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Top quarks and electroweak symmetry breaking in little Higgs models
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“Little Higgs” models, in which the Higgs particle arises as a pseudo Goldstone boson, have a natural
mechanism of electroweak symmetry breaking associated with the large value of the top quark Yukawa
coupling. The mechanism typically involves a new heavy SY(&hglet top quarkT. We discuss the rela-
tionship of the Higgs boson and the two top quarks. We suggest experimental tests of the little Higgs mecha-
nism of electroweak symmetry breaking using the production and decay afdh¢he CERN Large Hadron
Collider.
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[. INTRODUCTION ever, the couplings of the Higgs boson to the top quark and
to a new heavy vectorlike quark can overcome the positive
The most pressing question in elementary particle physicsontribution, and produce totadmass$® parameter for the
today is that of identifying the mechanism responsible for theHiggs doublet that is negative. Therefore, like supersymme-
spontaneous breaking of the SU§2Y(1) symmetry of the try and topcolor, the explanation of the negativeass? of
weak interactions. For many years, the list of possible anthe Higgs boson is tied to its couplings to the top sector.
swers to this question was static. The leading alternativeslowever, there is an advantage that little Higgs models have
were supersymmetry and new strong interactions at the TeWith respect to supersymmetry. In supersymmetry, the calcu-
scale. Recently, the list has expanded to include several nelation of electroweak symmetry breaking combines the con-
mechanisms, including candidates gleaned from analyses tribution from the top sector with the independent parameters
models with extra dimensions. Whatever the mechanism oft andBu, whereas in the little Higgs model the top contri-
electroweak symmetry breaking, we expect it to be associbution stands on its own.
ated with the TeV scale, which we will explore soon at the In the little Higgs model, the couplings of the Higgs to the
CERN Large Hadron CollidgiLHC). It is important, then, to  standard model top quartkand the new heavy top quaik
clarify the implications of these new mechanisms and thdorm an independent sector that is relatively isolated from
observable processes by which they might be tested. the rest of the Higgs dynamics. This allows us to make state-
One of the most appealing of the newly proposed apiments about the dynamics of tiighat are general in models
proaches to electroweak symmetry breaking is that of thenaking use of the little Higgs mechanism. Tests of these
“little Higgs” model [1-6]. This model revives the idea that statements test the underlying mechanism of electroweak
the Higgs particle is a pseudo Goldstone bdsbr9], adding  symmetry breaking.
to it a number of insights from the study of extra dimensions, In this paper, we will consider only models with one new
supersymmetry, and other weak-coupling Higgs theoriesheavy top and one pseudo Goldstone boson Higgs doublet.
Proponents of the little Higgs model argue that the large tofur conclusions are general with these assumptions. More
Yukawa coupling can generate the instability of the Higgscomplicated top sectors and models with multiple Higgs
potential to electroweak symmetry breaking. The construcdoublets have been proposgib—-21].
tion links the observed heaviness of the top quark to elec- The plan of this paper is as follows: In Sec. Il, we will
troweak symmetry breaking in a manner different from thatreview the mechanism of electroweak symmetry breaking in
in supersymmetry10—-13 or top-color[14] models, through little Higgs models. From this discussion, we will obtain a
a mechanism that is direct and appealing. In this paper, weelation among the parameters of the Lagrangian that couples
will discuss the relation between this mechanism and theéhe Higgs multiplet to the top quarks. The rest of our discus-
properties of the top quark and its partners. sion will be concerned with methods of testing this relation.
Little Higgs models typically contain a large multiplet of In Sec. Ill, we will discuss the parameters of a simple ver-
pseudo Goldstone bosons, including the Higgs doublet of theion of the little Higgs model and the constraints on these
standard model. While many of the Goldstone bosons in thiparameters from precision electroweak measurements. This
multiplet receive masses at the TeV scale, the models amiscussion will build on the work of Ref§22—24. The goal
constructed so that the Higgs boson mass is protected frowf this section will be to determine the acceptable values of
guadratic divergences at the one-loop level. The dominartheT mass. In Sec. IV, we will discuss the phenomenology of
contributions to the Higgs boson mass parameter are onltheT. We will argue that, though thEis to first order a weak
logarithmically sensitive to the physics at the cutoff and areinteraction singlet, it decays significantly W*b and Z°.
therefore calculable. Thémas$® parameter generated by These modes provide important signaturesFqeroduction
gauge interactions in perturbation theory is positive. How-at the LHC. We will argue that the measurement of the total
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width of theT and of its production cross section tests the T Te
relation highlighted in Sec. Il. Section V presents some con- e Tr \/
clusions. Some other aspects of the little Higgs model col- *® i h . Y =
lider phenomenology have been discussed in Refs-27. i i iAr
Vi Vi 5f
Il. ELECTROWEAK SYMMETRY BREAKING IN LITTLE FIG. 1. Feynman rules for couplings between the Higgs boson
HIGGS MODELS and the top quarks in the symmetric vacuugh)=0). We have

only shown those vertices relevant to the calculation of the one-loop
As we have already noted, electroweak symmetry break-

