG self-interactions becomg strongly cquplgd at a scale

softening the radiative contributions to the Higgs boson mas :le—nl;S Ter:/ V\i/heret ?}? lrjlltrrav'()lft completion is necessary

should appear near the TeV scale. 0 Tﬁsc| ep ty?rcs a gthet ,[sﬁa es. | 0 ith
Experiments performed at the CERNe™ collider LEP © JOW cLolt means ‘hat fere 1 onty a smat fogaritn-

. : : mic enhancement to radiative corrections in the effective
gnd S_'gAC Linear _CoII!de!(SLC) are precise up to one part theory. Therefore the new particles can be a factor of 5-10
in 10 >, and provide indirect tests for physics beyond the

heavier than the superpartners of the MSSM without making
standard model. These tests generally exclude models whoggs fine-tuning more severe than in the MSSM. This may

predictions deviate substantially from those of the standar@xmam why there has been no direct evidence for the par-
model electroweak sector. Roughly speaking, correctiongcles stabilizing the weak scale. Furthermore there need not
from new physics are restricted to be smaller than the 1-loope any flavored particles at the TeV scale in LH models,
contributions of the standard model. Whenever new physicghich can partially explain the absence of FCNCs. Finally,
is proposed for stabilizing the weak scale, it is important toin LH models there is not in general an upper bound on the
evaluate its effects on precision electroweak observables. mass of the Higgs boson, so there is no tension between the
The leading candidate for physics beyond the standargxperimental lower bound on the Higgs boson mass and
model is the minimal supersymmetric standard modehaturalness, as there is in the MSSM.
(MSSM). The supersymmetric partners of standard model Pprecision electroweak constraints on LH models were first
fields decouple quickly as their masses become larger thangnsidered for the 2 2 moos€ 1,2] in [11] and for the “lit-
few hundred GeV, making their contributions to precisionjest Higgs” model[5] in [12,13. It was shown that some
electroweak observables adequately small. The standajgteractions in these models can lead to significant contribu-
model quadratic divergences are cut off\g sy, the scale tions to precision electroweak observables, but the con-
of the superpartner masses, but have a logarithmic enhancstrained interactions are not the ones responsible for stabiliz-
ment logA%M3 sy. In many models these logarithmic en- ing the weak scale. In the model §f4] an approximate
hancements ar@(10%), and the non-discovery of the super- custodial SU(2) allowed for a certain limit where all the
partners and of the lightest Higgs boson requires someonstraining physics decoupled without making the states
amount of fine-tuning in the Higgs sector. Furthermore, forstabilizing the weak scale heavy. We will examine this
generic supersymmetry breaking parameters, the superpafttear-oblique limit” in more depth.
ners mediate flavor changing neutral curre(f€ENCs9 at In this paper we show that the close cousin of the littlest
rates well beyond current experimental bounds. Higgs model, theSU(6)/Sp(6) model[6], has regions of
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parameter space that give small precision electroweak cor- A. The near-oblique limit

rections even though there is no obvious custo8ie2). Precision electroweak corrections fall into two categories,

This is a two Higgs doublet model in which the electroweaky,,n_gplique and oblique. In the presence of non-oblique cor-
triplet scalar of the littlest Higgs model is replaced by aecions, extracting thé and T parameters from experimen-
neutral singlet. An analysis of this model was recently per,| resuits is complicated, which is why understanding preci-
formed by[15], but because it was done at the tree level, itgjon electroweak constraints in LH models can become an
neglected two significant contributions to precision eleCnyicate task. Fortunately LH models that have a product
troweak observables—loop contributions to ®@ndT pa-  g5,ge group structure have a simple limit where most non-
rameters from the top and Higgs sectors. We find that thes@blique corrections vanisfl2—16, so that theS and T pa-

contributions are large enough that it is important to include.g meters can be interpreted in a clear manner. It is not gen-

them when constraining the model. o _erally possible to take a completely oblique limit, because in

We will consider a top sector whose radiative effects give) |y models the physics of the third generation tends to be
the Higgs boson a finite negative mass squared. Because thygterent from that of the light generations, and for this rea-
correction is calculable in the effective theory, naturalnesson we call the limit “near-oblique.”

consid_er_ations beC(_)me_ quite strai_ghtforward. The top sec- |, jittle Higgs models described by a product gauge group
tor’s minimum contribution to the Higgs boson mass squareqyqre is aW’ and often aB’ that come from an enhanced
IS electroweak gauge sector. These couple to the standard
model fermions through interactions that are proportional to
Mep |*., f? theSU(2), currentsj# 2, and theU(1)y currentj#, respec-
scosp) |4 (1.1 tively. The heavy gauge bosons also interact with the Higgs
fields, including the Goldstone bosons eaten byWhe and
) ) Z°, through the currentg ? andjf;, respectively. Integrat-
where we take tapg, the ratio of vacuum expectation values ing out theW’ and theB’ generateseje, jrjn, andjujn
of the two Higgs doublets, to be close to unity, as will be cyrrent-current interactions. THejr andjgjy interactions
preferred by precision data. Naturalness then motivates us ve non-oblique corrections that affect the extractionSof
takef=1 TeV. What is the lower bound off? Cutoff sup-  and T from various precision electroweak results. We now

pressed higher dimension operators give sizable contribyyescripe limits in which these non-oblique corrections van-
tions to precision electroweak observables as the cutoff igp

lowered to 6 TeV. Here we adopt 0.7 TeV as a lower limitfor  consider first the four-Fermi interactions
f, corresponding to a cutoff~47f~9 TeV.

With such a low breaking scale, there is not a large sepa- CIIEF \F/F
ration betweerny andf, and as one might expect, precision LesC —2j,’:‘ajﬁu+ — FiFu- 1.2
electroweak corrections can be important. Here we are inter- M M
ested in whether there are regions of parameter space that
satisfy the following criteria:

(1) the Higgs sector is natural,

(2) there are only small contributions to precision elec-
troweak observables;

(3) all new particles are heavier than current experimen . . - .
tal limits. coupling of theW'’ to the fermions is proportional 19, /g..

A full exploration of these regions would require a global AS 92 becomes larger thag, the W’ decouples from the
fit to multiple parameters, a task we do not undertake heredtandard model fermions ang. eventually becomes negli-
But we do find that parameters satisfying our criteria exist9ible. The ratio of couplings does not need to be extreme for
More precisely, there are parameters for which the Higg$rr to be small enough for our purposes, wigh~2-3 suf-
sector is fine-tuned only at the 10—20 % level, wiileob-  ficiently large.
lique corrections to precision observables are small @nd The U(1)y current-current interaction comes from inte-
non-oblique corrections involving the light two fermion gen- grating out theB’. The interactions of théd’ are more
erations are small. Possible non-oblique corrections involvmodel dependent than those of # because of freedom in
ing the third generation will be discussed only briefly, as theassigning the fermion charges under eagfl). Further-
correct interpretation of current precision data involving themore, theU (1) quadratic divergence is only marginally rel-
bottom quark is not completely clear. Here we simply workevant to the naturalness of the Higgs potential in little Higgs
under the assumption that an analysis in termSaind T  theories: it does not become significant unti~10 TeV,
parameters is meaningful provided that the non-oblique corwhich is typically where new physics is expected to be
rections associated with the light two generations are suffipresent. This leads us to be open to the possibility that only
ciently small. U(1)y is gauged, rather than a producttl)’s. If a prod-

In Sec. | A we discuss the near-oblique limit in which the uct of U(1)’s is gauged, charging the light standard model
above conditior(ii) is satisfied, and in Sec. | B we summa- fermions equally under both factors yields couplings to the
rize the remaining corrections and outline the rest of theB’ that vanish as the twd (1) couplingsg; andg; become
paper. equal.

81

Sm?=
3272

At low energies these modifsr as well as other observ-
ables. The coefficient of th&/’' coupling is related to the
ratio of the twoSU(2) gauge couplingg; andg,. If the
standard model fermions are charged urfslg(2),, then the
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TABLE |. Important parameters dU(6)/Sp(6).

Parameter Relevance Reference Reference
value 1 value 2
f Breaking scale of mtm 700 GeV 700 GeV
F Breaking scale foB’ 2 TeV 2 Tev
tané SU(2) mixing angle 1 1,
5 5°
tang’ U(1) mixing angle 9 9
10 10
cogdy Singlet top mixing angle 2 3
3 4
cosd, Doublet top mixing angle 2 3
3 5
N Higgs boson quartic coupling 3.0 0.5
Am? Gauge and scalar contribution to Higgs boson mass (550 BeV) (550 GeVy

The jyjr interactions that contribute to precision elec-
troweak constraints are

pa;a

ra
HIFL™

JF,U.+...

