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The mechanism of electroweak symmetry breaking in little Higgs models is analyzed in an effective field
theory approach. This enables us to identify observable effects irrespective of the specific structure and content
of the heavy degrees of freedom. We parametrize these effects in a common operator basis and present the
complete set of anomalous contributions to gauge boson, Higgs boson, and fermion couplings. If the hyper-
charge assignments of the model retain their standard form, electroweak precision data are affected only via the
SandT parameters and by contact interactions. As a proof of principle, we apply this formalism to the minimal
model and consider the current constraints on the parameter space. Finally, we show how the interplay of
measurements at the CERN LHC and a linear collider could reveal the structure of these models.
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[. INTRODUCTION that the symmetries force at least one of the pseudo Gold-
stone bosons, the Higgs patrticle, to be lightj=O(v). The
In the standard mod¢EM) of electroweak interactions no other new particles have masses of or&efup to several
symmetry protects the Higgs boson mass from large radiativéeV) and therefore have not yet been observed directly in
corrections. Various scenarios have been developed whighresent experiments.
address this problem by embedding the SM in a richer struc- Nevertheless, indirect effects of the virtual exchange of
ture. Recently, a new class of models has been fdti™el heavy particles affect the interactions of SM particles. This
little Higgs modeld1-3]) where the Higgs doublet is part of t5¢t has been used for computing the shifts to low-energy
a multiplet of pseudo Goldstone bosons. The Goldstoneppseryvables and thus to constrain little Higgs models from
boson multiplet is associated with the spontaneous break'n;grecision dat{4—8]. In the present paper, we derive the
. a_global symmetry at a scaIAg which is placed in the complete low-energy effective Lagrangian, using standard
multi-TeV range, considerably h|gher than the eIGCUOW‘:‘a“iechniques of the effective-theory approach. The littlest
scalev. Thus,A acts as a cutoff which separates the weakly,jisqq model of Ref[2] has all essential features and is thus

Interacting low-energy range from a possible strongly inter, e 'syjted as a concrete example, which we adopt through-
acting sector at higher energies. The large valud afould ot the derivation. For each sector of the model, we also

explain the fact that no sign of such new dynamics has yef,qicate the possible modifications that appear in the general
been detected in the low-energy observables which are pregzqq

e”“Y accessiblg to us. . ) ) After integrating out all heavy particles, the information
Since the Higgs bosons have interactions with gaugey the specific model is encoded in the values of coefficients

bosons and massive fermions, the global symmetry can onlys 4imension-6 operators. This not only allows for a very
be approximate, and the symmetry-breaking sealeannot  qimpe picture of the low-energy constraints, but gives us the
be arbitrarily high. Denoting the characteristic scale of theopportunity to present the complete pattern of anomalous
Goldstone multiplet(the analogue of the pion de.cay €ON- couplings in the gauge-boson, top-quark, and Higgs boson
stani by F, there are the order-of-magnitude relations sectors, which will be probed at future colliders. In the final
section we make use of those results and develop a strategy
for reconstructing a complete model from data at a linear

) o ) ) collider in combination with the CERN Large Hadron Col-
which should be satisfied if large fine-tuning of the param-jiger (LHC).

eters is excluded.
In the energy range betwe&nandA, little Higgs models
are weakly interacting models which contain, apart from the
SM particles, extra vector bosons, scalars, and fermions.
Their spectrum and interactions are arranged in such a way To get a picture of the low-energy trace of a heavy par-
ticle, one may set up the theory in a path-integral formalism.
For instance, for two interacting scalads, ¢, where ¢ is
*Electronic address: wolfgang.kilian@desy.de massless, the generating functional of Green’s functions
TElectronic address: reuter@particle.uni-karlsruhe.de reads
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II. INTEGRATING OUT HEAVY FIELDS
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1 1 the form ('h)" with n>1, there is an uncanceled quadratic
Z[J',J]Zf DODe ex;{if dX(§(0<P)2+ E((?Cb)2 divergence which is cut off only by the unknown UV
completion of the theory. The result is the well-known
Coleman-Weinberg potentidll2], which has UV-sensitive
}' 2 coefficients of order 1 at the matching scale.