LT . . . quadratic divergences from the top sector. There are additional ver-
ing in little Higgs models can result from coupling the Little tices, generated by terms of higher order in the expansiow, of
Higgs multiplet to an isolated sector containing the top quarlﬁnvoliling three or more Higgs bosons. '

and another heavy quark. In this section, we will review this
mechanism as it was presented in RE8s4]. We will not be

concer_ned with the en'gire computation o_f the Higgs pote_ntial,[erm in (3) explicitly breaks the S(8) symmetry to S(2)
(():12/5;\2”?2 r:gea%i(\a/ge(/?lgovr\]/illcieznfh;ta;?e I;::E:Eistrr;eona’gg‘z and specifically breaks the symmetries responsible for keep-
[34] is a sirr?ple a.nd attractive way to meet that goal Thémg H andH' in () massless. However, the Higgs boson
méchanism involves an additional heavy chadgpsark THe field does not enter this term directly. This means thatan

) ) = . ’ obtain mass only from loop diagrams and only at a level at
idea that a heavy singlet quark mixing with the top quark as

a part of electroweak symmetry breaking was originall in-WhiCh the couplings,, and both enter. In Ref(3], it is
P ) y y » 9 ginally IN“spown that this restriction prohibits the appearance of one-
troduced as the “top-color seesaw” of Dobrescu and Hill

. . loop quadratic divergences in the Higgs boson mass. The
e e e eIl or U 1 et SnE-oo raciaive cooution o the iggmass s only
the third-generation weak doublet will be.p), . the ﬁew ’Iog_anthmlc_:ally divergent, and can thus _be rel!a_bly estimated.
left-handed weak singlet will b&J, , and ’theL ’two right- Th|$ contrlbut_lon turns out to be negatii@ gving an ex-
handed weak singlets of the modeT ;/vill be, Ug. We wil plicit mechanism of electroweak symmetry breaking.
) . . 1 ERe Let us review both aspects of the calculation. We expand
identify thet and T states momentarily.

: . o about the symmetric pointh)=0. At this point,u, remains
en?ek;‘y ngt;lrse ?r:r::rilggethjtggrsotce %Tstggcl:_ti'ionS'Sbtglseoﬁrr?;smassless, whil&J, combines with one linear combination of
9 y P 99 r andUxg to obtain a mass. The mass eigenstates are then

against quadratically divergent radiative corrections at one
loop. The Higgs boson couplings to quarks should preserve

stone boson fieldsr® must remain massless. The second

this feature. As a demonstration of how this could work, we _— . AoUr—AUg
introduce an S lobal symmetry. LetV be an S L=, RT
® g Y y U3) /)\i"”)\g

unitary matrix, depending on Goldstone boson fietdsas )
V=exq 2i w?t?/f], (N NUg+NoUR

with m; massless at this level and

mr= A+ \3f. (6)

The Feynman rules for couplings between the Higgs boson
and the top quarks in the symmetric vacuum are given in Fig.
@ and ¢ are other members of the Goldstone multiplet thatl. We only show rules involving one or two Higgs bosons,

we need not concern ourselves with at this point. etoe  which are relevant to the calculation of the one-loop qua-
the “royal” SU(3) triplet (u,b,U), [29]. These fields can be dratic divergence. The couplings of the Higgs bosom, tg,

coupled by writing(3,4] and tot, T are related to the parameters appearing in the
Lagrangian(3) via

. . . . . T =U,, Tgr=
wheref is a “pion decay constant” with the dimensions of Lok R

mass and? is an SU3) generator, normalized to[tft"]
=36%°. We will identify the Higgs doubleH=(h+is,
—v27 )T with the SU2) doublet components of the Gold-
stone boson matriXl= 7t

1 ( @ H
2|H:E<—HT ¢) (2)

L= _)\lfURV3iXLi_)\2fURUL+ H.c. (3)
2
The first term of this Lagrangian has an @Jglobal sym- N N1k e A1 @
mT— M ==
ety or
Va—=VaAl,  xi—Ax. @)

The one-loop contribution to the Higgs bosomasg?
This symmetry is spontaneously broken. To the extent thatomes from the three diagrams in Fig. 2. The values of the
this SUS3) is an exact symmetry of the Lagrangian, the Gold-diagrams are
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mass of theT is greater than about 2 TeV, the cancellation

shown in(8) requires some tuning to give an answer ffigy
TR TRt T B R below 220 GeV, the range for the Higgs boson mass pre-
b h ferred by precision electroweak measurem¢8€. For this
a) t b) T ©) reason, the authors of R¢8] suggested that the mass of the
T should be less than 2 TeV.
On the other hand, the consistency of the little Higgs
model with precision electroweak data can place a lower

limit on the mass of th@. The precision electroweak correc-

FIG. 2. One-loop contributions to the Higgs bosenass? in
the little Higgs model.

4
(a)= _6)\2J' d'k i tions from the model of Ref4] have been studied in some
v 2m)4 k2’ detail in Refs[22] and[23]. These authors have found very
strong bounds that implyn;>8-10 TeV. The corrections
d*k 1 from T loops were computed in Ref$22,23, but these
(b):_ﬁ)‘$f—4ﬁ’ turned out to be relatively unimportant terms of order
(27)" k*=m7 am¢/m2. The large effects are the direct tree-level modifi-
cations of the precision electroweak predictions due to the
N7 d*k  my new heavy vector bosons in the little Higgs model. Consid-
(O)=+6— (8)  eration of their effects gives a lower bound brio find a

4,2 . 2°
f (2m)" k®—my limit on the mass of thel, we can use such a bound in

The quadratic divergences neatly cancel. The top sectocrOnjunCtlon with the inequality

contribution to the Higggmas$? is then given by

My
—=2~2, (11)
o MM AT AmE A o o
Amg= _3?|09—2= —3F|09—2, (9 which is obtained by minimizing10) with respect to\ .
™ My ™ my There is a specific reason that the model of R&fleads