(1.3

ma
w

1. 1 . 1
LeﬁCWJﬁJFM+ —i WJZJFMJF IYEL

where j£=ih'D*h, j3*#=ih'¢?D*h are the Higgs
currents, and j24=(i/2)v*Tro’e’D*e and j~
—(i/2)v2Tr e®wD*w' are the currents involving only the
Goldstone bosons. In unitary gauge these currents simp
becomej“=v2Z%* andj2 *=v?(W= #,Z°#). These modify

theZz® andW™ couplings to the standard model fermions and
affectZ%-pole observables as well as low energy tests. How

ever, in the limits just described, th&” and B’ decouple

from the standard model fermion fields, and the above op

erators will not be generated with large coefficients. More
over, theB’ couples asd;%—g5,%) to the Higgs current, so
the same limit that decouples tH&' from fermions de-
couples it from the Higgs current as well.

The j4jy operators give oblique corrections because th
constrained interactions include just the Goldstone mode
We should check that in taking the near-oblique limit we
have not made these oblique corrections large. Tifi%(
interaction is independent of the Goldstone bosons an
renormalizesy?

In summary, the near-oblique limit fixes tér=g,/g, to
be somewhat small and t#h=g;/g, to be roughly unity.
This limit also ensures that th&/’ andB’ do not mediate
large oblique corrections.

B. Overview and summary

What are the parameters that determine the physics of the
SU(6)/Sp(6) model? We list a complete set in Table I. As
will be discussed in Sec. Il A, thel(1)? gauge symmetry is
contained inU(6) rather thanSU(6), so along with the
I U(6) breaking scald, there is an additional scafe asso-

iated with the breaking (6)— SU(6). In thegauge sector,
there are two mixing angleg and ¢’ already introduced. In
the top sector that will be considered in Sec. Il E, there is a
second pair of mixing anglesq anddy, , which describe the
mixing of the third generation quarks with additional vector-
like quarks. Finally, there are two additional parameters in
the Higgs sector, which may be taken to be the quartic cou-
pling X and Am?, which is the radiative correction to the
Higgs boson masses, leaving out the top contribution. The

arameterAm? has cutoff dependence and so cannot be cal-

ulated in the effective theory, but the top contributiém?,

¥s finite and calculable in terms of the parameters of the

theory.
For illustrative purposes, in Table | we also give two
gample sets of parameter values that give small precision

by only a finite amount and thus has no gjectroweak corrections. The breaking scaie taken to be

limits placed on it. On the other hand, the current-currents |0\ as we are comfortable taking it given its relation to

interaction mediated by thB’,

CTB/
MZ

o

H|2:

ljae+- - (1.9

Crp’ .
LerC W“

the cutoff. The only consequence Bfis to give additional
mass to theB’, thereby relaxing constraints associated with
it. The mixing angles in the gauge sector are chosen to be
close to the near-oblique limit; tahcannot be taken arbi-
trarily small or elseg, becomes non-perturbative, but the
value we have taken is sufficiently small to adequately sup-

has observable effects. In unitary gauge this is just an extrpress the non-oblique corrections. Both sets of values chosen

mass term for th&®. Fortunately, in the near-oblique limit
described above, the Higgs current decouples fromBhe
and this oblique correction becomes small simultaneously.

for the mixing angles of the top sector essentially minimize
the radiative correctio®m?, as is favorable for naturalness
[for both sets of parameters we gém?= (300 GeVY].
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These choices also produce relatively small oblique correcSec. IV we analyze our results, focusing on implications for
tions coming from the top sector. the Higgs sector, and give our conclusions.

The first set gives a positive contributionTdrom the top
sector. In this case a larger value for the quartic coupling
somewhat preferred because the Higgs contributiofi t®
negative and grows in magnitude with These larger values In this section we review th&U(6)/Sp(6) little Higgs
of \ also reduce the fine-tuning in the Higgs sector. On thanodel. We also investigate possible modifications to the
other hand for the second set, the contributio toom the  model as presented 6], and aspects of the model that were
top sector is negative, and in this case smaller valuea for either not discussed if6] or not explored thoroughly. For
(and for the mass of the lightest Higgs bosame equally instance, we consider the possibility that 8 mass is in-
consistent with precision data. dependent of th&&U(6) breaking scale, and also note the

Finally, Am? is taken to be roughly the size expected presence of an axion in the theory, and give an example of an
from the one-loop logarithmically divergent contributions to operator that can generate a mass for the axion. We identify
the Higgs boson masses. By taking it to be somewhat largeglobal symmetries preserved in the vacuum that are helpful
than ém?, we get tarB=1 for the ratio of Higgs boson in thinking about the structure of radiative corrections to the
vacuum expectation values, avoiding large custo8id(2) Higgs potential, and study the Higgs spectrum in more detail.
violation in the non-linear sigma model self-interactions. OnUnlike [6], we allow the light two generations of standard
the other hand, since it is only moderately large the Higgsnodel fermions to be charged under batfl) gauge sym-

Il. THE SU(6)/Sp(6) LITTLE HIGGS MODEL

sector will be not severely fine-tuned. metries, and we consider some of the implications of such a
As will become clearer in Sec. Il F, a reasonable measursetup. Finally, we consider a new setup for the third genera-
of the fine-tuning in the Higgs sector is tion that gives finite radiative corrections to the Higgs boson
mass squared.
fine-tuni Ao’ 1
ne-tuning=x 4AM?—25m? 1.9 A. Basic structure

The SU(6)/Sp(6) little Higgs model is a gauged non-

and the reference values given in Table | give:0.18 and linear sigma model withs =-3T and 3"=1. 3 trans-

0.03, respectively, corresponding to a Higgs sector tuned 40rms under globaBU(6) transformationd/ as

about the 20% and 3% levels. Meanwhile, the contributions S VsVt 2.2)

to the Sand T parameters for the reference values are rea- ' :

sonably small: (0.13,0.13) and (0.08,0.13). . .
The outline of the rest of the paper is as follows. In Sec. II"V& choose a basis where the vacuum is

we review theSU(6)/Sp(6) little Higgs model and discuss

our conventions, which differ from those [,15] in several 0 1, 0 O

ways. We also consider a few important modifications of the -1, 0 0 O

model as presented if6]. For instance, we allow for the (2Y=3p= o 0 o0 1 (2.2
additional breaking scalE that makes thé8’ heavier, and

consider a top sector that removes both one and two loop 0O 0 -1 0

guadratic divergences to the Higgs boson mass, leaving the
correction from the top sector calculable. This “full six-plet” This basis is different from that chosen[i]; we choose it
top sector may be easier to embed into a composite Higgsecause it more clearly exhibits two separdtd(2) symme-
model along the lines of10]. In Sec. Il we also study the tries that are preserved in the vacuum and that are important
Higgs sector in detail. The mass term§|hl|2+ m§|h2|2 are  for constraining radiative corrections.
generated by radiative corrections within the effective theory, The generators o8U(6) can be separated into broken
and the structure of radiative corrections tends to giveand unbroken ones,
tanB=m;/my,~1.

In Sec. lll we consider precision electroweak constraints [Te.20]=0, {Xn.3o}=0, (2.3
on the model. In Sec. Il A we discuss non-oblique correc-
tions and apply the near-oblique limit discussed in Sec. | A
In Sec. Il B we calculate oblique corrections coming from
four sources: integrating out the heavy gauge bosons, th
non-linear sigma model self-interactions, loop corrections
from the Higgs sector, and loop corrections from the top T
sector. We find sizable negative contributionsTtand posi- E=exr< i z)zoexp( i 77_) =ex;{ 2i Z)Eo (2.9
tive contributions tdS from the Higgs sector, which are both f f f
helpful in light of the positive contributions td from the
other sources. In Sec. lll C non-oblique corrections involv-where 7= 7"X,.
ing the third generation fermions are briefly discussed, and in  An SU(2)? subgroup ofSU(6) is gauged, with genera-
Sec. Il D issues involvind’ production are mentioned. In tors

where T, form an Sp(6) algebra andX,, are the broken
enerators iNnSU(6)/Sp(6). The linearized fluctuations
ound the vacuumg appear in
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o 0, The massive vector bosoWg’ andB’ eat 3;+ 1, Gold-
a1 0 a1 ax stone bosons leaving 10 physical pseudo-Goldstone bosons:
Ti=3 2 o Te=—35 o : n~1o, Ny~2412, andhy~2,1,, and finallya~1, which
0, 0, 25 is an axion. In unitary gauge the modes reside withias
The vacuum breaks the gauge sector down to the diagonal ialz €7 h, h3
SU(2), which we identify asSU(2), of the standard model. V2
The physics of hypercharge is more subtle in little Higgs 1 1
models because thé(1)y quadratic divergence to the Higgs m=—| —en* —al, —h, hi |, (29
boson mass does not spoil naturalness until scales V2 V2
=10 TeV. Hence a reasonable approach is simply to gauge hI —h; 0 0
hypercharge alone and live with the relatively small qua- - T
dratic divergence, possibly allowing for easier embedding h; hy o 0

into ultraviolet completions. In this scenario the hypercharge . . .
generator is P Yp g where e, is the 22 antisymmetric tensor. Note that both

SU(2), andSU(2)g rotate one Higgs doublet into the other.