The generic suppression of radiative corrections that in-
where the ellipsis indicates additional terms in the scalar povolve new particles is partly reduced by logarithmic en-
tential. The low-energy effective theory, which is applicablehancement if some masses become exceptionally light or
at energy scaleB<M, is obtained by setting the sourdéo  heavy. Such enhanced loop corrections can have a detectable
zero (since® does not appear as an asymptotic Stated effect on observables which are very precisely measured
formally integrating out the heavy figlg). In the example, [5,13. However, we should keep in mind that there also

this is achieved by completing the square, such that unknown contributions from physics beyond the UV cutoff
A. These can be encoded in dimension-8 operators and in

corrections to the coefficients of dimension-6 operators, and
their effect may be enhanced by the presence of new strong
interactions in the high-energy range. Such terms are para-
-t 5 metrically of comparable magnitude to the loop effects due
¢, to the new heavy particld44]. Thus, if we do not want to be
specific about the UV completion, we can restrict our calcu-
(3) lation of the low-energy effects in little Higgs models to the
coefficients of dimension-6 operators at the tree level.

1
—EMZQDZ—MDZ(D—~-+JQ)+j<p

1 1
5(09)2= SMZD2- N p?D

— 1@/ M2+(92 o'+ )\2 2 6’2

Y

where

P 1 A. The model

e

A
D=0+ —

NE %, (4) In all little Higgs models, the SM gauge group

SU(2)xXU(1) is extended in a nontrivial way, so there are

new heavy vector bosons in the spectrum which cancel the
leading cutoff dependence in the Higgs-boson self-energy.
After breaking of the high-energy symmetry, the heavy states

and evaluating the integral ovéx’, which results in a trivial
factor. The residual effective Lagrangian fgrcontains vir-

tual ® exchange encoded as{®H?/M?)~*, which has to be . .
expanded in powers of W2 and truncated at finite order. arrange themselves as massive multipletS o(2)>U(1).

This method accounts for all tree-level effects, where Looking for low-energy effects, the interesting cases are
terms hiaher than dratic ih are treated perturb ti\'/ | triplets and singlets o8 U(2) with zero hypercharge. These
erms nigher than quadratic {a are treated perturbatively as o .14 yog0n multiplets can directly couple to the SM fermi-

operator insertions. In particqlar, bookkeeping Is §imple SV€'3ns and mix with the SM vector bosons at leading order.
if & gets a vacuum expectation value or if there is nontr|V|aIAfter integrating out all heavy fields, they induce

;nrg(llr]g\/-?j?\t\g%izthf;\:)elc%gﬂslI?:ttkfleetjc?éfﬁ(t:ig)r?tg ilre1\{[ﬁle, tehﬁeerg_dimension-G operators in the low-energy effective theory. In
tive Lagrangian which can systematically be determined b some model$3], the extended gauge symmetry yields addi-

appropriate matching conditions. In more general theorie){Ional exofic multiplets of heavy vector bosoiesg., SU(2)

there are also one-loop terms which stem from the expansic?dou-ble@' Such states may be detected by direct observation

of the Jacobi determinant, if it depends on further light fieldsgt h|gh-en_ergy colliders. However, the!r virtual eﬁ?CtS at the
. ' P 9 tree level involve operators of dimension 8 and higher only.

(e.g., gauge fields . As argued before, such terms are small and compete with the

I the context Qf the minimal SM, an ex_perlmen_tal preCI'Iow-energy trace of the unknown UV completion, so we can
sion at the per mil to percent level is consistent with a trun-

. . ; o consistently neglect them.
cation of the expansion at orderM?, if M is in the TeV : - .
range. Thus, the appropriate effective Lagrangian of little, The littlest Higgs mode[2] contains exactly one extra

: S ; triplet and one extra singlet of heavy vector bosons. The SM
Higgs models is given by the SM, possibly extended by extr auge group is the result of the simultaneous spontaneous

Iight Higgs multiplets, and augmgnted by a small set Ofbreaking

dimension-6 operatof®—11]. Generically, the squared ratio

v2/M? of the electroweak and the new-physics scales is of SU(2);XSU(2),—SU(2) (5)
the same order as 1/46, the prefactor of loop corrections.