. . . to a very strong bound ofi In this model, all quadratically
where A~4nf is the strong interaction scale of the theory divergent contributions tmﬁ due toW andZ boson loops are

that gives rise to the Goldstone bosons. In little Higgs mod- -

4 , . canceled by contributions from hea auge bosons. To
els, f is typically taken_ to _be of o_rder 1 Te(to_rrespondmg achieve thig, the authors of Re#] m;ze gusegof a gauge
to A~10 TeV) to av0|.d fine tuning of the Higgs mass. As group SU(2)X SU(2)x U(1)x U(1). This leads to a multip-
ang asme |szp.arametr|cally lower than, the negative con- |gt of heavy SU2) gauge bosons and a heavy1l gauge
tribution to my In Eqg. (9) could be the dominant one and thus boson. The heavy u) boson is actua”y not very heavy7
would provide the explanation for why electroweak symme-

try is broken. There are incalculabiguadratically divergent 2 ,
two-loop contributions tam2, which are the same order in m”Tg f~0.3f, (12)
N1\5, but these are not logarithmically enhanced, and so are 5

subdominant. The situation is that typically found in chiral and this leads to large electroweak corrections, and also to

perturbation theory. problems with the direct observational boundsZinbosons
The cancellation of quadratic divergences in E).de-  from the Tevatrorf22,23.

pends on the relation of E@6), which can be rewritten as
A. An SU(2) XSU(2) X U(1) model
my A+AZ

0T (10) There are various ways to ameliorate this proble],
f ANt but the most direct is to gauge a smaller group. It has been
suggested31] that one might gauge only SU(X)SU(2)
The relation(10) is a very interesting one. All of the four xU(1), canceling the quadratic divergences proportional to
parameters in this equation are in principle measurable. Thg?/47 but allowing quadratically divergent terms propor-
top quark Yukawa coupling is known. The decay consfant tional to g’?/4x. Sinceg’ is small, the latter are not unrea-
can be determined by measuring the properties of the heawonably large if the cutoff or strong interaction scAlef the
vector bosons in the little Higgs theoff25]. The mass and little Higgs model is about 10 TeV. In the remainder of this
couplings of the heavy top quark will be measured when thisection, we will adopt this approach to find a more conser-
quark is observed, perhaps at the LHC. If relatid®) is  vative lower bound orf and on theT quark mass.
shown to be valid, then this will be strong evidence for the The success of this approach depends on the exact choice
picture of electroweak symmetry breaking given by the littleof the symmetry-breaking pattern that produces the pseudo

Higgs model. Goldstone bosons of the little Higgs models. Given the im-
portance of the global S3) symmetry for the top couplings,
IIl. HOW HEAVY IS THE HEAVY TOP QUARK? one might first study a model in which a global SU(3)

X SU(3) symmetry is spontaneously broken to($UThe
If we are to study the heavy quailk then we should have multiplet of Goldstone bosons fill an adjoint representation
some idea of its mass. The little Higgs theory does not placef SU(3). The Higgs field can be identified as an @Udou-
a firm upper bound on the mass of tfie However, if the  blet within this structure,

075002-3



PERELSTEIN, PESKIN, AND PIERCE PHYSICAL REVIEW B9, 075002 (2004

L 0 0 h+ims The masses of the usudl andZ turn out to be related by
2i mitd=— 0 0 V2@ |. (13
—(h—i® vaz® 0 1v?
( ) m3,/m2=cos ¢ 1+§f_2 , (18)

Exponentiating and taking the vacuum expectation value
(h)=v=246 GeV, we find the S{B) nonlinear sigma model

field where co$ @ is the weak mixing angle defined in terms of the

cogv/v2f) 0 sinv/v2f) underlying.gau_ge coupling constants. This give; an unac-
i 43t ceptable violation of the knowW/Z mass relation iff
V=e = 0 1 0 : <3 TeV. The problem stems from the fact that this model
—sin(v/v2f) 0 cogv/v2f) does not respect custodial &Y at the level ofv?/f? correc-
(14)  tions, as was pointed out already in the original papers of
o . o ) Georgi and Kaplan on pseudo Goldstone models for the
The kinetic Lagrangian for this field is Higgs bosor{32].
£2 The symmetry breaking pattern 8)/SQ(5), which is the
L= —tr[DMVTD“V] (15) basis of Ref[4], is much more promising from this point of
2 view. In the old approach of Kaplan and Georgi, this model
preserves custodial $B). When we gauge SU(2SU(2)
X U(1) as in the little Higgs models, custodial &) is ex-
= —i a Tay/4i a a_iq’ ] plicitly broken, but it is possible to check that the custodial
DuV= 0V IOALTVH10rAR, VT 10 B”[Q’V](m) SU(2)-violating corrections to the vector boson mass relation
(18) appear for the first time in order®/f8. With this prob-
Here, T8=diag(*,0), wherer® is an SU2) generator, an@  lem and that of thetoo-light) heavy U1) boson removed,
is a matrix of U1) charges with(—3, 3, 0) on the diagonal. there is no further reason for a major difficulty with the pre-
Using these formulas, it is straightforward to work out thecision electroweak data.