02 The kinetic terms for the non-linear sigma model field are
1 0, (2 F2
72 1 ' 29 Loliomkin="g T1D,ID#XT+ — D detX[*+ -,
-1 (2.10

If one insists on canceling the one loop quadratic divergenc here the ellipsis represents h|gher ord_er operators in the
grangian, and where the covariant derivative is given as

associated with hypercharge, the easiest way is by gaugi

2 .
U(1)“ with generators DME=0ME—i91W‘i‘M(Ti‘E+ETTT)
02 02 —igo W3, (TS +3T3N) —ig{By, (Y3 +3Y))
1 02 1 02 -
0 1 D, det> =4, detX—g;B; ,detX+g;B,, det>.
(2.7 (212

The vacuum break$)(1)? down to the diagonaU(1)y. The second term in Eq2.10 is anotherSU(6) invariant
Because theU(1)? lives inside U(6)=U(1),xSU(6)  kinetic term that can be interpreted as an additional breaking
rather thanSU(6) alone we have implicitly introduced an- of theU(1)CU(6). There is naa priori size associated with
other Goldstone boson and an additional breaking scale a#-so it can in principle be large. The higher order terms in
sociated withU(1),. The standard model quadratic diver- Eq. (2.10 are of the form

gence from hypercharge is cut off at the mass ofBheIn

our analysis, we will explore the consequences of gauging a 1 5

product of U(1)’s, but oneshould also keep in mind the @TdD[MDvlEI T (2.13

simpler (and less constraingdgossibility of gauging only

U(1)y. These operators typically contribute acceptably small ob-
The vacuum respecBU(2)r, SU(2)y andU(1)pg glo-  lique corrections.

bal symmetries that are approximate symmetries of the full

theory. These have generators B. Gauge boson masses and couplings

0, At lowest order in the linearized fluctuations of the non-
a_ 0 _ o?®l, linear sigma model field the kinetic term contains masses for
Tr= 2 o Th= 0,/ the vector bosons. The standard mo@&U(2) XU(1)y
a? gauge couplings are
1, 97 2=01°+0,%, g ?=g; *+g; % (214
_T3_ _
Qpo=Th= L : (2.8 The gauge bosons can be diagonalized with the transforma-
0, tions
The SU(2) gauge generators commute wiiJ(2)g but not 3= cosOW; —sin OW3, " 8=sin )W+ cosOW3,
with SU(2),, while theU(1) gauge generators do not com-
mute withSU(2)g but commute withSU(2)y . B=cosf'B;—sinf’'B,, B’'=sinf'B;+cosb’'B,,

115008-5



GREGOIRE, SMITH, AND WACKER PHYSICAL REVIEW D69, 115008 (2004

where the mixing angles are related to the couplings by  whereM?[] is the mass matrix of the gauge bosons in the
background of the little Higgs model. TI®&U(2) gauge sec-

cosf#=g/g;, siné=gl/g,, tor gives a quadratic divergence of the form
cost’'=g'lg,, sing’'=g'lg,. V= C105f4Tr P13 P13 T+ g5t 4 Tr P3P, T,
(2.195 (2.20
The masses for the vectors can be written in terms of thavhere?;=diag(l,,0,,0,) andP,=diag(0,,1,,0,) are matri-
electroweak gauge couplings and mixing angles: ces arising from the sum over ti$J(2) generators and,
o are unknownO(1) coefficients that depend on the details of
g°f? ) g’ °f? how the ultraviolet physics cuts off the gauge quadratic di-
My =— o Mipr=_—>"—"", vergences. In terms of the linearized modes we have
Sirf26 2 sirf26

¥y, Vo= C g2 f4Tr P e /i p e~ 27t
wheref?=f2+F2. The near oblique limit discussed earlier eff =191 ! 2

has 6§’ =/4 and 9<1. TheB’, the mode that cancels the +C,g5f 4 Tr PLe? ™ ip e~ 271, (2.21)
guadratic divergence of tH®, receives additional mass from
the second breaking scalg, but is still rather light in the Although it is not immediately apparent, these interactions
near-oblique limit: keep both of the Higgs doublets light while giving the singlet
a TeV-scale mass. The naive sign fgrandc,, based on the
f gauge boson loop contributions, gives a local maximum of
Mg, =375 GeV 55y/- (216  the potential around,. However, since the sign is cutoff
dependent, we will simply assume ti¥%§ gives a local mini-

In order for such a lighB’ to have evaded direct Drell-Yan Mum instead.. We will expl_ore the physics of.this potential in

production searches tH&' must couple only weakly to the _the next section. Meanwhile, thé(1) quadratic dl\{ergences

light standard model fermions. In Sec. Il D we discuss thel the case when there are tAi(1)’s gauged vanish:

cquplings o_f the standar.d model field.s to tBé, a_nd we Voo clal 26477 Y. 2Ty o 2imlf

briefly consider the question of production constraints in Sec. eff = €101 1 2

IIND. Although the W' mass increases as the near oblique +Chgs 2fATrY,e2 ™y e 2 =0 (2.22)

limit is approached, it is still likely to be moderately light

becausd is so small, The full one loop Coleman-Weinberg potential gives loga-

rithmically divergent and finite contributions to the little
Mor~1.8 Te\r( f \)(CSCG) 217 Higgs boson masses that are appropriately small from the
w 700 Ge 5 point of view of naturalness. The potential generated for the

Higgs doublets is
The Higgs boson couples to these gauge bosons through

the currents 3g°MZ, A2 3g'2MZ, A2
— 2
- - eff— 2 OgM2 + 8 2 |OgM2 (|hl|
jis=gcot26(ihlo®D#hy+ihja?D*hy) 8m wr m 5
=gcot26j 3+ ..., +[h[%)+0O([h|Y). (2.23

» , L pe g The SU(2)g and SU(2)y symmetries guarantee that the
g =9'cot2¢’(ih;D*h; +ih;D#hy) Higgs doublets have the same radiatively generated mass.
, . There are also two-loop quadratic divergences which are
=g'cot20"ji+ -, (2.18 parametrically the same size as the one loop pieces, but are
. . T not reliably calculated inside the effective theory, since the
wher.iD# Is the standard model covariant derivative gfjd majority of the contribution is coming from cutoff scale
and j;, are theSU(2)_ and U(1)y currents for the eaten iqics Hence the physics can be encoded in soft masses
Goldstone bosons, respectively. squared that are of order. Provided theSU(2)y g Sym-
- . metries are preserved in the ultraviolet theory, these incalcu-
Radiative corrections lable contributions will also b&U(2)y r symmetric.
Radiative corrections in little Higgs models are most
readily computed with the Coleman-Weinberg potential, C. Scalar masses and interactions
where one turns on a background value ¥orThe one loop
guadratically divergent contribution to the scalar potential
from the gauge sector is

When expanded to leading in order in the scalars, the
potential of Eq.(2.2]) is

2 2

A i
3 V=—|fy+ zhlh +oen
Vo= APTrM3] (2.19 2| T2

3272 (2.24

i T
f9— 5hih,

Ao
T2
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where we have replacerjg? with \; since these are incal- Any one of these symmetries is sufficient to keep both Higgs

culable in the low energy theory. doublets as exact Goldstones. Only through the combination
After integrating outy the low energy potential for the of A; and\; is there sufficient symmetry breaking to gener-
Higgs boson is ate a mass for the Higgs doublets, so a quadratic divergence
arises only at two loops. The one-loop contributions to the
unartic:)\|h1h2|21 (2.25  Higgs boson masses are of the form
with the quartic coupling given related to the high energy )\mfl A2
couplings through Veir=—— log— (|hy|*+[h;|?). (2.33
8w m;,
A
EE WIS Pl tar?z‘}kz)\—l. (2.26  Notice that theSU(2),, symmetry remains unbroken and the
2 low energy quadratic divergence is cut off m@ as ex-
Taking ¢, =1, the quartic coupling is given by pected. There are two_-loop quadratically divergent contribu-
tions of comparable size.
A=g?, tand,=tané, (2.27) The maximum size of the quartic coupling we are willing

to consider is roughly determined by naturalness, although
but since the actual values are highly sensitive to cutoff scal@nother concern is that should not hit its Landau pole
physics, all that can be inferred is that it is unnatural to havd>elow the cutoff. Focusing on naturalness, a reasonable limit

A<g?. The mass of the singlej is is given by requiringAmZ.,= f,
2\ f2 2\%f2  (4m)?
m”_sinzzm' (2.28 AMY oy scalad 8.2 log X =f-. (2.39

The light axiona, does not pick up a mass through any This leads to an approximate bouhe=4.
mechanism that has been discussed so far. It is a Goldstone

boson of the broken symmetry D. First and second generation fermions
I, Since the first and second generation fermions couple ex-
tremely weakly to the Higgs sector, we can simply write
Qa= I : (229  down standard Yukawa couplings to the linearized Higgs
0 doublets without destabilizing the weak scale. To avoid ex-

cessive FCNCs in the low energy theory we imagine that the
The axion can be quite light without having significant phe-light fermions couple only to a single linear combination of
nomenological implications. There are several ways of givthe two Higgs doublets. There are many ways to covariantize

ing it a mass; one possible operator is the Yukawa couplings, depending on the charge assignments
of the light fermions. These different approaches differ only
Oaxion mass= Caf 42 aa,EBB,e“BGa/B' +H.c. by irrelevant operators and so the differences are not impor-
. tant for most collider phenomenology, but might have impli-
=v*sif(2p)cosa/f+ - -, (230 cations for flavor physics.