In the present context, this rough equality is dictated by natu- U(1);XU(1),—U(1). (6)

ralness. Furthermore, while loop corrections involving only
SM particles are important, loop corrections involving heavyThis setup is easily generalized to more complicated models
fields are suppressed by additional powers oM 2. where multiple vector-boson triplets and singlets may exist.
The exceptions to this rule are loop corrections that arén particular, some or all extra group factors could be part of
quadratically divergent. The quadratic divergence of the SMa larger simple group. In that case, there are relations among
Higgs boson mass is ameliorated to a logarithmic one by théhe gauge couplings which restrict the allowed values of the
matching conditions of little Higgs models, such that it is mixing angles. Here, we will treat all gauge couplings as
proportional toM?/(4)2~uv?. However, for all operators of independent parameters.
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We denote th&&U(2) andU(1) gauge fields ba®* and

PHYSICAL REVIEW B0, 015004 (2004

mind that at low energies chargég; exchange induces an

B/ (i=1,2), respectively. In the Lagrangian, the triplet andextra right-handed four-fermion contact interaction.
singlet parts are coupled by the Goldstone-boson interac- Turning to the Goldstone sector, let us first discuss the

tions:
L=LO+LMP+L8. (7
The gauge-field Lagrangians are
1
LP= _zi FizTrAiWA{”—ZtrA’i‘Jﬁf’), ®)
1
cP=-3 2" B .,B"~ 2 B[, ©
Here we define the matrix-valued field strengths as
A=Al = AL HIAL AT, (10
BFY= ghBY— 9"BE, (11)

with A= AT and B =BLY,(i=1,2).

particular realization of the littlest Higgs modgt], where

the gauge group is embedded in a gloB&l(5) group, bro-

ken down toSQ(5). Therepresentation is usually written in

terms of 5X5 matrices, where theSU(2) generators
"12 (a=1,2,3) andU(1) generators, , are given by

7 0
T"{‘=; 0 . and ngg 0 .
(14)
and
Y,=diag 3,3~ 2,— 2,— 2)/10, (15)
Y,=diag2,2,2;- 3,— 3)/10, (16)

respectively.
The Goldstone Lagrangian describes spontaneous symme-

The vector bosons couple to the fermionic triplet and sintry breaking at the scaleF, which is expected in
glet currents)®= 332722 andJ™) (i=1,2), respectively. theTeV range. Here, it is parametrized by a complex sym-
The triplet current is the usual left-handed isospin currentmetric 5<5 matrix. Using the field$1 (light Higgs boson
This current can interact with one gauge field only. By con-w™,z (SM Goldstone bosonsand®==,®~,®,,®, (heavy

trast, each singlet vector field may couple to its own fermionscalarg as building blocks,

current, which has the general form

+

w
IDF=y Ly L+ Y, vRY VR Y0 i CRYMOR h= :< V2ot e
_ _ _ —((+H+iz) |’ Ot Dyt+id,)’
+Y0,i QLY QL+ Yy iUrY*Urt Yq,dry dR V2
(12 17
with a priori arbitrary U(1) chargesy;; [6,7]. The usual the matrix is defined as
hypercharges are obtained as the sum 00 1
2i
_ E=(exp—H>Eo where Ey,=|0 1 O
Yt Z Yi,i (13 F 10 0
for each fermion fieldf. In order to avoid flavor-changing gng
neutral currents, we may assume thatW(ll) charges are
generation independent. Note that we cannot draw any con- 0 h ¢
clusions from the requirement of anomaly cancellation, since 1 ' 0 nT
the UV completion of the model may provide additional fer- = ﬁ (18)
mions that add to the anomalies but do not mix into the " h* 0
low-energy spectrum.
Some model$3] predict SU(2) triplet gauge bosona%  The covariant derivative is given by
which couple to triplet currents made of right-handed SM
fermions. Since the chirality structure of the observed — e —_ T
charged currents is known tg/ be left handed to a good ap- D”ﬂ—ﬁ“zﬂk;ﬂ {[ALE+EAND']
proximation(at least, for the first two generationsve have
to assume that thesBU(2) bosons are orthogonal to the +[BYE+E(BH}, (19
left-handedSU(2) sector. Thus, the triplet Lagrangian is un-
affected up to the order we are interested in. Neverthelessuch that the Goldstone Lagrangian reads
the neutral component of A& triplet can mix with the hy- )
percharge boson, so we should treat it @*“aboson which EG:F_Tr(D Z)(D*E)* (20)
generates an extid (1) symmetry. We just have to keep in ° 8 w= =
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The generalization to more complicated models is i72T,_ igq. O
straightforward. There may be multiple light scaldrsand - T
heavy scalarsp. In the light sector, apart from extra Higgs xe=| ~lac 0 0f. (29
doublets, there may be singlets, triplets, etc. phmarameter 0 0O O

constraints make it unlikely that any component of a higher

multiplet has a sizable vacuum expectation value, so suck/ith these definitions, the Yukawa interaction is given by
extra scalars have little impact on phenomenolbdy.the — -

heavy sector, we are most interested in triplets with hyper- Ly=N\Ftg T{E*(iTHE* x ] +H.c., (26)

charge 2 or 0 and singlets with hypercharge 0. These can 5. . .
couple to Higgs doublets via whereT5 is the generator defined in EQL4).

