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In this paper we present a little Higgs model that has cust&li#{2) as an approximate symmetry. This
theory is a simple modification of the “minimal moose” model wifO(5) global symmetries protecting the
Higgs boson mass. This allows for a simple limit where TeV physics makes small contributions to precision
electroweak observables. The spectrum of particles and their couplings to standard model fields are studied in
detail. At low energies this model has two Higgs doublets and it favors a light Higgs boson from precision
electroweak bounds, though for different reasons than in the standard model. The limit on the breaking scale,
f, is roughly 700 GeV, with a top partner of 2 Té¥," andB’ of 2.5 TeV, and heavy Higgs partners of 2 TeV.
These particles are easily accessible at hadron colliders.
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[. INTRODUCTION operators and violate custodi®@U(2). Consider theB’
which cancels the quadratic divergence of Biethe gauge

Recently the little Higgs mechanism has been proposed agigenstates are related to the physical eigenstates by
a way to stabilize the weak scale from the radiative correc-
tions of the standard model. In little Higgs models the stan- B=c0s#'B;+sin¢'B,, B’=cosf'B,—sin6'B,,
dard model Higgs boson is a pseudo Goldstone boson and is (1.1
kept light by approximate nonlinear symmetrigs-7], see . ,
[8,9] for summaries of the physics afd3—16 for more wherg the mixing angles are related to the high energy gauge
detailed phenomenology. The little Higgs mechanism reouplings through
quires that two separate couplings communicate to the Higgs
sufficient breaking of the nonlinear symmetry to generate a , 9 , 9 12
Higgs boson mass. The weak scale is radiatively generated 91—0089, ’ gz_sina’ ’ '
two loop factors beneath the cutoff~10-30 TeV. Little

Higgs models predict a host of new particles at the TeV scale\,heregf is the low energyJ(1)y gauge coupling. With the

that cancel the low energy quadratic divergences to the Higdstandard model fermions charged only und¢f.),, the cou-
boson mass from standard model fields. The little Higgspling to theB’ is

mechanism has particles of tlamespin cancel the qua-
dratic divergences to the Higgs boson mass; i.e., a fermion ﬁB'Funt:g'tana'BLjﬁ(l) , (1.3
cancels a quadratic divergence from a fermion. In models v
described py “theory space,” §uch as the minimal moos%herej“ is theU(1) current. The mass of the' goes
model, particles of the same spin and quantum numbers can- Uy
cel quadratic divergences, for example, a TeV scale vectotS
that transforms as 8U(2), triplet cancels th&V quadratic
divergence. To avoid fine-tuning the Higgs potential by more M2~ g
than O(20%) the top quark one loop quadratic divergence B"  sirk2e’’
should be cutoff by roughly 2 TeV, the quadratic divergence
from SU(2), should be cutoff by 5 TeV, while the quadratic \yheref is the breaking scale. After integrating out tBé
gwergence from the Higgs quartic coupling should be cutoffthere is a four Fermi coupling of the form

y 8 TeV.

These TeV scale particles are heavier than the current ex- sinte’

perimental limits on direct searches; however, these particles Larerm™ ——5— (11),)° (1.5
may have effects at low energy by contributing to higher f2 v
dimension operators in the standard model after integrating
them out. The effects of integrating out the TeV scale part.The coefficient of this operator needs to be roughly less than
ners have been considered [10-12 and have provided (6 TeV) 2 and can be achieved keepiffixed as6’—0.
constraints on some little Higgs models from precision elec- The little Higgs boson also couples to tBé through the
troweak observables. Understanding what constraints areurrent
placed on each little Higgs model is a detailed question but -
their themes are the same throughout. The arguments for the Ly in~—9g’ cot 26’BL(ihTD"h). (1.6
most severe constraints on the “littlest Higgs” model dis-
cussed if11,17 arise from the massive vector bosons inter-Integrating out theB’ induces several dimension 6 operators
actions because they can contribute to low energy four Fermncluding

’2f2

(1.9
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Y gaugedSU(2), allows for a particularly transparent limit
[(hTDh)?+H.c]. (1.7  where TeV scale physics is parametrically safe and does not
add significant complexity.
In this paper a new little Higgs model is presented that
has the property that it has custod&U(2) as an approxi-
This operator violates custodig@lU(2) and after electroweak mate symmetry of the Higgs sector by gaug®ig(2), at the
symmetry breaking it lowers the mass of B and gives a TeV scale. To construct a little Higgs theory with 8J(2)
positive contribution to th& parameter. This operator needs symmetry we can phrase the model building issue as: “Find
to be suppressed by (5 TeV). Thus the Higgs coupling a little Higgs theory that has the Higgs boson transforming as
prefers the limitd’ — 7/4. There are additional contributions a4 of SO(4).” This is precisely the same challenge as find-
to the T parameter that can negate this effect, this argumering a little Higgs theory that has a Higgs transforming as a
shows the potential tension in little Higgs models that could2y2 of SU(2). XU(1)y. In the latter case it was necessary
push the limits orf to 3-5 TeV. to find a group that containe8U(2)x U (1) and where the
The reason why th&’ contributes to arsU(2)¢ violat-  adjoint of the group had a field transforming a8,3 and the
ing operator is because it, like B couples as th@2 gen-  Simplest scenario iISU(3) where8— 3y+2;,+1,. For a4
erator of SU(2),,* and its interactions explicitly break ©f SQ(4) the simplest possibility iSO(5) where an adjoint
SU(2)c. The most straightforward way of softening this ef- ©f SX(5) decomposes Ilntdr0—>6+ 4.vThe generators  of
fect is to complete th’ into a full triplet of SU(2)¢ .2 This S X5) are labeled asT’, T, and T° for the SU(2),,
modification adds an additional charged vector bogén-. SU_I(_ﬁ)“ ar&d?O(S)/ 8084.) gﬁ.nerators,. respcle.c'ﬂvely.. . f
By integrating out these charged gauge bosons there is an-. “;irr:?nzfl rpr:gcs)ggge[s]mtt:alts r?aaspef:):fr anzr;%nz\;?rgt'on 0
other dimension 6 operator that gives a mass to Wie . gma
. . X model fields,X;
compensating for the effect from th&s. This can be imple-
mented by gaugingU(2), instead ofU(1),. At the TeV Xi=exp(ix;/f), (1.8
scaleSU(2),xU(1);—U(1)y. With these additional vec-
tor bosons, it is possible to take thg—0 limit without where.xi is th_e Iinearized_field ancﬂ is the breaking sc_a!e
introducing largeSU(2)¢ violating effects while simulta- associated with the n80nl|near sigma model. The mln!mal
neously decoupling the standard model fermions fronBthe Moose has afSU(3)]" global symmetry associated with
and keeping the breaking scdléixed. Thus the limits on the transformations on the fields
model will roughly reduce to limits on thBU(2), coupling XiHLiXiRiT (1.9
and the breaking scale.