The standard model fermion doublets are charged only

wherea, 8 anda’, 8’ run overSU(2), indices. This term n4ersy(2),. Their coupling to the heavy gauge bosons is
does not induce one loop quadratic divergences in the Higgs

boson masses, put gives thée axion a mass after electroweak Ling=9 tanow’ nga_ (2.395
symmetry breaking o©(v?/f?).
o . In the near oblique limit we havg,—« and §—0, and the
Radiative corrections TeV scale gauge bosons decouple from the standard model
Because the quartic potential in EQ.24) hasO(1) co- fermions. Notice that gauge invariance does not determine
efficients, one might worry that it destabilizes the weakthe couplings of the standard model fermions to \fite be-
scale, but if eithei; or A, vanishes then there is a global cause itis associated with a broken gauge symmetry.
SU(4) acting on the fields as ) .
U(1)“ couplings
If we choose to gauge twd(1)’s, it is possible that the
standard model fermions are charged under both of them.
(2.3)  The charges of the light fermions under thésgl)’s, Qfllz,
can be written as

i
5hl%61, 5h2%€2, 577~_E(62[h2+ hIEz),

i
Shi~el, ohp~ep, on~5r(e'hathie)). 1 o |
(2.32 Q1=5(1+R)Qsu, Q:=5(1-R)Qsy, (2.39
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whereR is the same for all fermions in a generation in orderTaking 6’ = w/4+ 56’, the B’ coupling has a generational
for anomalies to cancel. The coupling of the standard modedtructure g'diag(256’,256",1). After going to the mass

fermions to theB’ is then given by: eigenstate basis there will be off-diagonal entries in this cou-
. pling matrix. This leads to constraints on the structure of the
Lin=9'(cot2¢0'+Rcsc 20’ )B, j¢ (237 Yukawa matrices. Typically these effects will be adequately

small if the light-heavy generational mixing is predominantly

wherejg is theU(1)y electroweak current. Taking=0, in in the up sector and is small or absent in the down and lepton
which case the fermions are charged equally under the tweectors. However, such a scenario could give rise to interest-
U(1)’s, thecoupling to theB’ vanishes a9’ — /4, and in  ing third generation flavor physics coming from the top sec-
the same limit theB’ coupling to the Higgs current also tor and should be explored in more depth. In particular, con-
disappears. This is the second half of the near oblique limityh tions toD°-D° mixing have been found to be near the
We will take R=0 throughout the paper. _ current experimental limit fof ~2 TeV [19].

~The Yukawa couplings of the first two generations to the  a|j jittle Higgs models stabilize the top quark’s quadratic
Higgs bosons can be written in terms Bt For a type | gjvergence by adding vector-like fermions at the TeV scale,
model, we might have but they differ in the number of degrees of freedom added

type l_ o 112 ¢ . 124c and in turn in the symmetries that they preserve. We use the
L=y, fq*S s(dets*) YU+ yfq*S kg (dets ) Vd notation that fields transform undeBU(3)cXSU(2),

+yef|“225de(2)llze° XU(].)Y as

=y, ghu®+yq4qhyd®+ylhie’+- -, 1 1
(2.38) —~ - c._|aos_—
q 3121+6 1 q 3121 6 H
and for a type Il model,
LY "=y, fQS 5(detS* ) VU +y fq S ¢(detS * ) Y2 (
u»-\_/

2 _
311!+_ L uC~<3,1’——),
Y193 edel 3 * ) Y2t )

3

=y qh;ut+yqgqhidc+ydh%e+. ...
(2.39

These fractional powers of the non-linear sigma model field (2.41)
can appear naturally in theories of strong dynamics and often
do so with small coefficients. This might be relevant for

understanding the lightness of the first two generations ofrhe charges of the fields under th8U(2)xU(1)]? are

fermions. implicitly defined by their couplings to the non-linear sigma
model fields. Fields that have vector-like masses are labeled
E. Third generation fermions and the top Yukawa coupling with ¥, while the chiral standard model third generation

Even if a product ofU(1)’s is gauged, the third genera- fields are labeled witly;. These fermions will typically have
tion will typically only be charged under oré(1) because anomalies undet)(1)? which we assume are canceled at
of the need to covariantize the top coupling. Because thi§igh energies by additional fermions.
charge assignment is different than for the first two genera- The top quark mixes with vector-like fermions, and this
tions, to have a Yukawa coupling between the first two genmixing will induce FCNCs mediated by th&°. Because
erations and the third requires operators with different formghese FCNCs require mixing through the heavy fermions,
than those involving the first two generations alone. For inthey are probably too small to be detected, although a more
stance, Yukawa couplings linking the light generations withthorough investigation is necessary to say anything definite.

the third generation could come from We will consider a top sector given by taking a full set of
vector-like quarks that transform as fundamentalS bf6).
Lyik 3 12=Yu 3 1,2fq§2a5(det2)2’3u‘13'2 It is different from the top sector d¢6]; its main advantages
N 16 ¢ are that it has fewer parameters and gives finite radiative
+Yu 12 307 2 as(det) " Pug+ oo contributions to the Higgs boson mass. A setup like this was

(2.40  considered ii10] in the context of a composite Higgs ultra-
violet completion for the littlest Higgs model. In that theory
One might speculate that suppressions associated with ttibe vector-like fermions were composites of some underlying
fractional powers of the non-linear sigma field contribute thestrongly interacting gauge theory and mixed with the top
hierarchical structure of the Cabibbo-Kobayashi-Maskawayjuark after chiral symmetry breaking At~10 TeV. A simi-
matrix. lar ultraviolet completion could be pursued in this model
Having the third generation charged differently from thewith a similar top sector by adding fermions that transform
first two generations leads to FCNCs mediated by Blie  underSU(2) X U(1)y as
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X:

q,

= c
a2 o (2.4
u

ol
c
©

These couple t& with the top quarkgs andu§, through
Liop= Y1 XEX+y,fuu§+y,faiqs+H.c. (2.43

There are other possible mixing terms such asEﬁktg and

detza§q3 that could be considered. We ignore these for sim
plicity, but if present they will affect the discussion of third
generation physics in Sec. Il C. Notice that preserves

both SU(2)r andSU(2),;, while y, breaksSU(2)g andy,
breaksSU(2), .

PHYSICAL REVIEW D 69, 115008 (2004

Radiative corrections

The top Yukawa preserves &U(6), X SU(6)g chiral
symmetry, preventing a quadratically divergent mass term
for the Higgs boson from being generated at one or two
loops. Therefore the finite one loop contribution to the mass
dominates and is calculable. The one loop contribution from
the Coleman-Weinberg potential is

2
Sytzo Mg
_ P, -2 -2y-1 H 2
Ver=———, (M, F—m, )~ “log— g5+
8w Uy

(2.48

Taking m, —m, —m, this becomes
Uy aH

2
Miop

Vo= — —— P
of 87%v2cogB

m?[hy|?,

The quark singlet and doublet mix with the fermions and

can be diagonalized with mixing anglé, and 9 respec-
tively:

tanf}uz;g, tanﬁQzﬁ,

2 Y2

Yion=1Yal2(lyal ~2+ 1yl A (ly1l 2+ [y2l 2.
(2.44)

The mass of the top quark is given by

Miop= Yiopt COSB=175 GeV. (2.45

ing angles and top Yukawa coupling as

_ Yiop _ Yiop
Y1~ cosoy, cosdy’ Y2=5ing, cosdg’
~ Yiop
Y2~ cosdysin v’ (249
while the masses are
mo— 2Y1opf _ 2Y10pf
“H sin 20ycosdq’ 91 sin 29gc0sdy’
— Yiopf M, — Yiopf
4 cosdgeosdy’ M cosdgeosdy

(2.47

and further takingm— m,,, gives the minimum negative
contribution to the Higgs boson mass squared,

8l (
3272

4

Mhop_| ¢ (2.49

sm?
v COSf3

Notice that this radiative correction is sensitive@oThis is
the only asymmetry between thg andh, masses generated
at one loop.

F. Electroweak symmetry breaking

At this point we can consider electroweak symmetry

) ) _breaking. The Higgs doublets are classically massless but
The Yukawa couplings can be expressed in terms of the MiX3ick up O(v

2) masses from radiative corrections to the tree-
level Lagrangian. The gauge and scalar contributions to the
little Higgs boson masses are positive while the fermions
give a negative contribution. The Peccei-Quinn symmetry
forbids theb term bhlh,, necessary for viable electroweak
symmetry breaking. There are a number of possible opera-
tors that could be generated in the ultraviolet to break this
symmetry. For instance, if6] the operator

(2.50

was suggested for this purpose. Here we take a phenomeno-
logical approach and simply write downkaterm with an
appropriate coefficient. The potential for the Higgs doublets
is then

O term= b F2€%P3, 53 5,/ 3* 'S+ H.c.

hy

+Alhlh,2. (2,50
h

2
m; b

Ver= (N1 h;)( )
€ b* m3

The top-sector radiative correction to the Higgs boson mass

is minimized for co8dy,=cos'dy=3, which gives

B ~343my, f
Moy = Mayy = Mmin= 357cos8 v
M. =M. = mmln: 3mtop i

T 3 2cosBu’

The phase ob can be rotated away with@d(1)pq transfor-
mation.