The masses of the light leptons and quarks can be gener-
hfé,h*, higoh, hthoy, (22) ated by similar inte_raction%,where in those cases natural- _
ness does not require the presence of further heavy states if
jhe corresponding quadratic divergences are cut off at the
scale A [1]. An interesting property of the littlest Higgs
model is the possibility to write lepton-number-violating in-
teractions like

and will induce dimension-6 operators after being integrate
out. While the littlest Higgs model contains a single mul-
tiplet, other models realize th¢, and o, cases.

In the fermion sector of little Higgs models, the top-quark
mass is generated by mixing the known top quarkth new

vectorlike heavy quarks. This interaction has the additional . €
properties of canceling the quadratic cutoff dependence of Ln=—-gnyF(LYTEL where L=[ 0
the Higgs-boson mass and generating electroweak symmetry 0

breaking by driving the Higgs-boson mass squared parameter

negative. The simplest setup involves just one heavy vectogyng

like fermion T which is aSU(2) singlet. Many models pre-

dict a more complicated multiplet structure. In some cases, -

all fermions have heavy partners which make them fit into ngingL:iTsz(
multiplets of an enlarged gauge symmetry. However, the ba-

sic principles of constructing the Yukawa sedfbf are com- \yhich are invariant under the full gauge symmetry. After

mon to all models. _ _ electroweak symmetry breaking, such operators generate
. Inlthe littlest nggs mpdel, the heavy-fermion Lagrangian Majorana masses for left-handed neutrinos of oglar?/F.
is built from the chiral fields SinceF is not large enough to account for the huge suppres-
. sion of the observed neutrino masses, the coeffigigmhust
_ ) L itself be small. For instance, it could be proportional to some
Qr: br.tr TR and Q. qL:(bL> T (22 power of F/A’, whereA' is a high scale where lepton num-
ber is broken.
namely, In the general case, the construction of Yukawa interac-
tions proceeds along similar lines. In at least one term, a
. . component of the top quark is combined with the new
L=, QiDQ+ Ly—\,F(T Tr+H.c). (23)  statds) T in a common multiplet of the enlarged global sym-
Q metry, while there is another interaction that generatds a
mass term. This structure is consistent with the little Higgs
The Yukawa interactiorCy combinesq, and T, in a com-  symmetry and thus allows for a sizable top-quark Yukawa
mon SU(3) multiplet. This implements the little Higgs sym- coupling without generating unwanted terms in the one-loop
metry structure in the fermion sector, such that the leadingcalar potentia]1—3].
cutoff dependence due to top-quark loops is canceled. We

define a 3 3 matrix y!! = € xK, where B. Heavy vector fields

VL
€L

: (27)

- ( Introducing the physical heavy vector bosogts, Y, and
_ [ A SR L the SM gauge fieldsv, ,B,, we express the gauge fields of
AL ( L) with q =i7q, ”2( bL)’ @Y the ittlest Higgs model as

H— \\JH 2y H_—BH 12y
and promote this to a:85 matrix by padding zeros: Ar=WEFgxeoX",  Bi=B"+gye™Y%, (28)

AL =WH—gys?X¥, Bh=BF-gys'?Y*, (29)

The exception is a light singlet scalar, if it acquires a vacuum
expectation value of ordey. If such a scalar is present in the
spectrum, it can mix with the physical Higgs boson, and the virtual ?Flavor physics puts restrictions on the dynamics above the scale
effects of heavy doublets coupled to it will also influence low- A which is responsible for generating the fermion Yukawa interac-
energy observables. tions[15].

015004-4
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where
Voi+gs’ Voi+as

g 0192

gX:_l g:—, (30)
cs VO11t03

and, analogously,

o 91 o 9z
Vorr+g® o Vort+grt
g’ 9195

W= 9T (31)
c's Voi’+g5°

and rewrite the gauge terms in the Lagrangian:

1
LP=——trw, Wer—2 trwr 3 —2g,c2 tr x#JG)

29?2
l 14
_EtrxquM , (32
E(l)__iB BrY—BrJL) YMJ(]-)_EY 2
0o - 4g'2 wy You TGy T, 4wt
(33

For the matter fields<, and Y,
joint representationand Y#"= g*Y"—g"Y#, while the SM
gauge field strengths have their standard fovdt,”= o*W”
—"WH+I[WH WY] andB#"=g*B”— 9"B*.