with

vector boson masses. To leading orderviftf, the heavy In the remainder of this section, we give some details of a
triplet of W's have masses given by more thorough analysis of this questibfio begin, the Higgs
5 o doublet must be fitted into the multiplet of Goldstone bosons
>, _9itOr,, of SU(5) spontaneously broken to $&). To do this, we
M, =5 @D rite
|
0 0 (h+im?) 0 0
1 0 0 V2m~ 0 0
2imdtt=—| —(h—in®) —V2mx* 0 —(h+im®) —v2# |, (19
V2 0 0 (h—imd 0 0
0 0 V2a* 0 0

where we only show the degrees of freedom correspondinghen, exponentiating the action aft?, we find the SU5)

to the Higgs-doublet. nonlinear sigma model field
It is convenient to take the vacuum configuration to be aa
V:eZIﬂ' t /fV
0
0 0 01O
Vo= 0 0 1 0 O (20) 0 0 O 0 1
1.0 0 0 O = —s/v2 0 c —s/V2 0], (21
01000 3(1+c) 0 sV2 —3(1-¢c) O
0 1 0 0 0
°The remaining physicaluneateh degrees of freedom in the With
Goldstone boson multiplet form a triplet under SU(2 and obtain
a mass at the TeV scale via radiative corrections. IA similar analysis has been presented in R24].
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v v The mass of the heawV gauge bosons to leading order is
c=cosy, s=sing. (22)  again given by Eq(17). Finding the masses of the usual
and Z bosons to the precision that is necessary to compare
We now gauge the S@) acting on the first two rows and With electroweak precision measurements requires a bit more
columns ofV with gauge couplingy, , the SU2) acting on  Work. Let 2
the last two rows and columns ¥fwith gauge couplin@g, 2_ 9.9 27)
and the unbroken (1) with couplingg’. The normalization g gi+g3
of the gauged (L) generator is chosen to ensure the correct
value of the Higgs boson hypercharge. The kinetic LagrangWe can define a mixing anglg by
ian for theV field is

9 g

£2 QL:C_: gR:S_a (28)
L= Ztr[DMVTD"“V]. (23) ¥ 4

wheres,=siny, c,=cosy. In the basis
Here the covariant derivative of thé field is given by A =SAL—CAR, Ay =CyA +S,Ag (29)
D V=g V—i E 9:A%(Q3V +VQaT) the matrixm'i is approximately diagonal. A further rotation
" R e ! of orderv?/f? is necessary to complete the diagonalization.
y p g

) The mass eigenstates are given by
—ig'B(YV+VY), (24)
WH=s,A" +cgA’,, Wi=czA —ssAL,
whereW]le (a=1,...,3) andB are the S2) and U1) gauge PR R TR (30)
fields, respectively, andj; and g’ are the corresponding
gauge couplings. The generators are giverYbydiag(—3,  Where
1 11
—5,0,5,5) and UZ
sﬁwm%sw(cﬁ,—sfﬂ), cp~1. (3D
ax |,

(25

- T

[ _a
Q=" ) Qe
_ _ Here and below, we neglect the terms of ordétf* and
We will assume that the left-handed fermions of the standarrﬁigher_ TheW,, boson receives a mass of order TeV

model transform as doublets under SU(2nd singlets un-  \yhjle the W boson remains light. Its mass is given by

der SU(2k. 422 2
ma=——|1— —[&+&(c2—s%)?]+-
W £2 12 7 8\by " .

7 (32

B. Vector boson mass matrices

From this starting point, it is not difficult to work out the The effective value oGe . including the effect of the ex-
masses and couplings of the vector bosons in this theory anéi:an e of both vector bFo’sons(af—% is
compute their effect on the precision electroweak observ- 9 o

ables. In the basisA_ ,A}), the mass matrix of charged Ge 1 1 5 2
vector bosons is —=—(g. O0)m;? A P 1+——|. (33
v 8 0] 2v? 24 f2
2 z -3 1+c
m2+:f_ 9 29.9R( ) . (26) Similarly, the mass matrix of neutral vector bosons in the
2\ —3ggr(1+0) g& basis A3,A3,B) is given by
|
g(1+9) ~9grl3(1+0)+¢] —39.9'(1-0)
f
mo=- | —OLgRl3(1+0)+{] 9R(1+) —39r9'(1-C) (34
—39.9'(1-¢) —30r0’(1-0) g9'*(1-c)

where {=(1—c)?/8. Comparing with(26), we see that the e
terms proportional t@ in the matrix elements violate custo- 9= S 9'=—, (35
dial SU2); however, these terms only contributertg,/m; !

in orderv®/f°. Let 6, denote the “underlying” value of the where s,=sin6,, c,=cosf,, and e=gg'/\g?>+g'2. We
weak mixing angle, defined by can now proceed to the new basis:
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0.3

Al Zo=CAl —sB, A=s/A} +c,B, (36)
whereA ) andA _, are defined in Eq(29). The stateA is ozr
an exact eigenvector arh(z) with a vanishing eigenvalue; we

identify this state with the physical photon. The other two
states in Eq.(36) are not exact eigenvectors. As in the

0.1

charged sector, a further rotation of ordé/f? is neededto T °
complete the diagonalization:
01
3 . 3
Z=SZA(,)+CZZ(O) ' ZH=CZA(,)—SZZ(0) s (37)
-0.2
where
2 -03
1% Cl//Sw 2 2 L
S;~———(¢5—5S;), Cy~1. 38 02 015
2~ 5p g (CS) © (39)
The mass of the lighZ boson is given by FIG. 3. Excursions in theS-T plane resulting from the
SU(5)/SO(5)Little Higgs model with a single gauged(l). The
g%v? v2 different lines represent different values of  gin
me=——>|1- —[&+3(c3—s2)2]+-|, (39 ={0.1,0.2,0.3,...0J7 while the points on the lines represent differ-
z 2 f2 12 8 ¥ [
4cy, ent values off. The rightmost point(not visible for siny
) . ={0.5,0.6,0.) is for 1 TeV, and additional points are separated by
while the Z,, state obtains a mass of order TeV. 500 GeV, increasing if. The ellipse represents the experimentally
allowed region at the 68% confidence level for two degrees of free-
C. Precision electroweak observables dom. Also shown is the dark black curve showing Bend T

rcontributions of a standard model Higgs boson for various masses.

e provide an enlargement of this figure in Fig. 4. Note that the
ines for sing={0.1,0.2 are somewhat obscured here, but can be
seen clearly in Fig. 4.