We should mention that there are also additional, sublead-
ing contributions to the quartic potentigihg|*, |h,|? h,|?,
and |h,|* termg, that come from logarithmic running from

the cutoff to the weak scale. These terms can be regarded as

perturbations on top of the Higgs potential as far as the
Higgs spectrum is concerned. However, they indoce-

115008-9



GREGOIRE, SMITH, AND WACKER PHYSICAL REVIEW D69, 115008 (2004

- o
loop quadratic divergences ibm*. For example21 the top mﬁ¢=mf+ mgzxmf\o,
sector induces aBU(2)y-violating quartic ternjh,|* with a

coefficient of(0(0.1), and we estimate that this term gives a 5 2b ) 1
contribution tosm? that is ©(20%) of the original top con- Myo= S5 =My=t =\v?,
R . Co . sin 28 2
tribution (the naive expectation is that the signs are oppo-
site). This is the largest source of uncertainty #m?. 7o
. - +(1—
To have stable electroweak symmetry breaking the fol- mﬁoz io(l Veos2p+(1-2x) szz'g)'
lowing conditions in the mass squared matrix must be met: 2
m2>0, m3>0, m;m,—b<0. (2.52 mZ 0= MAo— M. (2.60
The mass termr~:ni2 are generated radiatively, The heaviest Higgs boson is the pseudo-scaldr a fact
) ) which will have consequences for precision electroweak ob-
mi=Am’-sm?, ms=Am?, (253  servables.
2 . .
whereAm® arises from the gauge and scalar sectors and is ;| prECISION ELECTROWEAK OBSERVABLES

logarithmically enhanced whilém? comes from the top sec-
tor. The vacuum expectation values of the doublets take the In this section the effects of theU(6)/Sp(6) model on
form precision electroweak observables are discussed. First let us
estimate the typical size of incalculable cutoff-sensitive con-
1 1 tributions. These theories have a low cutoff ofr#d
(hy)= ﬁ v cosB)’ (hz)= E vsing) (254 10 Tev, and higher order terms in the Lagrangian such as
those mentioned in Eq2.13 appear as

An important parameter in the Higgs sector is gamot
only because it affects the top quark’s radiative corrections ro 1 Ot ... 3.1)
through Eq.(2.49, but also because deviations from f&n 276 ' '
=1 will contribute to oblique corrections. We find
Precision electroweak constraints are essentially constraints
mZ  Am?— om? on the coefficients of dimension 6 operators. For instance the

tarf 8= 5= > (2.59 Sparameter is generated hjw , ,hB*”, which gives a con-
m; Am A “
tribution toAS
Thus we have taf<1, and it is quite plausible to have 5 .
tanp near unity. The other electroweak symmetry breaking aASzgg/v_z 99 v (3.2
parameters can be calculated in terms of the masses and A% (4m)? 2
quartic coupling,
This means that these operators leads to an intrinsic cutoff
1, 5 2 uncertainty ofAS==*+0.02. This is parametrically the same
5)\0 =Mpo— M=, (2.56 size as would be given by dimension 8 operators suppressed

by f 4, and therefore it is typically not necessary to go be-
tan 2a=(1— 2x)tan 28, (2.57  yond calculating dimension 6 operators in little Higgs mod-
els without making assumptions about cutoff scale physics.
with a being the mixing angle for the®-H sector. Here we However because/f in this model is small, we check the

have introduced the parameter dimension 8 operators to verify this intuition.
In Sec. Il A, we examine non-oblique corrections from
mai m;m, Z°%-pole observables and four-Fermi operators and consider
X=—5-=—p» Osx<l (2.58  the near-oblique limit. These corrections come from integrat-
Mao ing out theW'’ and place limits on the mixing anglg, re-

lated to the ratio of th&U(2) gauge couplings. If we choose

This parameter plays an important role in the theory becausf% cut off theU (1) quadratic divergence with thg’, there
it is conr_1ected to the fine—tunir]g of the Higgs potentiql: theare constraints orﬂYI’ as well. ’
closerx is to'unlty., the more finely tungd t_he theory is. A In Sec. Il B oblique corrections are computed. At the tree
more convenient fine-tuning parameter is given by level, these include contributions mediated by the gauge
2 bosons as well as contributions from higher order terms in
Av . (2.59 the non-linear sigma model kinetic term. We also calculate
2m§ii radiative effects from the two Higgs doublets and the top
sector. These radiative effects are important to consider when
From Eq.(2.56) one can see that this measure of fine-tuningconstraining the model.
is a reasonable one. The non-oblique corrections that cannot be removed by
The masses of the five physical Higgs particles are the near-oblique limit involve the third generation, and are

k=x"1-1=
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considered in Sec. lll C. The most important involve mixing 2 02
of the left-handed bottom quark. We do not perform a careful cj,-= 2 sir6 cos 20—, cllp=cos 20’ (cos 20’ +R) =,
analysis of these effects, but speculate that these corrections f f
may offer explanations for possible anomalies Zf-pole 3.6

bottom physics. . I .
Another serious constraint, although not technically a preWhere we have included the possibility B0, in the no-

. L .
cision electroweak observable, comes from direct productiof@ion of Sec. Il D. Thecy;e operator can be rewritten as
of theB' if two U(1)’s aregauged. Section Il D provides a 5

brief discussion of the rather subtle collider physics involv- Lo myy=
ing theB’ in this model. Che=2(1-tarr6) m2, S
A. Electroweak currents and four-Fermi operators: It requires a full fit to know the limits on these interactions,
The near oblique limit but to a good approximation they are not problematic if they

We begin by considering the modifications to electroweak®'® suppressed by roug_hly 4 Tg43]. This translates into
gin by oenng meatt W Cyr=1/250 [note that in theSU(2) currents we use

currents and their effect on four-Fermi operators at low en—HF

a _b__1qcab H H
ergies. In this section we will only look at the effects on the [T 90~ =20>" and the U(1) fermion currents contain

first two generations and consider the third generation sep _harges,k.so our r}ormali,zati%ns_differh from those l]fsed in
rately in Sec. Il C. Tha\’ couples to the Goldstone bosons [231]- Taking 6’ =m/4+ 56" andR=0, the constraints from

. ) }
through the current interaction of the Higgs boson,th€ Operators involving the’ reduce to
W’ 3j ..., where the current is given by —

f
60’

~102 TeV' (38

j3, 4 u=gcot26[ih}o?D ,hy +ih}a?D ,h,]

_ igcot 26v? a = 1 while the constraints from the/’ reduce in the smal limit
- 2 Tro*wD 0"+ - - to a constraint on the mass of thi¢’,
—ig cot26j2 . (33 my,=1.8 TeV. (3.9

H the elliosi s int " involving. th According to Eq(2.17), this means that we have i for
ere he €elipsis represents interactions INVOIVING e _ 764 Gey, which translates inty,=3.0, so there is still

plhystlcal Hngsh bqson?;ha}_rares/ummporttant for [?]ret(r::smr}oom for the coupling to be perturbative.
clectroweak pnysics. € Higgs current IS muc € The second modification of fermion interactions are four-

same: Fermi interactions that are constrained by both low energy
. . L physics such a5 and atomic parity violation, and high

. | +2 I 2 v - . . .

4= EthMhl+ EthMhZ: TTr USwTDMaH- . energy tests of fermion compositeness:
L Y

CEr. o . Crr., .

= ut (3.9 Ler= —5 1" part — 1" "F

v v

There are then Higgs-boson—fermion interactions medi-

ated by thew’ andB’, which directly modifyZ°-pole ob- o (JZW'F)2+_ (jupP)?
servables: - 2 2
M2, 2M2,
L Y
Chr ., . Chr. . int
L= ——8 jHa_ 4 — ma_ 4o, Sin“ o .
HF V2 Joul™F > Jou " F __ z i e s

@ imal 2(cos 20’ +R)?
_JuwHl WF+JMB Hl T BF _(f)jFqu . (3.10
2 2 2 g
2my,, 2mg, f

) The coefficients for the dimension 6 operators are
sinfd cos 29 e

Jw JFa,
2f2 . v? v?
Cre=—si'6—, cfg=—(cos2' +R)’=.
. cos 20’ (cos 20’ +R) f f

The sensitivity to these terms is generally subdominant to the
So the coefficients of the dimension 6 operators are sensitivity to the operators that modi&? pole observables.
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In summary, as¥—0 and asf’' — w/4, the non-oblique co22¢’
corrections vanish for the first two generations. In the next L=— TZ[hIDhlJr hiDh,]?+H.c. (3.1
section we calculate contributions to tBeand T parameters

near this limit. . . . o
This operator violateSU(2): and gives a contribution td

B. Oblique corrections v?2
Precision electroweak tests impose stringent constraints ahT= ﬁcos’-za ' (8.17
on custodialSU(2) violation, modifications of the interac-
tions of the Goldstone bosons eaten by iW and Z°. Taking ' = w/4+ 56’ this becomes
These Goldstone bosons live inside the Higgs doublets as
(2 TeVv)?