In general, the singlet currenﬂ§(1) andJ® are linearly
independent. We express the original curre]ﬂ% as

the field strengths are
X*?"=DH*X"—D"X* (with the covariant derivative in the ad-

PHYSICAL REVIEW B0, 015004 (2004
For later use we also define field strength tensors,
v@=p,v»-D,V® and V{)=4,vV-o, VD,
(38)
where

3)_ 3) i 3
D, V=g, v®+i[w, V7. (39

With these definitions, the Goldstone Lagrang(a@) can be
expanded to yield

2 2

c*—sSs

2

1
L§=MZ trX, X + gy tr Xev ]+ SM ARG

Cr2_ 12

/(1) E t(pr
+0v Y V# +2tr(DM¢) (D* )

1
+(D,h)T(D#h)— 6—tr[v§f>v<3>#]+ e, (40

F2

where the omitted terms are higher-dimension interactions
which are irrelevant for our discussion. The vector-boson
masses are given by

My=0xF/2 and My=gyF/(2\5), (42)
respectively. After electroweak symmetry breaking, the
physical masses of th¥ and Y bosons get corrections of
orderv?/F, but this is irrelevant for our discussion.

Following the lines of the beginning of this section, ke
and Y vector fields are integrated out by completing the
square in the Lagrangian. This is achieved by the redefini-
tions

Jf=(1-a)Jy+J3f, (349 c2 02— g2
X, =%~ 290 gE v,
Jy=adl—Jk, (34b) M 4Mx
whereJy is the canonical hypercharge curredy. describes 2 2
the terms that deviate from the canonical hypercharge assign- Y' =Y — ﬂ‘](lu gyiv(” (43)
ments. Note that there is some ambiguity in definihg SR v EA amz
since we can subtract an arbitrary multiple Bf. This is
accounted for by the parameter The current which is  anq |eads to the low-energy effective Lagrangian
coupled to the heavy vector bos¥iin Eq. (33) is then given
by L=LO+ LD (44)
IP=(c2-a)d(), + 30, (35) _ _ _
where the triplet and singlet parts are given by
Furthermore, we introduce the Higgs current
V,=i[h(D,h)"=(D,Mh'], (36) £O=— W - 2 W)
2g? '
which may be decomposed into its singlet and triplet parts: ¢
L + 53 [ 3@+ 1) t[vE 4V, ]
(¢ - By =
V,u —trVM, V,u _VM ZtrVM (37) +f£/33) tr[v(B),,uJE?)], (45)
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corresponding vector-boson spectrum. For instance, there is
B, B — B +Ham g a variant of the littlest Higgs model where the extigl)

L=

49’2 " symmetry is ungaugef6,7,16. In this model, the singlet
coefficients vanish identically.
+ VDD (VgD 4 Dy egd Y
(46) C. Heavy scalars and the Higgs boson
respectively. The littlest Higgs model values of the coeffi- In the expansion of the Goldstone Lagrangid@), the
cients are kinetic energy of the heavy scalar multiplgt
4c* ¢=E Y
f%):_E, (473 L 2tr(DM¢) (Do) (48)

produces an extra contribution to the effective Lagrangian

1) I §(Cz_sz)2 (47b) when ¢ has been integrated out. This effective interaction
W BE2 2 : has to be combined with the other terms in the Coleman-
Weinberg potential of the scalar fields, which is generated at

2c2(c2—&?) one-loop order.

fg/?a):—z, (470 In the littlest Higgs model, the potential involves the
F Higgs doubleth and the triplet¢. The coefficients are gen-
erated by gauge-boson and fermion exchange and are there-
fw__ E) 470 fore proportional to the gauge and Yukawa couplings:
JJ F27
1
£§%==5ME t ¢¢"1+u?(hTh) = x4(h™h)?
5
f(l):__ 12_al2)\2 47 .
W g e TS @79 — oy (NTGh* —hTGTh) =N il (b T) (NN
—ihgg(hTh)(hTph* —hTepTh)—Ng(hTh)® (49

5(C/Z_a)(C12 S/Z)
= (479 .
Vi F2 ' with the ¢ mass parameter

5(c/2—5'?) MG=—F(gi+02+01"+ g, )k+Ak'] (50
f= (479
VN 2 " .