It is not necessary to have a gauged(2), for the little  with L; R, e SU(3). To use theSO(5) group theory replace
Higgs mechanism to be viable because the constraininghe SU(3)—SQ(5) keeping the “minimal moose module”
physics is not crucial for stabilizing the weak scale. Ble  of four links with an[SO(5)]8. The minimal moose had an
is canceling theJ (1)y quadratic divergence that is only bor- SU(3)X[SU(2)XU(1)] gauged where the[SU(2)
derline relevant for a cutoff =10-15 TeV but is providing XU(1)] was embedded insid8U(3) while this model has
some of the main limits through its interactions with the an SO(5)x[SU(2)x U(1)] gauge symmetry, using tHE?
Higgs and the light fermions. The light fermions play no role generators foSU(2) andT" ° generator fotJ(1).
in the stability of the weak scale, therefore the limits from  The primary precision electroweak constraints arise from
their interactions can be changed without altering the littleintegrating out the TeV scale vector bosons. In this model
Higgs mechanism. It is straightforward to avoid the strongesthere is a full adjoint of SO(5) vector bosons. Under
constraints[17]. The easiest possibility is to only gauge SU(2),x SU(2), they transform as
U(1)y and accept its quadratic divergence with a cutoff at
10—15 TeV. Another way of dealing with this issue is to have W~(3,1) W~(4,3) V~(2,2). (110
the fermions charged equally under baifil) gauge groups. ) o -
With this charge assignment the fermions decouple from th&€cause oniy (rls)Y IS ga‘jg?d insid&U(2),, the W™ split
B’ when ¢’ — /4 which also decouples the little Higgs bo- N0 W= andW'™. The W'* is the mode that is responsible
son from theB’. There are other ways of decoupling & for canceling the one loop quadratic dl_vergence ofitiéd )
by mixing the standard model fermions with multi-Tev 9auge boson and is denoted as Eie Finally theV has the

Dirac fermions in a similar fashion 4g]. However having a S&me quantum numbers as the Higgs boson but has no rel-
evant interactions to standard model fields.

In the limit where theSQ(5) gauge coupling becomes

IRecall that in the limit thag’—O0 there is ar8U(2),xSU(2),  large the standard mod&V and B gauge bosons become

symmetry of the Higgs and gauge sector. Only Tiegenerator is large admixtures of th&U(2) X U_(l)_ vector, boson,s. This
gauged insideSU(2), andg’ can be viewed as a spurion param- Means that the orthogonal combinations, tfleandB’, are

eterizing the breaking. After electroweak symmetry breakingdominantly admixtures of th&sO(5) vector bosons. The

['(hTDh)ZN f2

SU(2)xSU(2),—SU(2)¢ - standard model fermions are charged only un8dJ(2)
2The W’ transforms as a triplet @U(2)c so noSU(2)c violat- X U(1) which means that the TeV scale vector bosons de-
ing operators are generated by its interactions. couple from the standard model fermions in this limit.
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In the remaining portion of the paper the explicit model is 1
presented and the spectrum is calculated along with the rel- Loiomkin=7 > f2TrD, XDexX!, (2.4
evant couplings for precision electroweak observables in '
Sec. Il. This model has two light Higgs doublets with the ,ere the covariant derivative is
charged Higgs boson being the heaviest of the physical

Higgs states because of the form of the quartic potential. ani:5’#Xi—i95XiT[m”]W[sn&ﬂ5)M
This potential is different than the quartic potential of the _ o da o3
MSSM and has the property that it forces the Higgs vacuum Fi(gTAWS 49, TW,)) X, (2.9

expectation values to be complex, break®y(2)c in the [l a
process. This will result in the largest constraint on theWhere Wsqs, are theSQ(5) gauge bosonsw™® are the
model. In Sec. Ill, the TeV scale particles are integrated ouf U(2) gauge bosons, ai"® is theU (1) gauge boson. One
and their effects discussed in terms of the dimension 6 ophnear combination of linearized fluctuations is eaten
erators that are the primary precision electroweak observ-
ables. For ars O(5) coupling ofgs~3 andf ~700 GeV and

for tan=0.3 the model has no constraints placed on it. Th§e,ing three physical pseudo-Goldstone bosons in adjoints
limit on tang ensures a light Higgs boson with mass in the j¢ 4,4 global SO(5) that decompose undeSU(2)
100-200 GeV range. With the rough limits on the param—xsu(z) as '

r

eters, the masses for the relevant TeV scale fields are roughly

2.5 TeV for the gauge bosons, 2 TeV for the top partner, and d'~(3.,1), ¢'~(1,3), h~(2,2). (2.7
2 TeV for the Higgs partners. Finally in Sec. IV the outlook

for this model and the state of little Higgs models in generalUnderU(1)y, ¢ splits into ¢" ° and ¢" ~.

is discussed.