ATg =466 Zf_—z. (3.18

0 i 0
e, hz(x):ﬂw(x)(l)

Using the reference valué=2 TeV, this contribution is
LRRRE (3.12 small when the non-oblique corrections from € are ad-
equately suppressed. ' satisfies Eq(3.8) we getATg,
When written in terms of the electroweak chiral Lagrangian,< +0.04.
violations of SU(2)c stem from the higher order interaction  The last two terms in Eq:3.15 give contributions to the
SandU parameters, of ordar®/f*:
Or=cr¥(Tro’e'D w)?+H.c=aAT=+cr.
(3.13 _ _ v?
aAS= —sir?f,,co$20sirf2 Hm

In this section we calculate the coefficient of this operator

from various sources. v
Typically there are four new sources BkJ(2) violation —sirf6,,co826’ sirf2 0’:4,
in little Higgs models, which we will discuss in turn. First we af

consider the effects of integrating out the heaVyy andB’

gauge bosons. Next, we calculate 8ig(2). violation com- _ , , vt

ing from the non-linear sigma model structure itself. Finally, AU = +sin’6,,c0820'sin’20 ﬁ'

we analyze the radiative corrections of the Higgs doublets (3.19
and the top partners.

Again using the reference valuds-700 GeV, f~2 TeV,
1. Gauge bosons 0= 66, and 0’ = w/4+ 56, these become

The most straightforward oblique corrections come from 1
integrating out the new gauge bosons. The leading Lagrang- As= — = 5§¢2— 0(10°3)56’ 2, AU=+O(10"3)56' 2.

ian for both thew’ andB’, including the current interaction 2
in Eq.(2.18, is (3.20
) For 6<%, required to adequately suppress the non-oblique
1 m i 1 H ’ . . __ .
[ Twa 2y Wraz aju g 2 c_orr_ectlo_ns from theV’, the con_trlbutlonAS 0.02 is of
4" w 2 m wlal g = pv similar size to the cutoff uncertainty. There are also operators
) of dimension 8 that contribute t6 that make small correc-
M o 2 mrin tions to Eq.(3.17.
+ =BT BLIN. (3.149

2. Non-linear sigma model

The source term can be eliminated by shifting the gauge The non-linear sigma model structure leadsS0(2)c

bosons, producing an effective action violating operators obtained by expanding the kinetic term to
quartic order. Expressing these operators in terms of the
. (Ja M)Z (]ﬁ)z (D[Mla V])Z HIggS doublets we find
eff — 2 2 4
M 2 A L= ! [hIDh;+h]Dh,|?+ ! |h;Dh,+h,Dh;|?
(D[MJ'HV]F+ (315 pf2! BT TRER T g T2 2L
T x T . (3.20
4mg,

The first term gives a mass to t#8 while the second, which
The first term simply renormalizas by a finite amount and contracts the Higgs doublets with the epsilon tensor, gives a
therefore is not important. When expanded, the second terrmass to thew*. These terms have the property that at
gives operators of the form tanB=1 there is noSU(2). violation,
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2 3,°

1%
aAT=—cos28. (3.22 * *
4f? P h /’hﬁ
If we require this single contribution to k€T ,;,,=0.2, then \\\ /,’/
the following limit is obtained: - ..
f
=V. . * ’/ N

Y
One should keep in mind, however, that additional Bathe- &'

pendence enters in oblique corrections from the Higgs dou- g, 1. Logarithmically divergent diagram ®from quark dou-

blets and top sector, so it is not appropriate to impose thigjets. The contractions of tH8U(2), indices are shown.
bound strictly. For the reference values given in Sec. | B one

finds cos 8=0.18, givingATy ,m=0.12.

x2+y?
3. Two Higgs doublets G(x,y,2)= 5
The T parameter also receives a one-loop contribution =y7)
from the Higgs bosons. It is known that this contribution can (x—3y)x2log(x/z) — (y— 3x)y2log(y/z)
be either positive or negative. Typically it is positive if the + 3 .
H™* states are either lighter or heavier than all the neutral (X=y)
states, and negative if there are neutral Higgs states both (3.28

lighter and heavier than it. The Higgs potential of this theory

makes the pseudoscalar the heaviest Higgs boson, giving_a L . . )
negative contribution. The contribution taSis positive. The magnitudes of bofh

and T grow with the quartic coupling.. The importance of
the oblique corrections from the Higgs bosons will become

ATHngSZM{F(miOamai) evident in Sec. IIl E.
+0052(C¥_,3)[F(mar,mﬁo)_ F(mio,mﬁo) 4. Top quark sector
. ) _ ) ) Because they mix with the standard model chiral top
+Tam(Mij0) ]+ sin(a— B)[F(my=,m;0) quark, heavy fermions contribute to tiSeand T parameters
s o . 5 at loop level. Parametrically, their contributions are sup-
— F(Mio,Miy0) + Tsm(Mio) 1}, (324 pressed by a factor 0f2/f2 with respect to the standard
where model top quark contribution, but we find that these contri-

butions are still significant.
1 Xy X This theory contains non-renormalizable couplings, and
Fxy)=5(x+y)— Hbgy, (3.29  the diagram shown in Fig. 1 can in principle contributélto
When the heavy quark is &U(2) singlet, as in the littlest
Higgs model, this diagram does not contributeTtoHow-

Tou(m?) =F(m2m3,..)— F(m2 m32
sm( M) =F( we) ~F( 20) ever, when there are heavy doublets as for the top sector of

Am2m2 .. m? Sec. Il E, logarithmically divergent contributions Toarise.
+ v2v— log— This log divergence renormalizes the breaking s¢akes it
m?— My My can be shown that the log divergences sum into the operator
4m?m> I m? (3.26 a2 g2
5 7 10— . Yiop
m?— m;o m;o Ltop log= — 82 |OgA2TI’ D#ETD”E. (3.29
The Higgs doublets also give a contribution to tBea-
rameter, Because the non-linear sigma model self-interactions give a
2 tree-level contribution td away from tarB=1 [Eq. (3.22],
mHO 11 . . . . . . .
S=——| cog(B—a)log—5 — — this logarithmically divergent renormalization bfgives an
12w mo 6 additional contribution toT. To deal with this we simply
_ s o o absorb the log divergence into an effective breaking scale
+SiM?(B— a) G(M}y0,Mpo, M=) and subtract the log divergence in the modified minimal sub-
traction scheme with subtraction scale of 1 TeV.
2 2 2 Analytic results for the oblique corrections from the top
+co$(B—a)G(mo,muo.Mi-) |, (320 goctor are not particularly enlightening because they involve
the diagonalization of 33 and 4<x4 matrices, without a
where good expansion parameter. But we have calculated these cor-
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T
T
0.4
0.3 / Mgy =1.5 TeV
0.2
Mgy, =2 TeV
0.1
Mgy =2.5 TeV
-
4 80 700 800 900 1000 dm
GeV
-0.1
-0.2
Mgy =3 TeV
-0.3
0.076 0.078 ™~ 0.082 0.084 0.086 0.088 S
-0.4

FIG. 2. T as a function ofém for f=700 GeV, tar3=0.8 and various values cm‘qu as a function ofdm. The plot on the right hand
side showsT vs Sfor f=700 GeV, tar3=0.8 anquH=2 TeV.

rections numerically, and we find that there are regions ofpproach has been simply to focus on the lighter generations
parameter space where the top contributiom te acceptably and on oblique corrections. But the effects associated with
small, and, moreover, these regions largely include those thalhe third generation may be important and deserve a more
give the smallest values for the radiatively generated Higgsareful study than we give here.
boson massgm?. As a general feature, we find that as the The following third-generation operators can be probed
mixing anglesdq and &, become small—in which case the by precision tests:
physical left- and right-handed top quarkg and ug are . _ _ P ———
primarily contained in the six-plet of fermions—the contri- Ohg,=Jw aul30°0"U3,  Ofiq,=Jw ,030"U3,
bution toT becomes small as well.

One way to fix all of the parameters of the top sector is by @:dcz i M_S,;“dg- (3.30
specifying values for tag, f, 5m?, and any one of the heavy 3
guark masses. After doing so one can calculate the contribyz.
tion to T. In Fig. 2, we showT vs ém=.dm? for f Has
=700 GeV, tan3=0.8 and various values ofi, . The odd  With q, (see Fig. ¥ the q; coupling to theW’ is propor-
shapes of the contours simply reflect the fact that differention@l to tand, which was constrained to be relatively small,
parameters can give the sam@2. We see thasm is always =<0.2, fronlthe precision electroweak considerations of Sec.
larger than 300 GeV, consistent with the minimum valuelll A, but g, is charged under the opposi®U(2) and
given in Eq.(1.1) for tanB=0.8. There is a sizable region of couples as ca#=5. In terms of the doublet mixing angle
parameter space where the contributionTtds acceptably g, the coefficient of this operator is
small, but note that both positive and negative contributions
are possible. In Fig. 2 we also show a plot Divs S for
mg, =2 TeV, which shows that the parameters that give ad-

equately smalll give a positive contributiom S=0.08. (3.3

receives an enhancement through the mixinggef

2
1%
ch%: FCOS 20(sirf 6 cog 9 — SiP9ocos6).