F and the coupling constants

The overall structure of the effective Lagrangied)— =
(46) is generic to little Higgs models. In extended models, Nog= —\/_[(g§+ 9,2—g5—g,>)k—\3k'], (513
there are extré (1) gauge symmetries which are associated 2V2
with multiple linearly independent currenig. (In the origi-

nal version of the littlest Higgs modg®], the extra singlet Na=M3/4F?, (51b)
currentJy and the parametex are both zerg.If there are

multiple Higgs doublets in the light spectrum, we can con- Nogy= —2M";/3F2, (510
struct multiple currentsV; ,. One linear combination of

these is the Noether current of the electroweak symmetries Nag=—NaglF?, (51d)
and it plays the role o¥, in the littlest Higgs model, while

the others provide extra interactions which induce anomalous Ne=— M$/6F4, (518

couplings in the multidoublet Higgs sector. In the present
paper, we restrict ourselves to the discussion of a sing|

Higgs doublet and leave the multidoublet case as a straigh he dimensionless parametdesand k’. To get the correct

forward extension. h
Otherwise, the information about the specific model isgagzrrg d\(/l)fz ?Aigir%geiksitfgénr?ﬁ};yimbrﬁ::'tnhgé rngtirgr?ss
encoded in the values of the operator coefficients. In particu—q 4 P ' P

lar, the factory/5 in theY mass(41) corresponds to factors of
5 in the singlet coefficient$47d—(47g). In models with a
differentU (1) embedding, this prefactor will take a different
value. The constant term if{3) is a consequence of the
nonlinear Goldstone-boson representation. The analogoughich the unknown coefficients andk’ have to satisfy.
constant term irf (%) happens to be zero in the littlest Higgs  The Higgs-boson mass parametet is given to leading-
model. The terms that involve mixing angles depend on thdogarithmic one-loop order by

hich are sensitive to the UV completion of the theory via

\2

t

ket —ok' <0, (52)
Ct

2 2

e €

+
s2s?c?  cls'?

12

c
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2

A
+9'?M$ log—
Y

A2

VES

AZ
2
X

2_

o= 3g°M5 log

 64n?

2
t a2
+@MT log

2

2
M

M? log (53

but there are constant one-loop and two-loop corrections t
this quantity with prefactors of the ordeF?/16m>
~ A?/(4m)* which are not necessarily negligible.

To get all terms that we will need later, we integrate out
the heavy scalar using the redefinition

. -1
2i\, D? 21,
¢/:¢__2¢ _2+_j¢hh'r
M7 s My
A
x| 1+ ﬂh*h)hhT. (54)
)\2()5

Expanding the resulting effective Lagrangian up to second

order, we obtain

2

Nag  Nogy
2
A ¢

{(hTh)2+2 )(h*h)3

2
¢
(55)

1 * T T
+WtrDM(h hHDA(hhT)+ - - -
¢

The first term in this expression modifies the coefficiept
2 2

Af=—2 :
2 2
4F% M3

4 (56)

Hence, up to corrections of ordef/F?, the Higgs-boson
mass is given by

m2=2\5"2

eZ

/2)k

cic

e2

—202(2—2+
seC

2
k+ —k’
Cy

eZ 2
——+
s2s?

2

e

c2s'?

X 5 Z (57)
t

2X
Ct

e e

12

k+

12

C,S °C

The © mass parameter is related to this py= mﬁ,/z. For
electroweak symmetry breaking to occuf has to be posi-
tive, so the relation

1

Ny
— (58)
4 2
My 8F
must be satisfief4,6].
The other terms in Eq(55) are dimension-6 operators,
which may be rewritten as

PHYSICAL REVIEW B0, 015004 (2004

403 4\2
Lg=- Fﬁf;wh)g* —i:{mTh)[(D,Lh)T(DMh)]
+[(D,h)thI[hT(D#h)]}. (59)

Again, this particular expression is specific to the littlest
Higgs model. However, in more general models the structure

B similar: The effective Higgs potential contaih$ and h®

terms, while the exchange of heavy scalars between light
Higgs bosons generates derivative interactions. The quantum
numbers of the heavy scalar determine the structure of these
terms, i.e., the curly brackets in E¢9). Introducing the
operators

OR)=trvE B (60)
Opn=(h"h)[(D ,h)T(D*h)], (62)
On1=[(D,h)"h][hT(D#h)], (62

from integrating out triplets with hypercharge 24), hyper-
charge 0 (), or singletsoy, we obtain interactions of the
form

&2:OnptOh 1, (63
bo:— O +300,— O 1, (64)
oo — OB +20,,, (65)

respectively. In the littlest Higgs model, only, is present.
These derivative interactions combine with the triplet and
singlet Higgs current interactions we have encountered when
integrating out the vector fields.