PEXy+Xo+ X3+ Xy (26)

A. Radiative corrections

Il. SO(5) MINIMAL MOOSE There are no one loop quadratic divergences to the masses

Little Higgs models are theories of electroweak symmetry°| the pseudo-Goldstone bosons from the gauge sector be-
breaking where the Higgs boson is a pseudo-Goldstone b&USe all the nonlinear sigma model fields are bifundamen-
son and can be described as gauged nonlinear sigma moddfS ©f the gauge groups. This occurs becausegthgauge
In this model there is ar8O(5)X[SU(2)X U(1)] gauge couplings break only thSO(S)Ri global symmetries, while
symmetry with standard gauge kinetic terms with couplingshe g1 couplings only break th&Q(5), symmetries. To
gs andg,,g;, respectively. There are four nonlinear sigmagenerate a mass term it must arise from an operator
model fields X;, that transform under the globpBO(5)]1®  |Tr Xinle and needs to simultaneously break both the left

=[SO(5) 1*X[SO(5)r]* as and right global symmetries. This requires both teand
: 0,1 gauge couplings which cannot appear as a quadratic di-
Xi—LiXiRj . (2.1 vergence until two loops. This can be verified with the

Coleman-Weinberg potentidll8]. In this case the mass
Under a gauge transformation the nonlinear sigma modelquared matrix is
fields transform as . ,
: (Ws W3y
Xi—G21XiGs, 2.2

gEFPTITAXIXIT®  gggp o 2Tr TAX TR X]
whereGs is anSO(5) gauge transformation ar@, ; is an X o A B 2 eo AUty B
SU(2)xU(1) gauge transformation witfsU(2)x U(1) 9502F"TrTE XTEX; g2, TP TR XiXiT
embedded insid8O(4)=SU(2), X SU(2), , see the Appen- we
dix for a summary of the conventions. The gauge symmetries x
explicitly break the global[SO(5)]® symmetry and the
gauge couplinggs andg, ; can be viewed as spurions. No- _ ) ) )
tice thatgs only breaks thg SO(5)g]* symmetry, whileg, ; Because the fields are unitary matrices, the entries along the
only breaks thé SO(5),]* symmetry. ' diagonal are independent of the background figld,and so

The nonlinear sigma model field¥;, can be written in IS the trace of the mass squared. Therefore
terms of linearized fluctuations around a vacu(xy) =1,

- (2.9
W31

= 2 My 1=
Xi=eXF(iXi/f), (23) Vl loop CWA 2 3277-2/\ TrM [X,] const. (29)

wheref is the breaking scale of the nonlinear sigma modelThere are one loop logarithmically divergent, one loop finite,

and x; are adjoints under the diagonal glol&0(5). The and two loop quadratic divergences from the gauge sector.
interactions of the nonlinear sigma model become stronghAll these contributions result in masses for the pseudo-
coupled at roughlyA =47 f where new physics must arise. Goldstone bosons that are parametrically two loop factors
The kinetic term for the nonlinear sigma model fields is ~ down from the cutoff and ar@(g?f/4m) in size.
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! !

] ) , g'cos 29’ =
The masses for the vector bosons arise as the lowest order jg =9'cot26'jfi=— Sin2e’ ih'D#h,

expansion of the kinetic terms for the nonlinear sigma model (2.14
fields. TheSO(5) andSU(2) W' vector bosons mix as do
the SO(5) andU(1) W' ? vector bosons. They can be di- whereD , is the standard model covariant derivative gfid
agonalized with the following transformations: is the SU(2), current that the Higgs couples to a for
’ R A3 U@l)y.
B=Ccosg' W™= sin6'Wsos), (T?{a Higgs boson also couples to the char§ed{2), vec-
tor bosons through

B. Vector bosons: Masses and couplings

B’ =W'"3=sin6' W'+ cosf’ Wiy,

g'cosé’

W""=cos€W'a—sin0W'§‘O(5), i +=—WihD“h,
sin
W’ 3= W'"2=sin oW+ cosoWSys)
j\l;\/r 7:j®r +T, (215)

where the mixing angles are related to the couplings by

where theSU(2), indices are contracted with the alternating
tensor. Notice that this interaction is not invariant under
rephasing of the Higgh—e'?h sendsj s +— €% ?jyr +.

cosf’'=qg'lg,, sind'=g’'lgs,

cosd=g/g,, Sin6=g/gs. (2.10
The anglesf and 6’ are not independent and are related C. Scalar masses and interactions
through the weak mixing angle by In order to have viable electroweak symmetry breaking
. there must be a significant quartic potential among the light
tand _Sing (2.17  fields. Itis useful to define the operators
Y sing ’ : :
Wi=XiXi 1 Xi12Xi 43, (2.1

and sincef,,=30°, sing=/3 sind'.
The masses for the vectors can be written in terms of thavhere addition in is modulo 4. There is a potential for the

electroweak gauge couplings and mixing angles nonlinear sigma model fields
16g2f2 169’ 2f2 Lpot=MT4Tr W+ N\, f4TrW,+H.c. (2.17
M=y =— y szr: - T
sinf26 sinf26 There is aZ, symmetry where the link fields cycle a§

— X4 that forces\ ; = \,. This is an approximate symmetry

122 that is kept toO(10%). This potential gives a mass to one
m2yr == cosh’. (212 | e I :
w 226’ linear combination of linearized fields
sinF26
— 1y — _
These can be approximated in the—0 limit as Un=7 (X3 =X+ X3~ Xa). (2.18
2 The other two physical modes are the little Higgs boson and
mé,zm@,(l— §sin2¢9) mi, ~=mg, (1—sir?g). are classically massless
(2.13 1 1
Note that theB’, the mode that is canceling the quadratic u1=ﬁ(x1—x3) uzzﬁ(xz—le). (219

divergence of theB, is not anomalously light.The U(1)y

quadratic divergence is borderline relevant for naturalnes$he potential in Eq(2.17) can be expanded out in terms of
and could be neglected if the cutaf<10-15 TeV. The these physical eigenmodes using the Baker-Campbell-
corresponding mode is contributing to electroweak conHausdorff formula

straints but doing little to stabilize the weak scale quantita-

tively. Uy 1 [ug,Uz]
The Higgs boson couples to these vector bosons through £rot=\1f*Trexp 2i — 13 +-

f2
the currents
1 [Ug,Uz]
. gcos 2D~ +)\2f4Trexp< 2i — +H.c.
JW, g cot20jf 23n2¢9h D h, f 2 2
(2.20
3TheB’ in the “littlest Higgs” boson is a factor of/5 lighter and ~ The low energy quartic coupling is related to the previous
in the SU(3) minimal moose it is a factor of3 lighter. couplings through
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A=At N =M cogY,,  A,=M\/sirPY, . Radiative corrections
There are no one loop quadratic divergences to the Higgs
The approximate, symmetry setg, ~ /4 and the symme- mass from the scalar potentialhe symmetry breaking pat-
try breaking parameter is co$~O(10""). The mass of tem in the potential is more difficult to see, but notice that if
the heavy scalar is either\; or \, vanished then there is a nonlinear symmetry
acting on the fields