Other contributions to the operators of £g§.30 come from

theq,h}d® interaction of the top sector. Both naturalness and

We have seen that there is a simple limit where nonprecision electroweak considerations prefer somewhat small
oblique corrections associated with the light two generations

vanish. This limit does not eliminate non-oblique corrections
associated with the third generation becaiisthe third gen-
eration is assumed to be charged under only a sibdte),

so it still couples significantly to th&’ in the limit where
the other generations decouple, afid third generation
guarks mix with heavy fermions. In tH&U(6)/Sp(6) model
this mixing involves not just the top but also the left-handed
bottom quark, whose interactions are experimentally con-
strained.

At colliders, third generation physics has had a history of
appearing anomalous, and mixing of the third generation fer-
mions has in fact been proposed to resolve apparent anoma-
lies [20—22. There is presently no clear correct interpreta- FIG. 3. Dominant diagrams that contribute(ﬂh{qs andOLqs at
tion of precision data involving the third generation, and ourthe tree level.

C. Third generation physics
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values ofiq for the top sector of Sec. Il E, in which case the
quark doublet is dominantly, rather thangs. Thus this
interaction produces relatively unsuppressed coefficients for
the Opq, and O}, operators,

U2

3v?
ch%: f—ztanz,B cogdy, CE%: ?tanzﬂ coS Iy . £

|
|
|
i
|
|
i
; -
1.5 TeV R N
1 .
Allowed !
|
|
|
|

':EWCurrems
(3.32 0.7 TeV[ -~~~ e — e
i T 25

H J>A <10 TeV } 8 Tey
: |

The hypercharge operators receive corrections from the
B’ exchange as well, with coefficients

1 2 3 4 5

Csc 6
v? . v?
CE%::ZCOS 219’S|n20’:250’:2, FIG. 4. Sketch of the parameter space that gives adequately
f f small non-oblique corrections. The boundsfaome from natural-
ness consideratiorsippe) and the requirement that the cutoff sat-
v v? . v? isfiesA=10 TeV (lower).
C,, c==C0S20'Sirfe’ =256'=,
Hd; 2 f2
(3.33 E. Summary of results
where we taked’ = 7/4+ 56'. In Sec. || E additional mixing In our discussion we have emphasized the usefulness of

terms were briefly mentioned that may induce additional effhe near-oblique limit for identifying regions of parameter
fects that were ignored. Finally, radiative contributions toSPace that lead to acceptably small precision electroweak
these Operators from the H|ggs boson' the top quark and tr@rrections. How close to this limit do we need to be? Fo-
W'’ boson may also be important. cusing on theSU(2) interactions, a rough answer to this
Another interesting aspect of third-generation physics igjuestion is given in Fig. 4. From this figure one can infer, for
the flavor mixing mentioned earlier in Sec. Il E. While the a given value of, the range of values of the mixing angle
FCNCs mediated by th&° and B’ seem to be small with that give small non-oblique corrections. We requiir® be
appropriate choices of Yukawa couplings, this issue is beabove 700 GeV to keep the cutoff near 10 T&nd also
yond the scope of this paper and needs to be considered because for smaller values bthe constraints o and ¢’
more depth. become increasingly severavhile the upper bound ofis
motivated by naturalness considerations. The plot also shows
D. B’ production a lower bound ond from the requirement thag, remain

Equation (2.16 shows that even in the presence of anperturba;ive. The mass of t.rW’ ranges from roughly 1.8 to
additional breaking scalE, the B’ can be quite light in the 4-5 T€V in the allowed region.

near-oblique limit, with a mass of 375 GeV foe=2 TeV. For points ‘T‘S‘de the a”.O\.NEd region of this plot, hon-
Colliders have already begun to probe this energy scale an I|que.correctlons are suff!C|entIy small that an analys_|s of
there is no evidence for B’. Is it possible that colliders € oblique corrections using th® and T parameters is
could have missed a vector of this mass? Precision eledn€aningful. In Sec. Ill B, we calculated the contributions to
troweak constraints suggest that the coupling of Bieto | [Tom the gauge interactionipositive and small in the near-
fermions is quite suppressed based in the present model, fplique limit, or absent entirely if onlY (1) is gauged, the
which case theB’ can evade detection. Taking'=m/4  hon-linear sigma model self-interactiofgositive and small
+ 660’ with 56’ <1/10, the coupling to the light fermions is for tang=1), Higgs loops(typically negative, and growing
in magnitude with the quartic coupling), and top-sector
Lin= —250’g’Bl’Lj’,:‘. (3.39 loops (reasonably small for parameters that give mild radia-
tive corrections to the Higgs boson mass squared, as pre-
This means that the production rate from accelerators is verferred by naturalness consideratinnd/e also calculated the
small and the decay width into the first two generation iscontributions toS and found sizable positive contributions
very small as well. Because the third generation is chargeétom the top and Higgs sectors, so a positive contribution to
only under a singléJ(1), it couples significantly to th&’ T may in fact be welcome given the shape of §& ellipse.
and completely dominates the decay width. Thus the Drell- In Fig. 5 we show theés-T ellipse along with the various
Yan production of theB' is suppressed and the decay width contributions toS and T that arise for both sets of reference
into the electrons and muons is small. It requires looking atalues given in Sec. | B. The total contributions are in rea-
the tau channel to see tB2 and the limits are less constrain- sonable agreement with precision data. Certainly there are
ing. different parameter choices that lead to much larger correc-
As emphasized earlier, it is always possible to gauge justions, but we believe that it is an important result that there is
the diagonalJ(1)y rather than a product @f(1)’s, inwhich  no intrinsic conflict between the naturalness of the Higgs
case the constraints associated with Bieare removed. potential and precision electroweak data in this theory. In the
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g == = jg cos
g T P T
02} = 02|
0.1 CrpXT 01| o
| Vegsi® ;;gM N FIG. 5. Contributions to thé and T param-
—0.1 01 ' _o1 01 eters for the reference parameter values of Sec.
.\‘ ’ § o\ g I B. The dashed ellipses are roughly the &nd
S Higgs 20 limits in the S-T plane.
-0.1 ‘Higgs 0.1 o
next section we give a more thorough consideration of this Amgcalar:)\Z(zoo GeV)2. 4.3
issue.

As always, naturalness prefers larger values\ pfand de-
IV. DISCUSSION pending on the contribution td from the top sector, having
\~2-4 may be favorable for agreement with precision data.
However even for smallex the large cutoff uncertainties in
In this section we explore the interplay between precisionhese estimates make it completely reasonable to hawe
electroweak constraints, naturalness considerations, angsoo GeV.
Higgs physics in this model. For the values oBm and Am arrived at above, we find

We focus on values of tgh close to one, giving small  that the fine-tuning parameter introduced in EG5) is
oblique corrections from the non-linear sigma model self in-

teractions. We have already argued that these values are quite k=0.06\. (4.4
natural in this model given the approxim&®éJ)(2)y r sym-

metries. One can express tarin terms of Sm?, the calcu-  For a positive contribution t@ from the top sector, as arises
lable and finite radiative Higgs boson mass from the topfor the first set of reference parameters in Sec. | B, large
sector, andAm?, the incalculable buSU(2),-symmetric  values of\ are welcome because of the compensating cor-
contributions from the gauge and scalar secf&ig (2.59].  rections from the Higgs sector. In this case, the fine-tuning is
Choosing top-sector anglék, andd that minimize the top  quite mild and the lightest Higgs boson is moderately heavy.
contribution,sm? can in turn be rewritten in terms ¢f and  This is not to say that a light Higgs boson is disfavored. In
f[Eq. (2.49], and we can finally approximate E(.55 as  fact, some parameters of the top sector, such as those in the
second set of reference parameters of Sec. | B, give rise to a
negative contribution t@ and a sizeable oblique correction
from the Higgs sector is unnecessary. Smaland a light
Higgs boson are completely consistent with precision data,

where we have expanded around cgsD. Naturalness mo- although the fine-tuning becomes more severexds de-

tivates us to concentrate on relatively small valuesXar?, creased.

but if we take it too small, cosbecomes too large based

on precision electroweak considerations. For our reference PositiveAT from the top quark sector

value f=700 GeV, takingAm=550 GeV gives cosR2 These trends are depicted in Figs. 6 through 9 for various

=0.18, and a reasonably small non-linear sigma model consm and Am. In these plots the contributions ® and T

tribution to T according to the discussion in Sec. Ill B 2. The jnclude all of those calculated in Sec. lll. For the gauge

same parameters givem=300 GeV. contributions we tak& =2 TeV, §0'=0.1 and9=0.2 to be
Before proceeding further, we note that this valuefon  sufficiently close to the near-oblique limit. Eliminating the

is in rough agreement with what one would expect based oB’ by gauging onlyU(1)y shifts the contours downwards by

the logarithmically divergent one-loop gauge and scalar cong.04 inT.

tributions. Forf=700 GeV, Fig. 4 shows that non-oblique  |n Figs. 6 and 7, the top contributions are calculated tak-

corrections requirgd=1/5, in which case Eq2.23 gives ing the first set of reference values 88g=cos9,=2/3."