D. Heavy fermions and the top quark

Finally, we derive the low-energy effective Lagrangian in
the fermion sector. We expand the Yukawa term of the littlest
Higgs modelLy (26) to order 1F?:

1 _ 2
Ly=—NF| 1— —=h'h|tgT, +\;y2| 1- —h'h
Y 1 ( F2 RIL 1\/_( 3F2 )

_ IN— . ~
X trhTq, — ?ltRthSq,_—k . +Hec. (66)
Combining this with thelT mass term
L1=—N,FTRT +H.c., (67)

we diagonalize the two toplike states to leading order by the
rotation

tR*) CItR+ SITR y (68)
TR*) - SttR+ CtTR y (69)

where the mixing angle is given by
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A Ao

S s Ci=—F/——=.
N2 T (W22

We may first integrate out the heavy scadain the expres-
sion (66). Using the leading term of E¢54), this is equiva-
lent to the replacement

(70

2iN
¢p———2Lhhr.
My

(7D
In the rotated basis, the Yukawa terms take the form

NF— St— )
;Cy"‘ ’CT: - t_TRTL+ )\t\/i—tTRhTaL-i— _thThtRTL
CSt Ct F

V2

1- %h*h)t}hﬁﬁ H.c., (72)

where

N1No 2 \2n,,F

N=——=—= and B=
Ny SEE RV

(73

To get the low-energy effective Lagrangian, we combine th

chiral statesT; andTg into a Dirac fieldT with mass
M1=\F/c;s,+O(v?/F). (74)

Completing the square in the Lagrangian,

S 1
T =T+\(iD—M7) 1 ﬁc—‘hTaLJrEhThtR , (75
t
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St \/Ei\t( 2 2 (81)

qu:_F_ fvi=0, th= = cisi—B),

and g is the coefficient resulting from the scalar interactions
given in Eq.(73).

In the effective LagrangiafB0), all reference to the spe-
cific model is encoded in the values of the coefficiefys,
fyi, andf,g. Since in the littlest Higgs model there is no
mixing of the left-handed fields, the anomalous coupling
of the right-handed top quark vanishes. In general, this need
not be the case. Furthermore, other quarks and leptons may
also mix with heavy partners. Such mixings are constrained
by the absence of flavor-changing neutral currents. We will
not consider this complication in the present paper.

The Lagrangian(80) gives rise to the top mass

fng
m=A\pw+ ——=0°.
t t 2\/§
The small correction to the canonical valug is detectable
only if A; and\, are determined directly, i.e., by measuring
production and decay of the headyat the percent level.

This accuracy is not likely to become feasible in the near
future [16]. From the viewpoint of the low-energy effective

(82

etheory, it is more appropriate to take, as an input param-

eter and absorb the correction in the mass term. Thus, we
rewrite Eq.(80) as

_ m ——
E?ff: sz’t Q(iD)Q+ Ft\/f(tRhTa,_vL H.c)+fyqOvq

+ fuiOvit FrgOhg» (83

we can integrate odE’. We expand the result up to the order Where in the redefined operator

1/F? and obtain

_ 2sp .
£if= 2 QUD)Q+—dh*(iD)hTa,

Q=4q .tr.br

+>\tﬁ( 1- B;‘zhfh)(t_RhTaLJr H.c). (76

Using the operator definitions
Ovg= q.v'a., (77)
Ovi=tr¥ i, (78)
Onq=h"h(tghTq, +H.c), (79)

this can be rewritten in the form

ﬁ?ﬁz szb t 6(“3) )Q+ )\t\/f(t_RhTa,_—k H.c)+ qu(’)\/q
+ thOVt+ thth ’ (80)

where the coefficients in the littlest Higgs model are

Oéq:(hTh_Uz/Z)(t_RhTaLJr H.c. (84)

the contribution to the top mass is removed.

Ill. EQUATIONS OF MOTION

The effective Lagrangian consisting of Eq45), (46),
and(55) is not yet well suited for discussing physical observ-
ables. The reason is the presence of couplivigsbetween
the Higgs and fermion currents, which after spontaneous
symmetry breaking induce anomalous couplings of e
and Z bosons to fermions. This is not a problem, but since
gauge-boson interactions with fermions define the gauge
couplings of the SM, it is convenient to eliminate the correc-
tions by appropriate field redefinitions, i.e., by applying the
equations of motion. The result will be more transparent, and
the coefficients in the effective Lagrangian can be more eas-
ily related to measurable quantities.