, 16nf2 (229
mg = _ _
U S|r12213)\ 551U1=61+~--, 5Elu2=61—|—...’
After integrating out the massive mode the resulting poten- i
tial for the little Higgs model is the typical commutator po- 551UH: — E[Elaul_uz]"' .
tential
V(Uy,Up) ==X\ Tr{ug,up]%+- . (2.22 S Ur=€xt o, S Up=ert -,

In order to have stable electroweak symmetry breaking it i
is necessary to have a mass téhmh,+H.c. This can arise O Un=+ E[ez’ul_ Up]+---. (2.27
from a potential of the form

L1 3por =1 €f4Tr T 30N, + Wy + Wi+ W,) +H.c., Tr W, preserves the first nonlinear symmetry but breaks the
(2.23 second, while T, preserves the second but breaks the
first. Either symmetry is sufficient to keep andu, as exact

whereT" ? is theU(1) generator. The size of the effects are Goldstones bosons, this is why—0 as\; or A,—0.
radiatively stable and they are set to be a loop factor less than There are one loop logarithmically divergent contribu-
\, e~10 2\. The coefficients are taken to be pure imagi-tions to the masses of the little Higgs boson as well as one
nary because the imaginary coefficient will be necessary ttoop finite and two loop quadratic divergences. These are all
ensure stable electroweak symmetry breaking while the regdositive and parametrically give masses of the order of
parts are smalBQ(5) splittings among the various modes. \%f/4r.
Expanding this out to quadratic order

2 '3 D. Electroweak symmetry breaking
VTr3 POt.:4Ef TrT I[ul,u2]+ e (224) . .

At this point electroweak symmetry can be broken. The

In terms of the Higgs doublets, ,e u, ,, the potentials are little Higgs boson are classically massless but pick up
O(100 GeV) masses from radiative corrections to the tree-

N level Lagrangian. The gauge and scalar corrections to the
V(hlahz):§(|h1h2_h1h2|2+4|h1h2|2) little Higgs masses give positive contributions to the mass
squared of the little Higgs boson while fermions give nega-

+(4i ef2h1h2+ H.c), (2.25 tive contributions. The mass matrix for the Higgs sector is of

the following form:
where theh;h, term is contracted with th&U(2) alternat- ) 5
ing tensor. This potential is not the same as the MSSM po- _ht nt mp u
tential and will lead to a different Higgs secfblhere are Lsottmass™ (M1 N2) w2 ma
radiative corrections to this potential whose largest effect
gives soft masses @ (100 GeV) to the doublets

hy
(hz)' 228

where u?=mi,+ib. To have viable electroweak symmetry
breaking requires
Nt th |2 2
Veﬂ2§(|h1h2_h2hl| +4[h;h,|?) ) )
m;>0, m5>0,
+[(ib+miy)hlh,+H.c]+mi|hy|2+m3 hyl?,
m2ms—m3,>0,

(2.2
whereb~4e¢f?. Typically m3, is taken to be small to sim- mim5—mj,—b?<O0. (2.29
plify the phenomenology so that the Higgs states fall @&
eigenstates. The vacuum expectation values are

“4In the SU(3) minimal moose the Higgs potential was identical to  °More generally potentials that only contain any nonlinear sigma
the MSSM because of the close relation between little Higgs theomodel field at most once can only give a quadratically divergent
ries and orbifolded extra dimensions, $é&for the precise relation.  contribution to themselves.
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1 0 1 0 The heaviest Higgs boson is the chargéd and this has
(h1>=—( , <h2>=—( o ) consequences for precision electroweak observables. The
V2 \vcosp V2 vsinge'? .30 mass of the lightest Higgs is bounded by
The potential has a flat direction wheh=0,7/2 and when EmSSmﬁoi Emﬁ, (2.35
$=0. Unfortunately when ¢#0 custodial SU(2) is 4 2
broken® The phase can be solved for in terms of the soft
masses as where the lower bound is saturatedm§+—>oo and the up-
) per bound is saturated as,- — m3.
m
cosp= 2 (2.31)
MaMm; E. Fermions

The breaking o5U(2)¢ by the Higgs sector provides one of  The standard model fermions are charged only under the
the strongest limits on the model. For simplicipf=ib is  SU(2)xU(1) gauge group. Since all the fermions except
taken to be pure imaginary forcingg= /2. Taking ¢  the top quark couple extremely weakly to the Higgs sector,
= /2 is clearly the worst-case scenario ®U(2)- and not the standard Yukawa coupling to the linearized Higgs dou-

generic because there is no reasonni@s to be significantly  blets can be used without destabilizing the weak scale. These
smaller than any of the other masses. small Yukawa couplings are spurions that simultaneously
The parameters of electroweak symmetry breaking can bbereak flavor symmetries as well as the chiral symmetries of
solved for readily in the limitp= /2 in terms of the masses the nonlinear sigma model. There are many ways to covari-
antize these couplings but they only differ by irrelevant op-

2)\v2=(m§ 2) | r|n _1) erators.
MMz Lyue=Yoqhe+yaghtde+y lhTec. (2.36
m
tanB= m—l There is no symmetry principle that prefers type | or type |l
2 models. This can have significant implications for Higgs
searches.
tan 2a=(1— 2mym tanZB (2.32 The couplings of the standard model fermions to the
|b| heavy gauge bosons is

wherea is the mixing angle for th&°—H° sector. The soft
masses should not be much larger tilvaatherwise it either
requires some tuning of the parameters so ltkaim;m, or x
becoming large. These arguments will change wlneﬁg
#0. The masses for the five physical Higgs boson are

Liy=gtanéW’ Jj¢ .+g'tan6d’'B/ j£, (2.37

wherej¢ ? is the SU(2), electroweak current involving the
standard model fermions arj@ is the U(1)y electroweak
current involving the standard model fermions. In the limit
miozm?r mg, gs—o0 both #,6’—0 and the TeV scale gauge bosons de-

couple from the standard model fermions.