From these formulas, we can work out the predictions fo
corrections to precision electroweak observables due t
heavy gauge bosons. The reference valgeof the weak
mixing angle is given by

4o AT =T'—=T
Sin? 260p=———. (40) )
\/ZGFmZ 1 U2 4(1_480)
—Tpo| = Z Syt ——5—3As%|, (43
From the formulas in Eqg33), (39), and(40), we can com- 2 f 1-4s;5+8sq
pute the shift between the underlyisg of Eq. (35) and the
reference value of sfrd,, defined above: where
2_ 2 2
S;=SptAs”, (41 4me?my (1 , 2+ . »
with ©7"6spcs |12 %) T 9
102 casa , o
ASP=— — c2g2 (42) is the standard model tree-level value of the leptonic width
2 f270 Vg2 of the Z boson.

We can interpret these shifts as a contribution toSlaad
Here we have deﬁnes%zsinz 6o, c§=1—s§. T parameterg33]. Formally, effects on the precision elec-
Using this formula and the expression fyin Eq.(31) to ~ troweak parameters due to exZaand W bosons are not
compute the coupling of leptons to t&#8, we can compute oblique and cannot be completely absorbed iStand T.
the shifts of precision electroweak observables from theitHowever, it was observed in Ref34] that a fit to the elec-
standard model tree-level values. For the three best-measuri@weak data with the shifts from&’ boson and compensa-
observables-my,, the on-shell mass of thea/ boson,si, the tory values ofSandT was comparable in quality to a fit to

effective value of the weak mixing angle P decay asym- the standard model; the opposite of the valuesSaind T
metries, and’,, the leptonic width of theZ®, we find needed to compensate the effect of Eieboson could then

be viewed as théS, T) excursion due to th&’ boson.

Imy Applying this method to the S@)/SQ(5) little Higgs
Amy=my— mzCo:—E?AS ) model with SU(2)X SU(2)xU(1) gauged, using the ob-
0 servables in43), we find that the effect of the model on the
2 precision electroweak data is represented by (Be T)
1% . . . . .
A2 =0 _g2=Ag2— __stz(cz_sz) excursions shown in Figs. 3 and 4. In producing the fit, we
ok 20 4 f2707 T Ben use[35]
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little Higgs theory. To analyze this, we have computed the
effective low-energy neutral current Lagrangian, in the form

-0.005

G
Lne= Pl =S I 49
-0.01 |
T
In the standard model at the tree levek 1, s>=s3, 7=0.
ooy In the SU5)/SQ(5) model, we findp=1, up to corrections of
orderv®/f®, and
-0.02 b 1TeV
\ , o LLlv? 2c5cs,
-0.025 1 1 1 L L S SO SO4 fzs"/l C(Z)—S(Z) ,
[ 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
s (49)
N . ) 10?2
FIG. 4. This figure is an enlargement of the central portion of 7]:53_ —st
Fig. 3, focusing on points compatible with the electroweak preci- 2 277

sion measurements. The uppermost line is for/si®.1. Each line

represents an increment of 0.1 in #inThe nggs mass is set to 115 For po|nts |n the reg|0n a”owed by tl'(s, T) analys|si the

GeV in the Little Higgs model, whil&s=T=0 is defined form, e i o2 _

=100 GeV. shifts in svzarezveryisllmall. For example, fcsrf// O.? and.1c
=1TeV, s;—s;=~10 ". The paramete®,y of atomic parity

violation [36] and the observableR” and R” measured by

my=80.425-0.034 GeV, (45) the NuTeV neutrino-nucleon scattering experimg3i] de-
) pend onsﬁ but do not involves. In all cases, the effects on
s, =0.23150-0.000 186, (40)  these parameters are corrections of relative size less than
103, well within the current experimental errors.
I',=83.984-0.086 MeV. (47 Through (11), the lower bound orf from the precision

electroweak observables places a strong lower bound of

We allow the values of the top quark mass and the electroabout 2 TeV neutrino-nucleon scattering on the mass ofthe
magnetic coupling to vary within their current erronsy boson. However, this still leaves a range in which the
=174.3+5.1 GeV, a }(m;) =128.936-0.021[35]. All ef- boson can be discovered at the LHC. It is worth emphasizing
fects shown in(43) become very small as,—0, allowing  that aT mass much higher than 2 TeV would imply a large
lower values off to be consistent with the electroweak con- amount of fine tuning in the Higgs potential. Therefore, natu-
straints. The constraint cannot be eliminated completelyralness considerations together with precision electroweak
since according to Eq28) the gauge couplingg becomes constraints indicate that if the little Higgs model is correct,
strong ass,— 0 and the perturbative analysis performed herethe heavy top should be in the 2 TeV range. In this case, it is
is no longer applicable. Still, the bounds brare not very possible that the physics of electroweak symmetry breaking
strong: for example, fos,=0.2 (corresponding tag3/4w  in the little Higgs model can be tested at the LHC. We now
~0.4, which is probably not yet strong couplingve find  turn to the analysis of those experimental tests. For our
thatf can be lower than 1 TeV within the 68% confidenceanalyses in the next section, we assume a heavy top mass of
region of the electroweak fit. 2.5 TeV andf=1.2 TeV, which is clearly allowed by the