It is natural to separate triplet and singlet terms in this
procedure. Here, the triplet terms conserve the approximate
custodial SU(2), symmetry of the SM, while the singlet
terms (which, incidentally, are more model dependeimi-
duceSU(2), violation and thus contribute to the param-
eter.
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A. Custodial SU(2) conserving terms

In Eq. (45), the total contribution linear in the fermionic

triplet currentd’®) is given by

LP=-21n : (85)

1
(WM_ Ef%)\/@)w) \]Ef)

A (nonlineaj redefinition ofW,, eliminates the extra term in
Eq. (85). This is equivalent to an application of the equations

of motion, which for theW field read

oL 2
v (3)_ ()
_D'W,,,+V-2)®+ ..

T (86)

PHYSICAL REVIEW B0, 015004 (2004

To convert this result into a more useful form, we expand
the derivative acting oW and rewrite it in terms of the basis
introduced in[10]:

Oyw= —40w—20gw—20ww; (995
where
1 T v
OBW:_EBp.Vh WH h, (97)
1 T v
Oww=— E(h h)tr WWW”“ . (99

The omitted terms are of dimension 5 and higher and thus

irrelevant for our discussion. To eliminate thJ” term, we
add the operator

1 oL
)] (3) _
0= sz tr Vv, W

s

1 1
=— Ef@ V3D, Werl+ Ef{,"? tr[ VE v )]
— 1 e V3] (87)

to the effective Lagrangian, such that t4eJ coupling van-

The last operator renormalizes the kinetic energy of the vec-
tor bosons. Noting that the gauge couplmgn our conven-
tion) appears in the dimension-4 Lagrangian only as the pref-
actor of thew kinetic energy, we can add a term proportional
to trw,, W*" to the Lagrangian and completely absorb its
effect into a redefinition of, a shift which is unobservable

in the effective theory(The same argument has been applied
to the top-quark mass aboyedence, we can replace Eq.
(95 by

OVW: - 40\/\/_ ZOBW_ 20\/NW' (99)

ishes in the result. Applying partial integration to the first Where now

operator on the right-hand side of E@7) and combining
the additional terms with Eq45), we obtain

1
L£®)=— z—gztr[WWW“”] —2tfwrIP+ Y0

+funOvwt FROR), (88)

where the dimension-6 operators are defined as
O =tra®wy®, (89)
Oyw=1r VEw+?, (90)
OR)=trvEmyE) (91)

The coefficients in Eq(88) are, in the littlest Higgs model,

4c*
= ey (92)
CZ(CZ_ 82)
fyw= oF2 (93
(1+2c?)(c?>-s?) 1
= - (94)

4F?2 6F2

1
Oyw=— E(hTh—v2/2)trWMW’“’. (100

The second operator on the right-hand side of &)
should also be investigated:

(3) (3) 1
OWw=trv, V”=trVMV"—§ trv, trve. (10

This can be rewritten ds
(3) 1 T 21\ T T 2
Oyv=30nt+ E(h h)[(D<h)'h+h"(D<h)], (102

whereO,,, is defined in Eq(61). Similar to the treatment of
Oww, We add a term proportional td(,h)"(D#h) to the
Lagrangian and absorb it in the Higgs-boson kinetic energy,
while on the other hand we replacg,, by
Ofp=(h"h—v2/2)[(D ,h)T(D*h)]. (103

This implies a redefinition of the physical value wf From
the SM Lagrangian, the Higgs-boson part of which reads

We choose to eliminate the operat8f, ,=[d,(h"h)]%2 of Ref.
[10] in favor of Oy, whose physical interpretation is more obvi-
ous.
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Lhiggs= (D ,,n)T(D#h)+ w?(hh) =\ (hTh)2— (hT3s+3ih), Oye=V{BH, (113
104
(109 ON=v® D, (114

we read off the equation of motion fdr;

OS/II\)IZV(]-)'MJF\]]-) . (115)

D2h=u2h—2x\(h"Th)h—Jg, (105 ”
) ) _ _In the littlest Higgs model, the operator coefficients are

wherelJg is the scalar current of the massive fermions which

couples to the Higgs field. For the quartic coupling we 10
should take the effective couplingS" (56). Thus, we can fH=— -, (116)
express0{3) as F
1 5(012_a)(c/2_512)
3)_ r_ eff yr T -
OW=30nn= 684 On3=50, (106 fvg= 29 °F? , (117)
where the additional operators are ' o 2
)