2 _ 2 2 2yl
m,, - =m7+m5+2\v“=XMyo,
H= T2 A 1. Top Yukawa

) , (1- «/1—m3/mir> The top qgark couples _strongly to the Higgs_ and how the
M o=Mmp« > , top Yukawa is generated is crucial for stabilizing the weak
scale. The top sector must preserve some of #6(5)]®
P PV global symmetry that protects the Higgs mass. There are
m2 =m2+(1+ 1—mg/m,-) many ways of doing this but generically the mechanisms
HO™ T H = involve adding additional Dirac fermions. To couple the non-
5 ) linear sigma model fields to the quark doublets it is neces-
= My=— Mo, (2.33 sary to transform the bivector representation to the bi-spinor
representation, see the Appendix. The linearized fields are
where re-expressed as
, 8\vsif2p -
x=|b[/m;ms, mo=—"> - (2.39 Xi aﬁzxi[mn](,[mn]aﬁ, (2.38

wherem,n are SQO(5) vector indices running from 1 to 5,

5This can be seen by going back to tB€X(4) description. By air,?’n]age SQO(5) spinor indices r.unnlng fr.om 11to 4 and

having a phase it is the same as having 8@(4) vectors acquire ¢ are generators 08((5) in the spinor representa-
vacuum expectation values in different directions leaving onlytion. The exponentiated fleIdX, exp(x,/f) has well-
SQ(2)=U(1)y unbroken. defined transformation properties under the globay5)’s
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and the operatort=(X,X}), transforms only under the the orderO(yg,f/4m). Since the top only couples thy

SU(2)x U(1) gauge symmetry among the light fields, it only generates a negative contribu-
L tion to mf. This drives tarB to be small since this is the only
XHGMXGZJ, (2.39 interaction that breaks the, < h, symmetry explicitly.

- Note that thed can be decoupled without affecting natu-
where G, ; is an[SU(2)xU(1)]CSO(5) gauge transfor-  ralness. This is because there is an accidedta3) sym-

mation in the spinor representation $fX5). metry that is identical to th&U(3) symmetry of the mini-
It is necessary to preserve some of the gl&®@(5) sym-  mal moose.

metry in order to remove the one loop quadratic divergence

to the Higgs mass from the top. As in the minimal moose, it i 2 -

is necessary to add additional fermions to fill out a full rep- Ligp=Y1fu‘u+ —=y1u°h,q— 4 TuchIhlqu T
resentation, in this casedaof SQ(5) for either theqs or the V2 24
u3. The large top coupling is a result of mixing with this (249
TeV scale fermion. The most minimal approach is to com-is invariant under

plete theqs into

- i
T, 5u=%—eq. (2.46

iV2
T

Q=(gs,u,d), U°=(0,,us0), (2.40 shi=¢, 9=

whereu~ (3,1, 25 andd~ (3,145 with charge conju-  This can be seen by imagining &1J(4) symmetry acting
gate fieldsu® and d° canceling the anomalies. The top on x. With only thel there is arSU(3) acting in the upper
Yukawa coupling is generated by components. The SU(4) symmetry is just the

. PP SQ(6)DSO(5). TheSU(3) is not exact but to quadratic

Liop=Yy1fUXQ+y fuut+y,fdd®+H.c. (241 orderinhit is an accidental symmetry. This means that in

principle it is possible to seng,—4m without affecting
naturalness and therefore it is safe to ignore this field. Per-
r}orming the same calculation as above, the charged singlet,
¢}~ , gets a quadratically divergent mass and is lifted to the
., - - ly4| TeV scale.
ytop:2(|yl| 2+|y2| 2) tanﬂy:w- (2-42

Theu and u§ mix with an angled, and after integrating out
the massive combination the low energy top Yukawa is give
by

Ill. PRECISION ELECTROWEAK OBSERVABLES

After electroweak symmetry breaking the top quark and the

. Throughout this note the scalings of the contributions of
top partner pick up a mass

TeV scale physics to precision electroweak observables have
5 . been discussed. The contributions to the higher dimension
mtzw " zzﬁytopf 10 coSBsit2d, ) operators of the standard model are calculated in this section.
V2 sin 29, 322 The most physically transparent way of doing this is to inte-
(2.43  grate out the heavy fields and then run the operators down to
the weak scale. The most difficult contribution to calculate is
the custodiaBU(2) violating operator because there are sev-
eral sources. Beyond that there are four Fermi operators and
corrections to th&® and W™ interactions. There are no im-
The top coupling respects a glot&O(5) symmetry. This  portant contributions to th& parameter besides the contri-
ensures that there are no one loop quadratically divergertutions from the Higgs that turn out to be small. In Sec.
contributions to the Higgs mass and can be seen through tH# D, we summarize the constraints on the model from pre-
Coleman-Weinberg potential. The one loop quadratic divercision electroweak observables and state the limits on the
gence is proportional to MM', whereM~P,cX is the  masses.
mass matrix for the top sector in the background of the little
Higgs boson and;,c=diag(0,0,1,0) is a projection matrix A. Custodial SU(2)
from thel/°. Expanding this out

The decoupling limit is theg/,— o limit where 4,—0.

2. Radiative corrections

CustodialSU(2) provides limits on beyond the standard

1272 model physics. When written in terms of the electroweak
V1 lo0p cwA2= — STr Py c XX TP, chiral Lagrangian, violations o8U(2)c are related to the
3 operator{20]
~Tr P,,c=const, (2.44 04=Cq(TrT30'D ,0)? (3.1

which gives no one loop quadratic divergences to any of thevhere w are the Goldstone bosons associated with elec-
x; fields. One loop logarithmically divergent, one loop finite, troweak symmetry breaking. The coefficient of this operator
and two loop quadratically divergent masses are generated it calculated in this section. This is directly related dp.

035002-7



S. CHANG AND J. G. WACKER PHYSICAL REVIEW D69, 035002 (2004

Howevgr, ty.pically limits are sta_ted in terms of thgaram- hlghh,—hléhh;. (3.4

eter which is related t&5p, which differs from ép when

there are modifications to th&~ and z° interactions with

standard model fermions. In Sec. IIl D, this difference is ac-There are two equivalent ways of calculating the effect, ei-

counted for. ther integrating out,b'H to produce higher dimension opera-
There are typically five new sources of custodsdl(2) tors or by calculating its vacuum expectation value. The op-

violation in little Higgs models. The first is from the nonlin- erator appears as

ear sigma model structure itself. By expanding the kinetic

terms to quartic order there are operators that giveWie

and Z° masses. 1fSU(2)c had not been broken by the

vacuum expectation values of the Higgs, then there could not

be any operators that viola®U(2)c . CustodialSU(2) IS after integrating outuy, the leading derivative interaction is

only broken with the combination of the two vacuum expec-

tation values which means that the only possible operator

that could violateSU(2): must be of the form l@Dhl)Z. cog29,

However, the kinetic terms for the nonlinear sigma model Len=— WTrDM[Ul,Uz]D“[ULUz], (3.6

fields never contaim,; andh, simultaneously meaning that

any operator of this form is not present.