Our analysis includes the shifts of the electroweak preciprecision electroweak observables.
sion observable due to heavy gauge bosons, but does not
include possible correction_s from a vacuum expectation IV. TESTING THE MODEL AT THE LHC
value (VEV) for the SU2) triplet pseudo Goldstone boson
present in this model. These corrections can play an impor- To test the relatior{10), it is necessary to measure three
tant role in constraining the model for small valuesspf ~ quantities: the parametéy the massny, and the coupling
[24]. The value of the triplet VEV is not calculable from the constant\. The measurement of the mass and production
low-energy effective little Higgs theory, and including it in cross section of the heavy &) gauge boson¥/,; andZ at
the analysis corresponds to adding an extra free parameter tioe LHC can be used to determinf25]. We will review the
the model. The bounds in Figs. 3 and 4 are valid in thestrategy for this measurement below, concentrating on the
regions of the parameter space where the triplet VEV idow values of the mixing angle), preferred by precision
small but may underestimate the constraints in other regionglectroweak constraints. The measurement of the heavy top
A more detailed analysis that includes the contribution of themassmy is rather straightforward; on the other hand, it is
triplet VEV can be found in Ref.24]. much less clear how can be determined. In this section,

Since all three of the measurements(48) are made at we will discuss two methods for measuring. These in-
the Z and W poles, one should ask whether |&@# observ-  volve the decay width and the production cross sectiorf for
ables can put further constraints on the parameters of thguarks at the LHC.
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A. Measuring the parameter f B. Measuring At

In the SU5)/SQ(5) little Higgs model described in Sec. 1. Decays of the T quark
11, all the couplings involving the heavy gauge bosoNg

andZ, depend on just two unknown parameters, the stale : ;

and the mixing angle/, defined in Eq.28). Thus, a small h(_eavy'_l' quark WI.” decay tcth, and the corresponding decay
S . - width is proportional toxT. But T also has other decay

number of measurements in this sector is sufficient to deter-

mine both parameters. Let us concentrate on the measurfr?nrﬁig,es['ssghlsﬂlg T]asviig]e;rebxesf Igggoﬁg Lheeco%aeu?nea{:?
ments involving the neutral gauge bosdp . To leading 9—7,

. . less and the Goldstone bosons of SU{2J(1) breaking
order inv/f, the Zy mass is given by become physical. In this limit, the structure (&) ensures
92+ g2 vag that T decays symmetrically to the four members of the
Mo =\ R f (500  Higgs SU2) doublet: T'(T—th)=T(T—tw3)=3I(T
ZH 2 sin 2y —bz*). In the real situationsr* and#° are replaced by the
longitudinal polarization states of thé&/" and Z° vector
dosons:

SinceT has a vertex foiT —th, as shown in Fig. 1, the

The production cross section and decay branching ratios
Z,, bosons have been obtairidéd Ref.[25]. For fixedMz,,,

the production cross section is proportional to’ténThe F(Tﬂth)%r(-r%tzo)%EF(THbV\ﬁ)_ (53
decay rate is given by 2

2 All three decay modes provide characteristic signatures for
= g_(CmZ 2y+24taf )M, (51  the discovery of the at the LHC.
96 H We will now obtain more exact relations for the decay

branching ratios of th& and, at the same time, see how the
with the branching ratid's approximate equalitie§53) work when the standard model
gauge couplings are turned back on. To do this, we must
diagonalize the top quark mass matrix more carefully, pick-

BR(¢¢)=1BR(qq)= tart ¢ , ing up terms that we dropped in the discussion leadin@)to
cot’ 2y + 24 tart ¢ In principle, we should also modif¢8) to take into account
the constraints from using an $8)/SQ(5) nonlinear sigma
N 1 col 2y model. Howev_er, this model belongs to the gene_ral clasg of
BR(W"W™)=BR(Zh)= 3 ot 2T 24tarty (52) _rpodels fqr WhIC.h.the forr_nulas_, of Sec. Il are precisely V§.|Id.
o0 see this explicitly, the invariant Lagrangian can be written
in terms of SW5)/SQ(5) Goldstone bosons 44|
From these formulas, it is clear that combining, for example, N, _
the measurement of ttg; mass and the number of events in L=— 7fuReijkEmnVimanXLk_)\2fURUL+ H.c.,
the ¢*¢~ (£=e or u) channels is sufficient to determine (54)

both f and ¢.
In the parameter region preferred by electroweak preci

sion constraints, the dominant decay modes aig 21). Th :
. The relevant Feynman rules for the top quarks are just
—W"W~ andZ,—Zh. For example, fos,=0.2, the com- (21) y ba J

h h in Fig. 1. A i E fi ingi
bined branching ratio of these two modes is about 85%, Witf%n(z:?r:s g\;vtr;w;nh;gvy bocscc:)%r%nags;c;s ng )élql)s :gg Ig%l)\(lgg
the remaining decays to fermion pairs. The branching ratio 9% pe roughly greater than 1 TeV by the a'rguments of the
leptons(e's and w's) is only about 1%. Nevertheless, for