A. Naturalness, precision electroweak, and Higgs physics

2

f
cos 28(1+cos Zﬂ)zm, (4.

AMEy2) gaugs= (300 GeVi, (4.2)

) L . . 1By keeping these angles fixed we get a slight mismatch between
while theU(1) gauge contribution is negligible even with a e yajyes ofsm as given by the top sector and the values used as
breaking scald ~2 TeV. Finally, the scalar contribution of inputs, a small discrepancy we ignore because of20%) un-
Eq.(2.33 is certainty inSm? discussed in Sec. Il F.
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For illustrative purposes, let us consider the Higgs spec-

I—— trum for the parameters from abovAm=550 GeV and
m =350 GeV — — - 6m=2300 GeV, taking\ =3. The fine-tuning is given by
-_— $m =400 GeV =0.18 and the oblique corrections arg, 1) =(0.13,0.13).
° A=2 Using the fact that cos®is small, the mass of the lightest
® A=4 Higgs boson from Eq(2.60 can be approximated as
0.30 @ Am=600 GeV ) )\UZ
mho=7[1+(9(co§2ﬁ)]. (4.5
> . _ .
S e Am=550GeV Numerically we find
0.20
R Am=500 GeV Mno=297 GeV, myo=720 GeV,
B e ~ @ Am=600 GeV
o0 my==718 GeV, muo=779 GeV. (4.6)
Am=600 GeV ) )
Am=700 GeV The charged Higgs boson and heav@#® even Higgs boson
Am=700 GeV are typically nearly degenerate in the regions of parameter
0.0 K space that are preferred by precision electroweak data, given
0.05 0.10 0.15 0.20 0.25 that k<3.
- From EQ.(2.57) one can see that th&-H° mixing angle
More Fine Tuned a is typically close to— 3 becausex=1— . This means

FIG. 6. T vs the fine-tuning parameter, for several values of that theh® and H° couplings to fermions have no large en-
smandAm, as the quartic coupling is varied. For a given value hancements or Suppressions, because both angles(aje
of 6m, naturalness prefers smalim while precision electroweak The couplings of the’™ and Z° to h° go like sin@—a)
data prefer larger values. Increasing the quartic coupling signifi==Sin 26 and are essentially unsuppressed, while the cou-
cantly reduces both the fine-tuning and. plings toH® are proportional to co—a)~cos 28, and are
quite suppressed. Thus the lightest Higgs boson looks very

In Fig. 6 we see that for the Higgs boson mass parametel@u‘:h_ like the standard model Higgs boson in terms of its
considered, 10—20% fine-tuning is required for-2—4,  CcouPlings.
The net contributions td can be reasonably small, but are
certainly far from negligible. As shown in Fig. 7, increasing
\ also increases the Higgs sector’s contributiosthelpful In Figs. 8 and 9 we use the second set of reference values
given the positive contributions fband the shape of & T  for the top sector, cd®,=3/4 and co%ﬂQ:3/5. The top
ellipse. The plot shows that there are indeed parameters thaector gives a negative contributionTdor these values, and
give decent agreement with precision data and only mild finén this case there is no tension between smaihd precision
tuning. data.

NegativeAT from the top quark sector

dm=300GeV ~ ———
§m=350GeV =~ - — - -
k- Sm=400 GeV ~ --erereeees
T e e k=0.1

\ FIG. 7. ST contours for the same values of
émandAm as in Fig. 6. The bullets denote 10%

, fine-tuning and the one-sigma ellipse is shown.
Am=500 GeV

L SN
-+ Am=600 GeV
* Am=700 GeV

7
Am=700GeV -
Am=600 Geyr

0.05 Am=790 Gev
o

v
0.06 0.08 0.10 0.12 . 0.14 0.16 0.18 0.20
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dm =300 GeV ——
dm =350 GeV - - -
dm =400 GeV
® A=2
e A=4

AT

T @ Am=600 GeV
0.20 o &

T ~@ Am=550 GeV
0.10
Am=500 GeV
o 7 @ Am=600GeV

Am=700 GeV

0.05 \m\‘:o.ls\o“&%" GV 025

0.0

Am=700 GeV
Am=700 GeV
-0.10

e S —
More Fine Tuned

FIG. 8. T vs the fine-tuning parameter, for several values of
édm andAm, as the quartic coupling is varied. For a given value
of ém, naturalness prefers smallm while precision electroweak
data prefer larger values. Increasing the quartic coupling signifi

cantly reduces both the fine-tuning and'.

Taking the Am? and ém? as before, but now with\

=0.5, we find

Myo=122 GeV, myo=718 GeV, my+==718 GeV,

Mmao=728 GeV. (4.7

Notice that the heavy Higgs spectrum is insensitiva t&\s

PHYSICAL REVIEW D69, 115008 (2004

B. Conclusions and outlook

In this paper we studied precision electroweak constraints
on theSU(6)/Sp(6) little Higgs theory. We found it useful
to first identify a “near-oblique limit” in which the heavW’
andB’ of the model decouple from the light two generations
of fermions. Then we calculated oblique corrections that
arise from the non-linear sigma model self-interactions,
gauge interactions, top loops, and Higgs loops. We found
parameter space withS(T) in reasonable agreement with
precision data, and with only mild fine-tuning in the Higgs
sector, at the 10—20 % level. Non-oblique corrections involv-
ing the third generation were considered only briefly and
deserve further study.

In our study we explored a number of possible modifica-
tions to the model as presented 6. First, we noted that an
independent breaking scale for th€1) gauge interactions
could be introduced without affecting other aspects of the
model—in fact, it is possible to remove th&' from the
theory altogether, by gauging only the standard model hyper-
charge, without introducing severe fine-tuning. The addi-
tional breaking may be necessary for valued abnsistent
with naturalness, in order to evade direct constraints fiBdm
production. A second modification was to charge the light
two generations equally under bdth(1) groups in order to
realize the near-oblique limit. Since the third generation is
charged in only oneU(l) this leads to flavor non-
universality in the couplings of thB’, and the possibility of
interesting flavor-changing signatures. Finally, we consid-
ered a new top sector that gives finite radiative contributions
to the Higgs potential.

Tree-level oblique corrections arising from the non-linear
sigma model structure of the theory vanish for gnl. In
the absence of radiative corrections from the top sector, ap-
proximate SU(2) symmetries of the model guarantee that
tang is very close to one. In the top sector of Sec. Il E,
values for the mixing angle#q and J, that minimize the

before, the couplings of the lightest Higgs boson are standar@p contribution to the Higgs masém?, tend to give small

model-like.

S m=400 GeV
e x=0.1

dm=300GeV ~ —
dm=350GeV - - --

. A m=600 GeV
. Am=550 GeV

'
Am=500 GeV
7

0:03 “."\,\ < Ap=600 GeV

“Am=700 GeV

0.14 0.16

contributions to theT parameter. These smaller values of

/ FIG. 9. S-T with a negative top contribution

ATT=700CT
=3 Am=600 GeV

0.05 -7

A m=700 GeV

/ to T. The contours are for the same valuessof
\o,/ and Am as in Fig. 8. The bullets denote 10%
s fine-tuning and the one-sigma ellipse is shown.
018 020
=S
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dm? reduce the minimum gauge and scalar radiative contrihave similar preferences. In this case the lightest Higgs bo-
butions necessary for tghto be consistent with precision son will be somewhat heavy, though still less than 350 GeV
electroweak constraints, which in turn reduces the finegiven that we expect<4. On the other hand, for other top
tuning in the Higgs potential. Fo ranging from 0.7-1.5 sector parameters that give negative contributiong small
TeV, the values of the masses that minimiden> are \ is equally acceptable for precision data. In this case the
my,,,Mq,,=2-4 TeV, while the other particles of the top mass of the lightest Higgs boson can be near its current ex-

sector have masses; ,m, =1-2 TeV for the same param- perimental bound. In general, the tree-level couplings of the
oters RO TH lightest Higgs boson resemble those of the standard model

. - Higgs boson. The other Higgs particles have masses of
~1F£(3)r Zhg _ls_a\r?ef range df t?e m;sst Of. ther lies \tN'Ith'n | oughly 700 GeV or heavier irrespective of the quartic cou-
=1.0—4.5 1€V for parameters that give adequately SmaJ)ling, with the pseudoscalar being the heaviest state.
non-oblique corrections. In the presence of the extra break-

ing scale, the mass of th®’ is not tied to the others, but

even forf as large as 2 TeV, it is quite light, with a mass of ACKNOWLEDGMENTS
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