L =\ cot 239, fi Trug[uq,us]. (3.5

uyuqu,

whereD u are the standard model covariant derivatives. Ex-

1. Vector bosons panding this out there is a term that gives a contributiop to

The second source of custodi@alJ(2) violation is from
the TeV scale gauge bosons. The masaiWe never gives )
any SU(2). violating contributions to th&V= andZ° mass. Sp= v—coszZﬂ Sirt2 3 sir? 3
The B’ typically gives anSU(2). violating contribution to p f2 A psinte. 3.9
the electroweak gauge boson masses but the additional con-
tributions from theW" = vector bosons largely cancel this.

Summing the various contributions The approximateZ, symmetry of the scalar and gauge sec-
tors that sets), = 7/4 with cos 2% ~10~ ! meaning that this
02 02 contribution is adequately small.
Sp=— @sinzzeur msinzz,B sirfg. (3.2 One might also worry that the light triplets i, , get

tadpoles after electroweak symmetry breakitlyyough ra-

) ] ] diatively generatech’¢h terms, which due to their rela-
The second term is a result of the phase in the Higgs vacuumyely light masses could lead to phenomenologically danger-
expectation value that breaks tB8&)(2)c and arises because oys triplet VEVs' However, these light scalars are not
theW" = interactions are not invariant under rephasing of theinyolved in canceling off the quadratic divergences to the
Higgs. The phase is generally taken to h& to have the higgs masses. Thus these triplets can be safely raised to the
Higgs states fall intaCP eigenstates. This is not generic and Tey scale by introducing €2 plaquettes” as described fd],
requires tuningnf2 to be small. Numerically this contribu- where() =exp (2T ®)=diag(—1,— 1,— 1,— 1,1). These op-
tion is erators suitably suppress the magnitudes of the light triplet

VEVs and do not affect naturalness.

(1 Tev)?

1
“ls " qj A
a “bp 8 sirf28 2 (3.3

3. Two Higgs doublets

Thep parameter also receives contributions from integrat-
?ng out the Higgs bosons. It is known that this contribution
can be either positive or negative. It is positive generically if
the H™ states are either lighter or heavier than all the neutral
. . . : states, while it is negative if there are neutral Higgs states
tribution to 3p is negligibly sma_ll forf~7QO GeV. By going lighter and heavier than it. The Higgs potential of this theory
to small tans the mass of the lightest Higgs boson becomei:;enerically predicts that the charged Higgs boson is the

. . . 1 .
rather light, for instance, for sin@=; the mass of the light-  heayiest Higgs boson. There are four parameters of the Higgs
est Higgs boson is bounded byho<uv with most of the  yqientigl:m2 m2, b, and\ where one combination deter-
parameter space dominated o< 150 GeV. minesv =247 GeV. If ¢# 7/2 then this analysis becomes
much more complicated. The contribution {eo, from
vacuum polarization diagrams is

where the sif2¢’ term has been dropped because it cancel
in the conversion te, as will be shown in Sec. Il D. This
prefersB to be small which is the direction that is radiatively
driven by the top sector. For instance at sB+2, this con-

2. Triplet VEV

Another possible source &U(2)c violation is from a
triplet vacuum expectation valu¢/EV). The form of the
plaguette potential in Eq(2.20 ensures that the trilinear “We thank C. Csaki for pointing out that integrating out heavy
couplings are of the following form: quarks might generate these terms.
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to p from the gauge boson sector prefer a srgaib keep the

Opy =—{F(on, +) contributions small, thus favoring a light Higgs boson.
167 Sirf 6,,mj, -
) 4. Top partners
+SiP( = B)[F (M2, Mpo) — F (M0, Mpo) , ,
The top partners provide another sourceSdd(2)c vio-
+ 5ﬁsm(mao)]+00§(a—ﬁ)[|:( . mHO) lating 0perator~s arising from integrating out the partners to
. R ) the top quark:u and u®. Since this is a Dirac fermion it
—F(mjo,mZ0) + Spsm(Mio) 1}, (3.8 decouples in a standard fashion ysbecomes larg¢19].
The contribution after subtracting off the standard model top
where quark contribution is
1 Xy X NSirf6,
F(X,Y)ZE(XJFY)—H'OQB—/, (3.9 5Pt’*:8—[5'n29LF(mw m?)+F(m7, ,m2)
Spsu(m?)=F(m?,my,.) — F(m?,mZ) —F(m{ ,mf)~F(m, m))]
amPm?,. m2 Nsir?o, |
+— V2V log— - o sirfg.m’,
m=—my, = my, = 167“v
2, 2 2
4m? m 2 my, my, ,
_ —0 log—- m (3.10 +2 co§¢9Lz—tzlog—tz—(2—S|n26?L)mt2 ,
mP—m2,  mao m,—my M

3.1
In two Higgs doublet models setting an upper limit on the 312

lightest Higgs mass from precision electroweak measurewhere, is thet’ andt mixing angle after electroweak sym-

ments is less precise. There can be cancelations but it apmetry breaking and can be expressed in terms of the original
pears as though thE parameter is quadratically sensitive to Yukawa and the mixing anglé,

the mass of the heaviest Higgs boson. The spectrum of Higgs

generated by the Higgs potential keeps the splittings between _ v sin?-z‘}ycos,B
the masses of the Higgs bosons constant Sinfy = ———— (3.13
2 2 2 2 . . . .
My —Mao=2\v? M. —mie=mpo Using this and the expressions for the mass ofttaedt’ in

5 Eq. (2.43 the expression for thép,,, parameter reduces to
with mie<4\v?sir’2p. This means that it is kept small

then theT parameter is insensitive to the overall mass scale 3yt20pv ?sir*9,cod'
of the Higgs. Witha — 8= /4 the contribution tep, goes as Opyry =

128722
2 2
o 18p 1 Mo 1 My liarrs —of vzsinzﬂycos’-ﬁycos’-,8+1
* 10 (500 Gey2 4 mA. arrd,—2| log e .
1 m,- 1 (3.14

N |

- s=log—————,
30 9(500 GeW? This contribution vanishes a8,—0 which is the limity,
—0 while keepingy,, fixed. In the limit of ¥,=n/4
1 m2 1 m — 69, near wherem;, is minimized, the contribution for
ho ho

~__ -z small B8 goes as
2
3 (500 GeV)? 2 my.