= ! ; . previous section.
=1.2 TeV the produciion crass section for fig is roughly Now let us consider the heavy quark mass diagonalization
12 fb, corresponding to 3600 events in a 300 ftrlata

; ) more carefully. In particular, if we include the SU(2)
sample. Therefore, in the lepton channels we still expect, U(1)-breaking vacuum expectation valugthe top quark
roughly 40 events, with virtually no background. Studying mass matrix becomes

these events should be sufficient to determfirend . Of

course, the events in the other decay channels, along with the o u

decays ofW,, , will only help to improve the precision of the (ug UR)mU( UL ) (55
determination of. L

whereV;,,, denotes the &2 upper right hand block o¥ in

with
3The conventions used in RéR5] are slightly different from the
ones used in this paper; they are relatedfpy;=v2fpere, ¥25) Ais E(1+c)
=m/2— lﬂhere. mU =f \/j 2 . (56)
“Here we correct a mistake in R¢R5], where theW™ W~ decay
mode was inadvertently omittd@8]. 0 Ao
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Here, we have again uses=sin(/f) and c=cosg/f). Di-
agonalizingmLmU, we find the mixing angle for the left-
handed components of the top quarks,

1 2V2N?s(1+c)
6,=—tan
Y2 ANZ+ (14C)2\2— 2\ 2382
1 A2 v A

~— i : (57)
VINTENS  vam,

Let cosé,=c,, sinf,=s; then the mass eigenstates are given

by

TLZCtUL+StU|_ y
(58)

tL: _StUL+CtUL .

PHYSICAL REVIEW 69, 075002 (2004

2

ATm
I(T—th) = —— F(x Xp)[(1+X2—x2) (CZ+C3)
64
mA2
+4C Crx(]~ ey
(T2 e? sirf 26,m3c3 Lit .
= f(1+
(Tt = g oMz (Lt cutanz)
f Mg 62
X (XZ!Xb)g(XbIXZ)N 6477 ] ( )
2 i 3.2
g° sirf g;mycy )
== P11+
I'(T—bwW") 6anMZ, (1+tan, tany)
mA2

X (Xw » Xp) G(Xp , Xw) = om

There is also a mixing angle for the right-handed quarks,

0., , given by

Tr=CyUrtSyUR,
(59
tR: _SIFUR+ CtruR .

Note that this angle is nonzero even in the absence of elec-

troweak symmetry breaking; see E§).

Note thats,, defined in Eq.(37), andsg, defined in Eq.
(30), are both of ordev?/f2. We have defines;=m; /m¢,
the kinematic functions

f(x;,%) = V[ 1= (x+%)2I[ 1= (x—x))2],

From the mixing, the top quark mass receives a small

correction,

02

2

1 A2N3
6 4(NT+\3)?

o

+ l (60)

For f=1.2 TeV, this is a 0.3% correction to the standard

model tree-level relation. In the following, we will quote
“exact” tree-level relations in terms af,, my, Ay, and 6,
and their leading-order terms in an expansionifi. Typi-
cally, these expressions will agree to within a few percent.

(63)
9(x; X)) = (1=x7) +xF(1+x) = 2x],
and introduced the couplings
C - v C .U 0 v
L=C¢ StCOS? ESII’]? ? ,
(64)

v
Csttr< C; COS+

f

St v
+—sin-|~0O(1).
v f> (1)

To leading order in?/f2, the total width of theT quark is

The admixture ofu, in the T allows this quark to decay then
by the standard model weak currents. The amplitudes for the
decay modes t&W" andZ° are then proportional to sif).
However, the contraction of the longitudinal polarization
vector of a massive vector boson with the spontaneously
broken weak current gives an enhancement by a factor

mrA2
LT

(65

my/myy,, so that the full coupling is of the order of

m m
_T) GtZ\QTTGt:)\T.

M (61)

Al
V2

This allows the three branching fractions of thguark to be
of the same order of magnitude. A similar effect is well
known in the decays of the singl& quark in Eg models
[40].

Working more explicitly, we find for the three dominant
partial widths of theT quark:

The measurement of this total width is the first possible
method for measuring.t. However, it is not so easy to
measure the width of a strongly interacting particle produced
at a hadron collider, because the fluctuations of QCD jets
lead to an intrinsic smearing of the mass peak. For the AT-
LAS detector, the fractional uncertainty in the two-jet invari-
ant mass at 2.5 TeV is expected to be abhob86[41], which

for a heavy top mass of 2.5 TeV, corresponds to a minimal
error of =125 GeV in the width. On the other hand, for
m;=2.5 TeV and\;~ ., the formula(65) evaluates to only

50 GeV. With these estimatek; will be only marginally
visible, and then only if the jet mass resolution is very well
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q q for my=2.5TeV and\t=1, the evaluated production cross
section corresponds to roughly 180 events for a 300" fb
data sample. The reaction is characterized bl decay at

W low transverse momentum and in the central region, and all
other jet activity very forward. All three of the decay modes
discussed above should be identifiable. The final states

b T —th%—tbb andT—bW" —bl* v can be required with high
FIG. 5. The dominant process fdrproduction at the LHC. efficiency and used to find @ mass peak. In the latter case,
one should replace the observed with a W* in the |*

understood theoretically. Therefore, it appears challenging téirection.

use this strategy to make the test of the little Higgs model AlSo shown in the figure are two parabolas that represent
described here. the predictions of the model for two representative values of

f. Once thef value is determined as described in Sec. IV A,
2. Production of the T quark the electroweak symmetry breaking mechanism described
here predicts that the values wf and the production cross
section lie on the corresponding parabola.

Converting a cross section measurement into a measure-
ment of the coupling\t requires knowledge of the parton
— distribution functions(pdf’s) of the initial state particles.
tion of T's via strong interactiongyp—T+T. At the parton  gince the typical energies involved are much larger than the
|eVE|, the dominant mechanism of SingreprOdUCtion is W boson mass, it iIs reasonable to use the eﬁem/ap_
through the ‘W-b fusion” reaction[26] proximation, which treats th&/ as a parton within the pro-

, ton. In this approximation, the single-production is de-
qb—q'T, (66) scribed as a 221 processpW—T. The cross section is
given by

Another possible strategy is to extract from a measure-
ment of theT production cross section at the LHC. Fok
above 2 TeV, energy is at a premium and the sirfigle-o-
duction reactiompp— T+ X dominates over the pair produc-

shown in Fig. 5. The cross section for this reaction is domi
nated by the exchange of a longitudinal boson, whose . 2
coupling to T is proportional to\; [see Eq.(61)]. Thus a _ 2 T 125
measurement of this cross section would determine the valu%(ppH-H— X)= Jo AT, Q )fw( XbS'Q )U(Wb_ﬂ-)’
of N1, providing a test of the crucial relatidii0). (67
How well can this cross section be measured at the LHC?
The answer obviously depends on the mass ofitheark, as  wheref, ,, are the pdf’s of thé quark and th&V boson,o is
well as on the size of the coupling;. In Fig. 6, we plot the the parton-level cross sectiof, is the usual Mandelstam
expected cross section as a functiomsf, for \;=1#3, 1,  variable, andQ is the renormalization scaIQ2~m$. Theb
andv3 using the CTEQA41 parton distribution functions. For quark pdf is derived perturbatively from the gluon pd2—
A1 not too small, the number of events is large enough ta44]. The integral in(67) receives significant contributions

keep the statistical uncertainty under control: for examplegom the region Wherex~mT/\/§. At the LHC, \/g
=14 TeV, and this region can extend xcas high as~0.2

for the values of thd mass considered here. Currently, our
knowledge of theb pdf in the largex region is rather poor:
the uncertainty orf(x,) is about 20% foix,=0.1 and even
higher for higherx,, [45]. Without reducing this uncertainty,
even a very accurate measurement of the sifigigro-
duction cross section would not provide a precision test of
relation (10).

One possible way to reduce the uncertainty is to obtain an
accurate measurement of the cross section of the standard
model single top production at the Tevatron. While there are
several contributions to this process, the cross section is
dominated by th&Vbfusion processWb—t, and it has been
, shown[46] that this contribution to the cross section can be
2600 2800 3000 isolated using kinematic cuts. A significant fraction of the
®(T) (GeV) events in this channel are initiated Hy quarks with 0.1

FIG. 6. Parton level production cross section for the heavy topSXbSO'Z; th_e remaining events almost_ exclusively come
in the channebq—Tq' at the 14 TeV large hadron collider. The from the regionx,<0.1, where theb pdf is known much
figure is made with the CTEQA41 parton distribution function. The More accurately. Thus, assuming that the valué,gfand the
different lines show the difference in the production cross sectio’V boson pdf are known, a measurementodfp p—t+X)
for various values okt . The parabolas represent the predictions of with the relevant cuts can be interpreted as a measurement of
the Little Higgs model for a constafitas At is varied. fo(Xy,Q?) atx,~0.1-0.2 andQ?~m?. This knowledge can

f=1.2TeVv

0.1

1 ! ! L L
1600 1800 2000 2200 2400
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then be used to reduce the uncertainty of the theoretical prenents. We have shown that such a lightan be consistent
diction for theT quark production at the LHC. Sindeis a  with current electroweak precision measurements.

sea quark, thé pdf’'s in the proton and antiproton are virtu-  The most challenging of the required measurements is the
ally identical, and the fact that the Tevatron ipp collider  determination of\ ¢, the coupling of the heavy top quark to
introduces no additional complications. Evolution of the the Higgs boson. We have outlined two strategies: measuring
pdf from Q?~m? to Q>~m? can be performed perturba- the width of theT quark and measuring its production cross
tively. It is well known thatf ,(x,Q?) decreases with increas- section. The first strategy, limited by calorimeter resolution,
ing Q2 at largex and increases witfp? at smallx. Interest-  is not very promising. The second strategy can be more suc-
ingly, the crossover point fa@?~ (1 TeV)? falls in the range  cessful if the pdf's of theb quark can be determined more
of x most relevant for the present discussien:0.18. For ~ accurately at high. This may indeed be possible using the
0.14<x<0.2,f,(x) varies by only a few percent going from Mmeasurement of single top quark production from the current
Q%=(175GeVY to Q?=(2TeV)?. Therefore, measure- run at the Tevatron. More detailed Monte Carlo studies to
ments off ,(x,Q?) at the Tevatron can be extrapolated to thedetermine the feasibility of the measurements outlined here
LHC with controllable uncertainty. The statistical uncertainty Would be worthwhile.

in the measurement af(pp—t+ X) at the Tevatron is ex-

pected to be about 5% for 2 b integrated luminosity47]. ACKNOWLEDGMENTS
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