(1-4.4589,+7.5597)

1 me . a 1opy, = oE (1—1.8sirtB
—s=log————, A=L1 (3.1
30 V(500 Gew? (1 Tew?
L +0.7sifB) ———. (3.15
As N becomes larger the contributions to tlieparameter f2

typically become larger, positive, and favoring heavier Higgs

with smaller mass splittings to satisfy precision electroweakThis is adequately small for ang and the contribution
fits. Notice that even foh =1 where the contributions to quickly drops withédy . For instance, withdd,=0.1, dp
Sp, are quite small the mass of the lightest Higgs boson iglrops by 40% whilem, only rises by 2%. This means that

only bounded byn,o<350 GeV. However the contributions this contribution can be taken to be a subdominant effect.
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B. S parameter

The main source for contributions to ttg&eparameter is
from integrating out the physical Higgs bosons. As for the
case with thep parameter, a two Higgs doublet spectrum

leaves a great deal of room for even a heavy spectrum where

all the states are above 200 GeV. GenericallySiparameter
does not lead to any constraints in the Higgs spectrum be-

PHYSICAL REVIEW D69, 035002 (2004

(awe? (e’

2
2M2,

L siftg’
IF “IFa #—?J#‘JFM- (3.20

cause of cancelations

2
1] Mo 11
S—E Slnz(ﬁ—a’)bgm—ﬁo—g

+cos(B— a)G(mao,mio,mar)

+si?(B— a)G(Mio,mao,m3:) [, (3.16

where

X y
2,2 (x=3y)x*logZ —(y—3x)y®log

(x—y)?
(3.17

This can be approximated by expanding around Iarﬁg
masses and taking— 8= w/4

o 5 1 2xn0?
TR T

! —m§°+—1 | = 3.1
287 e, 2an Ve GO

It requires a full fit to know what the limits on these
interactions are, but to first approximation these interactions
are fine if they are suppressed by roughly,~6 TeV[22].
Since sin=/3 sin¢’, the biggest constraints come from the
effects of theW’. The constraints reduce to a limit on the
gs—f plane of

2.\/2f

sing = Ajim - (321)
Clearly for f~2.5 TeV there are no limits oms, for f
~1.5 TeV, gs~1.5 and forf~0.7 TeV, gs~3.2 These are
clearly all in the natural regime for the little Higgs mecha-
nism to be stabilizing the weak scale. This limit is very
closely related to the mass of the’

g

Mpy=—
W™ 2 cose

Ajim - (3.22

Thus, the mass of th&/' =2 A, . This sets a lower limit on
the mass of th&V’ of 2.5 TeV.

D. Summary of limits

To state the limits it is necessary to convetb p, which
is related to thel parameter. While is related to custodial
SU(2), p, is related to physical results and differs frgm
when there are modifications to electroweak current interac-
tions. The difference is due to the discrepancy between the
pole mass of th&v= and the way that the mass of tié" is
extracted through muon decay.

These are adequately small in general for all reasonable val- I this model the standard model fermions couple to the

ues of\ and mﬁo.

C. Electroweak currents

W’ andB’ and integrating out the heavy gauge bosons gen-
erates both four Fermi interactions and corrections to the
Jy ,Jw fermionic currents after electroweak symmetry break-
ing. Following the analysis ih12,21], the Fermi constant is

The last source of electroweak constraints comes from thgorrected by

modifications to electroweak currents and four Fermi opera-
tors at low energies. These come from two primary sources,
the Higgs-Fermion interactions from the current interactions Gr

in Egs.(2.14) and (2.37)

2 L a . .
Juwnl®*“wre Jusnitee

Lyp=—

2 2
M2, M2,
sif6cos 20 sif@’cos 20’
:_TJH JFaM_TJHM]F#
(3.19

and the direct four Fermi interactions

SM?2 v?
Y sitao).
|\/|W0 64f

1 J2v?| 1+ (3.23

To determinep, , it is necessary to integrate out tdé and
express the four Fermi operators as

4G
— —p(J3—570) %+ 2},

2
2 (3.29

8t is not possible to puslys much larger than 3 because pertur-
bativity is lost when the loop factor suppressﬂS;g(A)gé/Sq-r2 be-
comes roughly 1. This requireg=<5.
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which gives us to orderv?/f?) into this model including that it is a two Higgs doublet model
with a colored Dirac fermion at the TeV scale that cancels
5M\2N 5M§ v? 220" the one loop quadratic divergence of the top and several TeV
Opy=aT= M2 M2 + 642 SiF2¢ scale vector bosons. By having custodal(2) it is possible
W g to take the simple limit where thgs coupling is large where
2 the contributions from TeV scale physics to precision elec-
=p+ U—Zsinzz 0. (3.25  troweak observables become small. In the model presented, a

breaking scale as low &s=700 GeV was allowed by preci-
o ~sion electroweak observables. The limits on Wé andB’
Becaulse. all the other contributions poare smgll, the Pri- are around 2.5 TeV and the mass of the top partner is
mary limit on the theory comes from ti8U(2)c violationin 51 2 Tev. These are the states that cancel the one loop
theA??#ge S(_ectorr]. imi b ed for th quadratic divergences from the standard model’s gauge and
pointthe limits can be summarized for the masse op sectors and their masses are where naturalness dictates.

of the particles. The limit on the breaking scdieis roughly . . .
700 GeV from the contributions b from the gauge bosons. The .charg.ed Higgs bosqn was typlc_:ally the. .heawest.am.ong
the light Higgs scalars, this resulted in a positive contribution

The Higgs contributions te, could have been large, but 29" : R
because tag is small it turns out to be subdominant. The to T. The limits from custodialSU(2) violating operators

mass of the lightest Higgs is bounded to be less than 25fvored a light Higgs boson coming not from the standard
GeV with most of the parameter space dominated by massé&Plique corrections from the Higgs boson, but indirectly
less than 150 GeV. The TeV scale vector bosons are alf0M integrating out the TeV scale gauge bosons. These al-
roughly degenerate with masses greater than 2.5 TeV. TH&ady mild limits might be reduced by going away from a
mass of the top partner is roughly 2 TeV. While the mass ofnaximal phase. Changing this phase would also require re-

the heavy Higgs boson are roughly 2 TeV from the limits oncalculating the contributions tép from the Higgs sector
f. when the states do not fall into CP eigenstates. There are

If we chose to exclude thAEB measurement as an outlier, additional scalars that could be as |Ight as 100 GeV that

the implications for this model are significant. Discardingcame as th&Q(5) partners to the Higgs. As mentioned ear-
this measurement might be reasonable since it deviates frofi¢" in the section on triplet VEVs, these states can be lifted
other standard model measurements by roughly Fhis by “Q plaquettes”to the muIti-TeV scale and therefore their
model does not significantly alter the physicsAff> from  relevance for phenomenology is model dependent.

the standard model. This measurement is not generally ex- | NiS model predicts generically a positive contribution to
cluded because doing so pulls the fit for theparameter T mimicking the effect of a light Higgs boson in the standard
positive which favors a very light Higgs boson in the stan-model. This is interesting because if one excludesApg

dard model and is excluded by direct searches. Howeveheasurement as an outlier then the fit to precision elec-
there are additional positive contributions that mimic a lighttroweak observables favors a positiVe-0.15+0.1. This is
Higgs boson in this model. On a general principle, the congenerally stated as the standard model has a best fit for a
nection between a light Higgs boson and a positive contribuHiggs mass of 40 GeV if tha;® measurement is excluded.
tion to theT parameter does not hold in two Higgs doublet ~There has been recent interest in the phenomenology of
models and it is quite easy to have the Higgs sector producée Higgs bosons inside little Higgs models. Most of the
5T~0.2. By ignoringALB the best fit for theS—T plane  recent work we believe carries over qualitatively including
moves toT~0.15+0.1. Sed23,24 for more details. This the suppression dfi—gg,yy [15,16. The LHC should be
significantly reduces the constraints on this model becaus@ble to produce copious numbers of the TeV scale partners in
all TeV scale physics pulls towards positiVeThe contribu-  the top and vector sectof$3].

tion from the gauge bosons becomes roughly about the best Another possible way of removing limits arising from the
fit for T even with tanB~1 andf~700 GeV. This in turn phase in the Higgs vacuum expectation value is to construct

can lower the limit orm,, and also remove the preference for @ model that has only one Higgs doublet. All “theory space”
lighter Higgs. models automatically have two Higgs doublets so one possi-

bility would be to follow the example of the “littlest Higgs”
model and construct a coset model such as
SO(9)/[SO(5)XS((4)] [25]. There may be other two
In this paper we have found a little Higgs model with Higgs doublet models that have a gau@d(2), that do not
custodialSU(2) symmetry that is easily seen to be consis-force the Higgs vacuum expectation value to br8ak2). .
tent with precision electroweak constraints. This demon- To summarize the larger context of this model, it provides
strated that little Higgs models are viable models of TeVa simple realistic little Higgs theory that is parametrically
scale physics that stabilize the weak scale and that the breakafe from precision electroweak measurements. While it is
ing scale,f, can be as low as 700 GeV without being in not necessary to have a gaudged(2),, it allows for trans-
contradiction to precision electroweak observables. Thigarent limits to be taken where the TeV scale physics de-
theory is a small modification to the minimal moose havingcouples from the physics causing constraints while still cut-
global SO(5) symmetries in comparison ®U(3). Most of  ting off the low energy quadratic divergences. There are
the qualitative features of the minimal moose carried oveother ways of avoiding large contributions to electroweak

IV. CONCLUSIONS AND OUTLOOK
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precision observables without a gauded(2), . The impor- TUO=T45  Tura—Tas5 (A2)
tant issue is that the physics that is stabilizing the weak scale

from the most important interactions is not providing signifi- The commutation relations in this basis areSi(5) are
cant constraints on little Higgs models. This is the deeper . .

reason why the model presented worked in such a simple [T TP]=iemeTe, [T TP]=ieT,
fashion. Precision electroweak constraints are coming from i

the interactions of either thB’ or the interactions of the [T'3,T™]=0, [T'°T'a]=—[Tv0 Ta]=~T"2,
light fermions. The quadratic divergence frdd(1)y only 2
becomes relevant at a scale of 10—-15 TeV and is oftentimes .

abovv_e the spale of strong coupling for Ii'gtle Higgs models. [TY0,Tva]= I_(Tra_TIa),

The interactions of the light fermions with the TeV scale 2

vector bosons is not determined by electroweak gauge sym- ) i

metry and can be altered by either changing the charge as- [Tva,Tb]= — '_.I.UogabJr I—EabCTUC

signments or by mixing the fermions with multi-TeV scale ' 2 2 '

Dirac fermions.

In a broader view little Higgs models offer a rich set of
models for TeV scale physics that stabilize the weak scale.
Each little Higgs model has slightly different contributions to
precision electroweak observables, but they do not have R
parametric problems fitting current experimental measure- [msT ]255 (TE+TT). (A3)
ments. In the next five years the LHC will provide direct
probes of TeV scale physics and determine whether little
Higgs models play a role in stabilizing the weak scale.

[Tua,-l—rb]: iETUO(SabJ’_ iEEabCTUC,

1. Vector representation

The vector representation &0O(5) can be realized as
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TrTATP= 58, (A5)

APPENDIX: GENERATORS

The SO(5) commutation relations are 2. Spinor representation

The spinor representation is given by the form

i
[TMNTOP]= E( SMOTNP— SMPTNO_ SNOTMP SNPTMO) a?2 0 0 O
la_ ra_
(Al) o 0 0/ o 0 O'a/2 ’
wherem,n,o,p run from 1 . ..,5. These generators can be : a
) 0 1 0 io
broken up into 0 L va. L .
. . 2\/5 1 0} 2\/5 —io o /-
TIa: éabchc_l_ _Ta4, (A6)
2\2 V2 . _
In this representation
1 1 1
Ta= eabebe_ _Ta4, ATB__ oAB
2\2 2 TrT°T 25 . (A7)
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